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Abstract: The thesis is devoted to relaxor ferroelectrics with spontaneous polar
nanoregions. We have investigated one of the canonical representatives, uniaxial
strontium barium niobate, by means of neutron scattering, and also performed
computer simulations with a model of a uniaxial ferroelectric with point defects.
Neutron scattering studies of strontium barium niobate single crystals under a de-
fined sequence of thermal and electric field treatments elucidate nature of distinct
components of its transverse diffuse scattering. These components are associ-
ated mainly with the static ferroelectric nanodomain structure and the dynamic
order-parameter (polarization) fluctuations. Moreover, high-resolution neutron
backscattering experiments allowed us to resolve characteristic frequencies of the
order-parameter fluctuations and prove that this component is caused by the
same polar fluctuations that are responsible for the Vogel-Fulcher dielectric re-
laxation, the hallmark of relaxor ferroelectrics. The model system of a uniaxial
ferroelectric with point defects exhibits relaxor-like physical properties which are
associated with a distribution of crossover temperatures from the paraelectric to
the ferroelectric state. This distribution and the transverse Ginzburg interaction
term primarily control the gradual formation and disappearance of ferroelectric
nanodomains (with domain-wall-like interfaces) upon cooling and heating, respec-
tively.
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Introduction

Relaxor ferroelectrics with spontaneous polar nanoregions (PNRs) were discov-
ered more than 50 years ago. They are known for their extraordinary dielectric
and electromechanical properties widely used in industrial applications, ranging
from micro-capacitors to transducers and actuators. Since their discovery among
complex oxides with perovskite structure, enormous amount of knowledge has
been already collected in the field which no single review could possibly treat
fairly. One of the major problems is that their physical properties vary with
space and time scales and depend strongly on the sample preparation and pre-
treatments. For this reason, different experimental and theoretical methods usu-
ally give diverse results. The puzzle, with which researchers are faced, was aptly
compared to picturing the elephant by M. Davis [1]: Four blind men encounter
an elephant. One grabs the leg and concludes it is a tree trunk. One holds the
tail thinking it is a whip. Another touches the elephant’s trunk and decides it’s
a hose and the fourth man pats the side concluding it’s a wall. All are right, of
course, though none completely. We have yet to picture the whole beast.

The aim of this work was to investigate a uniaxial relaxor ferroelectric in
which only antiparallel polarization states and related atomic displacements are
allowed by its crystallographic symmetry. This permits a gross simplification in
consideration of origins of relaxor ferroelectric properties in comparison with more
frequently studied relaxor ferroelectrics with pseudo-cubic perovskite structure,
exhibiting multipolar states. In particular, we have chosen the most studied
uniaxial relaxor ferroelectric (Sr,Ba)Nb2O6 (SBN) single crystals with unfilled
tetragonal tungsten bronze structure which, moreover, allows to tune its relaxor-
ferroelectric properties by Sr content. In order to study space-time correlations of
atomic displacements in this solid solution, we used (inelastic) neutron scattering
techniques at the Institut Laue-Langevin (ILL), Grenoble and at the Laboratoire
Léon Brillouin (LLB), CEA Saclay (both France). To get more insight, we per-
formed phase-field computer simulations with a model of uniaxial ferroelectric
with point defects.

The thesis is divided into four chapters:

• Chapter 1 gives an introduction to ferroelectric and relaxor ferroelectric
materials. We have tried to define relaxor states of relaxor ferroelectrics
using (more or less) characteristic temperatures in canonical relaxor ferro-
electrics. We are aware that the used classification is not exact, however,
it could help to understand relaxor ferroelectrics. Special attention is paid
to the temperature evolution of PNRs, relaxational and lattice dynamics,
particularly in the investigated uniaxial relaxor ferroelectric SBN.

• Chapter 2 is devoted to the experimental part. It describes nuclear neu-
tron scattering from ideal and relaxor ferroelectric single crystals, gives a
brief overview of neutron three-axis spectroscopy (TAS) and backscattering
(BS) spectroscopy techniques, and summarises main results on SBN single
crystals obtained on TAS and BS instruments available at the facilities of
ILL and LLB.

• Chapter 3 deals with a model system of a uniaxial relaxor ferroelectric which
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is described in the framework of the Ginzburg-Landau-Devonshire (GLD)
phenomenological theory. The model is implemented in the program Fer-
rodo which allows to perform phase-field simulations of ferroelectric domain
structure. The chapter focuses mainly on the evolution of the domain struc-
ture under thermal and electric field treatments and its macroscopic and
local dielectric properties.

• Chapter 4 discusses neutron diffuse scattering components and critical dy-
namics in SBN single crystals, critical parameters in computer simulations,
and dielectric response of the model system with real relaxor ferroelectrics.

Finally, main results of the work and future directions are listed in Conclu-
sions.
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1. General background

1.1 Ferroelectrics

The physical property which defines how efficiently a dielectric material is polar-
ized in the external electric field is the dielectric susceptibility [2]. In the linear
regime, the polarization ∆P induced by the electric field E is defined by

∆Pi = ǫ0χijEj, (1.1)

where ǫ0 is the vacuum permittivity and χij are the components of the linear
dielectric susceptibility (second-rank tensor) which relates to (relative) linear per-
mittivity ǫij = 1 +χij. If the external electric field is a harmonic alternating field
E = E0 exp(iωt), the induced polarization equals to ∆P = ∆P0 exp(iωt − θ),
where ω is the angular frequency and θ the phase shift. Then, the linear di-
electric susceptibility is frequency-dependent and in general complex quantity
χ∗
ij(ω) = χ′

ij(ω) − iχ′′
ij(ω) called also dielectric function. The real and imaginary

parts are called dielectric dispersion and loss, respectively. Both parts are related
by the integral Kramers-Kronig relations. Let us stress that in the limit of zero
frequency, the dielectric function gives the static linear susceptibility which is
equal to the frequency-weighted imaginary part integrated over frequency from
zero to infinity.

A necessary condition for any dielectric material to belong among ferro-
electrics is that its macroscopic symmetry is described by a polar point group
[3]. Then, the material needs to have a spontaneous electric polarization. In ad-
dition to that, the orientation of the spontaneous polarization must be reversible
by an external electric field. Otherwise the material is only pyroelectric. The de-
pendence of the ferroelectric polarization on the external electric field is strongly
non-linear and is characterized by a ferroelectric hysteresis loop.

1.1.1 Ferroelectric phase transitions

The spontaneous origin of polarization in ferroelectric crystals is understood in
the concept of structural phase transitions which are accompanied with reduction
of macroscopic symmetry [4, 5]. The point groups of the high-symmetry (parent)
non-polar phase and the low-symmetry polar phase fulfil the group-subgroup
relation. All equivalent orientations of the polar axis with respect to the parent
phase then define the number of ferroelectric axes and reversible polarization
orientations (states) which can occur during the phase transition. This allowed
to treat polarization as an order parameter which is zero in the parent (usually
paraelectric) phase and non-zero in the polar (ferroelectric) phase.

The key step in understanding ferroelectrics was achieved by the phenomeno-
logical Landau theory of ferroelectric phase transitions [6, 7] which merges macro-
scopic symmetry breaking and thermodynamic phenomenological concepts (see
Section 3.1). Its importance is in describing main characteristics of first- and
second-order ferroelectric phase transitions (see Section 3.2 for the first-order
transition). In those ferroelectrics in which the polarization is the primary order
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parameter (called proper ferroelectrics), the theory gives the well-known Curie-
Weiss law for the static susceptibility χ = χ′(0) defined as

χ =
C

T − T0
, T ≥ T0 (1.2)

where the C is the Curie constant and T0 is the Curie temperature, describing
the divergent behaviour of static dielectric susceptibility at the phase transition
TC (see definitions of T0 and TC in Subsection 3.1.2).

Nowadays, the Landau concept is greatly extended to capture more realisti-
cally the equilibrium state of ferroelectrics in the vicinity of the phase transition.
For example, it is well known that the spontaneous polarization causes strong
spontaneous deformation of ferroelectrics. For that reason strain is taken as a
secondary order parameter to include elastic deformation and electrostriction.
The equilibrium state of ferroelectrics is often strongly non-homogeneous in po-
larization and strain, forming complicated configurations composed of more or less
homogeneous polarization regions (ferroelectric domains) separated by mechani-
cally and electrically compatible interfaces (domain walls), as shown in Fig. 1.2(c).
For this reason, the gradient interaction of the polarization is included. The state-
of-art theory for ferroelectrics is called generalized Ginzburg-Landau-Devonshire
(GLD) theory [8] whose simplified version is described in Section 3.1.

1.1.2 Critical dynamics of ferroelectrics

Apart from the phenomenological approach, the enormous success of theory of
ferroelectrics lies also in grasping the microscopic emergence of spontaneous po-
larization in connection with critical excitations which cause the macroscopic
symmetry breaking of the paraelectric phase and makes the main contribution
to the susceptibility divergence at the phase transition [9]. Basically, there are
two sorts of critical excitations which divide proper ferroelectrics into two main
groups with displacive and order-disorder ferroelectric phase transitions [10].

• Soft mode: In displacive transitions the macroscopic symmetry breaking
is caused by a soft transverse optic mode (SM) whose oppositely vibrat-
ing positive and negative ions lose their restoring force to the equilibrium
centre-symmetric position and displace towards a new off-centre one with
spatially non-compensated charges (i.e. non-zero electric dipole moment).
The decrease of the restoring anharmonic force is accompanied with re-
ducing (softening) SM frequency ωTO, usually following the Cochran law
defined by

ω2
TO = A(T − T0), T ≥ T0, (1.3)

where A is a constant and T0 is the Curie temperature. The contribution
of the SM to dielectric function of ferroelectrics is usually well described by
a classical damped harmonic oscillator (DHO) given by

χ∗ = χ′ − iχ′′ =
∆χ

ω2
TO − ω2 + iωΓ

(1.4)
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with Γ and ∆χ having meaning of damping and dielectric strength, respec-
tively. According to the Lyddane-Sachs-Teller relation

ǫs
ǫ∞

=
∏

j

ω2
LO,j

ω2
TO,j

, (1.5)

which connects static ǫs and high-frequency ǫ∞ permittivities to the mi-
croscopic optic longitudinal ωLO,j and transverse ωTO,j phonon frequencies,
Eqs. 1.3 and 1.5 give ǫs ∝ 1/ω2

TO = 1/A(T − T0), which is the Curie-Weiss
law in Eq. 1.2.

• Central mode: The order-disorder transition occurs as the symmetry of
the occupational distribution is broken. It is usually described in terms
of a hopping mechanism associated with strongly temperature dependent
excitation of the relaxation type, called central mode (CM). At high temper-
ature, ions, involved in the CM, hop between two (or more) not very distant
states separated by a potential barrier. On cooling, the ions lose thermal
energy to overcome the barrier. Since this hopping is also accompanied
with dynamic electric dipoles, the electrostatic dipole-dipole interaction of
neighbouring dipoles leads to global ordering into one (or more) state(s).
The CM is an overdamped mode whose dielectric function is modeled with
a Debye relaxation

χ∗ = χ′ − iχ′′ =
∆χR

1 + iω/ωR

, (1.6)

where ∆χR is the dielectric strength and ωR is the relaxation frequency
with linear critical slowing down

ωR = AR(T − T0), T ≥ T0. (1.7)

In the static limit, the CM fulfils also the Curie-Weiss law in Eq. 1.2 (cf.
with the relaxation process derived from Landau theory in Subsection 3.2.2).

Thus, when approaching the transition in the paraelectric phase, dynamic
long-range polar fluctuations appear which are described by the SM or CM.
However, their characteristic frequencies are finite near TC. The SM frequen-
cies are 1 − 10 THz, whereas the CM relaxation frequencies are in the sub-THz
range [11]. Typical representatives with displacive and order-disorder transitions
are PbTiO3 and NaNO2, respectively. Nevertheless, a majority of known ferro-
electric phase transitions show a crossover between displacive and order-disorder
type [11, 12], including the classical ferroelectric BaTiO3 in its tetragonal phase
[13]. The spontaneous transition is associated with nucleation and redistribution
of domains and thus motion of their domain walls (DWs). The mobile and fluc-
tuating walls can therefore contribute to dielectric susceptibility at TC, which is
regarded as an extrinsic property [14].
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1.2 Relaxor ferroelectrics

Relaxor ferroelectrics are compositionally disordered systems with the disorder in
the arrangement of different ions on the crystallographically equivalent sites [15].
Most of the the known relaxor ferroelectrics are complex compounds with the
perovskite ABO3 structure, especially solid solutions whose end-member com-
pounds are classical ferroelectric compounds, like PbTiO3 and BaTiO3. The
substitutional disorder mostly takes place in the sublattice of ABO3 which is less
ferroelectrically active. For example in PbTiO3, whose ferroelectric ordering is
caused by displacements of the Pb ions towards TiO6 octahedra [16], the disorder
takes place on the Ti-sublattice. The typical example is the canonical relaxor
ferroelectric Pb(Mg1/3Nb2/3)O3 (PMN) [17] and its solid solution with PbTiO3

(PMN-PT) [18]. The above example includes the full or partial disorder of non-
isovalent ions Mg2+, Nb5+, and Ti4+. Nevertheless, relaxor ferroelectrics are also
homovalent solid solutions, like Ba(ZrxTi1−x)O3 [19]. Other examples are non-
stoichiometric solid solutions, e.g. Pb1−xLax(Zr1−y,Tiy)1−x/4O3 where the substi-
tution of La3+ for Pb2+ ions necessarily leads to vacancies on the A-sites [20].
Another important group of relaxor ferroelectrics forms solid solutions with the
unfilled tungsten bronze structure, like SrxBa1−xNb2O6 (SBN100x) [21], which
are uniaxial relaxor ferroelectrics (see Section 1.3). Relaxor ferroelectrics possess
a range of unique properties, such as a hysteresis-free electromechanical response
[22], high dielectric constants, and outstanding electro-optic properties [23, 24],
useful for applications.

In spite of the rich diversity of relaxor ferroelectrics, the characteristic fea-
ture of all relaxor ferroelectrics is a huge dielectric relaxation which appears as
a strongly frequency-dependent peak in the temperature dependence of linear
dielectric susceptibility [see Fig. 1.1(b)]. The measurement (probing) frequency
ν = ω/2π and the temperature of the peak in susceptibility Tmax are connected
via the empirical Vogel-Fulcher (VF) relationship [26–33]

ν = νs exp

[
− Ea

kB(Tmax − Tf)

]
, (1.8)

where νs is the saturation frequency, kB is the Boltzmann constant, Ea is the
activation energy, and Tf is known as the freezing temperature. The significance
of the VF relationship arises from the fact that it is observed over many decades
in probing frequency in relaxor ferroeelctrics, e.g. 14 orders of magnitude in fre-
quency from mHz to 100 GHz in canonical PMN as shown in Figs. 1.1(b) and
4.3(b) [34]. For probing frequency ν → 0, Tmax tends towards a finite character-
istic temperature Tf (called freezing temperature), which is typically hundreds
of K above the absolute zero temperature. The VF relationship with finite Tf
contrasts to all usual thermally activated processes in nature which fulfil the
Arrhenius relationship given by

ν ≈ exp

(
− Ea

kBT

)
. (1.9)

The VF relationship is known from the dynamics of glass-forming liquids and
in general it indicates an exponentially broad spectrum of relaxation times and
correlation lengths. In this respect ferroelectric relaxors belong to a broad family
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(1) FHaZFC

(2) FC

(3) ZFHaFC

Figure 1.1: Significant attributes of relaxor ferroelectrics based on canonical PMN
[45]: (a) Deviation of the linear optic index at Td (Burns temperature) from its
linear dependence in the paraelectric phase, revealing local polarization fluctua-
tions below Td (after [49]), (b) Position of the permittivity maximum appearing at
about T ∗ (intermediate temperature) at high probing frequencies and freezing at
Tf at low probing frequencies, obeying the VF freezing according to Eq. 1.8 (after
[34]) (c) Zero linear birefringence during field heating (3.3 kV/cm) after zero field
cooling (FHaZFC), indicating a random distribution of local polarization and the
conservation of the macroscopic isotropic symmetry (after [54]).
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of disordered materials of current interest like fragile glass-forming liquids [35–38],
structural glasses [39], diluted or frustrated spin glasses [40, 41], superconducting
vortex glasses [42], and confined [43] or protein-hydration water [44].

To put the VF feature in context of physical properties of relaxor ferroelectrics
and related systems, let us outline distinct temperature regions in relaxor ferro-
electrics as suggested for canonical PMN in Ref. [45]:

• Paraelectric state (Td < T )
Relaxor ferroelectrics are paraelectric at high temperatures. It is worth
stressing that the chemical disorder is usually frozen already at the lower
limit of the paraelectric phase and therefore low-temperature states of re-
laxor ferroelectrics are not affected by redistribution of the disorder. Never-
theless, the chemical distribution itself, having usually short-range chemical
order, affects physical properties of a given relaxor ferroelectric [46, 47].

• Type-I relaxor state (T ∗ < T < Td)
On cooling, relaxor ferroelectrics show a deviation from the linear temper-
ature dependence of optical refractive index at Td (called Burns tempera-
ture) as shown in Fig. 1.1(a) [49]. The deviation scales with the power of
local randomly oriented polarization Pd (i.e. glassy polarization). Thus, it
reminds morphic changes of refractive index components below the Curie
temperature in ferroelectrics. In most of relaxor ferroelectrics Td occurs in
the temperature range of 600 − 750 K [49, 50, 119]

• Type-II relaxor state (Tf < T < T ∗)
At so-called intermediate temperature T ∗, the glassy polarization fluctu-
ations start to become static, i.e. the static component of polarization
appears. T ∗ is not precisely defined, however, it was well documented es-
pecially in Pb(B’B)O3 relaxor ferroelectrics [51, 72, 187]. Below T ∗, the
VF feature starts to appear at probing frequencies of hundreds of GHz [see
Fig. 1.1(b)]. Thus, T ∗ can be basically understood as the upper limit of po-
lar glass-like freezing dynamics, whereas the freezing temperature Tf deter-
mines the lower limit. It has been widely accepted that the enormous slow-
ing down of polarization fluctuations described by the VF relationship in
the GHz–mHz frequency range is related to a temperature-dependent length
scale of nano-range polar inhomogeneities (see Subsection 1.2.1) [45, 52, 53].

• Type-III relaxor state (T < Tf)
Below Tf , the local polarization is frozen, however, the macroscopic sym-
metry of high-temperature states is conserved [54]. The strong VF feature
is therefore not accompanied with any spontaneous macroscopic symme-
try breaking to a ferroelectric state at low temperatures in the canonical
relaxor ferroelectrics, e.g. PMN remains isotropic unless a strong electric
field is applied [see Fig. 1.1(c)]. In many relaxor ferroelectrics, however, the
freezing process is interrupted or accompanied with a spontaneous transi-
tion TC to a long-range ferroelectric order, e.g. a crossover from relaxor to
ferroelectric properties occur in PMN-100xPT for 0.05 < x < 0.35 [18].
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1.2.1 Nanoscale polar inhomogeneities

Relaxor ferroelectrics undergo rather a smooth change from the high- to low-
temperature relaxor states which is associated with inhomogeneous polarization
fluctuations. Their nature seems to be fully dynamic in the type I relaxor state,
partly dynamic and static in the type II relaxor state, and static in the type
III relaxor state. Thus, similarly to (proper) ferroelectrics the polarization can
be considered as an order parameter. Nevertheless, the fundamental difference
between ferroelectrics and relaxor ferroelectrics is that ferroelectric crystals can
be poled by applying external electric field into a uniform polarization (single-
domain) state which persists after removing the field, having a large remanent
(spontaneous) polarization. In canonical relaxor ferroelectrics, the long-range
ferroelectric ordering is not stable in the type III relaxor state, i.e. the average
remanent polarization tends to zero [55]. Consequently, the role of the order
parameter in relaxor ferroelectrics plays the square of the local polarization.

The typical problems of relaxor physics therefore concern detailed description
and understanding of spatio-temporal polarization correlations and their difficulty
to develop long-range order in the presence of the chemical disorder. Both types of
inhomogeneities (polar and chemical) are typically in the range of 2-50 nm [56–58],
which makes their observation challenging. Their direct observation is accessible
only by few techniques, like high-resolution transmission electron microscopy [59–
61] and piezoforce force microscopy (PFM) [62–64]. Other methods, like X-ray
and neutron scattering [56, 57, 66–72] and EXAFS techniques [73], are useful
in obtaining mean correlation lengths and mean inter-atomic distances whose
meaning rely on thorough modeling of diffracted and absorption patterns [46, 47].

Despite the fact that the exact topology of the spatial polarization distri-
bution is still debated [45], the time-averaged polarization inhomogeneities in
relaxor ferroelectrics with the pseudo-cubic perovskite structure can be qualita-
tively characterized as follows:

• Type-III relaxor state (T < Tf)
Canonical relaxor ferroelectrics with the pseudo-cubic perovskite structure
show a dense three-dimensional polarization inhomogeneities without clear
interfaces which are similar to the pattern shown in Fig. 1.2(a) [62]. For ex-
ample in PMN, molecular dynamics simulations of neutron diffuse scattering
reveal ferroelectric correlations up to 5 nm and significant antiferroelectric
correlations [46]. On the other hand, relaxor ferroelectrics with the spon-
taneous relaxor-ferroelectric transition exhibit the long-range ferroelectric
ordering (ferroelectric domains) with clear interferences (ferroelectric DWs)
[see Fig. 1.2(b)] as in classical ferroelectrics [see Fig. 1.2(c)] [74, 75]. The
irregular interfaces in Fig. 1.2(b,c) refer to purely ferroelectric walls with
antiparallel polarization orientations (called 180-degree DWs). The planar
ones stand for ferroelectric walls which are also ferroelastic, i.e. separating
domains with different polarization and strain orientations. Thus, relaxor
ferroelectrics with spontaneous transition can be, in principle, treated in the
concept of macroscopic symmetry breaking which is used for ferroelectric
and other structural phase transitions accompanied with crystallographic
symmetry lowering [4, 5]. Nevertheless, their ferroelectric-like domain struc-
tures are usually more complex, showing hierarchy-like configurations with
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(a) (b) (c)

Figure 1.2: Topography images of inhomogeneous polarization from PFM at
room temperature in: (a) canonical relaxor ferroelectric: the (001) surface of
PMN in its type II relaxor state (after [62]), (b) relaxor ferroelectric with a
spontaneous transition: the (111) surface of PZN-8%PT in its rhombohedral
ferroelectric phase, showing 180- and 71-degree domain walls (after [74]), and
(c) classical ferroelectric: the (001) surface of BaTiO3 in its tetragonal phase,
showing 180- and 90-degree domain walls (after [75]).

a short-range polar ordering which persists in the long-range ferroelectric
ordering [57, 62].

• Type-II relaxor state (Tf < T < T ∗)
Above Tf or TC, PFM studies show that the average correlation radius of
time-averaged homogeneous polarization gradually decreases and the in-
terfaces become more smooth [62]. Similarly, diffuse X-ray and neutron
scattering results exhibit a gradual decrease of correlation lengths and the
integrated diffuse intensity with increasing temperature [57, 66, 68, 70]. The
diffuse scattering intensity usually vanishes between T ∗ and Td depending
on the instrumental energy resolution, i.e. the integrated frequency range
[72]. Since the polarization fluctuations (the VF-type dynamics) occurs
in broad frequency range [see Fig.1.1(b)], understanding their microscopic
origins requires experiments and theoretical models in multiple time and
length scales (see Subsections 1.2.2 and 1.2.3).

1.2.2 Critical dynamics of relaxor ferroelectrics

SM and CM critical excitations, which drive structural phase transitions in ferro-
electrics, are frequently observed also in relaxor ferroelectrics. However, another
strongly temperature-dependent excitation, producing the VF feature, dominates
in relaxor ferroelectrics [see Fig. 1.1(b)]. Let us, again on the example of the best
studied canonical PMN, summarize the main aspects of critical dynamics in re-
laxor ferroelectrics:

• Paraelectric phase (Td < T )
In this phase relaxor ferroelectrics behave as ferroelectrics. The Curie-
Weiss law in Eq. 1.2 is fulfilled, giving T0 ≈ T ∗ ≪ Td. On cooling, the main
contribution to susceptibility comes from soft phonons, like the transverse
optic (TO) SM in PMN [16, 76, 77].
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• Type-I relaxor state (T ∗ < T < Td)
Below Td, where strong fluctuations of local polarization Pd are observed
[note that |Pd| is large in Fig. 1.1(a)], the dielectric susceptibility starts to
show a deviation from the Curie-Weiss law. It had been shown that the
local polar anisotropy splits the SM in PMN into two low-frequency com-
ponents [16, 78]. The first one refers to (radial) fluctuations along the local
polarization. The other one (twice degenerated) is assigned to (tangential)
fluctuations. According to recent results in Ref. [76], the radial fluctuations
are almost temperature independent. The tangential component is strongly
temperature dependent, becomes overdamped and its frequency tends to 0
at T0 ≈ T ∗ of the extrapolated Curie-Weiss law. This order-parameter com-
ponent is responsible for the strong increase of the real part of the dielectric
function, which is seen also in other relaxor ferroelectrics with pseudo-cubic
perovskite structure [16]. The overdamped character of the low-frequency
dynamics is also well documented by so-called ”butterfly” neutron diffuse
scattering, associated with a dynamic polarization, with relaxation times of
the order of 0.1-1 THz in perovskite relaxor ferroelectrics [71, 72].

• Type-II relaxor state (Tf < T < T ∗)
Despite the strong softening of the tangential component near T ∗, no spon-
taneous transition is observed in PMN. As described above in Subsec-
tion 1.2.1, there is an evidence for static and dynamic components of the
local polarization. Even though the static component is local in PMN (i.e.
no macroscopic domains), a ferroelectric-like soft mode appears as typical
for ferroelectric phases of classical ferroelectrics with the displacive phase
transition. Because of the anisotropy, the ferroelectric-like soft mode should
be also split but only the radial component is observed [see the A compo-
nent in Fig. 4.3(b)]. The tangential component of the ferroelectric-like mode
is not clearly separated from a strong relaxation which appears roughly be-
low T ∗ ≈ 400 K (see Fig. 1.3). The dielectric function of the relaxation is
usually well described with the Cole-Cole model defined as [79, 80]

χ∗(ω) = χ′(ω) − iχ′′(ω) =
∆χ

1 + (iω/ω0)1−α
, (1.10)

where ω0 stands for the mean relaxation frequency, α is a characteristic
shape index varying between 0 and 1, and ∆χ is the dielectric strength.
For α = 0, this model reduces to the usual Debye model in Eq. 1.6, describ-
ing a system with a single exponential decay, while the non-zero α allows
to describe systems with a range of relaxation times. The mean relaxation
time τ0 equals to 1/ν0 where ν0 = ω0/2π. The dielectric function of this
relaxation in PMN single crystals is shown in Fig. 1.3. On cooling, the re-
laxation reveals enormous softening from GHz to mHz range in the type II
ferroelectric phase (200-400 K) which is associated with a gradual broad-
ening of the loss spectra practically over the whole measured frequency
range, indicating a broad spectrum of relaxation times. Thus, the dielectric
function gradually transforms from Debye-like response (α ≈ 0) to highly
non-Debye one (α → 1). When both the real or imaginary parts are replot-
ted as a function of temperature for various probing frequencies, they show
the VF feature [see the real part in Fig. 1.1(b)].
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(a) (b)

Figure 1.3: Dielectric function of PMN single crystals at various temperatures:
(a) real and (b) imaginary parts of permittivity (after [34]).

• Type-III relaxor state (T < Tf)
Below Tf , the tangential component of the ferroelectric-like SM is more clear
and both radial and tangential components increase with decreasing temper-
ature as in all classical ferroelectric perovskites with the displacive phase
transition [13, 77]. In the sub-THz range, the dielectric function shows
a steady decrease with temperature, giving almost frequency-independent
losses.

