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Abstract. Herein, Gd-doped BaTiO3 (Gd:BTO) solid-solution powders were prepared by microwave-assisted heat
treatment (MWH). The structural and chemical characteristics of the powders were analysed by scanning transmission
electron microscopy and electron energy loss spectroscopy. The defect formation reactions relevant to Gd doping are
discussed based on the change in the electron energy structure as well as the density functional theory calculations.
Ba(OH)2H2O, TiO24H2O and Gd(NO3)36H2O were used as Ba, Ti and Gd precursors, respectively. A Ba/Ti mole ratio of
1.2 in the precursor at a reaction temperature of 300°C was determined to be the optimal synthetic conditions for preparing the
Gd:BTO solid solution. Gd evidently occupied the Ti sites (denoted as GdTi) of BaTiO3 structure, and the substitution of Ti
with Gd was accompanied by a change in the oxidation state of the Ti ions and the generation of oxygen vacancies. The
magnetic susceptibility of the Gd:BTO powders increased with increase in concentration of GdTi with unidirectional electron
spins. In contrast, the relative dielectric constant varied inversely with the Gd concentration owing to the evolution of oxygen
vacancies and lattice distortion of the Gd:BTO powders with the increase in the Gd concentration.
Keywords. Gd:BaTiO3 solid solutions; microwave-assisted heat treatment; scanning transmission electron microscopy;
computational simulation; electron energy loss spectroscopy; multifunctional features.

1.

Introduction

Barium titanate (BaTiO3, BTO) with an ABO3-type
perovskite structure has been widely used in electronic
devices, such as multi-layer ceramic capacitors, dielectric
amplifiers and dynamic random access memory devices,
owing to its unique and advantageous electrical features
[1–4]. The performance of BTO in these devices depends
significantly on its ferroelectric features, which can be
controlled by adjusting the shape, size and crystallinity of
the BTO powder [5,6].
In the last decade, the modulation of the physical,
structural and electrical properties of BTO ceramics has
been widely investigated by substituting the Ba and/or Ti
ions in the BTO lattice with rare-earth atoms. Such substitution with rare-earth elements induces multiferroic features, such as ferromagnetic and ferroelectric features,
depending on the substituents in BTO. Petrović et al [7]
reported a decrease in the tetragonality of BTO ceramics
with the doping of La ions, as confirmed by X-ray
diffraction (XRD) studies, and lowering of the Curie temperature, indicating that La3? ions occupied the Ba2? sites,
accompanied by the formation of A-site vacancies. Further,

Ganguly et al [8] reported a decrease in lattice parameters
with increase in Sm content in BTO ceramics by
XRD, Fourier-transform (FT) infrared spectroscopy and
FT-Raman spectroscopy, and suggested that the substitution
of Ba2? with Sm3? results in the formation of vacancies at
the A sites as well as oxygen sites, thereby decreasing the
grain size and remnant polarization of the doped ceramics.
Further, based on the shift in the XRD peaks of Gd-doped
BTO (Gd:BTO) powders, Li et al [9] reported that Gd ions
substituted the Ba ions when the Gd2O3 content in the
precursor was less than 0.25 mol%, and they replaced both
Ba and Ti ions when the Gd2O3 content in the precursor was
greater than 0.25 mol%. In addition, the dielectric constant
of the doped BTO ceramics increased due to the selfcompensation mechanism owing to the Gd substitution.
These studies suggest that rare-earth elements, such as La,
Sm and Gd, are dominantly substituted at the Ba2? sites in
BTO ceramics because of the larger atomic size of Ba2?,
resulting in lattice distortion and A-site vacancies. Such
structural variations result in the improvement of some of
the electrical properties of the ceramics. However, there are
still ambiguities about the atomic sites that the rare-earth
elements occupy in the BTO phase, and the direct
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observation of the substitution sites in the BTO structure at
the atomic scale has been rarely reported.
Scanning transmission electron microscopy (STEM) in
the high-angle annular dark field (HAADF) mode has been
widely used to investigate the nanostructures of various
materials because of its high resolution and high sensitivity
to the atomic number (Z) of the element [10,11]. When the
scattered electrons are collected at a large angle over the 50
mrad off-axis by the HAADF detector, the collection of
Bragg scattered electrons could be prevented. Thus,
HAADF-STEM imaging could not only reveal the atomic
identities but also their arrangements owing to the enhanced
Z contrast. Therefore, HAADF-STEM holds great promise
for identifying rare-earth elements, such as Gd, which are
considered to occupy the Ba and/or Ti sites in the BTO
phase.
Microwaves are electromagnetic waves with frequencies
ranging from 1 to 300 GHz that have characteristics such as
a high power density and high penetration depth. Therefore,
the utilization of microwaves for the powder syntheses and
sintering processes has various advantages, such as lower
reaction temperature, rapid processing and energy efficiency [12–14]. For BTO, microwave-assisted reactions
such as sol–gel processes and hydrothermal syntheses have
been reported for improving the ferroelectric features by
decreasing the grain size and increasing the crystallinity of
BTO powders [15–18]. In particular, as reported previously,
BTO powders can be fabricated by microwave-assisted heat
treatment (MWH) even at a reaction temperature of
*100°C, which is significantly lower than that of the
conventional solid-state reaction [19].
In this study, we investigated the structural and chemical
features of Gd:BTO solid solutions prepared via the MWH
method by STEM and electron energy loss spectroscopy
(EELS). Further, computational studies were performed to
estimate the structural stability of Gd:BTO in terms of the
defect formation reactions using the density functional
theory (DFT). In particular, the substitution of Ti with Gd
was directly examined via STEM, and the variation in the
oxidation state of Ti with Gd substitution was confirmed by
EELS. Finally, the multifunctional features of the Gd:BTO
solid solutions with different Gd contents are discussed
based on the structural and chemical features of the prepared Gd:BTO powders.

