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Crystal and Defect Chemistry of Rare Earth Cations in BaTiO3
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Abstract. This study revisits the issue of rare earth cation substitutions into barium titanate. Analysis based upon
crystal chemistry, defect chemistry and metastable states is presented to aid interpretation of experimental data.
Recent detailed and highly precise X-ray powder diffraction and Electron Paramagnetic Resonance experiments
performed on samples produced with different A/B ratios and fired under different oxygen partial pressure conditions
give rise to new insights into the material. Specifically, the site occupancy and the valence states for the rare-earth
dopants in barium titanate are considered. Earlier work is also reviewed and compared to the studies performed here.
Collectively a classification of the various types of behavior observed for the rare-earth series in barium titanate is
presented.
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1. Introduction

Many cation dopants are highly soluble in BaTiO3,
and are used to engineer the electrical properties of
the material. The BaTiO3 material is used for a num-
ber of electro-optic, electromechanical and dielectric
applications, but the largest commercial markets are
positive temperature coefficient resistors (PTCR) and
multilayer capacitors (MLC) [1]. Both PTCR and MLC
BaTiO3 materials often have formulation involving the
incorporation of rare-earth cations to control conduc-
tivity and electrical degradation, respectively [2, 3]. It
is the latter of these two applications that pulled this
investigation. In particular, dopants such as Ho and Dy
which give rise to amphoteric behavior (A- or B-site
occupancy) and maximize the lifetime of base metal
multilayer capacitors.

The objective of this study is to give a detailed ac-
count of the various types of behavior that can be ob-
served in doping BaTiO3 with rare-earths and classify
the various phenomena observed. The trends are dis-
cussed in terms of the defect and crystal chemistry of
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the host BaTiO3 crystal. The rare-earths are first con-
sidered as a series of 3+ cations with gradual change in
their ionic radii. Second, other valences are also con-
sidered with relation to the temperature, oxygen par-
tial pressure and site occupancy. Earlier experimental
works are reviewed as well as our own XRD and EPR
measurements. Finally, a summary is given in the form
of a short note for each of the rare-earth dopants, except
the radioactive Pm.

2. Theoretical Considerations of Site Occupancy

2.1. Tolerance Factor Considerations

In an ideal cubic perovskite, the ionic radii,
ri (i = A, B, O), satisfy the relation: rA + rO =√

2(rB + rO). The Goldschmidt tolerance factor for
perovskites is, hence, defined by [4, 5]

t = rA + rO√
2(rB + rO)

(1)

For pure barium titanate, t � 1.06. t is greater than 1
due to the fact that the Ti4+ ion is smaller than its cav-
ity (BaZrO3 has t � 1) and/or that the Ba2+ is larger



26 Tsur, Dunbar and Randall

than its cavity (SrTiO3 has t � 1). The substitutional
chemistry cannot be determined by the tolerance factor
alone. One should rather consider the tensoric nature
of the strain, as well as charge and charge-distribution
effects. However, for comparison of similar ions on
the same site, the tolerance factor is a very useful tool
that can give the correct trends. In addition, less reli-
able comparisons between different sites and different
charge states can be made, provided the correct coor-
dination numbers are considered, namely, 12 and 6 for
the A- and B-sites respectively. For such comparisons,
we define tA and tB as the tolerance factors for substi-
tutional ions on the A- and B-sites respectively, taking
into account the correct coordination number.

The tolerance factors tA and tB for the rare-earths
3+ ions R3+ are presented in Fig. 1 as functions of the
ionic radius r(R3+

VI ) where the subscript represents the
coordination number. The ionic radii are taken from
CRC [6] rO = r(O2−

VI ) = 1.40 Å, r(Ti4+
VI ) = 0.61 Å

and r(Ba2+
XII) = 1.61 Å. Assuming that the local

strain is similar in both sites, it is expected that if the
incorporation into one site results in a tolerance factor
much closer to unity than the incorporation into the
other site, then the first one would be preferred over
the second. It is therefore expected from the tolerance
factors, see Fig. 1, that small ions (r(R3+

VI ) � 0.87) will
occupy the B-site, large ions (r(R3+

VI ) � 0.94) will oc-
cupy the A-site, and intermediate ions will occupy both
sites with different partitioning for each ion. This will
only hold for ions that are 3+ during the formation of
the BaTiO3 phase or grain growth; this we refer to as the
incorporation process (see below). We note again that
a comparison between ions in different sites based on
tolerance factors, is only a qualitative one. Hence from

Fig. 1. The tolerance factors tA and tB for substitution of trivalent
ions on the A- and B-sites, as functions of the ionic radius.

this part one should expect a gradual change with the
ionic radius from B-site to A-site occupancy, but the
exact change-over point cannot be safely deduced. Yet,
as we shall show later, there is a remarkable match be-
tween Fig. 1 (change-over at r(R3+

VI ) ≈ 0.9) and other
quantitative techniques.

