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Viktor Bovtun ,1 Maxim Savinov,1 Marek Paściak,1 and Jan Dec 3
1

Institute of Physics of the Czech Academy of Sciences, Na Slovance 2, 18221 Prague, Czech Republic
2
Faculty of Physics, Vilnius University, Saulėtekio al. 9, LT-10222 Vilnius, Lithuania
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The high-frequency dielectric behavior of uniaxial tungsten-bronze strontium barium niobate crystals with
various Sr/Ba ratios, including both ferroelectric and relaxor compositions, have been studied in a broad
frequency range (104 to 1013 Hz) and temperature interval 100–500 K in order to thoroughly understand the
evolution of the relaxation dynamics across the ferroelectric phase transition. The dielectric response along the
polar axis consists of three relaxations corresponding to polarization mechanisms related to several correlation
lengths of mesoscopic order. All of them show dissimilar behaviors with temperature, pointing out to their
distinct nature. A temperature-dependent central mode at THz frequencies and a relaxation above 10 GHz
are accompanied by the slowing down of a relaxation in the MHz range. This response reveals the complex
mechanism of the phase transition and supports the coexistence of displacive and order-disorder scenarios.
Relaxor and ferroelectric compositions surprisingly reveal similar qualitative behavior within the frequency
window used. However, relaxor crystals display relaxations at higher frequency because of the smaller extent of
the polar fluctuations and ferroelectric regions, which coexist in almost all the compositions. The presence of two
different ferroelectric subsystems in the structure agrees with the existence of several polarization mechanisms
involved in the complex dielectric and ferroelectric response.
DOI: 10.1103/PhysRevB.100.184113

I. INTRODUCTION

Within the tetragonal tungsten-bronze (TTB) family [1],
strontium barium niobate Srx Ba1−x Nb2 O6 (SBN) is the best
candidate to decipher the origin of the transformation from
ferroelectric to relaxor behavior and to relate it to the intrinsic
disorder existing in the structure. Despite being one of the
most fruitful structures in creating targeted dielectric, piezoelectric, and electro-optical properties [2–4], the TTB structure, due to its complexity in comparison to the perovskite
one, has been much less studied. Unlike cubic perovskites,
the TTB structure is not isotropic in its parent paraelectric
phase, showing a preferential axis along which, depending on
temperature and composition, the ferroelectric or the relaxor
behavior manifests. On the other hand, in the direction perpendicular to it, the dielectric response is almost invariable with
temperature, and the crystalline structure exhibits peculiar deviations from the average structure, mainly seen in the diffuse
scattering patterns and in the incommensurate positions of the
oxygen atoms [5].
The relationship between the structure and the properties
in this family is very intricate; however microscopic models
are still very seldom. This is due to the difficulties to handle
such a big unit cell—-(Sr, Ba)5 Nb10 O30 —-in calculations and
simulations where, in addition, several unit cells have to
be taken into account to mimic reasonably the disordered
distribution of cations. As in all TTBs, the SBN structure is
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based on a network of corner-sharing NbO6 octahedra, which
are arranged forming three types of channels along the polar c
axis, with different site symmetries and occupied by different
atoms. In SBN with x > 0.33, the squared channels (A1 site)
are occupied by Sr, the pentagonal ones (A2 site) by Sr and
Ba, and the triangular channels (C site) are empty [6,7] (see
Fig. 1). The occupation of the channels is not complete, and a
significant amount of vacancies is present in both A1 and A2
sites, therefore SBN is an archetype of unfilled TTB, which
crystallizes in the tetragonal variation for the compositional
range 0.32 < x < 0.82 [8]. There are two types of oxygen
octahedra depending on the site symmetry of the central Nb
atom: Nb(1) has mm symmetry and just 2 out of 10 Nb in
the unit cell occupy this position, leaving these octahedra
isolated (called “linking octahedra”), while Nb(2) possesses
1 symmetry, and their octahedra form perovskite subunits
within the framework of the TTB unit cell (Fig. 1). The
mentioned complexity of TTB structure stimulates fruitfully
the development of experimental techniques and a proper
elaboration of experimental data.
SBN is known as a system displaying an almost perfect
tunability from ferroelectric to relaxor behavior depending on
composition (crystals with more than ∼50% Sr show already
mixed ferroelectric-relaxor properties) [9]. In addition, the
crystal with 61% of Sr (SBN-61) shows maximal values
of the permittivity and was intensively studied due to its
photorefractive properties when doped with cerium [3]. For
the ferroelectric samples, the phase transition on cooling takes
place during a transformation from the centrosymmetric space
group P4/mbm [10–12] to the polar space group P4bm [7,12]
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FIG. 1. Structure of SBN in ab and bc planes. Dashed red lines mark the perovskite subunit (lighter-colored octahedra Nb(2)O6 within the
TTB unit cell in solid gray lines). Linking oxygen octahedra Nb(1)O6 are shown in blue color.

