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Preparation and characterization

of Bi, PrTi 0  solid solutions

The Bi, PrTi.0,, (BPT) solid solutions (x = 0.05, 0.10, 0.15) with small
praseodymium content were prepared by solid-state method. Thermal, electric,
and dielectric properties of BPT were studied. It was revealed that BPT titanates
crystalize in an orthorhombic structure and exhibit p-type semiconductivity.
Dielectric constant of BPT increased, Curie temperature (T,), electrical conduc-
tivity and dielectric losses decreased, but lattice parameters and thermo-EMF
coefficient remained practically unchanged with the increase of praseodymium
content in layered Bi, PrTi.0 ,. It was determined that activation energy of
direct current (DC) electrical conductivity and linear thermal expansion coef-
ficient (LTEC) of BPT changes at ferroelectric (FE) - paraelectric (PE) phase
transition. The activation energy and LTEC changed below and above T from
1.08-1.56 eV to 0.45-0.86 eV and from (9.10-10.80)-10 K- to (13.12-
14.61)-10° K, respectively. The AC electrical conductivity studies of BPT il-
lustrated short-range order with ionic translations assisted by small-polaron
hopping.
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tivity; thermo-EMF; thermal expansion.
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Introduction
Bi,Ti,O,, belongs to the Aurivil-

0, thus can be used for production of optical

lius phase family Bi,A B O, ., structure
of which consists of alternated fluorite-
like [Bi,O,]*" layeres and perovskite-like
[A, B O, ,]* blocks, where n - number
of octahedral layers in the perovskite-like
block [1]. This triple-layered (n = 3) Au-
rivillius phase is ferroelectric with high
Curie temperature (T, = 948 K [2]). The
possibility to preserve the ferroelectric
properties within a wide temperature
range lets us to consider layered bismuth
titanate as a promising material for ra-
dio-, acusto-, and optoelectronics; and
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displays, piezoelectric transducers, filters,
capacitors, and different types of memory
devices. So, for example, as a material for
non-volatile memory devices the lantha-
num-substituted Bi, , .La _ Ti,O , bismuth
titanate is proposed, functional charac-
teristics of which are better than of tradi-
tional ferroelectrics, such as PbTi_Zr O,
or SrBi,Ta O, [3].

Crystal structure, physico-chemical,
and functional properties of the solid so-
lutions Bi, ILnTi,O, (Ln = rare-earth
element) were studied in a number of pa-



pers [1, 3-8]. In [4] it was found that par-
tial substitution of Bi by La in Bi Ti,O,,
leads to decrease of orthorhombic distor-
tion degree of Bi, La Ti,O, solid solu-
tions at x <1.0, and at x > 1.0 they had
tetragonal structure and were paraelec-
trics. According to the [1, 4] results, at
x <£0.75 La** ions substitute Bi** in per-
ovskite-like [Bi Ti,O, > blocks, and at
x > 0.75 they can substitute Bi** ions in
fluorite-like [Bi,O,]** layers too, so for-
mula of Bi,_La Ti,O, solid solutions at x
<0.75 and x > 0.75 should be written as
[Bi,O,][Bi, LaTi,O,] and [BiHLayOz]
[BiszLax?yTgOm], respectively. Authors
of [5] established that partial substitution
of Bi with La or Ce in Bi Ti,O,, leads to
the decrease of Curie temperature of cera-
mics (T, values for Bi,.La Ti,O, and
Bi, Ce . Ti,O,, samples were 798 and
813 K, respectively, both being lower than
T, for Bi ,Ti,0,, phase). At the same time,
La O, addition to the layered bismuth ti-
tanate improved its dielectric properties;
by authors’ opinion, it was caused by de-

Experimental

Bi, PrTiO, (x = 0.00, 0.05, 0.10,
0.15) ceramic samples were prepared by
solid-state reactions method from mix-
tures of Bi,O, (99.0%), Pr,O, (99.0%),
and TiO, (99.5%) powders taken in ap-
propriate stoichiometric ratios. Precur-
sor mixtures were calcuned in air within
temperature interval of 923-1223 K for
17 hours with some intermediate regrind-
ings, according to procedure described in
details in [6].

Identification of the samples was per-
formed using X-ray diffraction analysis
(XRD) (Bruker D8 XRD Advance dif-
fractometer, Cu Ka radiation) and IR
absorption spectroscopy (IR Fourier-
spectrometer Nexus of ThermoNicolet).

creasing of oxygen vacancy concentration
in ceramics. Partial substitution of Bi with
Nd in BiTi,O,, leads to the decrease of
Curie temperature, dielectric losses, and
electrical conductivity of Bi, Nd Ti,O,,
ceramic; and impoves its polarization
properties because of reduction of bis-
muth and oxygen vacancy concentra-
tions [7]. In [8] the BiHTbyTgO12 phase
formation in the powder mixtures of
Bi,O,, Tb,O.,, and TiO, was investigated.
It was found that partial replacing of Bi
by Tb results in shrinking of unit cell of
Bi 47yTbyTi3Ou solid solutions, decrease of
orthorhombic distortion degree of their
crystal lattice, and, as a consequence,
leads to the decrease of temperature of FE
> PE (ferroelectric > paraelectric) phase
transition (up to =28 K for y = 0.4).

In this work the results of investigation
of crystal structure, thermal, electric, and
dielectric properties of ceramic samples
of Bi, PrTi,O, (BPT) solid solutions
with small praseodymium oxide content
(x <£3.75 mol.%) are presented.

Relative density (p_ ) of the samples was
calculated as

Pra = (papp/pXRD)' 100%, (1)
where p_ - apparent density, determined
from the mass and dimensions of the
samples; p, .- — X-ray density.

Thermal expansion of the samples
was studied using DIL 402 PC (Netzsch)
dilatometer within 290-1130 K with heat-
ing-cooling rate of 1-5 K/min. Dielectric
measurements were carried out in the tem-
perature range 300-1090 K for frequencies
between 100 Hz and 1 MHz using immit-
tance meter E7-25. DC electrical conduc-
titivy and thermo-EMF of sintered ceram-
ics were studied within the temperature
ranges of 470-1090 K and 780-1090 K,
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respectively, according to the procedure
described elsewhere [9]. Values of linear
thermal expansion coefficient (LTEC, a)
and activation energy of DC electrical con-

Results and discussion

All Bi, PrTi,O, samples after fi-
nal stage of annealing were found single
phase within XRD reliability (Fig. 1), and
crystallized in orthorhombic structure
like parent compound Bi,Ti,O,, (space
group B2cb) [10]. Lattice constants of Bi-
,TiO,, (a=5.449(9) A, b=5.422(9) A, and
¢ =32.85(4) A) were in a close agreement
with an earlier studies: 5.444(1), 5.413(1),
and 32.858(1) A [10], 5.4403, 5.4175, and
32.7862 A [11], and 5.4438(1), 5.4105(1),
and 32.8226(5) A [8]. Lattice constants
of Bi, PrTi, O, solid solutions were
close to the Bi Ti,O,, ones (for exam-
ple, for Bi,, Pr, Ti.O,, a = 5.449(7) A,
b = 5.420(9) A, and ¢ = 32.80(3) A),
which agrees with the fact that sizes of
substituting and substituted ions are close
to each other (for C.N. = 6 according to
[12] Bi** and Pr’* ionic radii are 1.11 and
1.013 A, respectively).

