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Abstract

DISORDER AT THE NANOSCALE IN
PEROVSKITE TITANATES AND DOPED CERIA:
MULTIPLE APPROACHES TO MODELLING
TOTAL SCATTERING DATA

Crystal structures can take a number of forms and their relationship with the physics of a solid
lends itself to an even greater number of interpretations. Ferroelectricity, for example, can be
predicted to occur in certain symmetries, but sometimes it can be hidden in the response to an
electric field, in a peculiar electron- or nuclear-spin resonance, in the unfolding of a phase
transition, or else. In any of these cases, the emergence of ferroelectricity is intimately related
to subtle changes in the atomic positions with respect to a high-symmetry parent structure. As
is the case with many other physical properties, this often implies that the crystal structure is
disordered locally (as opposed to on average or long-range), but the magnitude and the time-
and length-scales of disorder can vary dramatically between different materials.

This work combines multiple X-ray and neutron powder diffraction techniques to try to capture
the most of the structural complexity hidden in the bulk of materials. First, reciprocal-space
analysis by the Rietveld method allowed drawing the crystallographic phase diagram of a novel
perovskite solid solution, praseodymium-doped strontium titanate (SPTQO). SPTO is a
perovskite that combines a centrosymmetric antiferrodistortive (AFD) structure and a large,
diffuse dielectric response at room temperature, prompting the question of whether AFD and
ferroelectric (FE) distortions coexist in the material. Subsequently, the Pair Distribution
Function (PDF) of SPTO, representing the instantaneous spatial arrangement of the atoms in
the material, was analysed using multiple approaches. X-ray PDF was fitted with structural
models obtained by evaluating possible polar and rotational distortions of the cubic perovskite
phase. The most accurate, a tetragonal structure derived from the long-range phase, showed a
huge AFD distortion that could also be consistent with a local FE mode. To get a better insight
into the local structure, neutron PDF data were collected and modelled by i) fitting the distorted
tetragonal model over successive ranges in real space (‘box-car’ refinements) and ii) atomistic
simulations using the Reverse Monte Carlo (RMC) method. This led to a model in which FE
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distortion caused by Pr-doping at the perovskite A-site spreads to the AFD framework of
octahedra, resulting in distorted coordination of both A and B cations.

Neutron PDF data of undoped strontium titanate was also used in the development of another
approach to PDF modelling, in which structural models representing a unique soft-mode
distortion are evaluated statistically against the experimental neutron PDF. This symmetry-
adapted approach evidenced that four soft modes among those suggested by theoretical phonon
dispersion are active distortions in SrTiOs, and have signatures in the local structure determined
experimentally. This approach is aimed at obtaining an unbiased local structural model of
strontium titanate, in that symmetry lowerings are inferred directly from the amplitudes of the
individual soft modes refined against the PDF instead of assessing the goodness of fit of an
arbitrarily chosen model.

Whereas all these methods focused on a length scale of 10 A (1 nm), the last approach to PDF
modelling presented in this work studies the coherence length of lower-symmetry nanometric
domains in a solid solution by evaluating structural parameters up to 600 A (60 nm). Instead
of titanates, though, this study involved yttrium-doped ceria: thanks to the extremely high
structural coherence of crystalline ceria and owing to the high angular resolution of the
instrument used, the data collected lend themselves very well to analysing the PDF well beyond
the short range. The aim of this approach is to obtain a structural model for every slice of real
space analysed, in order to describe in terms of order parameters how the local structure
coalesces into the average crystallographic phase.
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Distortions in Perovskites




1 Distortions in perovskites 4

1.1 The perovskite structure of SrTiO3

The perovskite structure is adopted by many solids of general formula ABX3 and consists of a
cubic close-packed array of cations of type A and twelve coordinated anions of type X, with
layers stacking along the <111> direction. Cations of type B are six-coordinated by anions and
occupy one quarter of the octahedral holes. Alternatively, the same structure can be visualized
as a framework of corner-sharing BXs octahedra, with A cations occupying the 12-coordinated
interstices (shaped as cuboctahedra). The A and B sites of the perovskite structure can
accommodate a wide range of cations of varying size and charge. Consequently, there are
astonishingly many perovskites; these include ternary oxides, fluorides, cyanides, halides, and
sulfides of alkaline, alkaline-earth, and transition metals and rare-earths, mixed-occupancy
double perovskites (AA’BB’Xs), and also metal-organic perovskites, like, for instance,
(CH3NHz3)PbXs3, in which the A site is populated by methylammonium molecules and X can
be a iodide or a chloride (Clearfield, 1963; Peschel et al., 2000; Hoenle et al., 1988; De Jongh
& Miedema, 1974). Only a handful of naturally occurring elements in the periodic table are not
observed in atomic perovskite compounds: boron, beryllium, phosphorus, and all noble gases
- though boron may be found as borohydride anion. Despite many feasible combinations of
cations at the perovskite A and B sites, a guiding principle for structural stability for a given
composition is expressed by the Goldschmidt tolerance factor = (Goldschmidt, 1926):

T4+ Ty
T =—
V2(rg + %)

