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1. Introduction

Two-dimensional (2D) ferroelectrics, especially lead-free materials such as

barium titanate, BaTiO;, hold significant promise for advanced electronics
due to their unique nanoscale properties. Doping BaTiO; with lanthanides
(Ln) can enable fine-tuning of electrical and dielectric properties by
substituting Ba* (A-site) or Ti** (B-site) in the perovskite structure. A-site
doping enhances dielectric properties, while doping the B-site changes the
polarization and thermal stability. The site preference depends on the ionic
radii and charge compensation mechanisms, which include oxygen vacancies
and self-compensation processes. This research delivers the structural and
microstructural aspects of BaTiO; doped with members of the Ln family from
La to Lu, emphasizing their superior properties compared to undoped BaTiO;.
Notably, the Ln dopants significantly influence the ferroelectric,
ferromagnetic, luminescent, and piezocatalytic properties, where the ionic
radius, doping mechanisms, defect formation, and preparation methods play
a role. Theoretical studies and advanced characterization data indicate that Ln
dopants improve the performance of BaTiO; by stabilizing structural defects,
affecting site occupancy, and improving insulation resistance. Understanding
the defect chemistry and Ln ion distribution in Ln-doped BaTiO; systems can
help optimize their functional properties for next-generation technologies and

sustainable energy applications.
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Because of their unique features on the
nanoscale, two-dimensional (2D) ferro-
electrics hold great promise for the elec-
tronics of the future. In general, 2D ma-
terials are a type of nanomaterial with
a sheet-like structure and a high lateral
size-to-thickness ratio.l"*) The extraordi-
nary physical and chemical features of
2D materials, such as their huge surface
area and abundance of active sites, re-
sult from the confinement of electrons in
two dimensions. As a result, 2D materi-
als have become a bright spot in a num-
ber of industries, including electronics,
energy storage, and catalysis.>**) Com-
pared to 3D materials, low-dimensional
materials (e.g., nanowires, nanosheets,
nanorods) respond more strongly to
weak mechanical energy and can gen-
erate a much higher piezoelectric po-
tential under the same load.l”) This fea-
ture makes them particularly suitable
for enhanced piezocatalytic performance.
As a subclass of ferroelectrics, 2D lead-
based piezoelectrics such as Pb(Zr,Ti)O,
(PZT) are still very popular. However,
the high concentration of hazardous
lead severely restricts their commercial use in many countries.
For this reason, various lead-free alternatives have been pro-
posed, including barium titanate, BaTiO; (BTO). In order to
achieve piezoelectric performance comparable to of leaded coun-
terparts, many successful modification processes, such as dop-
ing and texturing, have been developed.l”) Through doping and
phase engineering, the piezoelectric coefficient d;; of BTO-based
ceramics can be increased to 620 pC N7, which is equivalent to
that of high-end PZTs.[®! Furthermore, its single-crystal form is
expected to have a dy; value of 1500 — 2000 pC N~!, making it a
promising candidate for piezoelectric devices. Dopants can nar-
row the band gap by introducing defective energy levels, provid-
ing more opportunities for electron excitation.®! Additionally,
some dopants improve the conductivity of the material and pro-
mote charge transfer at the interface.'’ Dopants can also cause
local crystal deformation and reduced symmetry, resulting in in-
creased piezoelectricity.'?] In addition, doping often leads to the
formation of oxygen vacancies (O,), which play a dual role in in-
fluencing the piezocatalytic properties of BTO.[!>15] On the one
hand, O, defects introduce defective energy levels, which lower
the energy required for charge carrier formation, and increase
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the charge carrier concentration ['7] On the other hand, they
contribute to enhanced piezocatalytic performance by facilitating
charge separation and transfer at the material interface.

BTO is an important target for 2D ferroelectrics, but the con-
trolled synthesis of 2D BTO nanosheets, for example, is still
a challenge. Hagiwara et al. demonstrated a simple solvother-
mal method to synthesize molecularly thin tetragonal BTO
nanosheets from 2D Ti, 3,0, nanosheets.'8 The researchers suc-
cessfully synthesized tetragonal BTO nanosheets with controlled
thicknesses from 1.4 to 3.0 nm and investigated their ferroelec-
tric properties up to the critical thickness. Notably, the study
shows that 2D BTO nanosheets with water absorption exhibit
bulk-like ferroelectricity at a thickness of 1.8 nm. Evidently, to re-
duce the thickness of the dielectric layers, the size of the BTO par-
ticles must be reduced. Submicron BTO particles have been syn-
thesized by various techniques, including solid-state reactions,
hydrothermal and solvothermal processes, microwave-assisted
heating, flame spray pyrolysis, and sol-gel methods.['*-**] While
these approaches produce BTO with different morphologies and
topologies, they often result in low tetragonality. This is signifi-
cant as tetragonal BTO ceramics exhibit superior dielectric prop-
erties compared to cubic ceramics — a phenomenon that is well-
documented in the literature, although the underlying mecha-
nisms remain the subject of ongoing debate.l>2’] In general,
the dielectric constant of sintered BTO decreases with increas-
ing average grain size.*?-3 As the particle size decreases, the
dielectric constant also decreases. Thus, to compensate for this
loss, in addition to the obvious effects of the synthesis meth-
ods on the dielectric characteristics, the doping of BTO with
rare-earth (RE) elements has been intensively explored. In par-
ticular, different sintering temperatures and holding times lead
to unique microstructures characterized by different grain sizes
and morphologies, resulting in different dielectric, ferroelectric,
and piezoelectric responses of the materials. This is why the com-
plex (micro)structure-property correlation in materials must be
adequately addressed in order to develop intelligent systems. The
addition of donor dopants above the threshold concentration (0.2
+ 0.5 at%), which marks the transition between semiconductor
and insulator, significantly limits grain development. In heavily
doped ceramics, the grain size can be less than 1 mm. Therefore,
the influence of grain/particle size on the crystal structure of BTO
must be considered as a by-product of doping. It is well known
that when the grain size of dense polycrystalline BTO is less than
0.7 mm, the structure changes from tetragonal to pseudocubic at
RT.

The RE elements include the lanthanides together with yt-
trium (Y), scandium (Sc), and lanthanum (La). The lanthanides
are a group of 15 elements from the periodic table with atomic
numbers 57-71: lanthanum (La), cerium (Ce), praseodymium
(Pr), neodymium (Nd), promethium (Pm), samarium (Sm), eu-
ropium (Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy),
holmium (Ho), erbium (Er), thulium (Tim), ytterbium (Yb), and
lutetium (Lu). While most of these elements occur naturally, Pm
is mainly formed as a by-product of radioactive decay. Due to
their similar physiochemical properties, La, Sc, and Y are often
associated with RE elements in mineral deposits. These elements
are further subdivided into light Ln elements (atomic numbers
57-63: La, Ce, Pr, Nd, Pm, Sm, and Eu) and heavy Ln elements
(atomic numbers 64—71: Gd, Tb, Dy, Ho, Er, Tm, and YDb).

Adv. Physics Res. 2025, 2500006 2500006 (2 of 46)

www.advphysicsres.com

BTO offers considerable flexibility within its perovskite ABO,
structure, allowing the incorporation of various dopants. A-site
doping, where common elements such as La**, AI**, Bi**, Ce3t,
Pr3*, Nd**, and Sm?* replace Ba?*, enables precise tuning of
the physical and electrical properties of the material.*") By select-
ing suitable A-site dopants and optimizing their concentrations,
BTO can be tailored for a wide range of applications, including
electronics, sensors, and energy-related technologies. However,
to achieve the desired material properties and ensure stability,
the doping process must be carefully controlled.*?! B-site dop-
ing involves the substitution of various elements at the Ti** sites
within the BTO lattice. The B-site dopants in particular can sig-
nificantly alter the polarization behavior and Curie temperature
(T.) of BTO. Several aliovalent cations — including Zn**, Cu**,
Mg2+, Ml’l2+/3+, FeZHH, Ni”, Cl’”, COH, SC”, Ga”, II’IH, Y3+y
Ho*t, Dy**, Yb**, Nb>*, Sb>*, and W°*, can enter the B-sites, pro-
viding a versatile route to tailor the material properties.31:33-3
In general, B-site doping affects the electrical properties of BTO
and has a significant impact on thermal stability and phase tran-
sition behavior, improving stability and performance at elevated
temperatures.l®! It is important to recognize the challenges and
limitations associated with B-site doping. Precise regulation of
dopant components, dopant concentrations and doping sites is
essential to achieve optimal material performance and stability.

A comprehensive study is still needed to systematically inves-
tigate how the changes in charge balance mechanisms affect the
electrical, dielectric and structural properties of Ln-doped BTO.
Although BTO can be doped at both the A- and B-sites, spe-
cific criteria must be considered to determine the most suitable
dopant for each site.[3”38] In BTO, divalent and trivalent ions with
large ionic radii, and monovalent ions, usually replace Ba?* at the
A-site. In contrast, divalent and trivalent ions with smaller ionic
radii, and with tetravalent, pentavalent, and hexavalent ions, are
usually introduced at the B-site to replace Ti*".3*2] The terms
“large” and “small” are defined relative to the ionic radii of Ba®*
(1.61 A, coordination number (CN) = 12) and Ti** (0.605 A, CN
= 6).1%1 According to Lu et al.,, the best-performing Y5 V ce-
ramics (La- and Ce-doped BTO ceramics with compositions x =
0.03—-0.04, y = 0.05) exhibited a maximum dielectric constant of
more than 1000 over the frequency range of 1-100 kHz by co-
doping BTO with La** and Ce**.**] Dunbar et al. investigated
the site replacement of different Ln dopants in BTO using theo-
retical predictions and EPR measurements.[*! Their study iden-
tified Yb** as a stable B-site dopant, independent of the Ba/Ti
ratio, and Dy>* as an amphoteric B-site dopant, based on signal
intensity behavior. Gd** was confirmed as an amphoteric dopant,
while Eu?* preferentially occupies the A-site. Furthermore, Ce**
was shown to act primarily as a dopant for the A-site, as its sig-
nal strength depends on the Ba/Ti ratio. When Ce was forced to
occupy the B-site, it likely shifted to a Ce**, making it EPR-silent.
Although EPR spectra were obtained for Nd** and Er?*, the site
occupancy could not be definitively assigned based on these spec-
tra alone, and no EPR signal was observed for Sm-doped BTO.
In general, the metal vacancies correlate with the preferred po-
sition of the dopant: samples with A-site dopants (i.e., Ce, Nd,
and Sm) have more Ti*" vacancies and fewer Ba?* vacancies than
those with amphoteric dopants (i.e., Er and Dy). The permittivity
of Ln-doped BTO is closely related to structural distortions and
chemical defects surrounding the dopants.
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The crystal structure and microstructure of BTO can be signif-
icantly altered even by low concentrations of dopant ions of dif-
ferent sizes. Many studies have investigated Ln-doping of BTO
to improve its desired properties and thus expand its applica-
tion potential in a variety of advanced technologies.[*%!l The Ln-
doped BTO has attracted significant interest among researchers
due to its improved electrical properties with T, values that can
be found at lower temperatures.34462-65] Doping enables pre-
cise tuning of the electrical properties of BTO, and the incor-
poration of Ln has been shown to improve the performance of
BTO-based multilayer ceramic capacitors (MLCCs) by increasing
T, as a function of doping concentration. In addition, Ln doping
stabilizes the vacancies in BTO, improving both the performance
and reliability as well as the insulation resistance and lifetime of
MLCCs.[%¢%7] Preventing grain growth, improving the tempera-
ture dependence of the dielectric constant, and improving relia-
bility as resistance degrades are all properties required for ML-
CCs and high dielectric constant capacitors, and donor-type rare
earths have proven their utility in these areas.

The effect of Ln-doping on the dielectric constant of BTO is
still a topic of debate. Some studies report that Ln-doping sig-
nificantly increases the dielectric constant, while others show
lower dielectric constants. For example, Er**-doping was found
to increase the dielectric constant of BTO while improving the
capacitance.[*®! In contrast, Er**-doping was also shown to de-
crease the dielectric constant of BTO ceramics. With increasing
the Er’* concentration, the dielectric constant decreases signifi-
cantly at 300 K.[68:6]

Most theoretical studies on Ln-doped BTO have focused on Ln
selectivity and the interactions between Ln dopants and struc-
tural defects such as vacancies. A density-functional theory (DFT)
study by Moriwake et al.l’l showed that the site selectivity of Dy**
and Ho** depends on the thermodynamic conditions. With an
excess of Ba?*, the Ln dopants occupy Ti** sites and are compen-
sated, whereas with an excess of Ti**, they preferentially occupy
Ba®* sites; the excess charge is compensated by the formation
of electron carriers. Under reducing conditions, both Dy** and
Ho** exhibit the same site preference with similar compensa-
tion mechanisms and low solution energy. Honda et al. further
demonstrated that Ln dopants stabilize near the first and second
closest O*~ sites at the Ba?* and Ti** positions, respectively.!’!!
More recently, a DFT study by Cheng et al. revealed that La** and
Sm** occupy only Ba?* sites, while Dy**, Ho**, Y**, and Yb** ex-
hibit amphoteric behavior.l”? Larger Ln** ions cannot be trapped,
leading to a mismatch between binding energy and site occu-
pancy. The effects of Ln-doping on dielectric constants and the
local atomic structure of Ln-doped BTO remain an open ques-
tion. Lee et al. have addressed this gap using first-principles cal-
culations based on DFT and density-functional perturbation the-
ory to investigate the microscopic structure and dielectric prop-
erties of Ln-doped BTO.7?! Ln dopants that are significantly re-
moved from Ba?* sites for charge compensation, lead to off centre
structures and this shift is more pronounced for elements with
smaller ionic radii. Changes in the ionic dielectric constant are
closely related to the Ln displacement and ionic radius. Wang et
al. prepared pure and La**-doped BTO fibers by electrospinning
which yielded fiber ceramics with low dielectric loss and high di-
electric constant at low frequencies as well as a high tetragonal
phase.l’4]
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To elucidate the complex physical and chemical properties
of Ln-doped BTO materials, a comprehensive understanding of
their structural and microstructural features is essential. The po-
sitions of the doping sites in BTO have been determined using
a number of techniques, including electron paramagnetic res-
onance/electron spin resonance (EPR/ESR),[*757¢ conductiv-
ity measurements, X-ray diffraction (XRD)[3*6>6777.78] atomistic
simulations, %% and luminescence.l®!) In addition, the mecha-
nisms of Ln-doping and the defect chemistry of Ln-doped BTO
have been studied separately in a number of papers.

Theoretical simulations based on tolerance factors have shown
that the ion occupation correlates with the ion radius.[#2#3] Larger
Ln ions such as La** (1.36 A, CN = 12) and Nd** (1.27 A, CN =
12) prefer substitution on the A-site (Ba**), while smaller ions,
such as Yb** (0.868 A, CN = 6), prefer the B-site (Ti*"). Inter-
mediate ions such as Y>* (0.9 A, CN = 9) and Er’* (0.89 A,
CN = 6), can occupy both the A- and B-sites.365788487] Spe.
cific doping also leads to chemical inhomogeneity. For example,
partial replacement of the A-site by La** can lead to Ti vacan-
cies or Ti reduction.[®® These imperfections can significantly af-
fect the dielectric properties of BTO-based ceramics. Guillemet-
Fritsch et al. achieved a RT colossal permittivity in spark plasma-
sintered Ba, o5 La, (s TiO; , ceramics, where Ti**/Ti** acted as po-
laron carriers.®) Chemical inhomogeneity often occurs along-
side specific doping. For example, partial substitution of the A-
site by La** can lead to the formation of Ti vacancies or the re-
duction of Ti.) Low concentrations of Ln dopants can cause
local atomic displacements in BTO, which can be computation-
ally simulated. Local structural models developed computation-
ally provide extremely useful information to rationalize experi-
mental structural models obtained from ensemble data. Freeman
et al. developed a model that captures the structural and kinetic
features of BTO, and provides a self-consistent potential model
for analyzing the energetics of defect chemistry in BTO.®! The
model was tested by simulating Ln-doping and considering five
possible charge compensation schemes. These simulations were
consistent with experimental studies and predicted that small Ln
dopants preferentially substitute at the Ti-site, medium-sized Ln
dopants occupy both Ti and Ba-sites, and larger Ln dopants exclu-
sively favor the Ba-site. The calculations also indicate that elec-
tron compensation for Ba-site substitution is energetically less
favorable than the creation of Ti vacancies. Buscaglia et al. found
that Ln substitution in the BTO host lattice requires a compen-
satory mechanism to address the excess charge when replacing
a Ti** or the loss of charge when replacing a Ba?*. Overall, these
results have major implications for further scientific research in
this area. Five alternative compensation schemes!®"! are known
in the literature (Schemes 1 — 5):

1. Substitution of M3+ for Ba?* with conduction electron com-
pensation:

M,0,+2Bay, — 2M 5, +1/20,+2¢'+2BaO (1)
2M,0,+4Bay, +Tiy, — 4My, + V"' ;;+3Ba0 + BaTiO, 2)

3. Substitution of M3* for Ti** with O~ vacancy compensation:

M,0,+2Tiy; + Oy — 2M' 1 +V542TiO, 3)

© 2025 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH

85UBDI T SUOWWIOD 3A e8I 3|qedljdde sy Aq pausenob ae sajoie VO ‘8sh J0 3| 10} Aeid 8UIUO A1 UO (SUONIPUOI-PUe-SWLBY WO A3 1M AReig Ul [Uo//ScL) SUONIPUOD PuUe SWie 1 8U) 88S *[5202/50/2T] Uo AReiqiauliuo A81IM * ABojouye ] JO Aisieaun snidAD - noepus A el IN AQ 900005202 1Xde/Z00T OT/10p/uod" A8 |1 A eiq 1 pul JUO"peoueApe// Sy WOJ) papeo|umoq ‘0 ‘00ZTTS.Z


http://www.advancedsciencenews.com
http://www.advphysicsres.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHYSICS
RESEARCH

Open Access,

www.advancedsciencenews.com

4. Substitution of M3* for Ba** and M3+ for Ti**, which leads
to self-compensation:

M,0,+Bay,+Tiy; - My, + M';+BaTiO, (4)
5. Substitution of M+ for Ba?* with Ba?* vacancy:
M,0,+3Bay, — 2M’y, + V", +3BaO )

Both experimental and theoretical studies have shown that
smaller Ln dopants such as Lu** and Yb**, exclusively re-
place Ti atoms, with the charge being compensated by oxygen
vacancies.3*%] Simulations have indicated that Scheme 3 (see
above) with REy; defects has an energy about 0.1 eV lower than
the other schemes for the small RE ions. In contrast, the sim-
ulations of Lewis and Catlow,®” and Buscaglia et al.®% pre-
dicted self-compensation (i.e., Scheme 4) at this location using
Ln dopants at both the Ti and Ba-sites. The medium-sized Ln
ions, such as Ho**, Eu*, and Gd**, tend to substitute at both
the Ti and Ba-sites, with the self-compensation scheme taking
precedence.[293] The simulations agree and show that Scheme 4
is energetically more favorable for these three ions. The position
of the RE ion is often determined by certain conditions, such as
the sintering environment or the ion concentration; for example,
the Ba/Ti ratio has a significant influence on the occupancy of the
Gd site.®") Previous classical simulations suggest that the self-
compensation approach requires less energy for medium-sized
Ln ions such as Gd. Theoretical simulations by Moriwake et al.
did not consider incorporating self-compensation, but neverthe-
less showed, that depending on the environment, Ho can substi-
tute either at the Ti-site, leading either to the formation of holes or
oxygen vacancies, or at the Ba-site, leading to electron compensa-
tion and barium vacancies.””! Simulations showed that Scheme 2
is the most energy-efficient, while Scheme 1 is the least efficient.
For larger Ln ions, however, Scheme 1 proves to be more advan-
tageous. The debate about the compensating mechanism for Ba
substitution persisted, especially at low Ln concentrations. Fur-
thermore, theoretical calculations showed the La substitution at
the Ba-site in all situations except in the Ti-TiO, environment,
where La-doping is energetically equivalent at both sites. Under
oxidizing conditions, La compensation is achieved by creating Ti
vacancies, while electron compensation is preferred in reducing
environments. This is consistent with experimental reports on
the two alternative compensation strategies.

The ability to accurately describe the defect chemistry and solid
solutions of perovskites using classical methods opens the door
to exploring a wide range of complicated systems and predicting
the possible properties of many perovskite systems, which will be
invaluable for future research. Understanding the defect chem-
istry of Ln-doped BTO systems and investigating the distribution
of Ln ions in the BTO host is a long-standing problem in the field
of functional perovskite oxides.[**# To accurately understand the
distribution and influence of Ln ions in the BTO lattice, it is im-
portant to determine the preferred dopant site (Ba or Ti), the solu-
bility limit at each site, and the influence of Ln concentration on
these factors. An important aspect is to understand the atomic
arrangement around the Ln ions and the neighboring BTO host
ions, as well as the defects caused by charge-compensation mech-
anisms (e.g., cation and anion vacancies). However, investigat-
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ing these features by experiments alone is challenging, due to
low dopant concentrations and local distortions caused by mis-
matches in ion size and charge between the Ln ions and the
Ba*/Ti** host ions.

In this review, the effects of Ln incorporation into the BTO host
on the structural and microstructural properties are closely cor-
related with the dielectric, ferroelectric, and piezoelectric proper-
ties of Ln-doped BTO-based materials. The primary goal of this
review is to deliver tailored collection of research results to meet
the needs of various research groups conducting both fundamen-
tal and applied research in the field of Ln-doped BTO chemistry.

