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Abstract

The X-ray diffraction patterns of (Na,/;3Pb;,3)(Mn;,,Nb;,,)O3 ceramics were measured within 15-850 K temperature range. The anomaly in the
thermal expansion temperature dependence occurred in 250-365 K range. The generalised Cole—Cole model was proposed to describe the
measured effective electric permittivity influenced by high electric conduction and the coexistence of two contributions e*(T.f) = €*jayice + ¥ carriers
was considered. The analysis of the electric permittivity and conduction exhibited two relaxation processes. The electric conduction relaxation
characteristic time values indicated the small polaron mechanism with 7y &~ 10> s occurring in 240-345 K range and the ionic mechanism with
7o~ 107" s involved in the other relaxation occurring in the 320-510 K range. The ionic relaxation process was ascribed to a subsystem of
defects, which was weakly interrelated to the anomaly in thermal expansion of the (Na,/;3Pby/3)(Mn;,,Nb;,,)O3 ceramics. The Gate model was

proposed to describe the ionic relaxation mechanism.
© 2009 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Recently, the electric properties of the niobate—manganite
perovskite Pb(Mn,Nb, _,)O3 ceramics were investigated [1-3]. It
was shown that complex compounds, e.g. Pb(Mg;,sMn,,4Nb )
03 [4], Pb(ZrTi)O3—Pb(Mn1/3Nb2/3)03 [5,6], Pb(Mng)O3—
Pb(ZrTl)Og—Pb(Mn]/3Nb2/3)03 [7], BlSCOg—PbTIO3—Pb(Mn1/3
Nb,/3)05 [8], and Mn-doped Pb(MgNb)Os;-PbTiOs5 [9] exhibited
electrical properties suitable for electro-mechanical applications.
It was found also that the doping with acceptor Mn ions replacing
Nb improved the electro-mechanical properties of such solid
solutions [5-9]. It was pointed that the doping with hetero-
valence Mn ions may stabilise the oxygen vacancies and
facilitate the formation of electric dipoles like Vo—Mn** that
consequently induced electric relaxation phenomena [5,10-14].

However, the sintering of pure perovskite phase
Pb(Mn,Nb,_,)O3 compounds is difficult and usually multi-
component samples are obtained. The occurrence of additional
phases, e.g. showing pyrochlore structure or oxides precipita-
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tion depends significantly on oxidising-reducing conditions
during the synthesis [1-3]. It should be pointed that there is a
solubility limit of Mn ions within the Nb sublattice, which can
be overcome with suitable co-doping [15-17].

The high electric conduction and electric relaxation
phenomena, related to the non-stoichiometry, were reported
in the work on the Pb(Mg;,sMn;/4Nb;,,)O3 compound by
Modlich et al. [1]. It should be mentioned that the densely
packed perfect perovskite structure obstructs an ionic
transport. However, pathways for migration of ions are
available in defected structures. Hence, the electric relaxation
phenomena could be explained in terms of oxygen ions
jumping between the vacancies, alike it has been reported for
the electric relaxation related to the oxygen non-stoichiometry
for various perovskites [ 10—14]. Moreover, the participation of
the Mn and the Nb ions in the relaxation processes ought to be
concerned also.

The (Na;_,Pb,)(Mn,Nb,_,)O3 ceramics, containing various
proportions of Na and Pb ions, were produced [16-18]. The
(Na;_,Pb,)(Mn,Nb, )O3 ceramics exhibited high value
electric conduction and electric permittivity. The relaxation
phenomena were ascribed to the chemical disorder occurring in
these compounds [3,16,17].
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The problem whether the anomalies in electric permittivity
and conduction ceramics are related either to a structural
phase transformation or to a subsystem of defects needs the
systematic structural study in a wide temperature range. The
aim of this work is to present the XRD structural study
and compare them to the electric properties of the (Na,;3Pb;/3)
(Mn;,,Nby,,)O5 ceramics. We would like also to discuss the role
of the Mn ions in the electric conduction.

