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Abstract

The in¯uence of dopants (Cr, Co, Fe, Ni, Y, Er, Tb, Gd, Pr and La) on the crystal structure of barium titanate was studied at
room temperature and at 250�C using X-ray di�raction. Fine BaTiO3 powders (Ba/Ti=1.02, size �30 nm) have been doped with 1

at% of the foreign element and annealed for 14 and 62 h at two di�erent temperatures: 950 and 1350�C. The room temperature
structure of doped BaTiO3 was in any case tetragonal with c/a ratio lower than in the undoped perovskite, but dependent on dopant
nature and particle size. For powders calcined at 1350�C, the particle size was in the range 1±5 mm and the decrease in tetragonality

was mainly determined by dopant incorporation. Powders treated at 950�C had particles more than one order of magnitude ®ner
(0.1±0.2 mm) and a systematic lowering of the c/a ratio in comparison to the samples annealed at higher temperature was observed.
Comparison of the experimental variations of the unit cell edge of cubic BaTiO3 (250�C) with the results of atomistic computer

simulations gives indication on the preferential incorporation site of the dopant. In particular, La3+ and Pr3+ prefer to substitute at
the Ba site, whereas Tb3+ and Gd3+ give partial substitution at the Ti site. For Er3+ and Y3+ preferential substitution at the Ti site
is predicted. For transition metal ions, substitution at the Ti site with oxygen vacancy compensation is con®rmed, although their
behaviour is less accurately reproduced. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Doping of BaTiO3-based ceramics is of great impor-
tance in the fabrication of electric and electronic devices
(multilayer capacitors, heaters and sensors with positive
temperature coe�cient of resistivity, piezoelectric trans-
ducers, ferroelectric thin-®lm memories, etc.).1,2 Because
of the intrinsic capability of the perovskite structure to
host ions of di�erent size, a large number of di�erent
dopants can be accommodated in the BaTiO3 lattice.
However, the e�ect of the speci®c impurity on the elec-
trical conductivity depends on the substitution site (a
trivalent ion behaves as an acceptor when substitution
occurs at the Ti site or as a donor when it substitutes at
the Ba site) as well as on the nature of the defect/elec-
tronic charge compensating defect. Addition of donor
dopants (Nb5+, La3+) at a relatively low concentration
(<0.5 at%) leads to room-temperature semiconducting

ceramics with positive coe�cient of resistivity (PTCR)
properties, whereas higher dopant contents lead to
insulating materials with low concentration of oxygen
vacancies and improved resistance to dielectric break-
down. Acceptor-doped BaTiO3 is an insulator at room
temperature. Acceptor impurities of the ®rst series of
transition metals (Fe, Co, Ni, Cr) are incorporated for
the fabrication of multilayer ceramic capacitors to allow
for the use of cheaper metal electrodes (i.e. Ni). In fact,
the resulting ceramic can be sintered in a reducing
atmosphere retaining optimal insulating properties.
The mechanism of dopant incorporation into barium

titanate has been largely investigated and a general fra-
mework about the behaviour of trivalent impurities in
the BaTiO3 lattice can be outlined on the basis of the
available literature.3ÿ17 The ionic radius is the parameter
which mainly determines the substitution site. La3+ (1.15
AÊ ) and Nd3+ (1.08 AÊ ) are exclusively incorporated at the
Ba (1.35 AÊ ) site, as their size is incompatible with that of
Ti4+ (0.68 AÊ ). In fact it has long been known that La3+

and Nd3+ behave as donors in any case. For the smaller
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lanthanide ions from Sm3+ (1.04 AÊ ) to Lu3+ (0.93 AÊ ), it
is known that the site occupied by the foreign cation
depends on its ionic radius,15,16 as initially suggested by
Rotenberg et al.6 However, for some ions which were
more extensively investigated (Sm3+, Gd3+, Er3+ and
Y3+) it was found that the substitution site is not
exclusive, but is a�ected by dopant concentration, sin-
tering atmosphere and Ba/Ti molar ratio.3ÿ5,7,8,15,16 In
particular the Ba/Ti ratio seems to play a crucial role.
EPR spectra of Gd3+ (1.02 AÊ ) in BaTiO3 single crys-
tals3ÿ5 indicated a preferential substitution on the Ba
site, but partial substitution at the Ti site was observed
when Ba/Ti>1 and after annealing in reducing atmo-
sphere. Luminescence spectra of Sm3+ (1.04 AÊ ) indicated
a similar behaviour, with substitution at both the Ba and
the Ti site.6,7 Substitution at the Ti site is enhanced by high
dopant concentration. High-temperature electrical con-
ductivity measurements15 have shown that Er3+ (0.96 AÊ )
and Y3+ (0.93 AÊ ) behave as acceptors (preferential sub-
stitution at Ti site) when Ba/Ti>1 but as donors (pre-
ferential substitution at Ba site) when Ba/Ti<1. The
electrical conductivity is nearly the same of undoped
BaTiO3 when Ba/Ti=1; in such a case the dopant occu-
pies simultaneously both cationic sites, with self-compen-
sation. The dependence of the substitution site of Y3+ and
Er3+ on the Ba/Ti ratio has been con®rmed by the room-
temperature electrical conductivity measurements and
microstructural observations of Xue et al.16 A recent
study of Zhi et al.17 on BaTiO3 heavily doped with Y3+

