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Phase transitions in BaTiO; doped with neodymium have been studied using temperature—
capacitance measurements, differential scanning calorimetry, X-ray powder diffraction and
electron paramagnetic resonance spectroscopy. The coexistence of a para-electric cubic phase
with the ferroelectric tetragonal and orthorhombic phases is noticed within the temperature
range corresponding to the stability region of the latter phases in undoped BaTiO;. The broad
maximum in the effective dielectric constant shifts to lower temperature with increase in neo-
dymium content. The heat of transformation measured at the Curie point tends to zero above
3.5at% Nd and the phase transition gradually approaches the second order. These are charac-
teristics of a diffuse phase transformation. Using the quantitative results from the above stud-
ies, a T—x topological diagram is constructed for the BaTiO;—xNd system where x < 5.5 at%.

The phase contents vary with processing parameters as well as grain size, and the very exis-
tence of more than one phase in a given area of the 7—x diagram indicates the metastable
thermodynamic equilibrium prevailing in BaTiO; —Nd ceramics. The inhomogeneous distri-
bution of lattice defects may be the major cause for such a behaviour.

1. Introduciton
BaTiO, ceramics doped with lower amounts of donor
impurities (< 0.5at %) are dark coloured and semi-
conducting even when they are sintered in air [1].
When cooled at definite rates (75 to 150 Kh™!) these
ceramics show a positive temperature coefficient of
resistance (PTCR) around the Curie temperature
(T¢). If the cooling rate is slow (5 to 10K h™") the same
ceramics become insulating, with an effective dielectric
constant e > 10° resulting in grain-boundary layer
capacitance [1—-4]. At donor levels greater than
0.5at % and air as the sintering atmosphere, BaTiO,
ceramics are light coloured and insulating, indepen-
dent of cooling rate, with ¢4 greater than those of
conventional BaTiO, ceramics [2, 5]. The high & in
the above cases is due to their microstructure in which
the grain-boundary layers are insulating and the grain
interiors are semiconducting [6].
Temperature—capacitance curves indicate that T,
shifts to lower temperatures with donor concentration
[7, 8]. Electron paramagnetic resonance (EPR) showed
that some fraction of the n-doped BaTiO, is cubic
even at room temperature, and that the cubic fraction
increases with donor content [9, 10]. The coexistence
of more than one phase over a range of temperature is
characteristic of a diffuse phase transformation (DPT)
[11, 12]. The presence of a cubic phase has consider-
able importance with respect to the electrical proper-
ties of BaTiO, ceramics because the energy levels of
the acceptor states are differently located in the cubic
as compared to the tetragonal phase [9, 13]. Therefore
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the DPT behaviour of n-doped BaTiO, has practical
significance in the production of ceramic capacitors.

Due to the DPT behaviour, the temperature—
capacitance curves of n-doped BaTiO,; show broad
maxima and large deviations from the Curie—Weiss
law. The nature of the DPT cannot be described
by the classical theory of ferroelectric transitions. Its
origin is not very clear and is said to be associated
either with compositional or thermal fluctuations or
with intergranular strains [14—17]. Point defects aris-
ing from inherent non-stoichiometry can also induce
DPT behaviour [18]. A diffuse type of transition is
noticed in a number of perovskite-type solid solutions
such as Ba(Ti_,Zr,)O; [19], (Ba,_,Sr,)TiO; [11],
Ba(Ti,_,Sn,) O; [20] and Ba(Nb, sZr,,5) Os,5 [21]. A
lowering of T due to n-type impurities has been
reported for BaTiO, by a number of previous workers.
However, no reports exist on the DPT behaviour of
BaTiO, ceramics doped with donor impurities [7, 8,
22].