2.
2.1

Experimental
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powders were used as the precursors of Ba and Gd,
respectively. An amorphous hydrated titanium oxide
(TiO24H2O) powder prepared by reacting TiOCl2 with
aqueous NH4OH was used as the Ti precursor. The reaction
mixtures were prepared by mixing the respective powders.
The Ba/Ti mole ratio in the precursor ranged from 0.9 to
1.3, and the initial Gd concentration ranged from 0 to 10
mol%. The samples were denoted as x mol%-Gd:BTO
powders (0 B x B 10), where x indicates the initial mole
fraction of Gd added in the preparation of samples. Green
bodies were prepared with the mixtures under a pressure of
764 kg cm–2 for 1 min, and they were heated at a reaction
temperature of 300°C at the heating rate of 50°C min–1 for
60 min in a microwave heating furnace (Unicera Co., UMF04) with a mono-mode reactor at the frequency of 2.45 GHz
and power of 2 kW. A thermocouple was placed near the
green body within the hot zone to measure the processing
temperature of the MWH.

2.2 Characterization of the structure and physical
properties of the materials
The structures of synthesized powders were examined by
XRD (PANalytical, Pro MRD) with a Cu Ka X-ray source.
The scan speed and step size were set at 2° min–1 and 0.01°,
respectively, for obtaining full scans in the 2h range of
20°–60°. Further, to examine the change in the lattice with
the doping concentration, XRD patterns were obtained in
the diffraction angle of 27°–33° at a lower scan speed of
0.5° min–1 and step size of 0.002°.
STEM (JEOL, JEM-ARM200CF) equipped with a
spherical aberration corrector and cold-field emission gun
operating at a high-tension voltage of 200 kV was used to
acquire the atomic potential distribution of the Gd:BTO
solid solutions in HAADF imaging modes in the angle
ranges of 70–175 mrad. The chemical features of the
powders were examined by EELS (Gatan, GIF Quantum ER
965); the EELS profiles were acquired with an energy
dispersion of 0.25 eV per channel. The magnetization
behaviour of the Gd:BTO powders was evaluated with a
vibrating sample magnetometer (VSM; Lake shore, VSM7300) in the external magnetic field range of -10 to ?10
kOe. The relative dielectric constants of the powders with
different Gd concentrations were analysed using a multifrequency impedance analyzer (HP, 4192 ALF) at a frequency of 1 kHz.