leads to the same conclusions. For what concerns the
ions of the ®rst series of the transition metals, like Cr,
Co, Fe and Ni, it is well established and accepted that
they preferentially substitute on the Ti site.9ÿ12 Whilst
the rare earth ions examined in the present work (La,
Pr, Gd, Tb, Er) and Y exhibit their stable +3 valence
state, this is not the case for transition element ions. The
valence state of 3d dopants was determined by Ihrig9

and Hagemann and Ihrig10 in their extensive work: Cr is
incorporated in the +4 state, Fe and Co in the +3 state
and Ni in the +2 state when annealing is carried out in
air. The corresponding ionic radii (0.55 for Cr4+, 0.64 for
Fe3+, 0.63 for Co3+ and 0.78 for Ni2+) are compatible
with that of Ti4+ (0.68). The above ions can be incorpo-
rated in the perovskite lattice at least up to 2 at%, a part
from Fe3+, which has a solubility of �1.25 at%.
The e�ect of dopants on the crystal structure of

BaTiO3 has received little attention. Only the e�ect of
the donor dopants Nb5+, La3+ and Nd3+ was investi-
gated with some detail.13,14,18ÿ23 The solubility of donor
elements in the BaTiO3 lattice is generally high and can
exceed 10 at%. There is a general agreement that addi-
tion of these ions determines a moderate increase of the
a lattice parameter and a more pronounced decrease of
the c lattice parameter resulting in an overall shrinkage of
the BaTiO3 unit cell. The structure becomes cubic when
the dopant concentration exceeds �5 at%. A di�erent

behaviour was found for Y3+.17 When incorporation
occurs at the Ba site (up to 1.5 at%) the crystal structure
is tetragonal and the unit cell volume increases with the
dopant concentration. On the contrary, when incor-
poration occurs at the Ti site (up to 12 at%), the crystal
structure becomes cubic when the Y3+ fraction exceeds
6 at%. The unit cell volume increases with the dopant
concentration in this case too.
Besides controlling the electrical properties, the pre-

sence of dopants considerably a�ects the microstructure
of polycrystalline barium titanate. In particular it is well
known that the addition of donor dopants above the
critical concentration (0.2±0.5 at%) corresponding to
the semiconducting-insulation transition greatly inhibits
grain growth.13,14,16,18,19,21 In heavily-doped ceramics,
grain size can be <1 mm. As a consequence, the in¯u-
ence of grain/particle size on crystal structure of BaTiO3

must be taken into account as a side e�ect of doping.
Pure and large-grained (�100 mm) polycrystalline
BaTiO3 as well as single crystals of macroscopic size
have a tetragonal ferroelectric structure at room tem-
perature with lattice constants c=4.034 AÊ and a=3.994
AÊ .24,25 The corresponding c/a ratio is 1.010. The tetra-
gonal modi®cation transforms to the cubic paraelectric
phase at 130�C.2 As the particle size drops below �0.5
mm, the c/a ratio rapidly decreases and the cubic mod-
i®cation (c/a=1) becomes stable for particles of 0.1±0.2
mm.26ÿ32 A similar behaviour was also observed for
PbTiO3 and BaTiO3±PbTiO3 solid solutions,28,33 even
though the phase transition occurs at a smaller crystal-
lite size. However, the exact value of particle size for
phase transition also depends on BaTiO3 synthesis
method and on the agglomeration state of the particles.
Powders obtained by the hydrothermal route often
possess a cubic or pseudocubic structure. Hennings and
Schreinemacher34 have shown how the protons incor-
porated in the perovskite lattice during hydrothermal
synthesis as OH groups can contribute to stabilize the
cubic modi®cation. Transition from the cubic to the
tetragonal form in powders with particle size of 0.2±0.3
mm was observed by moderate heating (200±500�C) as a
result of water release even though particle size remains
constant. Agglomeration is also important: particles
that would be cubic if they were isolated, show tetra-
gonal structure when they are part of a cluster.32 In
dense polycrystalline barium titanate, a change from the
tetragonal to pseudocubic structure is known to gradu-
ally take place at room temperature when grain size
<0.7 mm.29,35,36 The increase of critical size for phase
transition between loose particles and dense ceramics is
mainly ascribed to the role of surface e�ects: solid±gas
interfaces have to be considered in the case of powders,
whereas solid±solid interfaces become predominant in
ceramics.29 However, the e�ect of internal stresses in
dense, ®ne grained BaTiO3 ceramics could also a�ect
phase transitions.35,36
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In the present work we have studied the e�ect of for-
eign ions (1 at%) on the crystal structure of BaTiO3 in
order to ®nd a correlation between the variation of the
unit cell parameters and the prevailing dopant incorpora-
tion mechanism. The use of a sub-micron BaTiO3 starting
powder (�30 nm) and two di�erent annealing tempera-
tures has allowed us to obtain a series of ``®ne'' doped
powders (0.1±0.2 mm) and a series of ``coarse'' doped
powders (1±5 mm). As a consequence, the e�ect of crystal
size could also be investigated.

