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ABSTRACT
A substantial amount of work by the ferroelectric and piezoelectric research
community is presently being dedicated to finding new electronic materials for advanced
applications in sensors, actuators and transducers. This field of research has been long
dominated by ABO3 perovskites. The inversion symmetry in these perovskites are
removed by atomic displacements caused by the second order Jahn Teller effect (SOJT).
However, there are few SOJT active cations like Ti4+ and Zr4+ with empty 3d and 4d
orbitals, and Pb2+ and Bi3+ cations with 6s lone-pair electrons. This confines the selection
of chemical species for designing non-centrosymmetric compounds. Also, the most
pervasive distortions in ABO3 compounds are the BO6 octahedral rotation and tilting
enclosing the B-site cations, which do not break inversion symmetry in these simple
perovskites due to the nature of BO6 connectivity.
The main motivation of this work is to perform a comprehensive study of new
perovskite-base structures in which octahedral rotations and chemical ordering removes
inversion symmetry, based on recent predictions. This thesis focuses on n = 1
Ruddlesden-Popper A2[A’n-1BnO2n+1] layered perovskites like NaRTiO4 (R = rare earth),
LiRTiO4 and HRTiO4. A combination of tools like density functional theory, synchrotron
x-ray diffraction, neutron diffraction, second harmonic generation and piezoresponse
force microscopy have been used to understand the mechanism by which inversion
symmetry is removed in such layered materials.
It has been established that a-boco/boa-co type of OOR in combination with A-site
cation ordering make these compounds noncetrosymmetric (space group: P-421m) at
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room temperature. Rietveld refinement was used to quantify the degree of OOR. First of
all, it has been observed that the OOR occurs due to the under-bonded A-sites. In
addition, a clear trend of increasing OOR angle with decreasing rare earth ion size has
been observed, which indicates that the coordination environment of the rare earth ions
determine the degree of rotation. Temperature dependent SHG measurements have
shown that the RP compounds undergo phase transition from low temperature
noncentrosymmetric (P-421m) to high temperature centrosymmetric (P4/nmm) phase. As
the order parameter (displacement of the rare earth ion) decreases with increasing
temperature, it is observed that the SHG signal also monotonically decreases with
increasing temperature for the noncentrosymmetric members of the RP families. This
also means that the degree of noncentrosymmetry decreases with increasing temperature,
culminating into a second order like phase transition at high temperature (Tac) to a
P4/nmm phase. The Tac is also observed to be higher for the compounds with smaller
rare-earth ions, supporting the fact that smaller rare earth ions lead to larger magnitude of
OOR and hence need higher temperature to become centrosymmetric.
Overall, the family of Ruddlesden Popper layered perovskites presents rich
properties and phase transitions, which in single crystals could be useful for applications
in the field of piezoelectric transducers and actuators.
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Chapter 1
Introduction and Background
1.1. Definition of noncentrosymmetry and point groups
By definition, noncentrosymmetric compounds are those in which the center of
symmetry (or inversion center) is not present. Inversion center in a crystal structure is a
point inside that crystal such that when any atom in it is moved along a straight line
through that center to a point where it is equidistant from its previous location, the crystal
structure looks identical as before. When this is not the case, the crystal structure is said
to lack inversion center.
The Figure 1-1 shows the classification of point groups[1],[2], which represent the
groups of symmetry elements that intersect at a point in any crystal. In total there are 32
types of crystallographic point groups (also called crystal classes). Out of these 32
crystallographic

point

groups,

21

are

noncentrosymmetric

in

nature.

The

noncentrosymmetric point groups are 1, 2, m, 222, mm2, 4, -4, 422, 4mm, -42m, 3, 32,
3m, 6, -6, 622, 6mm, -62m, 23, 432 and -43m. To the piezoelectric/ferroelectric
community, these crystal classes are of great interest. The work presented in this thesis
also investigates the crystal structures of materials that are noncentrosymmetric in nature.
Here, the focus is on studying materials that are called layered perovskites, where BO6
octahedra of different dimensions are stacked between AO layers.

2

Figure 1-1. Classification of 32 point groups (and crystal classes). Modified from Eftihia Vlaos
(Barnes) PhD thesis[78][2]

3

1.2. ABO3 perovskites and noncentrosymmetry
In general, ABO3 perovskite compounds are versatile in nature as both A-sites and
B-sites can accommodate different types of elements. This is useful as several ABO3
compounds can be found naturally or synthesized fulfilling a wide range of
applications[3],[4]. In, Figure 1-2, various combinations of elements in A and B sites are
shown. Specifically, some of these compounds are of great interest to the piezoelectric/
ferroelectric community[4]. Piezoelectric compounds has wide range of applications in
devices like sensors, transducers, actuators, non-linear optics etc. This field of research has
long been dominated by ABO3 perovskite oxides in which the inversion centers in the

crystal structures are removed by B-site atomic displacements due to the second-order
Jahn Teller (SOJT) effect

[5],[6],[7]

. PbZrxTi1-xO3 (PZT)[8],[9], BaTiO3[10], PbTiO3[11],[12],

BiFeO3[13] are the most studied materials for such applications.
However, there are only a few SOJT-active cations such as Ti4+, Zr4+ , Nb5+, Ta5+,
W6+

+

with empty d orbitals, and Pb2+ and Bi3+ with lone-pair electrons, which limit the

choices of chemical elements that can be used to design noncentrosymmetric materials.
Hence, in order to expand this field of research in terms of new materials that would be
noncentrosymmetric, new mechanisms need to be looked into. Oxygen octahedral
rotation (OOR) induced noncentrosymmetry is one such distortion mechanism that I have
studied in this thesis.

4

Figure 1-2. Schematic of ABO3 cubic perovskite block. Also, different combinations of elements
at A-site and B-site in the perovskite is shown

5

1.3. Glazer notation to describe oxygen octahedral rotations in ABO3
perovskites
Before I look into OOR in details, it is important to demonstrate the notations by
which such rotation is demonstrated by researchers. Glazer notation is the most
commonly used methodology to explain such rotations and tilts in octahedra[14]. For
example – aoboc- (Figure 1-3) means that three axes of rotations namely – a, b and c.
Negative (-) sign over (superscript) c means that the two adjacent perovskites along caxis rotate out of phase (rotating in opposite directions/ anti-phase). , while a positive (+)
sign like in case of aoboc+ means that the adjacent rotations along that c-axis are in phase
(rotating in same direction /in-phase). The superscript 0 means that there is no octahedral
rotation in the a-axis and b-axis.
In this thesis, Glazer notation will be used extensively to explain the different
types of octahedral rotations that break inversion symmetry in various compounds.
Especially, the rotation a-boco/ boa-co is of great interest as it removes inversion symmetry
in the n = 1, Ruddlesden-Popper family[15],[16].

6

Figure 1-3. Example of Glazer notation. a) aoaoc- type and b) aoaoc+ type of octahedral
rotation is shown. Modified from Woodward et al. [14]

7

1.4. Relationship between oxygen octahedral rotation and inversion
symmetry in ABO3 perovskites
The most pervasive distortion in the perovskite oxides is the rotation of BO6
oxygen octahedra enclosing the B-site cations[17], as shown in Table 1-1. This table
represents the most common type of octahedral rotations found in various ABO3
perovskites.
These rotations do not break the inversion centers in simple ABO3 perovskites
because of the nature of octahedral connectivity. This is highlighted in the schematic
diagram of Figure 1-4, which represents a two dimensional rendition of a single layer
BO6 octahedra. The black arrow represents the displacement of an oxygen atom. A
combination of these displacements of four oxygen atoms in a BO6 octahedra lead to the
rotation of the octahedra. Now, by nature of the connectivity, when one octahedra rotates
in a certain direction (represented by red colored curved arrow), the neighboring
octahedra in the same layer rotates in opposite direction. Upon combination of all the
rotations in the layer, it is found that the inversion centers are retained. A three
dimensional rendition of this case would show that ABO3 perovskites remain
centrosymmetric by octahedral rotations (also shown in Table – 1.1). Furthermore, the
oxygen octahedral rotations (OORs) encompassing A-site cation displacements suppress
the instability of polar distortions in most perovskites that are available in nature[17],[18],[3].
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Table 1-1. Different rotation/tilt patterns that result into 15 unique space groups[17],[18],[3]

Glazer tilt notation
aoaoao
a-a-a-

Space group
Pm-3m
R-3c

aoaoc-

I4/mcm

aoaoc+
a-a-co

P4/mbm
Imma

a-a-c+

Pnma

a+a+a+

Im-3

aob-c+

Cmcm

aob+b+

I4/mmm

+ + -

a a c
a-a-caob-ca-b-c-

P42/nmc
C2/c
C2/m
P-1

a+b-c-

P21/m

+ + +

a b c

Immm

Figure 1-4. A two dimensional rendition of a rotation in a layer of octahedra
showing that inversion center is retained by simple rotation/tilt.
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1.5. Octahedral rotation remove inversion symmetry in layered
perovskites
Although OORs cannot break inversion symmetry in simple perovskites, they can
however break inversion symmetry in layered oxide structures with different topologies
(arising from different connectivity), such as Ruddlesden-Popper (RP) A2 [A'n-1BnO3n+1],
Dion Jacobson (DJ) A

[A'n-1BnO3n+1], Aurivillius(AV) Bi2O2 [A'n-1BnO3n+1], and

perovskite superlattices (PS) [ABO3]m/ [A'B'O3]n[19],[20],[21],[22],[23],[24],[25].
In addition to topology, layered oxides provide three additional tuning knobs for
realizing new properties: dimensionality (subscript integers m and n above), chemical
ordering (cations A, A', B, and B'), and strain such as when grown as an epitaxial film on
a single crystal substrate. Benedek et al.[22] and Rondinelli et al.[23] have proposed that the
most abundant OOR, represented by a−a−c+ in the Glazer notation[26] (Figure 1-5), can
remove inversion centers in n=2 RP phase and ABO3/A'BO3 PS, respectively. This idea of
breaking inversion symmetry by OORs has been developed in other layered perovskites
such as RP phases with and without A-site cation ordering[10], DJ phase[13], and A-site
ordered double PSs[11] so as to predict noncentrosymmetric compounds.
Meanwhile, there have recently been several relevant experimental discoveries:
Ferroelectric switching and abundant charged domain walls were observed for a
(Ca,Sr)3Ti2O7[27] solid solution system. A strong correlation between the magnitude of
OORs and polarization in Ca3Ti2O7 and negative thermal expansion due to symmetry
trapping in Ca3Mn2O7 were found.[28] Fine tuning of OOR patterns by chemical doping
resulted in the synthesis of a new room-temperature multiferroic n=2 RP
(CaxSr1-x)1.15Tb1.85Fe2O7[29] series showing magnetoelectric coupling. Thus, there has
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been a recent acceleration in experimental and theoretical studies of OOR-induced noncentrosymmetry.

Figure 1-5. The combination of two rotation modes can form the hybrid rotation
mode of a-a-c+, which can break inversion symmetry in perovskite superlattice
with A-site ordering. Modified from Rondinelli et al.[23]
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Chapter 2
Experimental Techniques in Synthesis and Characterization
[Parts have been reprinted with permission from H. Akamatsu, K. Fujita, T. Kuge, A. Sen Gupta,
A. Togo, S. Lei, F. Xue, G. Stone, J. M. Rondinelli, L.Q. Chen, I. Tanaka, V. Gopalan, and K.
Tanaka, Phys. Rev. Lett., Vol. 112, Issue No. 18, P. 187602, May 2014. Copyright 2014,
American Physical Society]
[Parts have been reprinted with permission from A. Sen Gupta, H. Akamatsu, M. E. Strayer, S.
Lei, T. Kuge, K. Fujita, C. dela Cruz, A. Togo, I. Tanaka, K. Tanaka, T. E. Mallouk, and V.
Gopalan, Adv. Electron. Mater., Vol. 2, No. 1, Jan. 2016. DOI: 10.1002/aelm.201500196.
Copyright 2016. Wiley online library]

This chapter focuses on experimental techniques used regarding synthesis and
structural characterization of the Ruddlesden Popper layered perovskite compounds
reported here.

2.1. Synthesis of RP compounds [15],[16]
The NaRTiO4 compounds were synthesized using the conventional solid state
synthesis route. The HRTiO4 and LiRTiO4 compounds were synthesized by topochemical
synthesis route, which involved ion exchange from the NaRTiO4 compounds.
For synthesis of polycrystalline NaRTiO4, the precursors like Na2CO3, R2O3 and
TiO2 were used, which were bought from Sigma Aldrich Inc. R2O3 were pre-heated to
900oC for 12 hours in order to remove moisture and carbon dioxide absorbed in the
compounds. Following this, R2O3 and the other precursors were weighed for preparing 1
gm batch of NaRTiO4 each time. 40 mole % excess of Na2CO3 was added to the starting
mixture to compensate for the evaporation loss of the Na during the calcination process.
The mixture was ground in an agate mortar together with acetone for 30 minutes. After
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the evaporation of the acetone, the mixture was ground in dry state for another 30
minutes. Subsequently, the mixtures were heated (synthesis temperature, Ts) in covered
alumina crucibles in batches of 0.5 gm pellets inside box electric furnaces at optimized
temperatures depending on the type of rare-earth ion. Table-1 shows the temperatures for
the different rare-earth mixtures. Typically, the larger rare-earth compounds needed
lower temperature than the smaller rare earth compounds. The heating cycle involved the
following steps. Step – 1: The pellets were heated at Ts for 30 mins after ramping up to Ts
at 100oC /hr. Step – 2: The pellets were ground and again pelletized and sintered at Ts for
6 hours after increasing the temperature to Ts in 3 hours. The sintering step was repeated
once more. Following this, the purity of samples was confirmed by ambient temperature
XRD (Cu K radiation) in the laboratory. Because the synthesis temperatures were
different for the different compounds, there is a possibility of residual sodium oxides, or
Na-deficiency in some of the materials. This will be discussed further in Chapter 3.

Table 2-1 Table representing the synthesis temperatures of NaRTiO4 compounds[15]

Compound
NaLaTiO4

Synthesis temperature, Ts (oC)
840

NaNdTiO4
NaSmTiO4
NaEuTiO4
NaGdTiO4
NaDyTiO4
NaHoTiO4
NaYTiO4

900
900
920
925
940
970
990
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The HRTiO4 and LiRTiO4 compounds were synthesized by ion-exchange routes
mentioned by Schaak and Mallouk

[30]

in synthesizing KLnTiO4 (Ln = lanthanides). The

general steps have been highlighted in Figure 2-1. NaRTiO4 polycrystalline powder
samples were ion-exchanged using 0.1 M HNO3 to form HRTiO4. This was done at room
temperature (RT) in conical flasks with continuous stirring (using magnetic stir-bars) for
24-30 hrs. After the completion of this step, the ion exchanged compounds (HRTiO4)
were washed with distilled water in the centrifuge at 5000 RPM speed. The samples were
dried in a box oven at 75oC for 1hr and then XRD performed to check purity of samples.
Finally, the HRTiO4 compounds were subjected to an ion exchange with 1.0 M
LiOH at around 70oC for 72-96 h to obtain LiRTiO4. The ion exchange route is same as
that of HRTiO4.

Figure 2-1. Schematic representation of steps to synthesize HRTiO4 and LiRTiO4 from
NaRTiO4
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2.2. Phase purity detection in laboratory by x ray diffractometer
Laboratory XRD was used to determine purity of the compounds after synthesis.
For this, two available XRD instruments with monochromatized Cu Kα radiation (1.54Å)
were used, namely PANalytical MPD and PANalytical Empryean (Figure 2-2). Miller
indexing of the XRD patterns were done with the JADE software and were also
compared in many cases with existing XRD patterns from various available databases
(like ICSD). Synthesized compounds that did not show any precursor reflection peaks
and that could be Miller indexed with expected space groups were considered phase pure.
Phase pure samples were further studied for structure determination at the Advanced
Photon Source at Argonne National Laboratory.

Figure 2-2. Specifications of the two x-ray diffractometers at Materials Characterization
Laboratory at Penn State University [Reference- MCL website]
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2.3. Optical second harmonic generation (SHG) experiment to
determine noncentrosymmetry
Second harmonic generation (SHG) experiments were performed to corroborate
the temperature-dependent non-centrosymmetry in the ARTiO4 compounds. SHG is a
nonlinear optical probing technique that is effective in differentiating between
centrosymmetric and noncentrosymmetric compounds. The general governing equation
for this optical process is as follows:

Pi 2w µ dijk Ewj Ekw

(1)

where two photons with fields Ei and Ej of frequency  and polarizations i and j,
respectively, interact with a material through its SHG tensor dijk to create a nonlinear
polarization, P 2  of frequency 2 polarized in the i direction.

The SHG intensity,

I 2w µ (Pi 2w )2 , is detected. For a material to possess a non-zero dijk tensor, a necessary
condition is a lack of inversion symmetry, i.e. a material is non-centrosymmetric. The
Figure 2-3[31] represents the SHG setup (reflection mode) that was used for detecting
SHG signal from noncentrosymmetric samples. A Ti-sapphire laser with an output of 800
nm, 80 fs pulses at 2 kHz repetition rate was used.

For the SHG experiment, NaRTiO4, HRTiO4 and LiRTiO4 pellets were made
using a hydraulic press (pressure applied is around 10,000 pounds on a 0.25 inch mold).
Theoretical density achieved was around 85-90%. This means that open interconnected
pores were present in the pellets. In order to remove the moisture from the pellets, each
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pellet was heated at 140-150oC for fifteen to twenty minutes before experiment. In the
setup, an 800 nm fundamental laser beam (horizontally polarized i.e. polarization
direction is parallel to experiment table) is directed to the sample via silver coated
mirrors. In the path of the beam, first a coated high pass filter (blocks wavelengths < 700
nm) is placed, which blocks SHG generated by the optical components like mirrors and
polarizers and lets the 800 nm pass through it. Then, a non-polarizing beam-splitter is
placed in the beam path which reflects the 800nm beam to the pelletized sample. The 800
nm light is focused on the sample through a convex lens. The scattered light from the
sample again passes through the beam splitter as the 400 nm (SHG) and the 800 nm
fundamental wavelength. Then, three low pass blue colored filters (blocks wavelengths <
800nm) were placed in the beam path. This blocks the fundamental wavelength and lets
the 400 nm SHG beam pass through it. The SHG beam then enters a black box where two
more mirrors are placed to reflect the beam, and a bandpass (400±20 nm) filter is placed
in the path of the beam before it is finally focused on a photo-multiplier tube (PMT) by a
plano-convex lens. The black box absorbs any random scattered light that would
otherwise hit the PMT and give artifacts with the actual SHG signal scattered from the
sample.
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Figure 2-3. The schematic representation of the SHG setup used for confirming
noncentrosymmetry. Schematic from Garten et al.[31]
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One of the important steps in the SHG experiment is doing SHG spectroscopy in
order to verify if there is a noticeable SHG peak from the sample. If no peak is observed,
then the sample is centrosymmetric. Example – a laboratory glass slide does not show
any SHG peak and confirms centrosymmetry of glass. This experiment is done using the
optical spectrophotometer in the laboratory. Sometimes, a fluorescence signal is also
observed in addition to the SHG signal (Figure 2-4 a). To separate the SHG signal from
the fluorescence signal, a 390 nm low pass filter and a 430 nm high pass filter are used
(Figure 2-4 b, c) one at a time in front of the PMT shown in Figure 2-3. These two
filters block the SHG peak at 400 nm and only let the fluorescence pass through them.
The transmission spectra of the filters are shown in Figure 2-4 d, e. The sample is then
defocused to an extent that the fluorescence signal can be reduced to the noise level. Then
the filters are removed and any remaining signal is only SHG. Thus, SHG signal is
measured in the experiment setup.
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Figure 2-4. The schematic diagram represents the steps involved in segregation of fluorescence
signal from SHG signal in the experiment setup. In a) an example of how an SHG peak (400 nm)
with superimposed fluorescense signal (over a wide wavelength range) may look like, is shown.
In b) use of a 390 nm low pass filter is shown that would block the SHG peak at 400nm and let
the fluorescence signal to pass through it. In c) use of a 430 nm high pass filter is shown that
blocks the SHG peak at 400 nm and let the fluorescence signal pass through it. In d) and e), the
transmission spectrum of the 390 nm low pass and 430 nm high pass filter is shown [ref:
www.semrock.com].
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2.4. Diffused reflectance spectra measurement
Reflectance spectra for polycrystalline ARTiO4 samples were obtained from a PerkinElmer Lambda 950 spectrometer in the wavelength range of 200-800 nm. Diffuse
reflectance measurements were performed to study the optical absorption of these
materials. The photon energy dependence of the Kubelka-Munk function F(R∞), which is
a function of reflectance, is shown here. This function is defined as:

F ( R ) 

 (1  R ) 2

S
2 R

(2)

where, R∞= reflectance, S= scattering coefficient.
The schematic in Figure 2-5 shows the optical components and the beam path inside the
spectrometer that is used in the reflectance mode. Diffused reflectance is when the
specular scattered light is not directed to the detector but the diffuse scattered light
(surface sensitive) is directed to the detector. The non-specular diffused reflected beam is
sensitive to the surface of the sample in this case.