2. Experimental procedure

BaTiO, with very low background impurities (Mn <
0.1, Fe < lugg™') was prepared from the suc-
cessive precipitation of the precursor oxalate,
BaTiO(C,0,), * 4H,0. BaTiO; doped with lantha-
num or neodymium (0.05 to 5.5 at %) was prepared by
co-precipitation in the precursor, and the resulting
product was adjusted with TiO, such that the final
compositionis (Ba, ,La,) TiO;, ,(y =~ x/2). Doping
with iron or manganese was carried out in solution
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and the amounts incorporated in the precipitate
(<0.1at%) were determined by atomic absorption
spectrophotometry (Perkin-Elmer 2380) or quanti-
tative EPR using MgO—Mn as the internal standard.
Discs of 10mm diameter and 1 mm thickness were
sintered in air for 6h at 1650 K and the samples were
cooled slowly after sintering (10 to 20K h~"). The aver-
age grain size decreased from 25 ym for pure BaTiO,
to <2pum with donor content. With a slow heating
rate under a lower partial pressure of oxygen than in
air, grain growth could be achieved in ceramics with
donor levels above 1at %. The sinter densities were
around 95 to 97%. The EPR spectra were recorded
under conditions similar to those employed earlier [9],
using a Varian E 109 X-band spectrometer in the
range 80 to 523K. The EPR intensity mentioned
throughout this article is the double integrated inten-
sity calculated from an empirical relation [23]

(signal height) (signal width)?

various neodymium contents. As is evident from
Fig. 2, these values decrease with neodymium con-
centration of the donor. DSC tracings are smeared out
in samples containing Nd > 3 at %, so that the accu-
racy of the measurement is low. Under such con-
ditions, the detection of the transformation tem-
perature by DSC becomes difficult. The DSC results
indicate that at higher donor concentrations the first-
order transformation may be changing into a second-
order transformation.

3.3. X-ray powder diffraction data

The sintered specimens were ground to a uniform
powder of 200 mesh size for X-ray diffraction. The
lattice parameters determined with silicon as the inter-
nal standard and using least square error analysis
showed that g, increases from 0.3993 to 0.4007 nm; ¢,
decreases from 0.4035 to 0.4006 (4 0.0002) nm at

DII

The X-ray investigations were carried out with
a powder diffractometer (Philips PW-1050/76)
using CuKa radiation. The heat of transformation
of the ferroelectric—para-electric phase change
was measured with a Dupont differential scanning
calorimeter (DSC) with high-purity NH,NO; as the
calibrant. For the electrical measurements, electro-
less nickel electrodes were deposited followed by
nickel electroplating and annealing at 550K. The
effective dielectric constants were measured using
a bridge having a seperate oscillator and detector.
The temperature of the sample was slowly varied
(1K min™') from 150 to 450 K.

3. Results

3.1. Temperature—capacitance characteristics

Fig. 1 shows the temperature dependence of ¢4 for
BaTiO; ceramics with varying concentration of
neodymium. ¢ values around T are averages of
those measured during heating or cooling cycles.
For the undoped specimens the peaks in the &4
curve coincide with the rhombohedral-orthorhombic
~ 195K (Tg_p), orthorhombic—tetragonal ~ 278K
(To_r) and tetragonal—cubic ~400K (T. or Ty_¢)
phase transitions. With neodymium content below
0.5at %, the peak around 400K broadens whereas
those around 278 and 195K are not observable, possi-
bly because of the high &4 associated with the grain-
boundary layer capacitance. With further increase in
donor concentration, the effective dielectric constant
diminishes accompanied by a shift in T, to lower
temperatures. The Ty_o and T, t values are slightly
raised to higher temperatures. The capacitance peaks
around these ferroelectric transitions are broad, so
that clear distinction of the transition temperature
becomes difficult.