Synthesis of Gd:BTO solid solutions

Gd:BTO solid solutions were synthesized by solid-state
reactions through MWH. The reaction conditions were
varied in terms of the Ba/Ti mole ratio in the precursor and
initial Gd concentration. Ba(OH)2H2O (94–98%, Alfa
Aesar) and Gd(NO3)36H2O (99.9%, Sigma Aldrich)

2.3 Estimation of the free energy for the formation
of doping-induced structural defects
The free energy (DG) of the Gd:BTO solid solutions with
Gd at different sites of the BTO structure was calculated by
the DFT method. Both Ba and Ti sites were considered as
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possible atomic sites for Gd, and the generation of point
defects such as vacancies at the Ba, Ti and O sites was
considered in the model structures to compensate for the
charge difference between the Gd3? substituent and the
Ba2? and Ti4? ions in BTO. The free energies of other
possible phases such as undoped BTO, BaO, TiO2 and
Gd2O3 were also computed by DFT calculations, while that
of the O2 gas was calculated by a semi-empirical method to
account for the relatively large variation in the energy of
gas phases with the temperature and pressure [20]. Using
the energy values, the DG value of the Gd:BTO solid
solution was calculated for various scenarios of the doping
reactions. Six different reactions were considered in particular, as summarized in table 1. The DFT calculations
were performed with the Vienna Ab initio Simulation
Package (VASP) [21,22] using the k-point spacing of
0.3 Å-1 and Heyd–Scuseria–Ernzerhof (HSE06) hybrid
functional [23]. The projector-augmented plane-wave
pseudo-potentials [24] were used with an energy cut-off of
500 eV. Supercells of 4 9 2 9 2 size composed of 16 Ba, 16
Ti and 48 O were used for simulating the BTO structure.
Full relaxation of the atomic positions and lattice vectors
was allowed with a convergence threshold of 0.02 eV Å–1
during the calculations.

3.

Results and discussion

3.1

Synthesis of Gd:BTO solid solutions

Figure 1a shows the XRD patterns of the synthesized
Gd:BTO powders. The 10 mol%-Gd:BTO powders were
prepared at 300°C for 60 min by the MWH; the Ba/Ti mole
ratio in the precursor ranged from 0.9 to 1.3. The undoped
BTO powder was found to have a dominant cubic BTO
phase (JCPDS #75-0212) and a small fraction of the BaCO3
phase (JCPDS #05-0378). The 10 mol%-Gd:BTO solidsolution powders were dominantly composed of the cubic
BTO phase with a small fraction of BaCO3 and Gd2O3
(JCPDS #12-0797) phases, regardless of the Ba/Ti ratio.

Table 1.
Index

241

Further, for the Gd:BTO solid solutions, the intensity of the
main peak at *31.5° for the BTO phase increased gradually, while that of the peak at 23.8° related to the BaCO3
phase decreased rapidly with an increase in the Ba/Ti ratio
from 0.9 to 1.3. Figure 1b shows the variation in the relative
intensities of the main peaks at *31.5°, *28.6° and
*23.8° for each phase, such as BTO, Gd2O3 and BaCO3,
with a change in the Ba/Ti mole ratio. The relative mole
fraction (x) of the respective phases was calculated using
the formula Ix/(I(110)BTO ? I(222)Gd2O3 ? I(111)BaCO3). A
reference sample was also prepared by mixing the respective BTO and Gd2O3 powders at a mole ratio of 9:1; in this
sample, the Gd2O3 phase existed separately because Gd was
not doped in the BTO crystal. For the reference sample, the
relative intensities of the XRD peaks of the (110) plane of
the BTO phase and (222) plane of the Gd2O3 phase were
found to be 90.7 and 9.3%, respectively. This ratio was used
to quantify the relative mole fraction of segregated Gd2O3
coexisted with the Gd:BTO in the samples. When the
powders were prepared with a Ba/Ti mole ratio of 0.9, the
relative mole fractions of BTO, Gd2O3 and BaCO3 phases
were found to be 61.4, 5.4 and 33.2%, respectively. As the
ratio was increased to 1.1, the fractions of these phases
changed to 83.0, 6.8 and 10.2%, respectively. At the ratio of
1.2, the maximum fraction of the BTO phase of 92.1% was
observed, with the relative mole fractions of the Gd2O3 and
BaCO3 phases being at the minimum values of 3.8 and
4.1%, respectively. The relative mole fraction of the BTO
phase increased steadily with an increase in the Ba/Ti mole
ratio up to 1.3 within a deviation range of ±1%. Thus, the
Ba/Ti mole ratio of 1.2 in the precursor at the reaction
temperature of 300°C were chosen as the optimum conditions for the preparation of the 10 mol%-Gd:BTO solid
solution. Under these conditions, the highest fraction of the
Gd:BTO phase was produced, with small quantities of the
secondary phases of Gd2O3 and BaCO3.
The XRD patterns of the Gd:BTO solid-solution powders
in figure 2a were obtained to investigate the variation in the
lattice constant with Gd doping; these powders were
obtained with the initial Gd concentration in the precursor