Figure 2-5. The schematic representation of the optical design of the uv-vis-nir
spectrometer [Reference- MCL website Penn State]
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2.5. Synchrotron x ray diffraction to determine crystal structure
Temperature-dependent high-resolution synchrotron x ray diffraction (SXRD)
patterns for NaRTiO4 and LiRTiO4 were obtained in the Debye-Scherrer optical system
(Figure 2-6 a, b) at the BL02B2 beamline of SPring-8 in Japan (experiments performed
by Toshihiro Kuge and Koji Fujita). Imaging plates were used as the detector. The
wavelength of the incident X-rays was calibrated using CeO2 powder as a standard.
The SXRD experiments on HRTiO4 were conducted at the Advanced Photon
Source (APS) – 11BMB beamline in Argonne National Laboratory. The experiments
were performed using the Bragg-Brentano optical system at ANL (Figure 2-6 c).
Sample preparation is an important step in the SXRD experiment. Some samples
like NaRTiO4 adsorb H2O from atmosphere. They need to be preheated to 110-120oC to
remove the H2O from the crystal structure. The capillary size needed to mount the sample
is decided on after calculating an approximate x ray absorption (website:
http://11bm.xray.aps.anl.gov/absorb/absorb.php). The right diameter of the capillary is
when the absorption effect is balanced against the scattered x ray intensity and a high
signal to noise ratio is achieved. Liquid N2 (Figure 2-6 c) is used for experiments in the
temperature range of 85 K to 475 K. A heater (Figure 2-6 d) is used for 500 K to around
1000 K.
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Figure 2-6. a) Schematic presentation and b) photograph of the x ray diffractometer at
BL02B2 beamline at Spring 8. [ref.- Spring 8 website]. In c) schematic presentation of x ray
diffractometer at 11BMB, APS. The components are 1-detector, 2-two circle goniometer, 3supporting table, 4-sample stages, 5-sample mounting robot, 6-stages for cryostream. [ref. 11BMB website] In d) an example of a polycrystalline sample in a quartz capillary mounted
on the spinning stage above the heater. [Reference-11BMB website]
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2.6. Neutron diffraction experiments to determine crystal structure
Oxygen, lithium and other lighter atoms are sensitive to neutron scattering and
hence their atomic positions in the crystal structure can be detected (and refined) by this
technique. Neutron diffraction experiments were performed at the HB2A beamline at
HIFR (Oak Ridge National Laboratory). Polycrystalline samples were mounted into
medium sized vanadium cans and then experiments was performed. Experiment
wavelengths are 2.41 Å and 1.54Å. The diffractometer has a Debye-Scherrer geometry
(Figure 2-7 a). A cryostat is used for all experiments here (Figure 2-7 b).

Figure 2-7. In a) photograph of Neutron diffractometer at HFIR, b)
photograph of the cryostat used at HFIR. [Reference – Oakridge NL
website]
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2.7. Density Functional Theory calculations for ground state energy
determination
The first-principles calculations were carried out using the projector augmentedwave (PAW) method[32] and the PBEsol

[33] [34]

,

functional as implemented in the

VASP[35],[36],[37] code by H. Akamatsu. The PAW data sets with radial cutoffs of 1.2 Å for
Na, 1.1 Å for Li; 1.8 Å for Y; 1.5 Å for La; 1.6 Å for Nd, Sm, Gd, Dy, and Ho; 1.2 Å for
Ti; and 0.8 Å for O were used with a plane-wave cutoff energy of 550 eV. The following
states were described as valence electrons: 1s, 2s, 2p for Li; 4s, 4p, 4d, 5s for Y; 5s, 5p,
5d, 6s for La, Nd, and Sm; 5p, 5d, 6s for Gd, Dy, and Ho; 3s, 3p, 3d, 4s for Ti; and 2s, 2p
for O. Here 4f states were not treated as valence electrons, but H. Akamatsu confirmed
that qualitatively similar results were obtained when the 4f states were explicitly included
as valence states. The lattice constants and internal coordinates were optimized until the
residual stress and force converged to less than 0.01 G-Pa and 1 meV/Å, respectively. centered k-point mesh sampling of 6×6×2, 4×4×2, 4×4×1, 3×3×2, and 3×3×1 was used
for the unit cells of P4/nmm structures with 14 atoms and their √2×√2×1, √2×√2×2,
2×2×1, and 2×2×2 supercells, respectively. For comparison of the total energies of the
P4/nmm, P-421m, Pbcm, and Pbc21 structures, H. Akamatsu used √2×√2×1 supercells for
the P4/nmm structures and unit cells for the P-421m, Pbcm, and Pbc21 structures, which
have the same cell size and number of atoms. The phonon band structures were derived
from the calculated force constants using the PHONOPY[38] code. The piezoelectric strain
coefficients were calculated by using a density functional perturbation theory
implemented in VASP code[39].
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2.8. Piezoresponse force microscopy measurements of ARTiO4
Piezoresponse force microscopy (PFM) experiments were performed to
understand the properties of the ARTiO4 compounds using the AFM: Bruker Icon. A
chromium/gold coated tip was used for the measurements, with a driving voltage of 10V.
eff
Effective piezoelectric tensor coefficient d35
from the lateral response of the PFM were

calculated for all the compounds in the series. For this, calibration was performed using a
single crystal LiNbO3. Pelletized samples were used for this experiment.
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Chapter 3
Octahedral rotation induced inversion symmetry removal in
n = 1, Ruddlesden Popper (RP), NaRTiO4 (R = rare earths)
[Parts have been reprinted with permission from H. Akamatsu, K. Fujita, T. Kuge, A. Sen Gupta,
A. Togo, S. Lei, F. Xue, G. Stone, J. M. Rondinelli, L.Q. Chen, I. Tanaka, V. Gopalan, and K.
Tanaka, Phys. Rev. Lett., Vol. 112, Issue No. 18, P. 187602, May 2014. Copyright 2014,
American Physical Society]

Ruddlesden Popper compounds (general formula - A2[A’n-1BnO2n+1]) named after
the discoverer S. N. Ruddlesden and P. Popper[40], are synthetic layered perovskites in
which ABO3 perovskite blocks are layered between rock salt layers of cations. Noncentrosymmetry has been recently discovered in these compounds. This chapter presents
the theoretical and experimental work in this direction.

3.1. Introduction
NaRTiO4 [where R= rare earths like Y, Nd, Sm, Eu, Gd, Dy, Ho etc.] are A site
ordered (ordering between A and A’ sites) n=1 Ruddlesden Popper AA’BO4 layered
perovskite. In this compound, the Na-O and R-O form rocksalt layers and TiO6 form the
perovskite block. As shown in Figure – 3-1 a), in a simple A2BO4, the inversion
symmetry is retained at the B-sites as well as between the A-sites. This is shown in the
figure by crosses. The reason is that there is neither A-site ordering or octahedral rotation
in this compound. In case of AA’BO4, the ordering at the A-site removes the inversion
center at the B-sites, but the inversion symmetry is still retained between the A-sites and
A’-sites, keeping the inversion symmetry intact the crystal structure [Figure – 3-1 b)].
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Hence, both A2BO4 and AA’BO4 are centrosymmetric and they conform to the space
groups I4/nmm and P4/nmm respectively. However, when oxygen octahedral rotation
(represented by Glazer notation as a-boco/boa-co) is introduced in the AA’BO4 crystal
structure, as predicted by DFT calculations (discussed later), the inversion symmetry
between the A-sites and the A’-sites is also removed. This makes the crystal structure
non-centrosymmetric (piezoelectric). In Figure – 3-1 c) the AA’BO4 with BO6 oxygen
octahedral rotation is shown. In this report, experimental and theoretical analysis of the
crystal structure of AA’BO4 is presented, where A’ = Na, A = rare earth ion and B = Ti.
The octahedral rotation is the same as a-boco/boa-co. Synchrotron x-ray diffraction
(SXRD) in combination with second harmonic generation (SHG), and DFT is used to
understand the structure and properties of this family of compounds.
Previously, some of the A-site ordered n = 1 RP compounds have been reported to
have a different type of rotation, a-a-co, resulting into a centrosymmetric space group
Pbcm. In this work, the new space group that has been assigned is P-421m, which is noncentrosymmetric and non-polar.
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Figure 3-1. Schematics representing the a) n=1 Ruddlesden Popper (RP) A2BO4 phase. It
conforms to space group I4/nmm. In b) the AA’BO4 phase is shown, with A and A’ site ordering.
The space group is P4/nmm. In c) the AA’BO4 phase with a-boco/boa-co octahedral rotation is
shown. The space group is P-421m. The cross signs represent the inversion centers. Note – ionic
radii are not drawn to scale. [15] (by H. Akamatsu).
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3.2. Ground-State Structure calculations by Density Functional Theory
First principles calculations were performed by Dr. Hirofumi Akamatsu, by
means of the projector augmented wave (PAW) method and PBEsol functional, which
were implemented in the VASP code. The PHONOPY code was used to derive the
phonon band structures. The calculations were performed to determine the type of
oxygen octahedral rotation that would lower the total energy of the parent structure
(P4/nmm).
The calculated phonon band structures between the  (0 0 0) and M (½ ½ 0)
points corresponding to the P4/nmm structure for NaLaTiO4 and NaYTiO4 are shown in
Figure 3-2 a) and 3-2 b). As shown in these figures, it has been found that two doubly
degenerate imaginary modes denoted by the irreducible representations M1 and M2 exist
for NaYTiO4, while no such imaginary modes exist for NaLaTiO4. Presence of the
imaginary modes mean that P4/nmm is not a stable structure for NaYTiO4 and a lower
symmetry structure would exist. Following this observation, calculations of the total
energy of NaYTiO4 using the linear combinations of the Eigen displacements of the M1
mode were performed. Figure 3-2c) shows the calculated total energies map of NaYTiO4
on the subspace comprised of the linear combinations of the M1 mode. The space groups
of the obtained structures, i.e., isotropy subgroups, are P4/nmm (the origin), P-421m (the
horizontal and vertical axes other than the origin), Pbcm (the diagonal lines of other than
the origin), and P21212 (all regions other than those mentioned above). The M1 modes
leading to the Pbcm, P-421m, and P21212 structures are denoted as M1 (η1, 0), M1 (η1, η1)
and M1 (η1, η2) modes, respectively, where (η1, η2) is a general order parameter direction
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in the subspace defined by irrep M1. The (η1, 0) and (η1, η1) directions are illustrated in
Figure 3-2 c). It was found that the total-energy minima for the P-421m structure in the
subspace.

Figure 3-2. Calculated phonon band structures between the  (0 0 0) and M (½ ½ 0) points for
a) NaLaTiO4 and b) NaYTiO4, with parent structures of P4/nmm. In c) Total energies of
NaYTiO4 mapped on the subspace spanned by linear combinations of the degenerated M1
modes. Calculations by H. Akamatsu. [15] (by H. Akamatsu)
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The atomic displacements for the M1 (η1, η1) mode are illustrated as arrows
superposed on a √2 × √2 × 1 supercell of the P4/nmm structure in Figures 3-3 a), b) and
c). The M1 (η1, η1) mode involves OORs represented by a-boco/boa-co, while the M1 (0,
η1) mode corresponds to a−a−co-type OORs. Total energies of the P-421m and Pbcm
structure relative to the P4/nmm structure are −148 meV/f.u. and −107 meV/f.u.,
respectively, after the lattice constants and atomic coordinates are fully relaxed under the
constraint of the symmetry.

Figure 3-3. Schematic showing the atomic displacement pattern of the M1 mode on the

P4/nmm unit cell. a) [110] direction, b) [100] direction and c) [001] directions. ux
represents the atomic displacement of the rare earth ion. Note - Ionic radii are not to
scale. [15] (by H. Akamatsu)
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A treelike line diagram schematizing the results of the stable-structure search
within √2 × √2 × 1 cell doubling against the P4/nmm structure is shown in Figure 3-4 a),
where the space groups of the structures obtained by freezing the imaginary modes for
the parent structures and those of the structures fully relaxed after the freezing are seen
along the lines and at the symbols, respectively. As a result, the P-421m and Pbc21
structures are found to be the two dynamically stable structures remaining within this
stable-structure search and that the P-421m structure is the most stable.
Total-energy calculations of NaRTiO4 (R = Y, La-Ho) with P4/nmm, P-421m,
Pbcm, and Pbc21 structures [Figure 3-4 b)] revealed that the P-421m structures were the
most stable except for R = La, where the P-421m, Pbcm, and Pbc21 structures relaxed to
the P4/nmm structure. The energy difference between the P-421m and P4/nmm structures
becomes larger with a decrease in the ionic radius of the R ions, 𝑟𝑅 , possibly because the
OOR is driven by the coordination preference of the A-site cations as in perovskite
related compounds. The R-O covalent bonds are considered to be attributed to Y 4d,
5s−O 2p interactions for NaYTiO4, and R 5d, 6s−O 2p interactions for the others.
Thus, the first-principles calculations have predicted acentric P-421m structures as
the ground states for small R ions. The inversion centers in the P4/nmm structure are
removed by the zone-boundary M1 (η1, η1) OOR mode accompanying a √2 × √2 × 1 cell
doubling. A recent group-theoretical analysis has indicated the possibility of this kind of
centric-to-acentric phase transition path. However, the centric Pbcm structures have been
experimentally reported so far. Therefore, the structures were investigated experimentally
as follows.
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Figure 3-4. a) Treelike line diagram of NaYTiO4. b) Total energies of the Pbcm, Pbc21, and
P-421m structures for NaRTiO4 (R = La, Nd, Sm, Gd, Dy, Y, and Ho) relative to that of the
P4/nmm structures. [15](by H. Akamatsu)
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3.3. Symmetry mode analysis of NaRTiO4
Symmetry mode analysis was performed to analyze the relationship between the
parent centrosymmetric (CS) P4/nmm structure and the NCS P-421m structure of
NaRTiO4 with the aid of the Bilbao Crystallographic Server[41]. This analysis leads to the
knowledge of the contributions of different symmetry-adopted atomic displacement
modes to a structural distortion that relates a distorted structure to a reference structure.
The analysis for the calculated P-421m structure of NaYTiO4 was performed by
using its calculated P4/nmm structure as a reference. As a result, the structural distortion
in the P-421m structure is decomposed into two modes, which transform like the

irreducible representation M1 (η1, η1) and 4 of P4/nmm. Schematic illustrations of the

two modes are depicted in Figure 3-3 and Figure 3-5.
Figure 3-3/ 3-5 also describes their isotropy subgroups, i.e., the subgroups of
P4/nmm consisting of symmetry elements of P4/nmm that leave the distortions invariant.
The two modes are NCS. The isotropy subgroup of the M1 (η1, η1) mode, P-421m, is the
same as the space group of the low-temperate phase. This mode involves oxygen
octahedral rotations (OORs) and anti-polar cation displacements. The TiO6 octahedra in
the upper layer rotate around the [1-10] axis in antiphase with the neighboring octahedra
while those in the lower layer rotate around the [110] axis. Therefore, this OOR mode is
represented by a-boco/boa-co in Glazer notation. Our first-principles phonon calculations

have revealed that only the M1 (η1, η1) mode is unstable and the 4 mode is stable,

indicating that the 4 mode is induced by freezing of the M1 (η1, η1) mode. The primary

M1 (η1, η1) mode is a driving force of the CS P4/nmm-to-NCS P-421m phase transition.
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The OOR angle, θ, and displacement of R ions in the x direction, ux, illustrated in
Figure 3-3, are involved only in the M1 (η1, η1) mode, thereby, are considered as a
measure of amplitude of the M1 (η1, η1) mode.

Figure 3-5. Schematic pictures of two phonon modes frozen in a phase transition
from a parent P4/nmm into a noncentrosymmetric P-421m structures for NaYTiO4.


Two modes transform like the irreducible representation M1 (η1, η1) 4 of P4/nmm.
The OOR angle, θ, and displacement of R ions in the x direction, ux, are illustrated
on the schematics for the M1 (η1, η1) mode. [15] (by H. Akamatsu)
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3.4. Experimental structure determination by synchrotron x-ray
Polycrystalline NaRTiO4 samples were synthesized via conventional solid-state
reactions [see the inset of Figure 3-6]. Our synthesis conditions are similar to those
reported in chapter 2. To reinvestigate the structures of the compounds, high-resolution
synchrotron x-ray diffraction (SXRD) patterns were taken with a Debye-Scherrer camera
at the BL02B2 beam line of SPring-8 (chapter 2). Figure 3-6 a) depicts the room
temperature (RT) SXRD patterns for R = Y, La-Ho. The SXRD patterns for R = La and
Nd show tetragonal symmetry with a systematic absence of the hk0 reflections for h + k
= 2n + 1[42]. Taking into account the extinction rule and assuming that they exhibit n = 1
RP structures, the plausible structures are the A-site-cation ordered n =1 RP phases with
P4/nmm space group shown in Figure 3-1 b)

[42]

. A Rietveld refinement (see appendix)

of the SXRD pattern for R = La using the RIETAN-FP code[43] showed a small weightedprofile reliability factor (Rwp = 5.341), while a refinement for R = Nd resulted in a large
reliability factor (Rwp = 12.159), partly because it undergoes a phase transition to an
acentric phase just below RT, as revealed later. Superlattice reflection peaks
corresponding to a √2 × √2 × 1 cell doubling are found in the SXRD patterns for R = Y,
Sm-Ho at RT [the inset of Figure 3-6 a)]. The superlattice reflection peak for R = Sm
diminishes at high temperatures around 800 K as shown in the Figure 3-7, indicating a
phase transition between P4/nmm and lower-symmetry phases. The tetragonal P-421m
and orthorhombic Pbcm and Pbc21 space groups have been derived from the extinction
rule and the compatibility with n = 1 RP structures. The SXRD patterns fit well using the
P-421m structural model with a small reliability factor (Rwp = 5.652 for R) that is very
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similar to those found in the refinement based on the Pbcm (Rwp = 6.289) and Pbc21 (Rwp
= 5.722) models. Thus, it cannot be unambiguously determined the structure only in
terms of the reliability factors in the Rietveld analysis of the SXRD data, likely because
of the difficulty refining the oxygen positions. However, the dependence of lattice
constants on 𝑟𝑅 along with the optical second-harmonic generation (SHG) and
piezoresponse force microscopy (PFM) provides unequivocal experimental evidence for
the P-421m structure. Figures 3-6 b) and 3-6 c) illustrate the experimental (exp) and
calculated (calc) long-ais (la) and short-axis (sa) lattice constants, L. There are two
cal
exp
exp
interesting findings concerning L sa and Lsa : First, the pairs of L sa obtained using the

orthorhombic Pbcm model are similar to each other, i.e., b ≃ c for R = Y, Sm-Ho,
cal
indicating tetragonality, in contrast to the pairs of Lsa for Pbcm and Pbc21,where b and c

exp
diverge as 𝑟𝑅 becomes smaller. Secondly, the L sa shows an upturn between Nd and Sm,

where the superlattice reflections emerge. The Na-O bonds of the room temperature
P-421m structure shown in Figure 3-8 a) and b) highlights the fact that this is a feasible
structure. For completeness, potential Na-O bonds out to 3 Å were included; it should be
noted that these far exceed typical Na-O bond lengths (~2.3 Å) and would be considered
to be very weak. Also, the bond valence sum shows that the experimentally calculated
valence of rare-earth, Ti and Na is very close (within ±0.35 v.u.) to the formal valence of
cal
the elements. This behavior is well reproduced by Lsa for P-421m. Thus, these results

clearly support the P-421m structures and rule out the Pbcm and Pbc21 structures for R =
Y, Sm-Ho.
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Figure 3-6. a) SXRD patterns at RT for NaRTiO4 with R = La, Nd, Sm,
Eu, Gd, Dy, Y, Ho (top to bottom). The inset of a) shows an enlarged
view of the region around the (½ ½ 1) superlattice reflection peaks.
Experimental and calculated b) long- and c) short-axis lattice constants
plotted against 𝑟𝑅 .[15] (by H. Akamatsu and T. Kuge)
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Figure 3-7. SXRD patterns at RT for NaRTiO4 with R
= La, Nd, Sm, Eu, Gd, Dy, Y, Ho (top to bottom).[15]
(by H. Akamatsu)
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c)

Figure 3-8. a) Schematic showing the Na coordination number of 9 highlighted in the P-421m
unit cell of NaRTiO4, b) chart showing the Na-O bond lengths of the room temperature refined
structures of P-421m and P4/nmm, c) calculated bond valence sum of Na, rare earth and Ti ions
of room temperature structures of NaRTiO4. (by A. Sen Gupta)
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3.5. Confirmation of noncentrosymmetry by optical SHG experiments
Both optical SHG and PFM are sensitive probes of noncentrosymmetry because
the probed properties are described by third-rank polar tensor[44]. Optical SHG
measurements were performed in reflection geometry with an 800 nm fundamental beam
(Ti : sapphire laser, 80 fs pulses, 1 kHz repetition rate). Figure 3-9 a) shows that finite
SHG signals are observed at RT for NaRTiO4 with R = Y, Sm-Ho, which exhibits
superlattice reflections in the RT SXRD patterns [the inset of Figure 3-6 a)]. These
results clearly support the acentric P-421m structure over the centric Pbcm structure at
RT. The SHG signal for R = Sm diminishes at about 800 K where its x-ray superlattice
reflection peaks disappear. Note that in this series, the single nonpolar mode, i.e., M1 (η1,
η1) mode, breaks the inversion symmetry, which is similar to a K3 mode in an improper
ferroelectric YMnO3[45],[46] although this series is nonpolar, and, thereby, the cell
doubling due to the OOR occurs just at a acentric-to-centric phase transition temperature,
Tac.
The centric-to-acentric transitions were observed for Sm, Eu, and Gd above RT.
The Tac’s are higher than 1073 K for R = Dy, Y, and Ho. The enlargement of the low
intensity region is shown in Figure 3-9 b). The acentric-to-centric transitions are
observed at 100 and 270 K for R = La and Nd, respectively, indicating that they also
crystalize to P-421m structure at low temperatures. For R = La, the calculated M1 (η1, η1)
phonon modes are stable but the frequency is almost zero [see Figure 3-2 a)]; that is, the
calculation predicts that it is on the verge of a soft-mode transition. Such a subtle
difference between the experiment and theory may arise partly because of the employed
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functional. The inset of Figure 3-9 b) shows that the Tac monotonically increases with a
decrease in 𝑟𝑅 , in good agreement with the calculation results that the smaller the 𝑟𝑅 , the
more favored the P-421m phase is [see Figure 3-4 b)]. The OOR angle θ and
displacement of rare-earth metal ions in the x direction Δux, illustrated in Figures 3-3 a)
and 3-3 c), respectively, are considered as a measure of amplitude of the M1 (η1, η1)
mode. The inset of Figure 3-9 b) plots the 𝑟𝑅 dependence of Δux and θ obtained from the
Rietveld refinements of RT SXRD. As 𝑟𝑅 becomes smaller, both Δux and θ become
larger. Figure 3-9 c) illustrates that the temperature dependence of the SHG intensity has
a similar trend to that of Δu4x as expected from Landau theory[15]. Also for R = Eu and Y,
Δu4x shows a good overlap with the SHG intensity[15].

