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Synthesis, crystal structure, phase transitions and dielectric relaxation
in La3* modified Sr, sBa, sNb,O¢ ceramics
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The crystal structure, dielectric and ferroelectric characteristics of SrosBagsNb,Og ceramics modified at the
synthesis stage beyond the stoichiometry of 1wt.% (weight percent) La,O3 (SBN50-La) have been studied. It is
shown that ceramics are pure, La** cations are embedded in A1 positions, and the parameters of the tetragonal unit
cell are a = 12.4800 A, ¢ = 3.9354 A. Analysis of the /(T f) and " (T, f) dependences revealed that SBN50-La
is a relaxor ferroelectric. It is shown that the dielectric response of SBN50-La ceramics at 7 = 83—493 K and
f =20—10°Hz has a contribution from three relaxation processes. The mechanisms of these processes are

discussed.
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1. Introduction

Presently, ferroelectric materials are widely applied in
many fields of engineering [1,2]. A common and effective
practice of intentional improvement of ferroelectric materials
properties is their doping, i.e. incorporation of, for example,
rare earth elements (Y3, La**, Ce3* and so on) into
the structure. It often results in improvement of such
characteristics as permittivity, residual polarization, a pyro-
electric coefficient, etc. [3,4]. Besides, in some cases, doping
facilitates optimization of technological processes during
synthesis of samples [5]. Strontium and barium niobates
(Sr,Ba)Nb,Og (SBN) stand out among ferroelectrics with a
structure of tetragonal tungsten bronze (TTB), since they
have high values of permittivity (in crystals it can be up
to ~ 80000 in the phase transition region [6,7]) and the
pyroelectric coefficient (0.06 uC/cm?/K [8]), thereby ma-
king them in demand for application in nonlinear optics and
infrared radiation sensors [9,10]. They are comprehensively
studied by various research teams in a pure form [11-13]
and in the form of single crystals and ceramics doped with
rare earth elements [5,14-24]. Tt has been multiply noted
that incorporation of a dopant allows significantly changing
a temperature of the phase transition from a ferroelectric
into a paraelectric phase and electrophysical parameters
of the material thereby. Fundamentally, a system of the
SBN solid solutions is interesting in terms of having a
concentration transition into a relaxor state, thereby affecting
the parameters of the material and its domain structure.
Since SBNs are unoccupied TTBs, a material production
technology, synthesis regulations and various additives (to
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be incorporated both stoichiometrically and superstoichio-
metrically) can significantly affect the properties of the
materials, which shall undoubtedly be taken into account.
Physical material science uses a colossally wide spectrum of
oxides and carbonates as modifiers. The influence of some
of them primarily reduces to embedding of certain cations
into a basic structure, while the others (Li,CO3, MnO,,
La;03, B,03) also act as a source of ,,a liquid phase®, which
can positively affect ceramic properties of the material (to
improve homogeneity, density, strength of the ceramic),
which is especially important when using the ceramic as
a target in installations for producing films by plasma
methods. It is known presence of target heterogeneities and
their low density have a negative effect. Regarding SBN, one
of the most interesting modifiers is lanthanum oxide [20-24].
It was multiply noted in studies by E.G. Kostsov [9,25]
that incorporation of La,Os; at the stage of production
of the SBN50 ceramic to be used for producing SBN50
thin films in the future allows increasing a pyrocoefficient
and some other properties in 1.5—2 times. Taking into
account that it is still unclear how modifying with lanthanum
oxide affects the structure, the dielectric and ferroelectric
properties of the SBN50 ceramic, it is believed that the
studies are relevant in this field and the present study is
dedicated to it.