2. Crystal Features of BTO Host

Depending on the temperature, BTO adopts different crystal
structures. Its polymorphs show cubic, tetragonal, orthorhombic,
rhombohedral, and hexagonal forms, which vary from high to
low temperature (Figure 1).[°7193] With the exception of the cubic
and hexagonal forms, which are paraelectric and have no polar-
ization, all these phases exhibit ferroelectricity. With increasing
temperature, BTO undergoes successive phase transitions from
ferroelectric to paraelectric states, as shown in Figure 1. BTO has
the classic ABO; perovskite structure (space group (s. g.) Pm-
3m,a=401914(1) A, a = p = y = 90°, V = 64.92 A%), with
Ba’* at the A-site, Ti** at the B-site, and O? at the face centers
as can be seen in Figure 1.1%41%] In the high-temperature cubic
phase, TiO, octahedra share the corners to form a cubic network
with oxygen vertices and Ti—O-Ti edges. At lower temperatures,
phases with lower symmetry stabilize, causing the Ti** to shift to
off-center positions, which enhances the unique properties of the
BTO lattice through the synergistic effects of Ti** distortions.[1%!
As the temperature decreases, the cubic BTO undergoes succes-
sive phase transitions into three different ferroelectric phases
(Figure 1). At =90 °C, BTO transitions from the paraelectric to
the ferroelectric phase and adopts a tetragonal structure (s. g.
P4 mm, a =4.0149(3) A, a = f = y = 90°, V = 64.72 A%), but re-
mains orthorhombic (s. g. Amm2, a = 4.0094(3) A, b = 5.6214(9)
A, c=506386(3) A, @ = f =y = 90° V =127.09 A’) between 4
°C and —90 °C and finally becomes rhombohedral (s. g. R3mR,
a=4.00354) A, a ==y =8984° V= 6417 A’ below —90
°C.[9:100.107] (Figure 1a,b). Each distortion can be considered as an
extension of the cubic unit cell along certain directions: along an
edge in tetragonal symmetry (i.e., [001] direction), along a face di-
agonal in orthorhombic symmetry (i.e., [011] direction) or along
a body diagonal in rhombohedral symmetry (i.e., [111] direction).
In these ferroelectric phases, the spontaneous polarization arises
from the relative motion between the centers of negative (O*7)
and positive (Ba?* and Ti**) ions or the tilting of oxygen octahe-
dra, which occurs without an external electric field or mechanical
force.

BTO particles with a tetragonal structure have long been used
as raw material for electrical devices. Since the 1970s, size and
scaling effects in ferroelectric materials have sparked attention
among researchers in nanoscience and nanotechnology. This in-
terest has been driven by two main factors. The first is the fun-
damental question of whether there is a threshold size for fer-
roelectricity or whether ferroelectric order decreases due to con-
finement to a small volume. For epitaxial thin films, the criti-
cal thickness is 2—3 nm, while for ceramics the critical grain
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Figure 1. a) The cubic symmetry (s. g. Pm-3m ) of BTO defines an ideal perovskite structure.['%] The cubic phase transforms into a high-temperature
hexagonal structure (s. g. P6;mmc, above ~1400 °C.[>] b) phase transition to a ferroelectric tetragonal symmetry (s. g. P4 mm) occurs at a tempera-
ture decrease, while further decrease leads to the formation of orthorhombic (s. g. Amm2) and rhombohedral phases (s. g. R3mR), and c) schematic

representation of the substitution sites in Ln-doped BTO structures.

size is 10—20 nm.1%-11% The miniaturization of electrical devices
makes it necessary to reduce the size of components. This re-
quires BTO particles with a size between 20 and 300 nm, which
have a high dielectric constant. As the BTO particles become
smaller, the unit-cell volume of tetragonal BTO increases.[*”-"]
For example, when the particle size is reduced from 430 to
140 nm, the c/a ratio decreases and the particle size approaches
a critical size at which the c¢/a ratio becomes one. This shift prob-
ably explains the observed increase in the dielectric constant,
which rises from 1550 to 5000 when the particle size is reduced
from 430 to 140 nm. The ferroelectric order in materials is also
significantly influenced by the particle shape.[1% 1] Morozovska
etal. predicted that elongated nanowires can maintain or even in-
duce ferroelectricity at very small diameters compared to spheri-
cal particles of the same size, because the depolarizing field dis-
appears and the surface tensions in nanowires are very high.['1]
In contrast, the hexagonal structure of BTO is not ferroelectric
(Figure 1a, bottom), and has a unit cell of six BTO units (s. g.
C6y/mmc, a=5.735A, c=14.05A, a = f=90°, y =120°, V =
397.82 A%).[112] Tt consists of six close-packed layers of Ba** and
0?7, each layer containing one Ba®* for every three O?~ in an AB-
CACB packing order.
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[95,100,107]

The Ti** occupies octahedral vacancies between these layers,
and two-thirds of the TiO, octahedra are present in pairs that
share a face and form Ti, O, coordination groups. The compen-
satory distortion in the Ti, O, groups increases the Ti—Ti distance
by 0.33 A, and decreases the O—O distance on the shared face by
0.38 A. In general, various experiments continue to focus on de-
creasing the thickness of the dielectric layers, while increasing
their dielectric constants.[''>11*] A literature review shows that
most studies in the Ln series focus on La-doped BTO. As the
atomic number in the Ln series of the periodic table increases,
the number of published articles based on the Scopus metrics
decreases (Figure 2). The exceptions are promethium, Pr a ra-
dioactive and extremely rare element, and lutetium, Lu the last
element in the Ln series, which is also the first element of the
6th-period transition metal.

2.1. The Case of La-Doped BTO
Lanthanum, La is undoubtedly the most studied dopant of the

BTO host in the Ln series. Due to the grain size of the Ln-doped
BTO, La’** is the most preferred. Compared to other Ln-doped

© 2025 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH

85U011 SUOWIWOD dAReRID B[qeal|dde aup Aq peueob a1 SapIe YO ‘88N JO S3INI 104 ARIQIT BUIIUO ABJIM UO (SUO 1 IPUOD-PUB-SULBILIOD" A3 1M AF.q I BUIIUO//SANY) SUOIPUOD PUe SW L 8U3 885 *[S5202/50/2T] uo Ariqiauiuo A|im * ABojouyse L JO Asieaun snidAD - noepue i el N Aq 900005202 4xde/200T OT/10p/wod 48] 1mAseiq i puljuo"peoLieApe//Sduy Woi) papeojumod ‘0 ‘002TTSLZ


http://www.advancedsciencenews.com
http://www.advphysicsres.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHYSICS
RESEARCH

Open Access,

www.advancedsciencenews.com

160 149
140
120
100

80

60

Number of publications
based on SCOPUS metrics

o

www.advphysicsres.com

=mm year range: 1970-2024

mm=  yearrange: 2020 -2024

40 31
| | I 21
2 I
2
0 I I I | I .. — e

La Ce Pr Nd Pm Sm Eu Gd Tb

Dy Ho Er Tm Yb Lu

Lanthanide

Figure 2. Number of publications on Ln-doped BTO based on Scopus metrics, divided into two data sets. Publications on Ln-doped and Ln-codoped

BTO and BTO-based materials, are covered.

BTO samples the La-doped BTO has the smallest average grain
size.'"™ La3* in particular has an ionic radius almost equal to
that of Ba?*, which reduces lattice distortion and facilitates grain
growth during sintering. Namely, the La3* replaces Ba?* over a
wide range of doping levels compared to Ti** as their ionic radii
are similar. The concentration of La** leads to a critical threshold
beyond which the material changes from a semiconductor to an
insulator. Specifically, in La-doped BTO, the resistivity reaches a
minimum at ~0.3 mol% La, with the transition from semicon-
ducting to insulating properties occurring beyond 1.0 mol%./%”]
This behavior is associated with charge-compensation mecha-
nisms in which La3* replaces Ba?*. In addition, the electrical
properties of Ln-doped BTO, are sensitive to the level of doping.
For example, studies have shown that BTO remains a semicon-
ductor up to an Ln-doping of ~0.3 at.% but becomes an insula-
tor at higher concentrations. Various explanations have been pro-
vided for this behavior. MacChesney et al. attributed this to the
occurrence of different defect configurations in different compo-
sitional regimes.['"*] It was postulated that the charge compensa-
tion up to 0.25 at.% RE addition to BTO occurs by the conversion
of Ti** to Ti**, and beyond that by the formation of barium va-
cancies, as follows:

BaTiO; + xLa,0;xTiO, — Bag, + 2xLa’;, +

Tiy + 2xTi'; + (3 + 6x) O, + (x/2) O, (6)

BaTiO; + xLa,0;xTiO, — Bag, + 2xLa’y,

+xV"5, + (14 3x) Tig + (3 + 9x) O, (7)
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Chan and Smyth proposed the following reactions for low and
high doping levels, respectively:'!#]

2La,0,+4TiO, — 4La’y, +4Tip;+120, + O,+4€ 8
2La,0,+6Ti0, — 4La’y, +6Tiy;+180,+2V"  +4e 9)

Early research focused on minimal doping levels due to the
excellent semiconducting properties of weakly doped materials
and their temperature-dependent resistivity, which made them
valuable for thermistor applications. The defect structures were
mainly suspected at this stage. Saburi, for example, investigated
the effects of minimal additions of Pr, Sm, Bi, Ce, Ta, Nb, Nd, Sb,
La, and Ta on the electrical properties of BTO and suggested that
Ln ions occupy the Ba-site.[''®] In this model, charge compen-
sation is achieved by a transition of Ti ions from the 4+ oxida-
tion state to the 3+ oxidation state. However, significantly fewer
studies have characterized the defect structure of BTO at higher
doping levels.'""1191 Eror and Smyth proposed that in the re-
duced state, La** occupies the Ba?* sites, with charge compen-
sation occurring through the Ti** formation. It has been shown
that barium and titanium vacancies can form upon absorption
of oxygen, that the donor dopant can shift within the cation site
or that barium vacancies can form, leading to the precipitation
of BaO.!"8] Today, it is generally assumed that semiconducting
La-doped BTO (< 0.3 mol% La) involves electronic charge com-
pensation, releasing electrons, whereas insulating La-doped BTO
(> 0.3% La) is associated with Ti vacancies.[8¢:120-123]

Nevertheless, further studies were required to systematically
investigate the relationship between the changes in charge com-
pensation mechanisms and the associated electrical, dielectric,
and structural properties of La-doped BTO. The doping of BTO
with donor ions can change the oxidation state of Ba**, making
it semiconducting at room temperature (RT).['?*] In La**-doped
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Figure 3. a) The potential charge compensation mechanisms based on the La-doping level and b) the shift and combination of (002) and (200) reflections
showing the crystal structure gradually transforms from tetragonal to cubic as La-doping concentration increases.[13413%]

BTO, where La** occupies the A-site (Ba?* sites), the main charge
compensation mechanism shifts from electronic to ionic with in-
creasing doping concentration, leading to changes in the volume
of the unit cell (Figure 3a).[#¢125] Atlow La-doping concentrations,
the substitution of Ba?* by La** at the A-site leads to additional
holes, which are balanced by the release of electrons, as shown
in Equation (10):

2La,0,42Ti0, — 2La’y, +2Ti*+60% o +1/20,+2¢’ (10)
2La,0,+3Ti0, — 4La’y, +3Ti'y + V" +120%, (11)

When the La**-doping concentration exceeds a certain thresh-
old, Ti vacancies are formed instead of free electrons (Equa-
tion 11).126] La** replaces Ba?* regardless of La-doping level;
however, the resistivity changes due to different charge compen-
sation processes.['”’] According to Equations (10) and (11), the
resistivity in La-doped BTO decreases at low La-doping levels due
to electron compensation, while it increases at higher levels due
to the formation of Ti vacancies.'?8] At low La-doping levels, the
charge is balanced before the resistance increases by adding more
electrons at the La*" doping level, resulting in a sharp drop in
resistivity (Equation 10). Once the La-doping concentration ex-
ceeds a critical level (where the upturn begins), Ti vacancies are
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created, increasing the resistivity again (Equation 11). Hwang et
al. pointed out that La-doped BTO is electrically compensated up
to about 0.4 mol% La, while doping concentrations above 0.4
mol% La result in ionic compensation by Ti vacancies.!'?’”] Pre-
viously, Glinchuk et al. and Morrison et al. had found analogous
increases in resistivity in La-doped BTO, which were attributed
to a transition in charge compensation mechanisms from elec-
tronic to ionic.8¢12°] It is important to note that the critical La-
doping concentration at which the charge compensation mech-
anism changes varies in the different studies, which is probably
due to the different synthesis methods.'?”13% Ganguly et al. re-
ported thatin Ba,_,La,, ;TiO; (0 < x < 0.10) synthesized by solid-
state reaction, the dielectric constant improved with increasing
La content.3!1 A phase shift from the tetragonal to the cubic
phase was observed with increasing La-doping level, as previ-
ously documented in the literature.['*>133] The study showed that
higher La-doping levels lower the phase transition temperature.
Specifically, La-doped BTO samples with x < 0.06 exhibited
a tetragonal phase, while those with x > 0.08 showed a cubic
phase at RT. This indicates that with increasing substitution of
Ba%* by La** the tetragonality decreases, which means that the
charge neutrality of the A-site is not maintained. In addition,
the dielectric constant was found to decrease with increasing
frequency, with higher values at lower frequencies—a trend al-
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ready observed in studies focusing on the transition temperature
with increasing La concentration.['*¢137] For La-doping up to 0.3
mol%, the change in lattice metrics is negligible. The lattice pa-
rameters along the a-axis and the b-axis remain fairly constant,
while the lattice parameter along the c-axis decreases steadily. At
concentrations above 0.3 mol%, however, the lattice changes be-
come more pronounced: the g-axis parameter increases with the
La-doping concentration, and the c-axis decreases more strongly.
In order to induce a local compressive strain along the c-axis, Ba**
ions are replaced by with slightly smaller La*+.[64]

Despite these changes, La-doped BTO retains its tetragonal
structure and remains ferroelectric at all doping levels at RT. To
understand the physical basis for the different changes in lattice
parameters above and below 0.3 mol% La-doping, it was neces-
sary to investigate the change in lattice volume as a function of
La concentration. Recently, Hwang et al. found that the lattice
volume of La-doped BTO gradually decreases with increasing La
concentration up to 0.3 mol% and the results showed that the
loss of lattice volume increases once the La-doping exceeds 0.3
mol%.['¥”] Changes in charge compensation pathways also affect
the microstructure of La-doped BTO. For example, the average
grain size of La-doped BTO decreases significantly when the La-
doping level reaches 0.2 mol%. However, the effect of the reduc-
tion in grain size caused by doping is negligible at 0.2 mol% La.
Yamaji et al. and later Avila et al. suggested that at 0.3 mol% La,
ionic charge compensation occurs, forming Ti vacancies, which
may have hindered the movement of grain boundaries required
for grain growth.[138139] [n addition, the studies by Wang et al. and
Hwang et al. showed that the standard deviation of the average
particle size decreases with increasing La concentration.[127:140]
For example, the average grain size of pure BTO was 29.4 um, but
0.4 mol% La-doped BTO had a standard deviation of only 0.9 pm.
Sumona et al. found that the tetragonal structure remained stable
in Ln-doped BTO-based samples such as Ba; La,Ti; ) Zr,0;
(x = 0.015, y = 0.15, 0.25, 0.35), with La incorporation leading
to the formation of Ti vacancies, that further hindered the grain
growth.l'?] Wongdamnern et al. showed that Ba, ,La, TiO; (x =
0.005, 0.01, 0.02, 0.04, 0.08) sintered at 1400 °C exhibited tetrago-
nal symmetry after doping.'*!l The cubic structure was gradually
formed, and the grain size decreased with increasing La concen-
tration. The substitution of La** at Ba’*-sites in the BTO host
stabilized the cubic structure and led to defects due to aliovalent
substitution. With increasing La content, the temperature of the
transition from cubic-to-tetragonal decreased due to lower tetrag-
onality, while the peak of the transition broadened, indicating
a diffuse phase transition. Mathiarasu et al. demonstrated that
the ionic partial mechanism, involving Ti vacancy formation, is
the most favorable pathway for doping in this system.[1*?] Apart
from the phase transformation, La-doping significantly reduces
grain formation, and increases lattice strain, as shown by the
shift of the peak associated with the (200) and (002) Bragg re-
flections of the tetragonal phase in pure BTO (Figure 3b). This
inverse relationship between the crystallite size and the lattice
strain confirms the presence of dopants in the lattice. While pure
BTO exhibits strong agglomeration, the La-doped BTO forms
well-defined microspheres with distinct grain boundaries. The La
dopant may have concentrated at the grain boundaries, limiting
further expansion of the grains and resulting in smaller particles
compared to pure BTO.[14
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2.2. The Case of Ce-Doped BTO

The BaCe,Ti, ,O,;, in which Ti** is partially replaced by Ce**, isa
promising lead-free material for tunable capacitors, high capac-
itance MLCCs, and actuators, as the incorporation of Ce can in-
crease the d;; value."**! The introduction of cerium (Ce) into
BTO host leads to structural changes that vary with Ce concen-
tration. The doping mechanism is complex; Ce ions can exist in
the valance states Ce** and Ce**, with radii of (1.01 A, CN =
6;1.34 A, CN = 12) and 0.87 A (0.87 A, CN = 6; 1.28 A, CN =
12), respectively.'*] Initially, Ce** replace Ba?* at the A-site.[>%]
When the Ce concentration is low (Ce/Ba ratio < 0.6%), cation va-
cancies form due to the smaller ionic radius of Ce** compared to
Ba?*, leading to a reduction in cell volume.l">!) The charge com-
pensation mechanism for this substitution is described as fol-
lows:

BaTiO, + xCe’* — Ba’* (Cey,) Ti**0,*” +xV"Ba (12)

The Ce/Ba atomic ratio of 0.6% results in the highest d;; in
BaCe,Ti, ,O;. Beyond this ratio, Ce** begins to replace for Ti**
at the B-sites!'] and Ce*+ pulls six O~ ions out of the original
cell, changing the structure from tetragonal to cubic. This struc-
tural shift increases the cell volume, and decreases both the spon-
taneous polarization and the d,; values.['>*1>3] This mechanism
can be expressed by the following formula:

BaTiO, + xCe®** + yCe** —

Bay, " (Ceny), (Tii, " (Cer), ) O, +xV/g +yTi"y  (13)

The doping mechanism discussed above, indicates that the
maximum output signals occur at a Ce concentration of 0.6%.[1*
Canu et al.'®] found that Ce** at the Ti-site significantly affects
the phase transition temperatures and the polar arrangements:
for 0.09 < x < 0.2, a single rhombohedral-to-cubic transition ap-
pears, while higher x values show relaxor behavior and a cubic
structure. In BaCe,Ti; ,O; ceramics (x = 0.02-0.30), a gradual
evolution takes place with increasing x, transitioning from the
long-range polar order of ferroelectric BTO to the short-range
polar order of relaxors. The size difference of the ions Ti*" and
Ce** causes strong local stresses, which have a strong effect on
the dielectric properties and phase transitions. Furthermore, an
increase in Ce concentration leads to an increase in grain size
from =1 pm (x = 0.02) to &5 um (x = 0.20), followed by a reduc-
tion to 1.5 pm (x = 0.30). Dunbar et al. used point-charge calcu-
lations to predict the EPR spectrum of Ce at the A- and B-sites of
air-fired Ce-doped BTO samples.[*’] They found that Ce3* is pri-
marily an A-site dopant, that depends on the Ba/Ti ratio, while
Ce at the B-site tends to be in the 4+ state and is therefore, EPR
silent. For BaCe, Ti, ,O, samples with x = 0.02-0.30, prepared by
solid-state methods, Canu et al. investigated and compared the
macroscopic property measurements and average structure us-
ing XRD, pair distribution function (PDF) analysis, and Raman
spectroscopy.[’*! The study enabled the formulation of several
important findings on phase transitions in BaCe, Ti, ,O, over a
broad composition (x = 0.02-0.30) and temperature range (100—
450 K):

© 2025 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH

85UBDI T SUOWWIOD 3A e8I 3|qedljdde sy Aq pausenob ae sajoie VO ‘8sh J0 3| 10} Aeid 8UIUO A1 UO (SUONIPUOI-PUe-SWLBY WO A3 1M AReig Ul [Uo//ScL) SUONIPUOD PuUe SWie 1 8U) 88S *[5202/50/2T] Uo AReiqiauliuo A81IM * ABojouye ] JO Aisieaun snidAD - noepus A el IN AQ 900005202 1Xde/Z00T OT/10p/uod" A8 |1 A eiq 1 pul JUO"peoueApe// Sy WOJ) papeo|umoq ‘0 ‘00ZTTS.Z


http://www.advancedsciencenews.com
http://www.advphysicsres.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHYSICS
RESEARCH

Open Access,

www.advancedsciencenews.com

i. BaCe,Ti, O, ceramics exhibit a high degree of local struc-
tural disorder, which increases with x at all temperatures.
This disorder arises from the integration of larger CeO, oc-
tahedra (14.2 A%) into the TiO4 (10.7 A?) in BTO, where the
mismatch can only be overcome by octahedral tilting and de-
formation, which redistributes the B-O bond lengths. High
disorder leads to widespread phase transitions and a large
permittivity peak at the ferro-to-paraelectric transition for x
> 0.05.

ii. Compositions with x = 0.20 and 0.30 showed relaxor behav-
ior. Raman scattering and PDF analysis showed a local rhom-
bohedral arrangement, while the overall structure remained
cubic, indicating polar nanoregions. Upon cooling to 238 K,
the ceramic with x = 0.20 shifted from a relaxor-like short-
range polar ordering to a mesoscale-range structure, possi-
bly due to the merging of smaller polar clusters into a weakly
polar long-range phase.

iii. Compositions showing a tricritical point (x = 0.09-0.11) and
relaxor compositions (x = 0.19 — 0.22) in BaCe,Ti, ,O, were
mostly unaffected by the Ce cation itself. This indicates that
a certain number of Ti-O-Ti bonds must be broken before
a new “state” is formed. Since the Ce** ions do not move
out of the center, they do not contribute to the polar order-
ing. Therefore, the local strains and fields created by the in-
sertion of larger CeO, octahedra between TiO, octahedra of
BTO appear to have no effect on the onset of the relaxor state.
Local stresses and disorganization have a strong affect on the
T. reduction with x. For Ce**, the transition temperature de-
creases slowly up to x = 0.10 (T. = 382 K) and faster for com-
positions with higher Ce concentrations (T, = 303 K at x =
0.175).