2. Experimental

BaTiO3 ®ne submicron powders were prepared from
Ba(OH)2 and TiCl4 using a hydrothermal-like process.
The titanium precursor (99.9%, Sigma-Aldrich, Milan,
Italy) was slowly introduced in a strong basic Ba(OH)2-
NaOH (99%, Aldrich) aqueous solution (pH>13) kept
at 80�C. After 5 h ageing at 80�C, the powder was
washed with distilled water until Clÿ ions were com-
pletely removed from the supernatant. Both synthesis
and washing were carried out under a nitrogen atmo-
sphere to avoid formation of barium carbonate. The
details of preparation are described elsewhere.37 The
particle size of the as-prepared powder, as determined
by transmission electron microscopy (TEM, model
2010, JEOL, Japan), was in the range of 20±50 nm. The
particles consisted of single crystals. The speci®c surface
area, as determined by the BET method (model Gemini
2360, Micromeritics, Norcross, GA, USA), was �30 m2

gÿ1, corresponding to an average particle size of �30
nm. The (Ba+Sr)/Ti ratio, as determined by ion-cou-
pled plasma spectroscopy (ICP, model Plasma-2000,
Perkin±Elmer, USA) was 1.02. The main impurities
present in the powders and determined by ICP analysis
were Sr (1.5 at%), Na (85 ppm) and Si (190 ppm). Cl
was below 5 ppm. The as-prepared powders were doped
with 1 at% of Cr, Co, Fe, Ni, Y, Er, Tb, Gd, Pr and La
by wet mixing of 50 g of the titanate powder with an
aqueous solution of the corresponding transition metal
or rare-earth nitrate (99.9%, Aldrich) in polyethilene
jars using zirconia balls. Dopant incorporation was
carried out in air by annealing at 950 and 1350�C. Two
treatments of di�erent duration were performed: 14 and
62 h. The treatments were conducted in high-purity
alumina crucibles (Degussa AL23, 99.7%) using at least
10 g of powder. The particle size of the annealed pow-
ders was measured by scanning electron microscopy
(SEM, Philips 515, Eindhoven, The Netherlands) on the
basis of �1000 particles.
The lattice parameters of the BaTiO3 powders at

room temperature were determined by powder X-ray
di�raction (XRD, model PW1710, Co Ka radiation,
secondary graphite monochromator, Philips, Eindho-
ven, The Netherlands) using the Rietveld method and

the DBWS program.38 For this purpose, the di�raction
pro®le was collected up to the (400) re¯ection with a
step of 0.025 �2� and a sampling time of 10 s. The lattice
parameter of the cubic modi®cation of BaTiO3 was
measured at 250�C using a high-temperature X-ray dif-
fractometer (HTXRD, model PW3710, CuKa radiation,
secondary graphite monochromator, heating system
Anton Paar ATK, Philips, Eindhoven, The Nether-
lands) following the same procedure described above,
but collecting the di�raction pro®le up to the (420)
re¯ection. The Rietveld method has given a reasonable
®t of the di�raction pro®les (Rwp 412% for room tem-
perature pro®les and Rwp 410% for 250�C pro®les)
except for Y-doped samples annealed for 14 h at
1350�C. In this case an asymmetrical broadening of the
di�raction peaks at room temperature as well as at
250�C towards low 2� angles was noticed. The asym-
metry is related to non-homogeneous dopant distribu-
tion inside the particles. As a consequence, the lattice
parameters obtained for this speci®c sample have little
signi®cance. The asymmetry of the peak pro®les dis-
appears when the samples are annealed for 62 h and is
absent on samples annealed at 950�C.

3. Results

3.1. Microstructure of doped powders

The particle size of BaTiO3 powders doped with 1 at%
of aliovalent impurities and annealed at 950 and 1350�C
is reported in Table 1. The size is given as a volume
average. The powders treated at 950�C remain in the
loose state without appreciable sintering. They are much
®ner than the powders treated at higher temperature

Table 1

Particle size of thermally treated BaTiO3 pure and doped powders

Particle size (mm)

950�C 1350�C

Dopant 14 h 62 h 14 h 62 h

Undoped 0.82�0.34 28.0�10.6
Cr 0.25�0.1 0.66�0.28 5.5�1.9 17.9�3.7
Co 0.11�0.03 0.15�0.06 5.9�2.3 9.2�2.7
Fea 0.16�0.05 0.21�0.09 3.0�1.0 3.8�1.9

14.8�5.2
Ni 0.09�0.03 0.13�0.04 3.9�1.5 16.0�6.5
Y 0.09�0.02 0.15�0.06 3.3�1.3 6.0�1.9
Er 0.20�0.06 0.20�0.07 4.6�2.2 7.1�2.2
Tb 0.23�0.09 0.31�0.10 3.9�1.2 4.4�1.4
Gd 0.19�0.07 0.19�0.06 2.6�0.9 3.3�1.1
Pr 0.13�0.04 0.16�0.06 0.47�0.17 0.7�0.28
La 0.14�0.05 0.14�0.04 0.41�0.15 0.8�0.28

a The particle size distribution of the Fe-doped samples annealed 62

h at 1350�C is bimodal.
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with a particle size in the range 0.1±0.2 mm (Fig. 1a);
only the particles of undoped barium titanate have
grown up to 0.8 mm. The particles generally have a
faceted shape, which is distinctly cubic for powders
doped with Cr, Fe, Pr and La, as well as for undoped
BaTiO3. During annealing at 1350�C further coarsening
of the particles occurs (Fig. 1b), with formation of
aggregates. Inside the aggregates, partial sintering has
occurred, even though the morphology looks dominated
by coarsening. In the following, the terms ``particle size''
and ``particle growth'' rather than ``grain size'' and
``grain growth'' are in any case preferred, even though
the distinction is, sometimes, arbitrary. Coarsening is in
particular evident in samples doped with transition
metal ions, Y and Er, where the average particle size
after 62 h annealing is >6 mm. On the contrary, in
samples doped with Pr and La particle growth is inhib-
ited and the particle size is only �0.7 mm after 62 h.
Samples doped with Gd and Tb present an intermediate
behaviour: particles have grown up to �3±4 mm after 62