and below TC , the spontaneous polarization develops along the
tetragonal c axis. Depending on the crystallization method,
and especially for higher amounts of Sr, an orthorhombic
distortion appears [1,6,13].
Recent simulations have related the appearance of ferroelectricity in TTBs to the displacement of Nb atoms, which is
severely influenced by the cation distribution in the channels
and the distortion of the octahedral network [14]. The shift of
Nb atoms is not gradual with temperature and does not rise to
a proper soft mode, due to the complexity of the Nb interaction
with the surrounding oxygen octahedra, which prevents such
a simple mechanism. Relaxor properties are also indirectly
linked to the tilts of the octahedra and their deformations,
due to the random occupancy of the squared and pentagonal
channels [15].
The dielectric behavior has been studied in several SBN
crystals using a broadband approach (from 102 to 1013 Hz)
[12,16,17]. The picture that came out from these studies
revealed that there is not only one single polar mechanism
responsible for the phase transition and its strong permittivity maximum, as in other ferroelectric materials. Instead,
various excitations with characteristic frequencies ranging
from the THz down to, at least, the kHz range were found.
Notwithstanding the ferroelectric or relaxor character of the
SBN crystals, the coexistence of polar regions with different
mesoscopic order seems to be responsible for the dielectric
response above 1 MHz. In addition, all SBN compositions
show central peaks well documented by different techniques
(Brillouin, Raman, neutron scattering) [18–20] and very rich
diffuse scattering patterns [21]—related also to disorder at
mesoscopic scales—caused mainly by the switching of polar
nanodomains (PNDs), by polar fluctuations with correlation
lengths of several unit cells, and by anharmonic motion of
cations. The half-widths of these central peaks span from 20
to 30 GHz (0.1 meV) [22,23] to 0.7 THz (3 meV) [19], which
correspond well to excitations below phonon frequencies
found by THz and high-frequency dielectric spectroscopies in
several SBN compositions [12,16,17]

All these previous investigations indicate that slower and
faster polarization mechanisms are responsible for the phase
transition in TTBs and that the coexistence of ferroelectric
and relaxor behavior is intimately related to the meso- and
microscopic structure of the crystals. In this paper, the highfrequency dynamics of the polarization in the SBN family
is reported for a wide concentration range to study the influence of the Sr/Ba substitution on the dielectric response
and to elucidate the link between the main excitations and the
relaxor/ferroelectric behavior.
II. EXPERIMENTAL

The SBN single crystals of five different compositions (x =
0.35, 0.51, 0.61, 0.70, and 0.81) were grown by the Czochralski method. Details about the growth can be found elsewhere
[9]. Samples with assorted geometries were cut from big bulk
crystals to fit the experimental requirements of each technique: time-domain THz transmission spectroscopy (TDTTS)
from 0.1 to 2.5 THz, waveguide technique from 25 to 50 GHz,
high-frequency coaxial line technique (1 MHz–1.8 GHz), and
low-frequency dielectric measurements (1 kHz–1 MHz). The
real stoichiometry of the crystals and the temperatures of the
dielectric permittivity maxima are shown in Table I.
All TDTTS measurements were carried out on 100oriented thin polished plane-parallel plates (4.5 × 5 ×
0.05 mm3 ) in the temperature range 10–800 K, using a polarized electromagnetic field to measure the response along the
c axis, using a custom-made time-domain THz transmission
spectrometer [12,17].
Low-frequency dielectric measurements (1 kHz–1 MHz)
were performed with a Hewlett-Packard 4192A impedance
analyzer. Gold electrodes were sputtered onto the faces of
(001)-oriented plates (4.5 × 5 × 0.8 mm3 ), that were heated
and then cooled from 600 to 80 K, at a temperature rate of
2 K/min under a probing field of 5 V/cm.
Most dielectric measurements in the high-frequency range
(1 MHz–1.8 GHz) were carried out with an Agilent 4291B
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TABLE I. Stoichiometry of the SBN crystals and temperatures (Tm in K) of the dielectric permittivity maxima at different frequencies.
Sample
name

Stoichiometry

% Sr

Tm

εmax
[1 kHz]

Tm

εmax
[1 MHz]

Tm

εmax
[100 MHz]

SBN-35
SBN-51
SBN-61
SBN-70
SBN-81

Sr0.35 Ba0.69 Nb2 O6.04
Sr0.51 Ba0.48 Nb2 O5.98
Sr0.61 Ba0.39 Nb2 O6
Sr0.70 Ba0.26 Nb2 O5.96
Sr0.81 Ba0.17 Nb2 O5.98