Confalonieri et al. provided a comprehensive study of local dis-
tortions and octahedral tilts in BaCe,Ti; ,O; (x = 0.02 — 0.30),
synthesized by the solid-state method.[>®! In terms of the average
structure, the x = 0.02 composition exhibited the same polymor-
phic sequence as pure BTO: displaying rhombohedral (R) sym-
metry at 150 K, orthorhombic (O) at 270 and 350 K, and cubic
(C) at 450 K. At 270 K, O and R phases coexist, with O being the
dominant phase. At x = 0.05, R symmetry occurs at 200 K, O
and R coexist at 300 K (O is dominant), and O and T coexist at
350 K (where T is dominant), while the cubic phase is stable at
380 and 420 K. For x = 0.10, the composition exhibited a rhom-
bohedral structure at 100 and 200 K, suggesting that the addi-
tion of Ce reduces the thombohedral distortion.['%] For compo-
sitions with x = 0.20 and 0.30 at 300 K, Canu et al. described the
formation of a pseudocubic structure, which changes to an ex-
clusively cubic symmetry at 400 K. Interestingly, the diffraction
peaks shift to wider spacing with increasing x, indicating lattice
expansion due to Ce incorporation. The broadening of the peaks
and decrease in peak height with increasing x indicate a broader
distribution of bond lengths, a clear indication of an increasing
level of disorder. According to Canu et al. the Ce?* substitution
at the Ba’* site, if any, is minimal. Lu et al. estimated the Ce3*
concentration at the Ba** site to be about 0.2 at.% for x values
between 0.03 and 0.07.[%7] Confalonieri et al. confirmed a simi-
lar trend discovered by Canu et al. that the strain induced by the
large CeOy octahedra is responsible for both the occurrence of
a very diffuse paraelectric/ferroelectric transition even at low Ce
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concentration (x = 0.05), and the almost constant T, value mea-
sured up to x = 0.10.1°¢ Although Ce** is larger than Ti**, the
average crystal structure of BaCe, Ti; O, remains similar to that
of undoped BTO. However, the difference between the CeO, and
TiO, octahedra likely leads to deformations that result in a lo-
cal structure that deviates significantly from the average.['®] The
size difference between Ti and Ce causes stresses that are some-
what alleviated by the formation of volume defects, resulting in
strong structural deformation at the atomic level. The disorder
increases with Ce concentration at all temperatures. Thus, the
local disorder has a significant impact on the average structure
and material properties of Ce-doped BTO. Although BTO has no
magnetic properties in the bulk, atomic defects induced by Ce-
doping can lead to magnetic behavior.[**®] Experimental studies
have shown that ferromagnetism in BTO, as in other metal ox-
ides such as CeO,, Al,0,, ZnO, and SnO,, is caused by oxygen
vacancies.['>°] In particular, only Ti and O vacancies were found
to induce ferromagnetism between Ba, Ti, and O defects in BTO.
Senthilkumar et al. investigated in detail the doping of BTO with
Ce ions, which can occupy both Ba- and Ti-sites due to their high
solubility.l'%%) The authors reported that the incorporation of Ce**
at Ba?*- and Ti**-sites together with Ce** at Ti**-sites is a crucial
approach to modulate oxygen vacancies and thus improve the fer-
romagnetic properties of BTO. Ce-doped BTO nanoparticles were
synthesized using Ce(NO;),-6H,0 at concentrations of 2, 4 and
6 mol% and XRD revealed a pure tetragonal phase. The shift of
diffraction peaks to higher angles in 4 mol% Ce**-doped BTO in-
dicates the incorporation of Ce** at Ba’* sites. In the BTO 6 mol%
Ce** doped BTO, a significant shift to the lower angles indicates a
substitution of Ce**/Ce** at the Ti**/Ti** sites.161162] Moreover,
the oxidation of Ce** to Ce** allows Ce** to replace Ti** at the Ti-
sites.[13] These unusual features facilitate oxygen vacancies due
to a large mismatch between Ce** and Ti** and Ce*+ and Ti** and
the charge imbalance within the BTO lattice.'* At a higher Ce
concentration (6 mol%), the average size of the nanoassemblies
drops (127 nm), since Ce limits grain development and causes
grain boundaries to expand. This has a significant impact on elec-
trical properties, since both saturation and remanence polariza-
tion are lowered by the depolarization field under Ce-rich condi-
tions. Similar results were also reported by Verna et al.'®*] These
particular properties promote oxygen vacancies, caused by a sig-
nificant difference in the ionic radii of Ce** and Ti** and Ce**
and Ti*", as well as a charge imbalance in the BTO lattice.l'**]
Furthermore, numerous studies have reported the incorporation
of Ce** at Ba?*- and Ti**-sites, Ce** at Ti**-sites, and the forma-
tion of oxygen vacancies.['91%] Overall, an increase in oxygen va-
cancies upon Ce-doping enhances ferromagnetism in Ce-doped
BTO 1160,162,166]

The change in T, has a significant impact on properties. In
many practical applications, adjusting T, is absolutely necessary.
Some ceramic capacitors and piezoelectrics, for example, require
materials that are temperature stable. Some thermistors require
a change in T, to change the switching temperature. Modulating
T, through doping is an effective way to improve performance.
Dopants incorporated at different points in the system, such as
BTO, have been shown to have varying effects on T,. In partic-
ular, Ce is a well-known Ln element that can occur as Ce** and
Ce** as described above, and as such Ce** can be incorporated
at the A-site and Ce** at the B-site in the BTO lattice when sin-
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tered in air. However, there have been some inconsistent reports
about how T. changes as Ce** incorporates at B-sites. According
to Chen et al., for a doping concentration of 0 — 50 mol%, increas-
ing Ce content results in a decreased T. value.['”] Curecheriu et
al. have also reported that at a doping level of 6 ~ 20 mol% Ce, T.
decreases with increasing Ce content.['*] Hwang and Han and
later Brajesh et al. found that Ce content has no influence on T,
value when doping concentrations range from 0.5 to 3 mol% and
2 to 12 mol%, respectively.[1%%16% The inconsistent reports might
be due to Ce-doping at the A- and B-sites. Therefore, ensuring
that Ce is effectively doped into the A- or B-site of BTO ceram-
ics and independently exploring its influence on the T. is ben-
eficial for understanding and improving the properties of these
Ce-doped BTO ceramics. Liu et al. made a significant step for-
ward in this field when they sintered BT-xCe-A (Ce**-doped A-
site BTO) and BT-xCe-B (Ce**-doped B-site BTO) (x = 2, 4, 6, 8
mol%) using a standard solid-state reaction at 1430 °C and 1500
°C, respectively.'’?l It was demonstrated that the substitution of
Ce dopants on the A- and B-sites had differing impacts on the
phase transition, microstructure, and electrical properties of the
BTO ceramic. The BT-xCe-A and BT-xCe-B ceramics have lower
T. values compared to pure BTO, but each doping site shows a
unique phase transition behavior. Compared to the BT-xCe-A ce-
ramics, the BT-xCe-B ceramics show a higher T, value, a stronger
behavior at the diffuse phase transition, and improved proper-
ties at maximum polarization and strain. The three factors that
influence T, are discussed: the effect of average size, the effect
of local strain field, and the local electric field. Of these three fac-
tors, the effect of average size and local electric field dominates in
the BT-xCe-A samples, and the T, decreases with increasing Ce
content. For the BT-xCe-B samples with a higher T, value than
the BT-xCe-A samples, the local electric field dominates, and the
T. value increases abnormally with increasing Ce content. The
higher T, value leads to improved ferroelectricity and polarizabil-
ity, resulting in higher maximum polarization responses for the
BT-xCe-B. Therefore, the BT-xCe-B samples show a larger dif-
ference between the maximum and remnant polarization and a
higher strain compared to the BT-xCe-A samples.

The maximum dielectric constant of BT-xCe-A ceramics tends
to increase from 10 120 to 15 039, while that of BT-xCe-B ceram-
ics increases from 6560 to 6919. Considering the practical appli-
cation of ferroelectrics, the relative permittivity values were com-
pared, which is related to the difference between T, and RT (| T.-
25 °C|). The greater this distance, the lower the energy barrier of
the polarization response and the smaller the value of the relative
permittivity. For the BT-xCe-A ceramic, the |T,-25 °C| values are
37.05, 8.09, 29.29, and 53.21 °C, while the corresponding values
for the relative permittivity are 3986, 6765, 5354, and 3332, re-
spectively. Analogously, for the BT-xCe-B ceramic, the |T.-25 °C|
values are 53.98, 54.65, 60.12, and 71.56 °C, respectively, and the
corresponding permittivity values are 3674, 3488, 3380, and 2511,
respectively. In addition, both the maximum dielectric constant
and the relative permittivity of the BT-xCe-A ceramic are higher
than those of the BT-xCe-B ceramic. The higher dielectric con-
stant for the BT-xCe-A ceramic could be due to its larger grain
size. Namely, from a microstructural point of view, the grain size
of the BT-xCe-A ceramic increases with increasing Ce content
and ranges from 0.5 ym to 1.5 um. In contrast, the grain size of
the BT-xCe-B ceramic varies only slightly with increasing Ce con-
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centration (about 0.3 um) and is smaller than that of the BT-xCe-A
ceramic.

When it comes to the rapid development of electronic tech-
nology toward miniaturization, ferroelectric refrigeration based
on the electrocaloric effect (ECE) is a popular choice for micro-
electronic systems due to its advantages such as easy miniatur-
ization, high conversion efficiency, low cost, and environmental
friendliness.[171-174]

Doping with different Ln elements diffuses the first-order
phase transition of BTO and changes its ferroelectric and ECE
properties, as shown by Fan et al.l'’®l Xie et al. systemati-
cally investigated the ECE property with Ce-doping at A-site
(Ba,_,Ce,TiO;) or B-site (BaCe,Ti; ,O;) (x = 0.01, 0.02, 0.03,
0.04) prepared by the solid-state method at 1400 °C and showed
that Ce-doping can significantly improve the sintering activity of
BTO.I'7° All samples formed a pure perovskite lattice with ad-
ditional phases, as illustrated in Figure 4. With increasing Ce
content, the reflections (002) and (200) gradually overlap, regard-
less of whether the doping occurs at the A- or B-sites, indicating
that the tetragonal distortion of the BTO lattice becomes weaker
(Figure 4a,b). However, doping at the A-site causes the reflections
to move to a higher angle, leading to lattice contraction, while
doping at the B-site has a slightly opposite effect, and leads to lat-
tice expansion. The reason for this is that the Ce ion at the A or B
position of the perovskite lattice has different valence states and
radii. The different fluctuations in the lattice metrics (Figure 2c)
indicate that the Ce ions enter the A-site of Ba, ,Ce, TiO, or the B-
site of BaCe, Ti, ,O,. The variation of the valence states and the
radii of the Ce ions in the A or B-sites of the perovskite lattice
explains this phenomenon. The Ce** at A-sites has a smaller ra-
dius than the Ba?*, but the Ce** at B-sites has an ionic radius
of 0.87 A and thus exceeds that of the Ti**. Overall, all sintered
samples have a pure perovskite phase, regardless of whether Ce
is doped at A- or B-sites, however the characteristics differ. The
T. value in A-site doped Ba,_,Ce, TiO; progressively reduces be-
cause the Ce** dopants have a smaller radius than Ba’* ions,
while the phase transition diffuses and the latent heat dimin-
ishes. The phase transition in B-site doped BaCe, Ti,_,O, is more
diffuse, but the T, value scarcely varies, resulting in a depressed
but not shifted ECE peak. In addition, the Ba, ,Ce TiO; samples
exhibit a solid morphology (Figure 4d—j) without intercrystalline
pores, except at x = 0.01. The grain size increases visibly with
increasing Ce content from 0.2 pm to 3um. The morphology of
the BaCe,Ti, ,O, sample is dense, but the grain size is consid-
erably larger (2-3 um), which increases slightly with Ce-doping.
This trend shows that doping with Ce can effectively increase the
sintering activity of BTO ceramics.

2.3. The Case of Pr-Doped BTO

Compared to BTO doped with La and Ce, the amount of research
on BTO doped with praseodymium, Pr, is significantly lower. In
general, Pr has rarely been considered by chemists and physicists
as a dopant for BTO in the dielectric region. Only Ba, ,Pr,TiO,
(¢ = 0.003) ceramic has been reported to exhibit semiconducting
behavior, which is due to a widespread positive temperature co-
efficient of resistance effect in BTO doped with lower amounts of
Pr dopants (< 0.5%).1116177] Researchers have used Pr’** to im-
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Figure 4. Cascade XRD patterns of a) Ba;,Ce,TiO; and b) BaCe,Ti;.,O; with insets showing the enlarged region around 45° 26, c) the variation of
lattice parameters with the amount of Ce-doping in A- or B-sites and scanning electron microsocpe (SEM) micrographs of d—g) Ba,_,Ce, TiO3 and h—j)

BaCe,Ti;.,O3. Modified with permission.l'73] Copyright 2017, Elsevier.

prove the piezoelectric, optical, and photoluminescent proper-
ties of ferroelectrics such as BaSrTiO;, (Ba, ,Ca,)TiO, and BTO
ceramics.[175-182]

However, the microstructure and optical properties of Pr-
doped BTO have only been studied to a limited extent. The
structural features, especially the preferential doping sites of
Pr dopants in the BTO host, have been complementarily inves-
tigated by XRD measurements and X-ray photoelectron spec-
troscopy (XPS), as recently reported by Chabungbam et al.l'8]
The authors showed that the crystal structure of the Pr-doped
BTO thin films exhibits a crystalline character, with diffraction
peaks consistent with the tetragonal structure of BTO (Figure
5a,b). The slight shift of the (110) peak to a higher angle was at-
tributed to the substitution of Ba?*, which has a larger radius, by
Pr**, which is characterized by a smaller radius (0.99 A, CN =
6) at the A-site, leading to a decrease in the interplanar crystal
spacing and lattice contraction.!*>184

XPS also revealed the existence of lattice oxygen associated
with the perovskite BTO structure (O ), oxygen vacancies (Oy),
and oxygen atoms adsorbed on the surface (Op) (Figure 5c—f).
When some of the Ti** ions in BTO are converted to Ti** ions,
the increased number of oxygen vacancies is compensated by the
higher Ti** concentration of doped BTO compared to pure BTO.
The high Ti** concentration also indicates that the Prion replaces
the Ba-site, resulting in free electrons.[** In addition, the occur-
rence of Ti** and Oy, states indicates the presence of flaw sites on
the surface.['®] The XPS verified the existence of Pr** in BTO at
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a concentration of #0.96 at.%. Iriani et al. also reported the for-
mation of tetragonal Pr-doped BTO phase, i.e., sol-gel prepared
Ba, Pr,TiO, thin films, using the doping method.'®”] The ad-
dition of Pr dopants to BTO thin films leads to a shrinkage of
lattice parameters, unit cell volume, and a decrease in crystallite
size. In contrast, Pr-doping leads to changes in tetragonality and
lattice strain as well as an increase in crystallite size.[*®]

The Pr,O,; is a stable praseodymium oxide commonly
used for the synthesis of Pr-doped BTO and contains two
Pr’* ions and four Pr** ions. It is well known that trivalent
light Ln ions tend to occupy Ba?*-sites, while Pr** ions fa-
vor Ba?* -sites over Ti** sites in BTO co-doped with Pr and
Zr as well as Pr and Ca. Pr ions were found to enter Ti**
sites as metastable Pr** (0.85 A, CN = 6), comparable to
Cet+ [189-192]

When Pr Oy, is used as a dopant in a BTO host the probability
of different site occupancies and the mixed valence of Pr3* /Pr*+,
together with the lower stability of Pr** compared to Ce*" compli-
cate the defect chemistry of Pr-doped BTO.[188:193194] Ty et al. pre-
pared Pr-doped BTO ceramics, i.e., (Ba; ,Pr,)Ti; ,,O; (x = 0.02,
0.03, 0.04, 0.05), by cold pressing. It was shown that Pr-doping
can inhibit grain formation, resulting in a fine-grained ceramic,
with the average grain size of Pr-doped BTO being approximately
0.8-0.9 um. Furthermore, it was assumed in this study that the
original Pr,O,; undergoes a complete reduction from Pr** to
Pr** during long-term sintering in air, leading to compensation
of Ti defects.
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Figure5. a) XRD patterns of BTO and Pr-doped BTO (BPTO) on mica substrates, b) schematic representation of the BPTO perovskite crystal architecture,
c) high-resolution XPS spectra of ¢) Ba 3d, d) Ti 2p, €) O 1s, and f) Pr 3d in the undoped BTO and BPTO samples. Modified with permission.[83] Copyright

2024, Wiley-VCH.

It has been shown that the structure exhibits tetragonal sym-
metry when doped up to x = 0.04, whereas when x is increased
to 0.05, the two peaks merge into a symmetric (200) reflection
characteristic of a cubic perovskite structure (Figure 6).

In the tetragonal range of x = 0.02-0.04, the parameter a de-
creases slowly, and ¢ decreases rapidly with x. When x is in-
creased to 0.05, a equals c. The V|, decreases as x grows up to
0.04 and stays constant between 0.04 and 0.05, where a major
structural change occurs. The c/a ratio decreases linearly up to
the cubic phase (x = 0.05). Furthermore, the Pr-doped BTO ex-
hibited a slight diffuse phase transition and its dielectric-peak
temperature decreased rapidly at a rate of —22 °C at%™! Pr. The
EPR signal, corresponding to the preservation history of the cubic
sample with x = 0.05, provided evidence for the presence of a very
modest amount of Pr** at Ti**-sites. In the Ba-rich case, Pr** ions
enter Ti**-sites, in part because the ionic radius of Pr** is slightly
smaller than that of Ce** and Ce** ions favor Ti**-sites.[#3144.167]
Investigation of the influence of free electron radicals on the EPR
signals revealed that the higher intensity of the g= 2.002 signal at
RT isless related to free electron radicals in Pr-doped BTO than to
a high-spin system originating from a charge transfer state [Pr**-
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Pr**], which is strongly associated with a shift of the valence state
of Pr ions at Ti-sites. In general, Pr ions can generate an interva-
lence charge-transfer state [Pr*"-Pr’*] by transferring electrons
from Pr’* to Pr**.[1%>1%] However, this transformation cannot oc-
cur at Ba-sites in Pr-doped BTO due to the Ba-site valence state
and the larger difference in ionic radius between Pr*+ and Ba?*. A
dynamic equilibrium describes the intervalence charge-transfer
state, which can only occur at Ti-sites.

Pr'y; — Pr +e” (14)

The above equation is based on the finding that Pr-doping is
more likely to result in electrical conductivity in BTO than La-
doping, as indicated by x = 0.05. Furthermore, the Pr** ions at the
Ti-sites preferentially capture electrons when the valence state is
reversed from a metastable (Pr**) to a regular valence state (Pr**).
Pr-doping at the Ti-sites causes a much larger lattice deformation,
which can be reduced by the following three cases:

1) A self-compensation mode of Pr*y, — Pr'; that does not result
in electrical conductivity.
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Figure 6. a) XRD patterns of (Bay_,Pr,)Tiy.,,O3 (x=0.02,0.03, 0.04, 0.05), b) evolution of ~45° peaks with x, c) variations of lattice metrics as a function
of x for Pr-doped BTO. The dashed lines in (b) are from the Gaussian fit to the peaks. The inset in (c) shows the c/a ratio as a function of x. Modified

with permission.[18] Copyright 2014, Elsevier.

2) Mixed-valence mode of Pr**/Pr** in the Ti-site. Equation (14)
indicates that Pr** is more stable than the metastable Pr** and
that the Pr** in the Ti-site has a smaller ionic size than Ti**,
leading to a dynamic equilibrium.

3) In La- and Ce-codoped BTO, the Ti vacancies are often located
near one or more CeO, octahedra to compensate for the sub-
stitution of Ti** ions by Ce** ions.[*#1%91 Similarly, Ti vacan-
cies may exist near Pr** in PrO, octahedra. It is assumed that
the charge-transfer state [Pr**-Pr**] prolongs the spin-lattice
relaxation time and leads to an excited state that is thermally
accessible. The signal at g = 3.77 is therefore detected. Accord-
ing to the previous studies, the high spin system could orig-
inate from exchange-coupling defect clusters — intervalence
charge-transfer state [Pr**-Pr’*]. The high strength signal at g
=2.002 in Pr-doped BTO was attributed to this high-spin sys-
tem originating from the exchange-coupling defect clusters
and not from free radicals, independent Pr** non-Kramers
ions, and metastable Pr** ions.

The complementary studies by Lu et al. have indicated that
Pr ions predominantly replace Ba-sites as Pr** and induce Ti-
vacancy defects. In the solid solution formation of Pr-doped BTO
sintered in air, the reduction of Pr** to Pr** in the starting Pr,O,
has the priority over the entry of Pr** ions at the Ti-sites of the
perovskite lattice, since Pr** ions are unstable compared to Pr**
ions. The majority of Pr** ions in Pr,O,, are initially reduced to
Pr** ions.
2Pr,0,,+TiO, — 12Pr 5, +3V"" 1 +9Ti;+360,+20, (15)

The presence of Ti vacancies can lead to a small number of
Pr** ions entering Pr,O,; without reduction at Ti-sites.
2Pr0;;+5BaO — 5Bay,+4Pr"y +8Pry; + V", +270, (16)

In addition, the authors have shown that the amount of Pr
ions substituted at the Ti-sites cannot exceed 1%. The Pr ions in

Pr O, cannot fully enter Ti-sites. Therefore, the increase in vol-
ume generated by a very small number of Ti-site Pr** ions was
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not detectable by XRD. As explained in Equation (14), Ti-site Pr**
can be reduced to Pr’* by the influence of a Ba-site Pr’* donor.
When x is lower (x = 0.02-0.04), the intervalence charge-transfer
state and the capacity of Mn impurities to trap electrons become
more apparent. Pr-doped BTO can retain its insulating proper-
ties. When x is increased to a higher concentration (x = 0.05), the
inhibition threshold of electrical conductivity is broken, resulting
in Pr-doped BTO becoming a semiconductor. The Pr-doped BTO
ceramics require a high sintering temperature of 1480 °C due
to their sensitive ceramic density. It is well known that BTO can
lose a small amount of oxygen at high temperatures, resulting
in semiconducting behavior. The EPR signal associated with oxy-
gen vacancies is reportedly too weak to be detected at ambient
temperature.!’”] So it was believed that assessing oxygen vacan-
cies in Pr-doped BTO would be challenging. Samples with x =
0.02-0.04 showed strong insulating behavior (>10® Q cm) and
reduced tané (< 0.05) below 120 °C. This observation shows that
oxygen vacancies that can cause electrical conductivity can be ex-
cluded, which means that modest Pr ions can prevent the devel-
opment of volume V.