3.6. Probable defects and implications for the SHG signal
Point defects[47],[48] and stacking faults[49] are common in simple and layered
perovskites[50],[51],[52],[53]. NaRTiO4 were synthesized using the solid state synthesis route
in which 40% excess Na2CO3 were used while stoichiometric quantities of R2O3 and TiO2
were used. Owing to different temperatures of synthesis (see Chapter 2), it is expected
that the Na content in each NaRTiO4 would be different. These could lead to point
defects.
Defect equations (Kröger Vink notation)[54,55] are as follows:
Vacancies in Na sites accompanied by vacancies in O sites to maintain stoichiometry,
x
'
2 Na Na
 8OOx  2VNa
 VO  Na 2 O( g )  7 OOx

(3.1)
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Na deficiency due to volatilization can lead to Na1-xRTiO4
x
2 Na Na


1
'
O2  2V Na
 2 h   Na 2 O( g )
2

(3.2)

Na deficiency can also lead to change of valence state of the rare earth ion
x
'
2 Na Na
 2 RRx  8OOx  2V Na
 2 RR  Na 2 O( g )  VO  2e'  7 OOx

(3.3)

Na in interstitial sites if Na is excess. This leads to Na1+xRTiO4
x
Na Na
 Nai  e'

(3.4)

Oxygen vacancies can lead to non-stoichiometry, NaRTiO4-y. This leaves behind charged
vacancies and delocalized electrons.
OOx  VO 

1
O2 ( g )  2e'
2

(3.5)

Upon Rietveld refinement of the room temperature SXRD patterns of NaRTiO4,
the occupancies of Na sites changed non-monotonically from the R = Nd to Y. All
occupancies except NaGdTiO4 refined to values less than 1 (see table below). Refinement
of the Na occupancies changed the Rwp and S values only in the second decimal places.
Also, the lattice parameters were not very sensitive (changed in the third and fourth
decimal places) to the changes in the Na occupancies, showing that this may not be best
technique to study the vacancies in cation positions. However, we would expect point
defects in such compounds to exist. Owing to the lower sensitivity of oxygen to
scattering of x-rays, the oxygen occupancies were not refined. But, defects like oxygen
vacancies are expected in perovskites, when synthesized at high temperatures.

45
Table 3-1: Refined occupancies of the Na sites in NaRTiO4 (by A. Sen Gupta)

Compound

After refinement the
values of x

NaxLaTiO4
NaxNdTiO4
NaxSmTiO4
NaxEuTiO4
NaxGdTiO4
NaxDyTiO4
NaxYTiO4
NaxHoTiO4

0.987(5)
0.937(9)
0.965(6)
0.957(5)
1.100(4)
0.947(4)
0.955(1)
0.931(5)

The concentration of point defects would increase with increasing heat treatment
temperature. Such defects generate SHG signal due to local noncentrosymmetry. That
could lead to a background SHG signal that could affect the precise determination of
noncentrosymmetric to centrosymmetric phase transition temperatures of the RP families.
In case of the measurements in this thesis, the SHG signal generated by NaRTiO4 (R =
Sm, Eu, Dy, Gd, Y, Ho) at 4K is two to three orders of magnitude higher than the
observed background signal. Supported by Landau theory[15], the SHG generated from
the samples follow the same trend as the change in order parameter (Δux4) (Figure 3-9 c).
Also, there in a monotonically decreasing trend in the SHG intensity with increasing
temperature. If all SHG was from defects, with increasing temperature the SHG signal
would increase. Therefore, NaRTiO4 are intrinsically noncentrosymmetric over a wide
temperature range. There is also a possibility that the presence of point defects stabilized
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local polar distortions, as has been reported for other perovskites. This would need to be
investigated in future work.

Figure 3-9. a) Temperature dependence of SHG intensity for NaRTiO4 with
R = La, Nd, Sm, Eu, Gd, Dy, Y, Ho. b) Magnified view of the low intensity
region. The inset of b) shows the acentric-to-centric phase transition
temperature Tac, OOR angle θ, and displacement of R ions in the x direction
Δux, illustrated in Figure 3-3 c as a function of 𝑟𝑅 . c) Temperature
dependence of SHG and Δu4x for R = Sm. The inset of a) shows the NaRTiO4
pellet samples.[15] (by H. Akamatsu and A. Sen Gupta)
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3.7. PFM measurements and calculated effective d35 and d33 coefficients
The PFM measurements were performed by Shiming Lei. d14 and d36 coefficients
are non-zero for the P-421m structure. However, it is hard to calculate these coefficients
separately as the samples are polycrystalline. Any response can be a combination of
various grains and complicates the process of determining the values of any specific dcoefficient. The measurements were performed under ambient conditions, with
indentation force set to be ~30nN. The driving amplitude of AC voltage I applied is 5
Volt, and the driving frequency is set to be 20 kHz. Through lock-in amplifiers, both the
in-phase (denoted as real) and out-of-phase (denoted as imaginary) vertical and lateral
PFM signals were recorded for future processing. The data analysis is described by Lei et
al.

[56]

. He has proposed a new method to quantify deff33 and deff35 using a calibration

technique of Kalinin et al.[57] This technique uses LiNbO3 to calibrate the deff33 and deff35.
It was shown that the finite element method and experiment have a good match across a
180 degree domain wall of z-cut LiNbO3. Following the calibration, the responses of the
samples were calculated using the equations:

AVPFM  V d33eff VAC ,

(3.6)

and

ALPFM   L d35eff VAC

(3.7)

where, AVPFM and ALPFM are the amplitudes of the vertical and lateral PFM responses
from the sample, V and  L are called optical amplification factors (conversion factors
between the raw PFM (mV) and the vertical translation of sample-tip contact intersection
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(pm)). This technique used for quantification of the results. The PFM results for
NaHoTiO4 are presented in Figure 3-10. The surface area scanned in the PFM was very
at as shown in Figure 3-10 a). Mapping images of effective piezoelectric constants, deff33
and deff35, derived from the vertical and lateral responses are shown in Figures 3-10 b)
and d), respectively. Here, the "effective" constants mean that their subscripts 1 and 2
denote the directions parallel to the sample surface and their subscript 3 denotes the
direction normal to the sample surface. Mapping images of phases of c) the vertical and
e) lateral responses are also given in Figures 3-10 d) and f). Some contrast structures in
the mapping images of the effective piezoelectric constants and the phases of the
responses were observed. Note that no cross-talk effect were observed among the
topographic and the PFM images shown in Figures 3-10 b)-e). Thereby, these contrasts
are considered to be attributed to domain and/or grain structures. Frequency histograms
of the deff33 and deff35 values and the phases of the responses are illustrated in Figures 310 f)-i). Significant values of deff33 and deff35 were observed for NaHoTiO4, and these
constants have a wide distribution due to its polycrystalline form. But it is necessary to
perform PFM for its single-crystal sample in order to obtain the inherent piezoelectric
constants. As shown in Figure 3-11, the contrast structures and the significant deff33 and
deff35 values were observed also for NaDyTiO4. Thus, the piezoelectric effects were
confirmed at room temperature for NaRTiO4 with R = Ho and Dy. Although a PFM
response from these compounds, it is important to mention that NaRTiO4 have moderate
ionic conductivity[58], which can also contribute to the PFM response. Thus, there is a
finite possibility that the data are a function of the ionic displacements associated with
conductivity, rather than with piezoelectricity.
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Figure 3-10. Topography image of the area scanned in PFM for NaHoTiO4. Maps of effective
piezoelectric constants, (b) deff33 and (d) deff35, derived from the vertical and lateral responses.
Maps of phases of (c) the vertical and (e) lateral responses. Frequency histograms of (f) the
deff33 and (h) deff35 values and the phases of (g) the vertical and (i) lateral responses. [15] (by H.
Akamatsu and S. Lei) [15] (by Shiming Lei)
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Figure 3-11. a) Topographic image of the area scanned in PFM for NaDyTiO4.
Mapping images of effective piezoelectric constants, (b) deff33 and (d) deff35, derived
from the vertical and lateral responses. Mapping images of phases of (c) the
vertical and (e) lateral responses. Frequency histograms of (f) the deff33 and (h) deff35
values and the phases of (g) the vertical and (i) lateral responses.[15] (by Shiming
Lei)
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3.8. Conclusion
In summary, a large family of RP oxides namely NaRTiO4, was uncovered where oxygen
octahedral rotation could break inversion symmetry and point towards probable
piezoelectricity. The low-temperature phase of this RP series has been shown to belong to
acentric P-421m rather than centric Pbcm, as suggested before. This study suggests a need
to revisit other A-site-ordered n = 1 RP phases including well-studied ARTiO4 (A = H, Li,
Na, K, Ag), where a similar mechanism to be active, which could lead to a rich selection
of acentric materials.
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Chapter 4
Improper Inversion Symmetry Breaking in n = 1 Ruddlesden
Popper derivative LiRTiO4 (R = rare earths)
[Parts have been reprinted with permission from A. Sen Gupta, H. Akamatsu, M. E. Strayer, S.
Lei, T. Kuge, K. Fujita, C. dela Cruz, A. Togo, I. Tanaka, K. Tanaka, T. E. Mallouk, and V.
Gopalan, Adv. Electron. Mater., Vol. 2, Issue No. 1, Jan. 2016. DOI: 10.1002/aelm.201500196.
Copyright 2016. Wiley online library]

4.1. Introduction and background
In chapter-3, non-centrosymmetry in an n=1 RP NaRTiO4 (R=rare earths)[59] in
which the inversion symmetry is broken by the combination of a−boco/boa−co-type of
OORs and A-site layered ordering [see Figure 4-1 a)], has been reported. There have
been many reports on other A-site ordered rare earth titanates including H, Li, K, and
Ag.[60],[61],[30],[62],[63],[58] All compounds have been reported to have centrosymmetric
structures, but it is worth reinvestigating their structural properties involving OOR
patterns as in the recent study on NaRTiO4.
In this work, the understanding of OOR-induced non-centrosymmetry has been
extended to LiRTiO4 family, which is a n=1 RP derivative with LiO antifluorite layers
instead of rocksalt layers in contrast to NaRTiO4 [see Figures 4-1 b) and c)]. All the
structures of LiRTiO4 have been reported to be centrosymmetric so far based on the x-ray
diffraction (XRD) and neutron diffraction (ND) studies[64],[65],[61],[66],[67]. Toda et al.[61],
Thangadurai et al.[66] and Rodionov et al.[67] have reported centrosymmetric tetragonal
structures with space group P 4 / nmm lacking OOR for R=La, Nd[61],[66],[67] [see Figure 41 d)] and an orthorhombic Pbcm structure with an a−a−c0-type of OOR for the R=Eu[61]
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case [see Figure 4-1 e)]. Also, Song et al.[64],[65] have reported that LiYTiO4 and
LiEuTiO4 adopt the Pbcm structures.
Here, new crystal structure for LiRTiO4 (R= La, Nd, Sm, Eu, Gd, Dy, Y, Ho) has
been repeated based on theoretical predictions and experiments evidences. Firstprinciples calculations by H. Akamatsu predict that the ground-state structures of
LiRTiO4 (for R=Sm, Eu, Gd, Dy, Y, Ho) have an a−boco/boa−co-type OOR pattern rather
than the a−a−c0-type, leading to a non-centrosymmetric space group of

[see

Figure 4-1 f)], while for R=La and Nd, there is no structural instability relevant to OORs
and P 4 / nmm is the most stable structure as reported experimentally so far in literature.
Polycrystalline samples of LiRTiO4 (R=Nd, Sm, Eu, Gd, and Dy) were synthesized by
topochemical synthesis and have characterized the structural properties involving the
OOR-induced noncentrosymmetry using experimental techniques such as optical second
harmonic generation (SHG) and piezoresponse force microscopy (PFM), as well as XRD
(SXRD) and ND. SHG and PFM experiments were crucial to determine the noncentrosymmetric nature, while Rietveld refinement of SXRD and ND data supported the
results. The theoretical predictions corroborate the experimental results for the structures
of LiRTiO4. Interestingly, the OOR patterns and hence the mechanism behind the
inversion symmetry breaking are identical for LiRTiO4 and NaRTiO4 despite the striking
difference in the alkaline oxide intervening layers. However, it is reported here that the
phase transition temperatures, Tac, from non-centrosymmetric to centrosymmetric phase
as well as the magnitude and sign of the d14 and d36 piezoelectric coefficients are
significantly different between the LiRTiO4 and NaRTiO4 families.
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Figure 4-1. Schematic drawings comparing the non-centrosymmetric and centrosymmetric
structures of LiRTiO4. (a) a-boco/boa-co in NaRTiO4, (b) Li-O0.5 antifluorite layers in LiRTiO4 and
(c) Na-O rocksalt layers in NaRTiO4 are highlighted. Structures of LiRTiO4 with oxygen
octahedral rotations represented by (d) aoaoco, (e) a-a-co and (f) a-boco/boa-co corresponding to
space group P 4 / nmm , Pbcm and

.[16]
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4.2. The ground-state structure by density functional theory
First, it is important to figure out theoretically which structure is stable for
LiRTiO4: either a regular n=1 RP phase with LiO rocksalt layers or an n=1 RP derivative
with LiO antifluorite layers, both of which have P4/nmm symmetry. Figure 4-1 presents
schematics of the newly computed ground state structure of LiRTiO4 with
structure (panel f), the previously reported structure of LiRTiO4 with Pbcm symmetry
(panel e), the parent phase P4/mmm structure with LiO antifluorite layers (panel d), and
the ground state

structure for NaRTiO4 (panel a). The total energies of LiRTiO4

with LiO antifluorite layers were 0.5 eV/f.u. lower than those with rocksalt layers for
both R=La and Y. The Li+ ionic radius (59 pm)[68] is a factor of two smaller than that of
Na+ (124 pm), for which a regular n=1 RP phase is preferred. It is inferred that Li+ prefers
the antifluorite layers with smaller coordination numbers, CN, of 4 as seen in Figures
1(b), to rocksalt type layers (CN = 9) as seen in Figure 1(c).
Next, phonon calculations were performed to find the structural distortion
involving OORs that reduces the total energy of the P 4 / nmm parent structure with the
antifluorite LiO layers. The calculated phonon band structures between the Γ and M
points of LiLaTiO4 and LiYTiO4 are shown in Figures 4-2 a) and 4-2 b), respectively.
No unstable modes were found for LiLaTiO4, which has the largest rare-earth ion in this
series. On the other hand, for LiYTiO4, doubly degenerate imaginary modes denoted by
the irreducible representation M1 are observed at the Brillouin zone boundary. The M1
modes correspond to the OOR modes for which the rotation axes are parallel to the
layers. Linear combinations of the doubly degenerate modes span a two-dimensional sub-
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space. In Figure 4-2 c), the total energies of LiYTiO4 are mapped onto the structures
obtained by the linear combinations of M1 modes. The origin of the plot corresponds to
the parent P 4 / nmm structure. The vertical and horizontal axes, except the origin, are
composed of the

structures that have OORs represented by a-boco/boa-co in Glazer

notation. The diagonals, except the origin, are composed of the Pbcm structures with a-aco-type OORs and the rest of the region in the plot corresponds to P21212 structures with
a-b-co/b-a-co-type OORs. The

structure was found to be the most stable in the two-

dimensional space. The calculated phonon frequencies for the

structure after

structural optimization showed no unstable phonon modes, indicating that the
structure is dynamically stable. The Pbcm structure, which has been previously reported,
is less stable than the

structure. The Pbcm structure has two unstable phonon

modes at the Γ point; one leads to

structure, and the other to the Pbc21 structure

with a-a-c+-type OORs. The Pbc21 structure was also dynamically stable.
Figure 4-2 d) shows the calculated total energies of LiRTiO4 (R = La, Nd, Sm,
Eu, Gd, Dy, Y, and Ho) with relaxed P 4 / nmm ,
R = La and Nd, the

, Pbcm, and Pbc21 structures. For

, Pbcm, and Pbc21 structures relaxed to the P 4 / nmm structure,

which is consistent with the fact that no unstable phonon modes were observed for R =
La. It was found that for R = Sm, Eu, Gd, Dy, Y, and Ho, the

structures have the

lowest energies. It was also found that for smaller rare earth ions, the total energies of the
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structure kept decreasing. This trend of reducing total energy for smaller R
indicates that OOR is driven by optimization of the coordination environment of the R
ions

in

these

compounds.

noncentrosymmetric

Thus,

first-principles

calculations

predict

the

structures for R=Sm and smaller R, which has a different

OOR pattern than that of the previously reported centrosymmetric Pbcm structures.
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Figure 4-2. Calculated phonon band structures between the G point

(000)

and M point (1 2 1 2 0)

of (a) LiLaTiO4 and (b) LiYTiO4 with the parent P 4 / nmm structures. Degenerated unstable
phonon modes in LiYTiO4 at the M point transform as the irreducible representation M1. (c) The
calculated total energies of LiYTiO4 are mapped on the subspace comprised of the linear
combinations of the M1 modes. (d) The calculated total energies of the LiRTiO4 (R = Sm, Eu, Gd,
Dy, Y, Ho) with the
, Pbcm, and
[16]
structure . (by H. Akamatsu)

structures with respect to the P 4 / nmm
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4.3. Inversion symmetry breaking through oxygen octahedral rotations
in LiRTiO4
Now it is important to look into how the OORs break inversion symmetry. In
Figure 4-1 f), the schematic drawing represents LiRTiO4 with the

structure, and

the atomic displacements corresponding to the M1 mode are highlighted by small red
arrows. In this unit cell, there are two rotation axes. One is perpendicular to the drawing
with rotation denoted by a—boco, which leads to antiphase rotation of two adjacent TiO6
octahedra. The other rotation axis is in the plane, and is denoted by boa—co. The
structure has each of the rotation axes on alternating perovskite layers. The combined
rotations remove the inversion centers, which are originally present between the Li+ ions
in the LiO layer and between the R3+ ions in the RO layer in the parent P4/nmm structure.
On the other hand, in the Pbcm structure [see Figure 4-1 e)], each perovskite layer has
both the in-plane (of paper) and out-of-plane (of paper) axes, resulting in an a—a—co-type
OOR. This type of OOR retains the inversion centers as represented by the crossed
circles in the drawing.
Here, it has been discussed how to define the OOR prior to quantifying it. The
OOR involved in the M1 mode is not completely rigid, that is, it encompasses significant
distortion of the octahedra. This stems from the A-site ordering; the type of A-site cation
(Li+/R3+) around the O2- ions of the octahedral cage influences the angle of the OOR.
Shown in Figure 4-3 a) are two adjacent octahedra (one behind the other) in the
unit cell of LiRTiO4, in which the OOR angles θA and θR denote angles facing towards
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Li+ and R3+ ions respectively. The average angle is denoted as θ. The rare-earth
dependence of θA and θR in the calculated

structures of LiRTiO4 is shown in

Figure 4- 3 b). The angle θR for LiRTiO4 is larger than θA for LiRTiO4 because the force
of attraction between O2- and R3+ is assumed to be higher than that between O2- and Li+
owing to the +3 charge of rare earth and the +1 charge of Li.