2.2. Thermodynamic Considerations

To gain understanding on what influences the site occu-
pancy ratio, we consider the following two alternative
incorporation reactions:

2Tix
Ti + O×

O + R2O3 ⇒ 2R′
Ti + V ··

O + 2TiO2 (2)

2Bax
Ba + V ··

O + 2TiO2 + R2O3

⇒ 2R•
Ba + O×

O + 2BaTiO3 (3)

We use the Kröger–Vink notation [7] for point defects.
Combining the corresponding mass action relations
gives:

[R•
Ba]

[R′
Ti]

= K(R, T )[V ··
O ] a2(TiO2) (4)

where a is activity and R represents a given R3+ ion.
Equations (2)–(4) hold only at very high temperatures,
where all these species are mobile on a reasonable time
scale [8]. As a rule of thumb, Eq. (4) is valid at tempera-
tures whereby grain growth occur. We have previously
used an alternative (and formally equivalent) presenta-
tion that links the site occupancy ratio to metal vacancy
concentrations [9]

[R•
Ba]

[R′
Ti]

∝ [V ′′
Ba]

[V ′′′′
Ti ]

(5)

This presentation assumes that the metal vacancy con-
centrations are not negligible. Since the latter assump-
tion is under debate, we shall use here Eq. (4).

From Eq. (4) it follows that Ba-rich chemistry drives
the ratio towards B-site and vice versa. However, one
has to remember that this is only a ratio, i.e., the site
occupancy ratio can still be very close to zero or very
large for a particular impurity R. Since the charge dif-
ference of trivalent ion is ±1 for both sites, it is ex-
pected that the ionic radius will influence the mag-
nitude of K , as discussed above with relation to the
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tolerance factors. Large ions will occupy the A-site
(large K ) and small ions will occupy the B-site (K ap-
proaches zero). The influence of the stoichiometry is
most significant in the intermediate cases. In addition,
the site occupancy ratio is P(O2) dependent. For simple
cases it is proportional to the oxygen vacancy concen-
tration, as shown theoretically and verified experimen-
tally elsewhere [9] (see also Table 2 below). The simple
proportionality can be also inferred from Eq. (4) for
the particular case where the activity of titania is kept
constant (namely, where there are two solid phases in
equilibrium).

2.3. Kinetic Considerations

The cation sublattice can be easily frozen-in [8, 10].
Oxygen vacancies can migrate under electrochemical
potential gradients relatively easily. This is because
each oxygen vacancy has eight oxygen second-nearest
neighbors into which it can hop. In the cation sublat-
tice, however, the situation is quite different. A metal
vacancy has eight second-nearest neighbors of the other
metal site, and six third-nearest neighbors (and twelve
fifth-nearest neighbors) of the same metal site. Hop-
ping to the other metal site involves antisites, which are
extremely unlikely due to size mismatch (for instance,
Ba2+

VI on the B-site gives tolerance factor of tB = 0.774)
and charge mismatch. Hopping between like metal sites
is inhibited by the large potential barriers. However it
is possible, but only at very high temperature and/or at
surfaces. Impurities on the cation sublattice need metal
vacancies in its neighbor in order to migrate. There-
fore their migration also depends on the metal vacancy
concentrations. The metal vacancy concentrations are
believed to be higher near the surface [11]. It is there-
fore expected that impurities will migrate towards the
surface during grain growth, until they are trapped in
the bulk. The question of whether or not a core-shell
structure with almost pure cores and highly doped shell
barium titanate will be formed, is largely depends on
the processing.

Of particular interest are rare-earth ions which are
3+ during the incorporation, and have comparable tol-
erance factors on both sites. These ions can migrate
by hopping from one metal site into a neighboring va-
cancy on the other metal site. This makes the mobility
of these ions larger than the mobility of other impu-
rities, especially in space charge (high metal vacancy
concentrations) regions.