Various scenarios for the possible Gd doping reactions in the BTO phase, depending on the substitution site of Gd.
Substitution site

#1

Ba

#2
#3

Ba
Ba

#4
#5

Ti
Ti

#6

Ti and Ba

Reaction equations
Ba16Ti16O48(s)
0.5O2(g)
Ba16Ti16O48(s)
Ba16Ti16O48(s)
?TiO2(s)
Ba16Ti16O48(s)
Ba16Ti16O48(s)
0.5O2(g)
Ba16Ti16O48(s)
TiO2(s)

Defect formation

? Gd2O3(s) = (Ba14Gd2)Ti16O48(s) ? 2BaO(s) ?


0 
2GdBa þ 2TiTi ¼ Ti3þ

? Gd2O3(s) = (Ba13Gd2)Ti16O48(s) ? 3BaO(s)
? Gd2O3(s) = (Ba14Gd2)Ti15O47(s) ? 2BaO(s)

2GdBa þ VBa

2GdBa þ V0000
Ti þ VO

? Gd2O3(s) = Ba16(Ti14Gd2)O47(s) ? 2TiO2(s)
? Gd2O3(s) = Ba16(Ti14Gd2)O46(s) ? 2TiO2(s) ?

2GdTi þ V
O
0
0
2GdTi þ 2TiTi þ 2V
O

? Gd2O3(s) = (Ba15Gd)(Ti15Gd)O48(s) ? BaO(s) ?

GdBa þ GdTi

00

0

0
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Figure 1. (a) XRD patterns of undoped BTO and Gd:BTO solid
solutions (10 mol%-Gd:BTO powders) with different Ba/Ti mole
ratios; the Ba/Ti ratio in the precursor was varied from 0 to 1.3.
(b) Variation in the relative mole fractions of BTO, Gd2O3 and
BaCO3 phases with the Ba/Ti ratio in the precursor.

of 0 to 10 mol%. The position of the main peak at *31.5°,
which corresponds to the (110) plane of the BTO phase,
shifted to a lower angle with an increase in the initial Gd
concentration. Moreover, the intensity of the main peak at
*31.5° for (110)BTO and 28.6° for (22)Gd2O3 changed
slightly depending on the initial Gd concentration.
Figure 2b shows the variation in the position of the maximum peak as well as the lattice constant estimated from the
XRD pattern. For the undoped BTO powder, the main peak
is located at 31.496° and the corresponding lattice constant
is 4.014 Å. For the 4 mol%-Gd:BTO powder, the peak of
the (110) plane is observed at 31.465°, whereas it is
observed at a lower angle of 31.336° for the sample
obtained with the initial Gd concentration of 10 mol%.
These XRD results indicate that the lattice constant of the
Gd:BTO powder changed from 4.018 to 4.020 Å, with a
change in the initial Gd concentration from 4 to 10 mol%.
Figure 2c shows the variation in the relative diffraction peak
intensity of the (222) plane of the Gd2O3 phase for Gd:BTO

Figure 2. (a) XRD patterns of Gd:BTO powders prepared by
MWH at 300°C for 60 min with different Gd concentrations in the
precursors. (b) Variations in the peak position and the corresponding lattice constant of the Gd:BTO solid solutions with the initial
Gd concentration used for doping. (c) Variation in the relative
mole fraction of the Gd2O3 phase in the Gd:BTO solid solutions
with the initial Gd concentration used for doping.