35
51
61
70
81

462
380
354
325
318

462
385
357
340
337

462
404
392
380
370

impedance analyzer, a Novocontrol BDS 2100 coaxial sample
cell, and a Sigma System M18 chamber (temperature range
100–570 K) on cooling with a temperature rate of 1 K/min.
The majority of the samples were cylinders (of heights h =
4–7 mm, and diameters d = 0.8–0.95 mm) with the polar axis
along the main axis, and gold electrodes were sputtered on
the bases. Exceptions were SBN-70, measured in the form
of a disk (h = 2 mm, d = 3 mm) and SBN-51 measured as
prisms (of thickness ∼1.84 mm and surface areas ∼1.9 mm2
and ∼0.55 mm2 ).
The 25–50-GHz frequency range was covered by two separate waveguided systems on needle-shaped samples. Since
the dielectric data vary with temperature significantly, several
samples with different cross-section geometry were necessary
to maximize the accuracy in different temperature intervals.
The samples were hand polished to the particular dimensions
by the sand paper. The cross section of the samples varied
from 0.07 × 0.01 to 0.12 × 0.12 mm2 and they were placed in
the middle of the wider wall of the waveguide with the c axis
perpendicular to it. The frequency band in which the waveguide operates is chosen so that only the fundamental mode H10
(also denoted as TE10 ) can propagate along it. In the region
where the sample is placed the H10 mode shows a maximum
of the electric field, parallel to the c axis of the sample, and
a minimum of the magnetic field. A scalar network analyzer
Elmika R2400 was used to measure the scalar transmission
and reflection coefficients from the sample. The waveguide
is equipped with a directional coupler so the incident, transmitted, and reflected waves can be separated. Three diodes
were used to measure the electric-field power. One of them
is to determine the power provided by the generator, another
two are for detecting the transmitted and reflected waves.
The complete electrodynamical model can be found elsewhere
[24] and its application to the investigation of ferroelectric
systems was already demonstrated [25].
III. RESULTS

The permittivity and losses for different SBN compositions
at selected frequencies are presented in Fig. 2. Values for
SBN-35 and SBN-81 are the same as in our papers [12,17]
and are shown for their proper comparison. The lowest Sr
composition (SBN-35, left panels) displays a sharp ferroelectric phase transition, and panels to the right exhibit the
enhancing relaxor behavior, manifesting itself mainly in the
broadening of the dielectric maxima and in the change of
the permittivity maxima position with frequency. Permittivity
values above 1 MHz are maximal for SBN-51 and SBN-61,

but on further increase of Sr content the permittivity values
decrease, although the relaxor features are still enhanced.
The dielectric response ε̂c (ν, T ) = ε − iε was analyzed on
cooling, and the spectra below phonon frequencies were fitted
at several temperatures with a model consisting of (i) a sum of
Cole-Cole type terms for the excitations below the GHz range,
(ii) another Cole-Cole term for the excitation at several GHz,
(iii) a damped harmonic oscillator (DHO) for the mode in the
THz range, and (iv) the phonon contribution, which was fitted
with an overall sum of DHOs:
ε̂(ν) = ε (ν) − iε (ν)

ε0 j
εGHz
=
+
1−α j
1 + (iν/ν0 j )
1 + (iν/νGHz )1−αGHz
j
+

2

εk νk2
εTHz νTHz
+
.
2
νTHz
− ν 2 + iγTHz ν
ν 2 − ν 2 + iγk ν
ph,k k

(1)

Here, ε0 j denotes the dielectric strength of the jth relaxation, ν0 j its frequency, and α j is a real exponent between 0
and 1, which determines the deviation from the pure Debye
model for the relaxations and describes the increase of width
of the loss peak in the frequency dependences. The same
applies to the second term in the GHz range (εGHz , νGHz ,
αGHz ). In the oscillator term, νTHz and γTHz refer to its frequency and damping constant, and the last term stands for the
overall contribution of harmonic phonons at higher frequencies, which is rather low (ε ph ∼ 30–50), as in other TTBs
[26]. In our previous papers, we established that the best way
to fit the phonon contribution is to use the generalized fourparameters model [12,17]. However, the phonon contribution
to the dielectric response of SBN is not the main subject of
the present paper. We took the three-parameters DHO model
in order to simplify the treatment and to incorporate a proper
approximation of this quantity when fitting the permittivity
data measured at lower frequencies. Relevant values of the
phonon parameters were taken from our previous papers and
then the fits were cut at 1013 Hz. The phonons detected by IR
and Raman spectroscopy in some SBN crystals can be found
here [12,16,17,27], and more details on this important issue
will be published elsewhere [28].
In Fig. 3, the frequency dependences of the complex dielectric permittivity are displayed for selected temperatures.
For all the compositions, on cooling from ∼500 K, the lowfrequency permittivity rises towards Tm and then decreases
monotonically. The maxima of the dielectric loss spectra in
the lower panels correspond to the characteristic frequencies
of the main excitations found in the crystals. The two main
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FIG. 2. Temperature dependences of permittivity and dielectric loss of different SBN compositions at high frequencies. Note the
logarithmic scales.

maxima, labeled as ν01 and νTHz , shift with temperature. On
cooling, a third excitation appears in the GHz range, seen
mainly at low temperatures. These excitations are present in
all the compositions. The most relevant relaxation is present
in the MHz–GHz range—-labeled as ν01 . It relates to the

strongest contribution to the permittivity for all the studied
crystals and it shifts towards lower frequencies on cooling.
Below 1 MHz there is also another relaxation (ν02 in Fig. 3
for SBN-81) but on cooling it goes out from our frequency
window, slowing down further into the kHz range and beyond.