It should be noted that 0014 reflec-
tion in the Bi, Pr Ti,O,, diffractograms
was the most intensive, in contrast with
117 peak for Bi Ti,O ,. Other 001 peaks
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Fig. 1. X-ray powder diffractograms (Cu Ka

radiation) of Bi, Pr Ti,O , solid solutions

212

ductivity (E,) of the samples were deter-
mined from linear parts of Al/l = AT), and
lgo,. = f(1/T) dependences, respectively.
All measurements were performed in air.

had higher intensity as well (I, /I,,, ratio
was equal to 0.6, 1.7, 3.0, and 2.8 for x =
0.00, 0.05, 0.10, and 0.15, respectively).
This fact shows that partial substitution
of Bi with Pr in Bi,Ti,O,, leads to the tex-
turing of the samples. The nature of this
phenomenon is not clear yet and will be
studied in the future.

Three absorption bands occurring
at 810-818 cm™ (v ), 573-582 cm™ (v,),
and 474 cm™ (v,) were observed in the
absorption spectra of Bi, Pr Ti,O,, pow-
ders. According to [7, 11], these bands
correspond to the stretching (v, and v,)
and bending (v,) vibrations of Bi-O (v,
and v,) and Ti-O (v,) bonds, respectively.
The peak positions did not change with x
increasing, so partial replacing of Bi by Pr
in layered Bi Ti,0,, did not affect practi-
cally the metal-oxygen interactions in its
crystal structure.

The relative density values for Bi, Pr_
Ti,O,, ceramics varied within 77-80%
and increased with x, being essentially
larger than for unsubstituted bismuth
titanate (60%). These results show that
addition of praseodymium oxide to the
layered bismuth titanate improves its sin-
terability. Note that according to the lit-
erature data [6, 7] addition of lanthanum
or neodymium oxides to the Bi, Ti,O ,, on
the contrary, had lowered its sinterability.

On the temperature dependences of
relative elongation an inflection point
near 940-970 K was observed (Fig. 2). It
is related to the FE > PE phase transition
[8] and is accompanied by the increase
of LTEC values of the samples (Table 1).



An inflection point, which was deter-
mined as an intersection of linear parts
of Al/l; = f(T) dependences at low (FE re-
gion) and high temperatures (PE region),
corresponds to the Curie temperature and
decreases with x (Fig. 2, inset). It is in a
good agreement with the literature data,
according to which substitution of Bi with
Lnin Bi,Ti,O,, leads to lowering of its Cu-
rie temperature [4-8].

The LTEC values of Bi, Pr Ti,O, ti-
tanates in FE state decreased, but in PE
state increased with x (Table 1). The LTEC
values in PE state can be explaned by an-
harmonicity of metal-oxygen vibrations in
disordered cationic sublattice of Pr**-sub-
stituted bismuth titanate Bi, Pr Ti,O,,.
The LTEC values in FE state could be
caused either by increase of dipole-dipole
interactions or by decrease of oxygen
and bismuth vacancy concentrations in
the BPT. The first explanation is in con-
trast with the fact that T_ of Bi, Pr Ti,O,
solid solutions decreases with x. So, the
decrease of LTEC values of BPT ceramics
in FE region is due to the decrease of the
vacancy concentration in it [3].

Bi, PrTi,O,, compounds are p-type
semiconductors (Fig. 3), which confirms
previous data [7, 14]. According to [7,
14] electrical conductivity of layered bis-
muth titanate increases with tempera-
ture [7,14] and thermo-EMF coeflicient
of Bi,Ti,O , phase at high temperatures

is positive [14]. Seebeck coefficient va-
lues of BPT ceramics were close to each
other (Fig. 3b), which corresponds to the
isovalent character of substitution of Bi
with Pr. But DC electrical conductivity
of the samples decreased with x (Fig. 3a)
due to the defect concentration decrease
as was mentioned above. Near T, there
is a change in the slope of linear sections
at the Arrhenius plots Igo, . = f(1/T). Va-
lues of activation energy of the samples’
DC electrical conductivity in PE region
are essentially less than in FE one (Ta-
ble 1). Similar results were obtained in
[15] for Bi, Ti,Nb .Fe .O,, ceramics, acti-
vation energy values of which were equal
to 1.21 eV and 0.50 eV below and above
T,, respectively (AC, = 10° Hz). Par-
tial substitution of Bi with Pr in Bi Ti,0,
increases E, of BPT in FE state and low-

Al %

T.K
0g] < 970 00
960 0.15
*
0,6 950
0,0
0.4
0,21
FE PE
400 600 800 1000 1200

T.K

Fig. 2. Temperature dependences of relative
elongation of Bi, Pr Ti,O,, sintered ceramics.
Inset shows concentration dependences of T,

Table 1

Values of apparent activation energy of DC electrical conductivity (E,) and linear thermal
expansion coefficient (a) of Bi, Pr Ti,O, titanates

E, eV a-10%, K!

* FE FE PE
0.00 1.08+0.02 0.86+0.02 10.80£0.06 13.12+0.02
0.05 1.24+0.01 0.46+0.02 09.62+0.01 14.61+0.02
0.10 1.23+0.02 0.45+0.01 09.31+0.01 13.53+0.01
0.15 1.56+0.04 0.49+0.01 09.10+0.01 13.48+0.01
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ers it in PE state (Table 1). Note that E,
value of layered bismuth titanate below T,
obtained in this work coincides with the
data given in [14]: 1.0 eV for Bi Ti,0 , ce-
ramics.

In the temperature dependences of di-
electric constant of Bi, Pr Ti,O,, titanates
abrupt maxima near 930-940 K was ob-
served (Fig. 4a). It was caused by FE —
PE phase transition, and phase transition
temperature (7,) lowered with increas-
ing praseodymium content in the samples
(Fig. 4d) and was close to the 7. values
determined from the A//l; = AT) depen-

le(o,,,. S-em™)

1000/7, K

Fig. 3. Dependences of DC electrical
conductivity (a) and thermo-EMF coefficient
(b) of Bi, Pr Ti,O, samples vs temperature

dences (Fig. 2, inset). Dielectric constant
values of BPT ceramics increased with x,
which was more prominent at high tem-
peratures (Fig. 4a, c). Dielectric losses of
investigated samples increased with tem-
perature and decreased when Pr concen-
tration (Fig. 4b, e). Besides, on the tgd =
AT) dependences two anomalous regions
were observed: near 760-820 K and 930—
940 K. The second anomaly is related to
the FE — PE phase transition, but the first
one is probably due to the oxygen vacancy
movement out (migration) of the domain
walls [16].

The values of Curie temperature of
the samples are frequency independ-
ent (Fig. 5a, b), which indicates that
Bi, Pr Ti,O,, phases are normal ferro-
electrics [15]. When the testing frequency
increased from 100 Hz to 100 kHz, the
dielectric constant and dielectric losses of
BPT ceramics decreased substantially due
to the suppression of relaxing polarization
at high frequencies.

The dielectric constant of normal fer-
roelectrics follows the Curie-Weiss law

e=C/I(T-T,), (2)
where C is Curie-Weiss constant and T,
is Curie-Weiss temperature. The Curie—

b)

1 O-3 3 thWU

600 800 1000

T.K

400

800 1000
T.K

600

400

Fig. 4. Temperature (a, b) and concentration (c-e) dependences of dielectric constant (a, c),
dielectric losses (b, e), and T, (d) of Bi, Pr Ti,O,, ceramics (w = 1 kHz)
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Fig. 5. Temperature dependences of dielectric constant (a) and dielectric losses (b) of
Bi, Pr . Ti,O,, at different frequencies. Inset (c) shows the inverse dielectric constant as
a function of temperature at 100 kHz

Weiss plot for Bi, Pr, Ti,O, phase at
100 kHz is shown in the Fig. 5c. The pa-
rameters obtained from the linear fit are
C=1.63x10°Kand T, = 821 K. The mag-
nitude of Curie-Weiss constant is of the
same order as of well-known displasive-
type ferroelectrics, such as BaTiO, (C =
1.7-10° K [15]).