When the doping level reaches a certain threshold value, such
as x = 0.05, it can be concluded that the semiconducting na-
ture and the increased tané were mainly caused by the Ba-site
Pr3+-doping behavior. In this situation, the increased concentra-
tion of Ti vacancies increased the probability of Pr’** ions en-
tering Ti-sites and forming the charge-transfer state [Pr**-Pr’*]
with higher intervalence. The latter also contributed to the elec-
trical conductivity. Thus, the sample behaved semiconducting
at x = 0.05 and a thermally accessible g = 3.77 EPR signal at-
tributable to the Ti-site Pr** was successfully detected. The pri-
mary defects in Pr-doped BTO are Ba-site Pr** (Pr*y,) and Ti va-
cancies (V'"'y;), with a very small amount of Ti-site Pr** (Pry;)
and Ti-site Pr** (Pr’y). The low mixed valence and amphoteric
behavior of the Pr ions in BTO is due to their valence state and
site occupancy. The study on defect chemistry by Lu et al. con-
cludes that Pr ions primarily substitute for Ba-sites as Pr**, in-
ducing Ti-vacancy defects; a negligible amount of Pr ions en-
ter Ti-sites as Pr*t, creating an intervalence charge-transfer state
[Prt—Pr**].
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2.4. The Case of Nd-Doped BTO

In contrast to BTO systems doped with Ce cations, neodymium,
Nd can replace Ba** and Ti** in the BTO host and improve its
structural characteristics.>198203] Tt can also improve the dielec-
tric and ferroelectric properties of BTO ceramics. In the early
stages of research on Nd-doped BTO, Shaikh et al. showed that
the addition of neodymium oxide to BTO drastically lowers the T
value; less than 3 mol% Nd,O,-3/2TiO, shifts the T, value below
RT.1204 Also, ferroelectric phase transformation becomes diffuse
with doping of 3 mol% Nd,0,-3/2TiO, and higher. Yao et al. re-
ported the traditional solid-state reaction of Ba,_ Nd, TiO; (0 <
x < 0.10) and proposed that the replacement of Ba?* by Nd**
(0.983 A, CN = 6) alters the Ti valence state.[*>2%] Earlier, Hi-
rose et al. found that the replacement of Ba?* and Ti** by Nd
broadens the permittivity peak at 127 °C in stoichiometric BTO
and shifts it to lower temperatures with increasing Nd-doping
level.[2%] Namely, the authors have prepared Ba, Nd, Ti; Os:
0 < x <0.12 at 1300 °C and 0 < x < 0.14 at 1400 °C. With in-
creasing x, the symmetry changes from tetragonal to cubic at x
= 0.09. The pronounced permittivity peak at 127 °C in stoichio-
metric BTO expanded rapidly with increasing x and shifted to
lower temperatures; this phenomenon appears to be due to the
substitution of Nd at Ti-sites, which hinders the formation of fer-
roelectric domains due to the presence of dipole-inactive Nd**
at Ti-sites. Murugaraj et al. and Shaikh et al. have shown that
the addition of Nd dopant to the BTO host leads to a decrease
in T, and the appearance of lattice vacancies, resulting in a dif-
fuse phase transition.2*#27] Additionally, there have been recent
reports on the use of Nd-doped BTO to achieve a colossal dielec-
tric constant at RT and low temperatures.®2%] In these studies,
the ferroelectric properties of Ba, Nd, TiO; (x = 0 — 0.08) ce-
ramics, the evolution of the structure and dielectric properties of
Ba, ,Nd,Tij; o, Mn, ;05 (x = 0.01 — 0.06) ceramics by Nd-doping,
and the role of oxygen vacancies in Ba, \Nd,, ;TiO; ceramics at
x = 0 and x = 0.04 were revealed.[22!1] However, higher Nd
concentrations have hardly been achieved. Although Nd-doped
BTO ceramics have been studied(20+206-208.212] the mechanism for
their enhanced permittivity remained rather unclear until a few
years ago, when Sun et al. reported the investigation of the struc-
ture, defect chemistry, and RT colossal permittivity of series of
xNd-doped BTO nanoparticles (x = 0-3.0 mol%).’!) By system-
atically analyzing the chemical composition, crystalline structure
and defect chemistry, the authors were able to demonstrate the
substitution mechanism involving the occupation of Nd** at the
Ba’*-site associated with the generation of Ba and O vacancies for
charge compensation. All samples exhibited a tetragonal phase,
and their tetragonality gradually decreased with increasing Nd
concentration. Shoulder peaks at high binding energy rule out
the evolution of reductive Ti** ions while revealing the potential
coexistence of Ba and O vacancies. Additionally, the EPR and pho-
toluminescence (PL) measurements, revealed the presence of Ba
and O vacancies. From this it can be deduced that the introduc-
tion of Nd into BTO leads to simultaneous formation of Ba and
O vacancies in order to balance the charge, as the following equa-
tion explains:

2Nd + 2Bay, +2Ti+60,, — 2Nd'p, 42V, +V;+2BaTiO;  (17)
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So far, such an occupancy mechanism has been considered
in the study of Ln-doped BTO ceramics. However, the presence
of Ba vacancies generated by donor-doping mechanisms has
never been experimentally demonstrated due to the mixing of
Ba, LaTi, ,,O; and other Ti-rich phases, such as BaTi;;0,,.1*"
Sun et al. showed that the formation of Ba vacancies can be fa-
vored by hydrothermal conditions, where Ba deficiency can be
easily produced by the introduction of protons.’"?13] Dunbar et
al. used EPR to investigate the dopant site occupancy of BTO
doped with 1% selected Ln (i.e., Ce, Nd, Sm, Gd, Dy, Er, YD) in Ba-
and Ti-rich (Ba/Ti = 1.01, 0.99) BTO.[**] However, it was not clear
from the EPR spectra which sites were occupied by Nd**ions.
Nevertheless, the metal vacancies correlated with the preferred
position of the dopant. Samples with A-site dopants (Ce, Nd, Sm)
contained more Ti vacancies and fewer Ba vacancies than sam-
ples with amphoteric dopants (Er, Dy). Wang et al. used a tradi-
tional solid-state reaction to synthesize the Ba; Nd,, ;TiO; ce-
ramic (x = 0-0.2).128] At 1450 °C, the Nd dopant can enter com-
pletely into the perovskite lattice. For Ba; ,Nd, ;TiO; ceramics
with x < 0.06, which has a coexistence of tetragonal (T) and pseu-
docubic phaseC, Rietveld refinement showed that Nd substitu-
tion can reduce the volume of the unit cell and prevent the for-
mation of the pseudocubic phase (Figure 7 and Table 1). When
the x value is above 0.08, a cubic (c) single phase was also de-
tected.

The XPS investigations indicated that the incorporation of Nd
leads to an increased presence of Ba and O vacancies. An ap-
propriate amount of Nd can yield a fine-grained and dense mi-
crostructure, whereas an excessive Nd addition results in pro-
nounced grain development and decreased relative density. A
similar trend was previously reported by Yao et al. and Sun et
al. and later by Hamidi et al.[>12%214] When the amounts of V',
Nd*;,, and V** defects formed were minimal, the pinging ef-
fect prevailed, which inhibits grain development; conversely, as
the concentration of defects increases, the mass diffusion rate is
significantly increased, which promotes grain growth. Recently,
Hamidi et al. investigated the role of Nd-doping on the struc-
tural, morphological and optical properties of hydrothermally
synthesized BTO nanoparticles and confirmed the incorporation
of Nd** into the BTO and the amphoteric substitution of Nd** at
the Ba- and Ti-sites at 6 and 10 wt%, while all powders crystallized
in a cubic symmetry with nanosized crystallites.[214]

2.5. The Case of Sm-Doped BTO

Doped BTO ceramics containing acceptor ions hinder the in-
crease of charge carrier concentration in a reducing environment
and thus influence the conduction behavior, leading to favorable
dielectric properties. In the Ln family, the samarium, Sm, has
an average ionic radius like that of Ba** and Ti** (1.24 A, CN
=12 and 0.958 A, CN = 6).1}] Therefore, Sm** can replace the
A/B-sites and influence the crystal structure as well as the dielec-
tric and electrical properties of BTO. The Sm-doped BTO ceram-
ics exhibit a considerable positive temperature coefficient at low
doping levels (< 1 mol%).121>216] Moreover, doping with Sm sig-
nificantly improves the thermal stability of BTO ceramics while
maintaining a high dielectric constant.[?'’] Furthermore, doping
BTO with Sm can tune the ferroelectric properties and improve
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Figure 7. a) PXRD patterns of sintered Ba;,Nd,, 3TiO3, together with the enlarged PXRD patterns at ~45° 26, b) curves of the lattice parameters and
the c/a ratio as a function of the xin Bay_,Nd,, 3 TiO3 (the inset shows the phase compositions as a function of the x), c) calculated defect concentrations
for the Ba; Nd,, 3 TiO;. Modified with permission.[2%3] Copyright 2023, Springer Nature.

spontaneous polarization.[?’®] Thakur et al. reported an increase
in the RT value of the dielectric constant and a decrease in the
transition temperature when the Sm concentration in BTO was
increased, while Jo et al. discovered a significant relationship be-
tween the T. and the unit cell volume.?1%22] Dongsheng et al.
reported that the incorporation of Sm into BTO reduced the re-
sistivity of BTO powders with increasing temperature.[22!]

The conductivity and dielectric characteristics of BTO ceram-
ics are strongly influenced by the exchange site of Sm at the A/B-
site and by defects, which is why there are different opinions on
this subject.??2223] Indeed, it has been shown that the powders
prepared by the homogeneous precipitation method have small
particle size, homogeneous distribution of dopants, and strong
sintering activity, which are advantages over the powders pre-
pared by the solid-state reaction.!?2#225] BTO is the main material
in the dielectric layer of MLCCs, prepared with base metal elec-
trodes to reduce the production cost. However, base metal elec-
trodes are susceptible to oxidation during the sintering process.
Therefore, a reducing atmosphere is required during the sinter-
ing process.[226227] As mentioned in the text, Dunbar et al. per-
formed point charge calculations to estimate the EPR spectra of
the individual Ln dopants in the A- and B-sites of BTO samples
fired in reducing atmospheres and compared them with XRD
data.®] Namely, when Ce3*, Sm3*, Dy** and Yb** ions are used
as dopants, the EPR spectra for the A- and B-site substitution are

Adv. Physics Res. 2025, 2500006 2500006 (15 of 46)

different. No signal from any site was observed in Sm-doped sam-
ples. In general, the metal vacancy levels were traced with respect
to the preferred position of the dopant. It was found that samples
with A-site dopants (Ce**, Nd**, and Sm?*) contained more Ti
and fewer Ba vacancies than samples with amphoteric dopants
(Er** and Dy**). During the sintering of BTO in a reducing envi-
ronment, the O atoms within the lattice are expelled, leading to
the formation of electrons and oxygen vacancies, as shown in the
following equation:

Oy — Vi+2¢’ +1/20, (18)
BaTiO, + xH, — BaTi** _, Ti**, ,0;_, + xH,0 (19)

The simultaneous increase of Ti** leads to the semiconductor-
like properties of BTO (Equation 19).228-23%1 Ohnuma et al. in-
vestigated the local structure of Sm-doped BTO solid solutions.
These investigations showed that Sm is soluble in both the A-
and B-sites of BTO (i.e., (Ba,_,Sm,)(Ti,_,Sm, )O;, x = 0.050).1231]
In addition, Sm>* ions can act as both a donor and an acceptor, in
BTO, which enables the control of electrical properties by substi-
tutions with precise ionic radii. Recently, Wang et al. investigated
xSm-doped BTO powders (x = 0.5 — 7 mol%) prepared by pre-
cipitation and sintered in air and reducing atmospheres (Figure
8).1185] The effects of Sm with different doping levels and in dif-
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Figure 8. a) Cascade PXRD patterns of A-xSm samples, b,c) the enlarged PXRD patterns of A-xSm ceramics in selected “26 range, d) lattice parameters
of A-xSm samples as a function of Sm-doping level, and e) unit cell volume of A-xSm samples as a function of Sm-doping level, f) cascade PXRD patterns
of RxSm samples, g,h) the enlarged PXRD patterns of R-xSm ceramics in selected “26 range, i) lattice parameters of R-xSm samplesas a function of
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Sm-doping level and j) unit cell volume of R-xSm samples as a function of Sm-doping level. Modified with permission.['] Copyright 2023, Elsevier.
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ferent atmospheres on the microstructure, defect development
and electrical characteristics of BTO ceramics were studied. With
increasing Sm concentration, the phase structure of the ceram-
ics sintered in air (A-xSm) (Figure 8a—e) and in a reducing at-
mosphere (R-xSm) (Figure 8f—j) shifted from tetragonal to cu-
bic, with R-xSm ceramics exhibiting a stronger cubic phase. It
was found that the environment has a significant impact on Sm
replacement sites and that defect evolution varies with the level
of doping. Sm** replaces the Ba?* ions and generates electrons
that promote the transition from Ti** to Ti**, thereby increasing
the dielectric constant (> 10*) and producing semiconductor-like
properties. With increasing doping, Sm>** replaces the Ti** ions,
which leads to oxygen vacancies that trap space charges and lower
the Ti** concentration (Equation 18).

At the same time, the test of thermally stimulated depolar-
ization currents confirms that the oxygen vacancies mainly trap
space charges, with only a small fraction of the O vacancies form-
ing defect dipoles [2Sm'y; — V**o]. The R-xSm ceramic differs
from the A-xSm ceramic in that Sm has no obvious substitution
behavior for the Ti**-site. Since oxygen is easily ejected in a re-
ducing environment, numerous oxygen vacancies and free elec-
trons are created. The R-xSm ceramic has a smaller cell volume
compared to the A-xSm ceramic, as more oxygen vacancies are
created.

Sm,0; — 2Sm';+30,, V5, (20)
Sm,0, — 2Sm,, +20,,2¢ +1/20, (21)

Structural and defect analysis of Sm-doped BTO ceramics sin-
tered in different atmospheres showed the preferential replace-
ment of the Ba-site by Sm ions in air. With increasing doping,
Sm ions eventually replace the Ti-sites. However, in a reducing
environment, Sm ions largely replace the Ba-site in all samples
(Equation 21). The O vacancy absorbs the electrons generated by
the Sm ions, which replace the Ba-site, resulting in a decrease
in the percentage concentration. The complex impedance test
showed that the change in resistivity of the A-xSm ceramics is
mainly due to the effects of Sm-doping on the grain rather than
the grain boundary of BTO. Donor doping and a reducing envi-
ronment led to a significant Ti** concentration in R-xSm ceram-
ics, giving them semiconductor-like properties.

Feng et al. investigated the effects of Sm3*-doping on the de-
fect structures, ferroelectric polarization, and electrocaloric prop-
erties of (Ba, ;5,Sm,)TiO; ceramics (x = 0.00 — 0.06) prepared
by solid-state sintering.[?3?! In Sm3*-doped BTO at A-sites, the
Ba/Ti ratio is less than 1, and the mechanisms of charge balance
mainly depend on the Ba/Ti ratio. As the Ba/Ti ratio approaches
0.99, the primary charge balance occurs through electrons (Equa-
tion 22).1*] As the doping concentration increases, the Ba/Ti ratio
decreases and Ba vacancies are formed for charge balance (Equa-
tion 23). It should also be noted that a small amount of Sm3*
may have entered the B-sites. Substitution of the Ti**-sites with
Sm>* reduces the positive charge and increases the volume at the
same time. In this case, O vacancies are created to balance for the
charge (Equation 24). The O vacancies can also occur during the
sintering process (Equation 25). Figure 9a depicts a schematic
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Figure 9. a) Charge compensation mechanisms depending on the Sm**-doping sites and b) tetragonal symmetry of Bag 9403Smg 1 Tig g4 — Sm** ions

act as both a donor and acceptor in BTO.[231]

layout of the potential charge compensation mechanisms when
Sm>* enters the BTO host.

Sm,0;+2Ti0, — 2Sm"y, +2Ti*;+60%+|1/20,+2e” (22)
Sm,0,+2TiO, — 2Sm’, +2Ti*;+60%,+1/20, + V'5, (23)
Sm,0;+2Ba0 — 2Sm’y;+2Ba*;,+50%,+V;; (24)
0%y = 1/20,+V;+2e” (25)

Adv. Physics Res. 2025, 2500006 2500006 (18 of 46)

All (Ba,;s5,Sm,)TiO; samples exhibited a typical perovskite
structure (Figure 9b), indicating that Sm** has entered the BTO
lattice. The diffraction peak around 45° 20 showed split peaks at
x = 0.00 —0.03, indicating the formation of a tetragonal phase.
As x increases, the split peaks gradually merge into a single peak
at x = 0.04—0.06, indicating a phase transition from tetragonal
to cubic symmetry. In addition, the position of the diffraction
peak shifts to a higher angle (x < 0.05), suggesting a smaller
cell volume. However, at x = 0.06, the diffraction peak changes
back to a low angle, suggesting that additional Sm** ions occupy
the B-sites and increase the cell volume. According to Feng et
al. the tetragonality (c/a) decreases with increasing x, which is
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consistent with previous reports.[3%114176.233-236] The cell volume
decreased (x < 0.05) and then increased at x = 0.06, which is
consistent with the XRD data and shows the tendency for substi-
tution of Sm** in the B-sites at this concentration. Furthermore,
there was a significant correlation between the microstructure
and level of doping. Pure BTO has a high grain size of about
64.6 um at x = 0.00. However, the lattice distortion caused by
Sm**-doping significantly reduces the grain size. For x > 0.00,
the average grain size is about 0.68 um at x = 0.01. The aver-
age grain size increases to ~1.22 ym at x = 0.02 and ~1.78 um
at x = 0.05. This is likely due to the change from electron com-
pensation to Ba-vacancy compensation. The resulting vacancy de-
fects could increase ion mobility during the sintering process and
promote grain development. However, the formation of more de-
fects could limit grain growth.?%’] If x = 0.06, the average grain
size is reduced to ~1.06 um. At this doping concentration, O
vacancies form when more Sm3* ions occupy the B-sites. This
leads to a larger lattice distortion and ultimately to a decrease
in grain size, as the lattice distortion inhibits the migration of
the grain boundaries. The incorporation of Sm®* at Ba**-sites
generates an excess positive charge. The charge compensation
can be achieved by generating electrons (Equation 22), Ba vacan-
cies (Equation 23), and reducing the concentration of O vacan-
cies. However, the incorporation of Sm?* at Ti**-sites leads to an
excess of negative charge, resulting in O vacancies. Sakaguchi
et al. also reported on the O defect chemistry of (Ba, ,Sm,)TiO,
and showed that there is a significant reduction in O vacancies
when Sm3* is incorporated at the B-sites of the BTO host.[?38]
Park and Han demonstrated a significant correlation between
the preparation method and the crystal structures of the nomi-
nal composition of (Ba, ,Sm, )TiO;.[22] The standard procedure,
in which the starting powders are combined and calcined sev-
eral times, did not lead to the expected nominal composition,
in which Sm** predominantly occupies Ti-sites, even at the Ba-
deficient composition (Ba/Ti < 1). In contrast, Sm** occupies the
Ba-site in the samples synthesized by the liquid mixture method.
Kang et al. also investigated how the addition of Sm,0O, affects
the dielectric and energy storage properties of BTO.[3% It was
discovered that in BTO ceramics prepared by a solid-state reac-
tion and having varying amounts (0.25, 0.5, 1.0, and 2.5 mol%)
of Sm,0;, increasing the degree of Sm-doping resulted in a re-
duction in tetragonality and very slight grain development. The
tetragonality and grain development decreased, lowering the T,
value and increasing the dielectric constant at RT. The sample
with 2.5 mol% Sm, O, has the best dielectric properties and more
than twice the dielectric constant of pure BTO. This is because
smaller Sm>* ions and O vacancies can cause lattice contraction,
which decreases the lattice constant. Furthermore, oxygen vacan-
cies can promote atomic volume diffusion. The increased addi-
tion of Sm,O; improves the sinterability and at the same time
increases the density and particle size. In general, the influence
on the grain size is determined by the concentration of the Sm
used for doping. At low concentrations, Sm can promote grain
growth, while at higher concentrations it can affect grain size in
different ways, depending on the type of ceramic matrix, Sm con-
tent, and synthesis conditions. Overall, Sm** dopants can have a
significantimpact on the microstructure and morphology of BTO
ceramics, which is reflected in grain growth, reduced grain size,
optimal concentration, and sintering conditions.
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2.6. The Case of Eu-Doped BTO

The Ln series places europium, Eu, between Sm and Gd, sug-
gesting that it may also have a small amphoteric property like
that of Gd. For a CN = 12, Ba?* has an ionic radius of 1.610 A,
while Ti** has an ionic radius of 0.605 A for CN = 6. For CN =
6 and CN = 9, the intermediate radius of Eu** is 0.947 A and
1.12 A, respectively.}] With these values, Eu** can theoretically
occupy both sites. Nevertheless, the distribution of Eu dopants
in the lattice remains a topic of discussion. Some studies suggest
that Eu** ions occupy the Ba’*-sites, while others conclude that
it occupies both Ba?*- and Ti**-sites based on electrical measure-
ments, luminescence analysis, and XRD data.3+240-242] There is
no question that valence also influences site occupancy and de-
fect chemistry. It is also known that Eu ions can exist in both
+3 and +2 metastable states.[>*!] However, there is no evidence
that the amphoteric character of Eu is affected by a change in
valence.?$3] These two valence states, Fu?* and Fu?*, can coex-
ist at A-sites. When Ba?* is replaced by Eu**, a charge imbalance
occurs. In order to achieve charge neutrality, this charge imbal-
ance must be balanced either by the formation of vacancies or by
the formation of electrons. The formation of vacancies/electrons
can change the local symmetry or conductivity of the BTO host.
These changes are often reflected in the structural, optical, and
dielectric properties.

Recently, Padalia et al. provided the mechanisms underlying
the introduction of Eu** into the BTO host as Ba,_;, ,Eu,TiO,
(x =0, 0.005, 0.015 and 0.025) prepared by solid-state route.[2*]
The XRD and optical spectroscopy experiments revealed the sub-
stitution of Ba?* by Eu’* at the A-site, leading to a contraction of
the cubic lattice metric. Moreover, dielectric analysis revealed the
coexistence of Eu** and Eu®* at the A-sites in a metastable state.
From a microstructural point of view, it was observed that the
infusion of Eu** improves the microstructure of BTO, increases
the grain size, and reduces the impedance at the grain bound-
aries. Better grain boundary quality enables smoother polariza-
tion processes and lower dielectric losses, resulting in a stable
dielectric constant over a wide frequency range. The presence of
Eu dopants can either hinder or accelerate grain development,
depending on the amount, processing conditions, and environ-
ment during sintering. It should not be disregarded that changes
in grain size are also dictated by the sintering temperature and
time, since these parameters usually impact grain formation in-
dependently of doping. The Eu* ions can occupy lattice sites or
form vacancies and thus influence the diffusion pathways and
energy barriers for grain development. For example, Sasikumar
etal. reported the decrease in grain size with the increase in Eu**-
doping level of Ba, ,Eu,TiO; (x = 0.00, 0.02, 0.04, 0.06) prepared
by mixed oxide solid-state sintering.**l In contrast, Maneeshya
et al. found that grain growth increased with doping concentra-
tion in (0-5 wt%) Eu**-doped BTO thin films produced on quartz
substrates using magnetron sputtering.l>*! In their study, Lu et
al. found that Ba, ,Eu,Ti, , 505 (x = 0.01-0.05) prepared by stan-
dard ceramic processing had low porosity and a grain size rang-
ing from 0.7 to 1.0 pm.[**?]