Here ra, rs and rx represent the ionic radii of the ions in the perovskite. lonic radii are available
as published by Shannon (1976) or can be obtained from bond-valence calculations (Brese &
O’Keeffe, 1991; Lufaso and Woodward, 2001). The definition of z follows from bond distance
considerations in an ideally close-packed structure: the cell edge is two B-X bond distances
long; the length of one face diagonal is two A-X bond distances, but it also equals the length
of one edge times V2. Thus, T measures the fit of the A cation into the cuboctahedral site for a
given BOs framework: tolerance factors lower than 1 result from A cations smaller than the
cuboctahedral interstice and, therefore, undercoordinated; values of z greater than 1 correspond
to a large A or a small B cation and may give rise to cation off-centering (Megaw, 1968; Zhong
and Vanderbilt, 1995). Values of 7 between 1.07 and 0.78 have been observed for perovskites
(Woodward, 1997b). Already at z=1, the structure tends to hexagonal polytypes, while near the
lower limit the FeTiOs (ilmenite) type structure becomes favourable.

With the exception of Chapter 6, the main theme of this work is the structure of strontium
titanate (SrTiOs). Figure 1.1 shows its primitive cubic cell (space group Pm-3m, Z=1), as close
to ideality as a perovskite can be (z ~1.0). The A cation sits in the centre of the cube delimited
by eight Ti atoms at the corners; in the setting used throughout this work, the six-coordinated
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Ti atom is placed in the origin of the unit cell (0, 0, 0). Both the Sr and Ti sites (1b and 1a in
Wyckoff notation) are one-fold special positions, i.e. they lie on the highest-symmetry elements
of the space group. O atoms lie in lower-symmetry special positions with multiplicity 3 (3d);
therefore, three positions in the unit cell are independent by symmetry.

© 0 0 |

Q Q@ © ©°00o)
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Figure 1.1: The cubic phase of the perovskite SrTiOs. The numbers next to atoms are the respective
fractional coordinates along the c-axis. All the structure drawings, in this chapter and in the following
ones, were obtained using the program VESTA (Momma and lzumi, 2011).

Unlike many perovskite oxides, whose crystallographic structures deviate from simple cubic
already at room temperature, the cubic structure of SrTiOs (z ~1.0) persists down to 105 K
temperature; below 105 K, the structure of SrTiOs is described by the centrosymmetric
tetragonal space group 14/mcm (Z=4). As reported in Table 1.1, listing cell parameters and
atomic positions for the two phases of SrTiOs, there are two distinct O sites in the 14/mcm
structure. An important distinction must be made between the axial O atoms of the octahedron
(01), i.e. those bonded to Ti along the c-axis, and equatorial O atoms (02), i.e. whose bonds
to Ti are parallel to the <110> direction and its equivalents. The O2 atom has no four-fold
symmetry and its x coordinate is the only positional degree of freedom in tetragonal SrTiO:s.

Table 1.1: List of the atomic positions, site symmetries, and cell parameters for the cubic and for the
tetragonal phases of strontium titanate. Cell parameters are taken from the structures published by
Mitchell et al. (2000) and by Tsuda & Tanaka (1995).

Cubic - Pm-3m (#221) Tetragonal - 14/mcm (#140)
Z=1;a=b=c=39053A Z=4,a=b=55110A;c=7.7960 A
Wyckoff Symmetry X y z Wyckoff ~ Symmetry X y z
Sr 1b m-3m 05 05 05 4b -42m 0 0.5 0.25
Ti la m-3m 0 0 0 4c 4/m .. 0 0 0
01 ad 4mm.m O 0 05 4a 422 0 0 0.25
02 -- -- - -- -- 8h m.2 m X (~0.25) x+0.5 0
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Figure 1.2: The tetragonal unit cell of SrTiOs, showing the of the low-temperature phase. Ti atoms
are in blue, Sr atoms are in green, O atoms are in red. One TiOs octahedron and one neighbouring
SrO12 cuboctahedron are highlighted with solid faces.

1.2 Octahedral tilting

1.2.1 Overview

The phase transition from cubic to tetragonal structure in SrTiOs involves the doubling of the
cell along the c-axis, while the tetragonal cell parameters a and b are taken as face diagonals
of the parent cubic cell. A compact way to write the group-subgroup relation is the
transformation matrix P, which relates the lattice parameters of the space groups 14/mcm and
Pm-3m:

(a',b’, C,)I4|mcm = P(a, b, C)Pm—Bm
1 1 0
P=1-1 1 0
0O 0 2

with no origin shift between the two groups. It can be demonstrated that the doubling of the
unit cell along c is implied by the periodicity of the distortion correlating the supergroup Pm-
3m and its subgroup 14/mcm. As shown in Figure 1.3, the displacement of the atom O2 causes
the rigid rotation (‘tilting’) of TiOs octahedra about the c-axis, corresponding to the <001>
direction. Conservation of the connectivity between corner-sharing octahedra requires that
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neighbouring octahedra along the directions <100> and <010> (i.e. perpendicular to the
rotation axis) rotate in opposite sense; along the rotation axis, successive octahedra are also
tilted out of phase, so that a rotation by +5° (or -5°) is repeated every second octahedron along
the c-axis. This precise tilt pattern determines the periodicity of the framework of tilted
octahedra that defines uniquely the 14/mcm space group. Since this is one of the 23 fundamental
tilt systems identified by Glazer (1972; 1975), tilt classification is presented in some detail in
the next paragraph.

x3h=0.250 (p=0° Xxsn=0.228 p=5°

Figure 1.3: View along the c-axis of the tetragonal unit cell of strontium titanate (all octahedra and
cuboctahedra highlighted with solid faces) in the absence of octahedral tilt (left panel) and after
applying an arbitrary tilt angle of @=>5° (right panel).