FIG. 3. Frequency dependences of the dielectric permittivity and losses of SBN crystals at selected temperatures from the low-frequency,
coaxial line, and TDTTS experiments, together with the fits of the data using Eq. (1). Note the logarithmic scales.
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FIG. 4. Frequency dependences of the dielectric permittivity and losses of SBN-51 at selected temperatures from the low-frequency, coaxial
line, waveguide, and TDTTS experiments, together with the fits using Eq. (1).

This relaxation was assigned to breathing of polar nanoregions above TC , [29]. We expect it to be present also in other
compositions, but at lower frequencies it is often effectively
masked by the electric conductivity. Another excitation (νGHz )
appears above 10 GHz. This excitation accounts for the permittivity values in the GHz range and fits the increase of the
dielectric loss data indicated by the slope towards the GHz
range in the lower panels of Fig. 3. Finally, the peak located at
the THz range—-labeled as νTHz —-corresponds to the central
mode (CM) measured in the THz far-infrared spectra. At
higher frequencies, the dielectric response due to phonons
becomes detectable.
The SBN-51 crystal was measured also at 30–50 GHz to
prove the presence of the extra relaxation between GHz and
THz ranges, implied from the experimental data obtained at
lower and higher frequency ranges in other compositions. The
determination of the complex dielectric permittivity at these
frequencies is not trivial, as the complex dielectric permittivity
is a nonlinear function of both reflection and transmission
modulus, generally written as ε̂(ν, T ) = F (|R|, |T |). This
equation is solved by a custom-made program working based
on a modified-Newton method. Since the neighboring data
obtained by coaxial measurements and TDTTS are unambiguous, the initial parameters for the solver are set according to
these data. When multiple roots are available, the correct one
can be also chosen according to them.
In Fig. 4, the experimental points and the respective fits
with Eq. (1) at selected temperatures are shown in more detail.
The measurements at 30–50 GHz indicate that another GHz
excitation is actually present at those frequencies; however, it
is not straightforward how to fit these data. Several fits were
performed to have an estimation about the error bars of the
parameters, and delimit the relaxation frequency νGHZ to

10–60 GHz. The experimental data have also larger
uncertainties at high temperatures; therefore, it is difficult
to know the set on temperature of νGHZ . The waveguide
measurements indicate that it might appear already at about
410 K, although it is hard to set a more precise temperature.
However, these data definitely showed its presence below
400 K down to low temperatures (Fig. 4), with a nontrivial
contribution to the permittivity.
IV. DISCUSSION
A. Excitations below phonon frequencies
1. The central mode

As in SBN the phonon contribution to the permittivity
is low (∼40–50), it is necessary to analyze the contribution
of excitations below the phonon frequencies to explain the
dielectric behavior. This can be done easily from Fig. 3.
For all the studied SBN compositions, a CM was found just
below the phonon limit, in the THz range, within a frequency
range about 0.5–1.5 THz. The temperature dependence of
the renormalized CM frequency —νrTHz = νTHz 2 /γTHz , associated with a maximum in the dielectric loss spectrum—displays a minimum [Fig. 5(a)]. Below this minimum, νrTHz
can be fitted well to the critical law
νrTHz = a(T1 − T ),

(2)

with the critical temperature T1 . The temperature dependence
of Eq. (2) does not follow the classic soft-mode behavior,
given by the Cochran law ν = a(TC − T )1/2 [30], but it can
be seen as a renormalized Cochran law for overdamped excitations. This supports the fact that this excitation is not related
to a harmonic vibration of the crystal lattice, but rather to the
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FIG. 5. (a) Temperature dependences of the frequencies of the
main excitations found in SBN crystals. Lines correspond to the fits
of νrTHz and of ν01 using Eqs. (2) and (3). (b) Contribution to the
permittivity of the main excitations in SBN crystals. The shaded
regions refer to the extended error regions for νGHz and εGHz found
by several fits.

anharmonic rattling or hopping of disordered cations within
the channels (Sr, Ba) [19] or inside the oxygen octahedra (Nb).
Values of the fitting parameters of this excitation for the
different compositions are set up in Table II, together with
the TC values for the structural phase transition found by
measurements of the lattice parameters [31]. It must be noted
here that even the relaxor SBN compositions show a structural phase transition into a proper ferroelectric state with
macroscopic spontaneous polarization. Therefore, all compositions manifest TC (the temperature at which the crystal
becomes macroscopically ferroelectric) and Tm (maximum of
the permittivity). Only for the entirely ferroelectric samples,
like SBN-35, TC = Tm . This behavior is in agreement with
the idea that each polarization process in SBN has its own
characteristic temperature, being more evident for higher Sr
content crystals with stronger relaxor behavior.
In our crystals, the temperature T1 , determined by the
softening of νTHz on heating, is higher than Tm for all mixed
relaxor compositions, except for SBN-61. This crystal also
has the highest a constant, revealing the steepest softening. In
general, for the whole SBN series, the temperature behavior
of νTHz is somewhat unusual, because the phase transition
in SBN has been categorized as of order-disorder type, not
showing a soft phonon [12,16,32]. Nevertheless, νTHz displays
softening, although towards a critical temperature higher than
the actual TC , even for the ferroelectric crystal SBN-35. Other
disordered ferroelectric and relaxors, such as Pb(Zr,Ti)O3 or
PbMn1/3 Nb2/3 O3 , show this type of temperature-dependent
CM as well [33,34], and it was interpreted as the overdamped