2. Experimental procedures

The (Na,/3Pb;/3)(Mn;,,Nb;,,)O5 ceramics were prepared by
dry sintering, using a two-stage synthesis process in air
[3,16,17,19]. At the first stage, the Nay;3(Mn;,Nby2)05
precursor phase was produced from Na,CO; (Sigma, purity
>99%), Nb,Os (Aldrich, purity >99.9%) and MnO (Aldrich,
purity >99%) powders prepared in accordance to stoichiometry
proportions and calcined at 1223 K. At the second step, the
precursor phase constituent was crushed and mixed with the
proper amount of PbO (Aldrich, purity >99.9%). The mixture
was sintered at 1173 K for # =1 h. The obtained material was
crushed, then milled for 6 h and sieved (<71 pum, Retsch
AS200 basic). Any coarse-grained rest of the powder was
milled again to obtain the powder finer than 71 wm and then
both parts of the powders were joined. The powder was milled
dry with use of a zirconia container and balls (Retsch MM200).
The powder was pressed at 20 MPa into pellets (¢ = 12 mm,
h~5mm). Several trial procedures were carried out to
determine the final sintering temperature 7s. It was chosen
as Ts = 1273 K and 1323 K, combined with the sintering time
2h, 5h, and 12 h. The porous ceramics were obtained when
they were sintered at 1273 K and when the sintering time was
too short. The ceramics sintered at 1323 K in air for 12 h were
hard, graphite-black in colour and they were chosen for further
analysis.

The determination of the lattice parameters was carried out
on powdered samples using an X-ray powder diffractometer
SIEMENS D5000. The experimental conditions were: 6—6
geometry, accelerating voltage 40 kV, current 25 mA, the X-ray
filtered radiation Cu Ko, A = 1.54056 A scan method with a
step size 0.02° (26) and time of counts at every step 13 s. The
diffraction pattern was collected in the 10-100° range for 26.
The chosen lines {110}, {200}, {211},, {220},, and
{22 2}, were measured at stabilised temperature with 50 K and
20 K steps. Measurements were carried out within 15-850 K
range with use of two cameras which were changed at room
temperature, i.e. an He TTK with closed cooling system for low,
and an HTK 1200 for high temperature range. The temperature
was stabilised with accuracy of +1 K.

The X-ray photoelectron spectroscopy (XPS) measurement
was carried out on a Multitechnique Electron Spectrometer
PHI 5700/660 with Al Ko, radiation (1486.7 eV). A hemi-
spherical mirror analyser measured the energy of the
electrons within energy range 0-1400eV within energy
resolution of about 0.3 eV. The real average composition
(Na0.6ng0.3g)(Mn0,65Nb0_41)02_88 was evaluated from the XPS
test. Hence, the oxygen deficiency was equal about 4%. In

accordance to a simplified ionic picture, the formula for this
compound is (Na)t,Pb2t.)(Mndt,Mndt,Nby’, )05 in
accordance to the electro-neutrality condition. In the text
below we use the nominal composition (Nay/;Pby,3)(Mn;,,Nby,
»)O5 of the ceramics. Moreover, a minor phase (the content
about 2.5%) detected in the investigated ceramics showed the
composition Nag 7MnO, o5 [18].

The rectangular samples were cut from the pellets and
polished with diamond paste, grade 2000. The surface of the
samples was painted with silver paste (Leitsilber 200 from Hans
Wolbring GmbH) and dried to obtain electrodes. One can notice
that the electrodes became “fired” when the subsequent
measurements were carried out at temperature reaching 750 K.
Such type of electrode consisted of silver granulates and they
would not be blocking for migration of gases from the ceramics
surface. Moreover, we carried out only the ac conduction
measurement; hence the electrode ought to produce a minor
effect on an ionic migration or jumping within the bulk of the
samples. The capacitance C and conductivity G were measured
with a HP 4263B RLC meter in two or three subsequent cycles
of heating and cooling to check repeatability of the results. The
measuring frequency was equal to 0.1 kHz, 1 kHz, 10 kHz,
20 kHz, and 100 kHz. The temperature was varied within the
range 110-750 K at a constant rate 2 K min~' on heating and
cooling with the use of a temperature controller Unipan 680.
The data were collected with the use of a PC unit.

The D-E hysteresis loop measurement was carried out with
use of a Sawyer—Tower circuit at f = 20 Hz and 50 Hz, for the
applied electric field up to 4 kV cm™". The loops did not show
any ferroelectric activity at room temperature.

The density evaluated from the XRD data was pnom =
537 gcm™ ' for the nominal composition and pxps = 5.60
g cm ™ in case when the composition determined by the XPS
test was taken for evaluation (the elementary cell volume
equalled to 63.5 A3). The density was measured also as pgp = m/
Viampie =4.54 g cm”? (d=0.4cm, ¢ =1.3cm), which were
the 81% and 84% of the densities obtained from the XRD data.
The effective Young’s modulus C=1.12 x 10" Nm? was
measured by ultrasonic method at f = 10 MHz.

