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A B S T R A C T   

The electrical properties of Gd-doped BaTiO3 ceramics prepared by various doping mechanisms have been 
investigated using Impedance Spectroscopy and correlated with the proposed doping mechanisms observed from 
phase diagram studies and with solution energies obtained from atomistic simulations. Undoped BaTiO3, BaTi1- 
xGdxO3-x/2, Ba1-y/2Ti1-y/2GdyO3 and Ba1-zGdzTi1-z/4O3 were prepared. The first two series and y < 0.10 samples 
possess extrinsic p-type conduction due to oxygen gain (oxidation) associated with the presence of oxygen va-
cancies. A core-shell microstructure causes electrical heterogeneity where y < 0.10. For y ≥ 0.10, oxygen va-
cancies are eliminated by substitution of a small excess of Gd3+ at the Ba-site leading to intrinsic (band-type) 
conduction. All Ba1-zGdzTi1-z/4O3 ceramics processed in air exhibit n-type semiconductivity that is attributed to a 
small amount of oxygen loss (reduction) during sintering. The oxygen loss can be prevented by processing ce-
ramics in a flowing O2 atmosphere.   

1. Introduction 

The influence of impurities, dopants and materials processing on the 
defect chemistry and how they control the electrical properties of 
functional oxides is an important and challenging topic. It generally 
requires a multi-technique approach based on a combination of exper-
imental and modelling methods that can collectively elucidate structure- 
composition-property relationships. A useful example is the ferroelectric 
perovskite (ABO3) barium titanate which (in various doped forms) finds 
numerous commercial applications as an electroceramic. These include 
as a high permittivity dielectric material in Multi-Layer Ceramic Ca-
pacitors (MLCCs) [1–3] and as a positive temperature coefficient of 
resistance (ptcr) device [4] in current-limiting and temperature-sensing 
applications. The former relies on both the grain and grain boundary 
regions being electrically insulating whereas the latter relies on the 
development of Schottky-type barriers between semiconducting 
(n-type) grains and insulating grain boundaries [5,6]. 

It is instructive to consider first the electrical properties of the 
undoped parent compound and how they are influenced by low levels of 
impurities in the starting reagents and/or via ceramic processing con-
ditions. For example, changing the purity of Fe2O3 (99.8 vs 99.99%) 
used in the mixed oxide preparation of LaFeO3 (LF) induces a switch 

from n-to p-type behaviour. The higher levels of impurities associated 
with the 99.8% Fe2O3 ‘mask’ the intrinsic defect chemistry (in air) of LF 
[7,8]. High energy milling in the form of attrition milling can induce 
impurity contamination that can be avoided if lower energy milling 
processes are employed, e.g. hand grinding using an agate mortar and 
pestle, or if the time employed for high energy milling is restricted. 
Studies have shown that attrition milling of undoped BaTiO3 powders 
from 0.5 to 3 h in Y-doped ZrO2-based milling media can result in partial 
replacement of Ba with Y on the A-sites and Ti with Zr on the B-sites [9]. 
This causes a reduction in the ferroelectric Curie temperature and a 
decrease in the electrical conductivity. Long milling periods (e.g. 3 hrs) 
can stabilise the rhombohedral polymorph of BT at room temperature 
(RT), as opposed to the expected tetragonal polymorph. 

‘Ideal’ or impurity/defect free ‘BaTiO3’ would contain Ba and Ti in 
their fully oxidised states (i.e. Ba2+, 6s0 and Ti4+, 3d0) and O in its fully 
reduced state (i.e. O2−, 2s22p6) and be electrically insulating at room 
temperature with resistivity ~10 GΩ cm. The intrinsic bulk (grain) 
conduction mechanism at elevated temperatures (e.g. ~ 300 ◦C) will 
arise from promotion of electrons from the valence band to the con-
duction band, 
nil → e

′

+ h
• (1) 
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with a typical activation energy, EA of 1.50 eV, which is approximately 
half the optical band gap, Eg, of 3.2 eV [10]. This EA has been reported 
for the bulk conductivity, σb, of BaTiO3 prepared by methods that 
involve very low levels of impurities e.g. a sol-gel process and processing 
by hand grinding (to avoid contamination from milling media) using a 
mortar and pestle [11,12]. However, BaTiO3 ceramics are more 
commonly prepared by a solid state (mixed oxide) route using ball 
milling [9,13] and, although they remain electrically insulating at RT, σb 
at elevated temperatures is several orders of magnitude higher with a 
lower EA of 0.6–1.0 eV compared to sol-gel derived samples, Fig. 1 (a). 
This lower EA and extrinsic p-type conduction has been explained on the 
basis of the following oxidation reaction 
V