2. Objects. Manufacturing and research
methods

The SrpsBagsNbyOg ceramic that is superstoichiomet-
rically modified by La,O3; (1wt%) (i.e. the modifier
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Figure 1. X-ray diffraction data (Yobs) and the diffraction model calculated by the Rietveld method (Ycalc) for the SBN50-La ceramic (a);
the schematic image of the crystal structure of the SBN50-La compound (b).
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Figure 2. Dependences P(U, f = 200 Hz) of the SBN50-La ceramic at the various amplitudes of U (a); the dependences of P(U) of

the SBN50-La ceramic at f = 10—1000Hz (b).

was incorporated above a stoichiometry of the initial
composition) was synthesized in a two-stage solid-phase
method. Initial reagents were powders SrCO; (99.9 %),
BaCOs3 (99.9%), NbyOs (99%) and Lay,Os (99 %) that
were pre-dried at 773K for 3h. The powders of the pre-
weighed initial reagents were thoroughly ground and mixed
in an agate mortar with addition of ethanol for 30 min. Then
the produced blend was calcinated in a corundum in air at
the temperature of 1173 K for 6 h to decompose carbonates
and to bind precursors as intermediate phases, the heating
rate was 4K/min. After that, the samples were cooled
down to the room temperature at a furnace cooldown
temperature. The produced powders were homogenized
to homogeneity with addition of polyvinyl alcohol (5 %) for
30 min, pressed into discs of the diameter of 12mm at the
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pressure of 9 MPa and sintered at the temperature of 1623 K
for 4h.

Powder X-ray data were collected using the DRON-3M
diffractometer with an installed Fe filter of CoK, radiation
at a rate of 2°(20)/min. To refine the crystal structure
using the Rietveld method, XRD data were used in the
angle range 15° < 26 < 120° with a step of 0.03° and an
exposure at each point of 3s. The data were analyzed in
the Jana 2006 program [26]. Data for Sr4gBag s:NbyOg
(a space group P4bm) [13] were used as an initial model to
refine the crystal structure.

In order to carry out electrophysical measurements,
electrodes were applied to the produced samples us-
ing silver-containing paste. Relative complex permittivity
e*=¢ —ie” (¢ and &” are a real and an imaginary
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part of &*, respectively) was measured within the tem-
perature range T = 83—493K and the frequency range
f =20—10°Hz using a cryosystem Linkam THMS600
stage and a broadband LCR analyzer E7-28.

A measurement complex based on a ferroelectric analyzer
DX-FE2000, a thermal chamber DXSC-2 and a laser
vibration meter DXILV-03 was used to obtain loops of
dielectric (P(U)) and mechanical (D(U)) hysteresis within
the temperature range 7' = 293—473K at the frequency
of 10Hz (the signal shape is triangular) at the values of
externa electric voltage U = 0 = 4kV as well as volt-farad
dependences (C(U)) at the frequency and the amplitude
of the measurement signal, 10kHz and 15V, respectively.
The fatigue effects were studied after impact of sawtooth
pulses of the frequency and the amplitude of, 1kHz and
2500V, respectively. The values of residual and maximum
polarizations (P, and Pu.x) and the coercive field (E.) of
the samples were calculated using the analyzer software.
The pyroelectric current was measured in a dynamic mode
in a bench that included a thermal table (Dexinmag) and
an electrometer Keithley 6514. The current was recorded at
a linear increase of the temperature at the rate of 5 K/min
within the interval T = 308—473 K.

3. Experimental results and discussion

A diffraction profile of the sample (Figure 1) is typical
for the SBM family with the TTB structure [13]. In order
to confirm formation of the TTB phase with the space
group P4bm and to calculate parameters of the lattice cell,
the structure was refined by the Rietveld method. It is
indicated in some studies that rare earth element are most
often prone to occupy exactly tetragonal channels A1, while
their presence in the structure significantly affects not only
crystallographic parameters, but electrophysical properties
as well [24,27-29].

In this case, in our used model the La3t ions were
refined in the position 2a. It is clear from the refinement
results (Figure 1) that superstoichiometric incorporation of
LayO3 in the amount of 1wt.% results in variation of the
lattice cell parameter as compared to pure SBN50 [28,30]
a =12.4800A, ¢ =3.9354A, thereby confirming partial
embedment of the La** cations into the basic structure.
Besides, we were able to refine occupancy of the La
atoms in the position 2a. Table shows the crystallographic
parameters for the SBN50-La ceramic.