Rabuffetti et al. investigated the local structure of xEu:BaTiO,
nanocrystals (x = 0-5 mol%) prepared by sol-gel chemistry, while
the solubility limit of Eu** in the BTO host was expected to be ~4
mol%.8*] The incorporation of 1 mol% Eu led to a decrease in the
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Figure 10. a) Cascade XRD patterns of Eu-doped BTO nanocrystals, showing cubic symmetry, along with the nominal Eu concentrations indicated on
the left, b) evolution of lattice constants (a%c)'/? and a according to PDF and Rietveld analysis, respectively. Modified with permission.[#4] Copyright

2014, The Royal Society of Chemistry.

volume of the perovskite unit cell, while concentrations between
1 and 3 mol% led to an increase. Namely, the perovskite phase
was indexed to a unit cell with cubic Pm-3m symmetry with a
~4.03 A. On the other hand, the local crystal structure of Eu-
doped BTO was investigated by PDF analysis of X-ray total scatter-
ing data. The experimental PDFs were modeled in the range of in-
teratomic distances of 1.5-20 A using the non-centrosymmetric,
tetragonal s. g. P4mm, since previous structural studies of BTO
nanocrystals below 10 nm revealed the presence of local tetrago-
nal distortions due to an off-centered Ti atom.!>*¢2#’] Eu3*-doping
showed a non-centrosymmetric, ninefold coordination environ-
ment. The mean Eu-O distance and Eu CN decreased from 2.46
A and 9.9 to 2.42 A and 8.6 for Eu concentrations of 1 and 5
mol%, respectively. Analysis of these results showed that the lo-
cal crystal structure of the Eu-doped BTO was characterized by
a tetragonal P4mm symmetry. The parameters of the tetragonal
unit cell and the degree of Ti off-centering remained quite sta-
ble over the whole range of Eu concentration. The average lattice
constant (a’c)'/* showed a clear correlation with the Eu content
(Figure 10).

Figure 10D clearly shows three regimes. At nominal concentra-
tions in the range of 0 — 1 mol%, the introduction of Euleads to a
contraction of the perovskite unit cell. The addition of increasing
amounts of Eu up to 3 mol% leads to an enlargement of the unit
cell metrics. A similar tendency was observed when the average
crystal structure of Eu-doped BTO nanocrystals was refined using
the Rietveld method with the centrosymmetric cubic symmetry
(s. g. Pm3m ). The strong correlation between the PDF analysis
(Table 2) and the Rietveld refinement indicates that the variations
of the lattice constant are unaffected by the structural model and
length scale used in the refinement.

The measured volume changes showed that Eu was integrated
into the BTO host within the concentration range of 0 — 3 mol%.
The change in unit cell volume with Eu concentration is consis-
tent with the substitution of Eu** for Ba** by the formation of a
Ti** vacancy at concentrations below 1 mol% and with the substi-
tution of Eu** for both Ba?* and Ti** at concentrations between
1 and 3 mol%. Finally, the volume of the unit cell remains rela-
tively stable at concentrations above 3 mol%, suggesting that Eu
does not enter the BTO host. In addition, the results of X-ray to-
tal scattering, steady-state PL, and X-ray absorption spectroscopy
(XAS) measurements were examined in relation to the distribu-
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tion of Eu** dopants in the BTO bulk in the context of the defect
chemistry models established by Freeman and colleagues.[88°%]

Freeman et al. demonstrated that the size and charge mis-
match between the Ln and alkaline earth and the simultaneous
formation of a Ti** vacancy, lead to significant structural relax-
ations of the perovskite lattice surrounding the Ln ion.[®!] The in-
ability of the smaller Ln ion to fulfill the twelvefold coordination
of the larger Ba?* leads to a ninefold coordination with a reduced
average Ln—O distance. The structural trends were found to be
consistent with the substitution of Ba?* by Eu?* via the creation
of a Ti** vacancy at low Eu concentrations (<1 mol%) and with
the substitution of Ba** and Ti** by Eu** at high Eu concentra-
tions (1-3 mol%).

Figure 11a shows a ternary composition triangle indicating the
different ionic compensation mechanisms available and the po-
sition of the corresponding solid solutions as follows:[248]

i. (Bay;,Eu,,)TiO;, with the formation of Ba** vacancies and

the occupation of Ba**-sites by Eu* ions.

ii. (Ba,Eu,)Ti,,,0;, with formation of Ti** vacancies and
Eu’* ions occupying Ba**-sites.

iii. (Ba,,Ti, Eu,,)O;, with double substitution of Eu** at both
Ba%*- and Ti**-sites.

iv. Ba(Ti, ,Eu,)O;., ,, with the formation of O vacancies and the
occupation of Ti** sites by Eu** ions.

To date, however, no precise studies have been described that
distinguish between these compensation processes and the asso-
ciated defect structures. In addition to these ionic compensation
mechanisms, it is crucial to investigate electronic compensation
mechanisms in which the valence state of Ti and/or Eu could
change depending on the synthesis conditions. Serna-Gallén et
al. investigated the Eu**-doped BTO ceramics with dopant con-
centrations between 0 and 10 mol%, prepared by sol-gel syn-
thesis based on the nominal compositions (Ba, ;,Eu,,)TiO; and
Ba(Ti, ,Eu,)O;,,, where two possible substitution mechanisms
were studied (Table 3).2#8] In particular, the XRD patterns of the
heated samples exhibited a tetragonal symmetry (Figure 11D,c).
According to the values of the ionic radii, the volume of the unit
cell shrinks when Eu* occupies the Ba?*-site, while it increases
when it occupies the Ti**-site.[]
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Figure 11. a) A ternary composition triangle illustrating the locations of potential ionic compensation processes, cascade XRD patterns of b) Ba-
mechanism and c) Ti mechanism, evolution of ¢) V,, and d) ¢/a with Eu3* concentration for Ba and Ti-mechanisms. The inset in (a) depicts a possible
method for obtaining samples from join 4 towards join 1. Modified with permission.[248] Copyright 2019, The Royal Society of Chemistry.
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The evolution of the volume and tetragonality with Eu** con-
centration follows the same trend (see Table 4 and Figure 11d,e).
These results indicate that Eu** ions have a solubility limit of ~3
mol% in compositions with Ba-mechanisms, which is consistent
with previous studies.

The Ba-mechanism shows a decrease in volume up to 3 mol%
Eu’*, indicating that the Eu** dopants occupy the Ba**-site. The
volume remains constant at > 3 mol% concentrations, indicating
that no new dopant enters the BTO host. In the samples of the
Ti-mechanism, join 4, a progressive decrease in volume of up
to 2 mol% was observed, demonstrating the affinity of Eu ions
for the Ba%*-site. However, the Ti-mechanism should lead to an
increase in volume and not to a decrease in volume, as in the case
described by Serna-Gallén et al. In addition, Ba losses have been
reported in the literature when doping perovskite-type structures
with the general formula ABO,.

Apart from the studied solubility limit of Eu** ions in BTO
samples and the preference of Eu** to occupy Ba’*-sites, regard-
less of the nominal composition and substitution mechanism,
Serna-Gallén et al. highlighted the amphoteric behavior of Eu**
in BTO, but with the proviso that the substitution occurs mainly
at the Ba-site. The literature shows that significant changes in the
electrical and magnetic properties of the material depend on the
site occupation of the dopants. The presence of multiple crys-
tallographic sites for Eu** ions can significantly influence both
the optical properties of BTO ceramics and their diverse electri-
cal properties and applications in devices.

It should be emphasized that pure BTO has a temperature-
dependent optical bandgap, which is valuable for the develop-
ment of novel thermometers based on the excitation intensity ra-
tio (EIR).[2422501 However, to date, this property of BTO has not
been exploited, despite the extensive studies on Ln-doped BTO
for luminescence thermometry, e.g., Eu3*:BTO.I1-23] Only re-
cently, research on Eu**-doped BTO for EIR thermometry was
conducted by Xing et al.l>* The Ba,_,Eu,Ti,_, ,0; (x =0, 0.005,
0.01, 0.02, 0.03, and 0.04) was prepared by the high-temperature
solid-state reaction and the influence of Eu** concentration on
the structural and optical properties was investigated in terms of
an amphoteric substitution property of Eu** for Ba?* /Ti**-sites
within the tetragonal P4mm lattice. The underlying mechanism
was explained by the competitive absorption of the BTO host to-
wards Eu** ions due to the decreasing band gap with increas-
ing temperature. The amphoteric nature of Eu** dopants was at-
tributed in part to the need for local charge compensation and a
reduction in lattice energy. Alternatively, vacancies or interstitial
species may develop to achieve local charge balance, leading to
an increase in lattice energy. Xing et al. suggested that Ti** as a
co-dopant could facilitate the occupation of Eu** ions at the Ba?*-
site, as Ti*"-site is preferentially occupied due to its small ionic
size.

Ferroelectric BTO has been observed to undergo a transition
from insulating to metallic, semiconducting, or semimetallic af-
ter electron doping or the formation of O vacancies.[?*] One ex-
ample is the study by Aslla-Quispe et al., which showed that
the addition of Eu at the Ba-site of the BTO lattice reduces the
band gap energy.!?! Furthermore, Chi et al. reported the pres-
ence of a metal-insulator transition in Eu-doped BTO at low
temperatures.!?’] They proposed that significant electrical cor-
relations and Eu—O—-Ti hybridizations cause this behavior. Sim-
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Table 3. Nominal compositions of the different synthesized materials in Ba- and Ti- mechanism and the abbreviations used according to Serna-Gallén

et al.[248]
Mechanism Sample Nominal formula X Eu** mol%
Ba-mechanism 0%-BTO BaTiO; 0 0
(Bay3,Eu,,) TiO, 1%-Ba (Bag.ggs EUg01) TiOs 0.005 1
2%-Ba (Bagg7Eug 0y) TiOs 0.01 2
3%-Ba (Bag.es5 Elig 03) TiO; 0.015 3
4%-Ba (Bag o4 Elig 04) TIO5 0.02 4
5%-Ba (Bag g5 Etg 05) TiOs 0.025 5
10%-Ba (Bag g5 Eug 10) TiO; 0.05 10
Ti-mechanism 1%-Ti Ba(Tig g99EUg 1) 07995 0.01 1
Ba(Tiy Eu,) O3, 2%-Ti Ba(Tig.05 EVo.02) Oz 090 0.02 2
3%-Ti Ba(Tig.s7Elo03) Oz.085 0.03 3
4%-Ti Ba (Tig.06 EUo 04) O3 050 0.04 4
5%-Ti Ba(Tig g5 Eg.05) 02,975 0.05 5
10%-Ti Ba (Tig.s0EUg 10) O3 050 0.1 10

ilarly, Chaudhuri et al. observed a metal-insulator transition in
Eu,5Ba,;Ti;_Nb,O; at x = 0.1 due to the shielding effect of lo-
calized Eu-4f electrons and band modulation.!?**! However, fer-
roelectricity in BTO can be easily removed by pressure, electron
doping, impurities, and defects or by surface effects of small
particles and thin coatings.[?>?%] Metallic conductivity can be
achieved in Ln-doped BTO and can increase under high pressure.
At high pressure, Ln-doped BTO can also exhibit ferroelectric,
metallic, or semi-metallic properties. To answer these questions,
it is crucial to understand the structural properties of Ln-doped
BTO under high pressure, which have been relatively rarely stud-
ied.

Recently, Sahu et al. investigated the crystal structure and di-
electric properties of Ba,_,Eu,TiO; (x = 0.05) synthesized by the
conventional solid-state reaction route and performed XRD mea-
surements up to 16 GPa (Figure 12a).[?!] Eu-doped BTO crystal-
lizes in tetragonal (s.g. P4mm) symmetry, at ambient pressure.
Yet, the Rietveld refinements showed a coexistence of cubic (s.g.
Pm-3m ) and tetragonal (s.g. P4mm) symmetries above 1.4 GPa.
The reduction in the volume of the unit cell indicates a partial
substitution of Ba?* by Eu**. Eu ions can occupy both Ba- and
Ti-sites and possibly form self-compensating clusters of Eu** at

Ba’*-sites and Eu’* at Ti**-sites within the BTO lattice, leading to
an increased volume of the unit cell compared to undoped BTO
(Figure 12b). A coexistence model resulted in a composition of
72% cubic and 28% tetragonal phases at 2 GPa (Figure 12¢). In
the tetragonal phase, the most notable change in crystal struc-
ture under pressure was the change in all six Ti-O bond lengths
within the TiO, octahedra. The four corresponding in-plane (xy-
plane) Ti-O bond lengths showed a linear decrease of —0.003
A/GPa with increasing pressure up to the maximum pressure
value.

In contrast, the other two Ti-O bond lengths along the c-axis
showed opposite behavior under pressure. The substantial Ti—
O bond distance along the c-axis decreased with pressure, show-
ing a decrease from —0.03 A/GPa to —0.015 A/GPa at ~3.1 GPa
and —0.015 A/GPa to —0.003 A/GPa at ~8.5 GPa. Conversely, the
small Ti-O bond distance along the c-axis increased with pres-
sure and exhibited remarkable slope variations of 0.019-0.009
A/GPa and 0.009 to —0.0005 A/GPa at ~3.1 GPa and 8.2 GPa,
respectively. The decrease in octahedral distortion was due to
the pressure-driven decrease in tetragonality and was also con-
firmed by a decrease in the c/a ratio up to the same pressure.
The decrease in octahedral distortion indicates a delocalization

Table 4. Unit cell parameters of Eu**-doped BTO samples.[248]
Sample Lattice metrics [A] Ve A]
a=b c

0%-BT 3.9937(3) 4.0344(5) 64.347(7)
1%-Ba 3.9959(12) 4.0279(25) 64.313(21)
2%-Ba 3.9967(12) 4.0221(24) 64.247(17)
3%-Ba 3.9966(8) 4.0195(14) 64.202(10)
4%-Ba 3.9962(12) 4.0208(20) 64.212(15)
5%-Ba 3.9967(5) 4.0192(13) 64.202(16)
10%-Ba 3.9964(14) 4.0204(24) 64.212(18)
19-Ti 3.9951(3) 4.0304(4) 64.329(6)
2%-Ti 3.9959(9) 4.0201(17) 64.19(3)
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Figure 12. a) Cascade XRD patterns of Eu-doped BTO at selected pressures (insets show Bragg profiles indicating the transformation of the tetragonal
phase into singlet at 1.7 GPa), b) evolution of the lattice parameters of Eu-doped BTO with pressure, c) pressure dependence of the ¢/a ratio. Modified

with permission.[?61] Copyright 2024, American Institute of Physics.

of charge in the system. It can be concluded that the octahedral
distortion caused by the charge difference cannot be canceled by
pressure, but that this distortion increases with pressure. The re-
sults of Sahu et al. show a ferroelectric-like semimetallic state in
Eu-doped BTO at high pressure through detailed structural fea-
tures at non-ambient conditions.

2.7. The Case of Gd-Doped BTO
While La-doped BTO has been intensively studied, the incorpo-

ration of gadolinium, Gd, into the BTO lattice has been little
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explored. In comparison, there are almost as many studies on
Gd-doped BTO as on Sm- and/or Ho-doped BTO (see Figure 2).
Gd is an amphoteric ion with a significant affinity for the A-
site, as EPR and XRD studies have shown.[262263] A reduced oxy-
gen partial pressure during sintering further favors the occu-
pation of A-site by amphoteric ions.?**l However, this property
makes Gd less suitable for increasing the lifetime of MLCCs with
base-metal electrodes. For example, Okamatsu et al. investigated
the effects of Gd, Dy, Y, Yb, and Mg on the microstructure and
reliability of BTO-based monolithic ceramic capacitors with Ni
electrodes.?®! XRD analysis revealed that Gd** (0.938 A, CN =
6 and 1.107 A, CN = 9) and Dy** ions predominantly substi-
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Table 5. Unit cell metrics and reliability factors of BaTi;,Gd,O; (0 < x < 0.06) as obtained from the Rietveld refinement against PXRD data.[268]

X

s. g
Unit cell metrics [A]

0.00
Pdmm
a=3.99418(12)
b =3.99418(12)
¢ =4.03254(15)

0.02
Pdmm
a=3.99660(18)
b =3.99660(18)
c=4.02841(3)

0.04
Pdmm
a=4.00316(24)
b =4.00316(24)
¢=4.01600(36)

0.06
Pdmm
a=4.00918(16)
b =4.00918(16)
c=4.01842(19)

Ve [A%] 64.333(4) 64.345(7) 64.361(12) 64.586(5)
Crystallite size [nm] 38.47 41.23 45.93 40.25
cla 1.0096 1.0079 1.0032 1.0023
Goldschmidt tolerance factor (z) 1.0617 1.05819 1.0547 1.0512
Theoretical density [gm cm™3] 6.012 6.155 6.234 6.218

Bal-O1[A] 2.8246(2) 2.8299(7) 2.8336(7) 2.8359(5)

Ti-02 [A] 1.9992(4) 1.9758(4) 1.9642(9) 1.9590(5)
< Ba-O-Ba > [] 161.13 162.84 163.42 164.20

Reliability factors [%] Rp =6.76 Rp =336 Rp = 2.07 Rp =417

Ryp = 8.70 Ryp = 2.85 Ryp =17 Ryp = 3.26

72=2 72 =148 72 =134 72 =169

tute at the Ba?*-site, Yb** ions exclusively at the Ti**-site, and
Y3+ ions occupy both sites. Tsur et al. studied Gd**-doped BTO
ceramics and showed that Gd** can occupy up to ~5 at.% ex-
clusively at the A-site and up to ~3.75 at.% at the B-site or self-
compensate up to ~10 at.% at both sites.*®! They also observed
anomalous trends in tetragonality (within the s.g. P4 mm), cell
volume, and T, in A-site Gd-doped BTO ceramics compared to
La-doped BTO. These deviations, which are due to the size dis-
crepancy between Gd and Ba, are in contrast to the expected
ionic radii and tolerance factors. Ben and Sinclair found that Ln
dopants such as Gd**, Ho**, and Er** induce lattice deforma-
tion that mitigates the decrease in T, associated with A-site size
effects while acting as self-compensating dopants.!®? In partic-
ular, Gd**-doping of the A-site (i.e., in Ba,_,Gd,Ti,_,,,0;) was
shown to increase the c/a ratio, cell volume, and T, value com-
pared to La3*-doping. The tetragonal c/a ratio and cell volume
of Gd-doped BTO were larger than those of La-doped BTO. In
addition, the rate of T. decay was lower with Gd** substitution
(8 °C at%!) than with La** substitution (24 °C at%!). Han et
al. reported that Ln-doping at the Ba-site improves the ferroelec-
tric properties of pure BTO by increasing the tetragonal ratio.['7¢]
Similarly, Reddy et al. previously showed that the addition of Gd**
at the A-site of Ba(Zr,; Ti, ,)O; improves the dielectric properties
of the BTO host.[?°] Recently, Batoo et al. described co-doping
of Gd3* and Nb°* at the Ba?*- and Ti**-sites, respectively, which
leads to improved dielectric properties due to the formation of de-
fect dipoles and the self-compensation mechanism.3°! Addition-
ally, Li et al. suggested that doping with Gd** ions significantly
improves the electrical properties of BTO, due to the charge com-
pensation mechanism.[2¢7]

More recently, Arshad et al. synthesized a series of
BaTi; ,Gd,O; (0 < x < 0.06) nanostructures by sol-gel auto-
combustion method.?®! As shown in Figure 13a,b, the most
intense XRD peak gradually shifts to lower Bragg angles with
increasing Gd-doping. This shift is explained by the difference
in ionic radii: Ti** in octahedral coordination has an ionic radius
of 0.605 A, whereas Gd3* in the same environment has a larger
radius of 0.938 A.**l The unit cell metrics and structural param-
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eters obtained from the Rietveld analysis of BaTi, ,Gd,O; (0 < x
< 0.06) confirmed the presence of a tetragonal phase within the
s.g. P4mm (see Table 5 and Figure 13c—f). The slight increase in
the volume of the unit cell is due to the substitution of elements
with smaller ionic radius by elements with larger radius, such
as Gd**, during doping. In addition, the tetragonal distortion
ratio decreases slightly with increasing Gd content, resulting
in less deformation of the octahedral geometry of TiO,. XPS
studies showed that more defects are present in the Gd-doped
samples, likely due to the formation of O vacancies associated
with the accumulation of Gd** ions at the Ti**-site. The XPS
analysis also identified a mixed valence state of Ti**/Ti*" in
Gd-doped BTO. As far as the morphology concerns, the SEM
measurements showed that the Gd-doped BTO ceramics have
larger grains than the undoped ones. This indicates that the
Gd** ions promote the growth of the grains due to more defects
in the doped nanostructures. The increase in grain size confirms
the increase in O vacancies, which is also evident from the XPS
studies. The authors suggest that it is also possible that there
are a large number of pores between the grains through which
various gasses can diffuse and the successive reaction takes
place.