h. The Fe-doped powder has a bimodal size distribution,
with large particles>10m and smaller particles of�3 mm.
Maximum particle growth occurred in the undoped pow-
der, where the particle size exceeds 20 mm.
Powders doped with Cr, Co, Fe and Ni are dark-

coloured whereas powders doped with Gd, Pr and La
are yellow-coloured. Doping with Tb produces a bright
orange colour; powders doped with Y and Er are white.
Formation of second phases was not detected in all of
the samples within the detection limit of X-ray di�rac-
tion (�0.5 wt%).

3.2. Lattice parameters of tetragonal modi®cation

The room temperature di�ractograms were, in any
case, ®tted with the tetragonal structure. However, in
the case of samples doped with Co, Ni and La annealed
14 h at 950�C, and samples doped with Ni annealed 62 h
at 950�C, where the tetragonality turns out to be very low
(c/a <1.003), the ®t with the tetragonal structure is only
marginally better than the ®t with the cubic structure.
The cell parameters of the tetragonal modi®cation as a
function of the ionic radius of the dopant are reported in
Figs. 2±5. The ionic radius of the transition element ions
is that corresponding to the most probable valence state,
according to available literature.9ÿ12 The average error
on cell parameters has been estimated to be ��5�10ÿ4
AÊ on the basis of repeated collection of di�raction pro-
®les and use of high-purity silicon as internal standard.
The incorporation of dopants leads to an increase of a

lattice parameter and a decrease of c lattice parameter in
comparison to undoped BaTiO3. For samples annealed
at 950�C (Figs. 2 and 3), the annealing time has a small
and poorly signi®cant e�ect on a (except for Fe and Tb),
while there is a systematic increase of c for all of the

Fig. 1. SEM micrographs of BaTiO3 powder doped with 1 at% Er; (a)

annealed 14 h at 950�C; (b) annealed 14 h at 1350�C.

Fig. 2. The lattice parameter a of the room temperature tetragonal

modi®cation of BaTiO3 as a function of the ionic radius of the dopant for

powders annealed at 950�C. (*) Annealing time 14 h. (*) Annealing

time 62 h. Dopant fraction: 1 at%. The point corresponding to

undoped BaTiO3 (14 h) was placed on the vertical axis as reference.
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dopants. For samples annealed at 1350�C (Figs. 4 and
5), there is a noticeable variation of both a and c on
increasing the annealing time when doping with Ni and
Y. This variation was expected for Y-doped samples,
where a non homogeneous dopant distribution in sam-
ples annealed for 14 h can be inferred from the observed
asymmetric XRD peak pro®le. Smaller but signi®cant
di�erences are observed also for samples doped with
Co, Fe and La. The variation of the reduced lattice
parameter of the tetragonal modi®cation, (a2c)1/3, in
comparison to undoped BaTiO3, (a

2
0c0)

1/3, is shown in
Fig. 6 for samples annealed at 950�C and in Fig. 7 for
samples annealed at 1350�C. The reduced lattice para-
meter exhibits a maximum corresponding to either Y3+

or Er3+. For samples annealed at 950�C an expansion
of the unit cell volume is generally observed (except a
very small shrinkage for La- and Pr-doped samples
treated for 14 h) and there is a signi®cant volume var-
iation on increasing the annealing time for Y3+, Er3+

and Gd3+. For samples annealed at 1350�C, shrinkage
of the unit cell is observed for Cr4+, Co3+, Fe3+, Pr3+

and La3+ incorporation. Unlike the samples annealed
at 950�C, the unit cell volume is almost constant with
annealing time, with the expected exception of Y. For
the remaining ions, the variations are within the experi-
mental error. In the case of Ni, the relative variations of
the lattice parameters observed on increasing the
annealing time lead to a mutual compensation when the

Fig. 3. The lattice parameter c of the room temperature tetragonal

modi®cation of BaTiO3 as a function of the ionic radius of the dopant for

powders annealed at 950�C. (*) Annealing time 14 h. (*) Annealing

time 62 h. Dopant fraction: 1 at%. The point corresponding to

undoped BaTiO3 (14 h) was placed on the vertical axis as reference.

Fig. 4. The lattice parameter a of the room temperature tetragonal

modi®cation of BaTiO3 as a function of the ionic radius of the dopant for

powders annealed at 1350�C. (~) Annealing time 14 h. (~) Annealing

time 62 h. Dopant fraction: 1 at%. The point corresponding to

undoped BaTiO3 (14 h) was placed on the vertical axis as reference.

Fig. 5. The lattice parameter c of the room temperature tetragonal

modi®cation of BaTiO3 as a function of the ionic radius of the dopant for

powders annealed at 1350�C. (~) Annealing time 14 h. (~) Annealing

time 62 h. Dopant fraction: 1 at%. The point corresponding to

undoped BaTiO3 (14 h) was placed on the vertical axis as reference.