As can be seen in Figure 2, at the room temperature the
SBN50-La ceramic is in a polar phase — under field effect
there is a family of expanding and amplitude-increasing
loops of P(U). Unlike the pure SBNS0 ceramic, the
loops of P(U) for SBN50-La are more elongated in a
form and they can not be fully saturated in the fields
U ~ 3kV (at this U the SBN50-La ceramic is characterized
by the following values E, = 21kV/cm, P, = 1.52 uC/cm?
and Ppax = 8.71 uC/cm?, respectively).
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Figure 3. Dependences P,, E. and Pmaxx of the SBN50-La

ceramic on the number of switching cycles.
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Figure 4. Loops of P(U) and D(U) of the SBN50-La ceramic.

Variation of the external field frequency from 10
to 1000 Hz almost did not result in changes of the loop
parameters (Figure 2, ). It is found when analyzing fatigue
effects manifested in the ferroelectrics during multiple
switching of polarization that up to 10° switching cycles
polarization characteristics of the SBN50-La ceramic are
almost unchanged and further on slight reduction of the
main characteristics is recorded due to heating of the sample
during multiple cycling (Figure 3). By taking into account
that in the SBN50-La ceramic studied by us stability of
P,,E. and P, was either comparable [31] or better [32]
to/than the pure SBN-50 ceramic, it can be concluded
that incorporated lanthanum oxide positively affects the
ferroelectric characteristics of the material. This is also
confirmed by results of measurements of the dependences

Physics of the Solid State, 2025, Vol. 67, No. 8
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Coordinates of the atoms and isotropic thermal shifts for the ceramic SrosBagsNbyOg + 1 wt.% La,03

Atom rg:;ﬁzg x/a y/b z/c Biso, A? Site occ.
Ba2 4c 0.1728(4) 0.6728(4) 0.4927(19) 2.38(21) 03125
Sr2 4c 0.1728(4) 0.6728(4) 0.4927(19) 2.38(21) 0.125
Srl 2a 0 0 0.4892 1 0.1875
Lal 2a 0 0 0.4892 1 0.0106(24)
Nbl 2b 0.5 0 0.016 0.57(20) 0.25
Nb2 8d 0.0741(4) 0.2122(4) 0 0.19(13) 1
0O1 4c 0.283(2) 0.783(2) 1.01(6) 1.5 0.5
02 8d 0.139(2) 0.068(3) 0.959(18) 1.5 1
(0%} &d 0.9876(16) 0.347(4) 1.058(16) 1.5 1
04 2b 0.5 0 0.52(7) 1.5 0.25
05 8d 0.057(3) 0.207(2) 0.50(6) 1.5 1

SG: P4bm, a = 12.48004, ¢ =3.9354A, R, =2.02%,

Rup =2.62% and x> =0.87

C(U) and D(U) of the samples (Figure 4): when applying
U = 0—4kV capacitance of the sample is reduced by 39 %,
while the maximum mechanical deformation of the sample
was 0.140um (~ 0.018%). No significant difference is
detected in the dependences C(U) and D(U) that were
measured before and after the experiment of analysis of
the fatigue effects.

In order to determine temperatures of the phase transfor-
mations in the SBN50-La ceramic, we have performed a set
of complementary studies, which included measurements of
the dependences P(U,T), &' (T, f) and &"(T, f) as well
as the pyroelectric current /(7) in the dynamic mode (for
the pre-polarized sample). As can be seen from Figure 5,
the increase of the temperature from 303—473 K results in
narrowing and an amplitude-decrease of the loop of P(U) of
the ceramic, while the magnitudes P,, E. and P,,x decrease
in the sharpest way within the interval 7 = 303—363 K, and
when T > 363K a rate of their decrease is reduced (this is
most clearly seen for the case of P,(T)) (Figure 5, the
insert).

It is undoubtedly related to a smeared phase transition
from the ferroelectric into the paraelectric phase. This is
confirmed by the dependences ¢'(T, f) and €”(T, f) of the
sample, which are shown in Figure 6.