To summarize this section, one expects equilibrium
situations only at very high temperatures and in small
grains. All other situations are metastable states. The
most common metastable state can be described as a sit-
uation where the metal sublattice is practically frozen
in, and the oxygen sublattice is in equilibrium with
the surrounding. At lower (around room) temperature
the oxygen sublattice is also practically frozen, as dis-
cussed by Sasaki and Maier [12]. Incorporation of im-
purities is by definition not a metastable state. However,
impurities are expected to be frozen even at higher tem-
peratures than the metal vacancies. Therefore the site
occupancy is determined by the conditions at the ini-
tial incorporation and can not be easily changed by later
treatments.

3. The Valence of the Dopant

The valence of the rare earth dopants is influenced by
the surroundings. While most of the rare earths are
rather stable as 3+ ions, some of them can assume ei-
ther 2+ or 4+ valence states as well. For the less stable
ions, the following parameters are to be considered:
� The site: A-site drives the rare-earth ion towards

lower valence, while B-site drives it towards higher
valence. This is due to both coulombic and strain
energy contributions.
� Thermal energy: Higher temperature drives the ions

towards higher valence.
� Electron/hole concentration (and oxygen partial

pressure): For a given temperature, higher oxygen
partial pressure give rise to higher concentration
of holes and lower concentration of electrons. This
drives the ions towards higher valence.
As explained in the previous section, the impuri-

ties choose their sites according to the local conditions
during the incorporation. These impurities would not
be expected to change their site at low temperatures.
However, changes in valence depending on tempera-
ture and oxygen partial pressure may occur while the
cation sublattice is in a metastable state.

4. Survey of Earlier Experimental Works

Investigations of site occupancy and properties of alio-
valent doped BaTiO3 were considered in several con-
texts and by different probes over the last 40 years
[13–26]. In this section, some of the important experi-
mental works are reviewed.
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Rimai and deMars [13] reported using EPR that
Gd3+ occupies the A-site in single crystal BaTiO3. On
the other hand, Takeda and Watanabe [14] reported us-
ing the same technique, that by increasing the Ba/Ti
ratio some of the Gd3+ is found on the B-site, both in
ceramic and single crystal samples. As far as we are
aware, this was the first report on amphoteric behav-
ior of trivalent ions in BaTiO3. (Since site change of a
well defined valence dopant cause change of the relative
charge, we call these dopants amphoteric). Goodman
[15] assumed that Sm occupies the A-site in Ti-rich
single crystals and verified this assumption using
Debye–Scherer XRD.

Rotenberg et al. [16] have shown that Lu3+ occu-
pies the B-site, Sm3+ occupies the A-site and Er3+ is
amphoteric. These researchers used a combination of
experimental techniques, measuring the room temper-
ature electrical resistivity [17] the cell volume and the
Curie temperature as functions of the dopant concentra-
tion. Takeda [18] further detected Eu2+ on the A-site,
using EPR at four different temperatures, the highest
being 426 K, the Ba/Ti ratio was not specified.

High temperature conductivity vs oxygen partial
pressure measurements is a very powerful tool for in-
vestigating doping effects. First to study intentionally-
doped BaTiO3 using this method were Daniels and
Härdtl [19]. They have shown that La occupies the A-
site in Ti-rich (and overall B-rich) samples. While we
do not fully agree with the defect model proposed by
Daniels and Härdtl, their experimental results clearly
demonstrate the donoric behavior of the La. Takada
et al. [20, 21] reported that Y and Er can occupy either
A or B site depending on Ba-stoichiometry. This in-
vestigation included a series of conductivity vs oxygen
partial pressure measurements on the following rare-
earth dopants in both Ba- and Ti-rich compositions:
Yb, Er, Dy, Sm and Nd. Despite one discrepancy in the
relative behavior of Dy and Sm in Ba-rich composi-
tions, they were able to show a gradual change from
acceptoric behavior of the Yb through amphoteric be-
havior of the Er to donoric behavior of Nd.

Xue et al. [22] measured the room temperature con-
ductivity of BaTiO3 samples doped with all the lath-
anide series (except the radioactive Pm) as well as Sc,
Y, Bi, Al, Ga and In. This was done with different A/B
ratios, for air-fired samples. Their conclusion was that
Y3+ and Er3+ are amphoteric while all smaller ions
are acceptors (B-site) and larger ions are donors (A-
site). Xue et al. did not observed the gradual change re-
ported by Takada et al. [20] It is important to remember

that this probe, namely, room temperature conductiv-
ity, is only sensitive to the overall frozen ionic charge,
including vacancies of all kinds. This ionic charge is
compensated in room temperature by electronic charge,
which gives rise to orders of magnitude differences in
conductivity according to its type: electrons or holes
[23].