••

O
+ 1

/

2O2→O
×

O
+ 2h

• (2)  

where the oxygen vacancies, Vo••, being filled originate from incorpo-
ration of accidental impurities, such as Fe and Al (typically in the range 
of ~100 s ppm) in starting compositions because of their natural 
abundance in reagent grade TiO2 [10,14]. In these, nominally undoped, 
‘BaTiO3’ materials the impurities A3+ (where A3+

= Fe3+, Al3+) act as 
B-site acceptors and substitute at the Ti-site with charge compensation 
by oxygen vacancies based on the following equation 
A2O3 + 2BaO→2Ba

×

Ba
+ 2A

′

Ti
+ 5O

×

O
+ V

••

O
(3) 

Only a low level of Vo•• is filled by mechanism (2) but this is suffi-
cient to produce the p-type behaviour of ‘undoped’ BaTiO3 ceramics. 
The mobility of Vo•• at RT and in low electric fields is low and therefore 
the contribution of oxide-ion conduction to σb near RT is very low. This 
acceptor-doped impurity model was developed by Smyth and co- 
workers and is reviewed in more rigorous detail in Refs. [14,15]. The 
interactions between Vo•• and larger electrical fields is an important 
topic in the pre- and high field-breakdown mechanisms that can occur in 
BaTiO3-based materials. This is beyond the scope of this review but the 
interested reader is referred to Ref. [3] for more details. 

The above describes the situation for p-type oxidised ceramics pro-
cessed (sintered and cooled) in ambient air; however, when processing 
in lower oxygen partial pressures, Po2, (e.g. 5% H2 at 1300 ◦C) undoped 
BaTiO3 can undergo the following reduction reaction 
O

×

O
→ 1

/

2O2 + V
••

O
+ 2e

′ (4)  

where Vo•• and conduction electrons are created due to the loss of lattice 
oxygen [8]. Cooling under this low Po2 to prevent reoxidation produces 
blue-black ceramics (due to partial reduction of some Ti4+ (do) to Ti3+

(d1) ions) that are now n-type semiconducting with RT resistivity ~ 
101

–104 
Ωcm. The EA associated with n-type σb is typically ~0.05–0.10 

eV. 
The chemical conditions for oxidation and reduction of undoped 

BaTiO3 are therefore controlled by a combination of the Po2, tempera-
ture, T and time, t, employed during ceramic processing. The oxidation 
and reduction regimes are separated by a conductivity minimum that 
corresponds to a p-n transition and gives rise to the intrinsic band gap 
material described earlier. This minimum is often a broadened region as 
opposed to a sharp transition and reflects a low level of oxide-ion con-
duction present. A schematic diagram summarising the σb-Po2 rela-
tionship for undoped BaTiO3 at 1200 ◦C is shown in Fig. 1 (b); the reader 
is referred to Refs. [14,15] for a full analytical model that explains this 
observed behaviour and the changes in slopes. It is therefore possible to 
induce a wide variety of electrical behaviour in BaTiO3, ranging from 
blue/black n-type semiconducting ceramics to off-white/cream p-type 
insulating ceramics. With judicious control of Po2, T and t it is possible to 
create undoped BaTiO3 ceramics with reduced (n-type) semiconducting 
grains and oxidised insulating grain boundaries that exhibit the ptcr 
effect [12]. 

Trivalent Rare Earth (RE) ions are intermediate in size between Ba 
and Ti and therefore give rise to various dopant mechanisms dependent 
on the overall A/B ratio [16–19]. These can give rise to A, B or O-site 
vacancies or retain the overall ABO3 stoichiometry. RE doping (typical 
0.5–2 mol%) is a key component in obtaining good reliability in highly 

Fig. 1. (a) Arrhenius plots of bulk conductivity, σb, obtained from BaTiO3 ceramics prepared by different routes: ball milling (black squares, this work); attrition 
milling (red circles, ref [9]); sol-gel (blue triangles, ref [12]. (b) Schematic of log σb versus log oxygen partial pressure, Po2 for undoped BaTiO3 at 1200 ◦C. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Possible charge compensation routes for Gd-doped BaTiO3.  