Figure 4-3 a) - Illustration of the oxygen octahedral rotation angles θA and θR in the
structure. b) The dependence of the θA and θR on the ionic radius of the rare-earth ion is shown for
both LiRTiO4 and NaRTiO4[16] (by A. Sen Gupta)
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4.4. Experimental structure determination by synchrotron x-ray and
neutron diffraction
According to theoretical calculations predicting the new structures, the structures
of polycrystalline LiRTiO4 powder has been reinvestigated by means of SXRD and
neutron diffraction (see Experimental Section for details). The powder samples were
prepared via conventional solid-state reactions and subsequent ion exchange methods. All
the room temperature (RT) SXRD patterns are presented in the supplemental materials
(Table S1 and Figure S2). As the unit cell corresponding to the assigned space group
comprises a

2  2 1 cell

doubling of the parent structure P 4 / nmm , I searched for

superlattice peak reflections in the SXRD patterns. By considering Miller indices for the
RT data, I observed superlattice peaks corresponding to (½ ½ 1) reflection against the
P 4 / nmm unit cell for R= Sm, Eu, Gd and Dy [see the inset of Figure 4-4 a)]. On the

other hand, the indices for all the peaks are consistent with those of P4/nmm for R=Nd;
no superlattice peak was observed. Based on this indexing, Rietveld refinement was
performed on all the SXRD patterns. For LiNdTiO4, I refined the P 4 / nmm structure due
to the absence of the superlattice peak and the fact that theory supports this structure. I
found a statistically good fit [Rwp (reliability index-weighted pattern) = 8.483, Rp
(reliability index-pattern) = 6.045, S (goodness of fit) = 2.53]. For R=Sm to Dy, since
theory predicts

as the most stable structure and Pbcm has been reported previously

for R=Eu and Y, I refined the SXRD data for these compositions using both the space
groups separately. The obtained reliability factors in this case suggest marginally better
fits for

with respect to Pbcm for R=Sm to Dy. For example, in Figure 4-4 a), the
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refinement of LiDyTiO4 in

shows the statistical indicators Rwp = 7.750 and S =

2.19, which are smaller than the values compared to the Pbcm model, where Rwp = 8.312
and S= 2.35. This indicates that

gives a marginally better fit over Pbcm. In order

to further confirm the structure more precisely, I performed neutron diffraction on
LiDyTiO4, as O and Li positions can be determined more accurately in this technique.
Figure 4-4 b) shows the neutron diffraction pattern of LiDyTiO4 at RT along with a
fitting curve obtained by Rietveld refinements. The values of the reliability factors for
(Rwp= 4.699, Rp= 3.680 and S= 0.89) were found to be marginally less than that
for Pbcm (Rwp= 4.801, Rp= 3.754 and S= 0.91). Thus, in the case of LiDyTiO4, the
Rietveld refinements of both the SXRD and ND show that

space group fits better

than Pbcm.
The lattice constants derived from the refinements of SXRD patterns provide us
with further evidence for the validity of

structure. Figures 4-4 c) and 4-4 d) show

the experimental (at RT) and calculated lattice parameters for both

and Pbcm

structures. For R=Nd, I observe a very close match between the refined and theoretical
long (c) and short (a) axes for P 4 / nmm , validating this structure. For R=Sm-Dy, I also
observe a good match between the calculated and the experimentally obtained lattice
parameters (both long and short axes) for the

structure. Further, when considering

the possibility of Pbcm structure for R=Sm-Dy, the two short axes b and c from the
experiment are equal within the experimental margin of error [Figure 4-4 c)], which
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indicates that the tetragonal crystal structure (

) is a better fit over the

orthorhombic structure (Pbcm), for which the theoretical calculations predict that the b
and c axes should be different. Previously reported b and c lattice parameters for Pbcm
structures in Table 4-1 also show b ~ c, supporting my results. Therefore, based on the
RT SXRD analysis, I can say that

is the correct space group for LiRTiO4 (R=Sm-

Dy). Further, in order to compare the magnitudes of the oxidation states of the cations of
LiRTiO4 (from SXRD) to that of their formal values, I calculated the bond valence sums
(BVS) of the cations using the empirical model based on Pauling’s rule in which the bond
valence parameters were taken from Brese and O’Keefe[69]. The BVS of the Li, rare earth
and Ti ions in the LiRTiO4 series are comparable to the formal valence of these cations,
i.e. 1, 3 and 4 respectively [Figure 4-4 e)]. The bond valence sum of the Li, rare earth
and Ti ions in the LiRTiO4 series are comparable to the formal valence of these cations,
i.e. 1, 3 and 4 respectively. There is slight over bonding observed in the case of the rare
earth ions, like for Sm, Eu, Gd and Dy, where the valences are greater by 0.19 v.u., 0.24
v.u., 0.11 v.u. and 0.32 v.u. with respect to their ideal valences of +3v.u., respectively.
This means that these rare earths are slightly overbonded. For Nd, the calculated valence
is +2.95 v.u., which is very close to the ideal valence. For Li ions, a slight under-bonding
is observed for all LiRTiO4, as the calculated valences are around 0.1 v.u. less than +1v.u.
For Ti, slight overbonding is observed. The experimentally calculated valences of Ti are
slightly lower than their ideal values (+4 v.u.) by 0.29 v.u., 0.19 v.u., 0.12 v.u., 0.20 v.u.
and 0.31 v.u. for LiNdTiO4, LiSmTiO4, LiEuTiO4, LiGdTiO4 and LiDyTiO4,
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respectively. Thus, the bond valence sums are consistent with local electro-neutrality in
these compounds.
In addition, I also extracted the OOR angles from the refined RT

structures

in order to compare the trend in the change of OOR with the theoretical predictions [see
Figure 4-3 b)]. Figure 4-4 f) shows the OOR angles [θA, θR and (θA+θR)/2] as a function
of ionic radius of the rare earth. Although I could not see a completely systematic change
in the OOR angles due to weak scattering of x-ray by oxygen (high error bars in some
cases like LiSmTiO4 and LiGdTiO4 and LiDyTiO4 arise from errors in refinement of
oxygen positions), I found that overall, the magnitude of the OOR angles has an
increasing trend as R3+ become smaller and θR is significantly larger than θA, which is in
good agreement with the theoretical calculations. These results conform to our hypothesis
that the optimization of the coordination environment of the R3+ ions determines the OOR
instability.

Table 4-1: Comparison of lattice parameters of LiRTiO4 between the previously reported and
present experimental work.[16]
LiEuTiO4

Toda , Pbcm, a=11.4155Å,
b=5.355Å, c=5.353Å

Song , Pbcm, a=11.3748Å,
b=5.3618Å c=5.3613Å

Present work, P-421m,
a=5.352Å, c=11.422Å

LiYTiO4

Song et al., Pbcm, a=11.0134Å,
b=5.390Å, c=5.389Å

-

-

Thangadurai et al., P4/nmm
a=3.7465Å , c=11.895Å

Present work, P4/nmm
a=3.742Å, c=11.922Å

-

Toda et al., P4/nmm
a=3.771Å, c=12.082Å

Thangadurai et al.,
P4/nmm
a=3.770Å , c=12.076Å

LiNdTiO4

LiLaTiO4

-
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Figure 4-4. a) RT SXRD and b) ND patterns and refinement results obtained by using the
model for LiDyTiO4. The inset box shows the RT (½ ½ 1) superlattice peaks with respect to
P 4 / nmm for LiRTiO4 (R=Nd-Dy). RT lattice parameters of the c) short and d) long axes of
LiRTiO4 as a function of ionic radius. e) Bond valence sum of Li, Ti and rare earth ions for
LiRTiO4 (R=Nd-Dy). f) Octahedral rotation angles at RT of LiRTiO4 (R=Nd--Dy). Modified from
A. Sen Gupta et al.[16]
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After the validation of the

structure for R=Sm-Dy, the temperature

dependence of the (½ ½ 1) superlattice reflection peak area for R = Sm was tracked in
order to find the temperature up to which the

phase exists. This peak gradually

decreases with increasing temperature until it completely disappears around ~850 K
[Figure 4-5], indicating a phase transition in this compound from

to P4/nmm. The

SXRD pattern above 850 K were well refined using the P4/nmm model, for example,
with the statistical reliability factors of Rwp=9.155 and S=2.00 for 900 K. Thus, SXRD
and ND were pivotal in determining the crystal structure of LiRTiO4 family.

Figure 4-5: Temperature evolution of the (½ ½ 1) superlattice peak with respect to P 4 / nmm
for LiSmTiO4.[16]
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4.5. Confirmation of non-centrosymmetry by optical SHG experiments
The temperature dependence of the SHG intensity (see Experimental Section for
details) of LiRTiO4 is shown in Figure 4-6. With the exception of R=Nd, I observed
finite SHG signals for all the other compounds at RT. The SHG signal kept decreasing in
magnitude with increasing temperature starting from 4 K, which indicates decreasing
order parameter [like rare earth displacement related to the noncentrosymmetric phase
(P-421m)], as discussed later. The absence of SHG for LiNdTiO4 indicates its
centrosymmetry while the presence of SHG in R=Sm-Dy samples corroborates their noncentrosymmetry. These results are consistent with Dr. Hirofumi’s first-principles
calculations and SXRD and ND studies. An electromechanical response that could have
piezoelectric and or ionic motion components was confirmed by PFM measurements at
RT for R=Sm-Dy (shown in Figure S4 in supplementary section). It is important to note
that a direct comparison of the intensities of the compounds based on these I2ω values is
not possible, as optical absorption needs to be considered in these compounds. When
diffuse reflectance spectroscopy was performed for LiRTiO4 to determine the
wavelengths at which optical absorption occur, some absorbance for R=Dy, Sm and Nd
was observed at 1.55 eV (corresponding to the 800 nm fundamental of the laser) and 3.10
eV (corresponding to the SHG signal at 400 nm). Temperature dependent (298 K to 14
K) diffuse reflectance spectroscopy (see Figure S3 in supplementary section) on
LiGdTiO4 was also performed and no change in the absorption spectra in the wavelengths
of our interest (1.55 eV and 3.10 eV), which could otherwise have affected the
interpretation of the SHG results.
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LiRTiO4 compounds were synthesized by ion exchange from NaRTiO4, with
HRTiO4 as intermediate compound. NaRTiO4 were used a template structures. Possible
point defects include, oxygen vacancies and interstitial Li ions. Also, vacancies in Li sites
can occur during heating of the sample during temperature dependent SHG experiment.
These defect sites have broken inversion symmetry and can generate SHG. This would
increase the background SHG signal, making it difficult to determine the phase transition
temperatures with a high degree of certainty. However, like in the case of NaRTiO4, the
SHG signal generated by LiRTiO4 (R = Sm, Eu, Dy, Gd) at 4K is about two orders of
magnitude higher than the observed background signal (with exception of LiNdTiO4).
Also, like in case of NaRTiO4, supported by Landau theory[15], the trend in temperature
dependent SHG signal is the same as that of the order parameter (Δux) (Figure 4-7 a, b),
which has been discussed later. Therefore, LiRTiO4 (R = Sm, Eu, Dy, Gd) are believed to
be intrinsically noncentrosymmetric over a wide temperature range. Again, it is also
possible that the point defects act to nucleate polar clusters that were detected in the SHG
experiments.
The defect equations representing the defects are as follows:
x
x


'
Interstitial Li: Li Li  Lii  e' / Li Li  Lii  VLi

x

Oxygen vacancies: OO  VO 

1
O2 ( g )  2e'
2

x
'

Lithium vacancies: Li Li  VLi  h  Li( g )
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Figure 4-6. Second harmonic generation (SHG) vs temperature scans of LiRTiO4 (R=Nd, Sm,
Eu, Gd, Dy)[16]
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4.5. A comparison of temperature-dependent structural parameters and
SHG
Based on the analysis of the temperature dependent SXRD and SHG for
LSmTiO4, the temperature dependence of three important parameters, namely, the
displacement of the Sm3+ ion denoted by ux (difference between the x-coordinate of
Sm3+ ion in

and

2  2 1 cell

doubled P4/nmm), the peak area of the (½ ½ 1)

superlattice reflection, and the OOR angles calculated from the refinements of SXRD
patterns for LiSmTiO4 were compared. This was done to understand the effect of
changing the temperature on the crystal structures of LiRTiO4 (R=Sm-Dy) compounds. A
gradual decrease in the magnitudes of ux, and in the superlattice peak area with
increasing temperature [Figure 4-7 a)]. The values of ux and the area of the superlattice
peak become negligible gradually around ~850K, indicating a second-order phase
transition from a low temperature non-centrosymmetric (

) to a high temperature

centrosymmetric (P4/nmm) phase. However, the temperature dependence of OOR angles
do not show such a systematic change, in particular around Tac in contrast to ux,
probably due to the lower sensitivity of oxygen compared to rare earths in the scattering
of x-ray [Figure 4-7 a)].
The value of ux is considered as an order parameter of the phase transition from
to P4/nmm for LiRTiO4, because the displacement corresponding to ux is unique
to the M1 mode. Furthermore, notwithstanding the difference in structures between
NaRTiO4 and LiRTiO4, the relation between I2ω and ux based on the Landau theory
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discussed for NaRTiO4 by Akamatsu et al.[59] also holds true for LiRTiO4. This is shown
in Figure 4-7 b), where ux4 is proportional to the SHG intensity of LiSmTiO4. In
Figure 4-7 c), the temperature dependence (RT to 900K) of the lattice parameters of
LiSmTiO4 is shown. It is notable that there was no large observable changes in thermal
expansion coefficient between the noncentrosymmetric and centrosymmetric phases
(Figure 4-7 c). Such changes are widely observed in other structures. An increase in
lattice constants as the temperature increases is observed. For the

structure (RT to

around 850K), the change in the short axis (a-axis) is less than ~0.5% while that in the
long axis (c-axis) is ~2%. A gradual change in lattice constant across the phase transition
show indicates a second-order phase transition as demonstrated by the SHG-intensity
change in Figure 4-7 b).
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Figure 4-7: a) Temperature dependence of rare earth displacement (ux), area of the (½ ½ 1)
superlattice peak with respect to P 4 / nmm , oxygen octahedral rotation angles θA and θB and θavg
for LiSmTiO4. b) SHG signal and ux4 for LiSmTiO4 as a function of temperature. c)
Temperature-dependent lattice parameters of LiSmTiO4.[16]
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4.6. Comparison between LiRTiO4 and NaRTiO4
Here, I discuss the differences and similarities between LiRTiO4 and NaRTiO4
involving the influence of the structural differences on the OORs of the two families.
First, when compared to NaRTiO4 [Figure 4-1 a)], LiRTiO4 has the same type of OOR
pattern (a-b-co/b-a-co) and hence the same mechanism of the OOR-induced inversion
symmetry breaking. This is very intriguing because the two families of RPs have
strikingly different structures of the alkaline oxide intervening layers: antifluorite layers
for LiRTiO4 and rocksalt layers for NaRTiO4. The structural difference in the alkaline
oxide layers is reflected in the atomic displacements of the M1 mode. In the parent
P4/nmm structures of NaRTiO4 and LiRTiO4, the Na+ and Li+ ions are on Wyckoff
position 2c and 2a, respectively (also see Table S1 in supplementary section). If the M1
mode is looked at closely, the directions of displacements of the Li+ and Na+ ions are
different. The Li+ ions move along the [001] direction, while the Na+ ions are displaced in
the [1-10] direction. This difference causes a qualitative difference in their piezoelectric
properties. The calculated piezoelectric strain coefficients d36 and d14 for LiRTiO4 and
NaRTiO4 are shown in Figure 4-8 b), c). The d36 for all, and the d14 for some R3+ ions
have opposite signs. For both the series, the amplitude of d36 increases with decreasing
R3+ size. This is also expected due to the increasing OOR with decreasing R3+ size. Also,
the amplitude of d36 for LiRTiO4 is significantly higher than NaRTiO4, while the
amplitude of d14 values are much smaller. For example, d36 = -15 pC/N for LiYTiO4,
while 5 pC/N for NaYTiO4.
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The calculated total energies of

structures relative to P4/nmm for LiRTiO4

shown in Figure 4-2 d) are comparable to those for the NaRTiO4 when R is the same.[59]
In other words, the energy gain by the a-boco/boa-co-type OOR does not strongly depend
on the alkaline oxide layers. In general, smaller A-site cations are known to induce larger
OOR instability in the framework of concept of tolerance factor. But I cannot apply this
idea to the present case because the coordination environment of the small Li ion is
somewhat optimized by formation of the antifluorite layers. On the other hand, the
energy gain strongly depends on the R ions; it becomes larger with a decrease in the R ion
radius for the both systems. Figure 4-8 a) shows Tac for LiRTiO4 and NaRTiO4 as a
function of R. The red dotted line in Figure 4-8 a) shows the trend of Tac estimated by
extrapolating the temperature dependence of SHG intensity for LiRTiO4. For the both
system, Tac becomes higher as the R ion is smaller, as expected from the calculated
energy gain. When comparing the two different alkaline systems, LiRTiO4 is found to
have a higher Tac than NaRTiO4 for R=Sm, Eu, Gd, and Dy but not R=Nd, since SHG
signal was not observed from 4K-900K. This is interesting because the energy gain by
the OOR is comparable for the same R ions. The discrepancy between the calculations
and experiments could be due to a difference in an entropy change between the P4/nmm
and

structures for the two systems, which have different structures of the alkaline

oxide layers. This behavior is also seen in the ux dependence over R3+ size [the inset of
Figure 4-7 a)] for both LiRTiO4 and NaRTiO4. The room temperature ux values of
LiRTiO4 are comparable to that of NaRTiO4.
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Figure 4-8. (a)

to P 4 / nmm phase transition temperatures (Tac) of LiRTiO4 and NaRTiO4

as a function of ionic radius of rare earth. The inset shows rare-earth displacement (ux) in
LiRTiO4 and NaRTiO4. (b) Calculated d36 and (c) d14 for LiRTiO4 and NaRTiO4.[16]
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4.7. Conclusion
In this report, a comprehensive study of the evolution of non-centrosymmetry in
the LiRTiO4 family of layer perovskites has been presented using a combination of
theoretical and experimental tools including first-principles calculations, SXRD, ND,
SHG and PFM measurements. SHG, PFM and superlattice reflections disprove the
previously reported Pbcm structure for the LiRTiO4 family (R=Sm-Dy). The origin of
non-centrosymmetry in these materials is determined to stem from the presence of aboco/boa-co oxygen octahedral rotations. The results presented here highlight the
significant differences between the LiRTiO4 and NaRTiO4 structures, but show that the
same type of OOR removes the inversion symmetry in both series.

Chapter 5
Noncentrosymmetry Induced by Oxygen Octahedral Rotations
and Competing Layer Sliding in Ruddlesden-Popper
Derivative, HRTiO4 (R = rare earths)

After revealing noncentrosymmetry in NaRTiO4[15] and LiRTiO4,[16] I report an
interesting structural phase diagram of n = 1, Ruddlesden-Popper (RP) derivative layered
perovskite HRTiO4 family for R = Nd, Sm Eu, Gd, Dy, in which there is competition
between structural distortions of rotation of oxygen octahedra and sliding of octahedral
layers at the OH layers, by means of variable-temperature synchrotron x-ray diffraction
(SXRD), second harmonic generation (SHG), and neutron diffraction measurements in
conjunction with density functional theory (DFT). I discovered noncentrosymmetry
induced by oxygen octahedral rotation in the HRTiO4 (for R = Eu, Gd, Dy). For larger
rare earth ions like R = Nd and Sm, I found that octahedral rotation is absent but in order
to optimize the hydrogen bond, sliding of the octahedral layer is present. Previous reports
suggested HRTiO4 (R = Nd, La, Sm, Y) to be centrosymmetric and had also not observed
any octahedral sliding in these compounds. I have been able to clearly distinguish the
effect of larger and smaller rare earth ions on the structures and properties of this family.
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5.1. Introduction and background
In the present work, I have extended our investigation of n = 1 RP derivative
compounds to HRTiO4 family. The reason of my interest lies in the fact that HRTiO4 are
intermediate compounds while synthesizing LiRTiO4 from NaRTiO4 by the ion exchange
route (using the Schaak et al. method[30]), which I have already reported to be
piezoelectric in nature. So far, HRTiO compounds have been studied for applications
4

regarding photocatalytic properties and as intercalation compounds. Nishimoto et
al.[70],[71] has reported P4/nmm crystal structure for HRTiO4 (R = La, Nd) and P2 /c for
1

HYTiO4 at ambient temperature. Also, Byeon et al.[72] has reported I4/nmm crystal
structure for HSmTiO . Silyukov et al.[67],[73] has reported structural phase transitions in
4

HRTiO4 (R = La, Nd) from 25oC to 1000oC. However, until now low temperature
structural phase transitions and related properties have not been reported for these
compounds.
My focus has been to study the structural phase transitions in this family of
compounds from ~ 500 K to ~ 10 K. For this, I synthesized polycrystalline HRTiO using
4

the topochemical synthesis route and then characterized the compounds by SXRD, SHG.
For the first time I have shown that piezoelectricity exists in HRTiO at ambient
4

temperature for R = Eu, Gd and Dy. I have assigned P-421m (Figure 5-1 a) as the space
group for these compounds after Rietveld refinement of the SXRD patterns, highlighting
the a-boco/boa-co type of OOR by curved arrows.
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Figure 5-1. Schematic drawings comparing the non-centrosymmetric and centrosymmetric
structures of HRTiO4. a) P-421m crystal structure with a-boco/boa-co octahedral rotation pattern, b)
Cmcm crystal structure c) P4/nmm crystal structure.
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The inversion symmetry is removed by such OOR in combination with the A-site
ordering. The rare-earth ions are expected to form R-O rock salt layer [with coordination
of 9, similar to the cases of ARTiO4 (A = Na, Li)]. For the H-O layer, it is expected that
the hydrogen positions could have a certain degree of randomness. Although the
hydrogen positions could not be refined by SXRD due to the lack of sensitivity of
hydrogen to the scattering of x-rays, I assigned partially filled positions (site occupation
0.5 to maintain stoichiometry) for hydrogen ions such that overall symmetry was
maintained in the crystal structure and the feasibility of the average hydroxyl bond length
(around 0.98 Å[74],[75]) is maintained. The local site symmetry is assigned as 1. Also, I
report that for larger rare earth ions like R = Nd and Sm, HRTiO4 conform to the Cmcm
space group below ambient temperature (Figure 5-1 b). This structure does not have any
OOR. However, the Cmcm unit cell involves sliding of the octahedral layer (SOL) by a
magnitude of half the a-lattice parameter in the [100] crystallographic direction. The
[001] view of the unit cell (Figure 5-1 b) shows that two adjacent layers of octahedra
having slid over each other. This SOL is not observed in the [100] view of the unit cell
meaning that SOL only occurs in one direction in the unit cell. Again, the hydrogen
positions were assigned considering randomness in the H-site. The local site symmetry is
considered 1 with an occupancy of 0.5. It has also been observed that the high symmetry
phase of all HRTiO4 is P4/nmm, which also has no OOR. HRTiO4 (for R = Nd, Sm)
conform to P4/nmm structure near ambient temperatures, while HRTiO4 (for R = Eu, Gd,
Dy) do the same at higher temperatures. This unit cell is shown in Figure 5-1 c). Similar
to what Nishimoto et al. has reported, I considered the H-site occupancy as 0.125 and site
symmetry as 1, as there are more equivalent positions where H can exist between the
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octahedral layers in the high symmetry P4/nmm structure compared to the low symmetry
structures of P-421m and Cmcm. Hence, experimental evidences show that HRTiO4 (R =
Eu, Gd, Dy) with OOR do not have SOL and are noncentrosymmetric in nature, while
HRTiO4 (R = Nd, Sm), with no OOR display SOL and are centrosymmetric in nature.
Based on the experimental results, it is being speculated that the coordination
environment of rare earth ions induces the octahedral rotation in these compounds.
Smaller rare earth ions are under-bonded facilitating OOR, while the larger rare earth
ions are over-bonded and prevent such rotation. In addition, when OOR does not occur,
the hydrogen bond optimization (also supported by DFT) leads to the SOL in the crystal
structure.