The frequency dependences of AC
electrical conductivity of Bi, .Pr .Ti,O,
at various temperatures are given in Fig. 6.
The frequency independent plateau at low
frequencies is attributed to the long-range
translational motion of ions contributing
to DC conductivity (o,,.) [17, 18]. At high
frequencies (>10* Hz) the AC electrical
conductivity shows w” dependence which
corresponds to the short-range transla-
tion ion hopping [15, 18].

The frequency dependent AC electri-
cal conductivity of BPT ceramics obeys
Jonscher’s power law [19] at all tempera-
tures

o(w) = 0(0) + Aw", (3)
where o(w) is the total conductivity, o(0)
is the DC conductivity, A is the temper-
ature-dependent constant which deter-
mines the strength of polarizability, and
n represents the degree of interaction

between the mobile ions and the lattice
around them [15, 19]. The values of n are
less than one, which indicates that motion
of charge carriers is translational [18, 20].
The shape of n vs. T dependence suggests
hopping mechanisms of charge carriers
[18, 19]. In case of small-polaron hop-
ping, n increases with temperature, while
for a large polaron hopping, n decreases
with temperature. As shown in inset of
Fig. 6, the values of n are less than 1 and
are found to increase with temperature;

10’5, , S/m
n
0,8

8 10° 898K
0,6 >< 10° j
m— 5/
6 0,4 107 j

700 800 900 3
44 s M

0+ . .
100 100 10" 100 10°
o, Hz

Fig. 6. Frequency dependences of AC
electrical conductivity of Bi, ,.Pr, . Ti,O,

at different temperatures. Inset shows the
variation of Jonscher’s power law parameters

(n, A) as a function of temperature

215



hence we conclude that AC electrical con-
ductivity arises mainly due to the short-

Conclusions

The Bi, Pr Ti,O, solid solutions (x =
0.05, 0.10, 0.15) with small substitution
degree were synthesized and their ther-
mal expansion, DC and AC electrical
conductivity, dielectric constant and die-
lectric losses were measured. The samples
crystallized in orthorhombic structure
and possessed p-type semiconductive and
normal ferroelectric properties. Lattice
constants and thermo-EMF coefficient of
BPT were practically composition inde-
pendent, but Curie temperature, electri-
cal conductivity and dielectric losses de-

Acknowledgements

range order translation hopping assisted
by small-polaron hopping mechanism.

creased with x. Activation energy of DC
electrical conductivity and linear thermal
expansion coefficient of Bi, Pr Ti,O,
changed at the temperature of ferroelec-
tric to paraelectric phase transition, and
their values were 1.08-1.56 eV and 0.45-
0.86 €V, and (9.10-10.80)-10° K and
(13.12-14.61)-10"° K! below and above
Curie temperature, respectively. AC elec-
trical conductivity investigations illustrate
short-range order ionic translation hop-
ping assisted by small-polaron hopping
mechanism.
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Introduction

This paper is a continuation of
our systematic studies of phase relations
in the TILMoO,-R,(MoO,),-A(MoO,),
(R - trivalent metals, A = Zr, Hf) ternary
salt systems [1]. Earlier we studied phase
equilibria in the TI,MoO,-Fe (MoO,),-
Hf(MoO,), system [2]. Subsolidus phase
diagrams for this system and constituent
double systems were constructed, and
triple molybdates TIl.FeHf(MoO,), and

Experimental

Subsolidus phase relations in the
T1,MoO,-R,(M0O,),-Zr(MoO,), (R = Al,
Cr) systems were studied in the subsolidus
region (500-550 °C) using the intersect-
ing joins method.

218

TIFeHf (MoO,), had been detected. The
aims of the present study include (1) in-
vestigation of phase equilibria in the ter-
nary salt systems TI,MoO,-R (MoO,),-
Zr(MoO,), (R = Al, Cr), (2) determination
of optimal condition for the solid state
synthesis of ternary molybdates found in
these systems, and (3) determination of
crystallographic and thermal characteris-
tics of the obtained compounds.

The corresponding molybdates of
thallium, aluminum, chromium and zir-
conium were used as initial components
for studying the phase equilibria in the
T1,MoO,-R,(MoO,),-Zr(MoO,), (R = Al



Cr) systems. Synthesis of Tl MoO, was
carried out according to the reaction
T1203+M0039T12M004+02T at gradu-
ally increasing temperature in the range
400-550 °C for 50 h. The high tempera-
ture modification of Zr(MoO,), was pre-
pared by annealing of stoichiometric
mixture of binary oxides ZrO, and MoO,
at 400-700 °C for 100 h. Aluminum mo-
lybdate and chromium molybdate were
obtained by calcination of stoichiometric
mixtures of precursors Al(NO,),-9H,0,
Cr,0,,and MoO, in the temperature range
400-650 °C for 100 h. The initial stage of
each synthesis was chosen as 400 °C since
MoO, possesses high volatility at tempera-
ture about 600 °C. To ensure better ho-
mogenization, the reaction mixtures were
ground in ethanol every 20-30 h during
firing. After annealing, the samples were
slowly cooled in the furnace. The non-

Results and discussion

The information about the phase
formation in the Tl MoO,-R,(MoO,),-
Zr(MoO,), (R = Al, Cr) systems, which
represent the bounding sides of the stu-
died system, were taken from previous
papers [3-5]. The formation of double
molybdates with general composition
TIR(MoO,), was detected in the bound-
ary TL.MoO,-R (MoO,), systems [3].
Two double molybdates Tl Zr(MoO,),
and T1Zr(MoO,), were formed in the
T1,MoO,-Zr(MoO,), system [4]. No in-
termediate compounds were found in the
R (MoO,),-Zr(MoO,), systems [5].

In order to find new triple molybdates,
the subsolidus phase equilibria in the
T1,MoO,-R,(M00,),-Zr(MoO,), (R = Al,
Cr) systems were studied at 500-550 °C
and its triangulated phase diagrams
were constructed. Solid-state interac-
tions between T, MoO,, R,(MoO,),, and

equilibrium samples were additionally an-
nealed. It was assumed that equilibrium
is reached if the phase composition of the
samples remains unchanged during two
consecutive anneals. The crystallographic
parameters of the synthesized compounds
were close to those reported in literature
[3-5].

X-ray powder diffraction (XRD) meas-
urements were performed using Bruker
D8 Advance diffractometer (Bragg-Bren-
tano geometry, Cu Ka radiation, second-
ary monochromator, maximum angle
20=100°, scan step 0.02°). The differen-
tial scanning calorimetric (DSC) analy-
sis of the samples was carried out using
NETZCH STA 449C (Jupiter, Germany)
thermoanalyzer. Compounds’ pellets were
placed in a Pt-crucible, heated up and then
cooled down in argon atmosphere with the
heating and cooling rate of 10 K/min.

Zr(MoO,),, which occurred over wide
ranges of temperature and concentration,
led to the formation of new triple molyb-
dates TL.RZr(MoO,), (5:1:2 mole ratio) S,
and TIRZr,,(MoO,), (1:1:1 mole ratio) S,.
Compound S, was found at the intersection
point of the R, (MoO,),-T1, Zr(MoO,), and
TIR(MoO,),-Zr(MoO,), joins. The triple
molybdate (S,) locates inside the triangle
with the double molybdates TIR(MoO,),,
T1,Zr(MoO,), and TLZr(MoO,), in its
vertices.

The phase relations in the TI,MoO,-
R (MoO,),-Zr(MoO,), (R = Al, Cr) sys-
tems are shown in Fig. 1.

Individual T1,.RZr(MoO,), (R = Al, Cr)
oxides were prepared by firing at 450-
550 °C for 150-200 h, and the molybdates
TIRZr, (MoO,), (R = Al, Cr) were ob-
tained by firing at temperatures from 500
to 600 °C for 100-150 h.
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The single phase Tl,AlZr(MoO,), was
not synthesized under the conditions of
our experiment.