Figure 1.3 also evidences that octahedral rotations leave the coordination environment of B
cations unchanged while that of A cations is strongly distorted. This reflects not only that the
more electronegative B atom forms B-X bonds stronger than A-X interactions, but also that
octahedral tilt is linked to the undercoordination of A cations - as can be predicted for tolerance
factor values lower than 1. Since the A cation is smaller than the cuboctahedral site provided
by an ideal cubic packing, the framework of octahedra distorts so as to improve the anion
coordination around the A cation, i.e. by shortening some A-O distances and lengthening some
others. For instance, in the case of the tilt determining the 14/mcm symmetry, axial O atoms are
fixed while two parallel planes of equatorial O atoms above and below the A atom are displaced
as a result of octahedral rotations. While B-O distances are left unchanged, the 12 once-
identical A-O distances split into four short, four long, and four intermediate distances; this
results in a lower anion coordination or, in terms of bond-valence sum, an increase in the
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average bond valence!. The four medium A-O distances alone determine a square-planar
coordination of the A cation, while the four closest distances define a distorted tetrahedron with
A-O distances and angles strongly dependent on tilt angle (Woodward, 1997b).

The relatively simple tilt pattern in the 14/mcm symmetry already reveals a considerable
rearrangement in the coordination environment of the A cation. Tilting of the octahedra is in
fact an important factor determining the long-range structure of perovskites. It was shown,
most notably by Megaw (1967, 1973), that the distortion of a lower-symmetry perovskite
(‘hettotype’) with respect to the ideal structure (‘aristotype’) can be broken down into three
distinct contributions: cation displacements within the octahedra, distortion of the octahedra,
and tilting of the octahedra. Cation displacements can be either ferroelectric (in-phase) or
antiferroelectric (out of phase) and, like distortions of the octahedra, originate from electronic
instabilities of the B cation (Woodward, 1997). Notable examples include the ferroelectric
displacement of Ti and Nb in BaTiOz and KNbOs, respectively (Shirane, 1957, 1954; Megaw,
1967) and octahedral distortions driven by the Jahn-Teller effect in KCuFz (Okazaki and
Suemune, 1961). The effect of octahedral tilt is, however, predominant in the phase transitions
of many perovskites, including SrTiOs. But while octahedral tilt can be expected from basic
geometrical considerations when synthesizing a perovskite compound, it is harder to predict
what the exact A-site environment is going to be and, in turn, what tilt pattern this will generate.

1.2.2 Classification of tilt systems

This paragraph explains why the tilt pattern shown in Figure 1.3 implies the 14/mcm symmetry
in SrTiOs and, more generally, which features of octahedral tilting influence space group
symmetry. The relationship between long-range symmetry and pattern of octahedral rotations
in perovskite compounds was first defined by Glazer and Megaw (1972) and subsequently
systematized by Glazer (1972). This was later re-examined by Woodward (1997, 1997b) and
by Howard and Stokes (1998), and it also served as a tool for predicting crystal structures of
perovskite compounds with rigid-octahedra frameworks (Lufaso & Woodward, 2001; Barnes
et al., 2006).

Glazer’s classification is based on the decomposition of octahedral tilting into three
components along the [100], [010], [001] pseudocubic axes. The amplitude of the component
tilts along these axes are indicated, respectively, as a, b, c, for the general case in which three
tilts are unequal; otherwise, letters are repeated if two tilts have the same amplitude. Each
symbol has a superscript indicating the relative direction of tilting of neighbouring octahedra

! Though outside the scope of this work, the bond-valence method and its application to tilted-octahedra systems
are discussed in great length by Barnes et al., (2006), Brown (1981, 1992), Lufaso & Woodward (2001), O’Keeffe
(1989).
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along an axis: i) “0”, if the octahedra are not tilted; ii) “-*, if the tilt angles have opposite sign;
iii) “+”, if the tilt angles have the same sign. The tilt systems allowed in Glazer’s classification,
including zero tilt (Pm-3m), are 23, each denoting a different space group. This follows from a
geometrical evidence common to all tilt systems, which is exemplified by Figure 1.4. Tilting
of the octahedra decreases the bond distances between octahedron centres perpendicular to the
tilt axis (this will return with a vengeance in Chapter 3 in the evolution of the cell parameters
of SrTiOs, both undoped and doped with Pr). Since the distance between two B cations
corresponds to a pseudo-cubic cell parameter, an increase in tilt angle along one specified
direction (say, [001]) must be accompanied by cell shrinking in both perpendicular directions
([100], [010]). The extent of shrinking of each pseudocubic cell parameter is thus determined
by the amplitude of tilt along that direction. The same tilt angle for two axes, for example,
results in the corresponding cell parameters being equal; more generally, this shows how the
crystal system of the compound (but not, at least directly, the actual value of the cell parameter)
is related to the tilt pattern.