3. Results
3.1. XRD analysis

The XRD pattern of the set of the Bragg’s diffraction lines,
related to the main phase, was indexed with the pseudo-cubic
cell Miller indices as shown in Fig. 1.

The parameters of the perovskite-type cell were calculated
from the diffraction {1 10},, {200},, {211},, {220},, and
{222}, profiles, fitted by the Pearson VII function using the
XP program [20]. This procedure enabled us to determine the
position, intensity and split of the multi-component profiles.
The split of the main diffraction profiles indicated that the
tetragonal distortion of pseudo-cubic cell (with cell parameters
a, = b, # c,) occurred, since it was found that the lines of
{200},, {110},, and {2 1 1}, type were split in two, as it is
presented in Fig. 2, while the line {2 2 2}, was the singlet line.
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Fig. 1. X-ray powder diffraction pattern of (Nay/3Pby,3)(Mn;,Nb;,,)O5 obtained at
room temperature: experimental (circles) and calculated (continuous line) spectrum,
vertical ticks for 26 Bragg positions, the curve on the bottom shows the difference
between experimental and spectrum calculated for the P4/mmm space group.
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The trial model of the structure has been proposed as
tetragonal with no limiting conditions for the & k [ reflections.
Six space groups: P4/m, PA22, PA2m, PAm2, PAmm, and P4/
mmm belong to the same diffraction group and they would be
considered. The refinement has been performed for a higher
symmetry case, i.e. for the centre-symmetric space group
P4/mmm. In the case of the high temperature spectrum,
Tg =823 K, the refinement parameters values were Rp =
6.82%, Rr=10.1%, and X2 =6.70. In case of the pattern
recorded at the T, = 298 K, the refinement parameters values
were Ry =7.36%, Rp=7.53%, and x* = 6.01 [18,20-22].

The diffraction spectra obtained at different temperatures, i.e.
even in the high and the low temperature ranges were very
similar. There were only small variations in intensity of several
diffraction lines. The refinement with use of the other symmetry,
i.e. the non-centre-symmetric P4mm space group, was carried
out for the pattern, which was obtained at 298 K. It occurred that
the refinement parameters values were Rg = 5.19%, Rg = 7.83%,
and Xz = 5.54. Hence, the difference between the two performed
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Fig. 2. Split of the chosen main diffraction lines {1 1 0}, {2 00}, and {2 1 1}, recorded at 298 K and at 823 K for (Na,/3Pb;/3)(Mn;,,Nb,,,)O3 (subscript p relates to
pseudo-cubic perovskite lattice). The Koy (straight line) and Ko, (dotted line) lines are marked.
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refinements occurred insignificant. From such point of view,
there was no indication whether the symmetry changes or not
between temperature 298 K and 823 K.

Moreover, no independent indications for choosing between
specific symmetry for the low temperature range were received
from the electrical features of the studied material. Dispersion
and anomalies, which related to the electric current relaxation,
occurred within wide temperature ranges (see text below).
However, no ferroelectric activity was detected at the room
temperature. There were found neither frequency independent
Curie—Weiss type anomaly, which is a feature of classical electric
order phase transition, nor any rounded anomaly in electric
permittivity centred on well-defined temperature, which could be
ascribed to a diffused phase transition. Similarly, no anomaly in
electric permittivity, which could be ascribed to a conventional
relaxor phase transition, was distinguished. Hence, there was no
evidence for a change in long-range electric order, related to a
structural transformation with a macroscopic change in
symmetry of the (Nay/;3Pby/3) (Mn;,,Nb;,,)O3 compound.

The cell parameters a, b, and ¢ temperature dependences in
the 15-850 K range are presented in Fig. 3a. The elementary
cell volume temperature dependence is drawn in Fig. 3b. The
data obtained from the measurement carried out with use of the
He TTK and HTK 1200 cameras are distinguished by the full
black and open symbols in Fig. 3.
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Fig. 3. (a) Cell parameters a = b, and c vs. temperature obtained for (Nay/3Pb3)
(Mn,,Nb,»)O;5 ceramics. (b) The cell volume V vs. temperature plot. The 7 and
T, denote the changes in the slopes of the cell parameter temperature dependences.

The T, corresponds to the anomaly in electric conductivity.