Makovec et al. [24] investigate the incorporation of
high concentration of Ce into the lattice of BaTiO3 by
means of microanalysis of the phases formed. They
concluded that Ce is incorporated into the lattice either
as Ce4+ on the B-site or as Ce3+ on the A-site. The par-
titioning was found to depend primarily on the Ba/Ti
ratio and slightly on the oxygen partial pressure and
temperature during the sintering. The same group, us-
ing the same method found [25] that La is incorporated
as 3+ into the A-site with Ti vacancies as the main
compensating defects for concentrations of ∼1 mol%.

Zhi et al. [26] studied the incorporation of Y into
BaTiO3 using microanalysis and XRD on samples
with different concentrations and nominal composi-
tions. They found that Y is amphoteric, with higher
solid solubility on the A-site. We would like to com-
ment here that higher solubility limit in one site does not
necessarily imply preferential occupancy on this site.
It may rather be a result of the differences in the rele-
vant chemical potentials of the second solid phases that
are precipitate when the solubility limits are reached
[27].

5. Structural Characterization

The main tool used in order to investigate site occu-
pancy is powder XRD measurements, with error analy-
sis using maximum likelihood estimation method [28].
As all the trivalent rare earth (RE) ions are larger than
Ti4+ and smaller than Ba2+, we assume that the lattice
expands with RE on the B-site and shrinks with RE on
the A-site. Several authors reported lattice expansion
in perovskite chromites [29, 30] and titanates [31] as
a result of reduction. Therefore we should also expect
lattice expansion as a result of more electrons (due to
reduction of Ti) and/or less metal vacancies.

In addition, some of the samples were also examined
using electron paramagnetic resonance (EPR) spec-
troscopy. As this paper intends to present the full pic-
ture of our current understanding of the rare-earths in
BaTiO3, we will discuss here the results only. This will
be given first for the more stable 3+ rare-earths and
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then for multiple valence ions. The experimental details
of the XRD measurements and sample preparation [9]
and a full report on the EPR measurements [32] are
described elsewhere.

5.1. Stable Trivalent REs

The results of the XRD measurements on stable triva-
lent dopants are summarized in Table 1 and Figs. 2
and 3. Using the maximum likelihood estimation
method [28], we were able to accurately define the
error bars in the tetragonal lattice parameters. The ionic
radii are taken from CRC6 for CN = 6.

We identified three regimes in Fig. 2, which are sum-
marized below:
1. For ionic radii, r � 0.87 Å (Lu), the dopants occupy

the B-site. The compensation is mainly via oxygen
vacancies. For Ti rich samples, we expect more Ba
vacancies and hence slightly smaller volumes.

2. For ionic radii, 0.87 Å � r � 0.94 Å (Er, Y, Ho, Dy,
Gd), the dopants capable of choosing their site dur-
ing the firing according to the Ba/Ti ratio. We call
them amphoteric dopants, since they are either ac-
ceptors or donors, according to their site. The mani-
festation of this in Fig. 2 is the fact that the volumes
of Ba-rich samples with these dopants are larger
than of Ti-rich samples. This follows from Eq. (4)
and Vegard’s law (see for instance p.131 in Kingery
et al. [33]).

3. For ionic radii, 0.94 Å � r (Nd, La), the dopants
occupy the A-site. The main compensation mech-
anisms are Ba/Ti (or A/B) dependent [34]. For

Table 1. Unit cell volume at room temperature of BaTiO3 doped
with 1% various cations, as measured by XRD.

Ionic Lattice volume/Å3 Lattice volume/Å3

Dopant radius/Å Ba-rich (Ba/Ti = 1.01) Ti-rich (Ba/Ti = 0.99)

Lu 0.861 64.527(17) 64.516(11)

Yb 0.868 64.5180(97) 64.4899(89)

Er 0.89 64.519(14) 64.453(14)

Y 0.9 64.469(13) 64.370(10)

Ho 0.901 64.472(15) 64.363(10)

Dy 0.912 64.444(16) 64.382(13)

Gd 0.938 64.368(17) 64.332(16)

Sm 0.958 64.321(17) 64.326(15)

Nd 0.983 64.298(20) 64.329(14)

La 1.045 64.311(15) 64.3842(99)

Fig. 2. Unit cell volume at room temperature of (left to right) Lu, Yb,
Er, Y, Ho, Dy, Gd, Sm, Nd and La doped BaTiO3 vs the octahedral
ionic radius of the dopant.