As already mentioned, simulation methods offer an interest-
ing tool for analyzing local strain effects in Ln-doped BTO mate-
rials. These effects are often difficult to study experimentally due
to the low dopant concentration and localized atomic displace-
ments. For example, as mentioned above, Ben and Sinclair have
shown that local strains are responsible for the unusual behav-
ior of T. in Ln-doped BTO, where T, decreases more with larger
La cations than with smaller Gd cations.!8?] Recently, Ben et al.
have investigated the relationship between the electrical prop-
erties of Gd-doped BTO ceramics and doping mechanisms us-
ing phase diagram studies and atomistic simulations.!?®! Using
Gd,0;, a representative Ln ion of medium size, they identified
five key doping mechanisms (Figure 14): A-site doping (donor):
ionic compensation through the creation of i) B-site or ii) A-site
vacancies, leading to electrically insulating RT ceramics due to
the immobile vacancies, or iii) electronic compensation through
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Figure 13. a) Cascade XRD patterns of BaTi; ,Gd,O; (

), b) enlarged view of reflection (110), c—f) Rietveld refined XRD patterns of

0 <x<0.06

BaTiy,,Gd, O3 (0 < x < 0.06). Modified with permission.[258] Copyright 2024, Elsevier.
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i doping compensation chemical formula i
! site mechanism !
: A-site ionic i 2Gd,0; + 4BaXg, + Ti*y —> 4Gd*g, + V'y;+ 4Ba0 + TiO, + Ba,_Gd, Tiy ;404 |
i ionic ii  Gd,0; + 3BaXg, > 2Gd*g, + V'g, + 3BaO + Ba,_,,,Gd,TiO,4 E
i electronic iii  Gd,04 + 2Ba*g, — 2Gd*g, + 2e'+ 2Ba0 + 1/20, + Ba,_,Gd,TiO4 E
i B-site ionic iv Gd,0; + 2Ti*; + O*y— 2Gd'y; + V**o+ 2TiO, + BaTi,_,Gd, 05, i
; AB-site self v Gd,0Oy + BaXg, + Ti*y — Gd*g, + Gd'r; + BaO + TiO, + Bay_,Tiy_,,Gd, 04 |

Gd,Ti,0

4’ 3712

Unit cell Volume (A%
[}
(6]

"

n

64 LL—
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10 15 20
Gd content (mol%)

o
o -

Figure 14. a) Possible pathways of charge compensation of Gd-doped BTO, (b) BaO-TiO,-GdOs, diagram showing single phase samples (filled sym-
bols) 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 detailed
in (a), c) variation of cell volume versus Gd content for single-phase samples according to mechanisms (i), (iv), and (v) and c) schematics of unit cells
of undoped BTO mechanisms (i), (iv), and (v). Modified with permission.[26° Copyright 2022, Elsevier.

the creation of conduction electrons, leading to n-type semicon-
ducting ceramics at RT; B-site doping (acceptor) where O vacan-
cies are introduced, leading to insulating p-type ceramics at RT
based on the impurity-acceptor doping model (mechanism (iv));
self-compensation (A- and B-site co-doping), where ionic or elec-
tronic defects are compensated without introducing new defects,
minimally affecting the conduction properties (mechanism (v)).
Ben et al. have demonstrated the mechanisms ((i)—(v)) by prepar-
ing dense ceramic samples under different conditions: 1450 °C
for A-site doping or 1550 °C for AB- and B-site doping. These re-
sults highlight the interplay of doping mechanisms in tailoring
the electrical properties of Ln-doped BTO ceramics.

To draw a comparison, commercial BTO-based Ln-doped ML-
CCs have a heterogeneous microstructure. These are based on
inner BTO grain cores and outer grain shells containing dopants
(including Ln elements) to improve the temperature coefficient
of capacitance. These microstructures are a feature of acceptor-
and donor-codoped BTOs, especially at modest doping levels

Adv. Physics Res. 2025, 2500006 2500006 (27 of 46)

(=1-10 mol%) due to the limited diffusion of the dopants. These
results clearly demonstrate the influence of processing condi-
tions on the electrical properties of Gd-doped BTO samples. The
n-type semiconductor activity in the bulk Ba, ,Gd,Ti, 05 ce-
ramic processed in air is due to a small loss of oxygen during
sintering at elevated temperature, as described in the literature
for La-doped ceramics.!*>!**! During cooling, the oxygen can dif-
fuse across the grain boundaries into the ceramic, causing the
grain boundaries to oxidize and become electrically insulating.
The loss of oxygen can be suppressed by immersing the samples
in flowing O,. After being sintered at 1350 °C and cooled to RT
in O,, the samples displayed an insulating bulk reaction and no
n-type semiconducting areas. These samples are electrically in-
sulating, but their electrical microstructure exhibits significant
variability, which is most likely owing to oxygen concentration
gradients caused by incomplete oxidation.

Freeman et al. conducted simulations showing that Ln cations
produce identical relaxations that deform the surrounding TiO,
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Table 6. lonic radii of metal ions in CN=6 and C=12 and different oxidation
states according to Shannon.[*3]

lons Coordination rA]
number (CN)

Ba?* 12 1.61

Tit* 6 0.605

b+ 12 1.203

Tb3* 6 0.923

Tb** 6 0.76

octahedra in a manner similar to the tetragonal phase, but with-
out the required dipole alignment.[®® This relaxation disrupts the
tetragonal phase and lowers the transformation temperature to
the cubic phase. These relaxations are more pronounced for the
larger La** cation, which remains more central in the dodecahe-
dral A-site compared to the smaller Gd** cation. As a result, T,
drops faster with La-doping than with Gd.

Although Gd has many applications, Gd-doped BTO has
unique properties in this context. Due to its high transmis-
sion coeflicient in the visible solar spectrum, low band gap
and chemical inertness, Gd is an excellent dopant for solar cell
applications.[?%%1] Moreover, the physicochemical properties of
biomaterials play a crucial role in regulating the proliferation and
differentiation of osteoblasts. Inspired by the electrical proper-
ties of natural bone, recent research has focused on electroactive
composite materials, including functionalized Gd-doped BTO,
for osteogenesis.?’?] The dual-site substitution of Gd at the Ba**-
and Ti**-sites of the BTO lattice highlights its potential for bone
regeneration. These results show how promising Gd-doped func-
tionalized BTO materials are for bone tissue engineering and
strengthen their applications in regenerative medicine. These re-
sults show how promising Gd-doped functionalized BTO mate-
rials are for bone tissue engineering and their applications in re-
generative medicine.

2.8. The Case of Tb-Doped BTO

Terbium, Tb, which lies between Gd and Dy in the periodic table,
is aunique Ln element. It can exist as Tb**, the stable form at RT,
or as metastable Tb*", which is characterized by a half-filled 4f
shell. The significantly smaller ionic radius of Tb** (0.76 A, CN
= 6) compared to Tb** (0.923 A, CN = 6) increases the likelihood
of Tb** occupying the Ti**-site (Table 6).1*] However, direct ev-
idence for the presence of Tb*+ at the Ti**-site in BTO remains
elusive.[?”3] Several studies have suggested that Tb ions are incor-
porated as Tb* at Ti**-sites in Ba-rich BTO.[6>7880274] Tgyr et al.
proposed that Tb** could also occupy Ti**-sites in Ba-rich com-
positions. Due to its smaller ionic radius compared to Pr, Tb is
more likely to be substituted at the B-site than Pr.[**l However, the
lattice expansion observed in Ba-rich, Tb-doped BTO is less pro-
nounced than in Ba-rich, Pr-doped BTO, reflecting differences in
the incorporation and site preference of the two dopants. D. Y.
Lu reported 5% Tb-doped BTO synthesized with different Ba/Ti
ratios using the mixed oxide route.l?? The study showed that Tb
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ions exhibit a self-regulating amphoteric behavior, with mixed va-
lence states of Ba-site Tb** and Ti-site Tb*" contributing to the
electroneutrality of the lattice. XRD analysis provided evidence
for the occupation of Ti**-sites by Tb ions, while an EPR signal
at g~ 6.5 confirmed the presence of Tb** at these sites.

The intensity of this signal increased with a higher Ba/Ti ra-
tio, suggesting a higher concentration of Tb** ions at the Ti**-
sites. The Raman shift at 805-833 cm™' and an EPR signal at g
= 2.004-2.007 associated with ionized Ti vacancies demonstrate
the presence of Tb** at Ba?*-sites. This double-sided occupancy
emphasizes the amphoteric nature of Tb** and Tb*". It was also
found that grain size increases with increasing x, suggesting that
Tbions are not effective grain inhibitors. This trend, showing that
Tb-doping cannot refine grains and suppress grain growth, was
later confirmed by D. Y. Lu and Y. Y. Peng when they investigated
(Ba, ,Tb,)(Ti,, Tb,)O, (x = 0.05, 0.10, 0.11, 0.12, 0.15, 0.20) pre-
pared by a solid-state reaction.[?”’]

Recently, Cernea et al. investigated hydrothermally prepared
Ba, ,Tb TiO; ceramics (x = 0.00, 0.01, 0.05).127¢] As shown in
Figure 15a,b, the sintered Ba,_,Tb,TiO, ceramics exhibited a co-
existence of tetragonal and cubic BTO phases after sintering at
1325 °C for 3 h in air. The phase ratio of tetragonal (T) to cubic
(C) phases, varied with the Tb-doping level (Table 7).

Cernea et al. observed that with increasing doping level up to
1 at% Tb, the lattice parameter a decreased, while the parame-
ter ¢ increased, indicating a successful incorporation of Tb into
the BTO host lattice.[?’®! However, at 5 at% Tb, a decreased fur-
ther, and ¢ increased to values close to those of undoped BTO.
The tetragonality of the synthesized ceramics reached its max-
imum at 1 at% Tb, but showed a lower value than that of un-
doped BTO at 5 at%. Although Carnea et al. did not address the
specific doping mechanisms of Tb in doped BTO, most studies
indicate that Tb-doping enhances the dielectric properties and
PL of the BTO host. These improvements emphasize its poten-
tial for electronic applications. Cernea et al. also found that Tb-
doping considerably affects the microstructure of BTO. The av-
erage grain sizes of Ba, ,Tb,TiO, powders were determined to
be 160 nm (x = 0.00), 135 nm (x = 0.01), and 117 nm (x =
0.05) — the decrease in average grain size with doping is a well-
known feature of BTO ceramics, as previously described in the
text, where both crystal and particle size decrease with increas-
ing doping concentration. The difference between Tb** dopants
and Ba’* ions distorts the lattice, resulting in a lower crystallite
size. Additionally, a number of previous studies have shown that
the donor dopant preserves grain boundary mobility while sup-
pressing grain growth. Furthermore, the electrical properties of
Tb-doped BTO may be studied in terms of tetragonality, grain
size, domain structure, sintered ceramic density, and Tb donor
dopant-mediated charge compensation processes. The following
conclusions can be drawn from the morphological and struc-
tural characterization of hydrothermally prepared Ba,_,Tb,TiO,
ceramics: i) the tetragonality of Ba, ,Tb,TiO, reaches its max-
imum value at x = 0.01; ii) the average size of the grains de-
creases with increasing Tb content; iii) the width of the fer-
roelectric domains decreases with increasing Tb content; and
) the density of the ceramic is strongly dependent on Tb
content.
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Figure 15. a) Cascade XRD patterns of Ba,_, Tb,TiO3 (x = 0.00, 0.01, 0.05) calcined at 1325 °C, for 3 h in air along with b) a zoomed-in view of the
reflections (002) and (200). Modified with permission.[276] Copyright 2021, Elsevier.

2.9. The Case of Dy-Doped BTO

The incorporation of dysprosium, Dy, into BTO host has recently
been intensively investigated for its potential in MLCCs.[277-280]
However, there are relatively few studies in the literature that ad-
dress the specific doping mechanisms of Dy when incorporated
into the BTO lattice. Given the ionic radii of Dy** (0.912 A, CN
= 6 and 1.083A, CN = 9) compared to those of the BTO lattice
atoms, it is assumed that Dy** exhibits amphoteric character.(**!
Culver et al. synthesized Dy-doped BTO with 0.4, 0.6, and 1.2
mol% Dy and attributed the increased permittivity of the mate-
rials to local disorder caused by aliovalent substitution.[?#!] Mor-
rison et al. suggested that Dy** could replace either the A-site,
the B-site, or both sites in the BTO lattice.[?”) Similarly, Rabuf-
fetti et al. studied Eu**-doped BTO and reported that Eu* pref-
erentially substituted the A-site at concentrations of < 1 mol%,
with a transition to both A- and B-site substitution at concentra-
tions of >2 mol%.!%¥ Given the comparable ionic radii of Eu**
and Dy**, these results suggest that Dy** preferentially occu-
pies the A-site at low doping levels, as observed by Culver et
al. Conversely, Li et al. demonstrated the amphoteric nature of
Dy** in Ba(Ti, 0Dy, ,)O0; prepared by powder sintering, with
Dy** partially replacing Ti** at the B-site and Ba?* at the A-
site.[2”* Overall, the Dy ions incorporated into the BTO host are
generally recognized for their amphoteric behavior, attributed
to their intermediate ionic radii among RE elements and their
ability to choose either the A- or B-site during sintering de-

pending on the Ba/Ti ratio.?*#0283] Makovec et al. reported that
the solubility of Dy at the Ba-site in Ti-rich BTO, when sinter-
ing in air is less than x = 0.0155, resulting in Ti-vacant per-
ovskite phases, such as Bay g DY 014110 9965 ( V1i)0.0035 O3 at 1400
°C.[%1 At 1500 °C, the solubility of Dy** increases at Ti**-sites
in Ba-rich BTO, resulting in O vacant perovskite phases, such as
BaTij gsDY0.150,.025(Vo)o.075- Despite the progress, the dielectric
properties and solubility of Dy in BTO under a self-compensation
mechanism have not been sufficiently explored. Lu and Cui in-
vestigated Dy-doped BTO ceramics synthesized by a mixed ox-
ide method at 1400 °C (Figure 16a,b).[?** They observed that the
solubility of Dy in the self-compensation mode reached x = 0.07
for (Ba,_,Dy,)(Ti,_,Dy,)O; and formed a single-phase tetragonal
perovskite structure.

In terms of morphology, the grains had a bimodal grain size
distribution at x = 0.05, with big grains strewn between the small
ones. Surprising grain growth was seen in the sample with x =
0.03, which had an average grain size of 10 um. As x increased
to 0.07, the grains gradually became smaller and more uniform.
The microstructure of the fine grains was reached at 0.8 pym.
With x = 0.01, the grains of (Ba,_,Dy,)Ti,_,,0; had a bimodal
grain size distribution and a grain size value that was the same as
that of (Ba,_,Dy,)(Ti;_,Dy,,O;. For the ceramic with x = 0.015,
tabular-shaped grains were found inside smooth, round grains
on both the surface and inside the bulk of the material. Although
it is not clear why the rectangular grains appear, there could be a
small change in the amount of Dy that causes the grains to have

Table 7. Rietveld refinement results for Ba;_, Tb, TiO; ceramics calcined at 1325 °C, 3 h in air.[27¢]

X 0.00

Phase T-BTO C-BTO
Phase content [wt%)] 94.50 5.50
a[A] 3.99570 4.01261
b[A] 3.99570 4.01261
c[A] 4.03296 4.01261
cla 1.00932 1
Crystallite size [nm)] 455

0.01 0.05
T-BTO C-BTO T-BTO C-BTO
94.70 5.30 93.70 6.30
3.99148 4.03063 3.99151 4.02663
3.99148 4.03063 3.99151 4.02663
4.03244 4.03063 4.03460 4.02663
1.01026 1 1.01079 1
402 385

Adv. Physics Res. 2025, 2500006 2500006 (29 of 46)

© 2025 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH

85UBDI T SUOWWIOD 3A e8I 3|qedljdde sy Aq pausenob ae sajoie VO ‘8sh J0 3| 10} Aeid 8UIUO A1 UO (SUONIPUOI-PUe-SWLBY WO A3 1M AReig Ul [Uo//ScL) SUONIPUOD PuUe SWie 1 8U) 88S *[5202/50/2T] Uo AReiqiauliuo A81IM * ABojouye ] JO Aisieaun snidAD - noepus A el IN AQ 900005202 1Xde/Z00T OT/10p/uod" A8 |1 A eiq 1 pul JUO"peoueApe// Sy WOJ) papeo|umoq ‘0 ‘00ZTTS.Z


http://www.advancedsciencenews.com
http://www.advphysicsres.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHYSICS

www.advancedsciencenews.com

x=0.10
x =0.08
JMJLA_L__A—A__LM

x=007
J____JL_.A__A_A_A—LA_/;A_A_

x =005
_L__v____‘____ﬁ__/\___ﬁ___}\_'\_)\_,t__&_
_171
0

Intensity (arb. units)

M e e A e N i

RESEARCH

www.advphysicsres.com

(b) (Bay_,DY)TiyO;

Dy, Ti,0;

x=0.030

x=0.020

x=0015

- [

Intensity (arb. units)

x=0.010

- A - - > — -

65.6 _—

652 _—m Xx=0.01

(Ba1—nyx) (TI 1—XDYX)O3 /. 1

Vo (A%
A
-

t4- 9O RQ

tetragonal BTO
(V,=64.41 A3)

-q (Ba,_,Dy,)Tis_,sO;
x=0.005, 0.01,0.015, 0.02, 0.03
L 1

0.02 0.04 0.06

Figure 16. Cascade XRD patterns of a) (Ba;_,Dy,) (Ti;_,Dy,)O; ceramics (x = 0.01-0.15), b) (Ba;_,Dy,)Tiy_,/4O03 ceramics (x = 0.005-0.03), and c)
plots of the unit-cell volume (Vo) as functions of x for (Ba;_,Dy,) (Ti;_,Dy,) O3 and (Ba;_,Dy,)Ti1_,4O3. Modified with permission.?*] Copyright 2014,

Elsevier.

different shapes, e.g., tabular and round. It is possible that the
small difference in Dy content leads to the occurrence of grains
with tabular and round morphology. At x = 0.02, the grains were
uniform, round and smooth. At x values less than or equal to
0.02, the (Ba,_,Dy,)Ti,_,,O; grains became smaller the higher
x was. This shows that the addition of more Dy dopant can stop
grain growth. At higher Dy concentrations (x > 0.08), secondary
phases occurred, the amount of which increased with increasing

Adv. Physics Res. 2025, 2500006 2500006 (30 of 46)

x. This higher solubility of Dy in the self-compensation mode
was much higher (x = 0.07) than that in the Ba-vacancy mode
(x = 0.014).19%1 Tt is noteworthy that no oxygen defects (V,,) were
observed during sintering at 1400 °C. The formation of V,, is usu-
ally accompanied by a hexagonal perovskite structure related to
smaller acceptors such as Mn** (0.58 A) or Fe** (0.55 A) com-
pared to Ti** (0.605 A).?>-287) When larger Dy** ions act as ac-
ceptors, sintering at higher temperatures of 1500 °C, leads to the
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formation of V,, and thus to a formation of Ba(Ti,_,Dy,)O;_;
phase. At lower sintering temperatures (1400 °C) in air, the site
preference of Dy** in BTO is influenced by the Ba/Ti ratio. Dy**
tends to occupy both Ba?*- and Ti**-sites simultaneously instead
of occupying A-or B-sites. This dual-site substitution forms a self-
compensating mechanism described as Dy, — Dy';. The Dy-
doped BTO ceramics exhibit a single-phase tetragonal perovskite
structure with P4mm symmetry. The relationship between the
volume of the unit cell and the Dy concentration follows Vegard’s
law (Figure 16c). As x increases, the dielectric behavior shifts
from a first-order phase transition to a diffuse phase transition,
which improves the dielectric temperature stability. A similar
self-compensation mode was later confirmed by Sun et al. in BTO
samples doped with 4 mol% Dy, further supporting the simulta-
neous occupation of Ba and Ti-sites as a key structural feature of
Dy-doped BTO systems.[?88] Dy** has been shown to have little
effect on the morphology of Dy-doped BTO nanopowders; how-
ever, excess Dy** leads to the formation of Dy(OH), impurities.
Sun et al. reported that pure BTO has microscopic grains, while
doped ceramics have grain sizes in the submicrometer range. In
general, the grain size of BTO-based ceramics produced from
nanopowders is much smaller than that of ceramic grains pro-
duced by solid-state processes. The abnormal grain development
in pure BTO ceramics, on the other hand, could be due to the
abnormally high sintering temperature of the sol-hydrothermally
prepared BTO nanoparticles. When Dy** ions are introduced into
the lattice, vacancies are created to keep the charges in equilib-
rium. The lattice deformation caused by the formation of vacan-
cies therefore requires a certain amount of energy. To conserve
energy, Dy** ions tend to accumulate at or near grain bound-
aries, which slows movement at grain boundaries and reduces
grain growth. Pure BTO has an average grain size of 5 um, which
decreases to 500 nm with 1 mol% Dy**. As already reported by
Lu and Cui, the grain size decreases with increasing concentra-
tion of Dy** and the size distribution becomes narrower.?**l In
addition, it is known that the diffusion of Dy in the sintering
process is controlled by Mg, and an optimized Dy/Mg ratio af-
fects the diffusion of Dy into the grain and the change in mi-
crostructure. Chun et al. correlated the energy dispersion spec-
troscopy results with the SEM images and found that the Dy
mapping color increases and the grain size decreases with in-
creasing Dy/Mg ratio because the combination of donor/acceptor
inhibits the grain growth of BTO powder during the sintering
process.[2%]

Ln-based ferroelectric phosphors offer a unique combination
of PL emission and ferroelectric functionality, opening up new
possibilities for multifunctional ferroelectric and optical materi-
als. However, the mechanism by which a ferroelectric host mod-
ulates the local structure (e.g., lattice site, symmetry, stresses) of
the Ln activator to tune PL emission has long been unclear. To ad-
dress this gap, Xia et al., conducted a study on Dy**-doped BTO
ceramics prepared by the solid-state method with Ba, Dy, TiO,
(0 < x < 0.07) compositions.[?") The XRD patterns showed that
Dy** was successfully incorporated into the BTO lattice, while
maintaining a tetragonal P4mm symmetry (Figure 17a—c,i,j). Ri-
etveld refinements based on a structural model with Dy** as a
substitute for Ba?* confirmed this incorporation. As the dop-
ing level x increased, the refined lattice parameters decreased
(Figure 17c), which is consistent with the shift of the 20 angle in
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the XRD patterns. These results are consistent with the observed
B, and A, peaks in the Raman spectrum, which are characteristic
of the tetragonal BTO phase (Figure 17d). It is noteworthy that the
substitution of Ba?* by the smaller Dy** causes stretching of the
TiO, octahedra. Higher Dy**-doping led to a stronger octahedral
distortion of TiOy, resulting in a pronounced blue shift of the A,
Raman signal. In addition, the streamline Raman spectra showed
that the Raman peaks are uniformly distributed, confirming the
phase uniformity of the material (Figure 17e).

Xia et al. have elucidated the interplay between temperature,
structure, and PL mechanism in Dy-doped BTO (Figure 17k).
With increasing temperature, BTO undergoes a structural phase
transition from the tetragonal to the cubic phase. This struc-
tural change results from the change in the lattice environ-
ment of the dopants. In addition, the cubic phase has a sig-
nificantly higher symmetry than the tetragonal phase. Conse-
quently, the change in lattice symmetry profoundly alters the
PL emission transition of Dy**. These results provide a vi-
able PL-based method for detecting ferroelectric phase transi-
tions and offer a practical tool for exploring the dynamic rela-
tionship between PL properties and polarization in ferroelectric
materials.