There are two anomalies in the temperature dependences of
a(T), c¢(T), and V(T). The slope of the lattice constants a(7) and
c(T) changes smoothly in the 250-300 K range (noted as
T; =250-300 K in Fig. 3). It should be pointed that the upper
limit (7= 300 K) of this range accords to the temperature at
which the low- and high-temperature cameras (He TTK and
HTK 1200) were exchanged. However, the V(T) dependence
declines in vicinity of the 250 K. Moreover, the other anomaly
visible in vicinity of 7, = 365 £+ 5 K occurs far enough from the
room temperature to exclude the effect of the cameras
exchange. After that, the temperature T, = 235 K, related to
an anomaly in the electric conductivity temperature depen-
dence, is also marked in Fig. 3. Hence, we deduce that the
anomalies which occur in crystal lattice parameters tempera-
ture dependences reflect the change in the thermal expansion of
the (Na,;sPb;/3)(Mn;,,Nby,)O3 ceramics. The inter-atomic
distances, which were evaluated in case of the XRD patterns
obtained at 298 K and 823 K, show that an anisotropy effect
manifests in the thermal expansion of the unit cell (Table 1).

3.2. Electric conduction and relaxation

In accordance to the phenomenological model of the small
polaron hopping conduction, the electric conductivity of the
(Nay/3Pby/3)(Mn;,Nb; ;)O3 ceramics can be separated into
thermally activated and the frequency dependent parts. The
electric conductivity includes the temperature dependent
mobility & ~ 7' and the thermally activated dc conduction
behaviour:

E,
U(wv T) = Udc(T) + Oac = O’OT71 exXp < kT) +Aws (1

Such dependence was proposed to describe the ac conductivity
dispersion in disordered ionic crystals and non-crystalline
materials [23,24]. Hence, the electric conductivity multiplied
by temperature, To vs. T~! obtained for the (Na,/3Pb;,3)(Mnj,»
Nb,,»)O3 ceramics, was plotted in Fig. 4.

The equidistant alignment of the o(7,f) plots, measured at
f=0.1-100 kHz, indicated the ac conductivity fulfilled the power
law 0,.=A®® in high temperature range. The straight-line
segments drawn in the To(T)f) vs. T~ diagram showed that
thermally activated processes dominated the electric conductivity

Table 1

Inter-atomic distances between oxygen (in non-equivalent positions I and II)
and oxygen, manganese, niobium ions in (Nay/;3Pby/3)(Mn;,,Nb;,,)O3 perovs-
kite compound. Evaluation carried out for the P4/mmm symmetry at T =298
and 823 K.

Tons Inter-atomic distance [A]

T=298 K T=823K
0¥ — 0> 2.821(1) 2.830(1)
0F -0 2.818(8) 2.831(8)
0}~ — Mn** /Nb>* 1.996(4) 2.032(9)"
0%~ — Mn*+/Nb** 1.993(1) 1.701(4)

? The minimum values of the distances between the atoms were calculated.
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Fig. 4. The electrical conductivity multiplied by temperature, To(T}f) vs. T~
plots obtained for (Na,/;Pby,3)(Mn;,,Nb; /)05 ceramics at f= 0.1, 1, 10, 20, and
100 kHz. Activation energy was evaluated in temperature ranges denoted by
straight-line segments. The frequency independent anomaly is visible in vicinity
of Ty;y = 235 K. Vertical lines mark the range 250-365 K where anomaly in the
thermal expansion occurs.

within the high and intermediate temperature ranges. The dc
conductivity temperature dependence was assumed as the limit
of the conductivity measured at frequency f=0.1 kHz. The
activation energy E,=0.47 eV (for 600 K < 7 < 730 K) and
E,=0.44 ¢V (for365 K < T < 600 K) has been evaluated within
the high and intermediate temperature ranges, respectively. The
electric conductivity value o7 measured for f=0.1 kHz at
T =600, 400 K, and 300 K is shown also in Table 2.

Moreover, an increasing dispersion is visible in the electric
conductivity plots within the 235-365 K temperature range.
There is a frequency independent bump in vicinity of
T, =235K indicating a possibility of a phase transition
occurrence. These features correspond to the variation of the
cell parameters a, b, ¢, and V temperature dependences within
this temperature range (compare plots in Figs. 3 and 4).

The slight curvature in the conductivity To vs. T~ plot
occurred within the low temperature range. Such a curvature in
the plot suggested that the variable range hopping of small
polaron model could be concerned in such a case [16,23,24].
The conductivity described with the formula

—1/4
o(T) = opexp <%> 2)

was fitted numerically below 200K and the value
To=5.6 x 10® K was obtained.