The analysis of X-ray diffraction pat-
terns of the compounds obtained shows
that the reflection positions and their
intensity ratio for TIRZr .(MoO,), and
TL.RZr(MoO,), (R = Al, Cr) are similar to
TIFeHf  (MoO,), [2] and Rb_ErHf(MoO,),
[6], respectively. It could be concluded
that TIRZr (MoO,), is isostructural to
TIFeHf .(MoO,), and TLRZr(MoO,), is
isostructural to Rb_ErHf(MoO,)..

Three dimensional framework of the
TIFeHf (MoO,), crystal structure (a =
b =13.0324(2) A, ¢ = 11.8083(3) A, V =
1736.87(6) A%, p_ =4.757 g/cm’®, space
group R3, Z = 6) is composed of the Mo-
tetrahedra sharing O vertices with the (Fe,
Hf)O, octahedra, with thallium atoms oc-
cupying wide channels in the framework
[2] (Figs. 2 and 3). The arrangement of
T1 atoms (pink spheres) in the structural
channel in TIFeHf ,(MoO,), is shown in
Fig. 3.

Rb.ErHf(MoO,), possesses the trigo-
nal crystal structure: a = 10.7511(1) A,
c = 38.6543(7) A, V = 3869.31(9) A3
p., =4.462 g/cm’, Z = 6, space group R3c
[6]. The three-dimensional framework of

R»(MoOy)3

TI,Mo04 4:1 1:1 Zr(MoOy),

Fig. 1. Subsolidus phase relations in the
T1,M00,-R,(MoO,),-Zr(MoO,), (R = Al Cr)
systems: S, =T1.RZr(MoO,), (5:1:2 mole ratio)

and S, - TIRZr .(MoO,), (1:1:1 mole ratio)
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the structure is formed of the MoO, tet-
rahedra, which are sharing corners with
two ErO, and HfO, octahedra (Fig. 4).
Two types of Rb atoms occupy large cavi-
ties in the framework. The particular ar-

Fig. 2. The framework of TIFeHf .(MoO,),
crystal structure that consists of MoO,
tetrahedra and (Fe, Hf)O, octahedra in the
projection of layer onto the (001) plane
(T1 atoms are represented by pink spheres)

Fig. 3. The fragment of the TIFeHf, .(MoO,),
crystal structure that is projected
onto the (010) plane



rangement of Rb atoms in the structural lustrates good coincidence of the experi-
channel is shown in Fig. 5. The distribu- mental and calculated profiles.

tion of the Er** and Hf** cations over two As shown in Table 1, the unit cell pa-
positions is obtained during the structure rameters and volume of TIRZr, . (MoO,),

refinement.

(R = Al, Cr) and TL.CrZr(MoO,), increase

The unit cell parameters for the synthe-  with the substitution of 6-coordinated alu-
sized triple molybdates TIRZr  (MoO,), (R minum cations (r= 0.535 A) with a larger
= Al, Cr) were refined using uniquely-in- chromium cation (r = 0.615 A) [7]. The
dexed lines for the TIFeHf, ,(MoO,), single linear dependence of the unit cell volume
crystal [2]. The lines for TL.CrZr(MoO,), on the trivalent element radii is also in ac-
were indexed using Rb,ErHf(MoO,), [6] cordance with TIRZr (MoO,), (R = Al
as analogous isostructural compound.

The unit cell parameters that were refined

using the TOPAS-4 software are listed in
Table 1 along with the melting points of
the corresponding compounds. Fig. 6 il-

Fig. 4. Complex framework of the
Rb,ErHf(MoO,), crystal structure built of the
MoO, tetrahedra and (Er, Hf)O, octahedra.
Red parallelogram shows the projection of
a layer onto the (001) plane. The Rb atoms are
represented by the orange spheres

Fig. 5. Crystal structure of Rb,ErHf(MoO,),
as projected on plane (133)

Table 1

The unit cell parameters and melting points of TIRZr (MoO,), (R = Al, Cr) and
TL,CrZr(MoO,), in comparison with literature data

Unit cell parameters (A)

Compound " " " T,°C
a, A G A V, A} space group; Z
TIFeHf, (MoO,),[2] | 13.0324(2) | 11.8083(3) | 1736.87(6) 811
TIAIZr. (MoO) 12.5935(6) | 11.5946(8) | 1592.5(2) R3;6 751
TICrZr (MoO ). 12.6961(6) | 11.7022(9) | 1633.6(2) 842
0.5 473

Rb.ErHf(MoO,),[6] | 10.7511(1) | 38.6543(7) | 3869.31(9) Rie 6 730
TL.CrZr(MoO,), 10.4047(8) | 37.5322(3) | 3518.8(6) ’ 599
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Fig. 7. DSC curves for TIRZr ,(MoO,),
(R = Al Cr) and TL.CrZr(MoO,),
Conclusions

New triple molybdates with general
compositions TL.RZr(MoO,), (5:1:2) and
TIRZr, (MoO,), (1:1:1) (R = Al, Cr), re-
spectively, were obtained in the thallium-
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Cr) and TL,.CrZr(MoO,), belonging to one
structural family.

Two endothermic effects are observed
on the DSC curves (Fig. 7). The first one
corresponds to some structural changes
that, however, are not accompanied by the
change of a structural type. The last endo-
thermic effect corresponds to the melting
of the studied compounds.

containing systems with trivalent metals
and zirconium. The formation of these
triple molibdates occurs similarly to the
formation of ternary molibdate TI(FeHf ,)



(MoO,), in previously studied TI, MoO,- nium (r = 0.71 A) being substituted with
Fe (MoO,),~Hf(MoO,), system [2]. The zirconium (r=0.72 A) [7].
phase relations do not change with haf-
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Introduction

The molybdates containing tet-
rahedrally coordinated anions MoO,*" are
among the most exciting objects in inor-
ganic and crystal chemistry. Special at-
tention has been paid to the molybdates
that include luminescent elements, such
as Ce, Pr, Eu, Tb, Tm, in their composi-
tion. These compounds can be used as
phosphors for white light emitting diodes.
Currently, numerous studies had been
undertaken that aim to search for new
effective phosphors for the creation of

Experimental

Reagents Li,MoO, (“pure”
grade), Na,MoO,-2H,0 (“pure for anal-
ysis” grade), K MoO, (“pure” grade),
Cs,MoO, (“pure” grade), Rb,CO, (“chemi-
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WLED. These phosphors should possess
high stability, compactness, high lumines-
cence efficiency when excited by near UV,
long lifetime and low cost. Luminescent
materials containing rare-earth elements
are also within the scope of such studies
[1-3]. In this paper, we present results on
the study of phase equilibria in ternary
molybdate systems containing single-,
three- and tetravalent elements, as well as
data on the crystal structure of complex
molybdate structural types.

cally pure” grade), TLO, (“chemically
pure” grade), MoO, (“chemically pure”
grade), HfO, (“chemically pure” grade),
and rare earth oxides of 99.9% purity



were used as starting materials. Hf(MoO,),
and Ln,(MoO,), were synthesized by the
solid state method. The annealing had
started at 400-500 °C with the follow-
ing temperature increase up to 800 °C in
order to prevent MoO, losses due to its
high volatility. The total calcination time
was 100-150 h. Rb,MoO, was prepared
within the temperature range 350-650 °C
during 100 h. TL.MoO, was synthesized
during 50 h firing starting at 400 °C with
final temperature equal to 550 °C. The
samples were regrinded after each 24 h in
the course of annealing in order to reach
better homogeneity.