3.2. Differential scanning calorimetry

The Curie point measured by DSC agreed fairly well
with those determined by the capacitance measure-
ments. The enthalpy of the tetragonal to cubic trans-
formation (AH;_¢) was determined for BaTiO, with
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300K with the incorporation of 4 at % Nd, indicating
that the sample containing 4at % Nd is completely
cubic at room temperature. Studies of the X-ray dif-
fraction intensities of a number of reflections indi-
cated the coexistence of more than one phase at
room temperature for BaTiO; containing less than
4at % Nd. The pairs of reflections considered are
(200) and (002), (301) and (103) as well as (400)
and (004). The relative variations of the integrated
intensities of these pairs are measured to determine the
phase content. For 100% tetragonal phase, the inte-
grated intensity of (200) and (00 2) reflections are in
the ratio 2: 1. For 100% cubic phase, (002) is absent
while the (200) reflection acquires a correspondingly
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Figure 1 Variation of effective dielectric constant at 1kHz with
temperature for BaTiO;—xat % Nd ceramics: x = (@) 0, (B) 0.3,
(a) 0.5, (0) 1.0, (a) 1.2, (v) 2.2, (O) 3.8%.
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Figure 2 Heats of transformation at ferroelectric to paraelectric
phase transition determined by DSC for BaTiO; —xat % Nd ceram-
ics.

higher intensity. Hence the intensity ratio fggs/
(Z200,0200 + Zoo2) approaches zero. In the case of a
sample with mixed tetragonal and cubic phases, the
intensity varies between 0.33 and zero.

Since the intensity ratio by the polymorphic method
[24] may underestimate the cubic phase content, a
calibration method similar to that of Toraya et al. [25]
is used to measure the intensity of these two reflections
[26]. Samples for calibration were prepared by mixing
various proportions of 100% tetragonal (undoped)
BaTiO, and 100% cubic (doped) BaTiO,. The maxi-
mum deviation from linearity is around 4%. With
increase in neodymium content, the cubic fraction
increases at room temperature. BaTiO;—Nd is nearly
completely cubic at 300K when Nd = 3.6at%
(Fig. 3). The ceramics with 1 at % Nd have ~ 6.5% by
weight of the cubic phase. The cubic phase content, as
shown in Fig. 3, slightly increases with the duration of
sintering at a given temperature. The other pairs of
X-ray reflections such as (400) and (00 4) can be used
for the phase content determinations. However, the
intensity measurements of the back-reflections are
partially affected by crystallographic textures possibly
arising from the influence of varying internal stress in
the microstructure. In this regard, we found that

(200) and (00 2) reflections are better suited, and with
the profile analysis technique an accuracy of + 5wt %
in individual phases can be obtained.

3.4. EPR studies

In previous publications dealing with EPR studies on
donor-doped BaTiO,, [27-29] we have shown that the
acceptor states are activated during the tetragonal-to-
cubic phase transition and consequently trap elec-
trons. The acceptor states arise from neutral barium
vacancies and from background impurities such as
manganese, iron etc. The EPR signal with g = 1.997,
arising from singly ionized barium vacancies (Vg,),
appears only in the cubic phase at donor concen-
tration of less than 0.5at%. The intensity of the
g = 1.997 signal at 300K increases with neodymium
at high donor contents and has identical values at 300
and 400 K for BaTiO, 4 at % Nd. This may be indi-
cative of the existence of a cubic phase at room tem-
perature.

For further verification, manganese in low con-
centration was used as a probe. With Mn ~ 0.01at %
in BaTiO;—-0.2 at % Nd, no EPR signal due to man-
ganese is observed in the tetragonal phase, whereas the
signal arising from the |+1my) < |—1m) tran-
sition of Mn?* (°Ss,, d°) appears above T.. Keeping
a constant manganese concentration (0.005at %),
BaTiO; ceramics of increasing neodymium contents
were prepared. The variation in the intensities of
Mn’" signals at different temperatures are plotted for
these samples in Fig. 4. The temperatures at which the
Mn** signal acquires a high intensity corresponds to
the Curie point of the bulk of the ceramics, which
agrecs with that obtained from the capacitance
measurements. Fig. 4 shows that this temperature is
lowered with increase in neodymium content. With
4 at % Nd, the Mn?" intensity at 300K is the same as
that at 400K indicating that T, is shifted to less than
the room temperature. The Mn?* EPR signal intensity
above T for Nd > 1.5at% is lower than that of
BaTiO,—1at % Nd. This is due to the stabilization of
part of the manganese in a higher oxidation state
(mostly +3) in these samples as discussed in a
previous report [27].