The real part of the electric permittivity dependence on
temperature and frequency &'(7,f) measured for the (Na,/3Pby3)
(Mn,Nb;»)O3 ceramics is shown in Fig. 5a. The main features
visible in the & (T)f) plot are the marked dispersion and the
frequency dependent step-like anomalies called I and II. The
frequency dependent step-like anomalies called A, B, and C

occur also in the loss coefficient tan 8(T,f) = &"/¢’ plot, as a

Table 2

The electric conductivity parameters of (Nay;3Pby/3)(Mn;,,Nb;,,)O5 ceramics.
The activation energy E, (accuracy £0.02 eV) estimated for f= 0.1 kHz within
the high and intermediate temperature ranges AT. The values of the electric
conductivity o7 measured at 7 = 600, 400 and 300 K are shown for comparison.
The electric conductivity relaxation characteristic time 7y and the relaxation
activation energy Ey; were calculated from the electric modulus M”(Tf)
temperature dependence. The electric conductivity relaxation characteristic
times 7op and 7g 4, the activation energies Ejoss 4 and Ejog 5 Were evaluated
from loss coefficient derivative d(log tan 8(7f))/dT temperature dependence.

E, " (eV) 0.47
00 (Sm™) 43 x 107!
E,° (eV) 0.44
o400 (Sm™ Y 32 %1073
o300 (SM™) 33x107°
Enm € (eV) 0.46
Tom € (s) 1.3 x 107"
Eioss.s ¢ (€V) 0.52
Top & (8) 14 x 107"
Eioss.a © (€V) 0.48
Toa ° (5) 1.5%x 10713

2 AT = 730-600 K.
® AT = 580-365 K.
¢ ATy = 400-250 K.
4 ATy = 510-320 K.
© AT, = 345-240 K.

manifestation of relaxation processes related to energy losses
(Fig. 5b).

Only a minor anomaly, frequency independent, is visible in
the ¢ and o plots in vicinity of Ty, =235 K. However, any
Curie—Weiss type anomaly that would be a manifestation of the
classical electric order phase transition, between paraelectric
and ferroelectric phase, was not detected. Such results
correspond to the lack of ferroelectric activity determined
from the D-E hysteresis loop.

In case of the disordered and highly conducting ceramics
samples, when the marked electric conduction dominates and
covers electric permittivity peaks, the electric modulus
formalism can be effectively applied, since the dc electric
conductivity contribution is suppressed in this representation of
the data. The electric modulus is evaluated as [3,11,16,19]:

M* = 81 = +id) =M +iM” 3)
The imaginary part of the modulus M”(T,f) dependence on
temperature obtained for the (Na,/;3Pb;,3)(Mn;,,Nb;,,)O; cera-
mics is shown in Fig. 6a. The peak in the M”(T,f) plot shifts to
higher temperatures with increasing frequency. Hence, it can be
ascribed to the electrical relaxation process. The position of the
main peak in the imaginary part of the modulus M"(Tpear.f)
corresponds to the most probable relaxation time at given
temperature Tpe. and frequency f;. The relaxation times cal-
culated from the condition y = (27f;) " are plotted in Fig. 6b.
The relaxation times vary in accordance to the thermally
activated dependence:

E
M = Tom €XP (k—¥> 4)
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Fig. 5. (a) Electric permittivity real part ¢ vs. T plots measured on cooling at f= 0.1, 1, 10, 20, and 100 kHz. Two anomalies called I and II are marked. (b) The loss
coefficient tan § = ¢"/¢' vs. T plot. The frequency dependent step-like anomalies A, B and C are marked.

and the numerical fitting with use of Eq. (4) gives the activation was calculated and plotted in Fig. 7a. The temperature
energy Ey; =20.46 £0.02eV and the electric conductivity dependence showed two series of minima, which were
relaxation characteristic time 7oy = 1.3 107" s (Table 2). attributed to the relaxation processes (called A and B
It is worthwhile noticing that the electric modulus peak  in Figs. 5b and 7a). The position of a minimum in the
presented in Fig. 6a exhibits slight asymmetry, visible clearly at d(log tan §(T,f))/oT plot allowed to evaluate the most prob-
the higher frequencies. Such two overlapped contributions able relaxation times.
(pointed by arrows and symbols * and #) indicate the The Arrhenius-type dependences of the relaxation times
occurrence of two relaxation processes in the investigated (Fig. 7b) enabled us to evaluate the activation energy values
material. The parameters of the secondary relaxation process on Eioss.a and Ejogsp, and the characteristic times of electric
the left side of the main peak (noted by the mark # in Fig. 6a) conductivity relaxation 7y o and 7y, respectively. The results
could not be evaluated. Due to this hump manifested within are shown in Table 2. One can notice that the value of the
narrower temperature range, its activation energy would be characteristic time 7o) obtained from the electric modulus
slightly higher and corresponding characteristic time shorter. formalism is comparable with the value 7y g received from the
The use of electric modulus analysis enabled us to determine analysis of derivative of loss coefficient. Moreover, the
the parameters of one relaxation process only. Therefore, the positions of the main peak in the M"(Tf;) curve (250-
other approach has been applied also, in aim to separate the 400 K) correspond to the “B” anomaly distinguished in the
second relaxation. The differential method has been applied to tan 8(T,f;) dependences (compare Figs. 6a, 5b, and 7a and
subtract the thermally activated contribution and to receive the Table 2). It is worthwhile noticing that such correlation is
relaxation processes [25,26]. For such purpose, the derivative of ~ expected due to the relation:
the loss coefficient,