Ba/Ti = 0.99 we have A/B ∼ (Ba + RE)/Ti ∼ 1
and the compensation mechanism is mainly by elec-
trons (and metal vacancies of both type) [34]. In
this case the lattice expands (or less shrinks) with
the dopant’s ionic radius. For Ba/Ti = 1.01 we have
A/B > 1 (although not A/B = 1.02, since a second
Ba-rich phase is present) and a significant part of the
compensation mechanism is by titanium vacancies
[35]. The titanium vacancies, and maybe also dif-
ferences in solubility, are responsible for the further
shrinkage of the lattice.
Verification of these results was carried out with

EPR measurements on selected samples. Specifically
those containing dopants which are sensitive to the EPR

Fig. 3. The difference in unit cell volumes of Ba-rich and Ti-rich
(Ba/Ti = 1.01 and 0.99 respectively) chemistries of doped BaTiO3

vs the octahedral ionic radius of the dopant.
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technique, i.e., dopants with an odd number of elec-
trons, namely, Er3+, Dy3+, Gd3+, and Nd3+. Frequently
the analysis of the EPR results is difficult due to possi-
ble contributions from impurities, multiple ion valences
and defect interactions. However preliminary analysis
shows a general agreement with the above mentioned
XRD results. Consistent with earlier EPR results [14],
Gd is found to be amphoteric for air-fired samples, and
the degree of site occupancy is sensitive to the Ba/Ti ra-
tio. This is inferred through the relative signal strength
for the various samples in the EPR spectrum. Dy also
demonstrates amphoteric behavior with a signal typical
of B-site occupancy by Dy3+, while showing none from
the A-site. In Ba-rich samples, this signal is about three
times as large as in Ti-rich samples. No signal typical
of Dy3+ in the A-site is observed. A possible explana-
tion to this is that Dy is forced to be 2+ on the A-site at
low temperatures (the EPR measurement was done at
10 K). This is in accordance with the observation made
by XRD in room temperature, where the B-rich sam-
ple containing Dy appears to be larger than expected,
compared to the other sequence, see Fig. 2.

5.2. Multiple Valence Ions

Further measurements were performed on less stable
dopants. The additional dopants measured with XRD
were Yb, Tm, Eu and Sm that are known to exist as
both 3+ and 2+, and Tb (Ba-rich only), Pr and Ce that
are known to exist as both 3+ and 4+. These results are
summarized in Fig. 4. All these samples were sintered
in reducing atmosphere at P(O2) ∼ 10−10 atm, and at
temperatures T ∼ 1400◦C.

Fig. 4. Unit cell volume of Ba-rich and Ti-rich (Ba/Ti = 1.01 and
0.99 respectively) chemistries of doped BaTiO3 vs the octahedral
ionic radius of the dopant, including multiple valence dopants.

Sm, and Yb cations behave similar to the stable 3+
cations. The Sm incorporates as 3+ mainly into the
A-site regardless the A/B ratio, and remains as 3+ ion
on cooling even to room temperature. However, EPR
suggests that Sm might be 2+ at 10 K. The Yb mostly
occupies the B-site as a 3+, however from the XRD
we can infer that a small degree of amphoteric behav-
ior exists with Yb•

Ba being more prevalent with Ti rich
chemistries. Similar amphoteric behavior is observed
for Tm, the offsets in the unit cell volume relative to Lu,
Yb and Ho are believed to be associated with valence
changes at low temperatures.

Eu on the other hand creates a relatively larger av-
erage cell volume, as compared to its neighbors Gd,
Sm and Nd. This suggests that Eu in room temperature
is mainly a 2+ ion on the A-site. It is not possible to
infer from this data to the valence at which Eu is in-
corporated during the sintering process, i.e., Eu•

Ba or
Eu×

Ba.
Using EPR, Eu2+ was observed to be A-site in both

Ba- and Ti-rich samples. Also, Yb was observed to be
on the B-site, while no signal typical of Yb3+ on an
A-site was observed. Combining this with the XRD
measurements suggests that Yb on the A-site is 2+ at
10 K.