powders as a function of the Gd concentration. The relative
mole fraction of the Gd2O3 phase was estimated based on
the formula, I(222)Gd2O3/(I(222)Gd2O3 ? I(110)BTO). For the
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powders obtained with the Gd concentration ranging from 4
to 8 mol%, the relative mole fraction of the Gd2O3 phase
varied from 0.1 ± 0.05 to 0.21 ± 0.09%. When the Gd
concentration was increased to 9 and 10 mol%, the value
increased significantly to 1.48 ± 0.21 and 4.01 ± 0.65%,
respectively. These results indicate that the BTO lattice
expands with the incorporation of Gd ions into its structure,
and the doping limit of Gd in the BTO phase appears to be
*8 mol%.
Further, the ionic radii of Ba2? and Ti4? are 0.16 and
0.061 nm, respectively, and the ionic radii reported for
Gd3? in 12 and 6 coordination environments are 0.1253 and
0.0938 nm, respectively [9]. Owing to the differences in the
ionic radii, the substitution of either Ba2? or Ti4? with
Gd3? is expected to cause the shrinkage or expansion of the
BTO lattice, resulting in XRD peak shifts to higher or lower
angles. Therefore, the shift in the XRD peak corresponding
to the (110) plane of BTO to a lower angle with the increase
in the Gd content can be attributed to the difference
between the ionic radii of Ti4? (*0.061 nm) and Gd3?
(*0.094 nm) in the BTO lattice. In addition, the doping
limit of Gd in BTO powders appears to be *8 mol%, which
is similar to the solubility limit of 7–10 mol% for the
powders prepared at 1000°C by a typical solid-state reaction
[25].

3.2 Characterization of the structural and chemical
features of Gd:BTO solid solutions
3.2a STEM measurements: Figure 3a shows a HAADFSTEM image of the 8 mol%-Gd:BTO solid solution; the
image was obtained with the incident beam aligned parallel
to the zone axis of the \110[ direction. The image exhibits
regular atomic arrangements with a rectangle pattern of the
structure consisting of Ba–O and Ti–O layers. The atomic
arrangements are illustrated in the lower right corner of the
image by superimposing coloured spheres on the black and
white contrast in this part. In this illustration, green, blue
and red circles represent Ba, Ti and O atomic sites,
respectively. The line intensity profiles recorded along the
respective arrays of atoms enclosed within the rectangular
region marked with yellow dots are displayed in figure 3b
and c, respectively; regions A and B correspond to Ba–O
and Ti–O layers, respectively. The Ba–O layer exhibits a
periodic change in contrast along the [001] direction. In
contrast, the Ti–O layer exhibits an exceptionally brighter
spot at one of the atomic sites along the [001] direction
(marked with a yellow circle), as compared to the average
brightness. Such exceptional contrasts in the Ti–O layer are
denoted with dotted yellow circles in the image.
According to the kinematical theory, the total number of
scattered electrons is proportional to the atomic number
along their propagation direction because the electron
scattering is assumed to occur once [26]. The intensity
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(Iimage) at a certain position of atom (x) is represented as
follows:
!
X
dx2
n
Iimage ¼
Z exp  2 ;
ð3Þ
2cg
x
where n is the power exponent, dx is the distance between
the considered atoms and detector position, and cg is the
Gaussian factor representing the effect of the probe width,
aberrations, defocus values, and energy spread of the electron beam, respectively. The n value usually ranges from
1.5 to 1.8, according to the collection angle of the HAADF
detector [27]. In equation 3, the number of scattered electrons, i.e., the contrast between atoms in the STEM image is
significantly affected by Z, while the variation in dx and cg
can be neglected for the atomic sites in the observed area of
the specimen. Therefore, the presence of different atomic
species with a significant difference in Z leads to a noticeable variation in the contrast in the STEM image. In this
regard, the exceptionally high contrast (brighter areas)
observed for the Ti–O layer is related to the presence of Gd
(Z = 64) with a significantly larger Z than that of Ti (Z = 22).
3.2b EELS measurements: EELS profiles (figure 4)
were obtained to verify the observed chemical features of
the Ti–O layers in the STEM image, i.e., to verify the
chemical identities of the regions with average intensity
(AI) and those with exceptionally high intensity (EHI). Ba,
Ti and O peaks were observed for both the regions with AI
and the regions with EHI, whereas the Gd peak was
observed only for the EHI region (figure 4a). Therefore, it
can be inferred that the exceptionally bright contrast is
related to the presence of Gd. In the energy ranges of
455–475 and 530–550 eV in the EELS profiles (figure 4c
and d), the characteristic features of the Ti L2,3 and O 1s
edges depend on whether the spectra were recorded from
the EHI or AI region, whereas the Ba peaks show negligible
differences regardless of the region (figure 4b). For the peak
of the Ti L2,3 edges, the energy gap between the two states
of t2g and eg for L2,3 is 2.21 eV in the AI region, which
decreased to 1.94 eV in the EHI region (figure 4c). In
addition, a valley-like feature is observed at *534 eV in the
peak of the O 1s edge in the AI region, which is not
observed in the EHI region (figure 4d).
The characteristic feature of the peaks for Ti L2,3 edges
varies with the oxidation state of the Ti ion [28,29]. The
states of t2g and eg for the L3 edge were more separated for
Ti4?, while a smaller gap was observed between the t2g and
eg states for the L3 edge of Ti3? in the range of 455–460 eV.
The characteristic features of the peaks for the Ti L2,3 edges
in figure 4c appear to be less distinguished and more or less
broad between the two peaks of t2g and eg in region EHI
than those in region AI, indicating that Ti4? and Ti3? states
are mixed in region EHI. When Gd was substituted at the Ti
sites of the BTO phase, the difference between the oxidation
states of Ti and Gd ions led to the loss of the electrical
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Figure 3. (a) HAADF-STEM image of the 8 mol%-Gd:BTO solid solution. The atomic arrangement of the BTO
structure is illustrated by superimposing coloured circles in the lower right corner of the image; green, blue and red
circles represent Ba, Ti and O atoms, respectively. Line intensity profiles of (b) Ba–O and (c) Ti–O layers
corresponding to the regions A and B enclosed in rectangles in the HAADF-STEM image.