9log tan 8 Ag\
Og an (5) ‘[M// = Tz;” (1 + —) (6)
aT £oo

M" L L L A TIs]F ! T T ¥ T L ]
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Fig. 6. (a) Imaginary part of electric modulus M” vs. 7, plotted for f = 0.1, 1, 10, 20, 100 kHz. The mark * denotes the primary and the mark # denotes the secondary
relaxation process. (b) The Arrhenius dependence plot of the relaxation time 7y obtained from position of maximum in M” (T}).
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Fig. 7. The derivative of losses coefficient d(log tan §)/dT vs. temperature, plotted for f=0.1, 1, 10, 20, and 100 kHz. Two series of minima occurs in the low
temperature (240-345 K) and the high temperature (320-510 K) range, ascribed to A and B relaxation processes, respectively. (b) The Arrhenius plots of relaxation

times 7 obtained from position of minima in dtan §/9T vs. T plot.

where coefficient a describes the relaxation times distribution. We
deduce that the relaxation process described within the electric
modulus M"(T,f) approach is equivalent to the process “B”
discerned with use of the derivative technique d(log tan §(7f))/0T.

4. Discussion

Variation in the thermal expansion of the (Nay;sPbj3)
(Mn;, Nby,,)O5 ceramics reflected lattice behaviour without a
change in macroscopic symmetry (see Fig. 3) [27]. Moreover, no
classic phase transition related to a change in the electric order
was detected. However, it was intriguing that the temperature
range, where the thermal expansion coefficient anomaly occurred
(250-365 K), overlapped partially with the temperature ranges
where the two relaxation processes were observed. There were
two processes (called A and B) related to the energy losses which
were distinguished from the analysis of the derivative d(log tan
8(T,f))/9T. The process “A” occurred in the temperature range
(240-345 K) which was close to the range, where the thermal
expansion coefficient anomaly manifested. The process “B”
occurred within much wider temperature range (320-510 K).
Therefore, we looked for microscopic mechanisms, which could
be applied for the description of these two relaxation effects.

It is worth noticing that two relaxation process, described
with close values of the t, and slightly lower E, values were
determined for the similar (Na,,,Pb;,,)(Mn;,,Nb;,,)O3 ceramic
compound [16]. Moreover, in the experiment carried out on the
as-sintered and oxygenated (Big,sNag75)(Mng2sNbg75)O3
samples [19], the relaxation process described with the
activation energy value equal E, ~ 0.40 eV has been identified
as related directly to the oxygen vacancies. It was also
suggested that the other relaxation related to the Mn—Vg
electric dipoles. Therefore, the activation energy values
obtained for the (Na,;Pby;3)(Mn;,Nb;»)O3 ceramics (see
Table 3) may correspond to the energy levels originated either
from oxygen vacancies or from manganese ions subsystems.

The (Na,/3Pb;/3)(Mn;,,Nb;,»)O5 ceramics exhibited marked
dispersion in the losses, which saturated in the 500-600 K
range, reaching the high value tan § ~ 100. Correspondingly,
the real part of the electric permittivity reached & ~ 10° at
f =100 Hz and only ¢’ ~ 10° at f = 100 kHz (see Fig. 5). In case
of oxide perovskites, it is generally accepted that the lattice
participation in the real part of electric permittivity remains on
the & (T,f) ~ 10” level, and the value of the order of 107 is
expected in vicinity of phase transition or the lattice instabilities
due to high polarizability of oxygen ions.