or the low-frequency E component of the soft mode, respectively. In SBN, there is no proper soft-phonon mode, as the
transition is not of pure displacive type, and the CM is not of
phononic origin. On the other hand, it cannot have the same
origin as other polar mechanisms at lower frequencies which
show different temperature behavior. At very high temperatures, the THz mode νTHz displays a typical CM character
but its frequency in the transmission experiment is difficult
to assess, due to the high damping; consequently, the fitting
is mainly qualitative. However, on cooling it becomes less
damped and gets stronger. Then, below the phase transition,
it loses its dielectric strength and hardens up to almost the
phonon frequencies. All the studied compositions exhibit
CMs with very similar frequencies [see Fig. 5(a)], which is in
agreement with their assignment to the anharmonic dynamics
of Sr or Nb.
2. Sub-THz excitations

Apart from the CM, there are other excitations with lower
frequencies which display anomalies on cooling. However,
the temperature dependences of each excitation are unalike, as
seen in Fig. 5(a), which gives some hints about the different
microscopic nature and the length scale of the polarization
processes involved. Also, the temperature dependences of the
dielectric strength of each excitation are dissimilar, although
εTHz and ε01 display a maximum at T ∼ Tm for all the
studied compositions [Fig. 5(b)].
In general, the temperature behavior of ν01 for the SBN
family can be summarized in the following way: at high
temperatures in the paraelectric phase, ν01 should be present
below the CM νTHz . The experiments show that at T ∼ 500 K
its frequency lies already in the GHz range. Then, on cooling,
it slows down and broadens over frequency. This relaxation
is mainly responsible for the permittivity values measured in
the dielectric experiments down to 1 MHz and it has been
assigned to polar fluctuations with a correlation length of
about 10 nm in the case of SBN-61 [20]. Assuming that their
nature is the same in the whole range of SBN compositions,
the change of its frequency can suggest that the spatial extent
of the polar fluctuations in high Sr content compositions is
smaller and progressively becomes larger when lowering the
Sr content, as already established by piezoforce microscopy
(PFM) experiments [35].
On further cooling, below about 400 K, a third excitation
(νGHz ) appears in the frequency range 10–30 GHz. The onset
of this relaxation cannot be assessed precisely but it becomes
more discernible in the behavior of the right and left wings of
the coaxial data and THz data, respectively, especially at lower
temperatures. The measurements performed at 30–50 GHz
in SBN-51 considerably helped to confirm its presence (see
Fig. 4). νGHz exhibits weaker temperature dependence than

TABLE II. Parameters of Eq. (2) together with the TC values for several SBN compositions.

a (s−1 K−1 )
T1 (K)
TC (K)

SBN-35

SBN-51

SBN-61

(2.6 ± 0.1) × 109
532 ± 12
463 ± 1

(3.7 ± 0.2) × 109
443 ± 7
381 ± 1

(5.0 ± 0.6) × 109
344 ± 16
346 ± 1
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FIG. 6. Vogel-Fulcher fits of the relaxation frequencies ν01 for
the different SBN compositions, obtained from the maxima of the
dielectric loss in Fig. 3.

ν01 and correlates well with the presence of diffuse scattering
found in SBN-70 [19] and in SBN-61 [36], as well as with a
central peak [22] and a relaxation at frequency 5.6 × 1010 Hz
[37] found in SBN-75. It also became wider over the frequency spectra at low temperatures, almost merging with the
CM. In our previous papers it was labeled as νDW because
it was assigned to oscillations of the small ferroelectric domain walls that appear in SBN crystals [12,17] when the
macroscopic polarization develops on cooling. The domain
walls should be nanosized, as they are not visible in the PFM
experiments [35], and their oscillations fall in the GHz range
[38,39]. However, one cannot exclude other mechanisms responsible for νGHz ; hence, we decided to rename it more
generally.
3. The relaxor ferroelectric behavior

The relaxor behavior of a material is often validated by
the temperature dependence of the mean relaxation frequency.
This dependence can be profitably parametrized by the empiric divergent Vogel-Fulcher law (VF) [40], also known as
Vogel-Fulcher-Tammann law [41–43]:
ν = ν∞ exp[−Ea /k(T − TVF )],