2£Ip

& h Y
Y 7

Figure 1.4: Schematic representation of the bonds between B cations along one direction
perpendicular to the tilt axis. Figure from Glazer (1975).

An important consequence of the sense of rotation along an axis is that a 0 or + relation implies
the existence of a mirror plane perpendicular to that axis (Glazer, 1972). Accordingly, aa’c’
and a%’c* tilts require two mutually perpendicular mirror planes normal to a and b; this,
combined with the two equal axis lengths due to a° tilts, describes tetragonal space groups
(namely, 14/mcm and P4/mbm in the revised list by Woodward, 1997). Similarly, orthogonal
axes can be inferred for the two-tilt systems a’o*c* and a’b*b*, where the latter is also tetragonal
by virtue of the equal tils along [010] and [001]. Two out-of-phase tilt components
(- superscript), instead, require that the corresponding pseudo-cubic axes be inclined relative
to each other (the demonstration can be found in Glazer, 1972), giving rise to monoclinic and
rhombohedral space groups for two- and three-tilt systems.

It is now clear why the one-tilt, anti-phase tilt system of SrTiOs, named a’a’c’, invokes the
space group symmetry 14/mcm. Importantly, all this can be identified by powder diffraction
measurements. In fact, not only the repeat period of two octahedra determines the doubling of
the unit cell along the corresponding directions of tilting (Figure 1.4), but also results in
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different sets of superlattice reflections for different tilt systems, as rationalized by Glazer in
his second paper? (1975). The most powerful consequence is that the Bragg reflections related
to (+) tilts change completely from those arising from (-) tilts and, as discussed further in
section 1.3, this relates to their origin at different critical points of the reciprocal space, thus,
in different structural modes.

On top of this latter conclusion, Howard and Stokes (1998) re-examined the correspondence
between tilt system and space group symmetry based on group-subgroup analysis. They found
that only 15 of the 23 structures originally found by Glazer are uniquely generated by
octahedral tilting (they are shown in Figure 1.5). Namely, they considered only the tilt systems
attainable as linear combinations of six basic component tilts originating from the mixing of
the three possible (+) one-tilt systems with the three analogous (-) tilts, or, in terms of
representations, the 6-dimensional sum of the irreducible representations (irrep) M3+ and R4+
(Miller and Love, 1967).

atatat a®btut aale a®ac” a®b b e a"a”
Im3 I4/mmm | | P4/mbm I14/mem Imma R3c

athtet atate” oSt atby a%b e abTbT
Immm P4y fnme Cmemn Pnma C2/m C2fe

ath e a b
P2 /m Pl

Figure 1.5: Figure from Howard and Stokes (1998). Diagram of the single-irrep, group-subgroup
relations between the 15 isotropy subgroups of the aristotype Pm-3m. Dashed lines indicate which
phase transitions are necessarily first-order.

Every possible phase transition between these 15 space group symmetries can be seen as the
condensation of the 6-dimensional order parameter corresponding to one linear combination
thus obtained. The main point here is that each subgroup of Pm-3m is defined by a subspace of
the 6-dimensional order parameter space. Therefore, it can be shown that the representation of
the 14/mcm space group is one-dimensional since it is obtained by a single component-tilt of
the R4+ irrep; if this one-dimensional order parameter was directed along two or three axes,
the resulting space groups would be Imma and R-3c (shown experimentally by inelastic neutron
scattering, e.g. by Shirane and Yamada, 1969). The notation introduced by Howard and Stokes
allows one to visualize at once dimensionality and direction of the order parameter; for these

2 Note that the original attribution of space group (F4/mmc) and supercell (2x2x2) to the a%a’c" tilt pattern of
SrTiO; made by Glazer in these papers (1972, 1975) was later rectified by Woodward (1997).
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three space groups, respectively, the order parameters are (00000c), (0000bb), and (000aaa).
This will be used again in the symmetry decomposition of SrTiOz presented in Chapter 5.

1.3 Other types of lattice instability

1.3.1 Soft modes

The diversity of physical properties in perovskites owes in many cases to two kinds of
distortions from the cubic aristotype: octahedral tilts, which we just covered, and polar
displacements of cations, which we cover below. In the previous section, octahedral tilting was
considered only in terms of geometric distortion. Now it is convenient to think of structural
distortions in terms of frequency of soft modes. Any kind of distortion is driven by the lattice
instability with respect to certain soft modes associated with the centre point (I') or to boundary
points (M, R, X) of the cubic Brillouin zone (Figure 1.6). It is useful to recall that a soft mode
is a normal vibrational mode whose frequency tends to zero (i.e. it becomes unstable) as a phase
transition is approached, and whose eigenvector contains both the atomic displacements
relative to the lattice sites involved and the periodicity of the distortion through the lattice.

b,

Figure 1.6: First Brillouin zone of a primitive cubic lattice, with the corresponding lattice vectors (b1,
b2, bs) and critical points (with wavevectors) I (0,0,0), R (2,'2,12), M (2,'2,0), X (0,2, 0). Created with
VESTA (Momma & lzumi, 2011).