Mn?* also appears in the low-temperature

0.351

Figure 3 Integrated intensity ratio of X-ray reflections
against variation in phase composition. Dashed line is

J |
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100 the ideal curve expected. Points are experimentally
observed for BaTiO,—xat % Nd ceramics.
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Figure 4 Variation in double integrated intensity of Mn?* EPR
signal with temperature for BaTiO;—xat% Nd ceramics: x =
(0)0.2, (——-) 0.5, (@) 1.0, () L.5, (—--) 2.0, (—) 4.0%.

rhombohedral phase but not in the orthorhombic phase
for BaTiO, with less than 0.5 at % Nd. It is evident from
Fig. 4 that Ty_o is only slightly shifted to a higher
temperature with donor concentration. The persist-
ence of the Mn?>" signal in higher neodymium-
containing samples above 240K is indicative of the
presence of a cubic phase along with the orthorhombic
and tetragonal phases. The intensity (DII) of the
Mn** signal above the Curie point for BaTiO;—
2at % Nd is 3.0. At 300K the Mn?* intensity for the
same specimen is 0.75. The intensity ratio 0.75/3.0
corresponds to 25% of cubic phase in this sample
around room temperature. This value agrees with the
X-ray intensity data shown in Fig. 3. A similar method
has been extended to other specimens to determine the
cubic phase content.

The EPR spectra of donor-doped BaTiO, contain-
ing 0.01 at % Fe are useful in monitoring the orthor-
hombic phase content. Earlier we have reported that
Fe** iron impurity located near an oxygen vacancy,
the Fe**—V,, defect complex, gives rise to two signals
in the tetragonal phase with g = 5.542 and 11.831
which are g, and g, components of the Fe’*-V,
centre with axial symmetry [29]. In the orthorhombic
phase the intensity of the g = 11.831 signal remains
the same but that of g = 5.542 decreases. There
appears a new signal with g = 4.437 (Fig. 5). These
three signals have been assigned to g, g, and g, com-
ponents arising from an Fe’* -V, centre in a rhom-
bic field [29]. In both cubic and rhombohedral phases
the Fe*™ -V signals are absent. At constant iron con-
centration (0.01 at %), BaTiO, ceramics with increas-
ing neodymium contents were prepared. The changes
in the intensities of Fe** -V, signals at different donor
concentrations are shown in Fig. 5a (300K). The
temperature variations of these signals for a given
donor concentration are shown in Fig. 5b. The
g = 4.437 signal is indicative of the orthorhombic
phase. The intensity ratio I, ,,/l5s4, can be used to
determine the orthorhombic phase content, which is
found to be unity in the 100% orthorhombic phase of
BaTiO, with less than 0.5at % Nd over the appro-
priate temperature ranges.

3.5. The T—x topological diagram

With the aid of the X-ray powder diffraciton and EPR
data, the relative abundance of the phases could be
determined at various temperatures for different con-
centrations of neodymium. Table I gives typical quan-
titative values of phase contents for BaTiO;—xNd
ceramics at various temperatures and x values. The
topology of the T—x diagram is shown in Fig. 6. The
major phases are shown in capital letters, while the
minor phases in decreasing order of abundance from
left to right are given in small letters. The upper curve
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Figure 5 EPR spectra of 0.01 at %
Fe-doped BaTiO;—x at % Nd sys-
tem: (a) variation of Fe’* -V, sig-
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TABLE I Typical examples of relative phase contents (wt %) in BaTiO;—xat % Nd ceramics*

Temperature (K) x(at %)t
0 0.5 1 2 3 4

400 100 (C) 100 (C) 100 (C) 100 (C) 100 (C) 100 (C)

380 100 (T) 97 (T) 92 () 100 (C) 100 (C) 100 (C)
30 8(C)