(3)

where ν∞ is the attempt frequency, Ea the activation energy
of the relaxation, TVF the characteristic temperature of the
relaxing dipoles, and κ the Boltzmann constant. When TVF =
0, this equation converts into the classic Arrhenius law ν =
ν∞ exp(−Ea /kT ). The parametrization of the relaxation ν01
at frequencies lower than 1 GHz carried out using Eq. (3)

is shown in Fig. 6 for all compositions, and the parameters
obtained from the respective fits are presented in Table III.
The mean relaxation frequencies were determined from the
positions of the dielectric loss maxima in ε”(ν) (Fig. 3), for
each composition and temperature.
Figure 6 shows the temperature dependence of the frequency main relaxation, ν01 (T ). The fits obtained using
Eq. (3) and the parameters shown in Table III are also plotted.
Closer inspection reveals a fundamental qualitative difference
between the two extreme compositions SBN-35 and SBN-81,
which show a clear Arrhenius behavior with TVF = 0, and the
intermediate compositions presenting a characteristic temperature TVF > 0. In SBN-35, the Arrhenius behavior is expected,
as it is a “conventional” ferroelectric crystal with ferroelectric
domains of ∼500 nm in size, but SBN-81 is relaxor with PND
of less than 100 nm in size [35]. The reason for the absence
of finite TVF could be that the PNDs associated with ν01 are
so small that they cannot actually freeze. A similar behavior
was reported for Ba(Zr,Ti)O3 relaxor compositions [44]. In
SBN TVF lies below the actual phase transition temperature for
all compositions and the concept of freezing is not attainable
because of the presence of real ferroelectric domains below
TC .
The analysis based on Eq. (3) is not always unambiguous
in order to get reliable parameters, especially in case of
ceramics [45]. However, in our case, crystals of all investigated compositions were grown under the same conditions
and, in addition, our frequency span is broad enough. Therefore, some meaningful information can be obtained from
the experimental data. The three samples with intermediate
compositions reveal finite TVF temperatures, but this is not
the case for the two ending members (SBN-35 and SBN81). The attempt frequencies ν∞ are much higher for these
samples: they reach the phonon range for SBN-35, and the
GHz limit for 51 to 70% of Sr, respectively. Moreover, the
activation energy Ea has the lowest values (about 0.023 eV)
for SBN-61 and SBN-70. It is worth mentioning here that the
respective parameters reported on SBN-75 in the literature
are not completely unanimous. For instance, some dielectric experiments manifest the Arrhenius behavior of a relaxation with ν∞ = 1850 × 1012 Hz and Ea = 0.45 eV [37], although another study found at high temperatures ν∞ = 800 ×
1012 Hz, Ea = 0.4 eV [46]. These values are similar to the
ones we found in SBN-81 [ν∞ = (10.2 ± 3.0) × 1012 Hz and
Ea = 0.319 ± 0.009 eV]. On the other hand, the VF behavior
of a relaxation with ν∞ = 36 × 109 Hz, Ea = 0.013 eV, and
TVF = 311 K was reported [47], which is more in agreement
with our values for SBN-70 [ν∞ = (3.8 ± 0.8) × 109 Hz,
Ea = 0.0226 ± 0.002 eV, and TVF = 293 ± 3 K]. These discrepancies could be due to the different frequency ranges
explored in the given experiments. The values of Tm

TABLE III. Vogel-Fulcher parameters obtained from the fits in Fig. 6 with Eq. (3).

Ea /k (K)
Ea (eV)
TVF (K)
ν∞ (Hz)

SBN-35

SBN-51

SBN-61

SBN-70

SBN-81

7850 ± 300
0.68 ± 0.03
0
1642 ± 900 × 1012

646 ± 76
0.056 ± 0.007
315 ± 5
(173 ± 65) × 109

270 ± 4
0.0232 ± 0.0003
330 ± 0 fixed
(14.0 ± 0.5) × 109

263 ± 24
0.0226 ± 0.002
293 ± 3
(3.8 ± 0.8) × 109

3700 ± 100
0.319 ± 0.009
0
(10.2 ± 3.0) × 1012
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obtained from the real part of the susceptibility follows the
activated dynamic scaling law predicted for the random-field
Ising model [48], with Ta [Ea /k] = 320 K (Ea = 0.03 eV),
Tc [TVF ] = 299 K, and f0 [ν∞ ] = 5.8 × 109 Hz. These values
are in agreement with the ones in Table III.
Our permittivity data up to the THz limit indicate the
presence of several polarization mechanisms contributing to
the dielectric response of SBN at high frequencies. Their
dynamics, as observed at high frequencies (above 1 MHz),
is related to the mesoscopic structure emerging in the SBN
crystals, and their temperature evolution in the subphonon
frequency range has to be intimately linked to the evolution of these formations, like polar fluctuations, PNDs, oxygen octahedral tilts, and cationic disorder [7,19–21] They
contribute to the permittivity in different length scales and,
consequently, in different frequency and temperature ranges.
Their interplay is responsible for the intricate and thus unique
relaxor-ferroelectric behavior of SBN. Our findings seem to
prove that the mechanism of the ferroelectric phase transition
in the SBN solid solution is complex and cannot be simply
classified into the displacive type or order-disorder type, as
there is no proper soft-phonon mode driving the transition or
a single slowing-down mechanism. All these high-frequency
polarization mechanisms were not earlier discerned in SBN61 [16] because of the huge dielectric contribution of the
ν01 relaxation, which effectively masked other relaxations,
and due to the absence of reliable enough data collected in
the GHz and THz ranges. We refitted the data on SBN-61
crystal with Eq. (3) and obtained the same parameters for ν01 ;
however, the fit of the THz data was significantly improved
because the multiple-excitations model appears to be more
suitable here. In this way we could also resolve νGHz and
νTHz at low temperatures, and the resulting fitting parameters
become more consistent than the previous ones [16].
B. The two polarization subsystems