5.2. Experimental structure determination of HRTiO4 (R = Eu, Gd, Dy)
by synchrotron x ray diffraction
Temperature dependent SXRD experiments were performed on polycrystalline
samples of HRTiO4. Upon Miller indexing the RT SXRD patterns of HRTiO4 (R = Eu,
Gd, Dy) with respect to the tetragonal P-421m structure, I observed the (011) superlattice
reflection which corresponds to the (½ ½ 1) reflection of the tetragonal P4/nmm unit cell,
around d = 0.21 Å-1. The superlattice peak arises from the √2 × √2 × 1 unit cell doubling
of the P4/nmm structure. Previously, I have observed such superlattice peak for LiRTiO4
and NaRTiO4 as well. Following this observation for all the three compounds HRTiO4 (R
= Eu, Gd, Dy), I refined the RT SXRD patterns with the P-421m structure and found a
good match. The refinement involved all species of atoms except hydrogen, as explained
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before. For example, Figure 5-2 a) represents the Miller indexed and refined SXRD
pattern of HGdTiO4 at 300 K. The reliability indexes Rwp (reliability weighted pattern) =
11.66, Rp (reliability pattern) = 8.375 and S (goodness of fit indicator) = 1.70 for this
case, showing a good fit. After this, I refined the temperature dependent SXRD patterns
of HGdTiO with P-421m structure for those cases where I have already observed the
4

(011) superlattice reflection (90 K to 475 K). Around 500 K, the (011) reflection vanishes
and I found a good match for the P4/nmm structure. The reliability factors Rwp = 14.2, Rp
= 11.35 and S = 1.62. The lattice parameters from the refined data (90 K to 500 K) is
shown in the inbox of Figure 5-2 a), highlighting the increase in lattice constants (a and
c) with increasing temperature. At 500 K, the √2a of the P4/nmm is plotted against all the
other a constants of P-421m to show the gradual change of phase from P-421m to
P4/nmm around this temperature, indicating a transition of second order. The gradual
change in the superlattice peak size is shown in Figure 5-2 b) for all the three cases. For
HGdTiO4 and HEuTiO4 I can clearly trace the presence of the (011) P-42 m superlattice
1

reflection to temperatures around 475 K and 350 K, respectively. For HDyTiO4, this peak
is visible to the highest experimental temperature of 475 K and is expected to exist to
higher temperatures compared to HGdTiO4 and HEuTiO4, because smaller rare earth ion
leads to higher octahedral rotation angle and hence higher phase transition temperature,
Tac [like in the case of ARTiO4 (A = Na, Li) compounds]. Thus, SXRD has assisted in
understanding noncentrosymmetry in HRTiO4. The SXRD results of HNdTiO4 and
HSmTiO4 are discussed in the later section 2.3.
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Figure 5-2. a) 300 K SXRD refined pattern of HGdTiO4. b) Lattice parameters vs temperature of
HGdTiO4 c) Tracing the (½ ½ 1)-superlattice peaks for HRTiO4 (R= Dy, Gd, Eu). d) Second
harmonic generation (SHG) vs temperature of HRTiO4 for R=Eu, Gd, Dy. The green region
highlights the decomposition (dehydration) of the compounds.
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5.3. Confirmation of noncentrosymmetry in HRTiO4 (R = Eu, Gd, Dy)
by optical second harmonic generation
The temperature dependence of SHG intensity of HRTiO4 (R = Eu, Gd, Dy) is
shown in Figure 5-2 c. All the three compounds showed finite SHG signal and hence are
noncentrosymmetric in nature. Also, the SHG signal kept decreasing with increasing
temperature for all the compounds, suggesting a decreasing order parameter relevant to
the phase change [rare-earth ion displacement, ∆ux, similar to the case of ARTiO4 (A =
Na, R)]. I can also see that the slope of the decreasing SHG signal changed around 375 K
for HEuTiO4, around 500 K for HGdTiO4 and around 620 K for HDyTiO4, indicating the
P-421m to P4/nmm phase transition temperatures (Tac) for these compounds. These
observations corroborate with the trends observed in the SXRD data (Figure 5-2 b, c) as
well. In the case of HEuTiO , I observe a steady low intensity SHG signal above 375 K,
4

which exists till around 500 K. This is probably due to the nano-sized scattered NCS
domains that still exists at high temperature, to which SHG is also sensitive. For the all
HRTiO4 (R = Eu, Gd, Dy), between 500 K and 800K, an extra hump was observed in the
SHG signal, which is not well understood. However, the increase in the SHG signal in the
hump is probably due to the breaking of bonds when dehydration happens in these
compounds. It highlights the fact that the breaking of several OH bonds lead to many
noncentrosymmetric sites as inversion centers are lost at these sites of breaking bonds.
The SHG signal lowers when the whole crystal structure transforms to the
centrosymmetric pyrochlore phase (Ln2Ti2O7) at high temperatures as a result of
dehydration. These have been reported before by Silyokov et al.[73] and Schaak et al.[76].
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The high temperature chemical reactions in HRTiO4 are as follows:
HRTiO4  metastable Ln2-x ⃣ xTi2O7 + H2O ↑ (500K-800K)  Ln2Ti2O7 (~800K)
For HNdTiO4 and HSmTiO4, the SHG intensity was finite but kept fluctuating
through the temperature range of the experiment, arising from defects involved with
phase transition in these two compounds and the random OH dipoles formed in the OH
layer.

5.4. Octahedral sliding in HRTiO4 (R = Eu, Gd, Dy) by synchrotron x
ray diffraction
So far I have discussed the crystal structures of the NCS HRTiO4 (R = Eu, Gd,
Dy) compounds. Interestingly, I found that for larger rare earth ions like R = Nd and Sm,
the second order like phase transition from P4/nmm to P-421m does not happen. Rather I
have seen a first order like phase transition from P4/nmm to Cmcm. The change in the
SXRD pattern of HSmTiO4 from RT to 90 K is shown in Figure 5-3. Upon Miller
indexing, I found that P4/nmm was a good fit for the RT structure of HRTiO4 (R = Nd
and Sm) (Figure 5-3 a). Also, refinement with this structure was good match. For
HSmTiO4, at around 200 K, I observed splitting of some of the existing peaks as well as
appearance of new peaks (Figure 5-3 b). At lower temperatures close to below 200 K the
peaks corresponding to the P4/nmm structure gradually disappears and the SXRD pattern
is completely changed by 100 K. The 90 K SXRD pattern of HSmTiO (Figure 5-3 c) has
4

systematic presence of (h k l) peaks only for h + k = 2n. Also, all the (0 k 0) for only k =
2n exists. For (h k 0) peaks, only those peaks exist for which h + k = 2n. Based on these
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conditions and assuming an orthorhombic unit cell, I concluded that Cmcm is a good
match for the pattern. Same has been observed for HNdTiO4.

Figure 5-3. Miller indexed SXRD patterns of HSmTiO4 at a) 298K, b) 200 K
and c) 90 K
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A very interesting observation is the breadth of some of the Cmcm (hkl) peaks
(Figure 5-3 b, c) compared to others in the case of both HSmTiO4 and HNdTiO4. I have
tried here to understand the reason for such broadness. Firstly, if I consider a two
dimensional rendition of the BO6 octahedral stacking in the P4/nmm unit cell (Figure 5-4
a) I see that the BO6 octahedral chain in each layer is stacked between the BO6 octahedra
of the two adjacent layers. In case of the Cmcm unit cell, when viewed from the
[001]Cmcm direction, the BO6 are stacked directly on each other in pairs (Figure 5-4 b). In
a single crystal single domain Cmcm, this can be interpreted as a BO6 layer has slid over
another by the length of half the unit cell length in the [100]Cmcm direction. But, since the
high symmetry structure is P4/nmm, there is a 4-fold axis parallel to [001]P4/nmm axis. This
makes it possible to have four invariant directions in which sliding of the BO6 octahedra
can happen (Figure 5-4 c). When two BO6 layers slide on each other from opposite
directions, the ideal stacking sequence is hindered and a domain-wall is formed where
disorder would exist (Figure 5-4 d). Further work should be undertaken to probe the
details of the domain structure, including the possibility of incommensurations. Such
domain walls are expected to exist in each single crystal (or grain) in a polycrystalline
compound. Inside a single crystal, when a (hkl) plane interacts with such a domain wall,
it leads to broadening in that peak due to the disorder in the domain wall region. In
Figure 5-4 e), when the F.W.H.M. of all the major (hkl) reflections are plotted against
2θ, I observe that the (1 2n+1 0), (1 2n+1 1) peaks are broader than the (0 2n 0) and the
(0 2n 1) peaks. This is due to the fact that the plane normals of the (0 2n 0) and (0 2n 1)
planes are orthogonal to the (100) plane normal [Figure 5-4 f)], meaning that these two
planes do not interact with the disorders in the domain walls (sliding occurs in the [100]
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direction). On the other hand, the plane normals of the (1 2n+1 0) and (1 2n+1 1)
reflections have < 90o with the [100] axis. Hence, these planes interact with the disorder
and have broadness.
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d)

Figure 5-4. Schematic showing a) the BO6 octahedral layer stacking in P4/nmm
crystal structure, b) the sliding of the octahedral layer (SOL) in Cmcm crystal
structure, c) the four invariant directions of the BO6 SOL with respect to the 4fold axis of the high symmetry P4/nmm un it cell, d) potential schematic of two
domains where SOL occurs from opposing directions. In e) FWHM of (hkl)
planes that have plane normals non-orthogonal (blue stars) and orthogonal (red
stars) to the (100) SOL plane in the Cmcm unit cell. In f) the angles between the
(hkl) plane normals and (100) plane normal in Cmcm unit cell.
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5.5. DFT calculations confirming octahedral layer sliding in HRTiO4
First principle calculations were performed by H. Akamatsu to verify the
experimentally determined crystal structure of HRTiO4 (R = Sm and Nd). Calculations
were done for HLaTiO4. Several crystal structures were found to be stable compared to
the P4/nmm high symmetry structure. All the space groups could be divided into three
different groups depending on the crystal structures with and without SOL (Figure 5-5
a). Group 1 is the high symmetry P4/nmm with no SOL. Group 2 also consist of crystal
structures with no SOL. Lastly, the Group 3 consists of crystal structures with SOL. In
Figure 5-5 a), the schematics represent the type of stacking of octahedral layers as
observed in three Groups. Clearly, only the Group 3 shows the sliding behavior (as I have
seen for Cmcm before). The family tree of the DFT calculation is shown in the appendix
section of the thesis. As shown in Figure 5-5 b), the Group-3 has the lowest total energy
around -300 meV/f.u. and hence is the most stable. Finally, Cmcm was found as the
supersymmetry structure for all members of the Group-3 using the Bilbao
crystallographic server pseudo symmetry search option. Thus, the DFT results indicate
that Cmcm is a valid crystal structure for the HRTiO4 with large rare earth ions like Sm
and Nd.
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Figure 5-5. In a) The DFT calculated structures of HLaTiO4 is shown. The structures can be
divided between ‘structures with octahedral sliding / Group 3’ and ‘structures without octahedral
sliding / Group 2 & 1’ categories. The crystal structures with sliding have lower energy and
considered more stable. In b) Schematic diagram showing the total energy of the three groups of
crystal structures for for HLaTiO4.

.
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5.6. Conclusion
Overall, I have been able to present a comprehensive understating of the crystal
structure and phase transitions in HRTiO4 family. The O-O distances were checked for
the new crystal structures and they are around 2.99 Å HEuTiO4, around 3.01 Å for
HGdTiO4, around 3.04 Å for HDyTiO4, around 2.99 Å for HNdTiO4 and around 2.91 Å
for HSmTiO4, which looks feasible (shown in Figure 5-6 a). Figure 5-6 b) shows the
phase diagram of HRTiO4 family. HRTiO4 (R = Eu, Gd, Dy) undergo a second order like
phase transition from P4/nmm to P-421m above room temperature. On the other hand,
HRTiO4 (R = Nd, Sm) undergoes a first order like phase transition from P4/nmm to
Cmcm below room temperature. Also, I have discovered that for larger rare earth ions
like R = Nd and Sm, the octahedral rotation is absent but in order to optimize the
hydrogen bond, sliding of the octahedral layer occurs. In case of R = Eu, Gd, Dy, there is
no octahedral sliding as the environment around hydrogen is optimized by the octahedral
rotation. These observations indicate that the OOR and SOL are competing phenomena in
this family of compounds.
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Figure 5-6. a) The O-O bond distance is highlighted for the refined new crystal
structures of HRTiO4 (R = Eu, Gd, Dy, Nd, Sm). b) Phase diagram derived from
SXRD data of HRTiO4 (R= Nd - Dy). The yellow-orange shaded region between
250oC and 100oC indicates the coexistence of the two phases P4/nmm and Cmcm
phases in HNdTiO4 and HSmTiO4.
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Chapter 6
Conclusion and Future Work
6.1. Conclusion
In conclusion, the work presented in this thesis elucidated the new mechanism of
oxygen octahedral rotation (OOR) by which layered perovskites like NaRTiO4, LiRTiO4
and HRTiO4 attain noncentrosymmetry. Also, some of these compounds have been found
to have high phase transition temperatures (800 K and above). Density Functional Theory
(DFT) predictions in conjunction with experimental techniques like Synchrotron XRD
(SXRD), Second Harmonic Generation (SHG), Neutron diffraction (ND) and
Piezoresponse Force Microscopy (PFM) have helped me understand the crystal structures
of these compounds. I have found that a-boco/boa-co type of octahedral rotation has caused
the removal of inversion centers between the A-sites in the noncentrosymmetric phase of
these compounds. In addition, octahedral layer sliding due to hydrogen bond
optimization has been discovered in HRTiO4 family.
In Figure 6-1, the statistics from the Inorganic Crystal Structure Database (ICSD)
showing the large number of n = 1, 2 Ruddlesden-Popper (RP), Dion-Jacobson (DJ), and
Aurivillius (AV) layered perovskites that are yet to be investigated, is shown. The
successful methodology of experimental and theoretical collaborations presented in this
thesis opens the gateway for investigating OOR-induced non-centrosymmetry in such
RP, DJ and AV families. Some of the theoretical predictions and results of initial
experiments has been discussed in the following sections.
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Figure 6-1. –

Statistics from the ICSD showing the number possible structures of DJ, n
= 1, 2 RP, AV, PS and P compounds. Modified from an accepted NSF proposal
(Courtesy: Prof. James Rondinelli)
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6.2. Future Work 1: Emergent Noncentrosymmetry in n = 1
Ruddlesden-Popper, NaRSnO4 (R = rare earths)
Recently, the ground state energy for the NaRSnO4 has been calculated after noncentrosymmetry was revealed in NaRTiO4. In Figure 6-2, a comparison between the
calculated total energies of NaRTiO4 and NaRSnO4 has been done with the space groups
P4/nmm, P4̅21m, Pbcm and Pbc21. It is observed for NaRSnO4 that P421 m is the most
stable structure with lowest total energies even for all R= La-Ho (Figure 6-2. a) unlike
for NaRTiO4 (Figure 6-2 b)

13

, where for R=La and Nd the P4̅21m, Pbcm, Pbc21

structures relaxed as the P4/nmm structure. Similar to the NaRTiO4, as the rare earths
ionic radii gets smaller, the total energy for NaRSnO4 keeps decreasing, possibly due to
the same reason that the OOR is an A-site coordination driven phenomena like in case of
ABO3 perovskites.
The most important point to mention here is that NaRSnO4 does not have a second
order Jahn Teller (SOJT) active B-site cation like for NaRTiO4. Sn is a d10 element. This
gives the opportunity to study a RP phase in which non-centrosymmetricity would
originate from OOR only. In future, this family of RP stannates would be synthesized and
characterized to study the crystal structure of this family.
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– Comparison of ground state energy calculations
between a) NaRSnO4 and b) NaRTiO4.(Courtesy – H. Akamatsu)
Figure 6-2.
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6.3. Future Work 2: Emergent Ferroelectricity in n = 2 RuddlesdenPopper layered perovskites
Mulder et al.[24] predicted polar structure in n = 2, RP, A3B2O7 compounds (Figure 6-3 a)
by a combination of OOR. The work shows that a-a-co type of OOR in combination with
aoaoc+ type of OOR (Figure 6-3 b) results into removal of all inversion centers in the
crystal structure of A3B2O7 compounds (A = Mg, Ca, Sr/ B = Ge, Zr, Sn ). Therefore, a-ac+ is predicted to make A3B2O7 ferroelectric.
Following the predictions by Mulder et al., DFT calculations (courtesy- H.
Akamatsu) on Sr3Zr2O7 have shown that the total energies of a polar structure (space
group – Cmc21) and an anti-polar structure (space group - Pmcn) are very close, meaning
these two structures are energetically competing. Cmc21 and Pmcn structures have total
energies -395meV/f.u. and -387 meV/f.u. respectively. This has been shown in Figures
6-3 c, d. The difference between the polar and anti-polar structure is the aoaoc+ type of
OOR.
On the other hand, preliminary room temperature (RT) SXRD experiments
performed at Spring-8 on polycrystalline Sr3Zr2O7 compounds have shown that Cmc21
(Figure 6-4 a) have a better fit (by Rietveld refinement) over Cmcm (Figure 6-4 b). The
Rwp = 1.7/ S = 1.2 corresponding to the Cmc21 structure and Rwp = 1.9/ S = 1.4 for the
Cmcm structure, thus indicating noncentrosymmetry. Furthermore, temperature
dependent SHG experiment (Figure 6-4 c) also corroborates this fact, as it has been
observed that Sr3Zr2O7 is SHG active between RT and 700 K. Overall, these predictions
and experiments have made A3B2O7 compounds very interesting for investigation of
noncentrosymmetry and ferroelectricity.
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Figure 6-3. – a) Schematic representation of A3B2O7 unit cell with a-a-c+ OOR. b)
Calculated amplitudes of two OORs and that can combine to induce polar mode for
A3B2O7. (Modified from Mulder et al. [24].) Calculated crystal structures showing
the (100) view of c) Cmc21 unit cell and d) Pmcn unit cell for Sr3Zr2O7 compound
(Courtesy – H. Akamatsu).
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Figure 6-4. – Refined SXRD patterns of Sr3Zr2O7, a) Cmc21 structure, b)
Cmcm structure (courtesy – Toshihiro Kuge, Kyoto Univ.) c)
Temperature dependent SHG-intensity for Sr3Zr2O7 (by A. Sen Gupta
and H. Akamatsu)
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6.3. Outstanding issues and future work on NaRTiO4, LiRTiO4 and
HRTiO4
Finally, some of the outstanding issues regarding this work are discussed here. So
far, the results shown are macroscopic structural analysis of polycrystalline samples of
ARTiO4 (A = Na, Li, H/ R = rare earth ions). I need to also perform physical property
measurements like dijk–coefficient measurements on these compounds. These
measurements can be performed either electrically or by optical-SHG technique on thinfilms or single crystals of these compounds. Thin films are also being grown for this
purpose. So far as electrical measurements on polycrystalline samples are concerned,
sintering of HRTiO4 pellets is not possible as these decompose around 500 K, which is
generally lower than typical solid state sintering temperatures.
Some of the other outstanding and important issues pertain to the defect chemistry
of these compounds and their effects on properties and phase transition temperatures
(noncentrosymmetric to centrosymmetric). Point defects and stacking faults are common
in these compounds. Cationic vacancies can get trapped in these compounds till high
temperatures due to lower mobility, on the other hand oxygen vacancies would be more
mobile. Not only during synthesis, but also during temperature dependent
characterization measurements (at high temperatures), defects can be formed in
perovskite oxides. Weight loss measurements during synthesis is an important step to
determine defect chemistry for volatile components like Na and Li. During SHG
measurements, defects also generate SHG signal due to local noncentrosymmetry arising
from broken bonds. This is expected to create a background SHG signal that would make
it hard to precisely determine noncentrosymmetric to symmetric phase transition
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temperatures. Dielectric loss would also be high due to such point defects. Therefore, it is
very essential to focus on the synthesis of textured thin films of these compounds.
Another interesting aspect is to study the local crystal structure of these
compounds by techniques like Electron Diffraction (ED). As has been shown by the
Woodward et al.[77], tilting patterns in perovskites have been investigated successfully by
this technique. ED can be used to study the local symmetry in these compounds. Also,
Nuclear Magnetic Resonance (NMR) is a viable technique to study the same in the case
of NaRTiO4 and LiRTiO4. The presence of the Na+ and Li+ ion makes these compounds
the right candidates for NMR experiments (23Na is a spin 3/2 nucleus and is therefore
quadrupolar in nature. 7Li also has a high quadrupolar moment).