Above a phase transition, for example, a soft mode corresponds to the lowest-frequency phonon
with the same symmetry. Vibrations slow down on cooling until the phonon frequency drops
to zero. At this point, conventionally taken as the phase transition temperature (Tc), the atomic
displacements prescribed by the eigenvector of the frozen mode become static. Below Tc, the
frequency of lattice vibrations increases again, but the phonon now represents vibrations
around the atomic positions of the lower-symmetry phase (Fleury, 1976). If the same transition
is observed from the low-temperature side, the evolution of the structural distortion from static
to dynamic is gauged by the amplitude of an order parameter going continuously to zero (for



1 Distortions in perovskites 12

example, octahedral tilt angle or ferroelectric displacement of a cation). Although there may
be a discontinuity in the order parameter near Tc (partial first-order character), the existence of
a temperature dependence of the order parameter for T<Tc implies an overall second-order
character of the phase transition.

1.3.2 Lattice instabilities in SrTiOs

Having defined the general case for a second-order phase transition, we can describe in greater
detail the possible distortions of the Pm-3m cubic perovskite. To introduce the irreducible
representations of the distortions we use the notation introduced by Howard and Stokes (1998)
and group-subgroup relations obtained using the program ISODISTORT (Campbell et al.,
2006). A basic phonon dispersion curve for SrTiOs is shown in Figure 1.7. The two soft
phonons transform like the R4+ and I"4- irreducible representations. While the former phonon,
a non-polar zone-boundary mode, has negative frequencies and is therefore static at zero
temperature (hence the 14/mcm low-temperature structure of SrTiOs), the latter, zone-centre
mode never condenses into a long-range phase, so there is no matching phase transition. Low-
frequency modes are also observed at the points M and X, namely, M3+ (64 cm™) and X5-
(103 cm™).

Frequency (cm)

800 | — ——— T

700+

Figure 1.7: Zero-temperature phonon dispersion curve for SrTiOs calculated using CASTEP (Clark et
al., 2005); the input structure was taken from Meyer et al (1978).

Ferroelectric (FE) displacements are associated with T"-point phonon modes with wavevector
(0,0,0): this implies that the displacement is repeated in every successive unit cell, and that the
number of atoms in the unit cell is not changed by the would-be transition; hence, the unitary
propagation period. The simplest displacive FE phase transition attainable in the cubic
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perovskite involves the I'4- soft mode with a one-dimensional order parameter® directed along
one, two, or three pseudo-cubic axes [(a,0,0), (a,a,0), (a,a,a)]. This gives rise to the polar space
groups P4mm, Ammz2, and R3m, respectively, with atom displacements allowed along the
[100], [110], or [111] directions with respect to parent the cubic cell. Figure 1.8 shows an
example of FE displacement represented by the order parameter (a,a,a). Other phase transitions
are possible within the I'4- irrep, through two-dimensional order parameters (leading to the

monoclinic Pm, Cm), or breaking all symmetry through a three-dimensional set of
displacements (P1).

4- (a,a,a) R4+ (a,0,0)

M3+ (a,0,0) X5+ (a,a,0,0,0,0)
* °
/I h // &
2 G - 3 ::'V -D=
oy - ad a ‘ o «©=
‘ o=
3 ] 9
2 ) - \ “ >
A - —c~
% al ay o | —©-

Figure 1.8: Schematic illustration of the lowest-frequency modes in SrTiOa.

3 A single magnitude of atom displacement indicated by the same letter for every component direction, in analogy
with the tilt order parameters (paragraph 1.2.2). In this notation, a three-dimensional order parameter is (a,b,c).
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The soft-mode distortion mediated by the R4+ irrep (Figure 1.8) corresponds to the octahedral
tilt system a%a’c", which was discussed in great length in the previous section. This is the mode
responsible for the phase transition in SrTiOs at 105 K and normally referred to as
‘antiferrodistortive’ (AFD) (Zhong and Vanderbilt, 1995). Note that the cell doubling brought
about by octahedral tilt is also expressed by the wavevector (¥2,%,%2). The low-frequency M3+
mode, which does not condense at any temperature in SrTiOs, plays an important role in
compounds with Pnma symmetry, the most recurring space group in perovskites. As shown in
the M3+ panel of Figure 1.8, the octahedral tilts in two successive layers along the c-axis are
in phase, described by the tilt system is a%a’c* as opposed to a%a’c". The last panel in Figure
1.8 shows the antiferroelectric (AFE) displacement of Sr atoms along a direction parallel to the
cubic [110]. This mode belonging to the X5+ irrep is also important in the interplay between
lattice instabilities in orthorhombic perovskites (see below).