For clarity, the characteristic frequencies of SM components and the Cole-Cole
relaxation in PMN are reviewed in Fig. 4.3(b) and will be compared to critical
dynamics of the uniaxial ferroelectric SBN61 (see Section 1.3).
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1.2.3 Models of relaxor ferroelectrics

Based on extensive experimental evidence, the hallmark of the relaxor ferro-
electrics, the VF feature, arises from relaxation-type dynamics of nanoscale polar
inhomogeneities in materials with quenched compositional disorder. The cause
and mechanisms of the formation and freezing of inhomogeneous polarization are
not conclusively understood. Let us briefly review approaches which developed
understanding physics of relaxor ferroelectrics:

• Compositional heterogeneity model: Smolensky [81] and Kirillov and
Isupov [82] assumed that the compositional heterogeneity causes different
local Curie temperatures which have a Gaussian distribution around the
mean Curie temperature. As a result, the broad maximum of dielectric
susceptibility is understood in terms of a diffuse phase transition consisting
of a series of local phase transitions. The local transitions are assumed
to be of the first order, giving rise to mostly non-interacting polar regions
[called polar nanoregions (PNRs) here] in the non-polar phase above the
mean Curie transition. The arising PNRs are assumed to flip because of
thermal fluctuations. Below the mean Curie temperature, the thermally-
activated reorientation of the regions ceases (their polarization freezes) and
simultaneously polar regions fill the whole volume.

The model gives the empirical quadratic relationship for the reciprocal real
part of linear susceptibility χ′ defined as

χ′
max

χ′
= 1 +

1

2

(
T − Tmax

dmax

)2

, (1.11)

where χ′
max is the maximum of susceptibility at Tmax which is assumed to

be equal to the mean Curie temperature. The parameter dmax characterizes
diffuseness of the phase transition. Eq. 1.11 describes usually quite well
experimental data in the vicinity of Tmax and is used in a more generalized
form to match the crossover between ferroelectrics and relaxor ferroelectrics
[98]. Let us emphasize that χ′ is frequency dependent and thus derived
parameters should be treated with caution.

• Superparaelectric model: The compositional heterogeneity model was
extended by Cross [52] who suggested that the small PNRs, postulated to
exist in relaxor ferroelectrics, could permit dynamical (thermal) disordering
over some range of sizes in a similar manner as spin clusters in the super-
paramagnetic state. In addition to that the potential minima, between
whose PNR states flip, should be different in depth because of different
local symmetries caused by the internal compositional heterogeneity. As a
result, the polar vector will spend longer time in the deepest minimum so
that PNR will have a net (weak) polar moment.

To calculate the dielectric response, Bell [83] assumed an ideal superpara-
electric material, defined as an ensemble of independent, coherently polar-
izing PNRs, in which each PNR behaves as an independent, classical ferro-
electric (described by the GLD theory) and the size of PNRs is such that
the direction of polarization may be reoriented by thermal fluctuations of
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the lattice. It is shown that departure from normal ferroelectric behaviour
becomes significant when the size of coherently polarizing regions is less
than 15 nm. Even without invoking a distribution of Curie temperatures,
the finite-size constraints predict local polarization fluctuations above the
Curie temperature and a departure from the Curie-Weiss law. However,
relaxor-like frequency dependence of the imaginary part of the permittivity
is obtained when the model includes a distribution of sizes. The intro-
duction of the electrostatic dipole-dipole interaction, in the form of mean
field, leads to a spontaneous transition to a macroscopic ferroelectric state,
depending on the interaction strength.

• Dipole glass model: Relaxor ferroelectrics resemble spin (or dipole, which
can be considered as pseudospin) glasses by broken ergodicity near and
below Tf and possess main characteristics of nonergodic behaviour, e.g.
anomalously wide spectrum of relaxation frequencies fulfilling the VF rela-
tionship in Eq. 1.8, ageing, dependence of the thermodynamic state on the
thermal and field history of a sample [15]. In spin glasses the nonergodic
behaviour is explained by a multivalley potential whose some barriers are
so high that the time needed to overcome them is larger than any prac-
tically reasonable observation time. Thus, the spin glass cannot reach all
the configuration states during the observation time, and consequently, the
usual thermodynamic averaging and the time averaging give different re-
sults. On contrary, the ferroelectric phase of classical ferroelectrics is also
nonergodic, however, the potential minima are equivalent. Due to the com-
positional disorder, the potential of relaxor ferroelectrics is likely to be more
structured than in ferroelectrics and its minima non-equivalent due to the
locally broken symmetry as pointed out by Cross [52]. Even though the
similarity between relaxor ferroelectrics and dipole glasses is remarkable,
there are some differences. For example, field-induced ferroelectric phases
and ferroelectric hysteresis loops have not been observed in typical dipole
glasses [15].

Recently, subject has been addressed by means of many (material specific)
atomistic or semi-microscopic models [46, 48, 86–95].
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1.3 Uniaxial relaxor ferroelectric SBN

Relaxor ferroelectrics with a strong crystallographic anisotropy provide an in-
teresting alternative to the most studied relaxor ferroelectrics with pseudo-cubic
perovskite structure. The anisotropy ensures that the local polarization tends
rather to a very few polarization states, which greatly simplifies consideration of
origin of relaxor properties. In the following, we focus on strontium barium nio-
bate SrxBa1−xNb2O6 (SBN100x) which is a representative of relaxor ferroelectrics
with strongly anisotropic tetragonal tungsten bronze structure. Apart from its
attractive physical properties, such as high electro-optic, piezoelectric, dielectric
and pyroelectric coefficients [99, 100], it allows to tune ferroelectric-relaxor prop-
erties by the strontium content. Fig. 1.4 shows that SBN40 has characteristics
typical for a ferroelectric material, whereas SBN75 exhibits relaxor characteristics
with the distinctive VF feature [21, 99].

Figure 1.4: Linear dielectric susceptibility of SrxBa1−xNb2O6 (SBN100x) single
crystals and its dependence on composition and frequency (after [21]).

1.3.1 Crystallographic structure and phase diagram

Single crystals of the SBN100x solid solution crystallize in a tetragonal tung-
sten bronze-type structure only for x ∈ 〈0.25, 0.87〉, while the end members are
metastable with respect to other more stable polymorphs [21, 101–104]. At room
temperature the average structure has space group P4bm and its unit cell and
lattice parameters are shown in Fig. 1.5(a) and Fig. 1.6(a), respectively [103, 105–
107, 112]. The structure consists of corner-sharing NbO6 octahedra which form
three types of channels along the tetragonal c axis: triangular, square, and pen-
tagonal ones [see Fig. 1.5(b-d)]. The squared channels are occupied by Sr atoms,
the pentagonal ones are partially filled with Sr/Ba atoms, and the triangular ones
are empty. The oxygen layers are separated by nearly c/2, however, the oxygen
atoms in tbe Ba and Sr layers are disordered. Thus, the SBN structure is an
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(b) (c) (d)(a)
c c c

Figure 1.5: (a) Projection along the c axis of the Sr0.5Ba0.5Nb2O6 unit cell. (b-d)
Pentagonal, square, and triangular channels along the c axis, formed by oxygen
octahedra where solid black circles stand for oxygen atoms (after [105]).

unfilled tungsten bronze structure with 45 atoms per 46 sites of the general for-
mula AxB1−xC10O30 [108]. X-ray and neutron diffraction studies show, however,
that vacancies appear in both tetragonal and pentagonal channels [105–107, 111].
For this reason, the Ba/Sr-O and Nb-O distances have broad distributions and
oxygen octahedra are distorted. On top of that NbO6 octahedra exhibit a two-
dimensional incommensurate (IC) harmonic modulation, having a wavevector
of (0.3,±0.3, 0.5) r.l.u. in reciprocal space [109–111]. The modulation involves
mostly the oxygen atoms in tbe Ba and Sr layers and hence it can be seen as a
rotational modulation of almost rigid NbO6-octahedra.

(a) (b)

ferroelectric

P4bm

Figure 1.6: (a) Room temperature lattice parameters and (b) TC as a function
of Sr content in SBN100x single crystals (after [112]).

With increasing Sr content, the smaller Sr atoms substitute the larger Ba
atoms in the partially occupied pentagonal channels, which leads to a larger
deformation of the surrounding lattice, a more compact structure with smaller
lattice parameters [see Fig. 1.6(a)], and a larger IC modulation amplitude [111].

SBN belongs to relaxor ferroelectrics with a spontaneous structural phase
transition whose TC strongly decreases with increasing Sr content [see Fig. 1.6(b)].
The compositions with the lowest Sr content (x ≈ 0.26) exhibit a tiny discontinu-
ity in volume at TC, characteristic for the first-order phase transition [112]. In the
Sr-rich compositions the transition becomes diffuse with relaxor characteristics.
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Let us identify relaxor states:

• Paraelectric state (Td < T )
The average crystal structure of the parent phase of the ferroelectric P4bm
was proposed to be P4/mbm [113–115]. The paraelectric structure becomes
IC modulated well above Td. Its IC satellites gradually appear at about
770 K (in SBN70) and persist down to the low-temperature states [111,
116, 117]. The Burns temperature Td was observed in a quite broad range
of 570−700 K in SBN60-75 crystals in linear birefringence, strain, Brillouin
scattering, and acoustic emission measurements [52, 118–121].

• Type-I relaxor state (T ∗ < T < Td)
Below Td the IC modulated paraelectric state is therefore locally broken by
local, randomly oriented (up or down) polarization Pd along the tetragonal
c axis. The intermediate temperature T ∗ was found at about 450 K in
SBN75 by means of acoustic emission [120] and indicated by anomalies
in second harmonic generation and quasielastic Brillouin scattering from
SBN61 [119, 122]. It is worth stressing that T ∗ found in SBN60 and SBN75
is close to TC = 460 K of the ferroelectric-like compositions with x ≈ 0.26
[see Fig. 1.6(b)].

T
*

TC~Tf

Figure 1.7: Temperature dependence of the c-axis permittivity measured at
various probing frequencies. The solid circles show the dielectric contribution of
phonons (after [137]).

• Type-II relaxor state (Tf < T < T ∗)
At about T ∗, the glassy-like freezing dynamics appears in the c-axis linear
dielectric susceptibility as shown in Figs. 1.4 and 1.7. The temperature
Tmax of the peak in susceptibility fulfils the VF relationship in Eq.,1.8 from
GHz down to Hz probing frequencies and approaches roughly TC, i.e. Tf ∼
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TC. From the analysis of the imaginary part of susceptibility [137] we see
that Tmax is shifted to lower temperatures at a given probing frequency
and thus the VF relationship suggests Tf < TC. In SBN61 it was shown
that Tmax coincides with TC = 346 K at about 1 MHz and deviates from
the VF relationship below TC (Tf = 330 K) [137]. Above TC the c-axis
dielectric susceptibility reveals nonergodicity via aging [123] and the average
crystallographic structure at TC + 50 K shows a subtle deviation from the
suggested parent space group P4/mbm (in SBN75) [105].

• Type-III relaxor state (T < Tf)
Below Tf ∼ TC the IC modulated structure remains tetragonal but the
macroscopic symmetry is broken (P4/mbm > P4bm). The inhomogeneous
polarization is frozen to a nanodomain structure with 180-degree DWs (see
Subsection 1.3.2).

1.3.2 Polarization and domain structure

Microscopic origin of spontaneous polarization was proposed by Jamieson et al.
[105] based on their pioneer X-ray study of a SBN75 single crystal which was
poled by an electric field along the c axis. The refinement of room-temperature
data showed that all Nb, Sr, and Ba atoms are displaced from the nearest mean
plane of oxygen atoms in the same direction along the tetragonal axis. These
atomic displacements are also proved by disk-shaped transverse diffuse scattering
intensity distributions located close to the Brillouin zone centres with nonzero
L index [138–140]. In particular, the absolute displacements of 0.05 − 0.1 Å be-
tween atomic positions in P4bm and P4/mbm space groups involve all Nb atoms
in NbO6 octahedra and Ba/Sr atoms in pentagonal channels [105]. The biggest
displacement of 0.106 Å was assigned to Nb(1) in Nb(1)O6 [see Fig. 1.5(a)] and is
comparable to atomic displacements in displacive-like ferroelectrics, e.g. Nb dis-
placements in NbO6 octahedra of KNbO3 are equal to 0.16 Å [129]. Accordingly,
the macroscopic spontaneous polarization PS is large in all SBN compositions
(0.2− 0.35 C/m2) [99, 127, 128] and is comparable to PS of classical ferroelectrics
[108].

The importance of relative Nb-O displacements was recently confirmed by
first-principles density functional calculations by Olsen et al. [115]. For simplic-
ity, they investigated the limit compositions of SBN, whose tetragonal tungsten
bronze structure is in reality unstable, with all possible vacancy-cation configura-
tions within square and pentagonal channels in a 1× 1× 2 supercell. The results
point to a conventional ferroelectric mechanism in which ferroelectric polariza-
tion arises from off centring of Nb5+ ions in the NbO6 octahedra. The calculated
PS is in good agreement with PS of SBN single crystals and is robust with re-
spect to cation-vacancy disorder, even when the ground state involves significant
octahedral tilting.

From the point of the macroscopic symmetry, the reduction P4/mbm > P4bm
(species No. 49 [5]) allows only ferroelectric domains with opposite polarization
states ±PS along the c axis which are separated by non-ferroelastic 180-degree
DWs. Indeed, SBN single crystals exhibit domains with opposite polarization ori-
entations along the c axis as shown in Fig. 1.8 [63, 124]. The domains are extended
along the c axis and exhibit irregular boundaries [125, 126]. Fig. 1.8 shows that the
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nanoscale domains increase and the boundaries become sharper with decreasing
Sr content. The boundaries of ferroelectric-like (Ba-rich) compositions resemble
usual 180-degree DWs in ferroelectrics [cf. Figs.1.2(b,c) and 1.8(a)]. Despite
the size of domains is strongly Sr dependent, the room-temperature spontaneous
polarization PS is large in all compositions as mentioned above.

Figure 1.8: PFM images of c-cut SBN single crystals with various compositions:
(a) SBN40, (b) SBN50, (c) SBN61, and (d) SBN75. The blue and red colours
correspond to domains with spontaneous polarization oriented up and down rela-
tive to the figure plane, respectively. The yellow contrast corresponds to regions
with negligible piezoresponse (after [62]).

The temperature evolution of domain structures, studied by means of PFM,
shows that the size of domains remains constant below TC [63]. Above TC the
domains fractalize and their size decreases rapidly. In SBN61 the fractalized
domains were observed up to TC + 15 K and their shape and location did not
change substantially during several consecutive scans, i.e. they were static on the
experimental time scale (≈ 103 s).

1.3.3 Relaxational and lattice dynamics

The only polar excitations, which can drive phase changes in SBN, are those
that are polarized along the unique c axis. Assuming an ideal filled tetragonal
tungsten bronze structure with point group symmetry of 4/mmm and 4mm,
the factor group analysis gives 18 A-symmetry IR or Raman active optic modes
polarizaed along the tetragonal axis from all 138 normal Brillouin zone centre
modes [130, 136]. All 18 modes are IR and Raman active in the ferroelectric
4mm phase, whereas 8 and 10 modes are IR and Raman active in the paraelectric
4/mmm phase, respectively. Thus, all these modes are candidates for a soft mode
in SBN.

However, Raman and IR spectra of SBN single crystals exhibit broad bands
with complicated spectral shapes, which makes deconvolution of all A modes
difficult [131–137]. In addition to that they change smoothly from the paralectric
to the lowest relaxor (ferroelectric) states, including the ferroelectric-like (Ba-
rich) compositions. Fig.1.9 shows typical Raman spectra of A modes in SBN. In
particular, the spectra of a SBN35 single crystal which were taken upon cooling
from 800 K to 80 K [136]. The two dominant bands at 270 and 650 cm−1 are
largely determined by Nb-O vibrations, similarly as in other tungsten-bronze and
perovskite ferroelectrics with oxygen octahedra [113, 130]. On the contrary, the
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low-frequency bands (< 150 cm−1) are sensitive to the Sr content [135]. The most
pronounced changes with temperature are observed in the intensities of the two
dominant bands, whose increase with decreasing temperature shows changes in
slope in the type I and II relaxor states in SBN61 [133, 134] and near TC in SBN35
and SBN61 [133, 134, 136]. Regarding the frequency change, the spectra show
no clear mode which would soften to TC. Only one clear slightly temperature-
dependent mode at about 100 cm−1, marked by the arrow in Fig. 1.9, is observed
in all compositions [131–134] and also in IR spectra [136, 137]. Nevertheless, the
dielectric contribution of all (IR) A modes to the c-axis permittivity is small (see
solid circles in Fig. 1.7) [136, 137].

Figure 1.9: Temperature dependence of the Raman spectra of SBN35 in the
x(zz)x̄ geometry showing the A modes. The spectra are divided by the Bose-
Einstein factor. Let us remind that 1 cm−1 .

= 30 GHz
.
= 0.13 meV (after [136]).

Similarly as in perovskite relaxor ferroelectrics, the main contribution to per-
mittivity occurs in the sub-THz frequency range. The complex dielectric function
was investigated in a broad frequency and temperature ranges only in SBN61
[137]. Its c-axis dielectric function shows two relaxations which appear at about
T ∗ ≈ 450 K at 1 GHz and 1 THz (see arrows in Fig. 1.10). The whole response
of both relaxations was well described by two independent Cole-Cole relaxations
in Eq. 1.10 (the solid lines in Fig. 1.10). It is worth stressing that another strong
peak at 1 kHz in the 450-K dielectric function refers to conductivity which dis-
appears at lower temperatures. The first relaxation (called Cole-Cole or VF re-
laxation here) is strongly temperature dependent. Its mean relaxation frequency
ν1 obeys the VF relationship in Eq. 1.8 down to TC = 346 K, giving Tf = 330 K.
Its strength ∆χ peaks near TC in the MHz range. The shape index α increases
from 0.1 at 450 K to 0.7 at 150 K, i.e. the spectrum of relaxation times broad-
ens with decreasing temperature (see Cole-Cole parameters in Fig. 2.20 or in
Fig. 10 of Ref. [137]). On the contrary the other relaxation (called Debye or cen-
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tral mode here) is not affected by the spontaneous transition to the ferroelectric
state. Fig. 1.10 shows that its mean relaxation frequency ν2 is almost tempera-
ture independent in the vicinity of TC and gradually decreases well below TC. Its
strength decreases with decreasing temperature and its spectrum of relaxation
times remains narrow (Debye-like). Thus, critical order parameter fluctuations
near TC are described by the dielectric Cole-Cole relaxation which gives rise to
the VF feature in Fig. 1.7. For the sake of direct comparison, the mean relaxation
frequencies of both relaxations are plotted together with characteristic tempera-
tures in Fig. 4.3(a). Both relaxations were assigned to dynamics of polar clusters
and dynamic disorder of Sr and Ba atoms inside the pentagonal channels [137].
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Figure 1.10: The c-axis dielectric function of a SBN61 single crystal at various
temperatures. Note the logarithmic scales (after [137]).

The critical order parameter fluctuations (OPF) were also investigated using
neutron scattering [138–141]. They produce a strong anisotropic transverse dif-
fuse scattering in the vicinity of 00l (l 6= 0) Bragg reflections. However, the OPF
component is only one of three components which were found in this transverse
diffuse scattering:

1. OPF component: It peaks near TC, exhibits a temperature dependence
similar to the dielectric permittivity above TC, and its Lorentzian-like profile
in momentum space suggests nanoscale lattice modulations with a trans-
verse correlation length of about 5 − 10 unit cells (60 − 120 Å). This com-
ponent has been reported as elastic within the resolution limits of the cor-
responding neutron three-axis spectrometer experiments, i.e. characteristic
frequencies of OPF less than 100 GHz [138–140].

2. QES component: Apart from the OPF component, a very weak energy-
resolved quasielastic scattering (QES) was found in SBN61 above TC with
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characteristic frequencies of about 0.5 meV (≈ 0.24 THz) [140, 141]. It does
not exhibit any regular dependence in momentum space near Bragg reflec-
tion and its intensity gradually diminishes with decreasing temperature.

3. DW component: The last component dominates below TC, is elastic
within the instrumental resolution of three-axis spectrometer experiments,
is narrower in the momentum space than the OPF component, and can
be effectively suppressed by an external bias electric field [138, 139]. Ac-
cordingly, it was assigned to scattering from static ferroelectric domain
structure. Its momentum profile was well described by a simple model for
scattering from 180-degree DWs, suggesting sharp DWs with thickness of
about one a lattice parameter (≈ 8 − 14 Å) [138, 140, 141].

26



2. Neutron scattering studies

In order to investigate dynamics of nanoscale polar inhomogeneities and low-
frequency phonons in relaxor ferroelectrics, most of the experimental results have
been obtained with neutron spectroscopy techniques which allow to study such
time- and space-correlation phenomena of atoms in condensed matter.

The first part of this chapter is devoted to an introduction to nuclear neutron
scattering from an ideal and relaxor ferroelectric single crystals (see Section 2.1).
The following neutron instrumentation part is mainly focused on principles of
three-axis spectroscopy (TAS) and backscattering spectroscopy (BS) techniques
with which most of experiments were performed (see Section 2.2). The last Sec-
tion 2.3 summarises our main results on SBN single crystals obtained on TAS
and BS instruments at the Institut Laue-Langevin (ILL), Grenoble and at the
Laboratoire Léon Brillouin (LLB), Saclay (both France).

2.1 Nuclear neutron scattering

In neutron scattering dual nature of neutrons as either a particle or a wave is
exploited. One of the main advantages is that the de Broglie wavelength λ of
slow enough neutrons (≤ eV) is comparable to interatomic distances in solids,
which allows their diffraction. Moreover, the energy of such a slow neutrons is
similar to the energy of lattice vibrations and of other excitations in condensed
matter so that their mutual interaction in the scattering process enables to study
the microscopic nature of these excitations.

Neutrons interact with nuclei and/or with magnetic fields created by inter-
nal magnetic moments. In this work, we will deal with non-magnetic materials,
therefore magnetic interaction will be excluded by neglecting the neutron mag-
netic moment. The interaction of neutrons with a nucleus is strong, however,
over a very short distance on the length scale of the neutron wavelength. As a
result, the neutrons penetrate quite well through matter and cause only a weak
perturbation to the scattering system. Hence the interaction can be described
adequately by the perturbation theory and by the linear response theory. Before
going to final results of these theories as described in Refs. [144–147], let us define
a probe, a target, their interaction, and the scattering process itself.

Probe: In this section we assume an ideally monochromatic and collimated
incident neutron beam which can be treated as a set of free neutrons with a
velocity vi and a mass mn or as a planar wave |ki〉 = eikir, where ki is the
wavevector with an absolute value |ki| = ki = 2π

λi
. Then, the energy Ei and the

momentum pi of incident neutrons are given by

Ei =
1

2
mn|vi|2 =

~
2k2i

2mn

, pi = mnvi = ~ki. (2.1)

Target: We consider a condensed-matter system of an ensemble of N atoms
in the adiabatic approximation so that nuclei can be treated separately from
the electron part and coordinates of atoms and nuclei coincide. Let the initial
(ground) state |λi〉 of this many-body system have energy Eλi
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Interaction of the probe with the target: The interaction potential of the
system, which is a source of perturbation of the incident beam, is well described
by the Fermi pseudo-potential

V (r) =
2π~2

mn

N∑

j=1

bjδ(r−Rj), (2.2)

where bj is the bound scattering length of the jth nucleus at position Rj. Thus
the potential depends only on scattering-length constants bj. which differs for
each isotope and in general it is a complex quantity. The real part describes
the scattering process and the imaginary part the absorption process which is
dependent on ki. In addition to that the scattering length is in general spin
dependent, since the neutron has spin and the nucleus spin can be non-zero. The
spin-independent part is called coherent scattering length. The spin-dependent
part is proportional to the scalar product of neutron and nucleus spin, multiplied
by a coefficient called incoherent scattering length [150]. The total, coherent, and
incoherent scattering cross section are defined as

σtot = 4πb2, (2.3)

σcoh = 4π
(
b
)2
, (2.4)

σinc = 4π
(
b2 − (b)2

)
, (2.5)

in which the overline symbols denote the statistical average over the neutron and
nuclear spins. If the neutron or the nucleus is unpolarized, the total scattering
cross section is of the form σtot = σcoh + σinc. In general, isotopes and nuclear
spins are distributed randomly within the sample.

Scattered neutrons: The potential in Eq. 2.2 is a source of perturbation of
the incident beam resulting in generation of spherical waves at nucleus positions
Rj. Since the perturbation is weak, the scattered beam can be approximated
by a sum of all the spherical waves created by the unperturbed incident wave
(the Born approximation). Here we consider only the first-order Born approxi-
mation, i.e. neglecting the multiple scattering. Furthermore, the scattered beam
can be approximated by a plane wave |kf〉 = eikfr since the typical distance be-
tween the sample and the detector is much longer than the acceptance size of the
detector (the Fraunhofer approximation). Energy Ef and momentum pf of the
scattered beam with the wavevector kf or the neutron velocity vf are given by
the same Eq. 2.1 as for incident neutrons. Let us stress that by applying the Born
approximation, we restrict ourselves to kinematic theory which, for example, ex-
cludes extinction (important in high-quality single crystals) or total reflection
effects (employed, e.g. in neutron guides). Such phenomena are described in the
framework of dynamical scattering theory.

Scattering process and its classification: In general, the neutron scatter-
ing process is described by the double differential cross section d2σ

dΩdEf
which gives

number of neutrons per second scattered into an element of solid angle dΩ with
energy in the interval of Ef , Ef + dEf normalized to the incident flux and size of
dΩ and dEf . In the Born approximation the double differential cross section is
defined by

d2σ

dΩdEf

=
|kf |
|ki|

( mn

2π~2

)2∑

λi,λf

pλi
|〈kf , λf |V |ki, λi〉|2δ(Ei − Ef + Eλi

− Eλf
), (2.6)
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where |λi〉 and |λf〉 stand for initial and final states of the sample with energy
Eλi

and Eλf
, respectively, pλi

is thermal population factor of the initial state,
giving the probability that the sample at temperature T is in the state λi via the
Boltzmann distribution, and V is an operator of the Fermi pseudo-potential in
Eq. 2.2.

The scattering process must obey energy and momentum conservation laws

Ei + Eλi
= Ef + Eλf

(2.7)

~ki = ~kf − ~Q, (2.8)

where ~Q is the neutron momentum transfer and Q is called scattering vector,
whose magnitude is given by

Q =
√
k2i + k2f − 2kikf cos(2θ), (2.9)

with 2θ called the scattering angle (see Fig. 2.1). The energy conservation law
in Eq. 2.7 is expressed by the δ-function in Eq. 2.6, defining the neutron energy
transfer

∆E = Ei − Ef = Eλf
− Eλi

:= ~ω. (2.10)

Here ω is an angular frequency corresponding to the transferred energy. If the
neutron energy transfer ∆E = ~ω equals to zero, no energy is exchanged with
the sample and the scattering process is elastic (ki = kf from Eqs. 2.1 and 2.10).
If ∆E 6= 0, the scattering process is inelastic (ki 6= kf) and two cases can be
distinguished: ∆E > 0 refers to sample-energy gain (neutron-energy loss; down-
scattering) and ∆E < 0 stands for sample-energy loss (neutron-energy gain;
up-scattering).

Scattering function S(Q, ω): By eliminating the sum over the final states
λf in Eq. 2.6 and introducing a Fourier transform in time, the basic formula for
nuclear scattering from any scattering system is given by

d2σ

dΩdEf

=
kf
ki
S(Q, ω), (2.11)

where S(Q, ω) is called scattering function which is a four-dimensional function
of the scattering vector Q and the frequency ω of the energy transfer (see Eqs. 2.8
and 2.10) and which is defined by

S(Q, ω) =
1

2π~

N∑

j,j′=1

bjb
∗
j′

∫ ∞

−∞

dt
〈
e−iQ·Rj′ (0)eiQ·Rj(t)

〉
T

e−iωt, (2.12)

where Rj(t) is the position (operator) of the jth nucleus/atom and <>T stands
for thermal average at temperature T . Apart from the nuclear scattering lengths
bj, which include information about interaction between neutrons and the target,
the scattering function S(Q, ω) is a function of the sample only, i.e. it depends
only on the positions and motions of the scatterers.