Appendix
The REITAN script for refining SXRD of LiGdTiO4
# Title (CHARACTER*80)
Rietveld analysis of LiGdTiO4
# Variables to input specific commands to RIETAN
NBEAM = 2: Synchrotron X-ray powder diffraction.
NMODE = 0: Rietveld analysis of powder diffraction data.
NPRINT = 0: Minimal output.
Select case NBEAM
case 2
XLMDX = 0.77427: X-Ray wavelength/Angstrom.
PCOR2 = 0.05: I0(perpendicular)/I0(parallel). I0: incident intensity.
CTHM2 = 1.0: cos(2*alpha)**2 for the crystal monochromator (see above).
XMUR2 = 0.0: (Linear absorption coefficient)*(radius).
end select
Select case NBEAM
case 1, 2
'Gd3+' 'Ti4+' 'O-' 'Li+'/
-0.5515
4.4820
0.2727
0.5201
0.0101
0.0072
-0.0006
0.0001
end select
Data concerning crystalline phases contained in the sample {
PHNAME1 = 'LiGdTiO4': Phase name (CHARACTER*25).
VNS1 = 'A-113-1': (Vol.No. of Int.Tables: A or I)-(Space group No)-(Setting No)
HKLM1 = 'P -4 21 m': hkl and m are generated from the Hermann-Mauguin symbol.#1
LPAIR1 = 0: No Friedel pairs (hkl & -h-k-l) are generated.
INDIV1 = 1: Atomic displacement parameters are assigned to all the sites.
IHA1 = 0: \
IKA1 = 0: --> Anisotropic-broadening axis, ha, ka, la.
ILA1 = 1: /
IHP1 = 1: \
IKP1 = 0: --> Preferred-orientation vector, hp1, kp1, lp1.
ILP1 = 0: /
IHP2 = 0: \
IKP2 = 0: --> Preferred-orientation vector, hp2, kp2, lp2.
ILP2 = 0: /
IHP3 = 0: \
IKP3 = 0: --> Preferred-orientation vector, hp3, kp3, lp3.
ILP3 = 0: /
} End of information about phases.
NPRFN = 2
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NSHIFT = 4
#Parameters that would be used to fit SXRD Plot.
SHIFTN 7.09972E-3 0.0 0.0 0.0 1000
ROUGH 0.0 0.0 0.0 0.0 0000
BKGD 314.052 -1.17869E2 88.0269 -4.52976E1 18.9366 0.596265
6.45507 -2.14565E1 39.9577 -1.35286E1 -1.22813E1 35.828
111111111111
PPP1_0.0.1
PPP1_1.1.2
PPP1_2.0.1
PPP1_2.0.0
PPP1_1.1.1
PPP1_2.0.2
PPP1_2.2.0

5.29215E-2 5.13062 1.48437 1.17985 1.11599 11111
5.68679E-2 5.92291E-2 0.893067 0.865719 0.637874 11111
5.45024E-2 8.62522E-2 0.922794 0.742255 0.743121 11111
5.15942E-2 0.103021 0.716558 0.633079 0.424552 11111
5.68497E-2 4.90029E-2 0.832261 0.818632 0.752322 11111
0.144635 6.07694E-2 0.933239 7.56647E-2 0.157624 11111
7.19545E-2 7.48964E-2 0.917855 0.729012 0.896085 11111

SCALE 4.67669E-6 1
FWHM12 0.119373 -2.96841E-2 8.1825E-3 0.0 1110
ASYM12 0.744726 -8.28941E-2 4.01147E-3 0.0 1110
ETA12 0.941933 4.6264E-2 0.564912 0.29868 1111
ANISOBR12 0.0 0.0 00
DUMMY1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0000000000000000
PREF 1.0 1.0 0.0 0.0 0.0 0.0 000000
CELLQ 5.36554 5.36554 11.2987 90.0 90.0 90.0 0.0 1110000

Gd1/Gd3+ 1.0 0.733175 0.233175 0.381054 0.217552 01211
Ti1/Ti4+ 1.0 0.746313 0.246313 0.786956 0.240139 01211
O1/O- 1.0 0.0 0.0 0.753297 0.349297 00011
O2/O- 1.0 0.0 0.5 0.760286 0.349297 00012
O3/O- 1.0 0.0 0.5 0.275036 0.349297 00012
O4/O- 1.0 0.799028 0.299028 0.582565 0.349297 01212
O5/O- 1.0 0.722001 0.222001 -5.9552E-2 0.349297 01212
Li1/Li+ 1.0 0.0 0.0 0.0 1.55223E-3 00002
Li2/Li+ 1.0 0.0 0.5 -3.84733E-2 1.55223E-3 00011
}
If NMODE <> 1 then
A(Gd1,y) = A(Gd1,x)-0.5
A(Ti1,y) = A(Ti1,x)-0.5
A(O4,y) = A(O4,x)-0.5
A(O5,y) = A(O5,x)-0.5
A(O2,B) = A(O1,B)
A(O3,B) = A(O1,B)
A(O4,B) = A(O1,B)
A(O5,B) = A(O1,B)
A(Li1,B) = A(Li2,B)
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} End of linear constraints.
end if
NCUT = 0! The profile range for relaxed reflections is determined by RIETAN.
NCUT = 1! The profile range for relaxed reflections is input by the user.
NCUT = 0
# NCUT = 0 when NPRFN = 0.
If NCUT = 1 then
# 2-theta ranges for the profiles of relaxed reflections in the same order
# as PPn_h.k.l+PPP. The total number of 2-theta pairs is equal to that of
# the PPn_h.k.l+PPP+ID lines. in the same order. No '}' is necessary
# because the number of the relaxed reflections has been already known.
5.10 9.40
11.00 14.10
18.20 21.80
19.40 24.10
21.60 23.40
end if
If NMODE <> 1 then
# NMODE = 0, 2-6: pattern fitting (Rietveld analysis, Le Bail analysis, MPF, etc.)
NEXC = 0! Parameters are refined using all the data points.
NEXC = 1: Parameters are refined by excluding part of the data points.
If NEXC = 1 then
2-theta range not to be used for the refinement {
0.0 1.5
75.0 80.0
} End of excluded 2-theta ranges.
end if
NINT = 0! RIETAN format.
NINT = 1: General (X-Y) format.
NINT = 2! IGOR text file.
NINT = 3! FVFM (Fully Variable ForMat).
NINT = 4! Standard DBWS format.
NINT = 5! DBWS format for multiple detectors.
NINT = 6! Free format.
NINT = 7! GSAS format.
NINT = 8! HRPD (JAERI, JRR-3M) formats. Two types are supported.
NINT = 9! RIGAKU RINT2000 ASCII format.
NINT = 10! MAC Science format.
NINT = 11! General-3 format.
NINT = 12! PANalytical XML format.
NRANGE = 0: Refine background parameters.
NRANGE = 1! Fix backgrounds at (interpolated) values at specified 2-theta's.
NRANGE = 2! Fix backgrounds of all the points at values in *.bkg.
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NRANGE = 3! Background = (background in *.bkg) * (Legendre polynomials).
If NRANGE >= 2 then
# Note that the following two data are not effective if *.bkg exists.
NPICKUP = 20: Intensity data are taken out in every NPICK-th points for background
estimation.
NREPEAT = 40: Repeating time for background subtraction.
CURVATURE = 0.0: A constant to cosider the curvature of the background.
end if
else
# NMODE = 1: Simulation of a diffraction pattern.
DEG1 = 10.0: Minimum 2-theta in the calculated (simulated) pattern.
DEG2 = 60.0: Maximum 2-theta in the calculated (simulated) pattern.
USTP = 0.01: Step width/degree.
end if
# PC: A constant to determine a 2-theta range for calculating profiles.
# PC < 1 ==> A region where the profile function exceeds peak intensity X PC.
#
When NPRFN = 0, PC < 1.
# PC > 1 ==> A region within peak position +/- FWHM*PC.
Select case NPRFN
case 0
PC = 0.002
case 1
PC = 7.00
case 2, 3
PC = 7.00
end select
If NMODE = 1 then
Go to *Graph
end if
If NMODE = 4 then
# Initial values of integrated intensities, |F|**2, for the 1st phase are
NSFF = 0: estimated according to the Wilson statistics.
NSFF = 1! input from *.ffi.
NSFF = 2! all set at 100.0.
If NSFF = 1 then
NCONST = 0! Integrated intensities are varied during Le Bail analysis.
NCONST = 1! Integrated intensities remain constant during Le Bail analysis.*
# * |F|'s are calculated from final refined parameters.
NCONST = 0
end if
CHGPC = 1.0: Cut-off is at first set at CHGPC*PC.*
# * Restored when lattice or profile parameters are refined.
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NOPT = 0! No integrated intensities are refined after Le Bail analysis.
NOPT = 1: Integrated intensities are refined after Le Bail analysis (hybrid pattern
decomposition).
If NOPT = 1 then
MREG = 15: Maximum number of reflections in each group of overlapped reflections.
RWID = 0.350: Integrated intensities of reflections with Delta.2-theta < RWID*FWHM are
set equal.
XMAX = 180.0: Integrated intensities are refined up to XMAX/degrees.
WNEG = 1.E30: Weight to suppress negative integrated intensities.
end if
end if
# Nonlinear least-squares methods
NLESQ = 0! Marquardt method (recommended in most cases).
NLESQ = 1! Gauss-Newton method.
NLESQ = 2! Conjugate-direction method (stable but very slow).
NLESQ = 0
NESU = 0: Standard uncertainties are estimated by the conventional method.
NESU = 1! Standard uncertainties are estimated by Scott's method.*
# * Much larger standard uncertainties will result in comparison with NESU = 0.
Select case NLESQ
case 0, 1
NAUTO = 0! Refine all the variable parameters simultaneously.
NAUTO = 1! Refine incrementally (specify variable parameters in each cycle).
NAUTO = 2! Refine incrementally (automatic; recommended in most cases).
NAUTO = 3! In addition to NAUTO = 2, check convergence to the global min.
NAUTO = 2
# Set NAUTO at 2 usually and at zero near the convergence.
NCYCL = 100: Maximum number of cycles.
CONV = 0.0001: Small positive number used for convergence judgement.
NCONV = 6: Number of cycles used for convergence judgement.
NC = 0: No nonlinear restraints are imposed on geometric parameters.
NC = 1! Nonlinear restraints are imposed on geometric parameters.
TK = 650.0: Penalty parameter.
FINC = 2.0: Factor by which TK is multiplied when TK is increased.
Select case NAUTO
case 1
# Specify parameters to be refined in each cycle plus '/'.
# In addition to absolute parameter numbers, "label,number/symbol" may be
# used (Refer to user's manual).
Parameters refined in each cycle {
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BKGD,1 BKGD,2 BKGD,3 BKGD,4 BKGD,5 BKGD,6 BKGD,7 BKGD,8 BKGD,9
BKGD,10
SCALE,1 /
CELLQ,1 CELLQ,3 /
# Place '}' (+ comment) after the last cycle.
} End of inputs for numbers of refinable parameters.
case 3
# Input data for the conjugate-direction method (used to check the
# convergence at a local minimum).
MITER = 4: Maximum number of iterations.
STEP = 0.02: Coefficient to calculate the initial step interval.
ACC = 1.0E-6: Small positive number used for convergence judgement.
end select
case 2
MITER = 4: Maximum number of iterations.
STEP = 0.02: Coefficient to calculate the initial step interval.
ACC = 1.0E-6: Small positive number used for convergence judgement.
NC = 0: No nonlinear restraints are imposed on geometric parameters.
NC = 1! Nonlinear restraints are imposed on geometric parameters.
TK = 650.0: Penalty parameter.
end select
If NC = 0 or NMODE <> 0 then
Go to *Update
end if
LSER = 0! Input site names for restrained bond lengths/angles.
LSER = 1! Input serial numbers of restrained bond lengths/angles in *.ffe.
LSER = 0
Select case LSER
case 0
LPAIR = 0! Input no pairs of site names, 'A' and 'B', for restrained A-B bond lengths.
LPAIR = 1: Input pairs of site names, 'A' and 'B', for restrained A-B bond lengths.
LTRIP = 0! Input no triplets of site names, 'A', 'B', and 'C', for restrained A-B-C bond angles.
LTRIP = 1! Input triplets of site names, 'A', 'B', and 'C', for restrained A-B-C bond angles.
LTRIP = 0
If LPAIR = 1 then
# Bond lengths between l_min and l_max are restrained.
# 'A' and 'B' should not contain serial numbers.
'A' 'B' l_min l_max l_exp Allowed dev. Weight {
'P' 'O' 1.3 1.7 1.50 0.08
0.0
# Place '}' (+ comment) after the last restraint.
} End of nonlinear restraints for bond lengths.
end if
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If LTRIP = 1 then
# Bond angles between phi_min and phi_max are restrained
'A' 'B' 'C' phi_min phi_max phi_exp Allowed dev. Weight {
'O' 'P' 'O' 99.47 119.47 109.47 6.0
0.0
# Place '}' (+ comment) after the last restraint.
} End of nonlinear restraints for bond angles.
end if
case 1
# To specify nonlinear restraints, an input file for ORFFE, Filename.xyz,
# must be created by inputting non-zero NDA (described below). Then, ORFFE
# is executed to output Filename.ffe, which is referred to learn serial
# numbers for various interatomic distances and bond angles to enter them
# in addition to their expected values and allowed deviations.
# If Filename.ffe has already been created, it is not created at all.
# Therefore, note that Filename.ffe must be wasted to make it again.
Ser. No. Exp. value Allowed dev. Weight {
122
1.47
0.01
0.0
123
1.54
0.01
0.0
178
108.0
3.0
0.0
# Place '}' (+ comment) after the last restraint.
} End of nonlinear restraints on bond lengths/angles.
end select
LQUART = 0! Input no quartets of atoms related to restrained torsion angles.
LQUART = 1! Input quartets of atoms related to restrained torsion angles.
LQUART = 1
If LQUART = 1 then
1 O1 O 0.48563 1.16145 0.75000 ( 0, 1, 1)+ y, -x+y, -z
3 O3 O 0.25697 0.91812 0.93008 ( 0, 1, 1)+ y, -x+y, -z
3 O3 O 0.25697 0.91812 0.56992 ( 0, 1, 0)+ y, -x+y, z+1/2
2 O2 O 0.46981 0.87819 0.75000 ( 0, 1, 1)+ y, -x+y, -z
# Exp. value Allowed dev. Weight
71.0
0.2
0.015
# Place '}' (+ comment) after the last restraint.
} End of nonlinear restraints on torsion angles.
end if
*Update
NUPDT = 0! Variable parameters (ID = 1, 2) in the input file remain unchanged.
NUPDT = 1: Variable parameters (ID = 1, 2) are updated in the packing mode.
# When NUPDT = 1, parameters are updated by inserting two spaces between data.
*Graph
# A graph to plot results of pattern fitting (NMODE <> 1) and simulation (NMODE = 1).
NPAT = 1: Output gnuplot files, *.plt and *.gpd, to plot a graph.
NPAT = 2! Output an Igor text file, *.itx, to plot a graph.
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NPAT = 3! Output a RietPlot file, *.itx, to plot a graph (obselete).
# NPAT = 1 is higly recommended because gnuplot is multi-platform free software.
If NMODE <> 1 then
# NMODE = 0, 2-6: pattern fitting (Rietveld analysis, Le Bail analysis, MPF, etc.)
Select case NPAT
case 1
LBG = 0: Plot no background.
LBG = 1! Plot the background.
LRES = 0: Plot Delta_y = (observed intensity - calculated intensity).
LRES = 1! Plot Delta_y/(standard uncertainty).
LRES = 2! Plot [Delta_y/(observed intensity)]/(standard uncertainty).*
# * Refer to Eq. (1.13) in R. A. Young, "The Rietveld Method," p. 24.
WIDTH = 24.5: Width/cm of the graph.
HEIGHT = 13.0: Height/cm of the graph.
YMIN = -5000: Minimum value for the y axis.
YMAX = 90000: Maximum value for the y axis.
YINC = 10000: Increment for ticks on the y axis.
IVSIZE = 13: Size of numerical values for the x and y axes.
ILSIZE = 15: Size of labels for axes.
PSIZE = 0.35: Size of '+' marks representing observed intensities.
TSIZE = 0.90: Length (in percent of the y-axis length) of tick marks to show peak positions.
OFFSETD = -2800: Offset for the residual curve.
OFFSET1 = -700: Offset for tick marks (peak positions) for phase No. 1.
# When other phases are contained, input offsets in the above way.
/ # Place '/' if the number of phases whose offsets are input is less than 16.
# You may also modify *.plt by an editor to replot refinement patterns.
case 2
IWIDTH = 800: Width of the graph.
IHEIGHT = 400: Height of the graph.
IYMIN = -2500: Minimum value for the y axis (default for zero).
IYMAX = 20000: Maximum value for the y axis (default for zero).
LBG = 0: Do not plot the background.
LBG = 1! Plot the background.
# Kind of a residual curve
LDEL = 0: Plot Delta_y = (observed intensity - calculated intensity).
LDEL = 1! Plot Delta_y/(standard uncertainty).
LDEL = 2! Plot [Delta_y/(observed intensity)]/(standard uncertainty).*
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IOFFSETD = -1500: Offset for the residual curve.
IPSIZE = 3: Length of tick marks to show peak positions.
IFSIZE = 12: Size of numerical values attached to the x and y axes.
ILSIZE = 14: Size of labels for axes.
INDREF = 0: Do not output waves xrefl or yrefl.
INDREF = 1! The profile of each reflection is output to waves xrefl and yrefl.
IOFFSET1 = -300: Offset for tick marks (peak positions) for the first phase.
# When other phases are contained, input offsets in the above way.
/ # Place '/' if the number of phases whose offsets are input is less than 16.
# You may also edit Igor procedures at the tail of *.itx with an editor.
end select
else
# NMODE = 1: Simulation of a diffraction pattern.
Select case NPAT
case 1
WIDTH = 24.5: Width/cm of the graph.
HEIGHT = 12.0: Height/cm of the graph.
IVSIZE = 13: Size of numerical values for the x and y axes.
ILSIZE = 15: Size of labels for axes.
case 2
IWIDTH = 800: Width of the graph.
IHEIGHT = 400: Height of the graph.
LBG = 0: Plot no background (fixed).
IPSIZE = 3: Length of tick marks (peak positions).
IFSIZE = 12: Size of numerical values attached to the x and y axes.
ILSIZE = 14: Size of labels for axes.
end select
end if
NDA = 0! No file is output which store ORFFE data.
NDA = 1! Filename.xyz for ORFFE is output for the first phase.
NDA = 0
If NDA > 0 then
# Input ORFFE instructions as required and place '}' (+ comment) at the tail.
# Refer to the user's manual for ORFFE instructions used frequently. ORFFE
# instructions must be input with a fixed column format; note not to set input
# data at erroneous positions. When NDA > 0, Filename.xyz is output. This file
# is used as an input file for ORFFE to calculate interatomic distances and bond
# angles. ORFFE instructions in Filename.xyz can be modified and/or added by
# the user.
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ORFFE instructions start {
# Note that the formats of ORFFE instructions differ from original ones!
#
1
2
3
4
5
6
7
8
#23456789012345678901234567890123456789012345678901234567890123456789012345678
90
# Instruction 201, FORMAT(2I5,15X,I5). Output a list of interatomic distances
# for all the sites. The second number is the number of sites. The third
# integer is 10 X (maximum distance in Angstroms).
# Interatomic distances less than 3.1 angstroms are listed
201 7
31
# Instruction 2, FORMAT(7I5). Calculate a bond angle. Three sets of A and
# 1000*C + S (refer to the output of ORFFE) follow after instruction 2.
# O3-P-O1
2 3 0 4 0 1 0
# O3-P-O2
2 3 0 4 0 2 0
} End of ORFFE instructions.
# ORFFE instructions can be modified and added by editing *.xyz directly.
end if
If NMODE = 1 then
Go to *Quit
end if
NFR = 0! No file is output for Fourier/D synthesis.
NFR = 1! Filename.hkl for Fourier/D synthesis is output for the first phase.
NFR = 0
If NFR > 0 then
NPIXAF = 32: Number of pixels along the a axis.
NPIXBF = 32: Number of pixels along the b axis.
NPIXCF = 128: Number of pixels along the c axis.
TSCAT = 232.01: Total number of electrons (X-ray) or sum of b_c (N).
# b_c: coherent scattering length (International Tables, Vol. C, p. 384).
end if
NMEM = 0! No file is output for MEM analysis.
NMEM = 1! Filename.fos for MEM analysis is output for the first phase.
NMEM = 0
If NMEM > 0 then
# Title (CHARACTER*70) written in *.fos.
TITLE = 'Fluorapatite'
LANOM = 0: Calculate esu's from I's without contributions of a.d.
LANOM = 1! Calculate esu's from I's with contributions of a.d.
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# esu: estimated standard uncertainty, I: integrated intensity,
# a.d.: anomalous dispersion
NPIXA = 128: Number of pixels along the a axis.
NPIXB = 128: Number of pixels along the b axis.
NPIXC = 94: Number of pixels along the c axis.
LGR = 0: All the reflections are output independently (should be fixed at 0).
LGR = 1! Reflections overlapped heavily are output by being grouped.
LFOFC = 0: Using calculated F'o' based on Rietveld refinement.
LFOFC = 1! Using Fcal (dependent on the model) in Rietveld refinement.
EPSD = 0.001: Maximum difference in d/Angstrom in grouped reflections.
TSCAT1 = 500.0: Total number of electrons (X-ray diffraction) or
# sum of positive b_c (neutron diffraction).
TSCAT2 = 0.0: Zero (X-ray diffraction) or
# sum of negative b_c (Neutron diffraction).
end if
# Cite the following reference whenever you report scientific results obtained
# with RIETAN-FP:
# F. Izumi and K. Momma, Solid State Phenom., 130 (2007) 15-20.
# Giving credit to RIETAN-FP is fine in the cases of abstracts, reports, etc.
# Fujio IZUMI
# E-mail: fujioizumi@me.com
*Quit