The relationship between AFD and FE modes in perovskites has long been studied. The
observation that AFD instability is not present in FE perovskites (e.g. BaTiOs, KNbOz3) holds
true in many cases, leading to the conclusion that the two types of instabilities compete with
each other. This can be also expected by considering the opposite tendencies of
undercoordinated and oversized A cations, respectively, toward octahedral tilting and cation
off-centering (see section 1.2). Zhong and Vanderbilt (1995) showed by Monte-Carlo
calculations that AFD and FE instabilities coexist in a very large number of perovskite
compounds, and that in many cases - including SrTiOs - an AFD phase transition should be
followed by a FE transition at lower temperature. By artificially switching the amplitudes of
the soft FE and AFD modes in SrTiOs, however, they demonstrated that the AFD and FE
instabilities actually suppress each other. Namely, their results show that, in absence of the
rival interaction, each mode would soften in milder conditions than experimentally observed:
the AFD phase transition would occur at a higher temperature (about 130 K), while a FE phase
transition, forbidden® in SrTiOs, would be observed below 70 K. This picture was recently
revisited by Aschauer and Spaldin (2014), who used density functional theory (DFT) to
compute the energy gain due to a FE as a function of the amplitude of the AFD mode. The

4 As to the FE phase transition in SrTiOs, it was briefly mentioned that the zone-centre I' mode softens but never
condenses in SrTiOs, resulting in the ‘quantum paraelectric’ definition (Miller & Burkard, 1979). The softening
of the FE modes results in a huge increase of the dielectric permittivity (still consistent with a Curie-Weiss
behaviour) on cooling. But while a divergence and, consequently, a FE phase transition would be expected at
T=37 K, the dielectric permittivity stabilizes and remains constant down to the lowest accessible temperatures
(Maller et al., 1991). This critical point (Tq=37 K) represents an anomaly in the continuous soft-mode behaviour,
as first revealed by Muller et al. (1968) by EPR measurements and by Riste et al. (1971) by inelastic neutron
scattering. The ‘anomalous’ regime below Tq is characterized by perturbations of the atomic positions called
quantum fluctuations, which are of the same order of magnitude as the potential FE displacements. This practically
suppresses the FE transition by preventing the weak I' phonon from condensing (Miller & Burkard, 1979;
Courtens et al., 1993). Residual ferroelectricity, however, was reported by many authors to show up as electric
field-dependent response (Hegenbarth, 1964; Grupp & Goldman, 1999), nano-sized FE clusters (Hemberger et
al., 1996; Blinc et al., 2005), and order-disorder component of the AFD phase transition (Bruce et al., 1979; Zalar
et al., 2005; Bussmann-Holder et al., 2007).
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latter was represented by octahedral tilting about the c-axis (tilt system a’a’c") and by different
types of lattice strain; the FE mode considered was an (a,0,0) displacement of any atom. For
small octahedral rotations (0°<¢<5°), they confirmed that AFD and FE modes are competitive;
namely, that the small energy gain (-0.5 meV) due to Ti displacement at $=0° decreases linearly
with tilt angle, as the charge transfer from anti-bonding Ti-O orbitals opposes Ti off-centering.
After a threshold tilt angle (#<5.7°), however, this trend is reversed: the energy change on
displacing Ti off-centre becomes negative again and the two instability now cooperate.
Interestingly, in their calculations a large octahedral tilt optimizes the coordination of both A
and B cations, as Sr displacement changes sign in the cooperative regime. In addition, the
cooperative model only works in the presence of a considerable strain that increases the
tetragonality of the cell (increasing c/a ratio).
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Figure 1.9: Figure from Aschauer and Spaldin (2014). The top panel shows the difference between
the computed energy of a fully relaxed FE state (i.e. octahedral tilt and all displacements allowed)
and that of a paraelectric state (octahedral tilt only). The bottom group of panels shows the FE
atomic displacements associated to the same energy gain (A and B) and the analogous plots for a
phase with fixed Sr atoms.

A different picture emerged from the work by Benedek and Fennie (2013), who analysed by
DFT the case of the lower-symmetry Pnma perovskites. This structure befits particularly the
study of the AFD/FE interplay, since it results from the superposition of two tilt modes
(transforming like the irreps M3+ and R4+) while the zone-centre instability (seen for cubic
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perovskites) is absent. This is shown in their survey of perovskites with Pnma and Pm-3m
ground states (Figure 3 in their paper), which shows that only in the latter a decrease of the
tolerance factor enhances the FE instability; in Pnma, conversely, the frequency of the FE mode
is always positive, even in the case of severely underbonded A cations. It was demonstrated
that in none of the Pnma perovskites simulated the combined tilts (aa’c*, aac®) are
responsible for suppressing the FE mode. Instead, antiferroelectric displacements of the A
cations (the X5+ mode in Figure 1.8), allowed by the Pnma symmetry, always contribute to
optimize the A-O coordination, making the FE displacement of A cations redundant and
unfavourable; hence, the positive frequency of the FE mode.