In order to explain the physical meaning of the scattering function in Eq. 2.12,
let us assume, for simplicity, a monoatomic sample with the scattering length b.
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Then the scattering function S(Q, ω) can be written as a double Fourier transform
of the time-dependent pair distribution function G(r, t) in space and time

S(Q, ω) =
σtot
4π

1

2π~

∫ ∞

−∞

dte−iωt

∫

V

drG(r, t)eiQ·r, (2.13)

where σtot is the total scattering cross section and G(r, t) is defined by

G(r, t) =
1

N

∑

j,j′

∫

V

dr′ 〈 ρ(r′, 0) ρ (r′ + r, t) 〉 , (2.14)

using the particle density operator ρ(r, t) which is given by

ρ(r, t) =
∑

j

δ (r−Rj(t)) . (2.15)

It means that G(r, t) gives a correlation between the atom j′ at time t = 0 at
the position r′ and the atom j at a later time t at another position r′ + r. Thus,
the scattering function contains information about the probability of having two
atoms j and j′ in a well defined spatial and time correlation. If j = j′, G(r, t)
simplifies to

Gs(r, t) =
1

N

∑

j

∫

V

dr 〈 ρ(r, 0) ρ (r, t) 〉 . (2.16)

and describes the self-correlation of the jth atom at different times. Therefore it
is convenient to define coherent and incoherent scattering functions

Scoh(Q, ω) =
σcoh
4π

1

2π~

∫ ∞

−∞

dte−iωt

∫

V

drG(r, t)eiQ·r, (2.17)

Sinc(Q, ω) =
σinc
4π

1

2π~

∫ ∞

−∞

dte−iωt

∫

V

drGs(r, t)e
iQ·r, (2.18)

where σcoh and σinc are coherent and incoherent neutron cross sections in Eqs. 2.4
and 2.5, respectively. The coherent scattering function depends on the average
scattering length of all nuclei and gives information about the correlations be-
tween all positions of nuclei at different times. Whereas the incoherent scattering
function is given by the deviation from the average of the scattering lengths and is
related to the self-correlation function Gs. Therefore it only contains information
on the correlation of the same nucleus/atom with itself at different times. The
coherent scattering is stronger in isotropically pure crystals and when nuclei have
zero spins. On the other hand, if nuclei can exist in several isotopic states and/or
have non-zero spins, they scatter more independently.

2.1.1 Nuclear neutron scattering from single crystals

In the following we focus on well-ordered materials, like single crystals, whose
atoms are strongly correlated. By assuming harmonic motion of atoms around
their equilibrium positions, we will show that the scattering function in Eq. 2.12
can be split into elastic and inelastic parts, giving information on the equilibrium
crystal structure and on phonons, respectively.
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The equilibrium atomic positions in a crystal structure define a lattice and a
basis. The lattice of a commensurate single crystal is defined by

l = l1a + l2b + l3c, (2.19)

where a, b, c are unit cell vectors and l1, l2, l3 ∈ Z. Number of unit cells is equal
to Nl = l1l2l3. Each of the Nd atoms of the basis is defined within the unit cell
of the lattice by d. The actual position of the dth atom in the lth unit cell can
be written as

Rld(t) = R0
ld + uld(t), (2.20)

where R0
ld = l + d is the equilibrium position of the atom and uld(t) is the

displacement from its equilibrium. Then, the correlation function in Eq. 2.12 can
be written as a product of two parts

〈
e−iQ·Rl′d′ (0)eiQ·Rld(t)

〉
T

= eiQ·(l−l′+d−d′)
〈
e−iQ·ul′d′ (0)eiQ·uld(t)

〉
T
. (2.21)

The first one depends on space correlations of the (static) crystal structure and
the latter one gives time and space correlations between displacements.

Harmonic approximation: In the theory of crystal lattice vibrations, uld(t)
is used to describe the motion of an atom around its equilibrium by obeying the
classical equation of motion

mdüα,ld = −∂Epot

∂uα,ld
≈ −1

2

∑

β,l′,d′

(
∂2Epot

∂uα,ld∂uβ,l′d′

)
uβ,l′d′ , (2.22)

with uα,ld the displacement of the dth atom with the mass md in the lth unit
cell in the cartesian α direction. The force acting on the ld atom is defined
via a derivative of the potential energy of the crystal Epot with respect to uα,ld.
Assuming small displacements in comparison with interatomic distances, the po-
tential energy can be expanded as a power series in the displacements and only
the quadratic terms are retained in the harmonic approximation (see Eq. 2.22).
The solution of the set of N = NdNl equations in 2.22 is a linear combination
of displacements of 3Nd independent collective normal modes which in a quan-
tum mechanical description are quantized and each quantum of a normal mode
is known as a phonon (3 acoustic and 3Nd − 3 optic phonons). Then

uld(t) =

√
~

2mdNl

Nl∑

q=1

3Nd∑

j=1

1√
ωj(q)

[
ej(q)aj(q)ei(q·l−ωj(q)t) + c.c.

]
, (2.23)

where ωj(q) is the angular frequency of the jth mode with wavevector q of the
first Brillouin zone (BZ), ej(q) is its polarization vector, md is the mass of the
dth atom and aj(q) is the annihilation Heisenberg operator for the jth mode (its
conjugate is the creation operator).

In the harmonic approximation the displacement part in Eq. 2.21 can be sep-
arated into time-dependent and time-independent parts

〈
e−iQ·ul′d′ (0)eiQ·uld(t)

〉
T

= e−Wld(Q)e−Wl′d′ (Q)e〈[Q·ul′d′ (0)][Q·uld(t)]〉T . (2.24)
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The time-independent part depends on the Debye-Waller function Wld defined as

Wld(Q) =
1

2

〈
(Q · uld)

2
〉
T

=
~

4mdNl

∑

q,j

(Q · ej)2
ωj

coth

(
1

2

~ωj

kBT

)
. (2.25)

Hence the Debye-Waller factor e−Wld(Q) decreases with increasing |Q| and tem-
perature because of thermally enhanced mean square displacements. The main
advantage of the harmonic approximation is that it enables an expansion of the
last time-dependent exponential term in Eq. 2.24

e〈[Q·ul′d′ (0)][Q·uld(t)]〉T ≈
∞∑

n=0

1

n!
〈[Q · ul′d′(0)][Q · uld(t)]〉nT , (2.26)

which in general contains n-phonon processes. Let us focus on the first two terms
of the expansion.

Coherent elastic scattering (n = 0): By inserting the first term in Eq. 2.26
into Eqs. 2.12, 2.21, and 2.24, we obtain elastic scattering, whose coherent part
equals to

Selast
coh (Q, ω) = Nl

(2π)3

v0
|F (Q)|2

∑

G

δ(Q−G)δ(~ω). (2.27)

with v0 the unit cell volume and G a reciprocal lattice vector defined by

G = ha∗ + kb∗ + lc∗, (2.28)

where h, k, l ∈ Z are Miller indexes and a∗, b∗, c∗ are unit cell vectors of the
reciprocal lattice given by

a∗ = 2π
b× c

a · (b× c)
,b∗ = 2π

c× a

b · (c× a)
, c∗ = 2π

a× b

c · (a× b)
, (2.29)

defined via unit cell vectors a, b, c of the direct lattice l in Eq. 2.19. The modu-
lation factor F (Q) in Eq. 2.27 is called elastic structure factor which equals to

F (Q) =
∑

d

bde
−Wd(Q)eiQ·d. (2.30)

The δ-functions in Eq. 2.27 give following conditions for elastic scattering

Q = G, (2.31)

~ω = 0, (2.32)

i.e. k = ki = kf . These conditions give the famous Bragg’s law defined as

2dhkl sin(θB) = λ or 2k sin(θB) = G, (2.33)

where λ = 2π/k is the wavelength of incident and scattered neutron beams, dhkl =
2π/G is the distance between (hkl) crystallographic planes, and θB is the Bragg
angle. This elastic scattering at Q = G is called Bragg scattering (diffraction),
giving the hkl Bragg reflection at Q. The principle of the Bragg scattering in
direct and reciprocal space is shown in Fig. 2.1(a,b). In reciprocal space the
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Figure 2.1: Schematic representation of the Bragg scattering by (110) crystallo-
graphic planes of an orthorhombic single crystal: (a) Constructive interference
of scattered neutrons on the (110) planes, having distance d110 in direct space.
The blue thick solid lines stress the path difference which gives the Bragg’s law
in Eq. 2.33; (b) Bragg scattering in reciprocal space, represented by a scattering
triangle (shaded area) with the scattering vector Q pointing to G of the (110)
planes. The constructive interference at Q = G = (1, 1, 0) is called the 110
Bragg reflection. The direct l and reciprocal G orthorhombic lattices are defined
in Eqs. 2.19 and 2.28, respectively.

conditions of elastic scattering are represented by the so-called scattering triangle
which is unambiguously defined by the neutron wavevector k = ki = kf and the
scattering angle 2θ = 2θB [see Fig. 2.1(b)].

One-phonon coherent scattering (n = 1): The second term in Eq. 2.26
results in the one-phonon scattering function, whose coherent part describes in-
elastic neutron scattering (INS) in which one phonon is created or annihilated

S1−ph
coh (Q, ω) =

(2π)3

2v0

∑

G

∑

q,j

|Fj(Q,q)|2
ωj(q)

×
[(
nBE(ωj(q)) + 1

)
δ(ω − ωj(q)) δ(Q− q−G)

+ nBE(ωj(q)) δ(ω + ωj(q)) δ(Q + q−G)
]
, (2.34)

where Fj(Q,q) is the inelastic structure factor

Fj(Q,q) =
∑

d

bd√
md

e−Wd(Q)eiQ·d
(
Q · ej(q)

)
. (2.35)

and nBE(ωj) is the Bose-Einstein occupation factor of the jth mode with frequency
ωj in thermal equilibrium at temperature T

nBE(ωj) =
1

e
~ωj

kBT − 1
, (2.36)
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where kB is the Boltzmann constant.
The δ-functions in Eq. 2.34 impose conditions for one-phonon scattering

Q = G± q, (2.37)

~ω = ±~ωj. (2.38)

The plus and minus symbols in Eq. 2.38 refer to the one-phonon annihilation or
creation with frequency ±ωj, respectively. The mode wavevector q is also called
reduced scattering vector, because it points from the nearest BZ centre with the
reciprocal lattice vector G = Q∓ q (see Fig. 2.2).

Figure 2.2: Examples of scattering triangles for the one-phonon scattering in
the (200) BZ of an orthorhombic single crystal. The reduced scattering vector q
refers to the phonon wavevector q of (a) longitudinal (q||e) and (b) transverse
(q⊥e) phonons, having polarization e parallel to the [100] direction.

Let us emphasize that the inelastic structure factor in Eq. 2.35 depends on
the scalar product of Q and ej which defines the selection rule for one-phonon
scattering: phonons with polarization e parallel to Q contribute strongly to the
structure factor, whereas phonons polarized perpendicular to Q are not seen. In
the case of phonons with e||Q, the one-phonon scattering is given by a longitu-
dinal phonon (e||q) if the phonon propagation wavevector q is parallel to Q or
by a transverse phonon (e⊥q) if q is perpendicular to Q. If q is neither per-
pendicular nor parallel to Q, the structure factor of the one-phonon scattering
will be a mixture of two or more phonons, depending on the crystal structure.
Thus, in practice, phonons are usually strictly measured either in parallel- or
transverse-like orientations of q and Q (see Fig. 2.2). By tracking not only q but
also neutron energy transfer ∆E = ~ω ≈ k2i − k2f (see Eqs. 2.1 and 2.10), one can
obtain the phonon dispersion ωj(q) of the jth mode from Eqs. 2.37 and 2.38.

General properties of S(Q, ω): The mutual relation between neutron
energy-gain and energy-loss processes are expressed by the principal of detailed
balance

S(−Q,−ω) = e
−~ω
kBT S(Q, ω), (2.39)
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revealing that the scattering function is asymmetric in terms of the frequency
ω and that the neutron-energy-gain process ω < 0 is less favourable than the
neutron-energy-loss process ω > 0. It means that Eq. 2.39 expresses the basic
spectroscopic feature that the phonon creation (Stokes) process is more probable
than the annihilation (anti-Stokes) one, especially at very low temperatures when
the crystal is close to its ground state. At high temperatures when kBT ≫ ~ω, the
exponential factor tends towards 1 and the processes become equally probable,
i.e. spectra of anti-Stokes (ω < 0) and Stokes (ω > 0) sides become more and
more symmetric with increasing temperature.

Another way to obtain S(Q, ω) of any system is to employ linear response
theory [145]. In the case of nuclear neutron scattering, the perturbation of the
system is created via the interaction of the neutron wave with the Fermi pseudo-
potential (see Eq. 2.2). This interaction induces a perturbation in the atomic
density ρ(r, t) which propagates throughout the system. The perturbation is
supposed to be switched in adiabatically. The reaction of the system to the
perturbation is described by a time-dependent response function which obeys
the causality condition and whose a Laplace transform defines the generalized
susceptibility of the sample (see more in Ref. [145]). Then, the scattering function
S(Q, ω), as a physical quantity that relates to the equilibrium state of the system,
is associated with the generalized susceptibility via the fluctuation-dissipation
theorem

S(Q, ω) =
1

π

(
nBE(ω) + 1

)
χ′′(Q, ω), (2.40)

where χ′′(Q, ω) is the imaginary part of the generalized susceptibility which is
related to a neutron-induced perturbation of the atomic density ρ(r, t) and its
propagation throughout the system. The main advantage of Eq. 2.40 is that
the trivial temperature dependence of the Bose-Einstein factor nBE has been
removed. The remaining temperature dependence of χ′′(Q, ω) is often more useful
for understanding fundamental physics of the investigated system. For example,
in the case of the one-phonon coherent scattering function of phonon creation in
Eq. 2.34, the imaginary part of the generalized susceptibility is proportional to

χ′′(Q, ω) ∝
∑

G

∑

q,j

|Fj(Q,q)|2
ωj

[δ(ω − ωj) δ(Q− q−G)]. (2.41)

2.1.2 Nuclear neutron scattering from relaxor ferroelec-
tric single crystals

As defined in Section 1.2, relaxor ferroelectrics are compositionally disordered sys-
tems with spatio-temporal polarization correlations. It means that their transla-
tional symmetry is instantaneously or permanently broken and thus the lattice
unit cells differ. For this reason, the formalism in Subsection 2.1.1 can be used
only for the average crystallographic structure. Any deviations from the average
structure then give rise the diffuse scattering (DS) [151]. The sources of DS in
relaxor ferroelectrics are mainly correlated displacements (e.g. PNR, ferroelec-
tric nanodomains, and DW-like interfaces) and chemical disorder (e.g. chemical
short-range order and vacancies). Let us stress that phonons are correlated dis-
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placements of atoms which cause deviations from the average structure. In this
sense phonon scattering is frequently regarded as DS (called thermal DS).

In this work we concentrate on effects related to the polar character of relaxor
ferroelectrics which are associated with “concerted shifts” of atoms producing so-
called displacive DS. The general description of the displacive DS follows directly
from Eqs. 2.12 and 2.21:

S(Q, ω) ∝
∑

j,j′

bjb
∗
j′e

iQ·(Rj−Rj′)

∫ ∞

−∞

dt

〈
e−iQ·

(
uj′ (0)−uj(t)

)〉

T

e−iωt, (2.42)

where uj is the displacement of the jth atom from its lattice site at location Rj

of the averaged structure. In general, Rj does not coincide with the equilibrium
position of the jth atom and that the time-averaged uj can be nonzero. The
above equation shows that the displacive DS appears if Q ·

(
uj′(0) − uj(t)

)
6= 0.

Thorough understanding of the atomistic origin of the neutron DS relies on
real-space simulations, e.g. Monte Carlo or molecular dynamics [97]. This allows
one to calculate the scattering function in Eq. 2.12 or 2.42 directly from atomic
positions, to compare it to experimental data, and finally, to relate its intensity
modulation to real space correlations. However, for a successful simulation of the
neutron scattering, it is essential to describe the structure and atomic interactions
in such a way that they are able to represent physical properties of the system,
e.g. shell model or first-principles-based effective Hamiltonian approaches [46, 48].
In complex structures, like the unfilled tungsten bronze structure of SBN, these
methods have not been employed yet.

In practice, two limit approaches are used to handle S(Q, ω) of relaxor ferro-
electrics. The first one deals with elastic or frequency-integrated neutron scatter-
ing S(Q) to get rid of the frequency-dependent part in Eq. 2.42. The other one
employs the fluctuation-dissipation theorem in Eq. 2.40 to describe S(Q0, ω) at a
given Q0:

1. Elastic or frequency-integrated neutron diffuse scattering: In the
type III relaxor state (T < Tf ) or below TC, correlated displacements com-
ing from polarization inhomogeneities are assumed to be frozen. For static
displacements Eq. 2.42 simplifies to

S(Q) ∝
∑

j,j′

bjb
∗
j′e

iQ·(Rj−Rj′)e−iQ·(uj′−uj). (2.43)

The second exponential term can be expanded for small displacements as in
Eq. 2.26. Then, the first term of the expansion gives the scattering from the
average structure and the second term is similar to one-phonon scattering.
To get insight into the displacive DS, it is therefore illustrative to imagine
the frozen polarization inhomogeneities and their correlated displacements
as a frozen TO phonon. Since its “propagating vector” q is perpendicular to
atom displacements uj, the displacive DS appears in the transverse direction
to Q and is running through the BZ centre Q = G of the average structure.
This transverse DS usually peaks at the BZ centre but it is much weaker
and broader than the Bragg reflection. Its shape as a function of reduced
wavevector q is usually well described with a Lorentzian profile

S(q) =
S0

1 + (2q/γ)2
, (2.44)
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where S0 is the amplitude at q = 0 and γ is the full width at half maximum
(FWHM) whose reciprocal value gives the (average) correlation length ξ =
1/γ in real space.

In the type I and II relaxor states (Tf < T < Td) the local glassy-like po-
larization is assumed to transform gradually from dynamic to static nature.
The corresponding frequency-integrated transverse DS as a function of q is
usually well described with Lorentzian-like functions. The profiles of static
and dynamic components usually merge.

2. Inelastic and quasielastic neutron diffuse scattering: The motion
of atoms around their equilibria in real crystals is in fact anharmonic and
therefore it is necessary to retain not only quadratic but also higher order
terms in the expansion of the potential energy in powers of displacements
uld (see Eq. 2.22 in the harmonic approximation) [152]. Then, the equation
of motion leads in general to a complex solution in which the harmonic (nor-
mal) modes are coupled. For example, when an expansion of the potential
energy up to the quartic terms is considered [154], the δ-functions of the
one-phonon scattering function in Eq. 2.34 are replaced by imaginary part
of the DHO whose both frequency and damping are q- and temperature-
dependent parameters [154, 155]. Thus, the anharmonic terms cause in
general that δ-function peaks of the originally harmonic modes shift in the
frequency and broaden. Ferroelectricity is indeed understood in terms of
anharmonic interactions between the normal modes of vibration [153] whose
scattering functions at a given Q0 can be well described by

S(Q0, ω) = K(Q0)
(
nBE(ω) + 1

)
χ′′(ω), (2.45)

where K(Q0) ∝ |F (Q0)|2 is proportional to square of the inelastic structure
factor F (Q) in Eq. 2.35 of the average crystallographic structure, nBE(ω) is
the Bose-Einstein factor, and χ′′(ω) is the imaginary part of the generalized
susceptibility in Eq. 2.40.

In many cases χ′′(ω) is well described by one DHO (see Eq. 1.4). If the DHO
is overdamped (Γ > 2ω0), one has to be aware that the mode frequency ω0

is not well defined since Γ and ω0 are correlated parameters. The position
of the χ′′ peak corresponds rather to ω2

0/Γ. In particular, the strongly over-
damped DHO (Γ ≫ 2ω0) merges into the Debye relaxation, with relaxation
frequency equal to ωR = ω2

0/Γ. The corresponding S(Q0, ω) is centred at
∆E = ~ω = 0, having FWHM of 2ωR. This scattering is called quasielastic
scattering (QES). Typical examples of overdamped modes are SMs near TC
in ferroelectrics [156] and low-frequency excitations in relaxor states of re-
laxor ferroelectrics [72]. It is worth stressing that the strongly overdamped
(relaxational-like) character can be only an apparent effect if the instru-
mental energy resolution becomes comparable to the mode characteristic
frequency (energy).

In some cases it is not enough to model S(Q, ω) of low-frequency excitations
with independent DHOs due to, e.g. partly overlapping and asymmetric
peaks. Then, a mode-coupling model for χ′′ in Eq. 2.45 is necessary to
fit experimental data. The typical example is a coupling of the SM TO
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phonon with the TA phonon in (relaxor) ferroelectrics with the pseudo-
cubic perovskite structure [157–159].
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2.2 Neutron scattering instrumentation

This section is mostly devoted to neutron TAS and high-resolution BS techniques
which allow to measure neutron scattering at specific (Q, ω) via a precise control
of incident ki and scattered kf neutron wavevectors as follows from conservation
laws in Eqs. 2.7 and 2.8

Q = kf − ki, (2.46)

∆E = ~ω = const(k2i − k2f ). (2.47)

Both techniques use Bragg scattering on crystal monochromotators and analy-
sers to define ki and kf , respectively. TAS instruments offer extreme flexibility in
satisfying the above conditions by closing the scattering triangle (see in Figs. 2.1
and 2.2 for elastic and inelastic scattering, respectively). The BS instrument is
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Figure 2.3: (Q, ω) range of main INS techniques: TAS - three-axis spectroscopy,
BS - backscattering spectroscopy, TOF - time-of-flight, and NSE - neutron spin
echo. The lowest accessible energy and momentum transfers are limited by the
instrumental resolution. Limits were estimated from [147].

basically an extreme TAS configuration which exploits the backscattering Bragg
diffraction on both monochromator and analyser to achieve the µeV energy reso-
lution. The dynamic range of TAS and BS is complementary as shown in Fig. 2.3
and covers a wide energy range 0.001 − 500 meV. Thus these techniques are con-
venient for investigation of relaxational and soft-mode dynamics in relaxor ferro-
electric single crystals.

In the previous Section 2.1, we assumed an ideally collimated and monochro-
matic beam which is just an abstraction. As we will see below, neutron sources
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emit neutrons in random time and directions, having a distribution of wavevec-
tors. Thus, the neutron beam has fundamentally a spread of wvaevectors in both
size and direction, which has important consequences for neutron scattering.

In the beginning of this section, main characteristics of secondary neutron
sources, used by TAS and BS, are described. Subsequently, the section deals
with crystal monochromators and anaylsers which are used in both TAS and BS.
Finally, principles of TAS and BS spectrometers, their resolution, and neutron
scattering measurements are explained.

2.2.1 Neutron sources

In this subsection we focus on fission reactors, e.g. at the ILL and the LLB,
which produce a continuous flux of neutrons with a characteristic energy of about
2 MeV per neutron [161]. In order to use neutrons as a probe of condensed
matter, their kinetic energy has to be decreased about nine orders of magnitude
to the meV range, giving de Broglie wavelength of inter-atomic distances. These
low-energy neutrons are obtained by a moderation process, which consists in
inelastic scattering of neutrons on light atoms, like liquid D2O, graphite, etc.
(called moderators). The moderation process takes about 0.01 ms after which
neutrons are in thermal equilibrium with the moderator. Moderators are called
secondary neutron sources which are classified according to temperature of the
moderator. Tab. 2.1 summarises the classification and main characteristics of
slow neutrons. The kinetic energy of neutrons ET in Tab. 2.1 was calculated

Table 2.1: Classification and characteristics of slow neutrons emit-
ted by secondary neutron sources at the ILL. T is the moderator
temperature [161], ET is the kinetic energy of a free neutron at T ,
kT is its neutron wavevector, and λT its wavelength.

Neutrons Moderator Neutron characteristics

Material T (K) ET (meV) kT (Å−1) λT (Å)
cold liquid D2 25 3.2 1.25 5.03
thermal liquid D2O 300 38.8 4.33 1.45
hot graphite 2400 310.2 12.23 0.51

from the equipartition theorem for a free particle: ET = 3
2
kBT , where kB is

the Boltzmann constant and T is temperature of the moderator. The neutron
wavevector kT and wavelength λT were then calculated from Eq. 2.1. Moderated
neutrons have ideally a Maxwell-Boltzmann distribution of wavevectors, imposed
by the thermalization process, with maximum neutron flux peaking at kT (see
Tab. 2.1). Monte Carlo simulations show, however, that the maximum flux cold
and thermal sources at the ILL is the same at about 4.7 Å−1 (see Fig. 2.4) [161].
This wavevector refers to the temperature of water (T = 333 K) in the reactor
vessel. Nevertheless, the point of using cold sources is that it gives about one
order of magnitude higher flux at low wavevectors than thermal sources.

As a matter of principle, thermalized neutrons are emitted in random direction
and time and subsequently have to be guided towards neutron spectrometers. The
transportation is provided by neutron tubes and other neutron-optics elements.
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Figure 2.4: Neutron flux at the sample position as a function of neutron wavevec-
tor ki as measured on TAS instruments at the ILL with PG(002) and Si(111)
monochromators [160] and Monte Carlo simulations of H5 cold and H10 thermal
secondary neutron sources of IN14 and IN8 TAS instruments at the ILL, re-
spectively [161]. The vertical dashed lines refer to the temperature of secondary
neutron sources (see Tab. 2.1).

Neutron tubes are based on total reflection of neutrons from the smooth surface
of the tube material. Since the critical angle of the total reflection θc [◦] ≈ 0.1λ [Å]
is about 0.5◦, the neutron beam leaving the tube is already shaped having natural
horizontal and vertical divergences Θ = 2θc which is typically less than 1◦.The
shape can be tuned by the tube profile and Soller collimators. Other important
parameters of neutron tubes are background and neutron loss. To reduce the
background coming from fast neutrons, the tubes are oriented tangentially to
secondary neutron sources and possibly equipped with filters or wavelength se-
lectors. To minimize the neutron loss, neutron tubes are as short as possible. If
neutrons have to be transported over a long distance, neutron guides are used.
They are pumped to vacuum and their inner walls are nowadays made from su-
permirrors which are depth-graded multilayers using total reflection from inner
layers. The typical loss of neutrons is less than 2 % per 10 m [146].

2.2.2 Neutron crystal monochromators and analysers

The Bragg scattering (diffraction) on single crystals is used to either select a
monochromatic neutron beam from a “white” secondary neutron source before
entering a sample as a neutron probe (called monochromator or primary spec-
trometer) or to analyse a neutron beam scattered from the sample (called analyser
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or secondary spectrometer). Monochromators and analysers are therefore key
neutron-optics elements of TAS and BS instruments which define incident ki and
scattered kf neutron wavevectors and so control the scattering vector Q = kf −ki

and the neutron energy transfer ∆E = ~ω ∝ k2i − k2f (see Eqs. 2.46 and 2.47).
For desired ki or neutron energy Ei, the Bragg scattering on (hkl) planes of

a crystal imposes constraints upon the dhkl-spacing and the corresponding Bragg
angle θB (see Eq. 2.33). Thus, the chosen dhkl determines the size of θB which,
however, affects the energy width (spread) ∆Ei of the “monochromatic” beam as
follows from the differential of the Bragg’s law:

1

2

∆Ei

Ei

=
∆ki
ki

= cot(θB)∆θB +
∆dhkl
dhkl

. (2.48)

According to the first term a monochromator (analyser) crystal has the smallest
energy spread ∆Ei/Ei and simultaneously diffracts the best monochomatic beam
(the smallest ∆ki/ki) for a given incident ki when dhkl is chosen in such a way
that the monochromator (analyser) Bragg angle θB is closest to 90◦ as possible
(backscattering diffraction). The second term in Eq. 2.48 stands for that the
crystal should be as perfect as possible, i.e. small uncertainty on the Bragg angle
∆θ and a narrow spread in the dhkl-distance.

Perfect crystals: The perfect crystal would actually convert an ideally col-
limated “white” neutron beam into a perfect monochromatic beam at any Bragg
angle. Nevertheless, the intensity of scattered beam would be close to zero since
it is proportional to number of particles which “start together” within a given
k-space volume VM [see black areas in Fig. 2.5] which is zero for the ideally colli-
mated incident beam. In reality, the k-space volume VM is always finite because
the incident neutron beam has fundamentally a divergence. The divergence Θ of
the incident beam leads to longitudinal and lateral spreads ∆ki of the incident
wavevector which is transmitted by the perfect crystal into the outgoing beam
with the same divergence Θ and ∆ki-spread [see the black area in Fig. 2.5(a)].
The related k-space volume VM defines the acceptance for incident neutron beam
and its volume is conserved during the scattering process (see the Liouville’s the-
orem in [145]) even though the shape can change dramatically. In general, VM
depends greatly on the average incident neutron wavevector kI and on the Bragg
angle θB as follows [148, 163]

VM ∝ k3I cot(θB). (2.49)

For θB < 90◦, the divergence makes the main contribution to the energy
spread in Eq. 2.48 as we will see below. By inserting the average energy EI of
incident neutrons in Eq. 2.1 and the Bragg’s law in Eq. 2.33 into Eq. 2.48, the
energy spread coming from the divergence contribution can be approximated by

∆Ei = 2Ei cot(θB)∆θB ≈ 2~

mn

∆θBk
3
I

G
for G < 2kI, (2.50)

with ∆θB = Θ. Let us estimate the energy spread produced by the 111 Bragg re-
flection (d111 =3.135 Å) of a perfect Si single crystal when diffracting the incident
neutron beam with a natural divergence of 1◦. For ki of 1.5 Å−1 and 3 Å−1, which
are typical incident neutron wavevectors used on cold and thermal TAS instru-
ments equipped with Si(111) monochromator and analyser crystals, the energy
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spread in Eq. 2.50 equals to 0.24 meV and 1.95 meV, respectively. These energy
spreads correspond roughly to energy resolutions of the cold and thermal TAS
spectrometers.