neutrality of the BTO lattice. A change in the characteristic
features of the Ti L2,3 and O 1s peaks is expected when Gd
occupies the Ti sites; the electrical neutrality of Gd:BTO
was established by the variation in the oxidation state of
some Ti ions from ?4 to ?3 and the generation of point
defects such as oxygen vacancies.
3.2c Estimation of DG for the formation of Gd:BTO
powders: The most stable structure of the Gd:BTO phase
was determined based on the DG values of six different
defect formation reactions. DFT calculations were
performed in terms of the different substitution sites of
Gd (see table 1). Reactions #1, #2 and #3 are based on the
scenarios in which Gd occupies the Ba sites, while the
occupation of Gd at Ti sites is considered with reactions #4
and #5, and Gd is presumed to occupy both Ba and Ti sites
in reaction #6. It was assumed that the variation in the
DG of solid phases with a change in the temperature is
negligible, while the DG of gas phases is significantly
affected by the temperature and pressure. Thus, the
DG values for reactions #2, #3, #4 and #6 consisting of
only the solid phases were simulated at 300 K, whereas
those for reactions #1 and #5 were simulated at both the
temperatures of 300 and 1500 K.
Figure 5 shows a schematic of the relative DG values for
each reaction. Reaction #4 was taken as a reference because
it has the lowest DG based on the DFT calculation. The

estimated DG values followed the order of DG#4 \ DG#3 \
DG#1 \ DG#2 \ DG#5 \ DG#6 at 300 K. In detail, reaction
#4 is the scenario in which the Gd was substituted at the Ti
0
sites, and the effective charge of GdTi was compensated by
the generation of oxygen vacancies. Reactions #3 and #1
represent the scenarios in which the substitution of Gd takes
place at the Ba sites and the electrical neutrality is achieved
with a change in the oxidation state of some Ti ions from
?4 to ?3 and the generation of oxygen vacancies. The
occurrence of reactions #1, #2, #5 and #6 at 300 K is very
low because the DG of these reactions is larger than 4 eV.
Figure 6a shows a schematic structure of Gd:BTO, in
which Gd is doped at both Ti (GdTi, state I) and Ba (GdBa,
state II) sites. The bonding lengths for each state were
estimated by the DFT calculations, and are shown in
figure 6b. In state I, GdTi at the octahedral site is coordinated with six O atoms in the BTO phase, similar to other Ti
sites. In contrast, in the case of state II, GdBa is expected to
be located away from the original Ba sites such that it
coordinates with eight O atoms, with its coordination
number (CN) being lower than that of Ba (CN = 12) in the
BTO lattice. The atomic position of GdBa and its lower CN
cause structural distortion, leading to an increase in the
energy of the Gd:BTO structure, and thus, the substitution
of Gd at the Ba sites can be considered to be thermodynamically unfavourable. In addition, the average bonding
lengths of Ti–O and Ba–O in the BTO lattice are 2.01 and
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EELS spectra of (a) Gd, (b) Ba, (c) Ti and (d) O
obtained from AI and EHI regions in the HAADF-STEM image
for the 8 mol%-Gd:BTO solid solution. The EELS spectra of Ti L2
and L3 edges were deconvoluted by Gaussian fitting to estimate the
energy gap between the two states, t2g and eg, for regions AI and
EHI.

b Figure 4.