Doping 
site 

Compensation 
mechanism 

Kröger-Vink equation & Chemical 
formula  

A-site Ionic 2Gd2O3 + 4Ba×Ba + Ti×Ti→4Gd•Ba + V′′′′

Ti +
4BaO+ TiO2 

i 

Ba1−zGdzTi1−z/4O3 
Ionic Gd2O3 + 3Ba×Ba→2Gd•Ba + V’’Ba + 3BaO ii 

Ba1−3a/2GdaTiO3 
electronic Gd2O3 + 2Ba×Ba→2Gd•Ba + 2e′

+ 2BaO+

1/2O2↑ 

iii 

Ba1−bGdbTiO3 
B-site ionic Gd2O3 + 2Ti×Ti + O×O →2Gd′

Ti + V••O +

2TiO2 

iv 

BaTi1−xGdxO3−x/2 
AB-site self Gd2O3 + Ba×Ba + Ti×Ti→Gd•Ba + Gd′

Ti +
BaO+ TiO2 

v 

Ba1−y/2Ti1−y/2GdyO3  
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insulating BaTiO3-based MLCCs [1–3,20] and A-site doping (typically 
0.1 at%) is used to produce ptcr BaTiO3 ceramics [4,21]. 

Here we use Gd2O3 as an intermediate sized RE ion to illustrate the 
various doping mechanisms that have been proposed for RE-doped 
BaTiO3, Table 1. The A-site (donor) doping mechanisms are based on 
ionic compensation through the creation of (i) B or (ii) A site vacancies, 
or (iii) through electronic compensation with the creation of conduction 
electrons. Mechanisms (i) and (ii) should result in electrically insulating 
RT ceramics, given the lack of mobility of A- and B-site metal vacancies 
at RT, whereas mechanism (iii) should give rise to n-type RT semi-
conducting ceramics. The B-site (Acceptor) doping mechanism (iv) 
creates oxygen vacancies and therefore p-type RT insulating ceramics 
based on the impurity acceptor-doped model are expected. Finally, 
doping on the A- and B-sites in equal amounts results in the self- 
compensation mechanism (v) without the creation of any additional 
ionic or electronic defects and would therefore be expected to have little 
effect on the conduction properties. 

Our approach to study and characterise these doping mechanisms is 
to:  

(a) use equilibrium phase diagrams for samples prepared in air to 
establish the principal doping mechanisms in Gd-doped BaTiO3 
ceramics,  

(b) confirm the feasibility of the observed doping mechanism(s) in 
(a) with atomistic simulations of the energies associated with the 
various doping mechanisms listed in Table 1,  

(c) use impedance spectroscopy, IS, to measure σb for the various 
ceramics,  

(d) use Po2 as a variable to resolve any discrepancies between the 
observed and/or expected defect mechanisms in (a), (b) and the 
observed electrical properties from (c). 

This approach allows us to illustrate the importance of each method/ 
technique in establishing the electrical properties and how it requires a 
combination of them all to elucidate the composition-σb property re-
lationships of Gd-doped BaTiO3 ceramics. Full experimental details of 
the ceramic processing conditions used and characterisation methods 
employed are provided in Supplementary information. 

2. Results and discussion 

Dense ceramic samples of appropriate composition were prepared at 
1450 ◦C (A-site) or 1550 ◦C (AB- and B-site) in air corresponding to the 
five mechanisms listed in Table 1. A summary of the results obtained 
from X-ray Diffraction (XRD) is shown in the BaO–TiO2-Gd2O3 diagram, 
Fig. 2 (a). The filled symbols represent phase-pure samples based on 
XRD analysis and show the A-site doping mechanism to be based on the 

Fig. 2. (a) BaO–TiO2-GdO3/2 diagram showing single phase samples (filled symbols) and phase mixtures (open symbols) for samples prepared in air by mechanism (i) 
at 1450 ◦C and mechanisms (iv) and (v) at 1550 ◦C as listed in Table 1. (b) Variation in cell volume versus Gd content for single phase samples by mechanisms (i), (iv) 
and (v). 

Fig. 3. (a) Variation in final solution energy versus Rare Earth ion radius for mechanisms (i), (iv) and (v). (b) Schematics of the unit cells of undoped BaTiO3, 
mechanisms (i), (iv) and (v). 

L. Ben et al.                                                                                                                                                                                                                                      
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creation of Ti-site vacancies, Ba1-zGdzTi1-z/4O3 with z ≤ 0.05 (black 
symbols, mechanism (i); the A-B self-compensation mechanism to be the 
most extensive, Ba1-y/2Ti1-y/2GdyO3 with y ≤ 0.20 (red symbols, mech-
anism (v); B-site doping with the creation of oxygen vacancies, BaTi1- 
xGdxO3-x/2 with x ≤ 0.0375 (blue symbols, mechanism (iv). All samples 
prepared by A-site doping with the creation of either A-site vacancies or 
electronic mechanisms (ii) and (iii) (dashed lines) respectively, were 
phase mixtures and for simplicity specific compositions have not been 
included in Fig. 2 (a). Samples were prepared with compositions be-
tween those associated with the three principal defect mechanisms to 
establish the solid solution limits based on variable levels of Ti- and/or 
oxygen vacancies and are shown by the shaded grey area in Fig. 2 (a). 
Analysis of the lattice parameters and cell volumes from the XRD data 
confirm the trends based on ion size effects, Fig. 2 (b). Replacement of 
the larger Ba ions with smaller Gd ions on the A-site results in a 
reduction of cell volume (black symbols), whereas the opposite trend for 
the replacement of smaller Ti with larger Gd on the B-sites results in an 
expansion of the unit cell (blue symbols). The self-compensation 
mechanism shows a near-linear increase in cell volume across the 
solid solution (red symbols). 