2.10. The Case of Ho-Doped BTO

Holmium, Ho, is an important Ln dopant for BTO ceramics due
to its pronounced densification effects and its importance for
MLCC applications.???2%2] Ho** shows a more amphoteric be-
havior (0.901 A, CN = 6 and 1.12 A, CN = 10) and occupies
both Ba’*- and Ti*-sites in the BTO lattice, depending on fac-
tors such as the sintering temperature, the environment and the
Ba/Ti ratio.[39:4043.93.291293] Eor Ba/Ti = 1, core-shell structured
ceramics with X7R stability are usually found at lower sintering
temperatures. In such cases, Ho** is mainly located in the shell
phase enveloping the BTO particles instead of being fully incor-
porated into the BTO lattice.?%2!

Ho** occupation of Ti**-sites leads to the formation of O va-
cancies under two specific conditions:

i. Low-temperature sintering (1200 °C): in a reducing or weakly
oxidizing atmosphere, the resulting temperature-stable ce-
ramics Ba(Ti;_,Ho,)O;_,, (Ba/Ti > 1) exhibit a lower dielec-
tric constant and limited Ho* solubility (x < 0.03).12%4

ii. High-temperature and long-term sintering (1400 °C): pro-
longed sintering in air increases the solubility limit of Ho**
and reaches x = 0.15 in Ba(Ti,_ Ho,)O;_, . As the Ho’* con-
tent increases, the dielectric peak, which corresponds to the
transition from the tetragonal to the cubic phase, broadens
and shifts to lower temperatures.[®*2%]

Xue et al. suggested replacing Ho*" with Ba** during sin-
tering in air at 1310—-1350 °C.[®] Makovec et al. showed that
the solubility limit of Ho** at 1400 °C for (Ba,_ Ho,)Ti,_, 40,
with Ti vacancies, is only x = 0.014.1°] According to Kishi et al.,
Ho** dopants can occupy both Ba?*- and Ti**-sites, depending
on the Ba/Ti ratio.”!l Due to the amphoteric nature of Ho**,
it is difficult to consider the possibility of single site occupancy.
Lu et al. investigated the defect chemistry and PL properties of
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BTO, d) Raman spectra of Dy>*-doped BTO, e) the 2D mapping images of BTO and Ba 43Dy ¢, TiO3 obtained from the streamline Raman spectra, f)

results of Rietveld refinements for variable temperature XRD data of Bag o3 Dy0,0,TiO3, g) phase content of Dy>*-doped BTO at different temperatures,
and h) schematic representation of temperature, structure and PL emission pathways, where NRT denotes a non-radiative transition. Modified with

permission.l2%%] Copyright 2024, Elsevier.
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Figure 18. a) PXRD pattern (top) along with the EPR spectrum (bottom) of the (Ba;_,Ho,)Ti;_, /403 (x = 0.01) ceramic sintered at 1400 °C. Mod-
ified from open access articles.[?2%] The actual formula of the ceramic is determined as (Ba;_,Hos, ) (Ti1_,4Ho,/4)O3 with Ba vacancies (Vg,),

cascade PXRD patterns of b) Ba;_,TiO5:xHo** phosphors. Modified with permissions.[2*7] Copyright 2024, Springer Nature. c) PXRD patterns of

(Bay_,Ho,) (Ti;_,Ho,)O3 (x = 0.01, 0.02, 0.03, 0.04, 0.05, 0.10). Modified from open access articles.[2°62%8] and d) variations in unit cell metrics, as a
function of x for (Ba;_,Ho,) (Ti;_,Ho,)O; (x=0.01,0.02, 0.03, 0.04, 0.05, 0.10). The inset shows c/a versus x. Modified from open access articles.[2°6:23]

Ho**-site occupancy in BTO and showed that Ho** favors the
Ba?*-site.[??°] Their results indicate that the actual formula of
(Ba,_,Ho,)Ti,_, ,0; ceramic sintered at 1400 °C (with x = 0.01)
is more accurately represented as (Ba,_,Ho;, ,(Ti;_,,Ho, ,)O;
with Ba vacancies. In particular, the (Ba,_,Ho,)Ti,_, ,O; ceramic
sintered at 1400 °C exhibited a single-phase tetragonal symme-

Adv. Physics Res. 2025, 2500006 2500006 (33 of 46)

try, with Ho** partially occupying the Ti**-sites (Figure 18a). The
EPR results revealed that the Ti vacancies in Ho-doped BTO are
completely filled with Ho**, while the transfer of Ho** from Ba?*-
to Ti**-sites causes the appearance of Ba vacancies. The EPR and
XRD data provided quantitative insights into the Ho**-site occu-
pancies in (Ba,_ Ho,)Ti,_,,0O;.
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Amphoteric defects in this system include, Ho** at the Ba*-
site (Ho®,), Ba vacancies (V'},), and Ti*"-site Ho** (Hoy;), as
proposed by Kréger and Vink in 1956.12°] The detailed process
of point defect formation is as follows:

i) Ho** dopants simultaneously occupy both Ba?*- and Ti**-
sites and form self-compensated defect complexes such as Ho®;,
- HO’Ti’ Dy®p. — Dy,Ti and Er’y, — Er'Ti:[284300]

Ho,0; — Ho'g,+Ho'+300 (26)

ii) The partial occupation of Ti**-sites by Ho** dopants leads
to a Ti-rich lattice environment. This induces Ba vacancies due
to the exclusion of additional Ba?*-sites Ho** (Ho®p, — Ho ;) in
order to fulfill the requirement of electroneutrality of the lattice

Ho,0,+3Ti0, — 2Ho"y, + V' 5, +3Tiy+90, (27)

The defect chemistry of (Ba,_,Ho,)Ti,_, ,O; is identical to that
of BTO doped with Dy and Er.****%I The (Ba,_ Ho,)Ti,_, ,0; ex-
hibits a strong EPR signal at g = 1.974, confirming the actual
formula as (Ba,_,Ho,, ) (Ti;_,, Ho,,)O;, which involves sub-
stitution at two sites and compensation for Ba vacancy. At x =
0.01, 0.75 at.% Ho’* substitutes at Ba?*-sites, while 0.25 at.%
Ho**substitutes at Ti*"-sites. This behavior is similar to that of
(Ba,_,Dy,)Ti;_, 4,05 (x = 0.01) reported by Lu and Cui. They at-
tributed the formation of Ba vacancies to the Dy*,, — Dy ; self-
compensation mode.[®* Tsur et al. identified Ho** as the am-
photeric Ln dopant in the BTO host lattice.[*"]

Dy, which has a similar atomic number to Ho, exhibits a
high degree of self-compensation with a higher solubility limit
(% =0.07) in (Ba,_,Dy,)(Ti,_,Dy,)O;. This contributes to an im-
proved dielectric temperature stability of Y7R and a higher di-
electric constant.?*”! While Ho and Dy both exhibit stable triva-
lent states and similar doping behavior on the A-site,!?842%]
Ho** shows a slight preference for Ba?*-sites, as shown by
Lu et al.[?®] Ln dopants occupying double cation sites in BTO
tend to lower the T, as in Ba(Ti,_,Ho,)O,_, ,."****] In this
context, Lu et al. reported the solubility limit, abnormal shift
regularities of T., and point defects of Ho-doped BTO, i.e.,
(Ba,_,Ho,)(Ti,_,Ho,)O; (x = 0.01, 0.02, 0.03, 0.04, 0.05, 0.10) ce-
ramics with self-compensation mode. At x < 0.03, a tetragonal
perovskite structure was retained, confirming the complete in-
corporation of the Ho** dopants into the BTO lattice. At x > 0.04,
a small amount of secondary phase Ba;Ho,Ti,O,, was formed
(Figure 18c¢,d).

The solubility limit of Ho*" in (Ba,_,Ho,)(Ti,_,Ho,)O; was
obtained to be x = 0.03, which is significantly lower than the
values determined for Dy** (x = 0.07) and Tb*" (x = 0.12) in
BTO in self-compensation mode.l****”*! For (Ba,_,Ho,)Ti,_, , O,
with a Ba/Ti ratio < 1, the solubility limit is x = 0.014, while
for Ba(Ti,_,Ho,)O;_, , with Ba/Ti > 1, it is x < 0.03.>***] How-
ever, in (Ba,_,Ho,)(Ti,_,Ho,)O; with a Ba/Ti ratio = 1, a larger
number of Ho’* ions can enter the BTO host, but the extent of
self-compensation of Ho** is much weaker than that of Dy**
(x = 0.07), and Tb (x = 0.12).2>2%4] In Ho-doped BTO ceram-
ics with Ba/Ti = 1 and within the solubility limit of x = 0.03,
Ho** ions in (Ba,_,Ho,)(Ti,_,Ho,)O; simultaneously replace
the Ba?* and Ti** sites indicating that Ho** is amphoteric. The
solubility limit in (Ba,_,Ho,)(Ti,_ Ho,)O; is about four times
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higher than that in nominal (Ba,_,Ho,)Ti,_,,0;, where Ba/Ti
< 1.[2%] The XRD and EPR results showed that the solubility
limit for Ba(Ti,_,Ho,)O;_,,, with Ba/Ti > 1 was less than x
= 0.01, under identical experimental conditions, with no O va-
cancies observed. This was significantly lower than the solubil-
ity of Ba(Ti,_,Ho,)O;_, , sintered for several days at 1350—~1550
°C.932%1 Thus, the solubility limit of Ho** ions in stoichiometric
(Ba,_,Ho,)(Ti,_,Ho,)O; with Ba/Ti =1 (x = 0.03) was highest at
1400 °C for 12 h.

The self-compensated Ho®y, + Ho'r; complexes dominate the
site occupations of Ho** in (Ba,_,Ho,)(Ti,_,Ho,)O;:

Ho,0; — Ho'y,+Ho'y; + 0%, (28)

for x > 0.02, the Ba vacancies disappear and only Ti vacancies
are present in (Ba,_,Ho,)(Ti,_,Ho,)O;. This indicates that the
amount of Ba-rich Ho?* is larger than that of Ti-rich Ho*", lead-
ing to a Ba-rich case. The additional Ho** dopants at the Ba®*-site,
which exclude Ho*y, + Ho'r; complexes, lead to Ti vacancies:

Ho,0,+3Ti0, — 2Ho", + V"5, +3Tiy+90, (29)

The point defects in (Ba,_,Ho,)(Ti,_,Ho,)O; for x >
0.02 include Ba**-site Ho** (Ho®y,), Ti*f-site Ho** (Ho'y),
and Ti vacancies (V''’y). The actual formula is then
(Ba,_,Ho, ;)(Ti,_,Ho, ;)O;, where 6 is a small value. In
self-compensation mode, Ho** ions favor the substitution of the
Ba’*-site. By adjusting the Ba/Ti ratio, it is difficult to ensure
that uniform doping of Ho at Ba?*- and Ti**-sites is achieved.
EPR studies showed that two forms of cation vacancies coexist
in (Ba,_,Ho,)(Ti,_,Ho,)O; at x = 0.01, comparable to Lu-doped
BTO.130U

A similar occurrence was reported for (Ba,_, Er,)(Ti,_,Er )O,
(x = 0.01), but the two forms of cation vacancies for Dy** are
absent. This indicates that Dy** in BTO achieves complete self-
compensation without the formation of action vacancies, unlike
Ho** and Er**.[%*2%42%3] The V of (Ba,_,Er,)(Ti,_,Er,)O; was
also lower than that of tetragonal BTO. It increased with the in-
crease of x from 0.01 to 0.02 and then decreased slightly at x =
0.03. This fact indicates that it is not easy for Ho** to incorpo-
rate into Ti**-sites, because the size of Ho*" and Ti*! ions do not
match.[**] In contrast, the tetragonality of (Ba,_ Er,)(Ti,_,Er,)O,
shows an anomalous increase with increasing x. This tendency
contrasts with the variation of c/a for the self-compensation
mode of certain heavy Ln ions, including (Ba,_ Dy, )(Ti,_,Dy,)O,
and (Ba,_,Tb,)(Ti,_,Tb,)0;.27

There are only a few documented perovskite phosphors for
green light-emitting diodes (LEDs). Singh et al. synthesized
Ho**-doped BTO using the sol-gel method at 1100 °C, demon-
strating its potential for solid-state lighting technology.*®’] The
optimal performance was achieved at a doping concentration of
0.015 mol Ho** in the range of 0.005-0.10 mol. The XRD analy-
sis confirmed a hexagonal structure of the Ho-doped BTO phase
(s.g. P6;/mmc), with shifts in the Bragg reflections indicating an
influence of the Ho**-doping concentration (Figure 18b). Singh
et al. suggested that the Ho-doping scheme in BTO is character-
ized by the possible occupation of Ba?* interstitial sites by Ho**,
which has an ionic radius of 1.12 A for CN = 10. This substitu-
tion was justified by the similarity of the ionic radii of Ho** and
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Ba’* ions. Nevertheless, the Ti*"-sites with an ionic radius of 0.86
A, remained unsubstituted due to the discrepancy in ionic radii,
which explains their exclusion from the substitution process.

Marjanovi¢ et al. investigated the effects of Ho**-doping (0.01,
0.1, 0.5, and 1.0 wt% Ho) on the (micro)structure and electri-
cal properties of BTO ceramics prepared by solid-state sinter-
ing at 1380 °C and explained the complex interplay between mi-
crostructure and properties.??) The XRD analysis showed that
Ho** was incorporated at the Ti**-sites rather than at the Ba?*-
sites in the BTO host, while increasing the Ho**-doping level led
to the formation of Ho, Ti, O, in the samples doped with 0.5 wt%
Ho. The relative density of Ho-doped BTO was between 82% and
91% of the theoretical density. The average grain size of the sam-
ples doped with a low doping level (0.01 wt% Ho and 0.1 wt% Ho)
was between 20 — 40 um. With increasing Ho**-doping level, the
porosity increased and the density decreased, so that the highest
density was achieved for the samples doped with 0.01 wt% (91%
of the theoretical density). As a result, the average grain size at
0.5 wt% Ho was between 10 pm and 15 um, and for the samples
doped with 1.0 wt% Ho, the grain size was between 2 um and
5 um. Furthermore, increasing the Ho**-doping level leads to the
appearance of Ho**-rich regions between the grains. In addition,
the effects of Ho**-doping level and microstructure on the dielec-
tric behavior of Ho**-doped BTO were analyzed in detail based
on the permittivity-temperature dependence. The highest value
of the dielectric constant at RT and the largest change in dielec-
tric constant as a function of temperature was measured for the
sample with the lowest Ho**-doping level. At RT, the value of the
relative dielectric constant for 0.01 wt % Ho-doped BTO is 2160.
For samples with a higher Ho**-doping level, the changes in the
dielectric constant as a function of temperature are only weakly
pronounced (et /et ~ 2). The Curie constant decreases as
the degree of Ho**-doping increases, with the sample containing
0.01 wt.% Ho exhibiting the highest values.

From the above, it is evident that the sintering temperature
must be adjusted to achieve a balance between phase stability,
dielectric performance, and ferroelectric properties of Ho-doped
BTO. Choosing the right sintering temperature improves the
performance of Ho**-doped BTO by leading to a high dielectric
constant, low loss, strong polarization, and low leakage current.
From a (micro)structural point of view, lower temperatures can
lead to incomplete phase evolution or secondary phases, which
can affect performance, while higher temperatures can favor a
transition from the tetragonal to the cubic phase and reduce
ferroelectricity. At moderate sintering temperatures, the tetrag-
onal phase predominates, increasing spontaneous polarization
and improving ferroelectric properties. If sintering is carried out
at too high a temperature, a phase transition to cubic BTO oc-
curs, which reduces the remand polarization and the coercive
field. In short, there is also a close relationship between sinter-
ing temperature, density, and porosity; sintering at low temper-
atures produces porous structures with poor grain boundaries,
whereas sintering at high temperatures results in excessive grain
development, which compromises mechanical stability. Further-
more, the dielectric constant is influenced by the phase purity
and grain size—higher sintering temperatures generally lead
to larger grain sizes, reducing grain boundaries, which can de-
crease dielectric loss. However, excessive sintering can cause
grain coarsening, leading to leakage currents. The dielectric con-
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stant in particular is controlled by the phase purity and the par-
ticle size. Higher sintering temperatures often result in larger
grain sizes, minimizing grain boundaries and potentially reduc-
ing dielectric loss. However, excessive sintering can lead to coars-
ening of the grains, resulting in leakage currents.

2.11. The Case of Er-Doped BTO

Among the Ln ions, Y** and Dy** are critical dopants in the
production of MLCCs with base metal electrodes.?%3%] Since
erbium, Er, has a similar ionic radius (0.89 A, CN = 6 and
1.062 A, CN = 9) and comparable properties to these ions, its
doping behavior is of significant technological interest.[*3] Er’+
is particularly suitable for optical applications due to its high-
intensity green emission bands, which arise from the thermally
coupled energy levels “H,,, and *S; ,. The narrow energy gap
between these levels allows population via both up-conversion
or down-conversion processes, as extensively discussed in the
literature.3%-313] Er3* is a promising phosphor for luminescent
devices owing to its strong intra-4f transitions in the green and
red spectral regions characterized by a long intrinsic lifetime.
Its stable 3+ oxidation state enables Er3* to substitute either the
A- or the B-site in the perovskite lattice, influenced by ionic ra-
dius of 1.004 A (CN = 8), which lies between that of Ba** and
Tj4+ [4378,299,310,314,315]

In the early 2000s, Buscaglia et al. conducted pioneering re-
search on the incorporation mechanisms and defect chemistry
of Er-doped BTO ceramics.[78315314] Using the extended X-ray ab-
sorption fine structure (EXAFS) method, which is highly sensi-
tive to the local atomic environment, they investigated the site
preference of Er’* dopants in the BTO lattice. The EXAFS analy-
sis of the Er-L;;; edge revealed that in the BaEr, s Ti; 4,0, o cOm-
position, Er** predominantly substitutes the Ti*"-site. In con-
trast, the composition Bag g Er 45Tl ¢,O; showed nearly equal
occupation of Er’* at the Ba?*- and Ti*'-sites, indicating that
stoichiometry plays a crucial role in controlling the doping
mechanism. While neither doping process was exclusive in
these samples, increased substitution of Er’* at the Ba?*-site in
Bay o Ery 05 Tip 0 O3 Was accompanied by greater structural dis-
order. This observation aligns with the amphoteric behavior of
Er’** in the BTO lattice, as detailed by Takada et al., Xue et
al., Buscaglia et al., and later by Chen et al.[55315316317] Specif-
ically, Takada et al. demonstrated that when the Ba/Ti ratio, R
is less than 1, Er** acts as an acceptor, favoring substitution at
the Ti-site. Conversely, when R > 1, Er** acts as a donor, favor-
ing substitution at the Ba-site. When R = 1, Er** occupies both
cationic sites simultaneously, leading to self-compensation and
an electrical conductivity comparable to that of undoped BTO.
Further studies by Chen et al. revealed that that Er-doped BTO
thin films with A-site substitution have smaller lattice constants,
larger grain sizes, and smoother surfaces compared to those with
B-site substitution.[*'”] In addition, A-site doped films showed
higher integrated green emission intensity and weaker red emis-
sion than the B-site counterparts. However, the quantitative anal-
ysis of the effects of Er content remains limited, leaving room for
further investigation.

Xue et al. highlighted the critical influence of the Ba/Ti ra-
tio on the electrical properties of BTO doped with trivalent
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impurities.%] In Er-doped BTO, an excess of TiO, promotes Er
substitution at Ba®'-sites, resulting in the formation of Er*y,
and donor-like behavior. Conversely, an excess of BaO drives Er
dopants to occupy Ti**-sites, leading to the formation of Er'j; and
acceptor-type behavior. The possible modes of incorporation of
Er incorporation into the BTO lattice, as proposed by Kréger and
Vink, can be summarized as follows:[?%]

i) Er** substitution at Ba’*-site (Ba/Ti < 1): donor mechanism

Er,0,42Ti0, — 2Er'y, +2Ti+60,+1/20,+2¢’ (30)
Er,0,+3TiO, — 2Er'y, +3Tiy; + V"5,+90, (31)
2Er,0,43Ti0, — 4Er", +3Tiy, + V" ;+120, (32)
3Er,0;46TiO, — 6Er"y, +6Tiy; + V', + V"' ;+210, (33)

ii) Er’* substitution at Ti**-site (Ba/Ti > 1): acceptor mecha-
nism

2BaO + Er,0; — 2Bag,+2Er';+50,+Vy (34)

iii) equal population of Er** at Ba**- and Ti**-sites (Ba/Ti=1):
self-compensation mechanism

Er,0, — Er'y,+Er' 430, (35)

Buscaglia et al. conducted a comprehensive study on Er-doped
BTO ceramics with dopant concentrations of 0.25, 0.5, 1, 2, 8,
and 10 at.% sintered at temperatures ranging from 1350 to 1550
°C.31] The authors investigated the evolution of microstructure,
unit cell parameters, and RT resistivity as a function of Er**
dopant concentration and Ba/Ti ratio. These properties were an-
alyzed in the context of the mechanisms of Er** incorporation.
The study involved the preparation of five distinct series of Er-
doped BTO samples, each corresponding to one of the following
possible incorporation mechanisms:

A. Ba, Er, TiO;, Ba substitution, electron compensation [Er®y,]
=[e]

B. Ba, Er,Ti,,,O0;, Ba substitution, Ti vacancy compensation
[Er*y,] =4[V "Ti

C. Bay;),Er,Ti, O;, Ba substitution, Ba compensation [Er*y,| =

2[V'Ba]

Ba,  ,Er,Ti, ,,,0;, self-compensation [Er*p,] = [Er ]

BaEr,Ti, 05, Ti substitution, O vacancy compensation

[Er ] = 2[V**]

m o

In mechanisms A, B, and C, the R < 1, with the lowest R value
observed in mechanism C. For mechanisms D and E, R=1 and
R > 1 respectively.