The multiple polarization mechanisms behavior of SBN
is partially due to the presence of two polarization subsystems related to the two types of NbO6 octahedra. Recent
ab initio molecular-dynamics calculations at different temperatures [15] showed that Nb(1) atoms inside the linking
octahedra (Fig. 1) are substantially off-centered along the
polar axis at temperatures well above TC contributing to a
robust local polarization which does not depend much on the
chemical environment. The other niobium atoms, Nb(2), in
the octahedra of the perovskite-unit network (Fig. 1), are more
affected by the Sr substitution within the pentagonal channels.
The simulations revealed that when larger amount of Sr is
present in the crystal, tilts of higher magnitude are induced
in the structure, because the crystal lattice has to adapt to
the smaller size of Sr in comparison to Ba. The larger tilts
are those of the Nb(2)O6 octahedra surrounding a vacancy
in the squared channels (possibly coupled to shifts of Sr atoms
in the pentagonal channels), and the central Nb(2) atoms
move away to compensate the local charges, with a substantial
ab-plane displacement component.
We calculated the Nb shifts along the c axis and their
contribution to the spontaneous polarization PS for both types
of octahedra Nb(1)O6 and Nb(2)O6 , following structural data

in different compositions [7,8,15]. Their individual atomic
contribution to PS was obtained using the formula [49,50]
Ps [Nb] =

 mi × zi × Qi e
i

V

,

(4)

where mi is the multiplicity of Nb sites, zi the relative shift
along the c axis, Qi the valence of Nb (+5), e the charge of
the electron, and V the unit-cell volume.
The shifts of the Nb(1) and Nb(2) atoms and their
two different contributions to Ps are depicted in Fig. 7.
Figure 7(a) illustrates the displacements of the two different
Nb atoms, along the c axis from the centers of their respective
octahedra in various compositions available in the literature.
There are two clear trends: Nb(1) shifts more than Nb(2), and
the shifts decrease with Sr content, especially for Nb(2). This
fact affects considerably the development of the polarization.
The right panel [Fig. 7(b)] depicts the cumulative contribution
of Nb(1) and Nb(2) to Ps , and the total Ps measured experimentally in some crystals [2].
The graph describes well the fact that the overall polarization from Nb decreases when Sr content increases, as found in
the total Ps by pyroelectric measurements [2]. Nevertheless,
a closer look at the graph reveals that this effect is primarily due to the Nb(2) atoms, because the polarization from
Nb(1) is about 3–5 μC/cm2 . On the contrary, polarization
arising from Nb(2) diminishes from ∼15 μC/cm2 in SBN33 to ∼7–10 μC/cm2 for Sr contents above 0.65. As the
Nb(2) shifts in the perovskite-unit sublattice are related to the
fluctuating part of the polarization, this part of the polarization
is maximal for SBN-33, and the overall Ps from Nb atoms as
well. We have also added in Fig. 7 the results of first-principle
structural optimization for SBN-30, SBN-50, and SBN-80.
The calculations were done using the program SIESTA [51]
with the same setting as described in our previous work [15].
The SBN-50 2 × 2 × 8 supercell was altered to satisfy the stoichiometry of the other two compositions. The distribution of
atomic species and vacancies was quasirandom with the stoichiometry being roughly preserved also in the smaller subsections of the calculation box. The atomic coordinate optimization was performed with the conjugate gradient method until
the forces acting on atoms were smaller than 0.075 eV/Å.
In all three cases, the supercells were fully polarized as an
initial condition and stayed so in the optimized state. The
resulting Nb-O shifts (averaged over pairs created by 320
Nb atoms in the supercell) are larger than those extracted
from the published structures, which is presumably due to the
fact that distortions could develop freely in a relatively large
supercell without any symmetry constraints. Nevertheless,
the corresponding polarization values stay within the range
observed experimentally [2]. The same trend as in the case of
the experimental structures is observed; the z shifts of Nb(2)
atoms are more suppressed than those of Nb(1) in the case of
Sr-rich compositions. In the case of SBN-80 in-plane shifts
are ∼0.15 Å, already bigger than those in the z direction.
The uneven shifts of the two Nb atoms create two different
polarization regions of dissimilar lengths and volumes which
also display different temperature behaviors. Nb(2) shifts
along the polar axis are smaller and less correlated, as a result
of the Nb(2)O6 tilts in the perovskite units. On the contrary,
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FIG. 7. (a) Shifts of the two Nb atoms at room temperature according to structural data [7,8,15], and (b) their contribution to the
spontaneous polarization. Results of the first-principle calculations for x = 0.3, 0.5, and 0.8 (shown in red) are added for comparison (see
text for details).