Freeman et al. [22] developed a set of interatomic potentials to 
model the defect chemistry of RE-doped BaTiO3 based on the mecha-
nisms listed in Table 1. The values for the final solution energies (i.e. 
solution energies modified for the most favourable defect binding en-
ergies) versus RE ion size based on the three mechanisms in Fig. 2 (a) are 
shown in Fig. 3. The values vary between ~0.8 and 2.4 eV with the 
self-compensation mechanism generally having the lowest value across 
the RE-series. This is in broad agreement with the observation that RE 
ions, which are intermediate in size between Ba and Ti, can favourably 
dope onto both sites and therefore form significant self-compensation 
solid solutions. The influence of RE ion size on the other doping mech-
anisms can be observed by the A-site doping mechanism with the cre-
ation of Ti-site vacancies (mechanism (i), black data points) becoming 
increasingly favourable (lower in final solution energy) with increasing 
RE ion size whereas the opposite trend is observed on B-site doping with 
the creation of oxygen vacancies (mechanism (iv), blue data points), 
Fig. 2 (a). The extreme A- and B-site doping trends for samples prepared 
in air based on RE ion size are borne out by experimental data for La 
which dopes exclusively on the larger A-site [13,23] and for Yb which 
dopes exclusively on the smaller B-site [18]. All the other RE-ions can 
form self-compensation solid solutions [16–19]. 

In the specific case of Gd doping, where the ion size is in the middle 
of the RE series, it is clear that self-compensation with a final solution 
energy of ~0.9 eV [22] is strongly favoured, Fig. 3 (a), and this is re-
flected in the shape and size of the experimentally determined solid 

solution, Fig. 2 (a). The final solution energies for the A- or B-site 
mechanisms are larger but comparable, with values of 1.86 and 1.32 eV, 
respectively [22]. This is consistent with Fig. 3 (a) where these doping 
mechanisms can occur but to a more limited extent compared to the 
self-compensation mechanism. The absence of any notable solid solution 
(s) based on mechanisms (ii) and (iii) for A-site Gd doping is consistent 
with their larger final solution energies of 2.38 and 10.14 eV, respec-
tively [22]. The final solution energies for all 5 doping mechanisms and 
more details of the models are given in Ref. [22]. We have omitted the 
data for mechanisms (ii) and (iii) in Fig. 3 (a) for reasons of conciseness 
and clarity. 

Here we describe the electrical properties of ceramics determined via 
IS. The data are presented in the form of combined spectroscopic plots of 
the imaginary components of impedance and electric modulus (so called 
Z′′, M′′ spectra). Based on the brick layer model (BLM) of conducting 
grains (“bricks”) and resistive grain boundaries (“mortar”), such anal-
ysis can be useful to probe σb in homogeneous and heterogeneous 
electroceramics, as reviewed elsewhere [24–27]. In the BLM, the bulk 
(grain) response has the lowest capacitance of any electroactive region 
present and dominates the M′′ spectra. A bulk response (to a first 
approximation) can be modelled on a simple parallel combination of a 
Resistor (R) and a Capacitor (C) (Fig. S1 (f)) and will give rise to a Debye 
peak in the M’’ (and Z′′) spectra and a semi-circular arc in complex M* 
and Z* plane plots. C (and therefore bulk permittivity) can be calculated 
as C = 1/2 M’’max, based on the M′′ peak height, and R, estimated using 
the relationship R = 1/(2πfmaxC) where fmax is the frequency of the peak 
maximum [28]. If the data have been corrected for the sample geometry, 
then σb ~1/R. A key requirement for the usefulness of IS in extracting σb 
is to ensure that fmax for the bulk response occurs in the measured fre-
quency domain, typically between 10−2 to 106 Hz. If samples are 
conductive with RRT < 1 kΩ, the M′′ bulk peak occurs >1 MHz and if 
they are insulating with RRT > 100 MΩ, the M′′ bulk peak generally 
occurs <10−2 Hz. To obtain σb data therefore requires samples to be 
cooled below or heated above RT (as appropriate) to ensure fmax occurs 
within the measured frequency range. 