Results and discussion

The data concerning phase equilib-
rium for the side systems of studied tri-
angles (quasi-ternary systems) M,MoO,-
Ln,(MoO,),-Hf(MoO,), (M = Li-Cs, Tl;
Ln = La-Lu) are taken from the litera-
ture. The phase formation in the quasi-
binary Li,MoO,-Ln (MoO,), systems
was described in paper [4] in details. The
aforementioned systems can be divided
into two groups. The first group includes
systems with Ln = La-Tb in which two
intermediate phases LiLn,(MoO,), and
LiLn(MoO,), possess a significant homo-
geneity range. The second group includes
the systems with Ln = Dy-Lu. Inside these
systems two intermediate compounds that
did not exhibit any noticeable homogenei-
ty ranges were detected: LiLn(MoO,), and
Li Ln,(MoO,),.

Two intermediate compounds with
the constituents mole ratio of 5:1 and
1:1 were detected inside the quasi-binary
Na,MoO,-Er,(MoO,), systems similarly
to the K. MoO,-Ln,(MoO,), (Ln = La, Tb,
Dy, Er), M,MoO,-Ln,(MoO,), (M = TI,
Rb; Ln = La-Lu) systems [4-8]. Addition-
ally to those two one more intermediate

The phase formation inside a sub-
solidus region of the ternary salt systems
M,MoO,-Ln,(MoO,),-Hf(MoO,), (M =
Li-Cs, Tl; Ln = La-Lu) in air were stu-
died using the intersecting joins method.
The phase composition of the samples was
monitored by X-ray diffraction (XRD)
measurements using Bruker D8 Ad-
vance diffractometer (Cu Ka radiation,
VANTEC-1, maximum angle 26=100°,
scan step 0.01-0.02°). Primary fitting of
the diffraction patterns was made using
PROFAN software from the CSD package.

phase with the constituents mole ratio 1:5
was found to exist inside the Na,MoO -
Ln (MoO,), (Ln = Nd, Sm) and K, MoO,-
Sm,(MoO,), systems [4, 5].

The phases formed inside the cesium-
containing rare-earth molybdate systems
included those with the constituents mole
ratio 3:1 and 1:1 with Ln = Nd, whereas
the systems with Ln = Sm, Tb, Er revealed
only 1:1 compound [4, 5].

Lithium hafnium molybdate with
the significant homogeneity range
Li,  Hf (MoO,), (0.21 < x < 0.68) was
formed in the Li MoO,-Hf(MoO, ), system
[9], but in the oxide systems with larger
alkali earth metals M,MoO,-Hf(MoO,),
(M = K, TI, Rb, Cs) two types of com-
pounds were confirmed - M,Hf(MoO,),
and M Hf(MoO,), [10-13]. It should be
noted that Na-containing system slightly
differs from the aforementioned ones. It
was found that along with phases with the
constituents mole ratios equal to 4:1 and
1:1 one more compound is formed with
the 3:1 composition.

The phases that were isolated in
the Ln (MoO,),-Hf(MoO,), systems
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are LnHf (MoO,), (Ln = La-Tb),
Ln Hf (MoO,), (Ln = Sm-Ho), and
Ln,Hf(MoO,).(Ln = Er-Lu) [14].

The phase diagrams for various mo-
lybdate systems are shown in Fig. 1-6,
and the corresponding phase composi-
tions are listed in Table 1.

No new compounds were detected
in the lithium-containing and sodium-
containing systems [15, 16]. In contrast,
the new compounds listed in Table 1 and
shown in Fig. 3-6 were confirmed in the
M,MoO,-Ln (MoO,),-Hf(MoO,), (M =
K, Rb, T1, Cs; Ln = La-Lu) systems [14,
17, 18].

Ny (MoO g}

LiyMoO, T

Li)MoOy T HE(MoO,),

The molybdates with the composition
K_LnHf(MoO,), were identified in the sys-
tems with Ln = Sm-Lu.

Two types of compounds, name-
ly  M,LnHf(MoO,), (5:1:2) and
M,LnHf (MoO,), . (2:1:4), were isolated
in the TLMoO,-Ln (MoO,),-Hf(MoO,),
(Ln=Ce-Lu)and Rb,MoO,-Ln (MoO,),-
Hf(MoO,), (Ln = Ce-Lu) systems. In
case of the Tl-containing systems, for Ln
= Ce-Nd one more phase except those
mentioned above had been obtained -
TILnHf ,(MoO,), (1:1:1).

The  phase with  composition
Cs,LnHf (MoO,),. (2:1:4) was found to

Gy (MoO g)3

LiyMoO 4 T HE(MoO ),

Fig. 1. Subsolidus phase diagrams of the Li, MoO,-Ln,(MoO,),-Hf(MoO,), systems
(T-Li,  Hf (MoO,), 0.21 <x <0.68; shaded double-phase equilibrium region) [15]

2+x

Nd, (Mo g); Smy(MoO,g)3 Exg(Ho0 3

NaMoOy 41 31 1Ll

HEMoOg)y

Na,MoOy 4:1 3:1 1L Hf(MoOy),

NayMoOy 4:1 3:1 L1 HI(MoOy),

Fig. 2. Subsolidus phase diagrams of the Na,MoO,-Ln,(MoO,),-Hf(MoO,), systems;
shaded double-phase equilibrium region [16]
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exist in the Cs-containing rare earth mo-
lybdates with Ln = Pr-Lu.

The systems M ,MoO,-Ln (MoO,),-
Hf(MoO,), (M = K, Rb, T, Cs; Ln = La-
Lu) are characterized by the formation of
a different number of phases with vary-
ing homogeneity ranges with respect to
the lanthanide elements. One can see that
M,LnHf(MoO,), (M = K, Tl, Rb) com-
pounds were formed if the size difference
for the single charged M* cation and rare

La,(MoOy)3

Smy(MoO4)y

earth element cation Ln’" lies in the range
of 0.6820 A < r(M*)(CN:IZ)—r(Ln“)(CNZG)
< 0.859 A [19]. In the case of M* = Li-,
Na*, Cs* such radii difference lies out-
side this range. As a result, formation of
M,LnHf(MoO,), compounds for these
cations is impossible.

If the size difference for the single
charged M* cation and rare earth ele-
ment cation Ln** lies in the range 0.839 A
< (M) oy - 7(L0*) < 1.019 A, it

CN=12 (CN=6)

Thy (Mo g)3

KoMoOy 4:1 111 Hf(MoOy4), KpMoOy4:1

Dy,(MoOy)3

K;MoOy 4:1 HI(MoO,),

Fig. 3. Subsolidus phase relations in the
(S,-K,LnHf(MoO,), (5:1:2); shaded

1:1 Hif(MoOy), K)MoOy 4:1 Hf(MoOy),

Ery(MoOy)3

K,MoO, 4:1 HI(MoOy),

K,MoO,-Ln,(MoO,),-Hf(M0O,), systems
double-phase equilibrium region) [14]

Lay(MoO )5 Nely(MoOy)3 Siny(MoO,)5
1:1
s
511 s\ |9 3
TI,MoO, 4:1 111 Hf(MoOg4), TiaMoOg4 4:1 111 Hf(MoOy4), T, MoOy 4:1 [ Hf{MoOy),
Thy(MoO )3 Dy,(MoOy)3

TI)MoOy 4:1 HI(MoO )

HE(MoOy),

Fig. 4. Subsolidus phase diagrams for the T, MoO,-Ln (MoO,),-Hf(MoO,), systems where
Ln = La-Lu. Notations: S ~T1,.LnHf(MoO,), (5:1:2), S,-TLLnHf,(MoO,),, (2:1:4), and S,-
TILnHf ,(MoO,), (1:1:1); shaded double-phase equilibrium region [17]

0.5
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Table 1

Compositions of triple molybdates in the M,MoO,-Ln (MoO,),-Hf(MoO,),
(M = Li-Cs, T]; Ln = La-Lu) systems