The ions which are capable of existing as 4+,
namely Tb, Pr and Ce show even more interesting be-
havior in relation to their lattice relaxations in BaTiO3.
As explained in section 3, it is expected that dur-
ing the sintering process it would be easier to get
valence of 4+. Therefore, we anticipate a stronger ten-
dency to occupy the B-site, due to both coulombic and
strain interactions. Later, on cooling, these ions may
act as electron traps on the B-site and therefore be-
come larger, often refer to as a polaron distortion [36].
This phenomenon would be more expected with the
aid of Ba-rich chemistry. In Fig. 4, the variation in the
lattice volumes for Tb, Pr and Ce dopants relative to
the other rare-earth ions can be readily accounted for
from the above considerations. The results can be in-
terpreted in the following manner: Tb in Ba-rich case
is incorporated into the B-site as a 4+ ion during the
sintering and on cooling to room temperature traps a
single electron and becomes a large 3+ ion. Pr has a
partitioning during the incorporation between the A
and B-sites, with 4+ on the B-site. Again, it becomes
a 3+ on cooling. The partitioning of site occupancy
is influenced by the Ba/Ti ratio. Ce, being larger than
Pr, tends more to the A-site. In room temperature it
looks like a 3+ A-site ion for the Ti-rich case. In the
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Ba-rich case it is larger, probably due to some B-site
occupancy, with either 3+ or 4+ valence. According
to Makovec et al. [24] it is 4+ on the B-site in this
case.

5.3. Influence of the Firing Atmosphere

The oxygen partial pressure during the firing may influ-
ence the site occupancy and the valence of the dopant.
As explained above, these two phenomena are interre-
lated. In this section we will discuss how this happens.
It is important to remember that site occupancy and va-
lence are more influenced by the nature of the dopant
and by the A/B ratio. The oxygen partial pressure is
only a secondary effect.

The site occupancy is controlled by the size of the
ion, its valence, the A/B ratio (or the activity of titania
in the system) and by the oxygen vacancy concentra-
tion (Eq. (4)). This, in principle, is P(O2) dependent.
The most simple case is when two solid phases coexist
in equilibrium below the solubility limit of the dopant.
According to Gibbs’ phase rule, the number of degrees
of freedom is f = c−p + 2 where c is the number of
chemical components and p is the number of phases.
The number of chemical components is 3 (4 for doped
systems) and for two solid phases in equilibrium the
number of phases is 3 (including a gas phase). There-
fore the number of degrees of freedom is f = 2 for
undoped and f = 3 for doped systems. Those degrees
of freedom can be chosen as the temperature and the
oxygen partial pressure for undoped BT. For doped
BT, the second solid phase is usually a sink for one
of the cations (R2O3 above the solubility limit of the
dopant, Ba2TiO4 for Ba rich, Ba6Ti17O40 for Ti rich,
to name the simplest examples). The third degree of
freedom below the solubility limit of the dopant can
be chosen as the concentration of the dopant, either in
the whole system or in the BT. The activity of, for in-
stance, the titania in the BT in this case, is a function
of the above mentioned degrees of freedom and cannot
be arbitrarily chosen (as in the case of a single solid
phase, where it can be the additional degree of free-
dom). In addition, we assume that when the second
solid phase serves as a sink for either Ba or Ti ions,
the activity of titania (or BaO) is nearly a constant with
respect to the oxygen partial pressure and the concen-
tration of the dopant, i.e., it is to a first approximation
a function of the temperature only. Under this approxi-
mation, it follows from Eq. (4) that the site occupancy

Table 2. The influence of the oxygen partial pressure on the site
occupancy (this work): unit cell volumes in Å of samples fired in
reducing atmosphere (P(O2) ∼ 10−10 atm.) compared to samples
fired in air.

Dopant Reducing Air Difference [Å3]

Ba-rich Yb 64.5180(97) 64.529(14) 0.011(17)

Er 64.519(14) 64.548(12) 0.029(18)

Y 64.469(13) 64.471(10) 0.002(16)

Ho 64.472(15) 64.492(11) 0.020(19)

Dy 64.444(16) 64.472(11) 0.028(19)

Sm 64.321(17) 64.343(31) 0.022(35)

Ti-rich Er 64.453(14) 64.5114(98) 0.058(17)

Y 64.370(10) 64.428(14) 0.058(17)

Ho 64.363(10) 64.417(16) 0.054(19)

Dy 64.382(13) 64.416(16) 0.034(21)