Schematic examples of Z′′, M′′ spectra (and corresponding complex 
impedance, Z*, plane plots) for a bulk response that occurs within, 
above and below the measured frequency range are shown in Fig. S1 (a)– 

(c), respectively. If the ceramics also contain a resistive grain boundary 
(GB) component, based on the BLM, these can be modelled on a second 
parallel RC element that is connected in series with the bulk (B) 
response, Fig. S1 (f). The GB response will also give rise to peaks in Z′′

and M′′ spectra. This element typically has a higher C and lower fmax 
than the bulk response. Resistive grain boundaries can dominate the Z′′

spectra (and Z* plots) but the M′′ spectra (and M* plots) still highlight 

Fig. 4. (a) Z′′, M′′ spectra for x = 0.025 at 450 ◦C in air. (b) Arrhenius plots of σb for BaTi1-xGdxO3-x/2 ceramics. (Mechanism iv).  
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the bulk response, Fig. S1 (d). 
Commercial RE-doped BaTiO3 ceramics for MLCC applications are 

processed to contain heterogeneous (core-shell, CS) microstructures 
[1–3,20]. These are based on inner grain cores of BaTiO3 and outer grain 
shells that contain dopants (including REs) to improve the Temperature 
Coefficient of Capacitance. In many cases the shell regions are more 
resistive than the inner grain cores. The individual contributions from 
these regions to the impedance response can sometimes be resolved 
using Z′′, M′′ spectra but often the resolution between the dominant Z’’ 

(shell) and M’’ (core) Debye peaks is poor and makes data extraction 
challenging, Fig. S1 (e). Assessing the geometry and volume fractions of 
these regions requires analytical electron microscopy to obtain appro-
priate geometric factors and further complicates any detailed data 
analysis. 

As described above, the electrical properties of BT-based ceramics 
are controlled by various factors and parameters associated with the raw 
materials and processing routes. Some doping mechanisms are therefore 
likely to be more sensitive to these issues than others. To aid compre-
hension, the results will be discussed in the order of B-site (iv), A- and B- 
site (v) and A-site (i) Gd-doping. This reflects increasing complexity in 
correlating the electrical results with the various experimental and 
computational methods. 

2.1. Acceptor, B-site doping, BaTi1-xGdxO3-x/2 x ≤ 0.0375: mechanism 
(iv) 

These samples were sintered at 1550 ◦C in air and are electrically 
insulating at RT. Higher temperature measurements are required to 
ensure that the fmax associated with the bulk response is in the available 

frequency domain. The Z′′, M′′ spectra in Fig. 4 (a) for x = 0.025 at 
450 ◦C show a single peak in Z′′ and M′′ data with the same fmax. This 
shows that the ceramics are electrically homogeneous (see Fig. S1 (a)) 
and consist of insulating grains. Arrhenius plots of σb show the B-site 
doped solid solutions to have comparable levels of conductivity and EA 
values (~1.0 eV) to undoped BaTiO3 (x = 0) ceramics prepared under 
the same conditions, Fig. 4 (b). In this case, the behaviour of σb under 
low electric fields is entirely consistent with the well-established 
extrinsic p-type acceptor model. Although there has to be an increased 
concentration of oxygen vacancies associated with the Gd-doping 
compared to undoped BaTiO3, the uptake of oxygen during the cool-
ing cycle after sintering remains small and the additional oxygen va-
cancies are either associated with the Gd-acceptors (trapped which is 
supported by the large defect binding energies observed in the atomistic 
simulations [22]) and/or not mobile under the low electric fields and 
modest temperatures in which impedance measurements are conducted. 
As a consequence, acceptor doping on the B-site has negligible influence 
on σb or EA. There is consistency between the phase equilibrium results, 
Fig. 2 mechanism (iv), the atomistic simulations, Fig. 3 and the 
magnitude and type of σb, Fig. 4. 

2.2. Self-compensation, A + B site doping, Ba1-y/2Ti1-y/2GdyO3 y ≤ 0.20: 
mechanism (v) 

The near-linear variation in cell volume obtained from the phase 
diagram studies suggests a regular solid solution is formed based on this 
mechanism, Fig. 2 (b). The extensive nature of this mechanism with a 
limit of ~20 mol% Gd content is consistent with the atomistic simula-
tions which predict it to be an energetically favourable doping 