1.4 Lattice instabilities in doped strontium titanate

1.4.1 Overview of A-site dopants

These few examples already showed how the coexistence of FE and AFD instabilities can have
very different outcomes depending on subtle properties of the space group symmetry. Having
shown that the ground state of cubic SrTiOs is relatively close to a ferroelectric state, it is
interesting to review a few examples in which chemical doping was used to alter the AFD state,
and, in some cases, achieve ferroelectricity. Since the main part of this work concerns the
substitution of Sr with Pr at the A-site, this paragraph outlines the properties of a few solid
solutions with formula Sr1.xAxTiOs.

A = Ba

Ba can replaces Sr at any concentration (0<x<1) and, since Ba?* has a larger ionic radius than
Sr?* (1.61 A vs 1.44 A), the tolerance factor of Ba-doped SrTiOs is always slightly above 1.0.
Expectedly, the long-range structure exhibits successive pseudo first-order phase transitions
driven by the I'4- instability, in analogy with pure BaTiOs, and no sign of tilting instability for
any Ba concentration larger than x=0.200. Dielectric permittivity spectra also show
increasingly sharp peaks as Ba concentration increases, albeit smeared by the mixed character
of the phase transition (Lemanov et al., 1996). The structure on the other side of the phase
diagram (x<0.200) is described by the 14/mcm space group up to x=0.094 (Menoret et al., 2002),
with octahedral tilt angles around ¢=2.0° (at T=2 K) and a critical temperature (Tc~100 K) very
close to those in SrTiOz; coherently, dielectric permittivity peaks first become very broad
(down to x=0.040) and then switch to a sloping Curie-Weiss behaviour similar to that of SrTiO3
(Lemanov et al., 1996). Spontaneous polarization, setting in at x=0.094 and increasing linearly
for higher Ba concentrations, is largest in the <111> direction (Menoret et al., 2002); this
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matches the rhombohedral-like distribution of off-centre Ti displacements observed in the local
structure by Levin et al. (2014) in samples with 20% and 50% Ba at the A-site.

A =Sn

Tin induces a FE state close to that of PbTiOs. Contrary to Ba?*, the Sn?* ion is smaller than its
cuboctahedral hole and does not favour an off-centering of the B cation. But the
stereochemically-active pair of 5s electrons makes Sn-doped SrTiOs polarizable due to A-site
off-centering. In fact, it shows a maximum of dielectric permittivity for concentrations as low
as x=0.020 (Suzuki et al., 2012). The temperature of the dielectric peak varies with the
frequency of the applied electric field, but only for x smaller than 0.050; any further Sn
concentration induces proper ferroelectricity in SrTiOz. In this regime, a FE phase transition is
observed on cooling, from Pm-3m to P4mm (Tc~200 K for x=0.100, Suzuki et al., 2012).
Scanning-transmission electron microscopy and pair-distribution function (PDF) analysis from
neutron diffraction agree on the off-centering of the Sn?* cation at the A-site (Laurita et al.,
2015). While substitution of Sn at the B-site does, in fact, happen (Wang et al., 2016), only the
A-site off-centering contributes to local and long-range dipolar interactions. More important,
local dipolar interactions are active even in the cubic long-range phase. In particular, Laurita
et al. (2015) proposed that Sn is displaced along the <110> pseudo-cubic direction (consistent
with an Amm2 phase) at temperatures as high as 400 K. Approaching the FE phase transition,
the short-range interatomic distances become consistent with the long-range P4mm symmetry.

A =Ca

Doping SrTiOs by Ca?" stabilizes FE modes already in modest amounts (x=0.002): sharp
dielectric permittivity peaks are observed around x=0.016, whereby the system is a ‘quantum
ferroelectric’ (Bednorz & Miiller, 1984), then broader features appear in the dielectric spectra
at higher Ca concentrations (0.016 < x < 0.120). It is interesting to note that the low-
temperature structure - the same AFD I4/mcm phase of undoped SrTiOs - persists down to the
lowest accessible temperature; the small polar displacements of Ca?* along <001>, despite not
inducing a FE transition, are believed to form short-range ordered polar clusters (Geneste et
al., 2008) responsible for the dielectric pemitivity response. Finally, ferroelectricity is
suppressed for x>0.12, where successive transitions from cubic Pm-3m to AFD I4/mcm and to
the Pbnm denote an antiferroelectric state governed by the superposition of R4+ and M3+
modes coupled with antiphase A-site displacements (Ranjan et al., 2000), close to the model
proposed by Benedek and Fennie (2013) for orthorhombic non-FE perovskites.
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1.4.2 Pr-doped SrTiO3