Hence, the higher values of the measured electric permittivity
ought to be explained within the framework of generalised Cole—
Cole dependence, where superpositions of the lattice and the
space charge carriers responses are considered [28-30]:

& (w) =¢ (w)lattice + & (w)cam'ers (7)

where £*(w)]aice 1S the modified Cole—Cole term and & *(w)carriers
is the Almond—West term for ionic conductivity since ¢* = io*:

co-afp+ (2]

Table 3

Strain energy AEg values obtained within Gate model [38-40] where the Mn or
Nb ions jump to Vb Vacancy site via oxygen vacancy Vo. The ionic radii
Rion of the mobile ions are taken for six nearest neighbour co-ordination after
Shannon [41]. The Ry, denotes the “doorway” radius calculated from oxygen
ions distance obtained from XRD test. Shear modulus values were estimated as
G =~ (3/5)C, where effective Young’s modulus C = 1.12 x 10" Nm~2 has
been obtained from ultrasonic measurement at f= 10 MHz.

Mobile Rion Raoor Raoor—Rion G=(3/5C AES
ion A) (A) (A) (Nm™?) (eV)
Mn>* 0.97 0.58 0.39 0.67 x 10" 0.78
Mn’>* 0.79 0.21 0.18
Mn** 0.67 0.09 0.03
Nb>* 0.78 0.20 0.16
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where oy is dc conductivity, w, is the angular frequency of ionic
hopping conductivity, and 0 <n < 1 (compare Eq. (1)). It
would be mentioned that the characteristic frequency of space
charge subsystem relaxation is basically independent from the
lattice behaviour but could be coupled to the lattice vibration
[29]. This generalised Cole—Cole dependence shows that both
lattice relaxation and charge carriers relaxation participate not
only in the imaginary &”(T,f) but also in the real &'(T,f) parts of
the response to the applied electric field. It is worthwhile
noticing that in such a way both the thermally activated and
the frequency dependent processes enter the both &'(T)f) and
&' (Tf) parts of the effective electric permittivity.

The XPS study performed on the studied samples exhibited
occurrence of the oxygen vacancies. The valence band of the
(Nay3Pby/3)(Mn;5Nby5)O5 ceramics is formed from the O 2p
states hybridised with the Nb 4d states and the Mn 3d states.
Therefore, its features should be similar to those measured in case
of (Na;,,Pby,2)(Mn;,,Nb,,,)O5 ceramics (see Fig. 8 in Ref. [17])
where a tail of states extends inward the energy gap. Hence, the
activation energy of the electric conductivity E, = 0.47 eV and
0.44 eV (see Table 2) is consistent with this feature of the valence
band. The activation energies related to the relaxation process,
Eioss.a=0.48 €V, Ejois 5 =0.52 €V, and Ey; = 0.46 eV are close
to activation energy E, of the dc electric conductivity. Therefore,
similar energy barriers are involved in the relaxation and in the
conduction processes. The electrons thermally generated from
oxygen vacancies influence the electric conduction that is
commonly accepted in literature, e.g. [10-14,31,32].

It was reported also that the activation energy equal or lower
than 1 eV may originate in the perovskite structure either from
the oxygen vacancy states [10,12-14,32] or from the Mn-
doping ions induced states [33—35]. The type of charge carriers
involved in the relaxation can be deduced from the value of
characteristic relaxation time of electric conductivity [11,28].

The “A” relaxation occurring within the lower temperature
range, with 7o 5 ~ 10~"% s can be ascribed to the small polaron

process. It may be related either to electron excited from the
oxygen vacancy:

Vg — V’O +e” (9a)
or to the Mn ion
Mn*t — Mn*HD+ 4 e (9b)

that results in change in the charge state of the oxygen vacancy
or the Mn ion, respectively. The Mn ion, which changes its
valence state, remains on its crystallographic site, i.e. it stays
within the cage formed by neighbouring ions. However, such
ion changes its radius and may shift away (usually about
0.01 A) from the electron trapped at another site that is fol-
lowed by the relaxation of the neighbouring lattice [36,37].

The “B” relaxation occurring in the higher temperature
range can be ascribed to an atomic or an ionic process, since this
process was described by longer characteristic time 7qy ~
ToB ~ 107 1.

We assume that the jumping Mn ions participate in the ionic
process of the electric conduction relaxation. Since the
perovskite structure is dense, the effective jump of the Mn ion
is possible to the vacancy in the Mn/Nb sublattice placed in the
next-nearest neighbour position, via an oxygen vacancy placed in
between (Fig. 8). Therefore, the bivacancy Vo—Vynno, €nables
the Mn ion jumping in the defected structure. It should be noticed
that the Nb ions might also jump in similar manner. From
structural point of view, occurrence of an oxygen vacancy leads
to appearance of two square-based pyramids (see Fig. 8), which
relax after the jump of the Mn ion (or Nb ion).