Fig. 5. Z′′, M′′ spectra for (a) y = 0.05 and (b) 0.15 at 450 ◦C in air. (c) Arrhenius plots of σb for Ba1-y/2Ti1-y/2GdyO3 ceramics. (d) Variation in activation energy, EA, 
for bulk conduction for Ba1-y/2Ti1-y/2GdyO3 ceramics. (Mechanism v). 
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mechanism, Fig. 3. In principle, this doping mechanism should not 
create any additional defects. It is therefore surprising to observe sig-
nificant differences in the impedance data, Fig. 5 (a, b), σb and EA across 
this solid solution series, Fig. 5 (c, d), respectively. All samples remain 
electrically insulating at RT and require impedance measurements at 
higher temperatures, e.g. 450 ◦C, to elucidate their electrical micro-
structures. There is a clear difference in the Z′′, M′′ spectra for low and 
high y samples. The former show two, broad, overlapping peaks in each 
spectrum (y = 0.05, Fig. 5 (a)) indicating a heterogeneous electrical 

microstructure whereas the latter reveal single, well resolved Z′′, M′′

Debye peaks with the same fmax, (y = 0.15, Fig. 5 (b)) indicating an 
electrically homogeneous microstructure. These data sets are consistent 
with a switch over from a core-shell (cs) type response at low doping 
levels (e.g. y = 0.05, see Fig. S1 (e)) to a single bulk response (e.g. y =
0.15, see Fig. S1 (a)). σb decreases with increasing y and reaches a 
minimum at y = 0.15 (~ four orders of magnitude lower than undoped 
BaTiO3) before undergoing a modest increase by ~ one order of 
magnitude towards the end of the solid solution. EA switches from 

Fig. 6. (a) A bright field TEM image of a core-shell structure of y = 0.05 sintered at 1550 ◦C in air and (b) Energy Dispersive X-ray analysis on 5 spots in the same 
grain. (Mechanism v). 

Fig. 7. Various data sets for z = 0.05 ceramics sintered at 1450 ◦C in air. (a) Z′′, M′′ spectra at RT; (b) M′′ spectra at various sub-ambient temperatures; (c) bulk 
capacitance versus temperature for z = 0.05; (d) Arrhenius plots of σb for Ba1-zGdzTi1-z/4O3 ceramics sintered in air at 1450 ◦C. (e) Z′′, M′′ spectra for z = 0.05 at 
450 ◦C. (Mechanism i). 
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~0.9–1.1. eV for y ≤ 0.075 to ~1.4–1.6 eV for y > 0.075, Fig. 5 (d). 
CS microstructures are a feature of acceptor and donor co-doped 

BaTiO3, especially at modest doping levels (~1–10 mol%) due to 
limited diffusion of the dopants. They are commonly created to control 
the Temperature Coefficient of Capacitance (TCC) in class II BaTiO3- 
based dielectrics for MLCCs. The impedance data and electrical het-
erogeneity observed for y = 0.05, Fig. 5 (a), interpreted as a CS-structure 
was confirmed by analytical Electron Microscopy (see Fig. 6, which 
clearly showed a high concentration of Gd in the outer grain regions 
compared to the grain interior, Fig. 6 (b)). Thus, σb from the larger and 
higher frequency M′′ peak for y = 0.05 in Fig. 5 (a) can be attributed to 
extrinsic p-type BaTiO3 (that is primarily undoped) and this is consistent 
with EA of ~1.0 eV for y = 0.05, Fig. 5 (c) and (d). Similar behaviour was 
observed for y = 0.075. The lowering of σb from y = 0.00 to 0.075 by 
~1.5 orders of magnitude with retention of EA in the range ~0.9–1.1 eV 
is attributed to a combination of the variation in current pathways 
associated with such CS microstructures and the impedance data being 
corrected for the overall sample geometry as opposed to being corrected 
for the appropriate volume fraction of the core regions. 

The switch to near ideal Z′′, M′′ spectra observed for y ≥ 0.10, Fig. 5 
(b), combined with the lowering of σb by three to four orders of 
magnitude compared to y = 0.00 and the increase in EA from ~1.0 to >
1.4 eV leads to conduction behaviour that is akin to conduction across 
the band gap, as described earlier in the scenario of ‘ideal’ BaTiO3. 
Achieving this type of behaviour suggests that there is a small excess of 
Gd-donor doping on the A-site over Gd-acceptor doping on the B-site. 
This mechanism would allow excess oxygen associated with donor 
doping to ‘fill’ residual oxygen vacancies that facilitate the dominant 

extrinsic p-type behaviour observed in undoped BaTiO3. 
Gd2O3 + 2Ba

×

Ba
+ Vo

••→2GdBa

•
+ O

×

O
+ 2BaO (5) 

y = 0.15 has the lowest σb of all samples and presumably has an 
oxygen content that is closest to the ideal anion stoichiometry and is 
therefore the least susceptible to oxidation. The one order of magnitude 
variation in σb for y between 0.10 and 0.20 demonstrates the difficulty in 
solid state ceramic processing to obtain fully compensated materials that 
exhibit intrinsic behaviour. It also shows how sensitive electrical mea-
surements are to low levels of non-stoichiometry that are challenging to 
detect by analytical methods, e.g. small excesses of A- and/or B-site 
doping and/or detection of solid solution limits. 