The REITAN script for refining Neutron Diffraction of LiDyTiO4
# Title (CHARACTER*80)
LiDyTiO4
NBEAM = 0: Neutron powder diffraction.
NMODE = 0: Rietveld analysis of powder diffraction data.
NPRINT = 0
Select case NBEAM
case 0
XLMDN = 1.5399: Neutron wavelength/Angstrom.
RADIUS = 0.5: Radius/cm of the cylindrical cell.
ABSORP = 1.0! Positive --> Density/g.cm-3 of the sample.*
ABSORP = 0.0: Zero --> Neglect absorption.
ABSORP = -1.0! Negative --> -(Linear absorption coefficient)*(radius).
# * Calculated from the inner diameter, height, and mass of the sample.
end select
Select case NBEAM
case 0
# Real neutral chemical species, amounts of substances, plus '/'. Names of
# 'real chemical species' are recorded in the database file asfdc. The
# amounts of substances are used to calculate absorption factors. When
# magnetic scattering is observed, attach '*' or '%' (virtual MUC) to
# magnetic atoms, e.g., 'Fe*' and 'Mn%'.
'Li' 1.0 'Dy' 1.0 'Ti' 1.0 'O' 4.0 /
end select

PHNAME1 = 'LiDyTiO4': Phase name (CHARACTER*25).
VNS1 = 'A-113-1': (Vol.No. of Int.Tables: A or I)-(Space group No)-(Setting No).
# A Hermann-Mauguin symbol included in Spgr.daf under folder RIETAN_VENUS.
HKLM1 = 'P -4 21 m'
HKLM1 = 'P -4 21 m'! Crystal-structure data based on the Hermann-Mauguin symbol are
standardized.#2
INDIV1 = 0! The overall isotropic atomic displacement parameter is input.
INDIV1 = 1: Atomic displacement parameters are assigned to all the sites.
IHA1 = 0: \
IKA1 = 0: --> Anisotropic-broadening axis, ha, ka, la.
ILA1 = 1: /
IHP11 = 0: \
IKP11 = 0: --> Preferred-orientation vector, hp1, kp1, lp1.
ILP11 = 1: /
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IHP12 = 0: \
IKP12 = 0: --> Preferred-orientation vector, hp2, kp2, lp2.
ILP12 = 0: /
IHP13 = 0: \
IKP13 = 0: --> Preferred-orientation vector, hp3, kp3, lp3.
ILP13 = 0: /

} End of information about phases.
NPRFN = 2
Select case NPRFN
case 0
NASYM = 0
case default
NSHIFT = 4: Legendre polynomials where 2-theta is normalized as -1 to 1.
end select
Label, A(I), and ID(I) now starts here {
SHIFTN 0.136851 0.0 0.0 0.0 1000
# Surface-roughness parameters.
ROUGH 0.0 0.0 0.0 0.0 0000
# Background parameters, b_j (j = 0-11).
BKGD 295.671 -6.80216E1 42.1512 -3.44703E1 27.2153 1.3847
-7.92397 -1.24132E1 12.3104 0.0 0.0 0.0 111111111000
# PPP's of relaxed reflections (input as required. May be lacking).
# Format of each label: PPPn_h.k.l (n: phase number, hkl: diffraction index).
#PPP1_0.0.1 0.467948 2.38335E-2 3.55 1.6948 1.99405 11111
# PPP's refined in relaxed reflections:
# NPRFN = 1 (split pseudo-Voigt function): W, A, eta_L, eta_H.
# NPRFN = 2 (modified split pseudo-Voigt function): W1, W2, A, eta_L, eta_H.
# NPRFN = 3 (split Pearson VII function): W, A, mL, mH.

# (2) Parameters relevant to the first phase.
SCALE 1.80626E-5 1
# Profile parameters.
FWHM1 1.13916 -1.15904 0.403484 0.0 1110
ASYM1 0.939102 -1.2125E-1 -3.13682E-4 0.0 1110
ETA1 0.373539 3.14841E-2 0.135381 0.356626 1111
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ANISOBR12 0.0 0.0 00
DUMMY12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0000000000000000
PREF 1.0 1.017 0.0 0.0 0.0 0.0 010000
CELLQ 5.38365 5.38365 11.0981 90.0 90.0 90.0 0.0 1110000
Li1/Li 1.0 0.0 0.0 0.0 5.70239 00001
Li2/Li 1.0 0.0 0.5 -6.1701E-3 5.70239 00012
Dy5/Dy 1.0 0.769658 0.269658 0.61667 0.576249 01211
Ti9/Ti 1.0 0.770273 0.270273 0.214586 1.17981 01211
O13/O 1.0 0.0 0.0 0.241102 1.49624 00011
O14/O 1.0 0.0 0.5 0.294622 1.49624 00012
O15/O 1.0 0.0 0.5 0.760424 1.49624 00012
O17/O 1.0 0.694302 0.194302 0.424694 1.49624 01212
O19/O 1.0 0.77736 0.27736 5.86161E-2 1.49624 01212

} End of lines for label/species, A(I), and ID(I)

If NMODE <> 1 then
A(Dy5,y)=A(Dy5,x)-0.5
A(Ti9,y)=A(Ti9,x)-0.5
A(O17,y)=A(O17,x)-0.5
A(O19,y)=A(O19,x)-0.5
A(O14,B)=A(O13,B)
A(O15,B)=A(O13,B)
A(O17,B)=A(O13,B)
A(O19,B)=A(O13,B)
A(Li2,B)=A(Li1,B)
} End of linear constraints.
end if
NCUT = 0! The profile range for relaxed reflections is determined by RIETAN.
NCUT = 1! The profile range for relaxed reflections is input by the user.
NCUT = 0
# NCUT = 0 when NPRFN = 0.
If NCUT = 1 then
# 2-theta ranges for the profiles of relaxed reflections in the same order
# as PPn_h.k.l+PPP. The total number of 2-theta pairs is equal to that of
# the PPn_h.k.l+PPP+ID lines. in the same order. No '}' is necessary
# because the number of the relaxed reflections has been already known.
5.10 9.40
11.00 14.10
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18.20 21.80
19.40 24.10
21.60 23.40
end if
If NMODE <> 1 then
# NMODE = 0, 2-6: pattern fitting (Rietveld analysis, Le Bail analysis, MPF, etc.)
NEXC = 0! Parameters are refined using all the data points.
NEXC = 1: Parameters are refined by excluding part of the data points.
If NEXC = 1 then
2-theta range not to be used for the refinement {
0.0 1.5
} End of excluded 2-theta ranges.
end if
NINT = 0! RIETAN format.
NINT = 1: General (X-Y) format.
NINT = 2! IGOR text file.
NINT = 3! FVFM (Fully Variable ForMat).
NINT = 4! Standard DBWS format.
NINT = 5! DBWS format for multiple detectors.
NINT = 6! Free format.
NINT = 7! GSAS format.
NINT = 8! HRPD (JAERI, JRR-3M) formats. Two types are supported.
NINT = 9! RIGAKU RINT2000 ASCII format.
NINT = 10! MAC Science format.
NINT = 11! General-3 format.
NINT = 12! PANalytical XML format.
NRANGE = 0: Refine background parameters.
NRANGE = 1! Fix backgrounds at (interpolated) values at specified 2-theta's.
NRANGE = 2! Fix backgrounds of all the points at values in *.bkg.
NRANGE = 3! Background = (background in *.bkg) * (Legendre polynomials).
If NRANGE >= 2 then
# Note that the following two data are not effective if *.bkg exists.
NPICKUP = 20: Intensity data are taken out in every NPICK-th points for background
estimation.
NREPEAT = 40: Repeating time for background subtraction.
CURVATURE = 0.0: A constant to cosider the curvature of the background.
end if
else
# NMODE = 1: Simulation of a diffraction pattern.
DEG1 = 10.0: Minimum 2-theta in the calculated (simulated) pattern.
DEG2 = 60.0: Maximum 2-theta in the calculated (simulated) pattern.
USTP = 0.01: Step width/degree.
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end if
# PC: A constant to determine a 2-theta range for calculating profiles.
# PC < 1 ==> A region where the profile function exceeds peak intensity X PC.
#
When NPRFN = 0, PC < 1.
# PC > 1 ==> A region within peak position +/- FWHM*PC.
Select case NPRFN
case 0
PC = 0.002
case 1
PC = 7.00
case 2, 3
PC = 7.00
end select
If NMODE = 1 then
Go to *Graph
end if
If NMODE = 4 then
# Initial values of integrated intensities, |F|**2, for the 1st phase are
NSFF = 0: estimated according to the Wilson statistics.
NSFF = 1! input from *.ffi.
NSFF = 2! all set at 100.0.
If NSFF = 1 then
NCONST = 0! Integrated intensities are varied during Le Bail analysis.
NCONST = 1! Integrated intensities remain constant during Le Bail analysis.*
# * |F|'s are calculated from final refined parameters.
NCONST = 0
end if
CHGPC = 1.0: Cut-off is at first set at CHGPC*PC.*
# * Restored when lattice or profile parameters are refined.
NOPT = 0! No integrated intensities are refined after Le Bail analysis.
NOPT = 1: Integrated intensities are refined after Le Bail analysis (hybrid pattern
decomposition).
If NOPT = 1 then
MREG = 15: Maximum number of reflections in each group of overlapped reflections.
RWID = 0.350: Integrated intensities of reflections with Delta.2-theta <
RWID*FWHM are set equal.
XMAX = 180.0: Integrated intensities are refined up to XMAX/degrees.
WNEG = 1.E30: Weight to suppress negative integrated intensities.
end if
end if
# Nonlinear least-squares methods
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NLESQ = 0! Marquardt method (recommended in most cases).
NLESQ = 1! Gauss-Newton method.
NLESQ = 2! Conjugate-direction method (stable but very slow).
NLESQ = 0
NESU = 0: Standard uncertainties are estimated by the conventional method.
NESU = 1! Standard uncertainties are estimated by Scott's method.*
# * Much larger standard uncertainties will result in comparison with NESU = 0.
Select case NLESQ
case 0, 1
NAUTO = 0! Refine all the variable parameters simultaneously.
NAUTO = 1! Refine incrementally (specify variable parameters in each cycle).
NAUTO = 2! Refine incrementally (automatic; recommended in most cases).
NAUTO = 3! In addition to NAUTO = 2, check convergence to the global min.
NAUTO = 2
# Set NAUTO at 2 usually and at zero near the convergence.
NCYCL = 100: Maximum number of cycles.
CONV = 0.0001: Small positive number used for convergence judgement.
NCONV = 6: Number of cycles used for convergence judgement.
NC = 0: No nonlinear restraints are imposed on geometric parameters.
NC = 1! Nonlinear restraints are imposed on geometric parameters.
TK = 650.0: Penalty parameter.
FINC = 2.0: Factor by which TK is multiplied when TK is increased.
Select case NAUTO
case 1
# Specify parameters to be refined in each cycle plus '/'.
# In addition to absolute parameter numbers, "label,number/symbol" may be
# used (Refer to user's manual).
Parameters refined in each cycle {
BKGD,1 BKGD,2 BKGD,3 BKGD,4 BKGD,5 BKGD,6 BKGD,7 BKGD,8 BKGD,9
BKGD,10
SCALE,1 /
CELLQ,1 CELLQ,3 /
# Place '}' (+ comment) after the last cycle.
} End of inputs for numbers of refinable parameters.
case 3
# Input data for the conjugate-direction method (used to check the
# convergence at a local minimum).
MITER = 4: Maximum number of iterations.
STEP = 0.02: Coefficient to calculate the initial step interval.
ACC = 1.0E-6: Small positive number used for convergence judgement.
end select
case 2
MITER = 4: Maximum number of iterations.
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STEP = 0.02: Coefficient to calculate the initial step interval.
ACC = 1.0E-6: Small positive number used for convergence judgement.
NC = 0: No nonlinear restraints are imposed on geometric parameters.
NC = 1! Nonlinear restraints are imposed on geometric parameters.
TK = 650.0: Penalty parameter.
end select
If NC = 0 or NMODE <> 0 then
Go to *Update
end if
LSER = 0! Input site names for restrained bond lengths/angles.
LSER = 1! Input serial numbers of restrained bond lengths/angles in *.ffe.
LSER = 0
Select case LSER
case 0
LPAIR = 0! Input no pairs of site names, 'A' and 'B', for restrained A-B bond lengths.
LPAIR = 1:
Input pairs of site names, 'A' and 'B', for restrained A-B bond lengths.
LTRIP = 0! Input no triplets of site names, 'A', 'B', and 'C', for restrained A-B-C bond
angles.
LTRIP = 1! Input triplets of site names, 'A', 'B', and 'C', for restrained A-B-C bond
angles.
LTRIP = 0
If LPAIR = 1 then
# Bond lengths between l_min and l_max are restrained.
# 'A' and 'B' should not contain serial numbers.
'A' 'B' l_min l_max l_exp Allowed dev. Weight {
'P' 'O' 1.3 1.7 1.50 0.08
0.0
# Place '}' (+ comment) after the last restraint.
} End of nonlinear restraints for bond lengths.
end if
If LTRIP = 1 then
# Bond angles between phi_min and phi_max are restrained
'A' 'B' 'C' phi_min phi_max phi_exp Allowed dev. Weight {
'O' 'P' 'O' 99.47 119.47 109.47 6.0
0.0
# Place '}' (+ comment) after the last restraint.
} End of nonlinear restraints for bond angles.
end if
case 1
# To specify nonlinear restraints, an input file for ORFFE, Filename.xyz,
# must be created by inputting non-zero NDA (described below). Then, ORFFE
# is executed to output Filename.ffe, which is referred to learn serial
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# numbers for various interatomic distances and bond angles to enter them
# in addition to their expected values and allowed deviations.
# If Filename.ffe has already been created, it is not created at all.
# Therefore, note that Filename.ffe must be wasted to make it again.
Ser. No. Exp. value Allowed dev. Weight {
122
1.47
0.01
0.0
123
1.54
0.01
0.0
178
108.0
3.0
0.0
# Place '}' (+ comment) after the last restraint.
} End of nonlinear restraints on bond lengths/angles.
end select
LQUART = 0! Input no quartets of atoms related to restrained torsion angles.
LQUART = 1! Input quartets of atoms related to restrained torsion angles.
LQUART = 1
If LQUART = 1 then
1
O1 O 0.48563 1.16145 0.75000 ( 0, 1, 1)+ y, -x+y, -z
3 O3 O 0.25697 0.91812 0.93008 ( 0, 1, 1)+ y, -x+y, -z
3 O3 O 0.25697 0.91812 0.56992 ( 0, 1, 0)+ y, -x+y, z+1/2
2 O2 O 0.46981 0.87819 0.75000 ( 0, 1, 1)+ y, -x+y, -z
# Exp. value Allowed dev. Weight
71.0
0.2
0.015
# Place '}' (+ comment) after the last restraint.
} End of nonlinear restraints on torsion angles.
end if
*Update
NUPDT = 0! Variable parameters (ID = 1, 2) in the input file remain unchanged.
NUPDT = 1: Variable parameters (ID = 1, 2) are updated in the packing mode.
# When NUPDT = 1, parameters are updated by inserting two spaces between data.
*Graph
# A graph to plot results of pattern fitting (NMODE <> 1) and simulation (NMODE = 1).
NPAT = 1: Output gnuplot files, *.plt and *.gpd, to plot a graph.
NPAT = 2! Output an Igor text file, *.itx, to plot a graph.
NPAT = 3! Output a RietPlot file, *.itx, to plot a graph (obselete).
# NPAT = 1 is higly recommended because gnuplot is multi-platform free software.
If NMODE <> 1 then
# NMODE = 0, 2-6: pattern fitting (Rietveld analysis, Le Bail analysis, MPF, etc.)
Select case NPAT
case 1
LBG = 0: Plot no background.
LBG = 1! Plot the background.
LRES = 0: Plot Delta_y = (observed intensity - calculated intensity).
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LRES = 1! Plot Delta_y/(standard uncertainty).
LRES = 2! Plot [Delta_y/(observed intensity)]/(standard uncertainty).*
# * Refer to Eq. (1.13) in R. A. Young, "The Rietveld Method," p. 24.
WIDTH = 13.0: Width/cm of the graph.
HEIGHT = 13.0: Height/cm of the graph.
YMIN = -600: Minimum value for the y axis.
YMAX = 1800: Maximum value for the y axis.
YINC = 400: Increment for ticks on the y axis.
IVSIZE = 18: Size of numerical values for the x and y axes.
ILSIZE = 18: Size of labels for axes.
PSIZE = 0.35: Size of '+' marks representing observed intensities.
TSIZE = 2.50: Length (in percent of the y-axis length) of tick marks to show peak
positions.
OFFSETD = -300: Offset for the residual curve.
OFFSET1 = -150: Offset for tick marks (peak positions) for phase No. 1.
# When other phases are contained, input offsets in the above way.
/ # Place '/' if the number of phases whose offsets are input is less than 16.
# You may also modify *.plt by an editor to replot refinement patterns.
case 2
IWIDTH = 800: Width of the graph.
IHEIGHT = 400: Height of the graph.
IYMIN = -2500: Minimum value for the y axis (default for zero).
IYMAX = 3000: Maximum value for the y axis (default for zero).
LBG = 0: Do not plot the background.
LBG = 1! Plot the background.
# Kind of a residual curve
LDEL = 0: Plot Delta_y = (observed intensity - calculated intensity).
LDEL = 1! Plot Delta_y/(standard uncertainty).
LDEL = 2! Plot [Delta_y/(observed intensity)]/(standard uncertainty).*
IOFFSETD = -1500: Offset for the residual curve.
IPSIZE = 3: Length of tick marks to show peak positions.
IFSIZE = 16: Size of numerical values attached to the x and y axes.
ILSIZE = 16: Size of labels for axes.
INDREF = 0: Do not output waves xrefl or yrefl.
INDREF = 1! The profile of each reflection is output to waves xrefl and yrefl.
IOFFSET1 = -300: Offset for tick marks (peak positions) for the first phase.
# When other phases are contained, input offsets in the above way.
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/ # Place '/' if the number of phases whose offsets are input is less than 16.
# You may also edit Igor procedures at the tail of *.itx with an editor.
end select
else
# NMODE = 1: Simulation of a diffraction pattern.
Select case NPAT
case 1
WIDTH = 24.5: Width/cm of the graph.
HEIGHT = 12.0: Height/cm of the graph.
IVSIZE = 13: Size of numerical values for the x and y axes.
ILSIZE = 15: Size of labels for axes.
case 2
IWIDTH = 800: Width of the graph.
IHEIGHT = 400: Height of the graph.
LBG = 0: Plot no background (fixed).
IPSIZE = 3: Length of tick marks (peak positions).
IFSIZE = 12: Size of numerical values attached to the x and y axes.
ILSIZE = 14: Size of labels for axes.
end select
end if
NDA = 0! No file is output which store ORFFE data.
NDA = 1! Filename.xyz for ORFFE is output for the first phase.
NDA = 0
If NDA > 0 then
# Input ORFFE instructions as required and place '}' (+ comment) at the tail.
# Refer to the user's manual for ORFFE instructions used frequently. ORFFE
# instructions must be input with a fixed column format; note not to set input
# data at erroneous positions. When NDA > 0, Filename.xyz is output. This file
# is used as an input file for ORFFE to calculate interatomic distances and bond
# angles. ORFFE instructions in Filename.xyz can be modified and/or added by
# the user.
ORFFE instructions start {
# Note that the formats of ORFFE instructions differ from original ones!
#
1
2
3
4
5
6
7
8
#234567890123456789012345678901234567890123456789012345678901234567890123
4567890
# Instruction 201, FORMAT(2I5,15X,I5). Output a list of interatomic distances
# for all the sites. The second number is the number of sites. The third
# integer is 10 X (maximum distance in Angstroms).
# Interatomic distances less than 3.1 angstroms are listed
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201 7
31
# Instruction 2, FORMAT(7I5). Calculate a bond angle. Three sets of A and
# 1000*C + S (refer to the output of ORFFE) follow after instruction 2.
# O3-P-O1
2 3 0 4 0 1 0
# O3-P-O2
2 3 0 4 0 2 0
} End of ORFFE instructions.
# ORFFE instructions can be modified and added by editing *.xyz directly.
end if
If NMODE = 1 then
Go to *Quit
end if
NFR = 0! No file is output for Fourier/D synthesis.
NFR = 1! Filename.hkl for Fourier/D synthesis is output for the first phase.
NFR = 0
If NFR > 0 then
NPIXAF = 32: Number of pixels along the a axis.
NPIXBF = 32: Number of pixels along the b axis.
NPIXCF = 128: Number of pixels along the c axis.
TSCAT = 232.01: Total number of electrons (X-ray) or sum of b_c (N).
# b_c: coherent scattering length (International Tables, Vol. C, p. 384).
end if
NMEM = 0! No file is output for MEM analysis.
NMEM = 1! Filename.fos for MEM analysis is output for the first phase.
NMEM = 0
If NMEM > 0 then
# Title (CHARACTER*70) written in *.fos.
TITLE = 'Fluorapatite'
LANOM = 0: Calculate esu's from I's without contributions of a.d.
LANOM = 1! Calculate esu's from I's with contributions of a.d.
# esu: estimated standard uncertainty, I: integrated intensity,
# a.d.: anomalous dispersion
NPIXA = 128: Number of pixels along the a axis.
NPIXB = 128: Number of pixels along the b axis.
NPIXC = 94: Number of pixels along the c axis.
LGR = 0: All the reflections are output independently (should be fixed at 0).
LGR = 1! Reflections overlapped heavily are output by being grouped.
LFOFC = 0: Using calculated F'o' based on Rietveld refinement.
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LFOFC = 1! Using Fcal (dependent on the model) in Rietveld refinement.
EPSD = 0.001: Maximum difference in d/Angstrom in grouped reflections.
TSCAT1 = 500.0: Total number of electrons (X-ray diffraction) or
# sum of positive b_c (neutron diffraction).
TSCAT2 = 0.0: Zero (X-ray diffraction) or
# sum of negative b_c (Neutron diffraction).
end if
# Cite the following reference whenever you report scientific results obtained
# with RIETAN-FP:
# F. Izumi and K. Momma, Solid State Phenom., 130 (2007) 15-20.
# Giving credit to RIETAN-FP is fine in the cases of abstracts, reports, etc.
# Fujio IZUMI
# E-mail: fujioizumi@me.com
*Quit
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A. SUPPLEMENTARY SECTION
Octahedral rotation induced inversion symmetry removal
in n = 1, Ruddlesden Popper (RP), NaRTiO4 (R = rare
earths)[15]
Bond Lengths and Atomic Fractional coordinates from CIF files of NaRTiO4:

1. NaLaTiO4 (P4/nmm, 298 K)
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2. NaNdTiO4 (P4/nmm, 298 K)

133

3. NaSmTiO4 (P-421m, 298 K)
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4. NaEuTiO4 (P-421m, 298 K)
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5. NaGdTiO4 (P-421m, 298 K)
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6. NaDyTiO4 (P-421m, 298 K)
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7. NaYTiO4 (P-421m, 298 K)
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8. NaHoTiO4 (P-421m, 298 K)
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Refined parameters (from supplementary section of Hirofumi et al.)[15]
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Refined SXRD profiles of NaRTiO4 (from supplementary section of Hirofumi
et al.)[15]

a)

b)
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c)

d)
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e)

f)
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g)

h)
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i)

j)
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k)

l)
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m)

n)
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B. SUPPLEMENTARY SECTION
Improper Inversion Symmetry Breaking in n = 1
Ruddlesden Popper derivative LiRTiO4 (R = rare earths)[16]
1. Room temperature XRD data:
The room temperature (RT) XRD measurements were performed on
LiNdTiO4, LiSmTiO4, LiEuTiO4, LiGdTiO4 and LiDyTiO4 in the PANanalytical
Empyrean diffractometer using the Bragg Brentano geometry (1.54Å). In the
Figure S1, the XRD patterns of the phase pure samples are shown.

Figure S1: Laboratory powder X-ray diffraction patterns of (a) LiNdTiO4, (b)
LiSmTiO4, (c) LiEuTiO4, (d) LiGdTiO4, (e) LiDyTiO4 taken at ambient temperature.
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2. SXRD and ND Rietveld refinement of LiRTiO4 (R=Nd, Sm, Eu, Gd, Dy):
High resolution SXRD data were obtained in the Debye-Scherrer geometry
from SPring-8 facility. Rietveld refinement were performed using the RIETAN-FP
code [13]. Table S1 represents the crystallographic data corresponding to all the
RT refinement of LiRTiO4 (R= rare earth). For LiNdTiO4, the P4/nmm model was
used for fitting the SXRD pattern. For R=Sm, Eu, Gd, Dy, both the

and

Pbcm models were used for refinement. For R= Sm-Dy, it is observed the values of
the statistical indicators are comparable between the
marginally better fit for the

and Pbcm models with

space group. During refinement it is observed

that the Debye Waller (DW) temperature factors (proportional to U, shown in
Table S1) for the atoms are difficult to determine. The error bars are high,
especially for the oxygen and lithium atoms. It is probably due to the lower
sensitivity of lithium and oxygen to scattering of x-rays. However, the lattice
parameters of the refined structures did not have any significant change between
when the DW factors are allowed to fit and when kept constant. Thus, the values of
lattice parameters determined by the refinement are reliable irrespective of this
problem. Also, it is difficult to define the precise positions of lithium and oxygen
atoms by SXRD. However the positions of the rare earths and titanium can be well
determined by SXRD. Unfortunately, the obtained RT ND pattern (experiment
performed at HB2A neutron diffractometer at Oak Ridge national laboratory) of
LiDyTiO4 shows much lower signal to noise ratio compared to SXRD data, making
it difficult to determine the oxygen and lithium positions accurately. This is
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probably due to the absorption of neutron beam by the compound. However,
similar to the case of SXRD refinement, the

model is a marginally better fit

than Pbcm. Also the lattice parameters determined by ND is a good match with that
determined by SXRD, showing that the refinement of the ND pattern is very
reliable.
a)
Atom

Site

x

y

z

U (Å2)

LiNdTiO4

Li

2a

¾

¼

0.01941 (215)

0.00847(514)

P4/nmm (No. 129)

Nd

2c

¼

¼

0.38275(4)

0.00242(14)

a=3.74206(5)

Ti

2c

¼

¼

0.79037(11)

0.00294(33)

c=11.92250(17)

O1

4f

¾

¼

0.75260(26)

0.00713(63)

Rwp= 8.483

O2

2c

¼

¼

0.57830(40)

0.00713(63)

Rp= 6.045, Sfit= 2.53

O3

2c

¼

¼

0.93761(38)

0.00713(63)

Sample

b)
Atom

Site

x

y

z

U (Å2)

Li1

2a

0

0

0

0.00683(579)

Li2

2c

0

½

-0.0187(47)

0.00683(579)

P-421m (No. 113)

Sm1

4e

0.73818(12)

½+x

0.38199 (05)

0.00366 (17)

a=5.33369(10)Å

Ti1

4e

0.74770 (51)

½+x

0.78829 (15)

0.00378 (45)

c= 11.54609(22)Å

O1

4d

0

0

0.75739 (157)

0.00883 (125)

Rwp= 10.320

O2

2c

0

½

0.75233 (242)

0.00883 (125)

Rp= 7.737

O3

2c

0

½

0.27262 (167)

0.00883 (125)

Sfit=2.1258

O4

4e

0.78312 (133)

½+x

0.57438 (57)

0.00883 (125)

O5

4e

0.73157 (174)

½+x

-0.06103 (53)

0.00883 (125)

Sample
LiSmTiO4
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c)
Atom

Site

x

y

z

U (Å2)

Li

4c

-0.00967(352)

¼

0

0.01007 (538)

Pbcm (No. 57)

Sm1

4d

0.61802 (05)

0.51685 (17)

¼

0.00372 (17)

a=11.54605(10) Å

Ti1

4d

0.21174 (15)

0.50368 (75)

¼

0.00380 (45)

b= 5.33357(22) Å

O1

4c

0.24174 (83)

¼

0

0.01121 (116)

c= 5.33377(10)Å

O2

4c

0.73980 (84)

¼

0

0.01121 (116)

Rwp=10.347,
Rp=7.764

O3

4d

0.42554 (58)

0.45598 (195)

¼

0.01121 (116)

Sfit=2.1311

O4

4d

0.06103 (54)

0.52216 (270)

¼

0.01121 (116)

Sample
LiSmTiO4

d)
Atom

Site

x

y

z

U (Å2)

Li1

2a

0

0

0

0.03556(850)

Li2

2c

0

½

1.01021(737)

0.03556(850)

P-421m (No. 113)

Eu1

4e

0.73579(11)

½+x

0.38175(06)

0.00350(20)

a= 5.34797(12) Å

Ti1

4e

0.74547(50)

½+x

0.78703(18)

0.00406(43)

c= 11.41370(27) Å

O1

4d

0

0

0.76402(118)

0.00467(126)

Rwp= 9.970

O2

2c

0

½

0.74568(201)

0.00467(126)

Rp= 7.143

O3

2c

0

½

0.27759(152)

0.00467(126)

Sfit= 2.1926

O4

4e

0.78793(132)

½+x

0.57158(68)

0.00467(126)

O5

4e

0.73353(166)

½+x

0.94105(62)

0.00467(126)

Sample
LiEuTiO4
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e)
Atom

Site

x

y

z

U (Å2)

Li

4c

1.02089(258)

¼

0

0.00310
(677)

Pbcm (No. 57)

Eu1

4d

0.61832(06)

0.47979(16)

¼

0.00339 (19)

a= 11.41305 (27)Å

Ti1

4d

0.21301(18)

0.49385 (72)

¼

0.00394 (43)

b= 5.34832 (27)Å

O1

4c

0.26341(86)

¼

0

0.00784
(119)

c= 5.34687 (25)Å

O2

4c

0.76398 (83)

¼

0

0.00784
(119)

Rwp=10.225,
Rp=7.366

O3

4d

0.42860(69)

0.55145 (197)

¼

0.00784
(119)

Sfit=2.2484

O4

4d

0.05876 (63)

0.47516(247)

¼

0.00784
(119)

Sample
LiEuTiO4

f)
Atom

Site

x

y

z

U (Å2)

Li1

2a

0

0

0

0.00002 (562)

Li2

2c

0

½

-0.0384(30)

0.00002 (562)

P-421m (No. 113)

Gd1

4e

0.73318(08)

½+x

0.38105(05)

0.0027(01)

a=5.36554 (10) Å

Ti1

4e

0.7463(03)

½+x

0.7869(00)

0.0030(03)

c= 11.29869 (23) Å

O1

4d

0

0

0.7533(14)

0.0044(09)

Rwp= 7.127

O2

2c

0

½

0.7602(21)

0.0044(09)

Rp= 5.308

O3

2c

0

½

0.2750(16)

0.0044(09)

Sfit=2.068

O4

4e

0.7990(09)

½+x

0.5825(05)

0.0044(09)

O5

4e

0.7220(10)

½+x

-0.0595(04)

0.0044(09)

Sample
LiGdTiO4
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g)
Sample
LiGdTiO4

Atom

Site

x

y

z

U (Å2)

Li

4c

0.0134(22)

¼

0

0.1267

Pbcm (No. 57)

Gd1

4d

0.61865(05)

0.52375(12)

¼

0.00411(18)

a= 11.29577(23) Å

Ti1

4d

0.21399(15)

0.50501(51)

¼

0.00432(34)

b= 5.36559(14) Å

O1

4c

0.73072(65)

¼

0

0.00608(100)

c= 5.36405(15) Å

O2

4c

0.24108(62)

¼

0

0.00608(100)

Rwp= 7.392,
Rp=5.555

O3

4d

0.41943(57)

0.43525(146)

¼

0.00608(100)

Sfit=2.1448

O4

4d

0.06112(52)

0.53930(176)

¼

0.00608(100)

h)
Atom

Site

x

y

z

U (Å2)

Li1

2a

0

0

0

0.0112(109)

Li2

2c

0

½

-0.0536(45)

0.0112(109)

P-421m (No. 113)

Dy1

4e

0.7292(00)

½+x

0.3821(00)

0.0029(02)

a=5.3820 (02) Å

Ti1

4e

0.7441(04)

½+x

0.7827(01)

0.0006(05)

c= 11.0933(04) Å

O1

4d

0

0

0.7535(19)

0.0162(15)

Rwp= 7.750

O2

2c

0

½

0.7528(30)

0.0162(15)

Rp= 5.482

O3

2c

0

½

0.2837(20)

0.0162(15)

Sfit=2.197

O4

4e

0.8137(14)

½+x

0.5718(08)

0.0162(15)

O5

4e

0.7329(17)

½+x

-0.0648(06)

0.0162(15)

Sample
LiDyTiO4

154

i)
Atom

Site

x

y

z

U (Å2)

LiDyTiO4

Li1

4c

-0.0320(22)

¼

0.0000

0.0115(97)

Pbcm (No. 57)

Dy1

4d

0.6179(00)

0.4709(01)

¼

0.0031(03)

a= 11.0872(05)Å

Ti1

4d

0.2164(02)

0.4927(07)

¼

0.0038(00)

b= 5.3806(03) Å

O1

4c

0.7588(11)

¼

0

0.0229(18)

c= 5.3803(02) Å

O2

4c

0.2662(11)

¼

0

0.0229(18)

Rwp= 8.312,
Rp=6.249

O3

4d

0.4284(09)

0.5711(25)

¼

0.0229(18)

Sfit=2.354

O4

4d

0.0652(07)

0.4694(28)

¼

0.0229(18)

Sample

j)
Atom

Site

x

y

z

U (Å2)

Li1

2a

0

0

0

0.0722 (157)

Li2

2c

0

½

-0.006 (12)

0.0722 (157)

P-421m (No. 113)

Dy1

4e

0.76966 (83)

½+x

0.61667 (38)

0.00730 (237)

a=5.3836 (12) Å

Ti1

4e

0.77027 (434)

½+x

0.21459 (177)

0.01494 (682)

c= 11.00981(24) Å

O1

4d

0

0

0.24110 (211)

0.01895(315)

Rwp= 4.699

O2

2c

0

½

0.29462 (257)

0.01895(315)

Rp= 3.680

O3

2c

0

½

0.76042 (332)

0.01895(315)

Sfit=0.8944

O4

4e

0.69430 (179)

½+x

0.42469 (106)

0.01895(315)

Neutron diffraction

O5

4e

0.77736 (247)

½+x

0.05862 (96)

0.01895(315)

Sample
LiDyTiO4
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k)
Atom

Site

x

y

z

U (Å2)

LiDyTiO4

Li1

4c

0.50909 (840)

¼

0.0000

0.07614 (1695)

Pbcm (No. 57)

Dy1

4d

0.88335 (38)

0.02758 (130)

¼

0.00751 (240)

a= 11.096(24) Å

Ti1

4d

0.28566 (180)

0.02023 (779)

¼

0.02208 (668)

b= 5.3817(16) Å

O1

4c

0.22770 (140)

¼

0

0.02511 (305)

c= 5.3852 (16) Å

O2

4c

0.73380 (148)

¼

0

0.02511 (305)

Rwp= 4.80, Rp=3.75

O3

4d

0.07506 (105)

0.92309 (299)

¼

0.02511 (305)

Sfit=0.9134

O4

4d

0.44233 (104)

0.03696 (412)

¼

0.02511 (305)

Sample

Neutron diffraction

Table S1: Refined SXRD crystallographic data of (a) LiNdTiO4 (P4/nmm), (b) LiSmTiO4
(P-421m), (c) LiSmTiO4 (Pbcm), (d) LiEuTiO4 (P-421m), (e) LiEuTiO4 (Pbcm), (f)
LiGdTiO4 (P-421m), (g) LiGdTiO4 (Pbcm), (h) LiDyTiO4 (P-421m), (i) LiDyTiO4 (Pbcm).
Refined ND crystallographic data of (j) LiDyTiO4 (P-421m), (k) LiDyTiO4 (Pbcm).[16]
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a)

b)

157

c)

d)

158

e)

f)

159

g)

h)

160

i)

j)

161
k)

Figure S2: Rietveld refined of SXRD patterns at RT of a) LiNdTiO4 at P4/nmm, b) LiSmTiO4
P-421m, c) LiSmTiO4 with Pbcm, d) LiEuTiO4 with P-421m, e) LiEuTiO4 with Pbcm, f)
LiGdTiO4 with P-421m, g) LiGdTiO4 with Pbcm, h) LiDyTiO4 with P-421m and i) LiDyTiO4
with Pbcm. Rietveld refined of ND patterns at RT of j) LiDyTiO4 with P-421m and k)
LiDyTiO4 with Pbcm.[16] (by A. Sen Gupta)
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3. Diffuse reflectance measurements of LiRTiO4:

Figure S3. Diffuse reflectance spectra for a) LiEuTiO4, b) LiDyTiO4, c) LiSmTiO4
and d) LiNdTiO4. e) Also, diffuse reflectance spectra for LiGdTiO4 as a function
of temperature. Data is plotted using the Kibelka-Munk equation, and F(R) is
proportional to the absorption coefficient.[16]
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4. Piezoresponse force microscopy measurements of LiRTiO4:
Piezoresponse force microscopy (PFM) experiments were performed to
understand the properties of the LiRTiO4 compounds using the AFM: Bruker Icon.
A chromium/gold coated tip was used for the measurements, with a driving
vooltage of 10V. The PFM results of all the LiRTiO4 samples are shown in Figure
S4. For R=Sm-Dy, PFM response was observed. While for R=Nd, the response was
not distinguishable from noise. The lateral PFM (LPFM) response images show
multi-level contrasts, most probably from domains and grains. This is different
from the topography images, which indicates that the signal is due to a an
eff
electromechanical response. Effective piezoelectric tensor coefficient d35
from the

lateral response of the PFM were calculated for all the compounds in the series. For
this, calibration was performed using a single crystal LiNbO3. The frequency
eff
distribution of the d35
are also shown in Figure S4. Therefore, LiRTiO4 for R=Sm-

Dy have some electromechanical response which could be piezoelectric in nature,
and/or associated with migration of point defects (LiRTiO4 are ionic
conductors[66]).
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(a)

(b)

(c)

(d)

LiDyTiO4

(e)

(f)

(h)

(g)

y (nm)

y (nm)
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Frequency
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Figure S4. PFM results for LiRTiO4. Topography of (a) LiDyTiO4, (e) LiGdTiO4, (f)
LiEuTiO4, (m) LiSmTiO4 and (q) LiNdTiO4. Lateral-PFM response mapping (real) of (b)
LiDyTiO4, (f) LiGdTiO4, (j) LiEuTiO4, (n) LiSmTiO4 and (r) LiNdTiO4. Lateral-PFM
response mapping (imaginary) of (c) LiDyTiO4, (g) LiGdTiO4, (k) LiEuTiO4, (o) LiSmTiO4
and (s) LiNdTiO4. Frequency histogram of the real part of the lateral PFM response for (d)
LiDyTiO4, (h) LiGdTiO4, (l) LiEuTiO4, (p) LiSmTiO4 and (t) LiNdTiO4.[16] (by Shiming Lei
and A. Sen Gupta)
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Bond Lengths and Atomic Fractional coordinates from CIF files of LiRTiO4:

1. LiNdTiO4 (P4/nmm, 298 K)
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2. LiSmTiO4 (P-421m, 298 K)
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3. LiEuTiO4 (P-421m, 298 K)
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4. LiGdTiO4 (P-421m, 298 K)

169

4. LiDyTiO4 (P-421m, 298 K)
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C. SUPPLEMENTARY SECTION
Noncentrosymmetry Induced by Oxygen Octahedral
Rotations and Competing Layer Sliding in RuddlesdenPopper Derivative, HRTiO4 (R = rare earths)

Bond Lengths and fractional coordinates of new reported structures:

1. HNdTiO4 – Cmcm (90 K)

171

2. HSmTiO4 – Cmcm (90 K)

3. HEuTiO4 – P-421m (298 K)
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4. HGdTiO4 (298 K)

173

5. HDyTiO4 (298 K)

Bond Valence Sum

Figure S5: Bond Valence Sum calculation of HSmTiO4 and HNdTiO4 (about 90 K
structures) and HRTiO4 (R = Eu, Gd, Dy ) (298 K structures).
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Here, the bond valence sum of HNdTiO4, HSmTiO4, HEuTiO4, HGdTiO4, and
HDyTiO4 have been compared. There is overbonding for the Titanium ion observed
(by about 0.5 v.u.), in case of Cmcm (T = 90 K) structures of HNdTiO4 and
HSmTiO4. On the other hand there is under bonding in cases of the room
temperature structures of HEuTiO4, HGdTiO4, and HDyTiO4 in the range of about
0.1-0.5 v.u. The rare-earth ions have been found to be very close to the formal bond
valence of +3 (variation by about 0.1 v.u.).
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