In the limit of the backscattering configuration (θB → 90◦), the divergence
contribution ∆ki,div/ki is minimal and is given by [149, 162]

∆ki,div
ki

∣∣∣∣
θB≈90◦

=
Θ2

8
. (2.51)

Thus, the angular divergence contributes only in second order to the energy spread
in the backscattering configuration. The second term ∆dhkl/dhkl in Eq. 2.48 is also
always nonzero and arises from the interaction between the incident and reflected
beams (called primary extinction) which becomes important in the backscattering
configuration. For this reason, to understand the ∆dhkl/dhkl term, the dynamic
scattering theory has to be applied. The dynamic scattering theory shows that

Figure 2.5: Reciprocal space representation of the Bragg scattering of a neutron
beam with the average incident neutron wavevector kI, divergence Θ and related
neutron wavenumber spread ∆ki (see Eq. 2.48) by (a) perfect and (b) mosaic
crystals. The black areas show conservation of the k-space volume before and
after neutron scattering. In the perfect crystal there is also a strong contribution
to ∆ki from the primary extinction effect ∆G/G which is highlighted by the thick
light red solid line in panel (a) (inspired by [148, 149]).

the primary extinction contribution ∆ki,ext/ki = ∆dhkl/dhkl = ∆G/G is nonzero
and equals to the plateau width of the Darwin reflection curve in perfect crystals
[149, 162]

∆ki,ext
ki

∣∣∣∣
θB=90◦

= 16πnl
Fhkl

G2
, (2.52)

where nl is the density of unit cells and Fhkl is the coherent elastic structure
factor at G (see Eq. 2.30). Then, the total energy spread for the backscattering
configuration (2ki = G) on a perfect crystal yields

∆Ei|θB≈90◦ =
~
2G2

4mn

(
Θ2

8
+ 16πnl

Fhkl

G2

)
. (2.53)
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One of the best-quality crystals suitable for crystal backscattering monochroma-
tors and analysers are semiconductors, like Si, Ge, GaAs, etc. due to the precise
semiconductor growth technology and their suitable characteristics for neutron
optics (absorption, coherent scattering length, etc.). The most used material is
Si not only for its availability but also because of its favourable lattice distance
d111 = 3.1354 Å of the 111 Bragg reflection, giving λ = 6.27 Å and k = 1 Å−1 for
θ = 90◦. Moreover, odd-index reflections of its diamond structure are free from
second-harmonic contamination (Fhkl = 0 for h = k = l even). If we assume again
the beam angular divergence Θ = 0.017 rad (1◦), the first term in Eq. 2.53 gives
0.16µeV and the second one of the primary extinction 0.077µeV [149]. Thus,
one can expect about 0.25µeV energy spread on the flat Si(111) monochromator
in the backscattering configuration. To reduce the energy spread, the divergence
term can be effectively decreased by shaping the beam (e.g. with Soller collima-
tors) or decoupled from the energy spread using a focusing geometry (see below).
Interestingly, Eq. 2.53 reveals that the energy spread cannot be made better by
using higher-order reflections (bigger G), unlike the X-ray scattering [149].

Mosaic crystals: To extend the acceptance of perfect crystals and thus en-
hance the reflected neutron flux, the crystal monochromators are also made from
mosaic materials. They are polycrystals composed of small “perfect” crystallites
(mosaic blocks) having a spread of crystal plane orientations. The spread is char-
acterized by the mosaic width η defined by a characteristic angle between normals
of the same crystallite planes. Fig. 2.5(b) shows a sketch of the Bragg scatter-
ing on a mosaic crystal with the mosaic width bigger than the divergence of the
incident beam (η > Θ). In this case the acceptance volume VM is significantly
expanded in comparison with VM of perfect crystals, and moreover, the diver-
gence of the reflected beam Θ′ is increased enormously. In practice, the mosaic
width should be consistent with the horizontal divergence of the incident beam
(typically 40′ − 80′) and/or collimators are used to select a narrower reflected
beam. The most employed mosaic crystal in TAS monochromators and analysers
and BS deflectors is the highly oriented pyrolytic graphite (PG). Its 002 Bragg re-
flection transmits 90 % of incident beam (at ki = 1 Å−1) [149]. Fig. 2.4 compares
neutron fluxes which were reflected by Si(111) amd PG(002) monochromators
and measured at the sample position of the thermal IN20 TAS instrument [160].
The mosaic PG(002) crystal gives about six times higher flux than Si(111) at
ki = 3 Å−1.

Curved crystals: To decouple the beam divergence Θ and the energy spread
and simultaneously boost the reflected neutron flux, both perfect and mosaic
crystals are used in vertically and horizontally focusing monochromators and
analysers [148]. The vertical focusing of the reflected neutron beam has no effect
on fulfilling the scattering condition Q = kf − ki and only affects the vertical
divergence of the reflected beam and the out-of-scattering-plane component of
∆ki. The intensity gain factor over the non-focusing geometry is from 2 to 4 for
TAS monochromators. The most frequent horizontal focusing geometry uses the
Rowland circle configuration in which the monochromaor/analyser crystal, the
source of incident neutrons (a virtual source/sample), and the target of reflected
neutrons (a sample/detector) lie on the Rowland circle. For an ideal crystal plane
curvature (bending), the Bragg angle is constant along the surface of the bent
crystal and hence the reflected beam should have exact ki. In reality, elastic
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bending of a curved crystal plate gives an additional contribution to the ∆ki
distribution of the flat crystals in Eq. 2.48 which is given by[149, 164]

∆ki,bent
ki

=
∆dhkl
dhkl

∝ ν
t

R
, (2.54)

where ν is the Poisson ratio (ν ≈ 0.41), R is the radius of curvature of the
crystal plate, and t is its thickness. Assuming a typical BS secondary spec-
trometer which is equipped with spherically deformed Si(111) wafers of thickness
t = 0.5 mm diffracting neutrons with kf = 1 Å−1, and whose analyser curvature
is 1/R = 0.5 m−1, the contribution to ∆Ei in Eq. 2.53 is 2µeV. Therefore, many
non-deformed small crystals are used instead to achieve the narrowest ∆ki distri-
bution [170]. Since sufficiently high intensity is always a concern of high-energy-
resolution spectrometers, both TAS and BS spectrometers use bent crystals.

2.2.3 Neutron three-axis spectroscopy

Fig. 2.6 shows a basic layout of the three-axis spectroscopy (TAS) instrument
which consists of a crystal monochromator, a sample, a crystal analyser, and a
detector. There are three rotation axes going through centres of the monochro-
mator, the sample, and the analyser which can be freely positioned and around
which the monochromator, the sample, and the analyser can rotate.
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Figure 2.6: Basic layout of a typical three-axis spectrometer.

TAS principle: First, neutrons with a desired wavevector ki are selected
from the “white” neutron beam by setting the corresponding Bragg angle θM on
the crystal monochromator (see the Bragg’s law in Eq. 2.33 and Section 2.2.2).
Then, the sample is positioned to the scattering angle 2θM by moving the sample
and the rest of the spectrometer around the centre of the monochromater. Then,
the selected neutrons with ki can be scattered by the sample. To analyse scat-
tered neutrons in the direction kf/|kf |, the crystal analyser is positioned to the
corresponding scattering angle 2θ with respect to ki by moving both the analyser
and the detector around the centre of the sample. Simultaneously, the Bragg
angle θA of the analyser crystal is set to the desired kf . Finally, the detector
is positioned to the scattering angle 2θA by moving it around the centre of the
analyser. In this way, TAS instruments control both the size and the direction of
ki and kf wavevectors which define Q and ∆E (see Eqs. 2.46 and 2.47).
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Choice of ki and kf : There is actually an infinity of different instrumental
configurations to reach a selected position (Q0, ω0). Fig. 2.7(a) demonstrates that
all the configurations with the same (Q0, ω0) can be achieved by changing ki and
kf in such a way that Q0-side of the scattering triangle remains unchanged and the
opposite vertex, defined by ki and kf , lies on the altitude of the Q0-side as shown
by the dash-and-dot straight line. This degree of freedom is just a consequence of
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Figure 2.7: Examples of (a) constant-(Q,∆E), (b) constant-kf constant-∆E, and
(c) constant-kf constant-Q scans in reciprocal space of an orthorhombic crystal
lattice.

the fact that only the difference of square roots of neutron wavevectors matters
in ∆E = ~ω0. The choice of neutron wavevectors is actually a crucial part of
instrumental and experimental optimization processes. The common criteria for
the best choice of neutron wavevectors are:

• maximum neutron flux at the sample position,

• maximum (Q, ω) range,

• reasonable instrumental resolution,

• suppressed spurious scattering.

Nevertheless, the final choice is an inevitable compromise between these demands
as we will see below.

Maximum neutron flux: At first sight the optimum neutron wavevector is
that at which the selected secondary neutron source gives the maximum neutron
flux, e.g. ki = 4.7 Å−1 for neutron sources in Fig. 2.4. Taking into account
that INS decreases with increasing ∆E = ~ω, the inelastic signal is measured
in such a way that neutron flux on the sample position increases with ∆E. In
addition to that the TAS instruments are operated in the neutron down-scattering
configuration (ki > kf) because of the neutron balance. If we set kf = 3 Å−1,
which is a typical value for thermal TAS instruments equipped with the Si(111)
monochromator, the maximum flux at the sample position (ki = 4.7 Å−1) is
reached at ∆E = 27 meV. For that reason, it is reasonable to measure INS up to
30 meV on thermal TAS instruments.

Maximum (Q, ω) range: As obvious from the scattering triangle, the max-
imum reciprocal and dynamic range is covered when the biggest wavevectors are
chosen. Nevertheless, one has to keep in mind that ∆E = ~ω and Q are coupled
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in TAS. The coupling arises from the fact that both the size and the direction of
the neutron wavevectors ki(f) are controlled simultaneously by the Bragg angle
on the monochromator (analyser). The accessible (Q, ω) range can be calculated
from Eqs. 2.46 and 2.47 (called also kinematic conditions). Assuming the above
example with kf fixed to 3 Å−1, the (Q, ω) range is limited to the shaded area in
Fig. 2.8. The maximum momentum transfer Qmax increases as a function of the
neutron energy transfer and equals to Qmax = 2ki for elastic scattering (∆E = 0).
If ki = kf = 3 Å−1, Qmax = 6 Å−1, which allows, for example, to measure up to the
300 BZ in a single crystal with the a lattice parameter of 4 Å. Apart from kine-
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Figure 2.8: Accessible (Q.ω) range (shaded area) in TAS experiments for kf fixed
to 3Å−1. The lines for selected scattering angles 2θ were calculated from Eqs. 2.46
and 2.47 where Q is given by Eq. 2.9.

matic conditions there are instrumental limits which restrict the (Q, ω) range,
e.g. the backscattering configuration at the sample position (ki ‖ −kf) is hardly
achievable on TAS instruments and therefore Qmax < 2kf at ∆E = 0.

TAS instrumental resolution: The resolution function R(Q, ω) of TAS
instruments is a convolution product of two reciprocal space distributions pM(ki)
and pA(kf) which refer to the probabilities of neutron transmission through the
monochromator and analyser parts of the spectrometer for the incident and scat-
tered neutron wavevector, respectively. The R(Q, ω) is defined as [148, 163]

R(Q, ω) =

∫
pM(ki)pA(kf) δ[Q + ki − kf ] δ

(
~ω − ~

2(k2
i − k2

f )

2mn

)
dkidkf . (2.55)

So the resolution function R(Q, ω) depends not only on the shape and size of
pM(ki), pA(kf) distributions but also on their combination which is controlled by
the scattering angle 2θ. The norm of the resolution function is given by

∫
R(Q, ω)dQdω =

∫
pM(ki)dki

∫
pA(kf)dkf = VMVA, (2.56)
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which equals to product of k-space volumes VM and VA of the incident and scat-
tered neutron beams, respectively. In Subsection 2.2.2 we showed that the shape
and size of the k-space volume VM (see black areas in Fig. 2.5) depends on many
parameters: the average incoming wavevector kI (see Eq. 2.49), the Bragg angle
θM on the monochromator (see Eq. 2.49), the divergence Θ of the incident neutron
beam, and monochromator crystal characteristics, like the mosaic width η, the
primary extinction contribution, and the crystal bending. The same applies for
the k-space volume VA of the crystal analyser.

To graphically illustrate how pM(ki), pA(kf) distributions and their VM, VA
volumes determine the overall instrumental resolution, Fig. 2.9(a) shows schemat-
ically the mean scattering triangle Q0 = kF−kI and pM(ki), pA(kf) distributions
of ki, kf wavevectors around their average kI, kF wavevectors for so-called “W-
type” geometry depicted in Fig. 2.6. The ellipses approximate the k-space volume
delivered by a mosaic monochromator and analyser. The instrumental resolution
function is determined by all possible scattering triangles having vertexes inside
ellipses in Fig. 2.9(a) and it will obviously change with ∆E and Q. To evaluate
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Figure 2.9: (a) The mean scattering triangle Q0 = kF − kI and pM, pA distri-
butions of incident ki and scattered kf neutron wavevectors for the “W-type”
TAS geometry in Fig. 2.6. (b,c) show (δE, δQ||) and (δE, δQ⊥) projections of
a hypothetical resolution ellipsoid, resulting from the convolution of the pM, pA
distributions. δE = ∆E − ∆E0 is the deviation of the neutron energy trans-
fer from its mean value ∆E0 and δQ||, δQ⊥ are the longitudinal and transverse
components of the deviation of the scattering vector δQ = Q−Q0 (after [148]).

the four-dimensional resolution function, both energy- and Q-resolution parts are
usually defined at zero energy transfer (∆E = 0) and longitudinal, transverse,
and z components of the Q-resolution are distinguished. The energy resolution is
given by a characteristic deviation δE = ∆E−∆E0 of the neutron energy trans-
fer ∆E from its mean value ∆E0. Similarly, the Q-resolution is determined by a
deviation δQ = Q−Q0 of the scattering vector Q from its mean value Q0 where
δQ = (δQ||, δQ⊥, δQz). Fig. 2.9(a) shows that deviations along both incident and
scattered neutron wavevectors (quasimonochromatic beams) contribute to δQ||,
δQ⊥, and δE resolution components, whereas lateral deviations of wavevectors
(beam divergence) give big δQ||, δQ⊥ components and a rather small contribution
to δE. Fig. 2.9(b,c) illustrates how correlations between 1−4 points in Fig. 2.9(a)
contribute to the overall resolution, giving the characteristic “cigar” shape in the
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(δE, δQ⊥) projection. The orientation of the elongated resolution ellipsoid must
be carefully considered when excitations with a strong dispersion are measured
[148].

From the point of the instrumental resolution, TAS instruments are usually
operated in the following two monochromator and analyser configurations:

• Non-focusing horizontal geometry: To improve the Q-resolution by lowering
the divergence of the incident beam, neutrons are collimated by using Soller
collimators. Typically, 20’, 40’, and 60’ collimators with horizontally spaced
lamellae are used to absorb neutrons with the bigger divergence. These
collimators are placed before and after both monochromator and analyser
crystals. For this reason, monochromator and analyser crystals are set to
the non-focusing horizontal geometry. Since the lower divergence reduces
also the energy spread (see Subsection 2.2.2), this geometry improves both
energy and Q-resolutions. The disadvantage of this geometry is that col-
limation reduces the monochromator and analyser acceptance of neutrons
(the areas in Fig. 2.5) and thus the scattered intensity is usually about one
or more orders of magnitude lower than without collimation. Moreover, if
we take into account that the best energy resolution on crystal monochro-
mators is achieved with neutron beam which has a small wavevector ki (see
Eq. 2.50) and hence a low flux (see Fig. 2.4), this non-focusing geometry
leads usually to time-demanding experiments.

• Focusing horizontal geometry: As described in Subsection 2.2.2, horizontally
bent crystals, for example, in the Rowland circle configuration allow to
obtain a fine energy resolution and simultaneously enhance the incident
neutron flux at the sample position. In this case the virtual source of a
divergent beam on the Rowland circle is created by a slit which is placed
before the focusing monochromator into the neutron tube. In the secondary
spectrometer, the role of virtual source is played by the sample itself. As a
result, the overall TAS energy resolution is decoupled from the Q-resolution
which is rough because of the beam divergence.

To calculate the instrumental resolution function in Eq. 2.55 for a given TAS
instrument, two concepts are used. The first one, called Matrix method, is an
analytical method based on Gaussian approximation of the transmission prob-
abilities, developed and implemented in the program TRAX by Popovici et al.
[164]. The other one, called Monte Carlo ray-tracing, uses computer simulations
of neutron trajectories through the TAS components, developed and implemented
in RESTRAX by Saroun and Kulda [165] and McStas by Lefmann et al. [166].
In practice, the energy resolution is measured on a vanadium crystal which is an
ideal incoherent scatterer, and the Q-resolution on perfect single crystals, like
germanium.

Data acquisition: The TAS principle allows to assign to each neutron en-
tering the detector its energy and momentum transfers. For this reason, neutron
detectors can be simple proportional counters. The most used detectors in TAS
are high-pressure 3He-filled detectors which allow to detect each single neutron
due to their high gain factor up to 105 [146]. Number of detected neutrons per
time (counting rate or intensity) at the detector for a position (Q0, ω0) is given
by convolution of the instrumental resolution function R(Q, ω) with the double

49



differential cross section in Eq. 2.11, i.e. with the scattering function S(Q, ω) in
Eq. 2.12 [148, 163]

I(Q0, ω0) = Φ(ki)
kf
ki

[S ∗R](Q0, ω0), (2.57)

where Φ(ki) is the incident flux on the sample. To detect the incident flux, a
neutron monitor (i.e. low efficiency detector) is placed in front of the sample. For
analysing I(Q, ω), one usually convolutes a theoretical model scattering function
S(Q, ω) with the measured resolution function.

In principle, the TAS technique allows to map the scattering intensity any-
where in the accessible (Q, ω) range. In practice, it is natural to scan the (Q, ω)
space by either constant-Q or constant-∆E scans. The first one is used, for in-
stance, for measurements of a phonon spectrum at selected Q. The latter is a
typical choice for mapping DS at chosen ∆E. The principle of these scans with
constant-kf is schematically depicted in Fig. 2.7(b,c). The constant-kf mode is
usually preferred to the constant-ki mode, because the latter requires a correc-
tion which is proportional to k3f cot(θA) (see Eq. 2.49). An effective way of map-
ping (Q, ω) is multiplexing a TAS secondary spectrometer by using a multiarm
analyser-detector set-up, e.g. the FlatCone multianalyser at the ILL [148, 167].
In the case of FlatCone, each analyser-detector arm operates in vertical plane
and contains two pairs of crystal analysers and detectors. One pair, which is
aligned for kf = 1.5 Å−1, is used for cold neutron sources and the second one with
kf = 3 Å−1 for thermal neutron sources (for more details see [148, 167]).

2.2.4 Neutron backscattering spectroscopy

Backscattering spectroscopy (BS) is basically a special case of TAS which ex-
ploits the fact that Bragg scattering in the backscattering configuration on crystal
monochromators and analysers allows to obtain the narrowest energy spreads, i.e.
the best energy resolution (see Subsection 2.2.2). The backscattering configura-
tion on both the monochromator and analyser (2θM = 2θA = 180◦) is, however,
hardly achievable and therefore it is necessary to deflect and chop the continuous
incident neutron beam.

BS principle: Fig. 2.10 shows a basic layout of a BS spectrometer at fission
reactors [149]. The size of ki is preselected from the “white” neutron beam by the
Bragg scattering on two crystal deflectors and in this way a quasimonochromatic
beam (monochromatic in the sense of TAS) is brought into the line between the
sample and the monochromator. The final ki is chosen by the Bragg scattering on
a crystal monochromator in the backscattering configuration (ki = kf = π/dhkl).
The second deflector is also a chopper which opens for the incident beam com-
ing from the monochromator. After scattering on the sample, neutrons with
wavevector kf are reflected from analyser segments back towards corresponding
multidetector channels. Thus, the scattering angle 2θ at the sample position
is given by the multidetector channel and so the scattering vector Q can be
unambiguously calculated from Eq. 2.46. For simplicity, let us assume an or-
dinary BS set-up using the same hkl Bragg reflection of identical analyser and
monochromator crystals. Then, the energy transfer of detected neutrons is zero
(ki = kf = π/dhkl).
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Figure 2.10: Basic layout of a typical backscattering spectrometer at fission neu-
tron reactors: (a) side and (b) top views.

BS spectroscopy: Due to fixed scattering angles on monochromator and
analyser crystals, the change of neutron energy transfer ∆E must be achieved
differently than in TAS. While kf is always kept constant according to the fixed
set-up of the secondary spectrometer, ki is tuned using either thermal expansion
of the monochromator crystal or using the Doppler effect: [149]

• Temperature controlled monochromator: By changing the monochromator
temperature, the relative change of the incident beam energy Ei is given by

∆Ei

Ei

= 2
∆dhkl(T )

dhkl(0)
∝ α∆T, (2.58)

where α and ∆T are the linear thermal expansion coefficient and the tem-
perature change of the monochromator crystal, respectively. If tempera-
tures of the identical monochromator and analyser crystals are the same,
the neutron energy transfer ∆E = ∆Ei = 0. The maximum energy change
is determined by the maximum temperature change which can be achieved
on the monochromator. The most used crystals are halide compounds, like
NaF(111), NaCl(200), CaF2(422), etc., which give the maximum |∆Ei| up
to 100 − 600µeV [168].

• Doppler monochromator: By moving the backscattering monochromator
at speed vM towards or backwards to incident neutrons with speed vi||vM

(see Fig. 2.10), the trajectory between the (hkl) scattering planes (vM||G)
shortens or extends for incident neutrons, respectively. Then, the energy
of the scattered neutrons is modified via a longitudinal Doppler effect as
follows

∆Ei

Ei

= 2
vM
vi

for vM ≪ vi. (2.59)

Nowadays, linear Doppler drives, controlling the monochromator motion,
allow to use arbitrary velocity profiles vM(t) [171]. If the Doppler monochro-
mator moves periodically at constant speed ±vM, ∆E = ±∆Ei. This
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constant-vM profile with abrupt changes in the monochromator direction
imposes enormous technical requirements on the monochromator and its
drive. The most used (traditional) velocity profile in BS is, however, the
sinusoidal function which is less demanding for the Doppler monochroma-
tor and which allows to cover all the energy transfers corresponding to the
〈−vM,max, vM,max〉 within one period. For example, the Si(111) monochro-
mator on IN16 at the ILL gives the maximum energy range of ±31µeV
[168].

Maximum (Q, ω) range: As obvious from the BS principle, ∆E and Q are
practically decoupled in comparison with TAS. There is only a marginal effect
on Q when tuning ki by temperature-controlled and Doppler monochromators.
The access to high Q is mainly determined by dimensions and flexibility of the
secondary spectrometer. It consists of a large spherical wall covered by segments
of analyser crystals (see Fig. 2.10). Dimensions of the wall determine the 2θ
range of about 〈10◦, 150◦〉 and the out-of-plane component Qz is given by ψ
as shown in Fig. 2.10(a), typically ψ ∈ 〈−20◦, 20◦〉. By the flexibility of the
secondary spectrometer we mean whether analyser segments can be replaced.
Mainly Si crystals are used: Si(111) for standard measurements (kf = 1 Å−1) and
Si(311) for high-Q measurements (kf = 1.92 Å−1). Assuming elastic scattering
at 2θmax = 150◦, Si(111) and Si(311) reflections give Qmax of 1.9Å−1 and 3.7Å−1,
respectively.

The ∆E = ~ω range depends on the type of the primary spectrometer as de-
scribed above. Regarding the dependence of ∆E on ki, Eqs. 2.58 and 2.59 show
∆E ∝ k2i and ∆E ∝ ki for the temperature controlled and Doppler monochro-
mators, respectively. Thus, when replacing the standard BS configuration with
Si(111) crystals [the Si(111) Doppler monochromator and Si(111) analysers] by
the high-Q configuration with Si(311) crystals on IN16, the maximum energy
transfer ±31µeV increases only to ±59µeV instead of ±114µeV [169]. The max-
imum energy range is essentially limited by the energy resolution of deflectors
which preselect ki [see Fig. 2.10(b)]. When the PG(002) deflector is used, its en-
ergy resolution is roughly about 50µeV and 400µeV for ki of 1 Å−1 and 1.9 Å−1,
respectively.

BS instrumental resolution: Similarly as in TAS, the instrumental res-
olution function R(Q, ω) is given by Eq. 2.55 and so R(Q, ω) is determined by
reciprocal space distributions pM(ki) and pA(kf) of primary and secondary spec-
trometers. The BS instruments are optimized to get an excellent energy resolution
δE. In Section 2.2.2 we showed that the Bragg scattering gives the narrowest
energy spread in the very backscattering configuration. There are three main
contributions to the energy spread: divergence and extinction contributions in
Eq. 2.53 of perfect flat crystals and the elastic bending contribution in Eq. 2.54
if spherically curved crystals are used. In general, there is an additional contri-
bution arising from an uncertainty in the neutron flight time which is, however,
negligible for reactor BS instruments [149]. The divergence contribution is mini-
mized by the focusing backscattering configuration which is used in both primary
and secondary spectrometers. For this reason, monochromator and analyser op-
tical elements have to be horizontally and vertically curved. If the best energy
resolution is required, curved monochromator and analyser consist of small flat
perfect crystals in order to minimize the elastic bending contribution. Then,
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the resolution limit is fundamentally given by the extinction term [see Subsec-
tion 2.2.2]. For example, using small polished flat Si(111) single crystals, having
the extinction contribution of 0.077µeV, one can achieve δE = 0.17µeV [170]. If
only the standard energy resolution is required, the homogeneous elastic bending
of monochromator and analyser crystals is used to enhance their neutron accep-
tance, i.e. to increase neutron flux. For instance, large unpolished spherically
curved Si(111) single crystals give δE = 0.9µeV [170]. The main advantage of
BS over TAS and time-of-flight techniques is that the excellent energy resolution
is maintained at high Q-values.

The drawback of the BS technique is the inherently low Q resolution. The
reason is not only in using the divergent beam in the (horizontally and vertically)
focusing geometries of both primary and secondary spectrometers, but also the
low number of detector tubes covering the 2θ range as depicted in Fig. 2.10. The
Q uncertainty coming from the 2θ uncertainty, which is basically defined by an
angle ∆2θ which form two nearest detector tubes, is given by the differential of
Eq. 2.9 which yields

∆Q = k cos(θ)∆2θ (2.60)

for elastic scattering (k = ki = kf). For example, two neighbouring detector
tubes of the IN16(B) spectrometer at the ILL form an angle of 6◦, giving the
minimum ∆2θ value of 6◦. The horizontal beam divergence can be estimated
from the width of the spherical crystal monochromator (width = 25 mm) and its
distance from the sample (about 2 m) [149], giving the horizontal divergence of
0.7◦. Thus, ∆Q is mainly determined by the detector tubes space angle ∆2θ in
Eq. 2.60, suggesting a ∆Q decrease from 0.1 to 0.03 Å−1 for k = 1 Å−1 in the
available 2θ range of (10◦, 150◦).

Data acquisition: Neutrons are counted by a proportional multidetector
which is usually an array of vertically sensitive 3He-filled tubes. The position of
the neutron incidence is given by 2θ and ψ angles of a given tube (see Fig. 2.10)
which allow to calculate the in-plane Q (see Eq. 2.9) and the out-of-plane com-
ponent Qz, respectively. To investigate single crystals, BS instruments have to
be equipped with a sample rotation stage (let θ be the sample rotation angle).
Then, by rotating the sample one obtains a (θ, 2θ, ψ) portion of the Q space. To
assign the neutron energy transfer, neutrons are counted into time bins which
are related to the speed of the Doppler monochromator or to the temperature
of the temperature controlled monochromator and so the energy transfer can be
calculated as described above. The detected counting rate (intensity) is given by
Eq. 2.57, where the norm factor includes not only the incident neutron flux Θ(ki)
at sample position (measured by a low efficiency monitor) but also time spent in
time (energy) intervals.