Sm 64.326(15) 64.334(24) 0.008(28)

ratio is proportional to the oxygen vacancy concen-
tration [37]. The oxygen vacancy concentration is a
weak function of the oxygen partial pressure, typically
[37]

− 1

6
�

d(log[V ··
O ])

d(log P(O2))
< 0 (6)

A summary of the influence of P(O2) on the site occu-
pancy, as measured by lattice volumes for a variety of
amphoteric dopants is given in Table 2. Although the
uncertainties in the differences of the unit cell volumes
are relatively large, the trend is clear: air fired sam-
ples have larger volumes than reduced fired samples.
This is because air fired samples have less oxygen va-
cancies. This drives the site occupancy ratio towards
more B-site occupancy, according to Eq. (4). Note
that the previous works that reported lattice expan-
sion due to reduction were done on samples with non-
amphoteric dopants or on nominally undoped samples
[29–31].

In addition, regarding the valence of the dopant, one
has to consider the reaction

RZ
M + e′ ⇔ RZ−1

M (7)

and its corresponding mass action relation

[
RZ

M

]
n = K (T )

[
RZ−1

M

]
(8)
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The concentration of free electrons for a given temper-
ature is also a function of the oxygen partial pressure,
typically [37]

−1

4
<

d(log n)

d(log P(O2))
� −1

6
(9)

We expect, therefore, that the concentration of lower
valence states will be higher at lower oxygen partial
pressure, for a given temperature. Further, for the spe-
cial case where the partition is between a R·

Ba and R×
Ti

such as with Ce, the site occupancy ratio is controlled
both by Eq. (4) and the hole concentration. This gives
rise to a higher dependence of the site occupancy ratio
on P(O2).

6. Summary

The various issues discussed in the text are now sum-
marized for each rare-earth dopant in BaTiO3, also
see Table 3. This is aimed to give a clear picture
of our current understanding of the rare-earths in
BaTiO3.

Table 3. Summary of rare-earth cations in BaTiO3.

A-site B-site A-site B-site Main
radii [Å] radii [Å] valencea valencea incorporationb

La 1.320 1.045 3+ N/A A-site

Ce 1.290 0.87/1.010 3+ 4+/3+ A-site 3+ and B-site 4+. The partition depends
on P(O2), T and A/B during the incorporation.

Pr 1.286 0.85/0.997 3+ 4+/3+ A-site 3+ and B-site 4+
Nd 1.276 0.983 3+ 3+ A-site

Sm 1.260/? 0.958/1.19 3+/2+ 3+ A-site

Eu 1.252/? 0.947/1.17 3+(?)/2+ ? A-site

Gd 1.246 0.938 3+ 3+ amphoteric, leans towards A-site

Tb 1.236 0.76/0.923 3+ 4+/3+ B-site 4+
Dy 1.228/? 0.912/1.07 3+/2+ 3+ amphoteric

Ho 1.221 0.901 3+ 3+ amphoteric

Er 1.214/? 0.890 3+/2+ 3+ amphoteric

Tm 1.207/? 0.880/1.03 3+/2+ 3+ amphoteric, leans towards B-site

Yb 1.199/? 0.868/1.02 3+/2+ 3+ B-site

Lu 1.194 0.861 N/A 3+ B-site

aValence between the incorporation and room temperature.
bOther incorporation modes might be possible, see text.

6.1. Lanthanum

La is a stable donor on the A-site: La·Ba. The com-
pensation is done by electrons and metal vacancies,
with a transition from mainly electron compensation
to mainly metal vacancy compensation with increas-
ing concentration of La [2]. Recently it was shown
analytically, using doping factor considerations [38],
that transition in compensation mechanism should be
expected [34]. The solubility of La in BaTiO3 is higher
for A-rich chemistries, i.e., where the system is ad-
justed for Ti vacancy compensation.

6.2. Cerium

Ce is a multivalent ion which is most probably incor-
porated as both 4+ on the B-site: Ce×

Ti and 3+ on the
A-site: Ce·Ba. This was first reported by Makovec et al.
[24] and is also consistent with our XRD data. (How-
ever, our EPR results show no signal from Ce3+ at
10 K). The partition is influenced by the A/B ratio and
somewhat also by the oxygen partial pressure. Lower-
ing the oxygen partial pressure for a given Ba/Ti ratio
should drive the incorporation towards the A-site (this
prediction is yet to be checked experimentally).
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6.3. Praseodymium

Pr is also a multivalent ion, slightly smaller than Ce. It
is therefore behaves similar to Ce during the incorpo-
ration, with more tendency to occupy the B-site than
Ce. On cooling to room temperature it becomes 3+ and
therefore expands the lattice. The fact that the incorpo-
ration to the B-site is done isovalently has an important
implication: the compensation of the lower tempera-
ture acceptor Pr′Ti is done mainly by electronic charge.
In addition, one may anticipate higher solubilities for
isovalent substitutions [27].