As the temperature decreases within the interval
T =360—493K relative permittivity of the SBN50-La
ceramic varies according to the Curie-Weiss law
(¢/ = C/(T — T¢) almost at all the frequencies, where C —
the Curie constant depending on a material, Tc — the Curie
temperature), which is typical for the ferroelectric materials
in the paraelectric phase. @~ When 7T < 360K, further
decrease of the temperature first results in origination of
dispersion ¢’ and ¢” and then maximums (7,,;) are formed
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within the interval T = 288—320K and they are shifted
into the low temperature and increase in magnitude as f
decreases. The dependence T,1(f) (Figure 6,c) within the
frequency range f = 20—10° Hz was well described by the
Vogel-Fulcher relationship f = foexp(Eaet/ k(T — Ty)))
(fo = 6-10'""Hz — the frequency of attempts of overcom-
ing a potential barrier E,t = 0.064 eV, k — the Boltzmann
constant, Ty = 251K — the Vogel-Fulcher temperature).
With further decrease of the temperature there is generally
monotonic decrease of ¢/, but ,humps* are recorded around
200K at the frequencies below 105Hz. Patterns with
similar behavior were also observed at the dependences
e”(T, f), but anomalies in the low-temperature range were
well pronounced and were frequency-dependent maximums.
We note that the temperature hysteresis on the curves
¢'(T) and €”(T) was recorded only when 7 = 123—-373K,
while the values of 7,,; for the mode of heating and
cooling differed and also depended on the frequency —
for f = 20 Hz shifts were AT ~ 17K, and for f = 1 MHz
they were AT ~ 8.4K.

The obtained results indicate that in terms of a nature
of manifestation of the ferroelectric properties the studied
SBN50-La ceramic belongs to ferroelectric-relaxors (FER),
while embedment of the La’* cations into the basic
structure significantly enhanced manifestation of the relaxor
properties. The Burns temperature that corresponds to a
temperature, at which the FERs originate polar regions,
is 360K, as can be seen in Figure 6. The relaxor state
in multi-component ferroelectrics is related to fluctuations
of a chemical composition across a material volume due
to disordered atom arrangement in respective structure
positions. In case of the studied sample, the SBN solid
solutions are characterized by disordered arrangement of
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the cations Ba?* and Sr’* in the TTB structure. Only the
Sr?* ions are localized in the tetragonal positions A1, while
the cations Ba®* and Sr** are statistically distributed in the
pentagonal positions A2. It should be also noted that both
the positions are only partially occupied [33]).

The polar behavior varies from the usual ferroelectric
to the relaxor-like one at the ratio Sr>*/Ba*" > 0.5 [34],
but a physical mechanism responsible for this crossover
is still unclear. It is believed that as soon as only a
half of the Sr>* cations occupy the positions A2, then
»crossover occurs. Occupancy of the positions Al and
A2 with the cations Ba?* and Sr** can be affected both by
varying the sample production conditions (annealing times
and temperatures, etc.) as well as by incorporating various

additives [30], which is most likely observed by us. It can
also result in inducibility of the polar regions under effect
of the electric field on the material, with their subsequent
existability at the temperatures that significantly exceed 7.
It is for this reason we have recorded the loops of P(U) up
to 473 K as well as a pyroelectric response in the SBN50-La
ceramic that is pre-polarized with the constant electric field
(Figure 5, b).

Let us consider evolution of dispersion ¢’ and &' of
the materials in more detail. On the Cole—Cole dia-
grams (the dependences €”(¢’)) of the SBN50-La ceramic
(Figure 7), we first observed one arc of a semicircle R;
(T =373—473K), then, when 7 is from 303K to 373K —
two frequency-separated arcs of the semicircles R; and R

Physics of the Solid State, 2025, Vol. 67, No. 8
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Figure 7. Experimental (light markers) and theoretical (lines) dependences of &”(¢") of the SBN50-La ceramic at the temperatures

85—473 K.