Data can be collected at a selected energy transfer (called fixed window mea-
surement in the BS community) for all 2θ angles simultaneously while changing,
for example, θ or sample temperature. The advantage is that the total counting
time is spent in one energy interval. In contrast to that, the traditional BS mea-
surement (using the Doppler monochromator with the sinusoidal velocity profile)
allows to measure the whole spectrum several times per second for all 2θ angles,
but much longer counting time is needed and counts are non-linearly divided
between all energy transfers (energy intervals).
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2.3 Main results on SBN single crystals

SBN50 and SBN61 single crystals grown by the Czochralski method [21] were
investigated on a wide variety of neutron TAS and BS instruments at the ILL
and LLB. Undertaking neutron experiments on a broad range of instruments
was actually necessary to explore and disentangle neutron scattering components
which appear near the ferroelectric phase transition. All neutron scattering ex-
periments, whose results are presented in this work, are listed in Attachment A
in Tabs. 4.1 and 4.2, including information about investigated samples, spectrom-
eters and their components.

First of all, we mapped the neutron scattering in the (h0l) plane of the SBN50
single crystal using the FlatCone analyser on the IN20 thermal TAS instrument
at the ILL (see Subsection 2.3.1). Then, we focused on the transverse DS in
the 001 BZ in the vicinity of the ferroelectric phase transition. For this aim, we
have chosen the most studied SBN61. In particular, we studied the transverse DS
under a defined sequence of thermal and electric field treatments across the phase
transition on the 4f2 cold TAS instrument at the LLB (see Subsection 2.3.2) and
using high-resolution BS on IN16 and IN16B cold BS instruments at the ILL (see
Subsection 2.3.3). Finally, we have searched for a soft mode in SBN50 and SBN61
single crystals using IN20 thermal and IN14 and 4f2 cold TAS instruments at the
ILL and LLB (see Subsection 2.3.4).

2.3.1 Mapping of neutron diffuse scattering

In order to effectively explore the neutron DS of SBN single crystals, we used
the FlatCone multianalyser available on IN20. Fig. 2.11(a) presents a neutron
scattering intensity map of the (h0l) scattering plane in the SBN50 single crystal
at ambient conditions and zero energy transfer (ki = kf = 3 Å−1, see expt. C in
Tab. 4.1). Apart from Bragg reflections of the average P4bm structure, the map
shows elastic scattering of the IC structure which is indicated by superstructure
peaks at BZ boundaries at Q = [Qx, 0, l ± 0.5] r.l.u., where 1 r.l.u. equals to
0.5 Å−1 and 1.59 Å−1 along the x and z axes, respectively. The peaks come from
a tilting of the NbO6 octahedra with respect to the c axis and their IC modulation
in the a∗ − b∗ plane [110, 111]. Furthermore, the map shows a lot of DS intensity
covering and modulating basically the whole scatting plane. Let us emphasize
that the neutron scattering intensity in Fig. 2.11(a) includes not only elastic but
also quasielastic or INS within the instrumental energy resolution δE of 1.6 meV.
Thus, DS in Fig. 2.11(a) can be of various origins. To distinguish DS which
has quasielastic or inelastic nature, we measured the same portion of the (h0l)
scattering plane at small non-zero energy transfers ∆E. An intensity map taken
at ∆E = 2 meV is shown in Fig. 2.11(b). By comparing panels (a) and (b) in
Fig. 2.11, one can see that the large DS spots in panel (a), which are marked by
circles, are not present in panel (b). One can infer that these spots are likely of
static nature. The norm of their scattering vectors Q = (±2.8, 0,±1.5) Å−1 and
Q = (±4.2, 0, 0) Å−1, giving distance 2 and 1.5 Å in the direct space, corresponds
to distribution of Nb-O pair distances in NbO6 octahedra (1.5−2.2 Å−1) [111]. On
the other hand another set of DS spots, denoted by squares in panel (b), show an
intensity in both maps, indicating their quasielastic or inelastic nature. To clearly
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Figure 2.11: Neutron scattering intensity maps of the (h0l) scattering plane in
SBN50 measured at ambient conditions using the FlatCone multianalyzer on the
IN20 thermal TAS in: (a) zero energy transfer configuration (ki = kf = 3 Å−1)
integrating all the intensity within the energy resolution δE of 1.6 meV and (b)
2 meV energy transfer configuration. Crossings of the dotted-lines indicate centres
of BZs. The intensity is plotted in the logarithmic scale. The circles in panel (a)
mark examples of elastic diffuse scattering. The squares in panel (b) highlight
examples of inelastic diffuse scattering.
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Figure 2.12: INS intensity as a function of the neutron energy transfer at
Q = (Qx, 0, 2.5) in SBN50 at ambient conditions. The plot was extracted from
constant-∆E maps, whose example is shown in Fig. 2.11(b).

demonstrate the dynamic nature of DS at Q = (2.6, 0, 4) Å−1 = (5.2, 0, 2.5) r.l.u.,
we plotted the inelastic intensity at Q = (Qx, 0, 2.5) as a function of energy
transfer in Fig. 2.12. The ∆E−Q cut shows that this DS is localized in momentum
but broad in energy. We found that the column-like scattering in SBN50 persists
at least up to 500 K, which is temperature high above TC. Here we did not study
this scattering in detail.

In this work we focussed on the anisotropic transverse DS in the vicinity
of the 00l (l 6= 0) Bragg reflections. This DS is more clearly seen in intensity
maps taken near the ferroelectric phase transition (TC = 381 K) as highlighted
by arrows in Fig. 2.13(a-c). The map in Fig. 2.13(a) was measured at the same
conditions as in Fig. 2.11(a) apart from that the sample was mounted in a Nb
holder and placed in a standard cryofurnace. The presence of the Nb holder is
revealed by powder lines, forming three concentric circles at 2.7, 3.8, and 4.7 Å−1

in Fig. 2.13(a-c), which refer to 110, 200, and 211 Bragg reflections of randomly
oriented Nb grains. The cryufurnace (its Al wall) gives only a weak 002 powder
line at 3.1 Å−1, unfortunately crossing the the 002 Bragg reflection of SBN50. For
clarity, Fig. 2.13(d) shows the intensity profile of the transverse DS at Q = (q, 0, 3)
which is not contaminated by powder lines. In Subsection 1.3.3 we described that
this DS is known to have domain wall (DW), order-parameter fluctuation (OPF),
and quasielastic (QES) components. Thus, we restrict ourselves to this particular
DS of SBN single crystals in order to investigate nanodomains and relaxational
dynamics of SBN.

Before going to neutron studies of the transverse DS, it is worth stressing
that the neutron scattering from SBN50 depends on the sample pre-treatment.
Both Figs. 2.11(a) and 2.13(a) show an intensity map of SBN50 at about 300 K,
however, the map in Fig. 2.13(a) was taken after annealing the sample in the
paraelectric phase (at 460 K for several hours). To compare data directly, ex-
tracted intensities at Q = (Qx, 0, 1) are plotted in Fig. 2.14 and normalized to
the 401 Bragg reflection. It is clearly seen that, for example, the 201 reflection is
suppressed after annealing and the DS changed. In addition, Fig. 2.14 shows that
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this reflection and DS recover after tens of hours as demonstrated by repeating
the Q = (Qx, 0, 1) scan on the IN3 thermal TAS. The data are also compared to
calculated intensities of given Bragg reflections in the similar SBN61 (red stars
in Fig. 2.14) [110, 172]. Thus, SBN50, like other relaxor ferroelectrics, exhibits
history-dependent structural changes with long relaxation times before the equi-
librium structure is reached.

2.3.2 Transverse neutron diffuse scattering under thermal
and electric field treatments

Because of the importance of sample pre-treatments and the possibility of in-
fluence the DW component by electric field, we investigated the transverse DS
under a defined sequence of thermal and electric field treatments. Most of the
results were published in a comparative study of neutron scattering and dielectric
results in Ref. [173].

For the purpose of applying electric field, we prepared a 1.4-nm-thick plate
of SBN61 single crystal with sputtered Al electrodes and a special sample holder
which was made of Al and isolating Al2O3 ceramic parts. The neutron scattering
experiment was performed on the 4f2 cold TAS instrument (see expt. D in Tab. 4.1
for details). The sample was mounted into a standard cryofurnace which was
adapted for high-voltage measurements. The transverse DS was investigated
around the 001 Bragg reflection in the (h0l) scattering plane (lattice parameters
at 300 K: a = b = 12.371 Å, c = 3.918 Å) and in the temperature range of
300 − 450 K at a bias DC voltage of 0 or 400 V. The neutron scattering data
were acquired in the elastic condition (ki = kf = 1.55 Å−1) with the energy
resolution δE of 0.2 meV and the transverse momentum resolution of 0.024 r.l.u.
(≈ 0.012 Å−1) at Q = (0, 0, 1).

The SBN61 single crystal was measured in the chronological sequence depicted
in the electric-field-temperature diagram in Fig. 2.15(a). First, the sample was
annealed at about 450 K in the paraelectric phase. At high temperatures the
sample was slightly conductive. For this reason, the sample was cooled down to
a lower temperature of 415 K at which a DC bias electric field (stronger than
the coercive field Ec = 240 V/mm [127]) was applied. Then, first data were
collected during FC to 310 K across the ferroelectric phase transition (TC = 346 K
[112]). Let us stress that the neutron scattering was measured stepwise at selected
temperatures after reaching the thermal equilibrium in the sample with a large
sample holder. Subsequently, after removing the bias electric field, data were
taken during stepwise zero-field heating up to 450 K [ZFHaFC in Fig. 2.15(a)].
Finally, the thermal cycle was repeated across the phase transition with zero
electric field (ZFC and ZFH regimes). An example of constant-∆E scans at
Q = (q, 0, 1), which were measured at selected temperatures of the experimental
protocols, is shown in Fig. 2.16(a).

Fig. 2.15(b) presents the temperature dependence of DS at Q = (0.08, 0, 1)
during above described protocols. Clearly, this DS depends strongly on the sam-
ple pre-treatments. Nevertheless, the peak of the OPF component dominates
in all protocols and shows a similar temperature dependence as the real part of
permittivity above TC [cf. Fig. 2.15(b,d)]. The direct comparison of the ZFC and
ZFH measurements in Fig. 2.15(b,d) reveals a thermal hysteresis which involves
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Figure 2.15: Neutron scattering study of SBN61 single crystal on the 4f2 cold
TAS instrument, (a) scheme of experimental trajectories consisting of the fol-
lowing protocols: 1. field cooling (FC), 2. zero-field heating after field cooling
(ZFHaFC), 3. zero-field cooling (ZFC), 4. zero-field heating (ZFH). (b) transverse
neutron diffuse scattering at Q = (0.08, 0, 1) measured with ki = kf = 1.55 Å−1

(δE = 0.2 meV) under above experimental protocols. A comparative study of
SBN61 single crystal using dielectric spectroscopy [173]: (c) experimental tra-
jectories consisting of the same protocols and (d) the real part of permittivity
at 1 kHz. The square points in panel (c) refer to the positions of permittivity
maxima Tmax under electric field [99] (after [173]).

a 50-K temperature range in the vicinity of TC (see more in Section 4.1).

In order to disentangle the strong DW and OPF components (the QES com-
ponent is negligible), we closely inspected the transverse DS as a function of its
wavevector, temperature, and poling with electric field:

• Wavevector dependence of the transverse DS:
The wavevector dependence of DS measured in the ZFC regime is shown in
Fig. 2.16(a,b). According to assumptions in Ref. [139], the OPF and DW
components have Lorentzian and Lorentzian squared profiles as a function
of the reduced wavevector q, respectively. The data in Fig. 2.16(a,b) show
a Lorentzian-like dependence on the reduced wavevector, however, the pro-
files do not allow to easily distinguish the components nor to evaluate con-
vincingly their correlation lengths. One of the main difficulties is that the
components overlap in the vicinity of TC. The additional obstacle comes
from the fact that DS is integrated over the finite instrumental energy reso-
lution (δE = 0.2 meV ≈ 50 GHz), which includes characteristic frequencies
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of the OPF component (see Subsection 2.3.3) [175].

• Temperature dependence of the transverse DS:
The temperature dependence of DS measured in the ZFC regime is shown in
Fig. 2.17(b). The distinct temperature dependence of two DS components is
clearly apparent at small wavevectors. The OPF component is responsible
for the sharp peak near TC, whereas the scattering by the DW component
is assumed to increase monotonically with decreasing temperature as, e.g.
the dashed line in Fig. 2.17(b). In contrast, in the dielectric permittivity,
which is of purely dynamic nature, no such monotomic background is seen
[cf. panels in Fig. 2.17(b,d)]. A detailed inspection of DS in Fig. 2.17(b)
reveals a shift of the position of the DS maximum Tmax towards higher
temperatures with increasing q. The q-dependence of Tmax is plotted in
Fig. 4.2(a) and discussed in Subsection 4.1.2.

• Difference between poled and de-poled crystals:
Here we exploit the possibility of removing or suppressing the DW compo-
nent by poling the sample with an electric field. Assuming that the DW
component is suppressed in the ZFHaFC measurements (poled crystal) and
that the OPF component is not much influenced by the poling procedure, we
could estimate the DW component by subtracting the ZFHaFC data from
the ZFH data (de-poled crystal). The resulting q-dependence of the scat-
tering intensity suppressed by the poling procedure is shown in Fig. 2.16(c).
Its temperature dependence in Fig. 2.17(c) shows that the DW contribution
obtained in this way is, as expected, mostly present below TC, but it also
extends up to about TC + 20 K.

2.3.3 High-resolution study of neutron diffuse scattering

The striking similarity of temperature dependences of the transverse DS and the
c-axis dielectric permittivity near the phase transition of SBN single crystals was
our strong motivation to carry out high-resolution neutron studies and try to
resolve characteristic frequencies of the OPF component. To be able to compare
the neutron and dielectric data directly (if possible), it was necessary to use
a neutron scattering technique whose instrumental energy resolution is better
than the maximum probing frequency in dielectric measurements. The high-
frequency dielectric data on SBN61 are up to 2 GHz (≈ 8µeV) [137] and therefore
we have decided to use the neutron BS, giving the µeV energy resolution (see
Subsections 2.2.2 and 2.2.4). Most of the presented results are published in [175].

In particular, neutron BS experiments were performed on IN16 and IN16B
cold spectrometers at the ILL (see expts. in Tab. 4.2). Both spectrometers were
operated in their standard configurations with an unpolished Si(111) Doppler
monochromator and unpolished Si(111) analysers, i.e. the scattered neutron
wavevector was fixed to kf = 1 Å−1. The instrumental energy resolutions of IN16
and IN16B were 0.8µeV and 1µeV, respectively. In contrast to IN16, the IN16B
spectrometer was equipped with a linear motor of the Doppler monochromator
drive which permits measurements at a given energy transfer window [171] (see
Subsection 2.2.4). Moreover, IN16B gave about six times higher 001 Bragg inten-
sity than IN16 due to a new “quasiballistic” neutron guide and its focusing to
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a phase space transformation chopper at the end-of-guide position. In addition
to that IN16B gives a lower background because of placing the secondary spec-
trometer and all the neutron flight path in vacuum and by using a background
chopper. All the presented data were obtained on a SBN61 single crystal having
a volume of about 3 cm3. The sample mounted in a Nb holder was measured in a
standard cryofurnace with the (h0l) plane horizontal. In order to avoid the out-
of-plane intensity, coming from upper and lower parts of the spherical analyser
[ψ 6= 0 in Fig. 2.10(a)], the data for analysis were selected only within a narrow
range in the middle of vertical detector tubes.
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Figure 2.18: Temperature dependence of the transverse neutron diffuse scat-
tering at Q = (q, 0, 1) in SBN61 measured at zero-energy-transfer window
(δE = 0.8µeV) with the stopped (solid symbols) and moving (open symbol)
Doppler monochromator of the BS spectrometer IN16. The dashed line shows
the interpolated temperature dependence of the scattering intensity of the DW
component at Q = (0.15, 0, 1).

First of all, we measured small θ − 2θ maps of DS in the vicinity of the 001
Bragg reflection in order to obtain a direct comparison with previous experiments
on TAS instruments. The DS data were acquired during a stepwise heating to
the paraelectric phase at zero energy transfer (δE = 0.8µeV) on IN16, i.e. the
Doppler monochromator was stopped. The temperature dependence of the trans-
verse scattering intensity at selected scattering vectors Q = (q, 0, 1) is plotted in
Fig. 2.18 which shows both DW and OPF components. Since the temperature
dependence is qualitatively similar to the TAS results in Figs. 2.15(b) and 2.17(b)
or TAS measurements at Q ≈ (0.1, 0.1, 2) shown in Fig. 2 of Ref. [139], we could
infer that both DW and OPF components are considerably contributing to the
zero-energy-transfer intensity in the BS experiment even though the BS energy
resolution is about two to three orders of magnitude better than in TAS experi-
ments.
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To probe the OPF component out of the zero energy transfer, we have chosen
the sample orientation whose 2θ scan includes Q ≈ (0.15, 0, 1). At this scattering
vector the contribution from the DW component is already weak (the dashed line
in Fig. 2.18) and still the intensity of the OPF component is significant. The BS
spectra were measured in the same 290 – 470 K temperature range up to ±4µeV
energy transfers. Selected spectra are shown in Fig. 2.19(a-e). The restriction to
the limited energy transfer range was essential to obtain good counting statistics
in all energy transfer windows even though the sample was large and the mean
acquisition time of one spectrum was about 20 h.

The BS spectrum at 290 K is well below the phase transition range, so that
the OPF component can be assumed to be negligible. Indeed, the entire spectrum
at 290 K can be well fitted to a pseudo-Voigt function with FWHM of 0.77µeV,
superimposed with a constant background. This FWHM matches the nominal
energy resolution of the instrument, which supports the assumptions that the
DW component is essentially static. Therefore, this pseudo-Voigt function was
adopted for higher temperatures as an energy resolution function fRL(ν) where
ν = ∆E/h.

We found that spectra taken at temperatures around 350 K did not give a
nice fit to the fRL(ν), which suggested the presence of the anticipated inelastic
OPF component. To study this component, the spectra were analysed by three
different methods [175]:

1. Subtraction of the DW component:
Subsection 2.3.2 demonstrates that the DW contribution shows a weak,
monotonic decrease with increasing temperature. Based on the results, we
have assumed, for simplicity, that the intensity at zero energy transfer of
the DW contribution IDW(0, T ) has a simple linear temperature dependence
that can be estimated by interpolation between zero-energy-transfer mea-
surements at 270 and 470 K [dashed line in Fig. 2.18]. Then, the intensity
of the scattering by the DW component can be estimated by

IDW(ν, T ) = IDW(0, T )
fRL(ν)

fRL(0)
. (2.61)

This contribution, shown by blue dashed lines in Fig. 2.19(a-e), was sub-
tracted from the measured spectra. The resulting spectra, which are shown
in Fig. 2.19(f-j), have been then fitted to a simple model based on Eq. 2.40
in the form

I(ν) = K[nBE(ν) + 1]χ′′(ν) ⊗ fRL(ν) + fb (2.62)

where K > 0, fb are a frequency and temperature independent scaling fac-
tor and constant background, respectively, nBE is the Bose-Einstein factor
in Eq. 2.36 and χ′′ is the imaginary part of a dynamical susceptibility de-
scribed by the Cole-Cole model in Eq. 1.10 convoluted with fRL(ν). In
Eq. 2.62 the only free parameters were the mean relaxation frequency ν0
and the dielectric strength ∆χ of the Cole-Cole model (here ∆χ has the
meaning of the amplitude). The characteristic shape index α of the Cole-
Cole model was fixed according to the Cole-Cole relaxation obtained from
the SBN61 dielectric study [137]. The parameters of the Cole-Cole model,
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Figure 2.19: INS spectra of SBN61 measured at Q ≈ (0.15, 0, 1). The thick
solid lines are fits to the model defined in Eq. 2.62. The dashed lines refer to the
resolution-limited DW contribution defined by Eq. 2.61, thin solid lines show the
OPF contribution modeled by Eqs. 1.10 and 2.62. Lower panels (f-j) show the
OPF part of the signal obtained by subtraction of the DW contribution from the
original spectra (after [175]).

fitting spectra in Fig. 2.19(f-j), are plotted in Fig. 2.20. The resulting ν0
frequencies and ∆χ strengths correspond well with those determined from
dielectric measurements.

2. Analysis of BS spectral tails:
By going back to the original spectra we have thoroughly inspected their
higher-energy tails. In order to reduce the spread of the data points in
fine BS energy transfer windows, the measured spectra were numerically
smoothed with a 0.8µeV wide sliding window. Examples of such smoothed
spectra are shown in Fig. 2.21. At energy transfers above 1.5µeV, the DW
contribution to the measured signal is negligible and all the intensity ex-
ceeding the constant inelastic background can be ascribed to the inelastic
scattering due to the OPF component. The data shown in Fig. 2.21 reveal
that the OPF component of the spectrum at 406 K is noticeably broader
than that at 358 K. The temperature dependence of the characteristic fre-
quency of the OPF component can be even better appreciated when the
scattering intensity at a given energy transfer is plotted as a function of
temperature. Such plots are shown in Fig. 2.22(a). With the increasing
energy transfer, the peak position is shifting towards higher temperatures,
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and this shift actually follows quite well the Vogel-Fulcher law determined
from the dielectric measurements [see also Fig. 2.20(a)] [137].

3. Comparison with dielectric data:
In order to make the correspondence of the OPF scattering with the Cole-
Cole dielectric relaxation even more apparent, we have directly calculated
the DS intensity from the model of Eqs. 1.10, 2.61, and 2.62 with parameter
values of α, ν0, and ∆χ taken strictly as those of the Cole-Cole mode of
the dielectric spectra of Ref. [137] (empty squares in Fig. 2.20). Results of
these calculations, shown as solid lines in Fig.2.21 and also as data points
in Fig. 2.22(b), are in a fairly good agreement with the neutron scattering
data.

These three different approaches all testify that the OPF component in SBN61
is caused by the same polar fluctuations that are responsible for the Vogel-Fulcher-
type dielectric relaxation.
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dielectric data by means of the Cole-Cole model (after [175]).
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2.3.4 Search for a soft transverse optic phonon

In the neutron experiment described in Subsection 2.3.1, we have also investi-
gated low-frequency phonons of the SBN50 single crystal in the energy transfer
range of 0 − 16 meV and several temperatures from 200 to 480 K. The IN20 in-
strument was used in the same configuration, exploiting advantages of the Si(111)
monochromator and the FlatCone multianalyser (see expt. E in Tab. 4.1).

Since a soft mode is expected to be polarized along the c axis and the scat-
tering intensity is proportional to Q2 (see Eq. 2.34), we measured INS spectra in
the highest achievable 00l BZ, which was the 003 BZ as imposed by kf set to
3 Å−1. Fig. 2.23(a) shows INS spectra at the Γ point Q = (0, 0, 3), which allows
a direct comparison with Raman (solid lines) and IR (dotted line) results shown
in Fig. 2.23(c) [194]. The polarized Raman and IR spectra were measured with
the incoming and scattered light polarized along the c axis, probing A modes (see
Subsection 1.3.3). At first sight all the spectra show a remarkably similar double-
peak band in the energy range of 10−15 meV at 300 K. Moreover, its temperature
dependence in INS spectra is comparable to changes in Raman spectra, showing
that the peaks of the structured band merge at about TC = 381 K. However,
positions of the peaks in neutron spectra are shifted by 2 meV with respect to
those in Raman spectra. This shift was neither caused by an offset of the zero
energy transfer in experiments nor a different Sr content in investigated SBN50
single crystals. Nevertheless, positions of peaks in Raman spectra are consistent
with previous Raman studies [131].
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Figure 2.23: (a) INS spectra at Q = (0, 0, 3), (b) the same INS spectra divided
by the Bose-Einstein factor (nBE + 1) after a constant background subtraction,
and (c) polarized [x(zz)x̄] Raman spectra of SBN50 single crystals at selected
temperatures (left axis) [194]. The dotted line in the panel (c) is the imaginary
part of the c-axis IR permittivity at 300 K multiplied by the Bose-Einstein factor
(right axis) [194]. The solid lines in panel (a) are guides for eye.
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Since the INS spectra show a better ratio of the band intensity to the mini-
mum at about 6.5 meV than the Raman spectra, we inspected the INS spectra
more closely. In order to reveal actual temperature dependence of the band,
the INS spectra were divided by the (nBE + 1) factor after subtracting a con-
stant background [see Fig. 2.23(b)]. The data clearly shows that the strength and
frequency of the lower-energy peak remain constant with temperature, whereas
the strength and frequency of the higher-energy peak decrease with increasing
temperature. Above TC the peaks are indistinguishable.
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Figure 2.24: (a) INS intensity map at Q = (q, 0, 3) in SBN50 at ambient con-
ditions, extracted from constant-∆E maps in Fig. 2.11. The intensity scale is
logarithmic. The circle and square symbols refer to TO and TA phonon frequen-
cies. The triangular symbols are TA phonon frequencies at 460 K, obtained from
INS spectra in the 001 BZ [see Fig. 2.25(a)]. The solid lines are TO and TA disper-
sions from Eqs. 2.63 and 2.64. (b) An example of INS spectrum at Q = (0.4, 0, 3)
extracted from panel (a). The solid line is a fit to the experimental data by a
model consisting of three DHOs and a constant background.

To demonstrate that this double-peak band in Fig. 2.23(a) consists of two TO
modes, we used constant-∆E maps (see Fig. 2.11) measured at ambient condi-
tions and at several energy transfers up to 13.5 meV to plot neutron scattering
intensity at Q = (q, 0, 3) as a function of the neutron energy transfer ∆E. The
extracted data of the 003 BZ are presented in Fig. 2.24(a), revealing TA and TO
phonon branches. The square and circle symbols refer to frequencies of TA and
TO phonons obtained from fitting constant-Q data in Fig. 2.24(a). The spectra
were fitted to three independent DHOs multiplied by the Bose-Einstein factor (see
the scattering function S(Q, ω) for one DHO in Eq. 2.45) and to a constant back-
ground. An example of a typical spectrum and its fit is depicted in Fig. 2.24(b),
showing that two of DHOs describe the TA and TO modes. The TO mode refers
to the low-energy peak of the band in Fig. 2.23(a). The high-energy one is seen
Fig. 2.24(b) only partly and was described by the third DHO, whose frequency
was fixed to 14.5 meV for all q according to data in the Γ point [see Fig. 2.23(a)].
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The q-dependences of TO and TA phonon frequencies in Fig. 2.23(a) were fitted
to simple formulas

νTO = νTO,q=0 + A sin2(
π

2
q), (2.63)

νTA = B sin(
π

2
|q|). (2.64)

where νTO,q=0 = 10.2 meV is the frequency of the TO mode at the Γ point and
A = 1 meV and B = 7.9 meV define the strengths of TO and TA branches.
respectively. One can calculate the shear elastic constant C66 using a well-known
expression: C66 = ρv2, where ρ = 5300 kg/m3 [103] is the density and v is the
speed of sound along the [q, 0, 0] direction. The sound speed is equal to the slope
of the TA dispersion for q → 0 which is given by v = dνTA

dq
|q=0 = π

2
B ≈ 3800 m/s.

Then, C66 equals to 70 GPa, which is about 1.5 times bigger value than 52 GPa
obtained also from INS data of SBN45 [142]. The lower value is determined by
a softer TA branch in SBN45. On the contrary, the value 70 GPa is an excellent
agreement with room temperature acoustic measurements on SBN40 giving CE
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of 69.5 GPa [176]. Moreover, our results shows that the TA phonon has about
the same dispersion in SBN50 and SBN61 single crystals (see Fig. 2.25).