La| Ce | Pr | Nd [Sm | Eu [Gd | Tb [ Dy [ Ho | Er | Tm | Yb | Lu
LiHf
NaHf
KHf K_LnHf(MoO,),
T1.LnHf(MoO,),
TIHf T1,LnHf (MoO,), .
v I A I I I B
ROHF Rb,LnHf(MoO,),
Rb,LnHf (MoO,), .
CsHf | Cs,LnHf(MoO,), .
Lay(MoO); Nity(MoO,)5 Sty (MoOy)3

RbyMoOy 4:1 1:1 Hf(MoOy), RbyMoOy 4:1 121 Hf(MoOy), RbyMoOy 4:1 1:1 HI(MoO,),

Th,(MoO,)3 Ery(MoOg3

Rb)MoO, 4:1 1:1 Hf(MoO, 4)1 Rb)MoOy 4:1 1:1 Hif(MoOy), Rby)MoOy 4:1 1:1 Hf(MoOy),

Fig. 5. Subsolidus phase diagrams for the Rb,MoO,-Ln,(MoO,),-Hf(MoO,), systems where
Ln = La-Lu. Notations: S,~Rb,LnHf(MoO,), (5:1:2) and S -Rb,LnHf,(MoO,),, (2:1:4); shaded
double-phase equilibrium region [18]

Niy(MoO,g)3 Sy (MoO ) Th) (MO )3

CsyMoOy 4:1 11 Hf(MoOy), Cs;MoOy 4:1 11 Hf(MoOy)y CsyMoOy 4:1 1:1 Hf(MoO),

Er,(MoO )3

Fig. 6. Subsolidus phase relations in the Cs,MoO,-Ln,(MoO,),-
Hf(MoO,), systems (S,-Cs,LnHf,(MoO,), . (2:1:4); shaded
o0y i1 L HI(M00 )y double-phase equilibrium region)
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Fig. 7. Crystal structure fragment for

Rb NdHf(MoO),
makes a formation of the
M,LnHf (MoO,),, molybdates pos-
sible. ~ The  complex  molybdates

M,LnHf(MoO,), (M = K, Tl, Rb) are
isostructural to the earlier grown sin-
gle crystals of Rb,.LnHf(MoO,), (Ln =
Nd, Eu, Er), which possess the trigonal
structure with R3c space group [18].
Three-dimensional framework of this
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structure is built of the consequently
alternating MoO, tetrahedra and (Ln,
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Synthesis, structure and electrical properties
of Mg-, Ni-codoped bismuth niobates

Mg-, Ni-codoped bismuth niobates Bi, Mg . NiNb 0. . (x=0;0.2; 0.4;
0.6; 0.8) were obtained by conventional solid-state reaction method. It was
shown that the Mg atoms are distributed at the Nb sites while the Ni atoms are
distributed over the Bi- and the Nb-sites, according to the results of compari-
son of pycnometric and X-ray density of the Bi, Mg Ni  Nb 0., pyrochlore.
In this case, about 15-20% of the vacancies are formed at the Bi sites. The
obtained compounds are stable up to their melting point based on the DSC
analysis data. Real dielectric permittivity €' of the Bi, Mg . NiNb 0. . sam-
ples decreases from 80 to 65 with the temperature decrease from 25 to 700 °C

and practically does not depend on frequency in the range of 1-1000 kHz. Oxi-

desBi, Mg . NiNb 0

1.6 7-6

behave like insulators up to 280 °C, their conductivi-

ty increases with temperature (E, = 1.3 eV, dc) and with the Ni content at

a given temperature.

Keywords: pyrochlore; Bi Mg, ., NiNb

trical conductivity.

0. .; dopant distribution; dielectric behavior; elec-
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Introduction

Ceramics in the Bi,0,-M O -
Nb,O, ternary system are interesting from
the perspective of their dielectric proper-
ties. The most attention has been paid to
the Zn-, Mg-containing bismuth niobates,
which possess high dielectric constant
(170-180) and low dielectric loss (~10*)
at 1 MHz (at room temperature) [1-9]. To
search for the same properties Fe- [10],
Mn- [11-12], Co- [13], Ni- [12, 14-15],
Cu- [12] and the mixed Zn-M (M - Sr
[16], Ca [16-17], Mn [16, 18], Ti [19-22],
Sn [19, 22], Zr [19, 21-22], Ce [19,22],
Gd [21], Ta [23], La [24]), Mg-M (M - Sr
[25], Nd [26], Cu [27]) bismuth niobates

and other ones were synthesized. The im-
proved permittivity was achieved by Ti
doping of the Nb sites in the pyrochlore
structure [21-22] and by Cu doping in
Bi, .Cu Mg Nb O, (x = 0.075) [27]. In
most cases, doping leads to the permit-
tivity decrease and to the tangent loss in-
crease. However, electrical properties of
several systems were investigated in the
high temperature range (up to 700 °C)
only in order to determine their conduc-
tivity mechanism [3, 9, 19-20, 27]. In our
previous work [28-29] we have deter-
mined that the dielectric constant of the
Bi, Cu Mg . Nb O, pyrochloresbehave
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unusually passing through a maximum
(250-350 °C) with temperature increas-
ing. The value of the dielectric constant at
the maximum is very high: ~10° (100 Hz).
Second-type phase transition was found at
200 °C. To establish the reasons for such
behavior, the distribution of doped me-
tals in the cation (A-, B-sites) positions
in the pyrochlore structure (A,B,0,O; the
space group Fd3m (No 227)) was studied
by X-ray diffraction pattern refinement
(Rietveld analysis), and by comparison of
pycnometric density with the calculated
one. It has been determined that the elec-

Experimental
Mixed bismuth niobates
Bi, Mg . NiNb O, . (x = 0; 0.2; 0.4;

0.6; 0.8) were prepared by a conventional
solid state reaction method [31-32] from
the oxides with high degree of purity
(>99.9%): Bi,O,, NiO, MgO, Nb,O,. The
oxides were weighted in an appropriate
ratio (Bi,0,:MgO:NiO:Nb,O, = 0.8:(0.8-
x):x:0.8), grinded, pressed into pellets
and calcined at 650 °C (8 h), 850 °C (6 h),
900 °C (6 h), 950 °C (12 h), 1000 °C (6 h),
1050 °C (12 h), 1070 (6 h), and 1100 °C
(11 h) consequently in corundum cruci-
bles. The annealing at 650 °C was carried
out in order to avoid significant bismuth
weight loss and the melting stage of Bi,O,
at 824 °C. As the temperature and dura-
tion of the calcination increased, the im-
purity phase content decreased. After each
firing step, the pellets were regrinded for
30 min and repressed. The pellets’ diame-
ter and thickness varied from 12 to 14 mm
and from 2.2 to 2.7 mm, respectively.