6.4. Neodymium

Nd is a stable 3+ ion, which like La is going mainly to
the A-site.

6.5. Samarium

Sm is known to be a 2+ as well as a 3+ ion. At high
temperatures it is 3+ and behaves like La and Nd. The
experimental data suggest that at room temperature it is
also 3+. This is in accordance with the room temper-
ature conductivity measurements of Rotenberg et al.
[16]. The lack of signal in the EPR measurements sug-
gest that it is 2+ at 10 K.

6.6. Europium

Eu is also known to be a 2+ as well as a 3+ ion. From
room temperature XRD measurements it is clear that
Eu is 2+ on the A-site. EPR measurements confirmed
this for 10 K–294 K. It is not known at the moment if
and at what temperature range it becomes a 3+ ion.

6.7. Gadolinium

Gd is an amphoteric ion with strong tendency towards
the A-site [14]. EPR measurements confirm that most
of the Gd3+ is at the A-site. Since for a given A/B
ratio, lower oxygen partial pressure during the sin-
tering drives amphoteric ions towards higher A-site
occupancy [37], it is expected to be less amphoteric
at low oxygen partial pressure. It is therefore proba-
bly not a good candidate to improve lifetime of base
metal electrode MLCs, like other amphoteric dopants
[39].

6.8. Terbium

Tb is a mixed 3+, 4+ ion. Being smaller than Pr,
it is probably incorporated more on the B-site than
Pr, however, the expansion of the lattice is less in
Ba-rich Tb doped BaTiO3 than in Ba-rich Pr doped
BaTiO3.

6.9. Dysprosium

Dy is an amphoteric dopant in BaTiO3. Its solubility
limit is higher on the A-site [40]. At lower temperatures
some of the Dy·

Ba become 2+, and therefore Dy×
Ba. At

10 K, as observed by EPR, probably all the Dy on the
A-site is 2+. This may explain the “bump” in Ti-rich
Dy doped BaTiO3 seen in Fig. 2.

6.10. Holmium

Ho is the most amphoteric RE dopant in BaTiO3,
namely it is a very stable 3+ ion which is easily in-
fluenced by the local Ba/Ti ratio in terms of its site
occupancy. Y is very close in size to Ho and is also
amphoteric.

6.11. Erbium

Er is an amphoteric dopant [16] that show higher am-
photeric behavior at lower oxygen partial pressure sin-
tering, as confirmed by XRD measurements. EPR mea-
surements at 10 K show significant lower signal of Er3+

in low oxygen partial pressure fired samples. This sug-
gests that part of the Er is 2+ in those samples. This is
also consistent with the XRD results of Fig. 4, where it
appears that the lattice volume of the Er doped samples
is relatively larger than expected. Further investigation
of this issue is needed, since Er is generally considered
as a stable 3+ ion.

6.12. Thulium

Tm3+ is relatively small and hence occupy mainly the
B-site. Some degree of amphotericity is possible. Room
temperature XRD suggests that there exists mixed va-
lence, as generally accepted. At lower temperatures
higher concentration of Tm2+ is expected.



34 Tsur, Dunbar and Randall

6.13. Ytterbium

Yb3+ is also relatively small and hence occupy mainly
the B-site. Some degree of amphotericity is possible.
Room temperature XRD can be interpreted as it main-
tains its 3+ charge down to this range of tempera-
tures. A signal from Yb3+ is also observed with EPR at
10 K. The fact that Yb goes to the B-site may enhance
the stability of Yb3+ in BaTiO3. EPR revealed that Yb
was on the B-site and that the signal intensity was the
same regardless of whether or not the sample was Ba-
or Ti-rich. Furthermore, no signal was observed for
Yb3+ on the A-site.

6.14. Lutetium

Lu is a stable 3+ ion. Being the smallest rare-earth ion
it occupies only the B-site. (An even smaller stable 3+
ion suitable for B-site substitution is, of course, Sc).
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