Inspired by the low-energy Raman spectra in Fig. 2.23(c), showing the maxi-
mum intensity near TC = 381 K at the filter edge of 2.5 meV, we have undertaken
experiments on the cold TAS instruments. In particular, we measured the same
SBN50 single crystal on IN14 and the SBN61 single crystal, investigated by the
BS technique, on 4f2. Both instrument were operated with PG(002) monochoma-
tors and analysers (kf fixed to 1.5,Å−1 on IN14 and 1.55 Å−1 on 4f2), giving the
energy resolution of about 0.2 meV (see expts. B and E in Tab. 4.1) The samples
were investigated in the vicinity of the 001 Bragg reflection up to 500 K. Fig. 2.25
shows selected INS spectra at Q = (0.3, 0, 1) which consist of a resolution-limited
elastic peak, tails of a broader (resolved) scattering centred at the zero energy
transfer (called quasielastic scattering), and a TA phonon. Thus, the model,
fitting the INS spectra in Fig. 2.25, consists of the following terms

I(ν) = fRL(0) + [nBE(ν) + 1][χ′′
Debye(ν) + χ′′

DHO(ν)] + fb (2.65)

where the first term fRL(0) is a Gaussian function with FWHM corresponding
to the nominal instrumental energy resolution, describing the resolution-limited
scattering (dashed lines in Fig. 2.25). The second term χ′′

Debye(ν), multiplied by
nBE+1, is the imaginary part of the Debye function in Eq. 1.6, describing the QES
component. The third term describes the scatting function of the TA phonon by
a DHO multiplied by nBE + 1 (see Eq. 2.45). The last term fb is a constant
background. Let us comment the observed components of the spectra in more
detail:

• TA-phonon scattering:
INS spectra in Fig. 2.25 reveal that the TA phonon is temperature indepen-
dent alike the TA phonon with q || [1, 1, 0] in the 002 BZ of SBN61 [140].
Since it is the same TA phonon as measured in the 003 BZ of SBN50, its
dispersion was added to Fig. 2.24(a). Despite different temperatures and
TAS instruments, the frequencies of the TA branch are in a fair agreement.
Fig. 2.25 also shows that the TA phonon frequency is similar in both com-
positions.
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Figure 2.25: INS spectra at Q = (0.3, 0, 1): (a) SBN50 on IN14 (δE = 0.19 meV)
and (b) SBN61 on 4f2 (δE = 0.26 meV). The star symbols correspond to a spec-
trum at Q = (3.75, 0, 0.75) which was chosen as a reference “background”. The
solid lines are calculated according to a model in Eq. 2.65. The dashed lines are
Gaussian functions, having the nominal instrumental energy resolution, superim-
posed with a constant background (fRL + fb in Eq. 2.65).

• Resolution-limited scattering:
In the resolution-limited scattering both the DW and OPF components,
studied by the high-resolution BS in Subsection 2.3.3, are integrated. In
agreement with the BS study [175] and previous TAS studies [138, 139, 173],
the intensity at ∆E = 0 meV exhibits a maximum near TC because of the
strong contribution from the OPF component [175].

• Quasielastic scattering:
By comparing the spectrum at Q = (0.3, 0, 1) with a reference “back-
ground” spectrum at Q = (3.75, 0, 0.75) in Fig. 2.25(b), one can clearly see
an extra intensity beyond the resolution-limited scattering. This QES com-
ponent is highlighted in Fig. 2.26. In agreement with Ref. [140], its intensity
gradually drops with decreasing temperature to the ferroelectric phase and
becomes negligible at 250 K in SBN61 (see Fig. 1 in Ref. [140]). Moreover,
this scattering is rather q-independent [see Fig. 2.26(b,d)], which allows for
a direct comparison with THz measurements on SBN61 in Ref. [137]. Thus,
we have tried to compare it with the Debye-like relaxation (called CM in
Subsection 1.3.3), whose relaxation frequency of 0.4 meV is nearly temper-
ature independent in the vicinity of the phase transition, contrary to the
relaxation frequency of the Vogel-Fulcher relaxation. For this reason the
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relaxation frequency of the Debye function in Eq. 2.65 was set to 0.4 meV
and the only free parameter of the Debye function was its strength (in-
tensity). The resulting Debye contributions are shown by the dashed lines
in Fig. 2.26. Despite the strong constraint on the relaxation frequency the
model in Eq. 2.65 allows to describe quite well the INS spectra. Thus, the
quasielastic scattering is likely of the same origin as the Debye-like relax-
ation seen by the THz spectroscopy [137] and its dispersion is negligible.
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Figure 2.26: Comparison of INS spectra at Q = (q, 0, 1) in (a,b) SBN50 and
(c,d) SBN61 single crystals measured on TAS cold IN14 (δE = 0.19 meV) and 4f2
(δE = 0.26 meV) spectrometers, respectively. (a,c) INS spectra at Q = (0.3, 0, 1)
at selected temperatures (highlighting details of the spectra in Fig. 2.25), (b,d)
INS spectra at selected Q = (q, 0, 1) at about TC + 75 K. The solid lines are
calculated according to a model in Eq. 2.65. The dashed lines show a quasielastic
component, given by the [nBE + 1]χ′′

Debye(ν) term in Eq. 2.65.
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3. Phase-field simulations

In this work, the phase-field approach consists in simulation of the natural equi-
libration process of electric polarization field, which represents time evolution of
a ferroelectric domain structure. The polarization is described in the framework
of the Ginzburg-Landau-Devonshire (GLD) model, developed originally for fer-
roelectric phase transitions in proper ferroelectric crystals [6, 7]. Here, on the
one hand a significantly simplified GLD model is used for a proper uniaxial ferro-
electric. On the other hand, point defects are incorporated into the GLD model
in order to understand relaxor phenomena, observed in real uniaxial relaxor fer-
roelectrics. The resulting model of a hypothetical uniaxial relaxor ferroelectric
(see Section 3.1) was used for phase-field simulations (see Section 3.3). The main
results of computer simulations are described in Section 3.4.

3.1 Phenomenological model of a uniaxial re-

laxor ferroelectric

The GLD phenomenological model is based on a thermodynamic theory of ferro-
electric phase transitions, which defines excess free-energy potential of the low-
symmetry phase in terms of powers of order parameters. The terms are zero in
the high-symmetry phase and are invariant with respect to symmetry operations
of the high-symmetry phase. In proper ferroelectrics, the primary order param-
eter is the polarization and the second order parameter is strain, which together
with their spatial derivatives and mixed terms allow to describe more complex
phenomena, like for example electrostriction and flexoelectricity. The generalized
GLD model includes also long-range electrostatic interactions.

Let us assume a uniaxial proper ferroelectric crystal. It possesses one fer-
roelectric axis and therefore it exhibits only two polarization states parallel to
the unique axis ±P = (0, 0,±P3). Since the polarization states are parallel,
their elastic strain tensors are the same and thus the strain order parameter can
be eliminated easily. This allows to describe a uniaxial ferroelectric by the one-
component polarization order parameter P3 along the unique ferroelectric axis
which forms scalar polarization field P3(r) in a Cartesian coordinate system.

The free-energy functional F of a uniaxial ferroelectric in terms of Cartesian
components of polarization Pi and its spatial derivatives Pi,j = ∂Pi/∂xj, i, j ∈ 3̂
is given by

F =

∫
dr
[
fL[{P3}] + fG[{P3,j}] − P3E3

]
+ Fdip[{P}]. (3.1)

The first term stands for the Landau free-energy density functional

fL[{P3}] = α3P
2
3 + α33P

4
3 + α333P

6
3 (3.2)

expressed in terms of the lowest-order polynomial of the non-zero order-parameter
component P3. The expansion up to the sixth order is necessary in order to
describe the first-order ferroelectric phase transition.
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The second term in Eq. (3.1) defines the Ginzburg free-energy density func-
tional

fG[{P3,j}] =
1

2
(G33P

2
3,3 +G66(P

2
3,1 + P 2

3,2)) (3.3)

in terms of the lowest-order polynomial of spatial derivative of the non-zero order-
parameter components.

The third term in Eq. (3.1) takes into account an effect of external electric
field E = (0, 0, E3) applied along the unique ferroelectric axis.

The last term in Eq. (3.1) defines the electrostatic dipole-dipole interaction of
individual dipoles with electric fields of all other dipoles [84, 179]

Fdip[{P}] = −1

2

∫
dr[P(r) · Edip(r)], (3.4)

where Edip is inhomogeneous depolarization field created by the inhomogeneous
part of the field of polarization

Edip(r) = − 1

4πǫ0ǫB

∫
dr′
[
P(r′)

|R|3 − 3(P(r′) ·R) R

|R|5
]
, (3.5)

where R = r − r′, ǫB is the relative “background” dielectric permittivity of the
medium, and ǫ0 is the permittivity of vacuum. Since P(r) = (0, 0, P3), only the
z-component of the inhomogeneous depolarization field Edip contributes to the
Fdip functional in Eq. 3.4. Let us stress that in the present model, the field of po-
larization P(r) is restricted by periodic boundary conditions, which implies that
the spatial average of the electric field Edip generated by the field of polarization
itself is vanishing.

3.1.1 Point defects

In order to model relaxor ferroelectrics, which are characterized by chemical dis-
order, point defects were incorporated by fixing the order parameter to its para-
electric value P(rd) ≡ (0, 0, 0) at selected positions rd of the polarization field.
The number of point defects and their distribution used in computer simulations
are defined in Subsection 3.3.1.

3.1.2 Model parameters

In the following model parameters of a hypothetical uniaxial relaxor ferroelectric
were taken from well established parameters of ferroelectric BaTiO3 [8, 177] and
suitably modified to capture the main properties of a uniaxial relaxor ferroelectric,
like SBN61. Nevertheless, we did not intend to derive an exact model for SBN61,
since it has been shown that SBN61 requires a more complex model, whose not
all parameters have been found yet [128, 186]. For example, the parameters of
Ginzburg terms of SBN61 were never reported at all.

Landau parameters in Eq. 3.2 were taken exactly as for BaTiO3 [8, 177]
which are defined as follows

α3(T ) = 3.34 × 105(T − 381) JmC−2,

α33(T ) = 4.69 × 106(T − 393) − 2.02 × 108 Jm5C−4, (3.6)

α333(T ) = −5.52 × 107(T − 393) + 2.76 × 109 Jm9C−6.
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Even though the anharmonic Landau parameters α33 and α333 are temperature
dependent, the Landau potential fL gives only one first-order ferroelectric phase
transition in the whole temperature range and shows a typical temperature hys-
teresis with three characteristic temperatures T0 < TC < T̃ (see Fig. 3.1 and its
insets):

• T0 = 381 K is a characteristic temperature on cooling from the paraelectric
phase to the ferroelectric phase when the metastable paraelectric state with
P = 0 becomes unstable. T0 also stands for the Curie temperature in the
Curie-Weiss law (see Eq. 3.12).

• T̃ = 395 K is a characteristic temperature on heating from the ferroelectric
phase when two equivalent (metastable) ferroelectric states P 6= 0 become

unstable and vanish, i.e. there are two inflection points at T̃ in the Landau
potential at P 6= 0.

• TC = 392 K is the phase transition temperature at which the paraelectric
and ferroelectric states are energetically equivalent as shown in the inset of
Fig. 3.1(a).
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Figure 3.1: A single-domain uniaxial ferroelectric without point defects: (a)
free-energy density of the Landau potential fL in Eq. 3.2 with parameters from
Eq. 3.6; the inset shows the potential at characteristic temperatures of the first-
order phase transition, defined in Section 3.1.2, (b) temperature dependence of
the equilibrium polarization during cooling and heating; the dashed lines refer
to metastable states and the thick solid line to the spontaneous polarization; the
inset shows the phase transition region and characteristic temperatures TC, T0,
and T̃ .

The temperature dependence of polarization in Fig. 3.1(b) was obtained from
equilibrium conditions applied to the Landau potential (dfL/dP3 ≡ 0, d2fL/dP

2
3 >

0), resulting in

P0(T ) = ±
(
−α33 +

√
α2
33 − 3α3α333

3α333

) 1
2

if T < T̃ . (3.7)
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The spontaneous polarization PS = P0(T ), which refers to the global minimum
of the Landau potential, is non-zero at T < TC and is equal to zero above TC (see
the inset of Fig. 3.1).

Although the phase transition temperature TC = 392 K of a single-domain
structure without defects occurs at a higher temperature than in SBN61 (TC =
346 K [112]), the Landau potential is good enough since it captures a weak first-
order ferroelectric phase transition of SBN which was proved especially at low
concentrations of Sr [112]. In the case of SBN61, the meaning of the order of its
ferroelectric phase transition is nevertheless obscure because of its diffuse charac-
ter (see Fig. 1.4). Furthermore, the value of calculated spontaneous polarization
(PS = 0.27 Cm−2 at T = 300 K) is close to 0.28 Cm−2 of the room-temperature
SBN60 [128].

Parameters of Ginzburg terms in Eq. 3.3 were selected as follows

G33 = 51 × 10−12 Jm3C−2,G66 = 2 × 10−12 Jm3C−2. (3.8)

This interaction was set to be weaker than in BaTiO3 from the fact that SBN61
has nine times bigger unit cell volume than BaTiO3, i.e. bigger distances between
electric dipole moments, particularly in the ab plane, resulting in smaller trans-
verse interaction strength between dipoles in SBN61. The important parameter
in Eq. 3.8, controlling the transverse interaction, is G66 which was set one order of
magnitude smaller than in BaTiO3. The G33 parameter controls strength along
the unique ferroelectric axis. Despite its change about three orders of magni-
tude in comparison with the BaTiO3 one, it has a negligible impact on presented
results. The size of gradient terms will be discussed in Section 4.3.

The last crucial parameter is the “background” dielectric permittivity
ǫB of the electrostatic interaction in Eq. 3.5 which allows to include all addi-
tional contributions that screen the long-range electrostatic (dipole-dipole) in-
teraction, e.g. the high-frequency electronic polarizability, high-frequency polar
modes, and various extrinsic contributions. Relaxor ferroelectrics in general are,
indeed, highly polarizable materials in which the long-range dipole-dipole inter-
action is perturbed by the presence of defects and chemical disorder. Therefore
the “background” dielectric permittivity was eventually increased to

ǫB = 29.4, (3.9)

i.e. setting it to a four times bigger value than in BaTiO3 [8]. The influence of
the ǫB size upon physical properties, like the static dielectric susceptibility, will
be discussed in Section 4.3.
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3.2 Dielectric response of ideal single-domain

ferroelectrics

Before going to multidomain structures with point defects, let us inspect the
phase-transition critical phenomena of the single-domain structure without de-
fects. In this case of homogeneous polarization field, the free-energy functional in
Eq. 3.1 reduces to the Landau term fL in Eq. 3.2 and the external field term P3E3.
Then, dielectric response of the polarization field to a weak (probing) electric field
E3 can be solved analytically.

3.2.1 Static dielectric response

Under an external static electric field applied along the unique axis E = (0, 0, E3),
the free-energy potential is given by f = fL − E3P3 (see Section 3.1) and the
equilibrium polarization state P0 (df/dP3 ≡ 0, d2f/dP 2

3 > 0) is described by

2α3P0 + 4α33P
3
0 + 6α333P

5
0 = E3. (3.10)

Let us take into account that the static dielectric susceptibility along the unique
axis is given by

χ33 =
1

ǫ0

(
dP3

dE3

)

T

, (3.11)

where ǫ0 is vacuum permittivity. Then, the static susceptibility is described by

χ33 =





1
2ǫ0α3

= C
(T−T0)

if T ≥ T0
1

ǫ0(2α3+12α33P 2
0+30α333P 4

0 )
if T < T̃ ,

(3.12)

where C = 17 × 104 K is the Curie constant in the paraelectric phase, T0 =
381 K is the Curie temperature defined by the Landau parameter α3 (see Eq. 3.6),
and P0 is the equilibrium polarization in Eq. 3.7. The first relation in Eq. 3.12
is the well-known Curie-Weiss law. The static (inverse) susceptibilities in the
paraelectric and ferroelectric phases are plotted in Fig. 3.2, where dashed lines
refer to metastable states.

3.2.2 Dynamic dielectric response

By considering small deviations of the order parameter from its equilibrium state
in Eq. 3.10 under external alternating electric field E(t) = (0, 0, E3), one may seek
an equation of motion of the one-component order parameter P(t) = (0, 0, P3) as
a linear equation containing time derivatives of the order parameter

...+K3

...
P 3 +K2P̈3 +K1Ṗ3 + 2α3P3 + 4α33P

3
3 + 6α333P

5
3 = E3, (3.13)

where Kn are constants. Since this work is mostly devoted to slow dynamics of
relaxation processes, let us assume, as usual [6, 7], only the first time derivative
of the order parameter Ṗ3 = ∂P3/∂t (K1 6= 0). Then, Eq. 3.13 stands for a
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relaxation (Ginzburg-Landau) equation which can be written in a general form
as

Ṗ3 = −Γ
df

dP3

, (3.14)

where df/dP3 is a generalized force defined here for a single domain structure
via a derivative of the free-energy density f = fL − E3P3 with respect to the P3

component and Γ = 1/K1 is a kinetic coefficient controlling the energy dissipation
rate of the system.

Let us assume a homogeneous ferroelectric material in a periodic alternating
electric field E3 = EA exp(i2πνt) and its linear response in polarization given by
P3 = P0 + δP3 where P0 is the equilibrium polarization in Eq. 3.7 and δP3 =
PA exp(i2πνt) is the time-dependent induced polarization. By a variation of f
with respect to P3 and by taking into account that df/dP3 = 0 at P3 = P0

and under an approximation of (P0 + δP3)
n ≈ P n

0 + nP n−1
0 δP3, n ∈ {1, 3, 5} (for

δP3 = P3 − P0 ≪ P0), Eq. 3.14 gives

(i
2π

Γ
ν + 2α3 + 12α33P

2
0 + 30α333P

4
0 )PA ≈ EA. (3.15)

Noticing that the terms in the parenthesis in Eq. 3.15 equal to the inverse dynamic
susceptibility, one can see that the relaxation process is described by the Debye
formula

χ∗
33(ν) =

χ33

1 + iν/ν0
, (3.16)

where χ33 is the static susceptibility in Eq. 3.12 and ν0 is the relaxation frequency
which is given by

ν0 =
1

2π

Γ

ǫ0χ33

. (3.17)
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An example of the frequency dependence of the dynamic susceptibility at 298 K is
shown in Fig. 3.3, demonstrating that the relaxation frequency ν0 is a characteris-
tic frequency at which the imaginary part of the dynamic susceptibility in Eq. 3.16
reaches a maximum value. At 298 K the relaxation frequency equals to 3.7 THz
with Landau parameters from Subsection 3.1.2 and Γ = 4 × 104 C2J−1m−1s−1

[181]. The inverse relaxation frequency defines the relaxation time τ = 1/ν0
which characterises reaching of a new equilibrium state after removing exter-
nal electric field [in the paraelectric phase, P3(t) = C exp(−t/τ) is a solution of
Eq. 3.14].

This relaxation is clearly too short for the homogeneous relaxation in the ma-
terial. In reality, the inertial effects (K2 in Eq. 3.13) would need to be taken into
account to describe dielectric function of a real material at THz frequencies. Nev-
ertheless, before discussing the physically relevant low-frequency dynamics of an
inhomogeneous system, it is interesting to consider also temperature dependence
of the hypothetical dynamic dielectric response of a single-domain material. Ac-
cording to Eq. 3.17, the temperature dependence of the relaxation frequency is
given by the temperature dependence of the inverse static susceptibility which is
depicted in Fig. 3.2. Thus, the relaxation frequency tends linearly to zero as T
tends to T0 or T̃ in the paraelectric or ferroelectric phases, respectively, whereas
the corresponding relaxation time diverges. This temperature-dependent relax-
ation frequency causes interesting effects in the temperature dependence of the
complex dynamic susceptibility χ∗

33. The real part χ′
33 in Fig. 3.4(a) shows a

frequency-dependent peak (with a discontinuity at TC). The imaginary part χ′′
33

in Fig. 3.4(b) shows also a discontinuity at TC and a peak which broadens with
increasing frequency.
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3.3 Computer simulations of dielectric response

in disordered ferroelectrics

The aim of this section, which represents the key theoretical calculation of the
thesis, is to disclose the dielectric response in a material with inhomogeneous
polarization and considerable chemical disorder. In this case, the analytical ap-
proach followed in the preceding Section 3.2 would become too complicated. The
problem was therefore tackled by computer simulation methods.

The equilibrium state of inhomogeneous configuration of polarization (domain
structure) within the described model in Section 3.1 is obtained using phase-field
approach [178–180]. It consists in computer simulations of the natural equilibra-
tion process by numerical solution of the dissipative Ginzburg-Landau equation
(see Eq. 3.14) by a variation of the free-energy functional F in Eq. 3.1 with re-
spect to the P3 component of polarization (P1 ≡ 0, P2 ≡ 0). The selected kinetic
coefficient Γ = 4 × 104 C2J−1m−1s−1 defines realistic time scales in the simulated
processes [181].

All results presented here are obtained using the program Ferrodo developed
in the Department of Dielectrics of the Institute of Physics of the Czech Academy
of Sciences by P. Marton and J. Hlinka [180, 182]. Ferrodo allows to simulate
domain structures under various conditions (e.g. temperature, external pressure
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and electric field, etc.) and to calculate basic material properties, e.g. elastic,
dielectric, and piezoelectric coefficients [183, 184]. Since the program is described
in detail in [182], we recall here only necessary settings of numerical calculations,
implementation of point defects, and calculation of dielectric properties which
will be described in following subsections.

3.3.1 Numerical method, initial and boundary conditions

In program Ferrodo, Eq. 3.14 is solved numerically by finite-difference methods
[182]. In particular, the explicit first-order Euler method is used for calculation of
the first iteration of the initial polarization field and both zero and first iterations
are taken as initial conditions for the 2nd order semi-implicit Fourier-spectral
method. It means that Eq. 3.14 is solved in Fourier space, which requires periodic
boundary conditions. The main advantage of the semi-implicit method is not only
a more elegant calculation of non-local generalized forces coming from Ginzburg
terms and an exponential convergence but also possibility of using broad range
of time step sizes [185]. This was important for simulations of dynamic dielectric
response in a broad frequency range. In Section 3.4, all simulations were done
with a three-dimensional rectangular box of 32 × 32 × 128 discrete points [see
Fig. 3.5(a)]. This rather special shape of the simulation box will be discussed
later in Section 4.3. The discrete points are spaced equidistantly with the step of
0.4 nm along the coordinate system axes. Each discrete point stores information
about the one-component polarization P(r) = (0, 0, P3) parallel to the unique
ferroelectric axis, where r is the position of a discrete point.

In order to incorporate point defects, there are another two other discrete
scalar fields of the same size. The first one determines positions of point defects
rd, i.e. whether a selected discrete point of polarization field contains a defect
or not. The other one defines magnitude of polarization at the defect position.
Here, point defects have polarization fixed to the paraelectric value zero, i.e.
P(rd) ≡ (0, 0, 0). All results, presented in Section 3.4, were obtained with 5 %
of randomly selected discrete points within the simulation box as depicted in
Fig. 3.5(b) and the distribution of point defects was kept the same.

In summary, to run the program Ferrodo, one needs to define: an initial
polarization field with periodic boundary conditions, constraints on point defects,
and an “INIT” file which includes polarization dimension, size of simulation box,
space and time step sizes of discretization, number of iterations, all parameters of
the phenomenological model, temperature, applied external forces, etc. A typical
example of an INIT file is shown in Attachment B.

3.3.2 Calculation of dielectric response

Before applying an external electric field, each initial domain structure was re-
laxed (equilibrated) for 0.005 − 1 ns at a given temperature. The criterion for
reaching equilibrium was a predefined condition on the smallest residual forces.
Then, a small probing homogeneous electric field E = (0, 0, E3) was applied along
the ferroelectric z axis of that equilibrated structure.

Regarding the static dielectric response, the electric field was a five-step func-
tion with increments of ∆E3 = 100 V/m after each step of 5×105 iterations (0.6 ns
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Figure 3.5: (a) Equilibrium domain structure with point defects relaxed at 10 K
from white-noise initial conditions. The simulation box contains 32 × 32 × 128
discrete points spaced equidistantly with step of 0.4 nm along the coordinate
system axes, (b) Box defining the random distribution of point defects occupying
5 % of discrete points of the simulation box, (c) Distribution of point defects in
single rows along the z axis, i.e. number of rows containing the same amount of
point defects, (d) Number of point defects summed along the z axis.
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with time step of 1.25 fs). Then, equilibrium average polarization was evaluated
for each step of the probing field, and consequently the average polarization de-
pendence on the probing field was fitted to a polynomial function. Finally, the
static linear dielectric susceptibility χ33 was obtained by dividing the linear co-
efficient of the polynomial function by the vacuum permittivity. Higher-order
coefficients of the polynomial function were negligible.

In the case of the dynamic dielectric response, the probing alternating electric
field was a sine function of time

E3(t) = EA sin

(
2π

Tp
t

)
, (3.18)

where EA is its amplitude and Tp is its period. The averaged induced polarization
was fitted to a sine function of the same period Tp

∆P3(t) = PA sin

(
2π

Tp
t+ θ

)
, (3.19)

whose both amplitude PA and phase shift θ were used for calculating real χ′
33 and

imaginary χ′′
33 parts of dynamic complex susceptibility given by

χ′
33 =

1

ǫ0

PA

EA

cos(θ), (3.20)

χ′′
33 =

1

ǫ0

PA

EA

sin(θ), (3.21)

respectively, where ǫ0 is the vacuum permittivity. In all simulations, the ampli-
tude of the probing electric field EA was equal to 1000 V/m and the period Tp was
set from 0.05 to 400 ps. This allowed to cover four decades in frequency (from
2.5 GHz to 20 THz).
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3.4 Main results

The above defined system of an idealized uniaxial ferroelectric with point defects
can be considered as a hypothetical disordered material in which point defects
randomly occupy 5 % of unit cells, causing that those unit cells are ferroelectricaly
inactive or their activity is negligible. It is known that physical properties of such
disordered systems depend strongly on thermal pre-treatments (see Subsections
2.3.1 and 2.3.2). For this reason, first, the evolution of domain structure of the
system was studied under a defined sequence of cooling and heating regimes, de-
scribed in Subsection 3.4.1. Then, the relaxed domain structures obtained during
those thermal treatments were used as initial conditions for computer simulations
of static and dynamic dielectric responses (Subsections 3.4.2 and 3.4.3, respec-
tively).

3.4.1 Domain structure under thermal treatments

First of all, thermal evolution of domain structure was investigated in two differ-
ent cooling regimes. In the first regime (named ZFnoise here), the system was
relaxed in zero field (ZF) from a white-noise initial condition of polarization field
in the temperature range of 10 − 440 K. At each temperature, computer sim-
ulations started from exactly the same initial polarization field with randomly
oriented polarization having maximum magnitude of ±0.001 C m−2. The other
cooling treatment is a zero-field-cooling (ZFC) which consists in cooling by 5 K
from 440 K down to 10 K. In this procedure, the relaxed domain structure at a
given temperature serves as an initial polarization field for the following com-
puter simulation at lower temperature. If the relaxed structure is paraelectric,
white-noise polarization field is taken as an initial polarization field at lower tem-
perature.

Domain structures from the above described cooling regimes are shown in
Fig. 3.6(a,b) which, for clarity, shows the average polarization along the unique
ferroelectric axis. Let us emphasize that polarization in each row along the z
axis of the simulation box (see Fig. 3.5) is almost constant apart from point de-
fects where its value is zero. Both ZFnoise and ZFC domain structures exhibit a
gradual formation of domains. In the case of the ZFnoise cooling, which can be
considered as an abrupt cooling treatment, domain structure remains fractional-
ized at low temperatures. While ZFC domain structures exhibit more compact
and bigger domains at lower temperature as expected from slow gradual cooling.

Then, the ZFC domain structure at 10 K was taken as an initial condition
for heating from 10 K to 440 K with a step of 5 K. Relaxed domain structures
obtained during this zero-field heating after zero-field cooling (ZFHaZFC) are
shown in Fig. 3.6(c), exhibiting gradual fragmentation and vanishing of ferroelec-
tric domains to a paraelectric state.

Finally, the cooling and heating treatments were repeated apart from that an
external electric field of 100 kV/m was applied along the z axis during cooling.
The field cooling (FC) and zero-field heating after field cooling domain structures
are shown in Fig. 3.6(d,e).