333 100 (T) 97 (T) 93 (T) 75 (T) 100 (C) 100 (C)
3(0) 7(C) 25 (O)

273 100 (T) 97 (T) 94 (T) 71 (T) 40 (T) 100 (©)
3O 6 (C) 25 (C) 35 (©) 2 (0)

4 (0) 5(0)

263 100 (O) 90 (0) 90 (0) 72 (0) 45 (0) 100 (C)
7(D) 4(T) 3() 55 (C) 2 (0)
3(0) 6 (O 25 (C)

*The processing parameters were kept constant for all the test samples. Heating rate = 5K min™'; sintering temperature = 1650K;

sintering time: 6 h; cooling rate: 10 to 20K h~1.
TC = cubic, T = tetragonal, O = orthorhombic.

represents the transition from para-electric to fer-
roelectric phase, while the lower lines demarcate the
areas in which one of the ferroelectric phases has the
highest abundance. There is extensive coexistence of
two or more phases in the tetragonal and orthor-
hombic regions, while rhombohedral and cubic phase
regions do not show such coexistence.

Fig. 6 also shows that the Curie point is shifted to
a lower temperature, but the other two transition
temperatures are slightly increased with increase in
donor concentration. The transformation character-
istics of BaTiO, with less than 0.5at % Nd are nearly
the same as that of undoped BaTiO;. The right-hand
side of the diagram shows that the para-electric cubic
phase directly transforms to the ferroelectric rhombo-
hedral phase. In the intermediate compositions, the
stability regions of the orthorhombic and tetragonal
phases become narrower with increasing neodymium
content and they continue to coexist with the cubic
phase until about 5.3 at % Nd. The quantitativeness of
Fig. 6 is found to be dependent on processing para-
meters such as the method of donor doping, the sinter-

ing schedule and also on the average grain size of the
ceramic. In the grain-grown specimen, the relative
concentration of the para-electric cubic phase is lower
than the normally sintered sample of the same com-
position. This is seen from the lowering of the room-
temperature intensities of the Mn?* signal (Fig. 7a)
and the Vg, signal (Fig. 7b) with increase in grain size
for a constant dopant concentration. However, the
general features of Fig. 6 remain unaltered.

4. Discussion

The coexistence of two or more phases within a range
of temperature and possibly composition is charac-
teristic of DPT behaviour. Such a coexistence of
phases is known in BaTiO, solid solutions formed by
isovalent ionic substituents such as (Ba, ,Sr,) TiO,
(A-site substituents) [11] and Ba(Ti_,Zr,) O; (B-site
substituents) [19]. In both cases the Curie points are
lowered with increase in p value. In the case of
(Ba,_,Sr,) TiO;, Ty o and T,y are lowered with y
value whereas for Ba(Ti,_,Zr,) O,, the corresponding
temperatures are raised. For neodymium-doped
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signal at room temperature and (b) Mn?* signal at 298 K with
average grain size for grain-grown BaTiO;—1.0at % Nd ceramics.

BaTiO;, the T value is lowered while T-O and O—R
transition temperatures are marginally raised. In this
regard neodymium-doped BaTiO, differs from the
behaviour of solid solutions with A- and B-site iso-
valent substituents.

The T-x diagram shown in Fig. 6 also differs in
several aspects from those of the isovalent-ion sub-
stituted solid solutions. For (Ba,_,Sr,)TiO;, the
coexistence region is between the ferroelectric and
para-electric limit curves, bordering the single-phase
regions in the phase diagrams [11]. In Fig. 6, the
coexistence is not limited to the boundaries but
throughout what ought to have been the single-phase
regions of the tetragonal and orthorhombic phases.
Another distinguishing feature is that the amount of
cubic phase coexisting with the ferroelectric phases
(tetragonal and orthorhombic) does not continuously
vary with temperature except at a given point which is
the effective Curie temperature for the bulk of the
sample. In the Ba(Ti,_,Zr,) O, system, the coexistence
of tetragonal and orthorhombic phases with the cubic
phase is restricted to a narrow temperature region, for
a given composition. The third distinguishing feature
of the BaTiO,—Nd system is that the percentage of
cubic phase stabilized within the tetragonal and
orthorhombic phase regions varies with the processing
parameters at a constant donor concentration. For
these reasons, the mechanism of the origin of the DPT
in isovalent-ion substituted solid solutions may be
different from those of aliovalent-ion substituted
materials.