Fig. 6. Variation of the room temperature reduced lattice parameter,

(a2c)1/3, of doped (1 at%) BaTiO3 in comparison to that of undoped

perovskite, (a20c0)
1/3, as a function of the dopant ionic radius for powders

annealed at 950�C. (*) Annealing time 14 h. (*) Annealing time 62 h.
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unit cell volume is calculated. The c=a ratio as a func-
tion of ionic radius of the dopant for the two annealing
temperatures (950 and 1350�C) is shown in Fig. 8 for
powders ®red 14 h and in Fig. 9 for powders ®red 62 h.
The tetragonality of undoped BaTiO3 annealed at
1350�C perfectly agrees with the literature value repor-
ted for single crystals: 1.010.24,25 The presence of the
foreign ion leads to a decrease of the tetragonality of the
structure for all of the investigated dopants in compar-
ison to undoped BaTiO3. The decrease of c=a is caused
by the increase of a and the decrease of c (see Figs. 2±5).
The variation of the c/a ratio with the ionic radius is not
monotonic but strongly depends on the nature of the
dopant. For samples annealed at 1350�C doping with

Cr, Er, Tb and Gd determines only a small variation,
whereas for Co, Fe, Ni, Pr and La the decrease in tetra-
gonality is more pronounced. A systematic shift of the
points towards lower values of c=a (decreasing tetra-
gonality) can be noticed when the annealing temperature
decreases from 1350 to 950�C. The smallest shift is given
by undoped BaTiO3 (from 1.010 to 1.0088).

3.3. Lattice parameter of cubic modi®cation

The lattice parameter (a) of the cubic modi®cation
measured at 250�C as a function of the ionic radius of
the dopant for samples annealed at 1350�C is shown in
Fig. 10. The data refer to an annealing time of 14 h,

Fig. 8. The room-temperature c=a ratio of doped (1 at%) BaTiO3 as a

function of the dopant ionic radius for powders annealed for 14 h. (*)

Annealing temperature 950�C, (~) annealing temperature 1350�C.
The points corresponding to undoped BaTiO3 (14 h) were placed on

the vertical axis as reference.

Fig. 7. Variation of the room temperature reduced lattice parameter,

(a2c)1/3, of doped (1 at%) BaTiO3 in comparison to that of undoped

perovskite, (a20c0)
1/3, as a function of the dopant ionic radius for powders

annealed at 1350�C. (~) Annealing time 14 h, (~) annealing time 62 h.

Fig. 9. The room-temperature c=a ratio of doped (1 at%) BaTiO3 as a

function of the dopant ionic radius for powders annealed for 62 h. (*)

Annealing temperature 950�C, (~) annealing temperature 1350�C.
The points corresponding to undoped BaTiO3 (14 h) were placed on

the vertical axis as reference.

Fig. 10. Variation of the lattice parameter, a, of cubic modi®cation of

doped (1 at%) BaTiO3 in comparison to that of undoped perovskite,

a0, as a function of the dopant ionic radius for powders annealed 14 h

at 1350�C. For the Y-doped sample, the annealing time was 62 h.

Lattice parameter was measured at 250�C.
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except for the Y-doped sample, which corresponds to 62
h annealing. The estimated average error on a is of the
order of �5�10ÿ4 AÊ . Comparison of the data of Fig. 10
with the reduced lattice parameter of the tetragonal
modi®cation (Figs. 6 and 7) shows, from a qualitative
point of view, a similar behaviour: the unit cell volume
in both cases passes through a maximum corresponding
to either Y3+ or Er3+.

4. Discussion

4.1. Dopant di�usion

Dopant incorporation during annealing of the powders
occurs by solid-state di�usion. An order of magnitude
calculation of the time required to attain homogeneous
dopant distribution has been carried out assuming
spherical particles of di�erent size. For di�usion in a
sphere of radius a, initially (t � 0) at uniform concentra-
tion C1 � 0, if the surface is maintained at constant con-
centration C0, the concentration C at time t > 0 and
position r a > r50� � is given by [39]

Cÿ C1

C0 ÿ C1
� 1� 2a

�r

X1
n�1

ÿ1� �n
n

sin
n�r

a
exp ÿDn2�2t=a2

ÿ �
�1�

where D is the concentration-independent di�usion coef-
®cient. The di�usion in BaTiO3 has been scarcely studied
in spite of its fundamental and technological importance
related to doping and only limited data are available.
Oxygen self-di�usion coe�cient (�2�10ÿ11 cm2 sÿ1 at
1000�C) is much larger than barium self-di�usion coe�-
cient (1.0�10ÿ16 cm2 sÿ1 at 950�C, 8.5�10ÿ13 cm2 sÿ1 at
1350�C).40 Titanium self-di�usion coe�cient is not
known. Gopalan and Virkar,41 in their study on BaTiO3-
SrTiO3 interdi�usion at 1300�C, have concluded that Ba
is the slowest moving species in the system. For the
composition Ba0.4Sr0.6TiO3 they measured an interdi�u-
sion coe�cient of �10ÿ11 cm2 sÿ1. For the same compo-
sition, Butler et al.42 have reported an interdi�usion
coe�cient of �2�10ÿ12 cm2 sÿ1 at 1297�C. The authors
are not aware of any data about impurity di�usion in
BaTiO3. Impurity di�usion in the isostructural LiNbO3