2.84 Å, respectively. In contrast, when Gd replaces the Ba
and Ti ions, the average bonding lengths of GdTi–O and
GdBa–O are calculated to be 2.22 and 2.56 Å, respectively.
The difference between the bonding lengths of Ba–O and
GdBa–O is 0.28 Å, which is 0.07 Å larger than that (0.21 Å)
between Ti–O and GdTi–O. This indicates that the substitution of Gd at Ba sites can lead to a greater structural
mismatch compared to that resulting from its substitution at
the Ti sites.

3.3 Magnetization and dielectric features of Gd:BTO solid
solutions
Figure 7a shows the VSM results of Gd:BTO powders
obtained by varying the initial Gd concentrations in the
precursor from 0 to 8 mol%. The magnetization of the
undoped BTO powder is negligible; it shows a negligible
change in the magnetization with increasing magnetic field.
In contrast, the Gd:BTO solid solutions showed a linear
increase in the magnetization with the magnetic field, and
the magnetization at the applied magnetic field of 10 kOe
increased from 18.15 to 43.20 memu g–1 with an increase in
the initial Gd concentration from 4 to 8 mol%. To find out
the effect of segregated Gd2O3 phase on the measured
magnetization of the sample, reference samples were prepared by mixing the respective BaTiO3 and Gd2O3 powders
at mole ratios of 99.5:0.5 and 96.0:4.0, respectively. The
values of magnetization of the reference samples with the
mole fractions of 0.5 and 4 mol% Gd2O3 phase were 1.38
and 9.59 memu g–1 at the magnetic field of 10 kOe,
respectively. In case of Gd:BTO powders with initial doping concentration (x) of 4 and 8 mol%, the mole fraction of
segregated Gd2O3 phase was confirmed to be 0.05 and 0.09
mol%, respectively. However, the values of magnetization
were 18.15 and 43.20 memu g–1 at the applied magnetic
field of 10 kOe, respectively. Based on the magnetization of
the reference samples, the values of magnetization associated with the presence of 0.05 and 0.09 mol% of the segregated Gd2O3 phase were calculated to be approximately
0.14 and 0.24 memu g–1, respectively. These values
appeared to be negligible compared to those (18.15 and
43.20 memu g–1) of Gd:BTO powders.
The variations in the relative dielectric constant and
magnetic susceptibility of the Gd:BTO solid solutions are
shown in figure 7b. The magnetic susceptibility (v) was
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Figure 5. Relationship between the relative DG values and structures of the Gd:BTO solid solutions; the structures
are schematically illustrated in terms of the substitution site of Gd, related point defects, and relative DG values with
respect to that of reaction #4. Green, blue, purple and red circles indicate Ba, Ti, Gd and O atoms, respectively, and
0
00
000
the point defects of GdBa , GdTi , VBa , VTi and V
O are denoted with special characters in the inset.

Figure 6. (a) Schematic of Gd:BTO; states I and II represent the substitution of Gd at the Ti
(GdTi) and Ba (GdBa) sites, respectively. Green, blue, purple and red circles indicate Ba, Ti,
Gd and O atoms, respectively, whereas green, blue and purple polyhedrons indicate Ba-, Tiand Gd sites, respectively, in the oxide coordinate system of Gd:BTO. (b) Bonding lengths of
Ti–O, GdTi–O, Ba–O and GdBa–O estimated from DFT calculations.