By comparing domain structures in Fig. 3.6, it is apparent that domains nu-
cleate during ZFC and disappear during ZFHaZFC in the same regions, i.e. in the
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temperature (ZFnoise), (b) zero-field cooling (ZFC), (c) zero-field heating after
zero-field cooling (ZFHaZFC), (d) field cooling (FC) at E3 = 100 kV/m, (e) zero-
field heating after field cooling (ZFHaFC).
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Figure 3.8: Temperature dependence of (a) the static susceptibility χ33 during
ZFC (solid squares), ZFHaZFC from 10 K (open squares), and ZFHaZFC from
200 K (crosses) and (b) the inverse static susceptibility of ZFHaZFC domain
structures, fitted to the quadratic relationship in Eq. 1.11 (the thick solid line)
and to the Curie-Weiss law in Eq. 3.12 (the thin solid line).

same rows of simulation box along the unique axis. These rows contain the least
number of point defects [cf. domain structures with the distribution of defects
in Figs. 3.5(d)]. Thus, point defects substantially changes local phase transition
temperatures in rows (see Subsection 3.4.2). As a result, domains and 180-degree
DWs show rough polarization profiles, as shown in Fig. 3.7.

3.4.2 Static dielectric response

Linear dielectric response of relaxed ZFC and ZFHaZFC domain structures was
probed by static electric field of 100 V/m, applied along the unique ferroelec-
tric axis [see Fig. 3.8(a)]. For both simulated thermal treatments, a broad peak
in temperature during a transition between paraelectric and ferroelectric phases
is found. Surprisingly, the ZFC susceptibility reaches almost twice bigger maxi-
mum values than the ZFHaZFC one. This is caused by the fact that ZFC domain
structures remain most likely in a metastable state. The ZFC susceptibility for
example at 200 K can be made easily lower when the relaxed ZFC domain struc-
ture at 200 K is heated up about a few degrees as shown in Fig. 3.8(a) (cross
symbols). Then, the susceptibility values rapidly decay as an exponential func-
tion of temperature to the ZFHaZFC values. Thus, ZFHaZFC domain structures
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seem to be better equilibrated and their dielectric response will be inspected in
detail.

The inverse static ZFHaZFC susceptibility in the paraelectric phase shows a
linear temperature dependence with a deviation in the maximum-susceptibility
region [see Fig. 3.8(b)]. A fit to the paraelectric Curie-Weiss law (see Eq. 3.12)
far from the susceptibility maximum gives a Curie temperature of 148 ± 1 K and
a Curie constant of 14.42 ± 0.04 × 104 K−1. The region near the susceptibility
maximum can be fitted by the quadratic relationship in Eq. 1.11 observed in
relaxor ferroelectrics [82, 98], giving χmax = 1510 ± 30, Tmax = 219 ± 3 K, and
dmax = 60 ± 5 K.
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Figure 3.9: Temperature dependence of mean polarization of single rows along
the ferroelectric axis with different number of defects (ZFHaZFC regime). The
solid circles show mean crossover temperatures < Tcross >d of all rows with the
same number of point defects nd along the ferroelectric axis. The black solid line
is a fit to the linear function in Eq. 3.22. The crossover temperature of each single
row was found as either a jump or the inflection point.

The diffuse character of the phase transition in simulations appears due to the
broad distribution of local crossover transitions which, in fact, can be classified
according to number of point defects in each single row of the simulation box
along the unique ferroelectric axis. Fig. 3.9 shows that the mean local crossover
temperature depends linearly on number of point defects in a row nd,row

〈Tcross〉d = And,row + B, (3.22)

where A = −16.2 K and B = 295 K. Thus, the single row response seems to be
largely independent of neighbouring rows at first sight.
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3.4.3 Dynamic dielectric response

The dynamic dielectric response was calculated only for ZFHaZFC domain struc-
tures at various probing frequencies. Temperature dependences at selected prob-
ing frequencies are shown in Fig. 3.10, exhibiting a frequency-temperature depen-
dent maximum typical for relaxor ferroelectrics: the position of the susceptibility
maximum Tmax tends to lower temperatures with decreasing probing frequency
and obeys quite well the empirical VF relationship in Eq. 1.8 [see the inset in
Fig. 3.10(a)] with the freezing temperature of 212 ± 1 K.
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Figure 3.10: Temperature dependence of dynamic susceptibility for several prob-
ing frequencies ν of (a) the real part χ′

33; the inset shows the probing frequency
versus the position of the susceptibility maximum Tmax, fitted to the VF relation-
ship (see Eq. 1.8) and (b) the imaginary part χ′′

33. The solid lines are guides for
eye.

For a deeper understanding of the dynamic response, the complex dielectric
functions were also analysed as functions of probing frequency. Fig. 3.11 shows
the frequency dependence of the real and imaginary parts at selected tempera-
tures and their Cole-Cole plots. The complex dielectric function was fitted to the
Cole-Cole model in Eq. 1.10. The Cole-Cole parameters versus temperature are
plotted in Fig. 3.12. The dielectric strength is in agreement with static suscep-
tibility [cf. Fig. 3.8(b) and Fig. 3.12(a)]. The mean relaxation frequency shows
soft-mode characteristics with hardening in the susceptibility-maximum region.
The shape index α reveals that the system has a Debye-like response at high
temperatures [see also Fig. 3.11(e)] and the spectrum of relaxation times broad-
ens with decreasing temperature, which is a common phenomenon in relaxor
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Figure 3.11: (a-d) Dielectric functions and (e-h) their Cole-Cole plots at selected
temperatures of ZFHaZFC domain structures. Solid lines are fits of both real and
imaginary parts to the Cole-Cole formula (see Eq. 1.10).

ferroelectrics including SBN61 [34, 137].

Local dielectric response: In order to understand the broadening of the
spectrum of relaxation frequencies at low temperatures, the local response of
each single row of the simulation box along the ferroelectric axis was inspected
in detail. Dielectric functions of selected rows at 200 K are shown in Fig. 3.13.
Most of the rows show a Debye-like response (α < 0.1 in Eq. 1.10), whose re-
laxation frequencies ν0 depend strongly on the spontaneous polarization PS at
low temperatures as shown in Fig. 3.14(a,b). The dependence can be described
approximately by a double-well function ν0 = A + BP 2

S + CP 4
S [where A > 0,

B < 0 and C > 0; see solid lines in Fig. 3.14(a,b)], similarly as the relaxation
frequency of the single-domain structure without defects (see Eqs. 3.17 and 3.12).
Nevertheless, the “occupancy” of the double-well function strongly depends not
only on temperature (via temperature-dependent polarization and Landau pa-
rameters, especially α3) but also on number of point defects in the row due to the
dependence of the crossover temperature on the number of defects (see Fig. 3.9).

89



0 100 200 300 400
0.0

0.1

0.2

0.3

(c)

 

S
ha

pe
 in

de
x,

 α

Temperature (K)

0

500

1000

1500

2000

 

(b)

 

Fr
eq

ue
nc

y,
 ν

0 (
G

H
z)

0

500

1000

1500

2000

 

 

D
ie

le
ct

ric
 s

tre
ng

th
, ∆

χ (a)

Figure 3.12: Temperature dependence of Cole-Cole parameters in Eq. 1.10 from
fits of complex dielectric functions shown in Fig. 3.11: (a) dielectric strength ∆χ,
(b) mean relaxation frequency ν0, and (c) characteristic shape index α. The solid
line in panel (b) is a fit of ν0 to A(T −T0,d), whrer A is a constant and T0,d is the
Curie temperature of the system with point defects.

On top of that, there is an interaction (coupling) between neighbouring rows
mainly in the vicinity of the susceptibility maximum Tmax ≈ 220 K, so that the
characteristic frequencies of rows with the same number of defects are not exactly
the same.

At high temperatures, when all rows are in the paraelectric state, the relax-
ation frequency of each row depends only on the number of defects due to different
crossover temperatures [roughly ν0,row ∝ T −〈Tcross〉d = T −295+16.2nd]. There-
fore the spectrum of relaxation frequencies is quite narrow [α ≈ 0 in Fig. 3.12(c)]
and the mean relaxation frequency ν0 depends linearly on temperature in the
paraelectric phase: ν0 ∝ T − T0,d [see Fig. 3.12(b)]. A fit to a linear function
suggests the Curie temperature of T0,d = 172 ± 1 K for the system with point
defects.

At lower temperatures, some rows are already in the ferroelectric state and
thus their relaxation frequencies start to show the double-well function on polar-
ization. At about 200 K, minima of the double-well function are filled, but relax-
ation frequencies remain low [see Fig. 3.14(b)], i.e. the mean relaxation frequency
reaches its minimum and the dielectric strength is strong [see Fig. 3.12(a,b)]. On
further cooling, more and more rows with the low number of defects gain bigger
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spontaneous polarization. As a result, the relaxation frequency increases dramat-
ically, although rows with many defects still have relaxation frequencies in the
double-well region. Therefore, the spectrum of relaxation times is broad [α > 0
in Fig. 3.12(c)] and the mean relaxation frequency hardens at low temperatures
[see Fig. 3.12(b)].
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4. Discussion

4.1 Diffuse scattering in SBN single crystals

In Section 2.3 we focused on the strong transverse DS at q || [1, 0, 0] in the 00l
BZs (l 6= 0) of SBN single crystals. We found that its temperature dependence
in SBN61 remarkably resembles the temperature dependence of the real part of
permittivity [cf panels (b) and (d) in Figs. 2.15 and 2.17], which was confirmed
by S. M. Gvasaliya et al [140] in the course of our study.

By the defined thermal treatment we found that this DS shows a thermal
hysteresis [see Fig. 2.15(b)]. In contrast to the first-order phase transition in
ferroelectrics, the hysteresis in this case does not involve the peak position Tmax

of the critical scattering but rather the whole temperature range in the vicinity of
TC (about 50 K in total). This type of hysteresis is similar to the global thermal
hysteresis known from IC crystals [174]. The origin of the global hysteresis in IC
crystals can be assigned to an intrinsic effect (pinning of the phase modulation by
the underlying discrete lattice) or can be connected to an extrinsic effect due to
the pinning by crystal defects. In the case of SBN61, the extension of the global
thermal hysteresis up to about 15 K above TC most likely comes from the pinning
of ferroelectric nanodomains.

Neutron scattering results in Section 2.3 also revealed that the transverse DS
contains up to three components: DW, OPF, and QES components. Here we
discuss their temperature and wavevector dependences and their origin.

4.1.1 Domain wall component

Both TAS and high resolution BS studies of the transverse DS at Q = (q, 0, 1) in
SBN61 confirmed that the DW component dominates at smaller q below TC and
decreases with increasing temperature [see in Figs. 2.17(b) and 2.18 ] in agreement
with Refs. [138, 139]. Let us stress that the rapid descent of the DW component
with increasing temperature at smaller q in Figs, 2.17(b) and 2.18 is not caused
by a capture of the 001 Bragg reflection. The intensity of the 001 Bragg reflection
shows no major change across the phase transition [143]. In addition to that the
dashed line in Fig. 2.16(a), which is a Gaussian curve fitted to the 001 Bragg
reflection with FWHM of 0.024 r.l.u., shows that the δQ⊥ resolution is better
than the smallest q in Fig. 2.17(a,b).

The comparison of temperature and q-dependences of DS in Figs. 2.16 and 2.17
was not enough to separate the DW component from the OPF component in the
vicinity of the phase transition (TC = 346 K in SBN61). Similarly as in Refs. [138,
139], we studied this DS under external electric field, however, in the defined
sequence of thermal and electric field treatments [see Fig. 2.15(a,b)]. We verified
that the DW component can be suppressed by applying electric field higher than
Ec along the tetragonal axis [cf. panels (a) and (b) in Fig. 2.17]. Furthermore,
by taking into account that the in-situ applied electric field influences not only
the DW component but also the critical softening itself in a substantial manner
[see Refs. [138, 139] and Figs. 2.15(b), 2.16(a,b) and 2.17(a,b) here], we did not
compare directly the FC and ZFC measurements but rather the ZFHaFC and
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ZFH measurements, done on previously poled and de-poled crystals, respectively
[see Fig. 2.15(a)]. Thus, by calculating a difference of the ZFH and ZFHaFC data
[see Figs. 2.16(c) and 2.17(b)] we were able to separate the part of DS which can
be removed with electric field, i.e. ideally scattering from the DW component
only.
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Figure 4.1: Difference of ZFH and ZFHaFC data at Q = (q, 0, 1) in SBN61 at
310 K [see Fig. 2.16(c)], showing the diffuse scattering part which can be removed
by FC. The solid line was calculated using the model in Eq. 4.1 for the DW
thickness tDW of 12 Å and A = 3.9.

In order to testify that the separated part comes from neutron scattering from
DWs, we have tried to describe its q-dependence at the lowest temperature 310 K
in Fig. 2.16(c) with a model of neutron scattering from 180-degree DWs [195, 196].
The model assumes a random distribution of domains with the normals of DWs
perpendicular to the ferroelectric c axis and the DW polarization profile given
by P (x) = PS tanh( x

tDW/2
), where PS is the spontaneous polarization and tDW is

the DW thickness. Then, the neutron scattering from a random distribution of
domains in the a-axis direction is defined by [195]

I(q) = A
tDW

2

sinh2(π
2
tDW

2
q)
, (4.1)

where q is the wavevector parallel to the a∗ axis. Here A is a constant which
depends on spontaneous polarization PS and the number of DWs. Eq. 4.1 is valid
if q is large compared to the inverse width of a typical domain. This constraint is
fulfilled in SBN61 since the average domain size in the ab plane is about 100 nm
at 300 K, giving the inverse width of 0.01 r.l.u. (see Fig. 1.8(c) and the autocorre-
lation analysis of PFM patterns in Fig. 5 of Ref. [63]). Fig. 4.1 compares the data
of the separated part at 310 K and the calculated profile based on the model in
Eq. 4.1 for the DW thickness tDW of 12 Å and A = 3.9. The tDW value is consis-
tent with 14 Å which was obtained from fitting the transverse DS at Q = (q, q, 1)
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for the same composition at 300 K using a more precise model which included
apart from Eq. 4.1 the four-dimensional instrumental resolution [140]. Based on
these results, we can infer that the separated part arises from neutron scattering
from DWs and suggests the DW thickness of about one a lattice parameter.

Regarding the temperature dependence of the separated DW contribution,
we found that the DW scattering decreases with increasing temperature [see
Fig. 2.17(c)] apart from a few temperatures near TC which likely contain a part
of the OPF component. The DW scattering extends up to about TC + 20 K. It
is worth stressing that also the PFM measurements confirm that relatively long-
lived polar states may exist up to TC +15 K with the relaxation time shorter than
103 s [63].

4.1.2 Order-parameter fluctuation component

In the high-resolution BS study of SBN61 described in Section 2.3.3, we succeeded
to resolve characteristic frequencies of the OPF component and to confirm explic-
itly the earlier conjecture about the dynamic nature of the peak of the transverse
DS near TC. We used three different approaches to testify that the OPF com-
ponent is caused by the same polar fluctuations that are responsible for VF-type
dielectric relaxation. In this way, we proved that both neutron and dielectric spec-
tra of the OPF component can be accurately described by the same Cole-Cole
susceptibility in the (sub)µeV energy range. The parameters of the model are
plotted in Fig. 2.20 and only the parameter α was always taken from an analysis
of dielectric data [137]. In spite of a quite narrow energy transfer range probed
in BS experiments, the temperature dependence of the BS data shows a similar
peak shift with energy transfer (the VF feature of relaxor ferroelectrics) as the
calculated INS intensity from the model in Eq. 2.62 with Cole-Cole parameters
taken strictly from dielectric data (cf. panels in Fig. 2.22).

Because of long acquisition times, the BS spectra were measured only at Q ≈
(0.15, 0, 1), which does not allow to obtain the dispersion of the OPF component.
Nevertheless, there is essentially no difference in the Cole-Cole mode frequency
determined from dielectric and neutron scattering data within the experimental
precision.

Going back to TAS studies, it is well known that the OPF component shows
a Lorentzian-like profile whose FWHM equals to 0.1 − 0.2 r.l.u. above TC (see
Fig. 2.16 here and, e.g., Fig. 4 in Ref.[140]), suggesting the transverse correlation
length of 5-10 unit cells in the ab plane [138–140]. Based on the BS results, it is
clear that the Lorentzian-like profile in TAS studies integrates DS over charac-
teristics frequencies of the VF-type relaxation. Since the relaxation frequencies
might have different q-dependences, we did not analyse the Lorentzian-like pro-
files in detail.

In the temperature dependence of the OPF component, we noticed that the
OPF peak of TAS data in Fig. 2.17(b) shifts towards higher temperatures with
increasing q. For the sake of a direct comparison of DS and dielectric data in
Fig. 2.17(b,d), we subtracted the DW component by assuming again its linear
contribution as a function of temperature [dashed line in Fig. 2.17(d)] and found
positions Tmax of the scattering intensity maxima. The q-dependence of Tmax of
the scattering intensity and frequency-dependence of the permittivity are com-
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Figure 4.2: Position of the maxima in temperature dependence of (a) neutron
diffuse scattering at Q = (q, 0, 1) in Fig. 2.17(b) for the ZFC data and (b) complex
permittivity measured in the ZFC regime [137]. The solid line shows the VF
relationship in Eq. 1.8 with parameters in Ref. [137] (after [173]).

pared in Fig. 4.2(a,b). Without going into speculations about the origin of this
important observation it can be stated that a momentum spread of Tmax over
the BZ is comparable to the frequency spread of the dielectric Tmax over about
100 MHz. As described in Subsection 1.3.3, Tmax of dielectric data is associated
with the VF relaxation and tends towards the freezing temperature Tf with prob-
ing frequency going to zero. Since dielectric spectroscopy probes the Γ point, Tf
is plotted at q = 0 r.l.u. in Fig. 4.2(a). Interestingly, Tf fits nicely to the Tmax(q)
dependence of ZFC measurements.

Let us stress that the coexistence of elastic and quasielastic neutron DS has
been also demonstrated in the canonical relaxor ferroelectric PMN [72]. In par-
ticular, the dynamic component falling into the 10-100 GHz range window of the
neutron spin-echo instrument [72] seems to be analogous to the OPF component
of SBN61. Unfortunately, the neutron scattering data of PMN were only anal-
ysed assuming a single-exponential decay and a simple Arrhenius temperature
dependence [see solid circles in Fig. 4.3(b)], even though the dielectric response
of PMN is known to show the VF feature with the broad range of relaxation
times [see Fig. 1.3(b)] [25, 52, 53]. It is important to stress that PMN in Ref. [72]
was also investigated by BS on the IN10 instrument at the ILL (see Fig. 2(b) in
Ref. [72]). Contrary to their spin-echo results and our BS results on SBN61, the
BS spectra exhibited only the static DW component. We believe that the missing
OPF component in BS spectra of PMN had two main reasons. The first one is
that IN10 has about one to two orders of magnitude smaller neutron flux at the
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sample position than “old” IN16 or IN16B. The other one is that the BS spectra
were measured with the Doppler monochromator in the classical BS mode in a
broad energy transfer range from −10 to 10µeV. As a result, counting statistics
per one energy interval of the spectra was too low even though the investigated
PMN single crystal had volume of 3 cm3. Using the high-flux IN16B spectrometer
and its linear Doppler drive, it could be possible to resolve and study the OPF
component.

4.1.3 Quasielastic component

In Subsection 2.3.4 we confirmed that the transverse DS in both SBN50 and
SBN61 contains a third component which is quasielastic [140, 141]. This QES
component is resolved by cold TAS instruments (see Figs. 2.25 and 2.26) and can
be fitted by the Debye model. We found that its relaxation frequency corresponds
to the relaxation frequency of the Debye-like polar excitation in SBN61 seen by
THz spectroscopy (CM in Subsection 1.3.3). For the sake of a direct comparison,
we fixed its relaxation frequency to 0.4 meV, which is almost temperature inde-
pendent around TC, and demonstrated that the QES component can be fairly
described by fitting only the strength of the mode. This strength drops down
with decreasing temperature [see Fig. 2.26(a,b)] in agreement with results of the
INS study in Ref. [140] and it exhibits no significant change with q at TC + 75 K
within the experimental precision [see Fig. 2.26(c,d)].
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4.2 Critical dynamics in SBN single crystals

In Section 2.3 we found and studied several low-frequency excitations using neu-
tron scattering, namely the TO mode, Debye and Cole-Cole relaxations. Based
on the comparison with other spectroscopic techniques, we proved that these
excitations are polar and could be, in principle, related to critical dynamics of
relaxor ferroelectric SBN single crystals.
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Figure 4.3: Temperature-dependent polar excitations in (a) SBN61 crystal with
polarization vectors along the c axis and (b) PMN single crystal. Triangles stand
for the lowest-frequency lattice modes [76, 77, 134], circles and squares refer to
Debye and Cole-Cole relaxations [72, 137, 175]. The solid lines indicate the VF-
type temperature dependences of Cole-Cole mode frequencies with parameters of
Refs. [25, 34, 137]. For more details see the text in Subsections 1.2.2 and 1.3.3,
and Section 4.2.

To obtain a comprehensive picture of low-frequency dynamics, we plotted
(relaxation) frequencies of the polar excitations in the most studied SBN61 in
Fig. 4.3(a). The triangles stand for the lowest frequencies of A Raman modes
from literature [134] which were depicted instead of TO frequencies studied in
SBN50 (see Subsection 2.3.4). Then, there are two excitations with relaxation
frequencies below the phonon frequency range. The first one is the almost
temperature-independent Debye-like relaxation with frequency in the range of
0.4 meV = 100 GHz (solid circles) which gives rise to the quasielastic DS compo-
nent (see Subsection 4.1.3) and which is seen as CM in THz spectroscopy (empty
circles) [137]. The other one is the strongly temperature-dependent Cole-Cole
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relaxation in the sub-10 GHz range (solid squares) which creates the OPF com-
ponent (see Subsection 4.1.2). Their temperature dependences were successfully
compared to the dielectric relaxations (open circles and squares) [137]. Let us
discuss all the excitations in more detail.

4.2.1 Low-frequency phonons

Apparently, Fig. 4.3(a) shows no clear soft mode in the investigated frequency-
temperature region. Nevertheless, it is worth stressing that the temperature
dependence of the higher-frequency A mode is not insignificant. The temperature
change of its frequency is, for example, comparable to the change of the SM
frequency of the radial (A) component in PMN [cf. up-pointing triangles in panels
(a) and (b) in Fig. 4.3]. In PMN, however, the tangential (E) component of the
split SM plays the role of the real soft excitation. In the highly anisotropic SBN61,
the lowest-frequency E modes (at 6 and 9.5 meV) are temperature independent
from 600 down to 20 K as measured by IR spectroscopy in Ref. [137]. As a result,
the temperature-dependent A mode is clearly separated from the Debye and Cole-
Cole relaxations in Fig. 4.3(a).

Here we focused on the zone-centre phonons, although soft mode dynamics
could, in principle, take place at zone boundaries. This could be quite possible
in SBN [115] which is composed of tilted corner-sharing NbO6 octahedra (see
Fig. 1.5). Indeed, we found strong INS at zone boundaries of SBN50 (see squares
in Fig. 2.11(b) and Fig. 2.12) which could be assigned to dynamics of NbO6 octa-
hedra. We showed that the corresponding excitation has an unusual column-like
dispersion at room temperature (see Fig. 2.12). In relaxor ferroelectrics, this kind
of column-like scattering was only observed in PMN at the Q = (0.5, 0.5, 0.5) and
Q = (0.5, 0.5, 0) zone boundaries and it was associated with softening (“conden-
sation”) of zone-boundary optic modes [190]. We cannot exclude softening of a
zone-boundary optic mode based on our results. However, we found that the ex-
citation persists above 500 K, i.e. high above TC and hence it is implausible that
the excitation is related to critical dynamics. It seems likely that it comes from
fluctuations of NbO6 octahedra, however, understanding the microscopic origin
requires other studies and a direct comparison with, e.g., molecular dynamics
calculations.

4.2.2 Relaxations

Debye relaxation: Consistently with THz spectroscopy results [137], we found
that the relaxation frequency (≈ 0.4 meV) of the Debye relaxation is almost
temperature-independent around TC [solid circles in Fig. 4.3(a)] and loses its
strength with decreasing temperature [see Fig. 2.26(c)]. In addition to that the
THz spectra show that the relaxation frequency gradually decreases with decreas-
ing temperature well below TC [empty circles in Fig. 4.3(a)]. Its temperature de-
pendence suggests an Arrhenius-like change with temperature (see the Arrhenius
law in Eq. 1.9). Thus, this excitation can be understood in the classical picture
of the thermally activated hopping mechanism. Based on neutron scattering ex-
periments, evidently, the hopping is accompanied with ion displacements along
the c axis which are not affected by the ferroelectric ordering.
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Furthermore, our results suggest that the Debye relaxation has a rather flat
dispersion at TC+75 K [see Fig. 2.26(d)]. This indicates that neighbouring ions,
hopping in their double-minimum potential of equivalent unit cell sites, are not
correlated.

Cole-Cole relaxation: Contrary to the Debye relaxation, the mean relaxation
frequency of the Cole-Cole relaxation drops rapidly upon cooling across TC as con-
firmed by the thorough comparison of BS and dielectric data in Subsection 2.3.3
[cf. empty and solid squares in Fig. 4.3]. As described in Section 1.3, the mean
relaxation frequency fulfils the empirical VF relationship in Eq. 1.8 above TC. Its
strong softening in the phase-transition region in both BS and dielectric mea-
surements indicates that ion displacements along the c axis are associated to
order-parameter (polarization) fluctuations. Thus, this relaxation is likely to be
described by the order-parameter concept (see more in Section 4.4).

Regarding the dispersion of the Cole-Cole relaxation, neutron scattering re-
sults were not conclusive (see Subsection 4.1.2). On the one hand, the remarkably
good agreement between dielectric and neutron BS data suggested rather a flat
dispersion. On the other hand, neutron TAS data, integrating over all relaxation
frequencies, showed q-dependence of Tmax and the transverse correlation length
of about 60 − 120 Å in the ab plane above TC, indicating that the ions which
participate in the relaxation are correlated over 5 − 10 unit cells.
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4.3 Crucial parameters in computer simulations

Computer simulatons in Section 3.4 showed that the model of a uniaxial ferro-
electric with point defects exhibits relaxor-like physical properties even though
the point defects were implemented in the simplest way, i.e. by fixing the or-
der parameter to zero (see Subsections 3.1.1 and 3.3.1). The point of this simple
approach was to avoid additional parametrization of the model, describing the
elastic and electric local fields created by point defects [7, 84, 85]. The most im-
portant parameters of the implemented model which allow to tune the relaxor-like
properties are:

1. Distribution of point defects
In Subsections 3.4.1 and 3.4.2 we explained that the diffuse phase transi-
tion arises from the distribution of point defects in rows along the polar
z axis. Particularly, in the used distribution, depicted in Fig. 3.5(b,c), the
linear density of point defects in rows was from 0 to 12.5 %, which results
in the broad distribution of crossover temperatures from 295 down to 36 K
(see Eq. 3.22). It was seen and it is easy to understand that the smoother
distribution of point defects is, the smoother phase transition is obtained.
Thus, two of the crucial parameters for this kind of simulations are the
distribution and the dimension of the simulation box. The size of the box
along the z axis allows to achieve a wide distribution of defects in rows,
whereas the size of the box in the xy plane allows to obtain good statis-
tics. Changing both of them results in a broad distribution of crossover
temperatures and in a smooth change of the physical properties from high-
to low-temperature phases.

2. Strength of the dipole-dipole interaction
Based on the argument that the dipole-dipole interaction in Eq. 3.4 is in
general perturbed in relaxor ferroelectrics, we proposed in Subsection 3.1.2
to lower the strength of the dipole-dipole interaction in comparison with
its strength in BaTiO3. In particular, we have chosen four times lower
strength by taking four times bigger background permittivity ǫB of 29.4 than
in BaTiO3 (see Eq. 3.9). To demonstrate the influence of the background
permittivity on presented results, we repeated calculations for the ZFnoise
domain structure in Subsections 3.4.1 and 3.4.2 with various ǫB values.
Fig. 4.4(a) presents the temperature dependence of the static susceptibility
χ33 for ǫB from 7.35 (the BaTiO3 value) to 73.5. Thus, the weaker dipole-
dipole interaction (bigger ǫB) shifts the diffuse phase transition to higher
temperatures, whereas the linear density of point defects in rows along the z
axis suppresses the phase transition. Contrary to BaTiO3, it is not possible
to evaluate the background permittivity in SBN from LO-TO splitting of a
soft TO mode at Γ point [8, 16]. For this reason, we rely only on the general
assumption that the order-parameter (critical) polarization is well screened
or disturbed by other “non-critical” contributions [191] in disordered relaxor
ferroelectrics. It means that we do not insist on the exact value of the
background permittivity and present only a qualitative picture of its impact.
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Figure 4.4: Temperature dependence of the static susceptibility χ33 of ZFnoise
domain structures with: (a) various values of background permittivity, where
7.35 refers to BaTiO3 [8] and 29.4 is the value which was used in all calculations
presented in Section 3.4, (b) various scaling factors of Ginzburg parameters used
for BaTiO3 [8].