compound is generally of the same order of magnitude
of the self-di�usion coe�cients 40. Thus, Eq. (1) has
been iteratively solved assuming C=0.9C0 (the con-
centration at the centre of the sphere attains 90% of its
value at the surface) for di�erent values of the di�usion
coe�cient and the radius of the particle. It is worth
noting that the di�usion time depends quadratically on
the radius of the sphere and linearly on the di�usion
coe�cient. For instance, if D=10ÿ13 cm2 sÿ1, uniform
dopant incorporation requires 0.021 h for a=0.05 mm,
2.1 h for a=0.5 mm and 210 h for a=5 mm. ForD=10ÿ11

cm2 sÿ1, the time required for uniform distribution is
only 2.1 h for a=5 mm. If D=10ÿ16 cm2 sÿ1, the
required time increases to 21 h for spheres of radius 0.05
mm. As a consequence, considering the observed size of
the BaTiO3 particles (�0.1 mm for powders annealed at
950�C and 3±5 mm for powders annealed at 1350�C) and
an annealing time of �20 h, a satisfactory uniform
dopant distribution can be attained at 950�C if
D510ÿ16 cm2 sÿ1 and at 1350�C if D 510ÿ12 cm2 sÿ1.
These values compare with the Ba self-di�usion coe�-
cient in BaTiO3. The presence of a large dopant con-
centration gradient inside the particles of the samples
annealed for 14 h should result in an evident change of
the lattice parameters on increasing the di�usion time.
Large variations of the cell parameters on increasing the
annealing time from 14 to 62 h were noticed only for
incorporation of Ni2+ and Y3+ at 1350�C (Figs. 2±5).
These variations re¯ect the existence of a non homo-
geneous dopant distribution at short annealing times. In
particular, the pronounced asymmetry of the XRD
peaks of the Y-doped sample can be interpreted as the
existence of a core-shell structure within the particles,
with two regions of di�erent dopant concentration. On
the contrary, the symmetric shape of the XRD peaks of
the Ni-doped samples supports the existence of a more
uniform concentration gradient. For most part of the
remaining samples, the change of the lattice parameter
is rather small. This is an indication that a rather
homogeneous dopant distribution is already attained
after 14 h annealing, although a residual concentration
gradient is still present.

4.2. Unit cell volume and incorporation site of dopants

The non-monotonic variation of the unit cell volume
as a function of the ionic radius of the dopant ions
(Figs. 6, 7 and 10) con®rms that the prevailing sub-
stitution site is dependent on the ionic radius of the
impurity. On the basis of the framework outlined in the
Introduction section, the observed behaviour can be
interpreted as follows (the notation of Kroger and Vink
is used to denote the lattice defects):
(i) The transition element ions (Cr4+, Fe3+, Co3+

and Ni2+) preferentially substitute on the Ti site.
Incorporation of Cr4+ does not require charge com-
pensation,

M2O3 � 2TiTi � 1

2
O2 ! 2MTi � 2TiO2 �2�

whereas incorporation of Ni2+, Fe3+, Co3+ is com-
pensated by the formation of oxygen vacancies, V��0

MO� TiTi �O0 ! M00Ti�V
��
0 � TiO2 �3�

M2O3 � 2TiTi �O0 ! 2M0Ti�V
��
0 �2TiO2 �4�
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Charge compensation by formation of electron holes
can become important only at high oxygen pressure.
Expansion of the unit cell occurs when moving from
Cr4+ (0.55 AÊ ) to Ni2+ (0.78 AÊ ) and this is a con-
sequence of the size e�ect.
(ii) The ions La3+ (1.15 AÊ ) and Pr3+ (1.09 AÊ ) pre-

ferentially substitute at the Ba site

2M2O3 � 4BaBa � TiTi ! 4M
�
Ba�V0000Ti

� 3BaO� BaTiO3

�5�

The available experimental data13,14,20 indicate that
formation of titanium vacancies, V0000Ti , as charge com-
pensation defects is preferred over formation of barium
vacancies when the donor dopant concentration exceeds
�0.5 at%. Electron compensation prevails only at lower
dopant concentration or in reducing conditions. It is
worth noting that a small decrease of the unit cell
volume occurs in any case when moving from La3+ to
Pr3+. This is consistent with exclusive substitution at
the Ba site (1.35 AÊ ) because of the smaller size of Pr3+

in comparison to La3+.
(iii) Moving from Gd3+ (1.02 AÊ ) to Y3+ (0.93 AÊ )

there is an increasing fraction of the foreign ions sub-
stituting at the Ti site. If the trivalent dopant occupies
both cationic sites with the same probability, self-com-
pensation occurs

M2O3 � BaBa � TiTi ! M
�
Ba �M0Ti � BaTiO3 �6�

For Er3+ and Y3+, prevalent substitution at the Ti
site according to Eq. (4) is likely to occur because of the
observed large variation of the unit cell volume. Incor-
poration at the Ti site is induced by the Ba/Ti molar
ratio greater than unity (1.02) in the original powders. If
substitution had occurred prevalently at the Ba site a
shrinkage would have been observed.
The predicted behaviour of the investigated ions is

supported by the results of a recent computer simula-
tion study based on the use of pairwise interatomic
potentials within the static lattice approximation.43 The
cell parameter of the cubic modi®cation corresponding
to the addition of 1 at% of dopant was computed
according to di�erent incorporation mechanisms. Both
the foreign ion and the corresponding charge compen-
sating defect (if any) were taken into consideration in
the calculation of the unit cell edge. Simulation was
carried out on the cubic structure because the tetragonal
distorsion of the structure can not be properly described
with the adopted pairwise potential. The comparison
between the experimentally observed variations of the
cell edge induced by the dopant and the calculated var-
iations for (i) substitution at the Ti site with oxygen
vacancy compensation [Reactions (3) and (4)], (ii) sub-
stitution at the Ba site with titanium vacancy compen-
sation [Reaction (5)] and (iii) substitution at both