Doping SrTiO3z with praseodymium invokes none of the conditions leading to ferroelectricity
in the previous examples: Pr3* possesses no stereochemically active lone electron pair and,
contrary to Ba?*, its small ionic radius (1.18 A, from Shannon, 1976) shifts the tolerance factor
to well below 1. In addition, none of the other zone-boundary modes active in Ca-doped SrTiOs
appears to play an important role in Pr-doped SrTiOsz (Ranjan et al., 2008; Garg et al., 2009).
Nonetheless, Pr-doped SrTiOs (SPTO) shows remarkable dielectric permittivity peaks at
T~500 K as well as dielectric polarization loops (Duran 2005, 2008) (panel A in Figure 1.10).
Early works on SPTO (x=0.050) by Duran et al. (2005, 2008) claimed that the sharp dielectric
permittivity peaks and the specific heat anomalies they detected in a narrow range of
temperatures could be indicative of a FE phase transition. They also found X-ray powder
diffraction (XRPD) patterns compatible with the polar tetragonal P4mm space group, in
analogy with the FE BaTiOs. Shortly afterwards, another group proposed the centrosymmetric
AFD structure (space group 14/mcm) as the low-temperature structure of SPTO, based on high-
quality XRPD and neutron powder diffraction (NPD) data (Ranjan et al., 2008; Garg et al.,
2009). Besides ruling out a normal paraelectric-ferroelectric transition on cooling, these authors
pointed out that the dependence of the dielectric peaks on the frequency of the applied electric
field demonstrated the diffuse character of the FE phenomena (panel B in Figure 1.10). In
addition, the observation of electrostrictive strain in a lightly-doped sample (x=0.050)
prompted them to describe the dielectric phenomena in terms of dielectric relaxations.
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Figure 1.10: The dielectric spectra of SPTO reported in the articles referenced.

But the decrease in tolerance factor is not the only player. Pr enters the SPTO solid solution
mainly as the trivalent Pr¥* and exclusively replaces Sr?* at the A site (Sluchinskaya et al,
2012a, 2012b) and, therefore, questions arise as to the mechanism of charge compensation.
Since perovskites tend not to accommodate interstitial oxygen atoms, possible pathways
include charge transfer to the B site (i.e. Ti**/Ti** mixed valency), as in self-compensating La-



1 Distortions in perovskites 19

doped SrTiOz (Moos & Hardtl, 1997; Balachandran & Eror, 1982) or some form of vacancy
formation at the A site.
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2.1 Local structure from total scattering

2.1.1 Why local structure?

Properties in materials are often the result of internal competing forces. Their mechanism
usually owes to a precise arrangement of atoms not necessarily captured by the average, long-
range order of the material. Examples of disorder in crystalline materials include the
incomplete softening of the zone-centre mode in SrTiO3z and the dipolar clusters deemed
responsible for low-temperature ferroelectric states (see section 2.4). How exactly does an
average model fail? Consider, for instance, a phase in which sites have fractional or mixed
occupancy: these are, by definition, not described by an average model, since each individual
site is either vacant or occupied - by either atom X or Y. Although in reciprocal-space analysis
the mismatch may disappear into a large thermal parameter and still allow a good fit to the
data, the structure description is incomplete: vacancies or either type of atom are in this model
assumed to be statistically distributed, but also clustered or arranged in an orderly pattern.

Deviations from the long-range structure are the result of structural inhomogeneity on a shorter
length scale. This is why the description of the average, long-range structure and that of the
environment in the first few A or nanometres around each atom are perfectly complementary
approaches emphasizing different structural features. In practice, local structure can be studied
in a few ways. X-ray absorption spectroscopy (XAS) is a technique extremely sensitive to the
arrangement of nearest-neighbour species around a single type of atom and, as such, it contains
no information on short-range order beyond the first couple of shells. Scanning-tunnelling
microscopy and atomic-force microscopy yield information with sub-nanometre spatial
resolution but cannot probe the bulk structure. Transmission-electron microscopy is bulk-
probing, but the limited amount of matter sampled (tens of nanometres) may not be
representative of the whole material. Atomic pair distribution function (PDF) analysis is a
diffraction method that probes the bulk structure and give robust information, potentially, up
to several tens of nanometres. In its normal implementation, the PDF is not element-sensitive,
so it represents the distribution of all interatomic distances in the solid.

Atomic distribution functions are obtained through ‘total’ scattering measurements. This
means recording the scattered intensity at all possible changes in energy and momentum of the
incident radiation - in other words, measuring elastic and inelastic (coherent) over the widest
possible range of scattering vector (Q, see Appendix to this Chapter). Of the total scattered
intensity, the elastic part makes up the Bragg component, used for determining the long-range
structure, e.g. by Rietveld analysis. Bragg peaks rest on a low, oscillating background that
comprises diffuse scattering, both the elastic and the inelastic parts; the former contains
information on the static local structure, while the latter part arises from local structural
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dynamics. Total scattering is thus named after the unresolved sum of the intensities of the three
contributions.

2.1.2 Basic derivation and functions

This paragraph presents the relationship between the scattered intensity measured and the
atomic PDF functions defined below and used throughout this work. This simple derivation is
loosely based on the equations by Hannon et al. (1990) and the thorough treatment reported in
the user’s guide of the Gudrun program (Soper, 2012). Excellent accounts can be also found in
the books by Thorpe and Billinge (1998) and by Egami and Billinge (2003). The PDF
formalisms used below are taken from the paper by Keen (2001) and referenced in the manual
of the RMCProfile software (Tucker et al., 2012). The notation presented here is used
consistently throughout this work and references are made where needed to the equivalent
functions defined by Keen. The scattering vector Q is defined in the next section.

The radiati