3. Ginzburg (gradient) parameters
Last crucial parameters are G33 and G66 of the Ginzburg terms in Eq. 3.3,
since they determine the coupling strength of the polarization. Without
point defects, the G33 term could be neglected since the polarization along
the ferroelectric axis would be constant and charged 180-degree DWs would
be non-favourable because of the dipole-dipole interaction [184]. When
point defects are present, the G33 term must be taken into account, how-
ever, the size of the G33 parameter has a rather marginal role on presented
results [see Fig. 4.4(b)]. More important is the G66 parameter which con-
trols the transverse interaction of the polarization and therefore is essential
for quantitative description of 180-degree DWs. By expecting a rather weak
transverse interaction of polarization between large unit cells of SBN in com-
parison with BaTiO3, we have chosen one order of magnitude smaller G66

than in BaTiO3. There are two experimental reasons supporting smaller
magnitude of G66:

• Sharp 180-degree DWs in SBN61: In the model including the one-
dimensional order parameter employed here, G66 is proportional to
the square of the thickness of 180-degree DWs [182]. Keeping in mind
that the relative thickness of 180-degree DWs to the lattice parameter
is twice bigger in BaTiO3 than in SBN61 (see Subsection 4.1.1 and
[138, 140, 182]), we can expect about four times smaller G66 in SBN61
than in BaTiO3.
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• No steep dispersion of a soft polar excitation in SBN50 and SBN61:
In ferroelectrics the Ginzburg parameters can be directly derived from
the soft mode dispersion [8, 192]. In the vicinity of the Γ point, G66

relates to the TO dispersion as follows: ν2TO ≈ A + G66q
2
x, where

νTO is the frequency of the TO mode polarized along the z axis and
propagating along the x axis. Thus, the steeper the dispersion is,
the bigger the transverse coupling is. Since all temperature-dependent
polar excitations, which could, in principle, play a role of a critical
soft mode, found in SBN50 and SBN61, have negligible dispersions in
comparison with the TO mode in BaTiO3 [156], we can infer that G66

is substantially smaller in SBN61 in comparison with G66 in BaTiO3.

The weak transverse coupling between polarization vectors has two impor-
tant consequences:

– Classification of physical properties: Due to the small G66 value, polar-
ization within each single row of the simulation box along the z axis
is mostly independent of polarization in other rows. In addition to
that its unified behaviour within each row is controlled by the dipole-
dipole interaction [see Eq. 3.5 for P = (0, 0, P3)]. As a result, the mean
physical properties of the model can be well classified and represented
according to the number of point defects in single rows of the simu-
lation box along the z axis as shown, e.g., in Figs. 3.9 and 3.14. In
more detail, the dynamic dielectric response revealed that more than
one half of all rows shows rather an independent response at low tem-
peratures (not presented here). This is statistically significant amount
of rows allowing the classification.

– Pinning of 180-degree DWs: The thickness of 180-degree DWs (see
Fig. 3.7) is smaller than the space step between discrete points of the
simulation box. In such a case, the numerical discreteness creates a
similar effect as the real discreteness of the crystal lattice. For ex-
ample, it is well known that narrow DWs, like 180-degree DWs in
ferroelectric perovskites, are difficult to move due to the Peierls bar-
rier [193]. Consequently, the 180-degree DWs in our model are pinned
(without regard to the presence of point defects) even though a small
probing electric field is applied. In this work, we did not study the
pinning coming from the numerical discreteness and point defect-wall
interaction in detail.
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4.4 Dielectric response of the model system ver-

sus real relaxor ferroelectrics

4.4.1 Static dielectric susceptibility

One of the characteristic features of relaxor ferroelectrics is a deviation of linear
susceptibility from the Curie-Weiss law in the type I relaxor state (below Td). The
deviation is associated with the local glassy-like polarization which is of dynamic
nature in the type I relaxor state and gradually freezes in the type II relaxor
state. The dielectric response of the model system shows also a deviation from
the Curie-Weiss law which appears when local nonzero polarization is present [cf.
see Figs. 3.6, 3.7, and 3.8(b)]. This local polarization is static since the system is in
its equilibrium state (not necessarily in the lowest state) and thermal fluctuations
are not included in the GLD model.

In fact, it is well known that static dielectric susceptibility is difficult to mea-
sure in the type II relaxor state because of long-lived polarization fluctuations.
It can only be obtained by extrapolation of finite-frequency results [55]. Even
though the thermal fluctuations are not incorporated in the model, we found
that annealing times (i.e. time needed to reach the equilibrium state) increase
dramatically towards low temperatures where the maximum of dielectric suscep-
tibility is observed [cf. Figs. 4.4(a) and 4.5(a)]. The maximum annealing time
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Figure 4.5: (a) Reciprocal annealing times of ZFnoise domain structures in
Fig. 3.6(a) at selected temperatures, (b) Permittivity maxima obtained from tem-
perature dependences of the real part of permittivity, calculated on ZFnoise do-
main structures (solid symbols) and measured on SBN61 [137] and PMN [34] sin-
gle crystals at various probing frequencies. The dashed line refers to the maximum
of static permittivity of ZFnoise domain structures in Fig. 4.4(a) (for ǫB=29.4).
The star symbol denotes the minimum of the inverse annealing time in panel (a).
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is reached at about 205 K, giving the reciprocal value of 1.3 ns−1. For the same
reason, frequencies smaller than 1 GHz are hardly achievable in these simulations
and the static susceptibility corresponds likely to the dynamic susceptibility at
1 GHz. To demonstrate this important observation, we compared maxima of
static (dashed line) and dynamic (solid squares) susceptibilities of the ZFnoise
domain structures in Fig. 4.5(b). The minimum of the inverse annealing time in
Fig. 4.5(a) is marked by the solid star on the dashed line of the static suscepti-
bility maximum in Fig. 4.5(b). The star symbol clearly fits well to the frequency
dependence of the real part of the dynamic susceptibility. As a result, the di-
electric response of the model system should be comparable with experimental
results obtained at probing frequencies higher than 1 GHz.

For comparison with real relaxor ferroelectrics, we analysed temperature de-
pendences of the real part of permittivity measured on SBN61 and PMN single
crystals at various probing frequencies [34, 137]. The permittivity maxima as
a function of the probing frequency are included in Fig. 4.5(b), showing that
the simulated static susceptibility is, indeed, comparable to SBN61 and PMN
permittivity in the GHz range. Furthermore, the real part of permittivity of
SBN61 at 1 GHz [137] was fitted to the quadratic relationship in Eq. 1.11, giving:
χmax = 2500, dmax = 72 K, and Tmax = 442 K. All the values are basically in a fair
agreement with static susceptibilities of ZFC, ZFHaZFC, and ZFnoise domain
structures in Figs. 3.8 and 4.4(a). One could dispute that the Tmax value is about
twice bigger in SBN61 than in the model data. Let us stress that even though
Landau parameters of the Landau potential in Eq. 3.2 were taken for BaTiO3

(TC = 392 K), the presence of point defects and the choice of other crucial pa-
rameters (see Section 4.3) can change Tmax dramatically.

4.4.2 Dynamic dielectric susceptibility

In Subsection 3.4.3 we showed that computer simulations using the program Fer-
rodo allowed to investigate dynamic dielectric susceptibility of the model system
with point defects over four orders of magnitude in frequency. Consequently,
we could observe one of the essential characteristics of relaxor ferroelectrics: the
frequency- and temperature-dependent maximum of dynamic susceptibility (see
Section 1.2). Indeed, we found that both the real and imaginary parts of dy-
namics susceptibility of the model exhibit the characteristic frequency-dependent
maximum (see Fig. 3.10). In the example of the real part, we showed that the
maximum follows the VF relationship in Eq. 1.8 [see the inset of Fig. 3.10(a)].

Focusing on the frequency dependence of dynamic susceptibility, we confirmed
that the VF feature comes from the Cole-Cole relaxation with a broad range of
relaxation frequencies (see Cole-Cole parameters in Fig. 3.12) in agreement with
real relaxor ferroelectrics [15, 25, 137]. Moreover, based on an extensive analysis
of the dielectric response of each point of the simulation box, we were able to
explain temperature changes of the Cole-Cole parameters of the mean dielectric
response (see Subsection 3.4.3). In particular, the mean dielectric response of the
model system can be understood to a certain extent in terms of a set of Debye-
like relaxations with different crossover temperatures which are determined by
the number of point defects along the polar ferroelectric axis. Let us emphasize
that the dependence of crossover temperatures on number of point defects is

105



not introduced by any formula in the model. On the contrary, this one of the
important results of presented phase-field simulations which justifies previous
phenomenological compositional heterogeneity models that explicitly assumed
the distribution of local Curie temperatures (see Subsection 1.2.3) [81, 82].

The VF-like freezing occurs at about 200 K (see Fig. 3.10) at which most of
the sites are in the vicinity of their crossover temperatures and thus most of them
have low relaxation frequencies [see Fig. 3.14(b)]. One can see that the relaxation
frequencies are spread a lot for rows with the same number of point defects
in this temperature range. This indicates that coupling with neighbouring sites
matters (via the transverse Ginzburg parameterG66). For example, the relaxation
frequency of a given site will be of course different if the neighbouring site is still
in the paraelectric state (P = 0) or already in the ferroelectric state (P 6= 0)
because of different crossover temperatures. Thus, this mechanism helps to make
the transition to the lower state more diffusive and broadens the spectrum of
relaxation frequencies. Unfortunately, the low-frequency range (below 1 GHz)
is not currently achievable in phase-field simulations of the model system (see
Subsection 4.4.1).
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Figure 4.6: Comparison of phase-field simulations and dielectric measurements:
(a,b) static linear susceptibility from phase-field simulations of the model system
(see Section 3.4) and (c,d) the real part of the c-axis permittivity of SBN61 single
crystals [173]. The sequence of thermal and electric field treatments is the same
as in Fig. 2.15(c). Panels (b,d) show corresponding dielectric data divided by
data from the ZFC treatments.
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4.4.3 Thermal and electric field treatments

For the sake of the direct comparison with SBN61, we calculated the static dielec-
tric response of the model system under the same sequence of thermal and electric
field treatments as depicted in Fig. 2.15(c). In Subsection 3.4.2, we showed that
missing thermal fluctuations extend the influence of metastable states on dielec-
tric data [see Fig. 3.8(a)]. Comparison of the ZFC and ZFH data in Fig. 3.8(a) or
Fig. 4.6(a) and especially their ratio in Fig. 4.6(b) shows that metastable states
have the major impact in the 10 − 300 K range. This is quite similar effect to
the global hysteresis observed in experimental data of SBN61 [cf. panels (a,b)
with (c,d) in Fig. 4.6]. The ZFC and ZFH domain structures in Fig. 3.6(b,c) show
that the global hysteresis coincides with the gradual formation/disappearance of
ferroelectric domains similarly as the DW component of neutron DS in SBN61
single crystals discussed in Section 4.1.

Fig. 4.6(a) also presents susceptibility of poled (ZFHaFC) and de-poled (ZFH)
domain structures in Fig. 3.6(d,e). At the lowest temperatures the susceptibility
of poled domain structures is smaller than the susceptibility of de-poled ones.
The decrease is about 40 % [see Fig. 4.6(b)] and it most likely comes from the fact
that most sites of the simulation box are poled to the ferroelectric state which
gives smaller dielectric response than sites that remain in metastable paraelectric
states. Coincidentally, about the same drop in susceptibility is observed in SBN61
[see Fig. 4.6(d)].
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Conclusions

To summarize, we have investigated one of the model representatives of relaxor
ferroelectrics, uniaxial (Sr,Ba)Nb2O6, by means of neutron scattering and per-
formed computer simulations with a model of a uniaxial ferroelectric with point
defects.

In the experimental part, we used neutron three-axis and backscattering spec-
trometers at the ILL Grenoble and the LLB Saclay to investigate neutron dif-
fuse scattering from (Sr,Ba)Nb2O6 single crystals in the broad energy range of
0.001 − 14 meV (≈ 0.25 − 3300 GHz). We focused mainly on the transverse dif-
fuse scattering in the 00l Brillouin zones (l 6= 0) which is associated with atomic
displacements along the polar axis. We clarified in detail its three known compo-
nents, all related to the frequencies below the frequency range of lattice vibrations
(≤ 250 GHz): elastic scattering from ferroelectric domain walls, a weak quasielas-
tic scattering, and the inelastic scattering from order-parameter (polarization)
fluctuations (see the list of results below).

The computer simulations were performed using the program Ferrodo which
uses a phase-field approach to find equilibrium inhomogeneous polarization de-
scribed by the phenomenological Ginzburg-Landau-Devonshire theory. By im-
plementation of point defects, we obtained a model system of a uniaxial relaxor
ferroelectric, whose dielectric function was simulated in the frequency range of
2.5 − 2000 GHz. We found that the model system exhibits relaxor-like physical
properties, for example a deviation from the Curie-Weiss law, a diffuse phase
transition accompanied with the Vogel-Fulcher-like relaxation, and long times
of reaching the equilibrium state with spontaneous nanodomains in the phase
transition region.

By comparing the experimental and simulation results we arrived at the fol-
lowing conclusions on Sr0.61Ba0.39Nb2O6 single crystals:

• Dynamics of NbO6 octahedra: We found strong inelastic neutron scat-
tering at zone boundaries of Sr0.5Ba0.5Nb2O6 which could be assigned to
(relaxational-type) dynamics of NbO6 octahedra. It persists above TC and
has an unusual column-like dispersion in the energy range of 0− 12 meV at
room temperature.

• No clear soft mode: We found slightly temperature dependent TO mode
in Sr0.5Ba0.5Nb2O6. The corresponding A-symmetry Raman mode at about
100 cm−1 (≈ 3 THz) in all (Sr,Ba)Nb2O6 compositions in available litera-
ture shows a slight frequency change with temperature which is, however,
comparable to the change of the soft mode frequency of the A component
in the canonical relaxor ferroelectric Pb(Mg1/3,Nb2/3)O3.

• Central mode: We found that the characteristic frequency of 0.4 meV
(≈ 100 GHz) of the weak quasielastic component corresponds to the re-
laxation frequency of the central mode observed by THz spectroscopy in
literature. This Debye-like polar excitation was assigned to a thermally ac-
tivated hopping mechanism, accompanied with uncorrelated ion displace-
ments along the c axis which are not affected by the ferroelectric ordering.
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• Global hysteresis: By a defined sequence of thermal and electric field
treatments, we found that Sr0.61Ba0.39Nb2O6 exhibits a global hysteresis
which involves the whole temperature range of both transverse diffuse scat-
tering and dielectric susceptibility peaks in the vicinity of TC (about 50 K in
total). It extends up to about 15 K above TC, similarly as diffuse scattering
from domain walls.

The phase-field simulations suggest that the global hysteresis is associated
with a distribution of crossover temperatures which causes a gradual for-
mation and disappearance of ferroelectric nanodomains with their domain-
wall-like interfaces upon cooling and heating, respectively.

• Vogel-Fulcher relaxation: High-resolution neutron backscattering stud-
ies allowed us to resolve characteristic frequencies of the order-parameter
fluctuation component above TC. By the direct comparison with available
dielectric data, we demonstrated that this component is caused by the same
polar fluctuations that are responsible for the Vogel-Fulcher-type dielectric
relaxation and described by the same Cole-Cole relaxation in the sub-GHz
range. In addition to that, the frequency-integrated order-parameter fluc-
tuation component in three-axis spectroscopy studies exhibits a maximum
in its temperature dependence whose position Tmax depends on the probed
scattering wavevector: Tmax of the scattering intensity increases with (re-
duced) scattering wavevector across the Brillouin zone to similar extent
as the Tmax of the dielectric loss depends on the probed frequency across
the 0-100 MHz interval. The transverse correlation length of the frequency-
integrated component at a given temperature (above TC) indicates that
the ions, which participate in the Cole-Cole relaxation, are correlated over
5 − 10 unit cells, in agreement with literature.

Phase-field simulations of the model system with point defects demonstrate
that VF-type phenomenon comes from the Cole-Cole relaxation with a
broad range of relaxation frequencies in agreement with real relaxor fer-
roelectrics. The mean dielectric response of the model system can be un-
derstood to a certain extent in terms of a set of Debye-like relaxations with
different crossover temperatures which are determined by the density of
point defects along the polar ferroelectric axis.

These results obviously open new opportunities for further research. In par-
ticular, the high-resolution neutron backscattering technique proved to be use-
ful for investigating the order-parameter fluctuation component and should help
to explore this component in multiaxial relaxor ferroelectrics with pseudo-cubic
perovskite structure. Also, the proposed model system with “paraelectric” point
defects extended to a three-dimensional order parameter could be used for multi-
axial relaxor ferroelectrics, like for example Ba(Zrx,Ti1−x)O3 whose Zr ions make
this kind of point defects which are ferroelectrically inactive.
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Attachments

A. List of neutron scattering experiments

Neutron experiments on SrxBa1−xNb2O6 (SBN100x) single crystals using neutron
three-axis (TAS) and backscattering (BS) spectrometers are listed in Tab. 4.1 and
Tab. 4.2, respectively. Lattice parameters of measured SBN single crystals were
consistent with those in Fig. 1.6(a) [103, 112].

Table 4.1: List of experiments carried out on neutron three-axis spectrometers
at the ILL and LLB.

Experiment A B C D E
Sample SBN50 SBN50 SBN50 SBN61 SBN61

volume (mm3) 790 790 790 160 3000
holder Nb Nb Nb Al, Al2O3 Nb
environment ambient cryofurn. ambient, cryofurn., cryofurn.

cryofurn. el. field
Spectrometer IN3 IN14 IN20 4f2 4f2

type th. TAS cold TAS th. TAS cold TAS cold TAS
institution ILL ILL ILL LLB LLB

Be filter no yes no yes yes
Monochromator PG(002) PG(002) Si(111) PG(002) PG(002)

double
Soller collima. no no no no no
Analyser PG(002) PG(002) Si(111) PG(002) PG(002)

FlatCone flat flat
kf (Å−1) 2.66 1.5 3 1.55 1.55

3He detector single single multi single single
δE resol. (meV) 1.2 0.19 1.6 0.2 0.26
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Table 4.2: List of experiments which were undertaken on cold
backscattering spectrometers at the ILL.

Experiment A B C
Sample SBN61 SBN61 SBN61

volume (mm3) 400 3000 3000
holder Nb Nb Nb
environment cryofurnace cryofurnace cryofurnace

Spectrometer IN16 IN16 IN16B
Be filter yes yes yes
PST chopper no no yes
Monochromator Si(111) Si(111) Si(111)

type Doppler Doppler Doppler
drive linear motor mechanical linear motor
surface unpolished unpolished unpolished

Analyser Si(111) Si(111) Si(111)
surface unpolished unpolished unpolished
kf (Å−1) 1 1 1

3He detector 20 tubes 20 tubes 16 PSD
δE resol. (µeV) 0.8 0.8 1

B. INIT file: simulation setup

All the important settings are defined in a INIT file which controls simulations
in the Ferrodo program. See below an example of the INIT file which was used
for simulation of the dynamic dielectric response at 200 K in Fig. 3.11(c).

DOMAIN # parameters of the simulation box

pdim=1 # polarization dimension

x=128 y=32 z=32 # size of the simulation box

dx=0.4E-9 # space step in meters

init_p=file # initial polarization file

CYCLE # parameters of the main cycle

iterations =2550000 # number of iterations

termination_criterion=maxforce_F_diff crit=1E-3

# convergence criterion test

dt =501.18608E-14 # time step in seconds

gamma =1.0 # scaling factor for the kinetic

coeff.

numerical_method=semi2

# second -order semi -implicit method

FORCES_WEIGHTS # scaling factors for interaction terms

mult_landau= 1.0

mult_gradient= 1.0

mult_electrostatic= 0.25
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mult_electric= 1.0

MODEL_PARAMETERS # parameters of the phenomen. model

landau_parameters=bell

gradient_parameters=manu

G11 =5.1e-13 G12=-2e-12 G44=2e-12

electrostatic_parameters=hlin

EXTERNAL_CONDITIONS # variables and external forces

coord_system e1=(0. ,0. ,1.) e2=(1. ,0. ,0.) e3

=(0. ,1. ,0.)

temperature=const T=200 # temperature (K)

electric_field=var # external AC electric field (

variable , function , number of iterations of start -

and end -points , amplitude (V/m), and period in

iterations)

x sin 2000000 2400000 1000 200000

x sin 2400000 2500000 1000 20000

x sin 2500000 2550000 1000 2000

end

fixed_polarization=manu # definition of point defects

specification_of_fixation

random N=6554 randomize =1 shape=points value

=(0,0,0)

end

mechanical_conditions=const # stress -free conditions

pxx=0. pyy=0 pzz=0 pyz=0. pxz=0. pxy=0.

OUTPUT # specification of the output

palette 0

save_period 2550000

printinfo_period 1000

record_observable_period 100

timeunit=steps

maps=no

graphs=yes

prec_e =15

prec_P =15

113



114



Bibliography

[1] M. Davis, Picturing the elephant: Giant piezoelectric activity and the mon-
oclinic phases of relaxor-ferroelectric single crystals, J. Electroceram. 19, 23
(2007).

[2] Ch. Kittel, Introduction to Solid State Physics, 8th ed., Willey (2005).

[3] A. F. Devonshire, Theory of ferroelectrics, Advances in Physics 3, 85 (1954).

[4] K. Aizu, Possible species of ferroelectrics, Phys. Rev. 146, 423 (1966).

[5] J. Hlinka, J. Privratska, P. Ondrejkovic, and V. Janovec, Symmetry guide
to ferroaxial transitions, Phys. Rev. Lett. 116, 177602 (2016).

[6] V. L. Ginzburg, Some remarks on ferroelectricity, soft modes and related
problems, Ferroelectrics 76, 3 (1987).

[7] B. A. Strukov and A. P. Levanyuk, Ferroelectric Phenomena in Crystals,
Springer-Veilag Berlin Heidetberg New York (1998).

[8] J. Hlinka and P. Marton, Phenomenological model of a 90◦ domain wall in
BaTiO3-type ferroelectrics, Phys. Rev. B 74, 104104 (2006).

[9] W. Cochran, Crystal stability and the theory of ferroelectricity, Phys. Rev.
Lett. 3, 412 (1959).

[10] J. Petzelt and S. Kamba, Spectroscopic properties and lattice dynamics of
ferroelectric and related functional oxide ceramics, Spectrosc. Prop. Inorg.
Organomet. Compd. 40, 49 (2009).

[11] J. Petzelt, G. V. Kozlov, and A. A. Volkov, Dielectric spectroscopy of para-
electric soft modes, Ferroelectrics 73, 101 (1987).

[12] E. Buixaderas, S. Kamba, and J. Petzelt, Lattice dynamics and central-mode
phenomena in the dielectric response of ferroelectrics and related materials,
Ferroelectrics 308, 131 (2004).

[13] J. Hlinka, T. Ostapchuk, D. Nuzhnyy, J. Petzelt, P. Kuzel, C. Kadlec, P.
Vanek, I. Ponomareva, and L. Bellaiche, Coexistence of the phonon and
relaxation soft modes in the Terahertz dielectric response of tetragonal
BaTiO3, Phys. Rev. Lett. 101, 167402 (2008).

[14] Q. M. Zhang, W. Y. Pan, S. J. Jang, and L. E. Cross, Domain wall excitations
and their contributions to the weak signal response of doped lead zirconate
titanate ceramics, J. Appl. Phys. 64, 6445 (1988).

[15] A. Bokov and Z. Ye, Recent progress in relaxor ferroelectrics with perovskite
structure, J. Mater. Sci. 41, 31 (2006).

[16] J. Hlinka, J. Petzelt, S. Kamba, D. Noujni, and T. Ostapchuk, Infrared
dielectric response of relaxor ferroelectrics, Phase Transitions 79, 41 (2006).

115



[17] G. S. Smolenskii, V. A. Isupov, A. I. Agranovskaya, and S. N. Popov, New
ferroelectrics of complex composition, Sov. Phys. Solid State 2, 2584 (1961).

[18] O. Noblanc, P. Gaucher, and G. Calvarin, Structural and dielectric studies
of Pb(Mg1/3Nb2/3)O3-PbTiO3 ferroelectric solid solutions around the mor-
photropic boundary, J. Appl. Phys. 79, 4291 (1996).

[19] D. Nuzhnyy, J. Petzelt, M. Savinov, T. Ostapchuk, V. Bovtun, M. Kempa,
J. Hlinka, V. Buscaglia, M. T. Buscaglia, and P. Nanni, Broadband dielectric
response of Ba(Zr,Ti)O3 ceramics: From incipient via relaxor and diffuse up
to classical ferroelectric behavior, Phys. Rev. B 86, 014106 (2012).

[20] X. Dai, Z. Xu, and D. Viehland, The spontaneous relaxor to normal ferro-
electric transformation in La-modified lead zirconate titanate, Phil. Mag. B
70, 33 (1994).

[21] T. Lukasiewicz, M. A. Swirkowicz, J. Dec, W. Hofman, and W. Szyrski,
Strontium-barium niobate single crystals, growth and ferroelectric proper-
ties, J Cryst Growth. 310, 1464 (2008).

[22] S.-E. Park and T.R. Shrout, Ultrahigh strain and piezoelectric behavior in
relaxor based ferroelectric single crystals, J. Appl. Phys. 82, 1804 (1987).

[23] H. H. Haertling, PLZT electrooptic materials and applications - a review,
Ferroelectrics 75, 25 (1987).

[24] R. R. Neurgaonkar, J. R. Oliver, W. K. Cory, L. E. Cross, and D. Viehland,
Piezoelectricity in tungsten bronze crystals, Ferroelectrics 160, 265 (1994).

[25] V. Bovtun, S. Kamba, A. Pashkin, M. Savinov, P. Samoukhina, J. Petzelt,
I. P. Bykov, and M. D. Glinchuk, Central-peak components and polar soft
mode in relaxor PbMg1/3Nb2/3O3 crystals, Ferroelectrics 298, 23 (2004).

[26] M. Cyrot, A possible origin for the Vogel-Fulcher law, Phys. Lett. 83A, 275
(1981).

[27] H. Vogel, The law of the relation between the viscosity of liquids and the
temperature, Phys. Z. 22, 645 (1921).

[28] G. S. Fulcher, Analysis of recent measurements of the viscosity of glasses, J.
Am. Ceram. Soc. 8, 339 (1925).

[29] R. Pirc and R. Blinc, Vogel-Fulcher freezing in relaxor ferroelectrics, Phys.
Rev. B 76, 020101(R) (2007).

[30] A. E. Glazounov and A. K. Tagantsev, Direct evidence for Vogel–Fulcher
freezing in relaxor ferroelectrics, Appl. Phys. Lett. 73, 856 (1998).

[31] D. Viehland, S. J. Jang, L. E. Cross, and M. Wuttig, Freezing of the polar-
ization fluctuations in lead magnesium niobate relaxors, J. Appl. Phys. 68,
2916 (1990).

[32] A. K. Tagantsev, Vogel-Fulcher relationship for the dielectric permittivity of
relaxor ferroelectrics, Phys. Rev. Lett. 72, 1100 (1994).

116



[33] D. Viehland, M. Wuttig, and L. E. Cross, The glassy behavior of relaxor
ferroelectrics, Ferroelectrics 120, 71 (1991).

[34] V. Bovtun, S. Veljko, S. Kamba, J. Petzelt, S. Vakhrushev, Y. Yaky-
menko, K. Brinkman, and N. Setter, Broad-band dielectric response of
PbMg1/3Nb2/3O3 relaxor ferroelectrics: Single crystals, ceramics and thin
films, J. Europ. Ceram. Soc. 26, 2867 (2006).

[35] P. G. Debenedetti and F. H. Stillinger, Supercooled liquids and the glass
transition, Nature 410, 259 (2001).

[36] P. K. Dixon, L. Wu, S. R. Nagel, B. D. Williams, and J. P. Carini, Scaling
in the relaxation of supercooled liquids, Phys. Rev. Lett. 65, 1108 (1990).

[37] S. Whitelam, L. Berthier, and J. P. Garrahan, Dynamic criticality in glass-
forming liquids, Phys. Rev. Lett. 92, 185705 (2004).

[38] P. Lunkenheimer, A. Pimenov, M. Dressel, Yu. G. Goncharov, R. Böhmer,
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