cationic sites with self-compensation [Reaction (6)] is
shown in Fig. 11. The behaviour of the rare earth ions
and Y3+ is well reproduced. In particular the antici-
pated incorporation forms corresponding to pre-
dominant substitution of La3+ and Pr3+ at the Ba site,
partial substitution of Gd3+ and Tb3+ at the Ti site and
prevalent substitution of Er3+ and Y3+ at the Ti site are
con®rmed. The behaviour of the transition impurities is
less accurately reproduced. Substitution at the Ti site
with oxygen vacancy compensation is the incorporation
mechanism which more closely approximates the
experimental points. However, a shrinkage of the unit
cell is predicted from calculation whereas an expansion
is actually observed. One reason for this discrepancy is
provided by defect association, which has not been
considered in simulation of the dopant e�ect on lattice
parameter.43 The existence of stable impurity±oxygen
vacancy pairs has been reported in BaTiO3 and SrTiO3

doped with iron, cobalt and nickel from EPR measure-
ments.12 The preferred incorporation mechanism of
impurities can also be inferred from the calculation of
the solution energy of the dopant oxide43,44 at in®nite
dilution. The largest lanthanide ions (La3+ and Pr3+)
are predicted to substitute at Ba site with electron com-
pensation, whereas for smaller lanthanide ions (Gd3+,
Tb3+ and Er3+) and Y3+, self-compensation becomes
the energetically favoured incorporation mechanism.
Even less favoured than electron compensation, titanium
vacancy compensation is energetically preferred over
barium vacancy compensation. However, the limitations
of the static lattice techniques adopted in simulation do
not allow to study the e�ect of thermodynamic variables
like the Ba/Ti ratio and the oxygen partial pressure on
dopant incorporation. Such parameters can become

Fig. 11. Calculated (static lattice atomistic simulation) and experi-

mental variation of the lattice parameter of cubic BaTiO3 induced by

di�erent dopants (dopant fraction: 1 at%). (&): Incorporation at the

Ti site with oxygen vacancy compensation, (*): incorporation by self-

compensation, (~): incorporation at the Ba site with titanium vacancy

compensation, (*): experimental values (250�C). Substitution of Ni2+

at the Ba site does not require charge compensation.
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important when the energy di�erence among di�erent
incorporation forms is small. In particular for Y3+ and
Er3+ the energy di�erences among the mechanisms
corresponding to Reactions (4)±(6) are smaller than for
any other dopant investigated. This is a further indica-
tion of the sensitivity of the substitution site of Er3+ and
Y3+ on Ba/Ti ratio. Calculations also correctly predict
the predominant valence state of Fe (+3), Co (+3) and
Ni (+2) in the BaTiO3 lattice. For what concerns chro-
mium, our calculations suggest that incorporation in the
trivalent state is energetically favoured in contrast with
the available experimental data.9ÿ11 For this reason, the
simulation corresponding to Cr4+ doping was not
included in Fig. 11.
It is worth noting that the addition of aliovalent impu-

rities determines a decrease of the average particle size for
all investigated dopants in comparison to pure BaTiO3.
For powders treated at 950�C, there are not signi®cative
di�erences between acceptor-doped samples (Fe3+, Co3+,
Ni2+, Y3+, Er3+) and the donor-doped samples (La3+,
Pr3+) (see Table 1). The particle size changes only of a
factor of 2 as a function of the dopant introduced. On
the contrary (see Table 1), after ®ring at 1350�C, the
particles of acceptor-doped samples are one order of
magnitude larger than those of donor-doped samples
(La3+, Pr3+). Also the particle size of Gd- and Tb-
doped samples after ®ring at 1350�C is much larger than
that of La- and Pr-doped powders; this observation
further supports the hypothesis of partial substitution of
these elements on the Ti site.

4.3. In¯uence of dopants on the c/a ratio

As shown in Figs. 8 and 9, the room-temperature c=a
ratio of doped BaTiO3 decreases in comparison to the
undoped perovskite for all of the dopants and the nat-
ure of the foreign ion has a strong in¯uence on the
extent of the e�ect. Since the particle size of powders
annealed at 1350�C is generally of the order of few
microns, we can assume that in this case the decrease of
tetragonality is mainly induced by dopant incorpora-
tion. Only in the case of La and Pr an additional size
e�ect on the room temperature c/a ratio can not be
excluded owing to the smaller particle size (�0.4 mm
after 14 h annealing, �0.7 mm after 62 h annealing). The
ratio of the lattice constants of a Ba0.95La0.01Sr0.04TiO3

single crystal is reported to be �1.007.22 This value can
be compared with the ratio found in the present study:
1.005 after 14 h annealing and 1.006 after 62 h anneal-
ing. The room temperature c/a ratio measured on dense
(99.5%) polycrystalline barium titanate with a grain size
of 0.5 mm was �1.006.36 The reduced tetragonality of
doped powders annealed at 1350�C can be therefore
explained as a stabilization of the cubic phase; as a
consequence it is expected to observe a decrease of the
Curie temperature, Tc. For doping with Cr, Co, Fe and