(the boundary f decreases with decrease of T'), and when
T < 303K — the arc R; almost disappears, and R becomes
a two-component one R, and Rj. It indicates that within the
temperature range T = 83—493K and f = 20—10° Hz the
dielectric response of the SBN50-La ceramic is contributed
by three relaxation processes. Various models that differ
by a form of relaxor distribution function were considered
for approximation of the experimental dependences ¢”(¢’),
e”(f) and &'(f) [35]. However, the best results were
achieved when using the following relationship, in which
a contribution by each process of dielectric relaxation was
described by a symmetric Cole-Cole function of relaxation
time distribution:

€51 — €0l
1+ (i f . Tl)lfal

f = +i-& =€+

€52 — €51 Vst (1)
1+ @G- f-m)l-2 27 -f-&

where a1 and a, — coefficients that characterize relaxation
time distributions (from 0 to 1); &1, &2 and €1 —
static and high-frequency permittivities; 7; and 7, — the
relaxation times; €9 — the dielectric constant; y;, — through
conductivity. The contribution by a singular term shall have
been taken into account only at the maximum temperatures.
The results of approximation are shown in Figure 7,a,
while the dependences of the fitting parameters on the
temperature are shown in Figure 8.

+
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By taking into account the temperature ranges, at which
we observe each of the relaxation processes, the depen-
dences of their parameters on the temperature as well as
results of the studies [36,37], the following conclusions
can be made. The relaxation process R; that occurs in
the paraelectric phase when T > T,, whose description
required taking into account the contribution by p,,, while
a; and Ae do not depend on the temperature, can be
related to manifestation of Maxwell-Wagner polarization,
which is often manifested in the ceramics. The main
cause is accumulation of a charge, during increase of
their conductivity, on grain boundaries or in near-electrode
regions due to differences of dielectric properties of a grain
bulk and a grain boundary [35].

When T < T,, the dielectric response is mainly con-
tributed by the relaxation processes R, and Rjs. The
relaxation R, is the strongest around 7, (Figure 8,a),
and as the temperature decreases, it is ,,decelerated“ from
f ~ 10° to ~ 10? Hz against the background of increase of
a from 0.3 to 0.72. The relaxation R; lower-frequential and
less strong around T7,,, but with decrease of the temperature,
it is decelerated from f ~ 10*Hz to ~ 102 Hz and starts
making a contribution to the dielectric response, which is
comparable to Ry. Taking into account the studies [36,37],
both the detected relaxation processes are related to polar
fluctuations in the SBNS50-La ceramic and most likely
caused by switching (R;) and an oscillation (R3) of polar
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nanodomains. We note that the contribution by oscillations
of the domain walls in SBN is manifested when T < T, at
the frequency ~ 10'° Hz [36], whence we do not observe it
in our experiment.

4. Findings and conclusion

Thus, the study provides the results of complex studies
of the properties of the SrgsBagsNb,Og ceramic that
is superstoichiometrically modified at the synthesis stage
with 1wt% Lay0s3. It is found that this modification
results in variation of the lattice cell parameters of the
material relative to pure Srg sBag sNbyOg and is induced by
embedment of the La3* cations into the tetragonal channels
that are initially occupied only by Sr’*. It results in the
fact that the material in the produced ceramic exhibits,
on the one hand, enhancement of the relaxor properties
and, on the other hand, improvement of the ferroelectric
characteristics.

Dispersion &’ and &’ of the SBN50-La ceramic when
T = 83-493K and f = 20—10° Hz was analyzed to show
that the in the dielectric response of the material within
the frequency range f = 20—10°Hz there were recorded
contributions by the three relaxation processes, and two of
them are related to the paraelectric subsystem, and one is
related to polarization of the Maxwell-Wagner type. It is
important to note that the dielectric response that is close
by the type was detected only in the SBN81 single crystal
and was not observed in SBN61 and SBN50 [36]. These
results indicate that incorporation of the La’* cations even
at such small concentrations significantly affect the crystal
structure and properties of strontium barium niobates, and
it is reasonable to take this into account when producing
ceramics of these materials.
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