In the case of isovalent-ion substituted solid sol-
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utions, the DPT is assumed to be due to polarized
microregions (Kénzig regions) with different Curie
temperatures; differences in 7 arise from the mech-
anical stress distribution or due to a variation in
chemical composition. Implied in this concept is the
increased stress in the microstructure during the cubic-
to-tetragonal transition which is largely compensated
by ferroelectric domains. For ceramics of smaller
grain size (a few micrometres), this compensation is
incomplete and is said to be the major reason for the
observed distribution of Curie temperatures. The con-
tribution from chemical inhomogeneity (resulting
from the Ti/Zr ratio) to the distribution of T is said
to be small. For (Ba,_,Sr,) TiO;, the DPT behaviour
has been explained in terms of the coexistence of two
phases in thermal equilibrium [11].

In the case of aliovalent-impurity substituted solid
solutions, the formation of lattice defects additionally
influences the transformation behaviour. For donor-
type impurities in BaTiO,, compensation is through
conduction electrons as well as through cation
vacancies [4]. The electron compensation may either
increase the number of conduction electrons or may
change the oxidation state of lattice constituents, most
likely Ti** to Ti**. Of the different possibilities, the
vacancies at the A cation sites are more energetically
favourable than at the B-site. It is reported that alio-
valent substituents and cationic vacancies are not uni-
formly distributed throughout the BaTiO, ceramics
[22]. TEM studies on BaTiO, ceramics with different
aliovalent additives have shown that microstructural
inhomogeneity leads to the grain core—grain shell
relation [22, 30]. The chemical inhomogeneity arises
during the process of reactive sintering. A hetero-
geneous defect distribution in donor-doped BaTiO,
ceramics is also reported in the literature wherein the
grain-boundary layer has a higher Vj, concentration
and nearly complete vacancy compensation, whereas
a mixed compensation prevails within the bulk of the
grains [4].

Any perturbation within the BaTiO, lattice shifts
the Curie point. This can be due to iso- or aliovalent
substituents, lattice defects such as anion or cation
vacancies or even conduction electrons [31]. When
such defects are inhomogeneously distributed, there
will be a spread of T, values. This is all the more
obvious from the decrease in the heats of transfor-
mation with increased x value. Since the enthalpy
change tends to zero (Fig. 2), the free-energy change
around T, should also be very small. This means that
the free energy of different phases have nearly the
same value, and therefore extensive coexistence of
different phases is possible. Slight changes of the
chemical potential can cause noticeable changes in the
Curie point and also the phase contents. This is evi-
dent from the features of the 7—x diagram (Fig. 6).
According to the Gibbs phase rule for binary systems,
a maximum of three phases can coexist only at an
invariant point. In Fig. 6, three phases are coexisting
in a given area of the diagram. This apparent con-
tradiction of the phase rule indicates that Fig. 6 does
not represent an equilibrium state. It can be better
treated as a metastable equilibrium situation frozen in



from the high-temperature sintering conditions. It is
obvious, therefore, that the sintering parameters will
alter the phase content.

Kell and Helicar [32] considered that the high and
broad &4 curves around 7 are due to the coexist-
ence of more than one ferroelectric phase. In cer-
amic capacitors such coexistence may be due to the
semicontrolled, inhomogeneous distribution of sub-
stituents as well as the lattice defects (mostly cationic
vacancies in the present case). The same situation
cannot be prevailing in single crystals. Preparation of
BaTiO; single crystals with more than 1at % Nd is
found to be difficult, both by flame fusion and the flux
method, and therefore no comparison with the single
crystal samples could be carried out.
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