the linking octahedra Nb(1)O6 are isolated from each other,
thus more rigid, and the Nb atom inside is more akin to shift
along the c axis contributing more to the polarization. Because
of this, there are at least two correlation lengths associated
with the polarization mechanisms (related to each type of Nb),
and this probably manifests also in the dielectric response,
having contributions from both.
Our simulations showed that the effect of a Sr vacancy
in the channels is to promote tilts and deformations in the
perovskite subunits of the crystal lattice around the vacancy
and, consequently, disturb the Nb atoms within the octahedra. However, the built-in disorder in the oxygen octahedra
network due to the random cationic occupation is the cause
of the shifts of Nb atoms mainly in the ab plane, instead of
being shifted along the c axis, enhancing thus the relaxor
behavior. The compound (Ca, Ba)Nb2 O6 , with the smaller
atom Ca instead of Sr, shows no relaxor properties, which is
presumably due to the absence of random cationic occupation
in the channels [52].
A definitive microscopic assignment of the relaxations
found in SBN would be somehow speculative, and probably
ν01 and νGHz have contribution of the two types of sublattices.
However, ν01 , the main relaxation found, is responsible for the
dielectric anomaly at Tm in the GHz–MHz range, as clearly
demonstrated by its dielectric strength ε01 [Fig. 5(b)]. Its
frequency slows down in all compositions on cooling and its
underlying microscopic/mesoscopic mechanism corresponds
to the polar fluctuations found in neutron transverse diffuse
scattering [20]. Sole Nb(1)-O chains are probably not strong
enough to produce the predominant permittivity contribution,
as they are isolated. On the other hand, the large Nb(1) shifts
indicate that these chains will have a substantial correlation
length and their dynamics should have an important impact
on the lowest-frequency relaxation ν01 .
The νGHz excitation, then, should be assigned to a mechanism with shorter correlation length, because of its higher
frequency. It could be also related to the oscillations of
small domain walls that appear eventually in all the compo-

sitions when lowering the temperature. However, its dielectric
strength is larger in the relaxor samples, εGHz ∼ 400 in
SBN-81 and only 50 in SBN-35 at 300 K [see Fig. 5(b)].
This might suggest that νGHz is related to the fluctuating
part of the polarization due to Nb(2) shifts, more affected by
occupational disorder.
Indications of the presence of two different correlations
lengths were found already in SBN-61 by PFM [35], where
mesoscopic regions of quasistatic correlated polarization coexists with dynamic ones of smaller scale. Also very recently,
diffuse scattering in SBN-60 [53] revealed the coexistence of
two different kinds of local ordering with different correlation
lengths and shapes of the correlation functions.
Finally, the CM νTHz is caused by the anharmonic rambling
or hopping of cations, Sr and probably also Nb, which is quite
displaced in the ab plane in the relaxor samples, as found in
our first-principles calculations [15]. Above TC its dielectric
strength is similar for all the compositions εTHz ∼ 500–600,
but below TC it is about one order of magnitude stronger in
the relaxor samples [εTHz ∼ 50 for SBN-35 and SBN-51,
and εTHz ∼ 300–400 for SBN-61, 70, and 81, as seen in
Fig. 5(b)]. The absence of a classic soft-phonon mode in this
system [12,16,17,27] is probably due to the inhomogeneous
arrangement of the oxygen octahedra in the unit cell, where
perovskite subunits containing Nb(2) atoms are bonded with
linking octahedra containing Nb(1) atoms. This kind of perturbation in the arrangement of the octahedra network most
likely prevents the global evolution of the soft mode like in
typical perovskite systems.
V. CONCLUSIONS

The SBN family exhibits an intrinsic ferroelectric nature that gets mixed with an enhancing relaxor behavior
when Sr content increases. The ferroelectric phase transition
shows a complex behavior in which several excitations play
their roles. The discovered excitations correspond to different
polarization mechanisms, with various correlation lengths
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of mesoscopic order and characteristic frequencies between
MHz and THz, contribute to the overall dielectric response.
This supports the coexistence of displacive and order-disorder
scenarios.
The temperature evolution of the dielectric behavior of
SBN could be described as follows: A strong excitation,
present in the THz range at very high temperatures, splits
on cooling into several components: a soft CM in the THz
range (related to anharmonic motion of cations) [19], an
intermediate excitation (labeled νGHz ) of mixed character, and
a relaxation (labeled ν01 ) associated with polar fluctuations of
the forming PNDs. The relaxation ν01 is the strongest and it
is associated with polar fluctuations of nanometric size that
grows into PND on cooling. Its dielectric contribution is maximal for Sr contents about 0.5–0.61. The νGHz excitation could
be due to polar fluctuations of shorter correlation lengths, but
also due to oscillations of tiny domain walls that appear even
in the relaxor samples. It is stronger in relaxor crystals, which
show higher degree of disorder and thus more intense diffuse
scattering.

The effect of the Sr increase on the relaxor behavior is
indirect and mediated via disorder in the oxygen octahedra
network which causes disorganized shifts of Nb atoms inside
the octahedra. As the Nb(2) displacements along the c axis
are smaller in the relaxor samples, they contribute less to the
macroscopic polarization in these crystals.
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