2.3. Donor, A-site doping, Ba1-zGdzTi1-z/4O3 z ≤ 0.05: mechanism (i) 

Rare Earth A-site doping of BaTiO3 ceramics processed in air has 
been a contentious issue for many years, especially in the case of La and 
the so-called ‘donor doping’ anomaly [28–33]. It is clear from phase 
equilibrium studies that Gd-doped materials prepared in air form a 
measurable solid solution based only on the Ti-vacancy mechanism, 
Ba1-zGdzTi1-z/4O3, Fig. 2. These materials are expected to be electrically 
insulating and require high temperature measurements to characterise 
their electrical microstructures. In practice, all ceramics (0 ≤ z ≤ 0.05) 
sintered in air at 1450 ◦C are electrically heterogeneous, containing 
semiconducting and insulating regions. Such spectra are a combination 
of Fig. S1 (b, c), respectively. RT combined Z′′, M spectra for z = 0.05 
show the Z′′ spectrum is dominated by a low frequency incline with an 
associated resistivity of ≤10 MΩ cm whereas the M spectrum is 

Fig. 8. Z′′, M′′ spectra for z = 0.05 sintered in O2 at 1350 ◦C recorded at (a) RT and (b) 450 ◦C. Arrhenius plots of σb for undoped BaTiO3 sintered in air at 1450 ◦C 
(black filled squares), z = 0.05 sintered in air at 1450 ◦C (filled blue triangles) and z = 0.05 sintered in oxygen at 1350 ◦C (filled magenta diamonds). (Mechanism i). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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dominated by a high frequency incline with resistivity ≤100 Ω cm, Fig. 7 
(a). In addition, the ceramics are much darker in appearance as 
compared to undoped BaTiO3 and those obtained from 
self-compensation or acceptor doping. 

A broad Debye-like peak in the M′′ spectra for z = 0.05 was obtained 
by cooling below 200 K, Fig. 7 (b). This peak is associated with the bulk 
response for two reasons: (a) the capacitance obtained from M′′ spectra 
in Fig. 7 (b) was in the range of 80–140 pF cm−1 and therefore consistent 
with a ferroelectric material and (b) the capacitance showed a maximum 
at 140 K, Fig. 7 (c), which is associated with a sub-ambient polymorphic 
phase transition in this sample. Arrhenius plots of σb for this series of 
samples are shown in Fig. 7 (d) and all demonstrate a dramatic increase 
in conductivity compared to undoped BaTiO3 (z = 0) with EA ~ 0.1 eV, 
indicating n-type bulk semiconductivity. 

In contrast, a broad Debye-like peak in the Z′′ spectra was obtained 
by heating samples to temperatures ≥ 300 ◦C, Fig. 7 (e). This peak is 
consistent with a resistive grain boundary response as the associated 
capacitance obtained from the Z′′ spectra was ~ 10 nF cm−1 (e.g. 13.4 
nF cm−1 at 450 ◦C in Fig. 7. (e)), and did not show any evidence of Curie- 
Weiss (paraelectric) behaviour. Polishing 40% of the pellet thickness 
(20% from each side of the pellet) showed no significant change in the 
impedance data between polished and unpolished pellets. This elimi-
nated the possibility that the Z′′ spectra were associated with a resistive 
surface layer on the ceramics. The grain boundary conductivities were 
similar to those of σb for z = 0 and EA was ~1.2 eV. This analysis shows 
this series of samples to contain n-type semiconducting grains and 
insulating grain boundaries. 

The clear evidence on n-type semiconducting grains is not consistent 
with either the equilibrium phase diagram studies or recent atomistic 
simulations which show the final solution energy for A-site RE electronic 
donor doping to be in the region of 10 eV [20] and therefore energeti-
cally unfavourable compared to the ionic compensation mechanisms 
shown in Fig. 3. The question now is ‘what is the source of the bulk sem-
iconductivity if Gd is not acting as an electronic donor dopant?’ The only 
other source of n-type semiconductivity in BaTiO3 is based on 
oxygen-loss, equation (4). 