Ni, the variation of Tc as a function of dopant con-
centration is reported in Refs. 9 and 10. In any case a
decrease of Tc was observed and the value of ÿ dTc=dx,
where x is the dopant atomic fraction, rises moving
from Cr (�4�C/1 at%) to Ni (�30�C/1 at%). In agree-
ment a monotonic decrease of the c/a ratio was found
(Figs. 8 and 9). In the case of 1 at% La doping, where
the tetragonality is even lower than in Ni doped sam-
ples, the Tc is also strongly depressed: 20±40�C/1 at%.21

The Tc is lowered by �10�C/1 at% in Er-doped
BaTiO3

6 and by 29�C/1 at% in ceramics of composition
BaTi1ÿxYxO3 (Ti site substitution).45 Concerning the
remaining dopants (Tb, Gd) the authors are not aware
of literature data about their e�ect on Tc.
The stabilization of the cubic phase in the case of

Co3+, Fe3+ and Ni2+ is the consequence of two
e�ects:9,10,12 (i) the creation of oxygen vacancies as
charge compensating defects (ii) the symmetry proper-
ties of the electronic wave functions of the un®lled 3d
shell of the above transition metal ions, which impede
bonding with the p oxygen orbitals. The most thor-
oughly investigated dopant in this category is Fe3+.12 It
was found that Fe3+ participates by less than one order
of magnitude to the collective o�centre displacement of
Ti4+ ions during the cubic to tetragonal transition in
BaTiO3. In other words it remains at the approximate
centre of the oxygen octahedron, opposing to phase
transition.

4.4. In¯uence of particle size on the c/a ratio

The lowering of the annealing temperature from 1350
to 950�C has a considerable in¯uence on the room-
temperature c/a ratio of doped BaTiO3 (Figs. 8 and 9).
The observed, sistematic reduction of tetragonality is a
direct consequence of the smaller size (0.1±0.2 mm) of
the particles obtained at 950�C in comparison to
annealing at higher temperature (1±5 mm). The observed
c/a ratio in powders treated at 950�C thus corresponds
to the superposition of the intrinsic e�ect of doping on
crystal structure and of the particle size e�ect, which is a
side-e�ect of dopant addition. The size of doped pow-
ders annealed at 950�C falls in the critical range where a
strong reduction of the room-temperature c/a ratio is
observed for pure BaTiO3.

26ÿ32 For undoped BaTiO3,
where the smallest decrease in tetragonality is observed
(from 1.010 to 1.009), the particles obtained at 950�C
are substantially larger (�0.8 m) than those of doped
powders (0.1±0.2 mm). A size e�ect on the BaTiO3 crys-
tal structure similar to that described in the present
work and induced by La doping was reported by Hsiang
et al.46 Fine perovskite powders containing 2 at% La
showed cubic structure after ®ring at 900 and 1000�C,
but tetragonal structure after annealing at 1100 and
1200�C. The undoped crystallites had tetragonal struc-
ture irrespective of temperature. The di�erent behaviour
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was attributed to the inhibition of particle growth
induced by doping.
Examination of Figs. 8 and 9 reveals that the c=a ratio

increases when the annealing time passes from 14 to 62
h. For samples treated at 1350�C, the main reason for
this behaviour is a more uniform dopant distribution
attained after a longer annealing time. Accordingly, the
observed variation is larger for Ni- and Y-doped sam-
ples. In the case of powders treated at 950�C, also the
particle size e�ect is likely to have an important role in
the increase of tetragonality. Although the average par-
ticle size only increases of �30%, a variation of this
extent can have a non-negligible e�ect on the tetra-
gonality of the structure for particles in the range 0.1±
0.2 mm as veri®ed for undoped BaTiO3.

26ÿ32

5. Conclusions

Fine BaTiO3 powders (Ba/Ti=1.02, size �30 nm)
were doped with 1 at% of di�erent dopants: Cr, Co, Fe,
Ni, Y, Er, Tb, Gd, Pr and La. Dopant incorporation
has been carried out by annealing at 950 and 1350�C in
air. The lattice parameters at room-temperature as well
as at 250�C were measured by X-ray di�raction using
the Rietveld method. The following conclusions can be
drawn from the present study:

1. The room-temperature structure of doped BaTiO3

is tetragonal.
2. The room-temperature c=a ratio of doped BaTiO3

is lower than that of undoped BaTiO3 (1.01) for all
the investigated dopants, but dependent on the
dopant nature and annealing temperature. For
powders doped with Co, Ni and La and annealed
at 950�C, the tetragonality is <1.003.

3. The c=a ratio of doped BaTiO3 powders annealed
at 1350�C is mainly determined by dopant incor-
poration.

4. The c=a ratio of doped BaTiO3 powders annealed
at 950�C results from the combined e�ect of
dopant incorporation and particle size. In this case
the particle size (0.1±0.2 mm) was more than one
order of magnitude smaller than in powders cal-
cined at 1350�C.

5. Comparison of the experimentally measured unit
cell edge of cubic BaTiO3 (250

�C) with the results
of atomistic computer simulations gives indication
on the preferential incorporation site of the
dopants. In particular, La3+ and Pr3+ prefer to
substitute at the Ba site whereas Tb3+ and Gd3+

give partial substitution at the Ti site. For Er3+

and Y3+ preferential substitution at the Ti site is
predicted in the present case. For transition metals
impurities, preferential substitution at the Ti site is

con®rmed, although the observed behaviour is less
accurately reproduced by simulations.
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