estimated as the slope of the change in the magnetization
with the magnetic field (dM per dH). The relative dielectric
constants of the undoped BTO and 4 mol%-Gd:BTO powders were found to be 350 and 295, respectively. The value
decreased rapidly to 165 with an increase in the Gd concentration to 8 mol%. In contrast, the v-value of the 4
mol%-Gd:BTO powder was estimated to be 1.80 9 10-6

emu g–1Oe–1, and it increased gradually to 4.32 9 10-6
emu g–1Oe–1 with an increase in the Gd concentration to 8
mol%.
Figure 8 shows the electronic configurations for the GdTi
and TiTi states in the Gd:BTO solid solutions. There is
negligible contribution to magnetic moments from the
atomic sites of Ba, Ti and O, and oxygen vacancies in the
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undoped BTO lattice, as shown in figure 7a. However, the
generation of magnetic moments at the GdTi sites in the
Gd:BTO lattice can be attributed to the electronic config0
uration of GdTi , which exhibits five valence electrons; these
electrons are expected to spin uniformly in one direction. In
contrast, the TiTi ion with an electron configuration of
[Ar]3d24s2 has ?4 oxidation state in the BTO structure. The
Gd:BTO solid solutions exhibited the characteristic paramagnetic-type behaviour under the applied magnetic field
of ±10 kOe. As shown in figure 2c, the Gd concentration in
the solid solutions appeared to be proportional to the initial
Gd fraction in the precursor at concentrations below 8
mol%. The v-value of the Gd:BTO solid solution increased
from 1.80 9 10-6 to 4.32 910-6 emu g–1Oe–1 as the
concentration of Gd increased from 4 to 8 mol%. Therefore,
the magnetic features of the Gd:BTO powders with Gd
concentrations within the solubility limit (B8 mol%) are
0
possibly due to GdTi , and the magnetic susceptibility
0
appears to be proportional to the concentration of GdTi .
4?
When the Ti ions in the BTO phase are substituted with
Gd3? ions with lower charge, the oxidation state of some of
the Ti ions in the BTO powders changes from ?4 to ?3.
Oxygen vacancies are expected to be generated for charge
compensation [30,31], which is described as follow:
 0

0
GdTi þ TiTi $ VO :

Figure 7. (a) VSM results of Gd:BTO solid solutions. (b) Variation in the relative dielectric constant and magnetic susceptibility
of the Gd:BTO solid solutions with the initial Gd concentration.

Further investigations are necessary to understand how
0
TiTi affects the magnetic properties of the Gd:BTO solid
solutions. It has been reported that the oxygen vacancies in
SrTiO3 cause a decrease in its ferroelectric features because

Figure 8. Electronic configurations of the respective states of Gd3?, Gd, Ti4?, Ti3? and Ti.
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the covalency of Ti–O bonding is weakened [32]. Kim and
Lee [33] reported that the lattice distortion of the BTO
phase, caused by the oxidation of Ti3? ions and the creation
of oxygen vacancies, results in a decrease in the tetragonality of the perovskite structure. Therefore, the decrease in
the relative dielectric constant of the Gd:BTO powder is due
to the oxygen vacancies and lattice distortions, resulting
from the incorporation of Gd in the BTO structure.
4.

Conclusions

Herein, the Ba/Ti mole ratio of 1.2 in the precursor at the
reaction temperature of 300°C were determined to be the
optimized conditions for the synthesis of Gd:BTO solid
solutions. Gd was substituted at the Ti sites of the BTO
structure, accompanied by the compensation of the charge
imbalance by a change in the oxidation state of Ti and
generation of oxygen vacancies. DFT calculations indicated
that the BTO structure, in which Gd occupied the Ti sites,
has the highest stability with the lowest Gibbs free energy
of the corresponding reaction. The values of magnetization
at the magnetic field of 10 kOe and v-values of the Gd:BTO
powders increased almost linearly from 18 memu g–1 and
1.80 9 10-6 emu g–1Oe–1 to 40 memu g–1 and 4.32 9 10-6
emu g–1Oe–1, respectively, with the increase in the Gd
concentration in the precursor from 4 to 8 mol%. The
relative dielectric constant changed from 295 to 165 as the
Gd concentration in the precursor was increased from 4 to 8
mol%. The increase in the magnetization of the Gd:BTO
powders appeared to be due to the increase in the concen0
tration of GdTi . It is highly likely that the substituted Gd has
unidirectional electron spin. In contrast, the relative
dielectric constant was significantly affected by the oxygen
vacancies and lattice distortions caused by the substitution
of Ti4? in the BTO structure with Gd3?.
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