In aim to describe the process of Mn ion (or the Nb ion) jump
to the Vyno Vacancy, we consider the Gate model [38—40].
Within such approach, the activation energy of ionic conduction
relates to the potential energy barrier E,, which consists of
strain energy AEg and electrostatic binding energy AEg. We
estimated the strain energy contribution both in case of the Mn

Pb and Na ions are not shown

Fig. 8. Schematic representation of the perovskite (Nay/3Pby/3)(Mn;,Nb;,,)O3 network. The Na and Pb ions are not drawn for clarity. The 3D picture, on the left side,
shows two square pyramids formed in vicinity of oxygen vacancy. The 2D picture, on the right, shows relations between the oxygen O, manganese Mn or niobium Nb,

and the “doorway” radii.
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and the Nb ions. The comparison of the strain energy to the
activation energy obtained from the electric conductivity
analysis (Table 3) would enable us to discern or identify the
most probable microscopic mechanism.

The strain energy is expressed by the term:

AEs = 4GRgoor (Rion — Rdoor)2 (10

where G is shear modulus, Ry, denotes the “doorway’’ radius
which the mobile ion has to push the surrounding ions away
while it jumps to another place, and R;,, is radius of the mobile
ion.

The R4oor Was evaluated from the lattice constant a and the
distance between the oxygen ions in the pyramid base, i.e. from
Oy to Oy distance dyy = (1/2)(\/2)a =2.831 A (see Table 1 and
Fig. 8). Taking the oxygen ion radius as Ro = (1/2)dy ~
1.415 A, in spherical approximation, the Rgoor = (1/2)(a —
2Ro) = (3.986 — 2.831 A)2=0.578 A. This value is smaller
than both Mn** and Nb°* radii (in 6nn co-ordination, after Ref.
[41], see Table 3).

The exact experimental value of shear modulus for the (Na, 3
Pb;,3)(Mn;,,Nb;,,)O5 ceramics samples was not known and thus
the effective value of Young’s modulus C = 1.12 x 10" N m~2
was taken to obtain an approximate G value. The bulk modulus K
and elastic constants are related by expression K = (3A + 2u)/3.
In many cases A =pu [42] and thus shear modulus can be
approximated by G =~ u ~ (3/5)K. Therefore, the evaluation of
the strain energy value AEg for the studied ceramics has been
carried out using G = (3/5)C. The obtained values AFEg, are
shown in Table 3.

The reasonable value of strain AEg should be lower than
activation energy value (E, =0.4-0.5 eV) obtained from the
o(T), the M"(Tf), and the tan 8(T,f) dependencies. Therefore,
the jumps of the Mn* ions, with the AEg = 0.03 eV, are most
probable in the jumping and relaxation process because of its
smallest radius. Both the Mn>** and the Nb>* ions, for which
AEg=0.18 eV and 0.16 eV, may participate with similar mean
probability. The jumps of the Mn** ions, are impossible from
such point of view.

Such result, obtained for the studied (Na,;3Pb;3)(Mn;,Nby )
O; compound, shows that the relaxation, which occurs within high
temperature (range B: 280—-420 K), can be consistently described
with use of the Gate model. Therefore, the Mn ion jump and
relaxation between the square-pyramid oxygen cages, via the
linking oxygen vacancy, may be considered as alternative for the
alone oxygen ion jump and relaxation.

5. Conclusions

e The anomaly in thermal expansion of the cell parameters was
determined in the ~235-365 K range, however it was not
related to a macroscopic change in symmetry.

e The high value electric permittivity and electric conduction
were described within the framework of generalised Cole—
Cole dependence, where superpositions of the crystal lattice
contribution and the space charge carriers originated from
defects contribution were considered.

e Two relaxation processes of the electric conduction of the
(Na,/3Pb,,3)(Mn;»,Nb;,,)O5 ceramics were found. One was
related to the small polaron process, the second was ascribed
to the ionic process.

e The frequency dependent response of the subsystem of
defects, which occurred in a wide temperature range was
inter-related to the variation in thermal expansion of the
(Na2/3Pb1/3)(Mn1/2Nb1,2)03 ceramics.

e The Gate model combined with change in Mn valence state
and bivacancy Vo—V /b Occurrence was proposed in aim to
describe the ionic mechanism of electric conduction
relaxation.
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