The phase composition of the samples
was examined by powder X-ray diffrac-
tion method on a SHIMADZU XRD-6000
diffractometer using Cu Ko emission
within the angle range 10-80° (the step -

232

tronegativity plays the crucial factor for
the distribution of the Mg atoms in the Nb
sites and the Cu atoms - in the Bi and the
Nb sites in equal ratios. In any case, there
are 10-15% of vacancies in the Bi sites. In
accordance with the other systems’ investi-
gations, the vacancy concentration always
remains at about 5-10% in the Bi sites in
the pyrochlore structure [4, 10-11, 14,
30]. In this work we have a goal to deter-
mine a distribution of Ni and Mg dopants
in the pyrochlore structure and investigate
the temperature dependence of electrical
properties of the Bi Mg . Ni Nb O

1.6 ~7-8°

0.05°). Distribution of nickel and magne-
sium atoms in the Bi, Mg Ni Nb O_
pyrochlore was determined by Rietveld
analysis (FullProf software package [33]).
Scanning electron microscopy (SEM) was
carried out on a TESCAN VEGA 3 SBU
microscope. The local composition of the
samples was studied on polished pellets
by energy dispersion spectroscopy (EDS).
Differential scanning calorimetry (DSC)
and thermogravimetric analysis (TG) of
Bi, Mg Ni Nb O. ., powder were car-
ried out in the air in platinum crucibles
with heating up to 1300 °C and a heating
rate of 5 °C/min (NETZSCH STA 409 PC/
PG). The electrical measurements were
performed on the pellets, both sides of
which were coated uniformly with a sil-
ver paste. Capacitance and dielectric
loss tangent were measured by MT-4090
LCR meter in different gases (air, p(O,) =
0.21 atm and oxygen, p(O,) = 0.99 atm) at
four frequencies (1, 10, 100, 200 kHz) in
the temperature range of 25-750 °C. The
impedance plots were measured by im-
mittance meter E7-28 at 0.5 V in the tem-
perature and frequency ranges 25-700 °C
and 24 Hz - 10 MHz, respectively. The



electrical data were collected after 10 min
after the thermal equilibrium was reached.
The thermoelectric effect — Seebeck coefli-

Results and discussion

Synthesis and Characterization

The XRD patterns of
Bi, Mg, NiNb O_, (0 < x < 0.8) are
shown in Fig. 1. The pyrochlore structure is
formed for the Bi Mg Ni  Nb O_, com-
position only. The small amounts of second
phases, identified as MgNb,O, (Pbcn space
group) and as NiNb,O, (Pbcn space group),
were found in the samples with x = 0; 0.2
and with x = 0.6; 0.8, respectively.

40, *-MgNb,0,

A-NiNb,0,

[ il Y

=
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Fig. 1. X-ray diffraction patterns
of Bi, Mg,, NiNb, O (0<x<0.8)

The surfaces of the
Bi, Mg . NiNb O, . (0 < x < 0.6) pol-
ished pellets after the last calcination are
shown in the SEM images (Fig. 2a-2c).
According to the EDS data, the presence
of additional phases such as MgNb O,
(at x = 0) or as mixed Mg-Ni contain-
ing niobates (at x = 0.2; 0.6) can be seen.
The amount of impurities is around 5%.
The local compositions of the main and
second phases are presented in the cap-
tion to Fig. 2. The composition of the
Bi, Mg Ni Nb O. ., ceramic deter-
mined by EDS is Bi Mg . Ni . Nb O

which is close to the desired composition.

cient - was determined in the temperature
range 130-330 °C in a temperature gradi-
ent of 30-40 °C across the material.

The porosity of the pellets was around 35-
40%, as estimated from SEM micrographs.

DSC and TG curves of the
Bi, Mg Ni Nb O, powder are shown
in Fig. 3. The endothermal effect was
found on the DSC curve at 1261 °C. This
effect may be associated with the melting
of the sample. The reason for the weight
rise during the heating process has not
been established yet. It may be related to
the partial oxidation of Ni*? to Ni*.

The Rietveld refinement of the XRD
pattern of Bi Mg Ni Nb O, . was car-
ried out. The occupations of atom sites
were fixed in accordance with the quan-
titative composition of the compound.
The possibility of displacement of the
bismuth atoms (from 16c¢ sites to 96h or
96g sites) and the oxygen atoms O’ as-
sociated with bismuth (from 8a sites to
32e sites) were considered, like in [Bi
Mgo.u‘jom]z[Mg0.24Nb0,76]2O7 and in [Bio.333
Nio.125D0Ao4]z[NioAzsNbo.75]2O7 pyrochlores
[14]. Various models were studied to de-
termine the distribution of doped atoms
in the cation (Bi, Nb) sites of the pyro-
chlore structure. Among the alternative
models that were considered there are
[BiLseNiosA;DOJO] [Nio.osMgkoNbLss]07.02 and
[BiLssMgo.MDmo] [Mgo,osNikoNbLse]O7A02‘
In these models 5% of vacancies remain
at the Bi sites. The distribution of dopant
atoms in equal ratio among two different
cation sites causes formation of about 2.5%
vacant sites both in the Bi and Nb sublat-
tices. It is not typical for the pyrochlore
structure. The best agreement between
theoretical and observed X-ray patterns
was obtained for the model designated as

0.833
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[Bil.SSNiO.MDO‘lO] [Nio.osMg0.39Nb1.56] 07.02' In
this model, all Mg atoms are distributed
over the Nb sites. Several models were
considered with different vacancy concen-
trations (10-25%) in the Bi sites and Mg
atoms occupying the Nb sites.

The best values of pr (%), Rp (%), x*

factors can be obtained for the models
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with 15-20% vacancies in the Bi sites. The
refined crystallographic parameters of
the [Bi1.46NiO.18D0‘36] [Nio.lsMg0.36Nb1.46] 06.52
model are presented in Table 1. This mo-
del corresponds to the equal distribution
of Ni atoms in the Bi and the Nb sites,
whereas 18% of vacancies remain in the Bi
sites. Displacement of Bi and Ni atoms (16¢
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to 96h sites) is observed. The observed,
calculated and difference X-ray diffrac-
tion profiles for the model are shown in
Fig. 4. To our mind, the distribution of do-
pant atoms in the cation sites is governed
by the electronegativity values, apart from
the ionic radii influence. So, Mg?* and Ni**
ionic radii are close (0.72 A and 0.70 A,
respectively) [34]. The electronegativity
of Mg (1.23) by Allred-Rochow [35] is
equal to that of Nb (1.23), and the elec-
tronegativity of Ni (1.75) is close to that
of Bi (1.67). Obviously, the electronegativ-
ity values impact on the dopant distribu-
tion in the pyrochlore structure, like in
the Cu-Mg substituted bismuth niobates

[28-29].
The pycnometric density of the
Bi, Mg Ni Nb O_ powder is

6.50+0.24 g/cm’. The calculated density for
the [Bil.56M0A34D0A10] [M0A44Nb1.56]0702 model
where M - the dopant metals (5% of va-
cancies in the Bi sites) is 7.02 g/cm®. The
calculated density for the model with 18%
vacancies in the Bi sites ([Bi,, M .0, .]
M, Nb, ,]O,) is 6.53 g/cm’ and is in
agreement with the pycnometric density
value. Thus assumed amount of about 15-
20% vacant sites in Bi sublattice seems to be
in agreement with the experimental results

obtained in the present study.

Electrical properties

Complex impedance plots of the
Bi, Mg . NiNb O, . ceramics were
drawn from impedance spectroscopy data.
The data were obtained during cooling
from 700 to 160 °C to exclude proton con-

ductivity. Perfect semicircles are traced in

0.1, DSC, W/g TG, %110
0.0‘ T | 108
-0.14

’ 1261 106
0.2 N

104

-0.31
041 - 102
-0.5

: : : : ; — 100
0 200 400 600 800 1000 1200
T °C
Fig. 3. DSC and TG curves of
Bil,6Mg0,4NiO.4Nb O
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Fig. 4. Observed, calculated and difference
X-ray diffraction profiles for

[Bi, , Ni o J[Ni Mg Nb O
Table 1
Refined crystallographic parameters for Bi, Mg  Ni  Nb O. ; (space group Fd3m)
Atom type Site X y z B, A? | Occupation