z = 0.05 material was therefore sintered at 1350 ◦C (and cooled to 
RT) in flowing O2 gas. Combined Z′′, M′′ spectra for RT data are shown in 
Fig. 8 (a). Both Z′′ and M′′ spectra were dominated by a low frequency 
incline with resistivity ≥ 10 MΩ cm at RT. Low temperature impedance 
(10–320 K) did not show any evidence of a Debye-like peak in the M′′

spectra indicating the absence of any semiconducting n-type regions. 
High temperature impedance data revealed that z = 0.05 sintered in O2 
was electrically heterogeneous, containing at least three regions, as 
shown in the combined Z′′, M′′ spectra, Fig. 8 (b), at 450 ◦C. The Debye- 
like peak in the M′′ spectrum was associated with the bulk response, 
having a capacitance of ~ 44 pF cm−1 while the lower frequency Debye- 
like peak in the Z′′ spectrum was associated with the grain boundary 
response, having a capacitance of ~ 106 pF cm−1. The existence of a 
third region was detected by the presence of a “shoulder” at ~ 104 Hz in 
the Z′′ spectrum, Fig. 8 (b), whose capacitance and resistivity could not 
be accurately obtained. However, R and C were estimated to be ~ 60 kΩ 

cm and ~ 33 pF cm−1, respectively. It is beyond the scope of this script to 
fully explore the electrical microstructure of these samples but we 
include this Z′′ data to highlight the level of electrical heterogeneity in 
these samples. EA for σb and the grain boundary conductivity of z = 0.05 
sintered in O2 are shown in Fig. 8 (c). For the bulk, it increased from ~ 
0.06 eV for air sintered samples to ~ 0.58 eV. For the grain boundary, EA 
was ~ 1.05 eV, similar to that obtained for samples sintered in air. 

These results clearly indicate the influence of the processing Po2 on 
the electrical properties of these samples. The n-type semiconductivity 
in the bulk of Ba1-zGdzTi1-z/4O3 ceramics processed in air is attributed to 
a small amount of oxygen-loss during sintering at higher temperature as 
has been reported in the literature for La-doped ceramics [30–32]. On 
cooling, oxygen can diffuse into the ceramics via the grain boundaries 
and therefore the grain boundary regions become oxidised and 

electrically insulating. Oxygen loss can be suppressed by processing 
samples in flowing O2 gas. When sintered at 1350 ◦C and cooled to RT in 
O2, z = 0.05 did not exhibit any n-type semiconducting regions and 
showed an insulating bulk response with EA ~0.58 eV, Fig. 8 (c). These 
samples are electrically insulating but there is clear heterogeneity 
associated with their electrical microstructure, Fig. 8 (b), and this is 
presumably linked to oxygen concentration gradients within these ce-
ramics due to incomplete oxidation. 

The reason for the ease of oxygen loss in these ceramics when sin-
tered in air at high temperatures is associated with the doping mecha-
nism. Atomistic simulations have shown that RE doping on the A site, 
with the creation of titanium vacancies and the loss of lattice oxygen, is 
energetically more favourable than direct donor electronic doping [34]. 
For samples processed in air at high temperatures this means the solid 
solution is more correctly described as Ba1-zGdzTi1-z/4O3-δ where δ is the 
level of oxygen loss that is dependent on the processing T, t and Po2. In 
this case, sintering samples at 1450 ◦C in air is sufficient to induce δ >

0 and therefore partial reduction of Ti4+ to Ti3+ to create n-type semi-
conductivity in the grains with partial reoxidation of the grain bound-
aries. Sintering the same samples in flowing O2 at 1350 ◦C is sufficient to 
suppress δ to levels such that extrinsic p-type bulk behaviour can be 
maintained, Fig. 8 (c). This resolves the issue associated with the equi-
librium phase diagram because samples prepared in air according to this 
Ti-vacancy model belong to a quaternary system that includes Ti2O3 as a 
fourth axis to account for oxygen-loss as opposed to being a ternary 
system with only fully oxidised Ti4+ ions as TiO2, Fig. 9. The shaded 
region in Fig. 9 is a schematic representation of δ and is the level of 
oxygen loss associated with Ba1-zGdzTi1-z/4O3-δ ceramics processed in 
air. 

In conclusion, the electrical properties and defect chemistry of Gd- 
doped BaTiO3 ceramics are strongly dependent on the substitution site 
of the Gd-dopant as well as the dopant concentration (as exemplified by 
Ba1-y/2Ti1-y/2GdyO3), sintering temperature and atmosphere (as exem-
plified by Ba1-zGdzTi1-z/4O3). We highlight the need for a multi- 
technique approach involving experimental and computational 
methods to rationalise the observed electrical properties with the solid 
solutions formed. 
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Fig. 9. Schematic of a BaO-Gd2O3–TiO2–TiO3/2 quaternary system required to 
explain the behaviour of σb for Ba1-zGdzTi1-z/4O3 ceramics sintered in air and 
O2. Shaded region is a schematic to illustrate oxygen loss (δ) associated with 
Ba1-zGdzTi1-z/4O3-δ ceramics processed in air. 
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