[Bi Ni .o, JINi Mg Nb O _
Bi/Ni 96h 0 0.015 | 0.985 | 0.708 | 0.725/0.09
Nb/Ni 16d 1/2 1/2 1/2 0.003 | 0.725/0.09
Nb/Mg 16d 1/2 1/2 1/2 0.003 | 0.725/0.18
(@) 48f 1/8 1/8 | 0.428 | 0.010 1
o 8a 1/8 1/8 1/2 0.010 0.52

a=10.5204 A; RP =4.51%, pr =5.86%, x* = 2.22.
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the temperature range 320-700 °C. At the
temperature less than 320 °C half semicir-
cles may be observed. In Fig. 5 impedance
plots for the Bi Mg . NiNb O_, (x =
0.4; 0.6) ceramics are presented. The plots
are well fitted by a single parallel RC ele-
ment (inset of Fig. 5) where R and C be-
long to bulk resistance and capacitance,
respectively [36-38]. The measured pa-

rameters are listed in Table 2.
R

T

Permittivity recalculated from the ca-
pacitance values for the samples with Ni
content x = 0.20, 0.40, and 0.60 is (70-81),

(70-81), and (65-76), respectively, for the
temperature range of 700-280 °C. Cal-
culated permittivity does not depend on
the frequency in the range of 1-1000 kHz
and is close to the dc permittivity values.
At room temperature, the permittivity
is around 80 in the frequency range of
1-1000 kHz. All ceramics under inves-
tigation behave like a dielectric (tand =
0.002) up to 280 °C.

Calculated from Arrhenius direct con-
ductivity plots activation energy values
are close to 1.2 eV (the third column in
Table 3). These values are almost equal to
ones at 1 kHz (the second column in Ta-
ble 3). The corresponding Arrhenius con-

200000
150000 _3% 86.3 kHz
2", Q 22KHz ——500°C
100000 — —a500°C 20000 —e—600'C
u —o—600°C ——T700°C
500001 Numds 10000
/[ 1702kHz \ 1
m/ 24Hz
0] 8% 04 i
0 50000 100000 150000 200000 250000 Z', Q 0 10000 20000 30000 40000 50000 Z, Q2
a b
Fig. 5. Complex impedance plots at 500, 600 and 700 °C
for the Bi, Mg ., NiNb, O, , ceramics with x = 0.4; 0.6
Table 2
R, and C, parameters of the RC elements in the temperature range 280-700 °C
for the Bi, Mg ., NiNb, O, , ceramics
x=0.20 x=0.40 x=0.60
. (h=0.265 cm; (h=0.235 cm; (h=0.220 cm;
T.°C d =1.280 cm) d =1.300 cm) d =1325 cm)
R, kQ C, pF R, kO C, pF R, kQ C, pF
280 (79£3)-10* 34.77+0.08 | (50+3)-10* | 40.61+0.18 |(111.7£2.7)-10%| 42.03+0.26
320 |(157.842.5)-10°| 34.32+0.11 - - (173+3)-10? 41.4+0.3
360 (373+4)-10* | 33.99+0.15 | (310£4)-10* | 39.7740.20 2860£30 40.8+0.3
400 9420+60 33.57+0.14 7560+40 39.18+0.12 606.8+2.4 39.97+0.15
500 558.5+2.3 32.41+0.14 | 164.4+0.5 | 37.87+0.12 49.61+0.08 38.66+0.09
600 62.8+0.4 31.08+0.28 | 21.52+0.04 | 36.57+0.13 | 8.460+0.014 | 37.36+0.14
700 8.972+0.026 | 29.88+0.19 | 4.032+0.010 | 35.22+0.24 | 1.913%£0.004 35.8+0.3
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ductivity plots at 1 kHz for all ceramics are
shown in Fig. 6a. The activation energy
values, which are greater than 1 eV, may
be associated with ionic conduction. The
same activation energy values (~1.27 eV)
are known for the (Bi .Zn )(Nb .M ,)O,
(M - Ti, Sn, Zr, and Ce) ceramics [19] at
T > 350 °C with the ionic type of conduc-
tivity.

The conductivity dependences on the
temperature for the Bi, Mg Ni  Nb O_,
ceramic (160-750 °C) in the air and in the
oxygen atmosphere are shown in Fig. 6b.
The conductivity of the ceramic does not
dependent on the oxygen pressure, and
the value of Seebeck coefficient is near
0 mV/K in the temperature range of 200-

340 °C. These data indicate that there is no
impurity-caused conductivity.

For all ceramics, an electrical modu-
lus (M") maximum is detected on the
logarithmic scale of frequency (Fig. 7),
indicating the presence of a polariza-
tion process. These relaxation effects are
characterized by the full width at half
maximum (FWHM) peaks of M'(f) be-
ing ~ 1.2 decades. This value is close to an
ideal Debye response (1.14 decades) that
characterizes the ceramics as electrically
homogenous. At frequencies of the M"
maximum value the relaxation time was
calculated (Fig. 7). Frequency values at M"
maxima were plotted vs temperature in
an Arrhenius-type fashion. Obtained ac-
cordingly values of activation energy are

Table 3

Activation energies of (dc, ac) conductivity and relaxation process
of the substituted bismuth niobate pyrochlores

Compound E_(conductivity, 1 kHz), | E (conductivity, | E_(relaxation), eV
eV dc), eV

Bi Mg Nb O, 1.03+0.06 - -
Bi, Mg Ni Nb O 1.09+0.03 1.25+0.03 1.38+0.03
Bi1_61\/[g0_4Nio_4Nb1_60776 1.14%0.03 1.2040.03 1.38+0.03
Bi1_61\/[go_2Nio_6Nb1_60%6 1.10£0.03 1.20+0.04 1.23+0.04
Bil.ﬁNiO.SNbl.6O7—5 1.17+0.08 - -

3- -3

0.80
-4 .« 060 -4
5 A 040 -
~ 7 020 +
B . 000 g -5
5 -6, 3
2 =56
0 -74 Ea=1.03+006eV )
o) o)
L0 -84 &0 74
Fa=1.136+0.009 eV
9 N
o S N
08 10 12 14 16 18 20 0,8 1,0 1,2 1,4 1,6 1,8
107", K" 107", K"
a b

Fig. 6. Electrical conductivities as functions of reciprocal temperature at 1 kHz:

a-Bi Mg, NiNb O

1.6 7 7-8

b - Bi, Mg Ni Nb O

1.6 ~7-8
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Fig. 7. Imaginary part of electrical modulus as a function of frequency

for the Bi, Mg , NiNb O

1.6 ~7-8

close to the ones obtained from the Arrhe-
nius conductivity plots (Table 3). It points
out that the hopping-type conductivity
is typical for the Bi Mg . NiNb O

1.6 ~7-8

Conclusions

Mixed Mg-, Ni-containing bismuth
niobates Bi Mg . NiNb O , (0 < x
< 0.8) were synthesized by the conven-
tional solid-state reaction method. For
all samples the main crystal phase is the
pyrochlore. The Bi, Mg Ni Nb O. ce-
ramic is a single-phase compound and is
stable up to its melting point (1261 °C).
Based on structural analysis and the com-
parison of pycnometric and calculated
densities of the Bi Mg Ni Nb O_, it

was found that Mg atoms are distributed

Acknowledgements

ceramics at x = 0.4 (a), x = 0.6 (b)

ceramics, like for Bi, .ZnNb,.O_ [36, 38]

1577
and Bi, Mg Ta O, . [37] pyrochlo-
res with E_(relaxation) are 0.94 eV and

1.37 eV, respectively.

over the Nb sites, Ni atoms are distrib-
uted at the Bi and Nb sites almost in the
equal ratio. In this case, there are about
15-20% vacant sites in the Bi sublattice.
The Bi, Mg, NiNb O._, ceramics are
characterized by the hopping type of con-
ductivity (E, = 1.0-1.4 eV). It was deter-
mined that dielectric permittivity varies
from 81 to 65 as the temperature increases
from 280 to 700 °C, and practically does
not depend on frequency in the range of
1-1000 kHz.
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