For Er** concentrations x < 0.01, the behavior of the dopant is
largely independent of R. The observed behavior for formulations
A, B, D, and E is very similar. However, for mechanism C, which
has the lowest R value (0.985 for x = 0.01), the trend of (a*c)'/?
was slightly different. These results up to x = 0.01 indicate that
Er’* jons are incorporated into both cation sites (Ba?* and Ti*)
and favor substitution at the Ba-site, as described by the following
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mechanism:

(1—y,)BaO + (1 — y,)TiO,+1/2 (y, +y,) Er,05 —

.3 4
By Er ) T, ) Ti 1 O3+ 1/4 (v = 1,) O, (36)

Here, y, represents the proportion of Er** occupying the Ba-
site, y, the proportion occupying the Ti-site, and x =y, +y,, where
¥; >¥,. The substitution of Er** at the Ba-sites (y,—y,) resultsina
net excess of Er** dopants at the Ba?*-site, which is directly linked
to the generation of conduction electrons through the formation
of Ti**. This mechanism explains the semiconducting properties
of Er-doped ceramics over a wider range of dopant concentrations
than is typically observed for donor dopants. An initial decrease
in the unit cell parameter can be attributed to the predominant
substitution at the Ba?*-site (y, >>v,). A further decrease in the
cell parameter corresponded to continued Ba substitution, while
an increase is expected upon self-compensation. At dopant con-
centrations in the range of 0.01 < x < 0.02, significant changes
in behavior were observed for the different incorporation mech-
anisms. In mechanisms A to D, the pyrochlore phase Er,Ti,O,
was formed, while the samples remained slightly semiconduct-
ing. In formulations A, B, and C, the grain size increased, but
formulation E resulted in phase-pure, insulating ceramics with
significantly reduced tetragonality compared to the other formu-
lations. The observed behavior for mechanisms A to C (R < 1)
likely correlates with reaching the maximum solubility of Er**
on the Ba?*-site when the total dopant content is between 0.01
and 0.02. Beyond this range, the additional Er** increasingly oc-
cupied Ti**-sites, leading to a state where y, ~ y,. Excessive dop-
ing beyond this threshold results in the formation of secondary
phases, such as the pyrochlore phase and Ba,Ti;;O,,.

The slightly semiconducting character of the samples with x =
0.02 indicates a slight excess of Er** on the Ba?*-site. At x = 0.08,
the samples transitioned to an insulating state, corresponding to
an even distribution of Er** dopants on both sublattices. This be-
havior aligns with a self-compensation mechanism described by
the following equation:

M,0; - M, + M';4+30, (37)

Alternatively, the compensation of the net excess of Er**on the
Ba-site can be attributed to the formation of cation vacancies, as
expressed by the following relations:

M,0,+3TiO, — 2M'y, + V"5, +3Ti;+90, (38)
2M,0,+43TiO, — 4M'y, + V"', +3Ti+120, (39)

For mechanism E (R > 1), a predominant substitution of Er’**
at the Ti-site was expected for x > 0.02, although a minor sub-
stitution at the Ba-site cannot be excluded. The incorporation of
Er** in this mechanism can be described as follows:

(1—y,)BaO + (1 — y,)TiO,+1/2 (y, +y,) Er,05 —

Bai ) Erg i) Ty D((r,-11)12) O3 ((r-11) 12) (40)
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where y, >> y,. To compensate for the excess negative charge
of Er**, O vacancies are formed (A), as shown in the following
reaction:

M,0,+2Ba0 — 2M'y;+V: +2Bay, +50, (41)

At high dopant concentrations (x = 0.08, 0.1), Er** is incorpo-
rated at the Ti**-site by the formation of Ba,,Er, ¢, TizO;5, while
in mechanism E there is an excess of BaO and BTO. When the
temperature exceeds 1400 °C, Er** is preferentially incorporated
into the B-site of the BTO host. Samples with R > 1 were single-
phase and insulating at doping concentrations of > 2 at.%. In
these cases, the incorporation of Er** occurred predominantly
at the Ti-site, compensating for O vacancies. This incorporation
reduces the tetragonality (transitioning to a cubic structure at
doping concentrations of > 8 at.%), expands the unit cell, and
reduces the particle size (~1 um). The solubility of Er** at the
Ti**-site was at least 10%, comparable to that of Y>* (~ 12%)
and Dy** (~ 9 at.%).3%] It was also found that BTO ceramics
doped with Er** at the Ti**-site contain a significant concentra-
tion of O vacancies. At R = 1, complete incorporation of Er** into
the perovskite lattice was not achieved, even for heavily doped
samples, leading to the presence of a minor pyrochlore phase.
This behavior was attributed to the preferential incorporation
of Er** at the Ti**-site once the maximum solubility of Er’* at
the Ba?*-site was reached. Buscaglia et al. concluded that sinter-
ing conditions play an important role in determining the prop-
erties of Ln-doped BTO. Low dopant concentrations in combina-
tion with short-term sintering at lower temperatures (1400 °C)
improved the integration of the dopants at the Ba-sites. How-
ever, to achieve a uniform distribution of Er** at the Ti*"-sites
in heavily doped samples, higher temperatures (above 1400 °C)
and longer sintering times (up to 100 h) are required. Deviations
of the Ba/Ti ratio from the nominal value and impurities in the
raw materials also influence the incorporation of the dopant at
low concentrations. Previous studies have provided additional in-
sight into the incorporation of Er in BTO. Hwang et al. investi-
gated the defect chemistry associated with Er-doping in the BTO
lattice.[®®I Their work demonstrated that the replacing Ti with Er**
in Ba(Ti, ,Er,)O5 s, resulted in significant shift in the conduc-
tivity minimum and altered acceptor-donor behavior. The au-
thors found that the solubility of Er** ions at the Ti**-site was
less than 3 mol%, while its poor solubility at the Ba?*-site (<
1.0 mol%) prevented donor-doped behavior in (Ba,  Er,)O; 5.,
which typically compensates electrons for cation vacancies above
0.5 mol% donor concentration. In stoichiometric BTO with up
to 2.0 mol% Er, the dopant simultaneously occupied both Ba
and Ti**-sites, leading to donor-acceptor equilibrium. However,
at concentrations higher than 3 mol%, the conductivity curve
shifted similarly to that of Ba(Ti, ,Er,)O;,s,, but to a lesser ex-
tent. This acceptor-donor behavior, coupled with low-oxygen non-
stoichiometry in samples doped with Er concentrations above 3.0
mol% was attributed to the different solubility of Er** at Ba?*-
and Ti**-sites within the BTO lattice. Lu et al. advanced the un-
derstanding of the defect chemistry of Er-doped BTO by detect-
ing strongly enhanced and anomalous Raman signals in nom-
inal (Ba,. Er,)Ti; /405 (x = 0.01) ceramics. These observations
were closely related to the site occupancies of Er*+.3%] The de-
fect chemistry of Er-doped BTO was found to be very similar to
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that of Dy-doped BTO, as mentioned earlier. In particular, BTO
doped with Er** at Ti**-sites showed predominantly typical Ra-
man phonon modes characteristic of tetragonal symmetry. A sig-
nificant increase in the intensity of the Raman bands showed a
hundredfold selectivity for Ba**-site Er** dopants over Ti**-site
Er’* dopants. Additionally, an intense EPR signal at g = 1.974
was associated with ionized Ba vacancy defects. Based on these
results, the defect chemistry suggests that the formula for Er-
doped BTO could be represented as (Ba, ,Er;, ,)(Ti; . Er, ) O;.
The anomalous Raman signals are attributed to a fluorescence
effect associated with the Er’* ions at the Ba’*-site. Lu et al. em-
phasized the importance of their results proposing that Raman
spectra could serve as a probe for the detection of Ba-site Er’* oc-
cupancy in BTO co-doped with Er** ions and other dopants./?*]
From a theoretical perspective, Zulueta et al. investigated the
defect energies and conductive properties of 1 mol% Er,O;-
doped BTO using lattice statics, molecular dynamics, and exper-
imental measurements of dielectric and electrical properties.3!8!
The calculation of defect energies for different incorporation
modes showed that self-compensation is the preferred mecha-
nism. However, mixed mechanisms, in which dopants simulta-
neously occupy Ba?*- and Ti**-sites, leading to the formation of
O vacancies, could also be active under certain conditions. The
incorporation of Er** into the BTO lattice was found to reduce
the DC conductivity at high temperatures compared to the un-
doped BTO. This reduction was attributed to the interaction of
the Ln dopants with cation and O vacancies, which effectively trap
charge carriers and hinder conductivity. In recent years, Clabel
and colleagues have significantly advanced the study of Er-doped
BTO thin films using techniques such as SEM, XPS, and XRD,
to investigate the role of O vacancies in BTO and Er-doped BTO
thin films with grain sizes ranging from 40 to 60 nm.31%-321l XRD
profiles and XPS analyses showed that Er** predominantly re-
places the Ti*"-sites in the BTO lattice, leading to the formation
of the tetragonal phase. Furthermore, doping at low concentra-
tions was shown to reduce the Ti** ions to Ti**. The emission
mechanism in both BTO and Er-doped BTO thin films was pro-
posed to be related to chemical defects such as hydroxyl radicals
and excess or unoccupied O%-sites. These defects in turn lead to
the recombination of self-trapped excitons within the band gap
of Er-doped thin films, providing valuable insights into the lu-
minescence properties of these materials. Among other things,
Clabel et al. showed an increase from 8.92 nm for the BTO film
to 29.31 nm for the Er-doped BTO film, associated with the en-
hancement of the grain growth, which is attributed to the in-
crease in the thermal temperature.??” The author explained this
phenomenon as follows: due to the difference in the values of the
radius of the ions Er** (0.100 nm) and Ti** (0.061 nm) it can be
assumed that i) either Er** could replace some Ti** sites, leading
to distortions in the octahedral coordination environment, or ii)
the Er** ions replacing the Ti**-sites could have a stabilizing ef-
fect on the Ti—O bond. Because of the more electropositive char-
acter of Er**, a strengthening of the bond between O% and the
less electropositive Ti** ions would take place. Thus, after substi-
tution with the Er** dopants, a larger lattice is expected, as well as
agglomeration, due to which the largest grain sizes are achieved.
Considering that the optimization of electrical properties of both
Ho and Er-doped BTO requires a microstructure with high den-
sity and homogeneous grains, Mitic et al. investigated the influ-
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ence of Er,0, and Ho, O, on the microstructure of BTO ceramics
and the corresponding electrical properties [*?2] Namely, the in-
crease of RE cations content inhibits the abnormal grain growth.
From the microstructural point of view, it was shown that the
grain size decreases with the increase of dopant concentration.
Thus, the average grain size at 0.1 wt% Er was between 20 and
30 pm, and for the samples doped with 0.5 wt% Er, the grain size
decreased to a value of 10 — 15 um for Er-doped BTO and 3 -5 um
for Ho-doped BTO.

2.12. The Case of Tm-Doped BTO

Besides Nd, thulium, Tm, is a highly desirable Ln dopant due to
its absorption within the frequency range of affordable semicon-
ductor lasers. However, research on Tm?**-doped BTO remains
limited, with only a few studies primarily focusing on its electrical
properties and their correlation with doping.3323-32¢] Interest-
ingly, the majority of studies on Tm-doped BTO were published
in the first 15 years of the 2000s (Figure 2). For instance, Jing et al.
explored Tm-doped BTO opals, achieving blue upconversion PL
and a photonic band gap in BTO opals doped with 3 at.%Tm.[3*!
As previously mentioned in the text, Tsur et al. classified the be-
haviors of various Ln element (including Tm) in BTO, address-
ing the challenges of Ln cation substitution in the BTO lattice.
Due to its relatively small ionic radius (0.88 A, CN = 6, 1.052
A, CN = 9) Tm?* predominantly occupies the B-site in the BTO
host394077] Tsur et al. also suggested the possibility of ampho-
teric behavior and the presence of mixed valence states at RT, with
a higher concentration of Tm?** (1.03 A, CN = 6 and 1.09 A, CN
=7) expected at lower temperatures.[*) The most recent work on
this topic was published over a decade ago by Cernea et al., who
investigated the morphology, in which they linked the morphol-
ogy, structure, and optical properties of 5 at.% Tm-doped BTO
powders and ceramics.?’®! The powders exhibited a single-phase
cubic symmetry, while the sintered ceramics displayed a tetrago-
nal structure. The PL spectra revealed characteristic transitions of
Tm?3* ions, confirming the successful incorporation of Tm** ions
into the BTO host lattice. In general, doping with Tm reduces the
grain size of BTO. This reduction is attributed to the influence
of Tim ions on surface, mechanical stresses, and grain boundary
effects. As Tm concentration increases, these factors combine to
suppress grain growth, resulting in smaller grains.[??3]

2.13. The Case of Yb-Doped BTO

Similar to the chemistry of Tm-doped BTO systems, there are few
limited references for ytterbium, Yb-doped BTO materials. Al-
though Yb** is relatively small (0.868 A, CN = 6 and 1.042 A, CN
=9) and typically occupies the B-site as a trivalent ion, it exhibits
a slight degree of amphoteric behavior, with Yb*y, being more
common in Ti-containing systems as noted by Tsur et al.?*] Yb3*
is expected to behaves as an acceptor, behavior also observed in
Tm-doped BTO materials.

Murillo et al. investigated the structural and morphological
properties of BTO co-doped with Er and Yb, while Li et al. em-
phasized the dielectric properties and tunability of Yb and other
Ln-doped BTO materials.[3?328] Dunbar et al. conducted EPR
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studies on various Ln elements, including Yb-doped BTO./*] Yao
et al. demonstrated that co-doping with Bi and Yb significantly
effects the microstructural and dielectric properties of BTO.[3*!
Tan et al. reported the modulation of upconversion in BTO:Yb3*,
Er’* inverse opal structures, while Kumari et al. explored the
yellow—orange upconversion emission in Eu’*-Yb** co-doped
BTO phosphor.339331] Although these studies are commendable,
in most of the experiments, the Yb*+ was co-doped with another
foreign ion. Research on Yb, which is individually incorporated
into the BTO host, has primarily focused on electrical and optical
applications.[332-333]

Ganguly et al. prepared Yb-doped BTO, specifically,
Ba(Ti;_,Yb,,;3)0; (x = 0.02, 0.04, 0.06, 0.08, and 0.10), us-
ing the solid-state method.3*! Structural studies revealed a
transition from tetragonal to cubic symmetry with increasing
Yb** content, which is confirmed by Rietveld refinements
(Figure 19a—c). The presence of (002) and (200) peaks at x =
0.00-0.04 indicates tetragonal symmetry (s.g., P4 mm), but for x
> 0.06 the merging of these peaks suggests better indexing with
cubic symmetry (s.g., Pm-3m ). The shift of the peak to lower
angles indicates changes in lattice properties with increasing
Yb concentration. The tetragonality of the lattice decreases as
Yb** content increases, eventually leading to a cubic symmetry.
This was further confirmed by Fourier Transform Infrared
(FTIR) spectroscopy measurements, Raman spectroscopy, and
temperature-dependent dielectric studies. In addition, FTIR
analysis revealed a deformation of the TiO, octahedra due
to Yb substitution. As the Yb*" concentration increased, the
intensity of tetragonal Raman modes diminished and new peaks
with higher frequencies appeared alongside existing peaks
(Figure 19d). The presence of Yb was also found to significantly
affect the microstructure—with higher Yb concentrations (x >
0.06) leading to a notable reduction in grain size. To be more
specific, the microstructural properties are primarily influenced
by the transfer of materials during the heating process. The
solid-state synthesis begins with the milling of raw materials,
which leads to a reduction in the average particle size. During
heat treatment, diffusion sets in at the contact points of the par-
ticles, leading to grain formation during sintering. The transport
of materials over long distances leads to the development of
larger grains. The grain size in the Yb-doped BTO decreases as
the Yb content increases. The diffusion of Yb** ions in the BTO
lattice decreases accordingly. The replacement of larger ions at
the B-site can lead to a reduction in grain size when the degree of
doping increases, as the diffusion of larger ions is slower in the
presence of smaller ions. The presence of the secondary phase
Yb,Ti,O, can hinder grain development in the heavily doped
samples. Yb**-doped BTO exhibits segregation of the secondary
Yb-rich phase at the grain boundary, which limits the solubility
of Yb in BTO. In short, doping BTO with Yb** causes a reduction
in grain size by inhibiting the movement of grain boundaries
and restricting atomic diffusion. The exact effects depend on the
Yb** content and the sintering conditions.

More recently, Alshoaibi et al. used theoretical simulations to
investigate the effects of Yb incorporation at the Ti and Ba-sites
in BTO, modifying the structural geometry, electronic structure,
and dielectric constants.?3#] Their comprehensive study revealed
that Yb-doping slightly alters the lattice parameters compared to
pure BTO, resulting in shorter Ba—O and Ti-O bond lengths.
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Figure 19. a) Cascade XRD patterns of Ba(Ti;_,Yby,/3) O3 along with the shifting and merging of the peaks of Ba(Ti;_,Yby,/3)O; with increasing doping
concentration, final Rietveld refinements of Ba(Ti;_,Yby,/3)O; for b) x = 0.02 (s.g. P4mm) and c) x = 0.06 (s.g. Pm-3m ) and d) Raman spectra of
Ba(Ti1_,Ybyy/3)O; at RT. Modified with permission.**] Copyright 2013, Elsevier.

Band structure analysis showed that Yb-doping modifies the elec-
trical properties of BTO by introducing magnetism. Additionally,
Yb-doping significantly enhanced the dielectric constants of BTO
at both the Ba and Ti-sites. While the influence of Yb-doping on
the dielectric properties of Yb**-doped BTO, in which Yb** re-
places Ti-sites in the BTO host, has been extensively documented,
empirical studies that thoroughly investigate the behavior of the
dielectric constant after the incorporation of Yb** at Ba?* sites
are extremely scarce in the literature. Strong evidence for such
behavior is provided by Tsur et al.[3*%%77] who show that Yb** is
relatively small and therefore mainly occupies the B-site, but that
some degree of amphotericity is still possible. Namely, in their
studies, the authors show that a signal of Yb** in BTO doped with
1 at.% Yb is observed with EPR at 10 K. EPR showed that Yb was
on the B-site and that the signal intensity was the same whether
the sample was Ba (Ba/Ti = 1.01) or Ti-rich (Ba/Ti = 0.99) or not.
In addition, no signal was observed for Yb** on the A-site.
Looking at the perovskite structure of BTO host, the incorpora-
tion of trivalent Ln cations (Ho**, Dy**, Er’*, Yb**) changes the
microstructural and electrical properties of doped BTO. At low
donor concentrations (<0.5 wt%), the ceramic forms a bimodal
microstructure with anomalous grain development, resulting in
semiconducting characteristics at RT and a positive temperature
coefficient effect.l%336-338] On the other hand, a higher donor
concentration leads to dielectric properties of the ceramics with
high breakdown voltage. For example, a low Ho**-doping level
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leads to the substitution of Ba’*, resulting in the formation of
Ba,;.,,Ho, TiO; solid solutions. If the concentration of Ln dopants
is higher than 1.0 wt%, substitution of Ba?* or Ti** ions can occur.
However, in this case the electrical resistance is very high.[®:3%]

3. Conclusion

Understanding the defect chemistry of Ln-doped BTO and the
distribution of Ln ions in the BTO host, has long opposed a sig-
nificant challenge in the study of functional perovskite oxides. In
this review, we provide a comprehensive overview of the struc-
tural and microstructural features of BTO materials doped with
members of Ln family. We emphasize their correlation with su-
perior properties that surpass those of the pure BTO and, in par-
ticular, highlight the potential of 2D ferroelectric BTO materials
that are emerging on the horizon, but are still in their infancy.
Notably, defects located at different positions within BTO host
can affect the piezocatalytic reactions in low-dimensional BTO in
distinct ways. In addition, different sintering temperatures and
holding times throughout the synthesis procedures result in dif-
ferent microstructures with different grain sizes and morpholo-
gies, leading to improved dielectric, ferroelectric, and piezoelec-
tric responses in the Ln-doped BTO materials. Therefore, the
intricate (micro)structure-property relationships in these mate-
rials must be thoroughly researched in order to design intelli-
gent systems. On the other hand, the growing need for ceramic
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formulations with superior microstructure necessitates the use
of very precise mathematical models. To construct credible ce-
ramic modeling, one must first comprehend conventional syn-
thesis methodologies as well as defect chemistry principles.

The defect chemistry is summarized systematically and the
underlying doping mechanisms of each Ln member are explored
from both, experimental and theoretical perspectives, from early-
stage studies to the latest findings published in 2024.

It is well-established that the position of the individual dopants
is influenced by their ionic radius. However, the formation of
individual defects induced by doping, such as vacancies, sig-
nificantly impacts the ferroelectric, ferromagnetic, luminescent
properties, and piezocatalytic properties of BTO. These effects
are strongly dependent on the sample preparation methods and
dopant concentrations. To comprehend the distribution and in-
fluence of Ln ions within the BTO lattice, it is essential to deter-
mine the preferred doping site, the solubility limit at each site,
and the effects of Ln concentration on these properties. Under-
standing the atomic arrangement around the Ln ions and the
neighboring host ions is crucial, as well as identifying defects
arising from charge-compensation mechanisms such as cation
and anion vacancies.

In addition to the collection of XRD data, Raman spectroscopy,
and EPR measurements, complementary techniques such as
XAS and PDF analyses would undoubtedly provide deeper in-
sights into the short-range order of these materials. When com-
bined with cutting-edge technologies, such as artificial intelli-
gence and machine learning, these methods could unlock new
avenues for Ln-doped BTO-based materials in the future. The ad-
dition of Ln dopants to BTO improves the dielectric response,
reduces the dissipation factor, and controls T,, grain formation,
and electrical resistivity. However, under high pressure, Ln-doped
BTO may achieve metallic conductivity. From a critical perspec-
tive, the application of mechanical pressure to these systems
presents untapped opportunities. The relationship between the
structural and physicochemical properties of Ln-doped BTO un-
der high pressure, has rarely been explored, with Eu-doped BTO
being the only reported example. Discrete changes in the crys-
tal structure and electronic landscape of Ln-doped BTO under
high pressure may yield intricate features worthy of further ex-
ploration.

Nonetheless, it is undeniable that the most important insights
into the structural and defect chemistry of Ln-doped BTO were
gained at the beginning of this century, particularly in the study
of La-doped BTO and Ce-doped BTO. This raises an obvious ques-
tion: why? First, no other group of elements in the periodic table
exhibits the same degree of self-similarity as the lanthanides.
Second, Ln oxides are widely utilized in both established mar-
kets (e.g., catalysts, glass manufacturing, lighting, metallurgy)
and emerging markets (e.g., battery alloys, ceramics, magnets),
which account for about 60% and 40% of total RE consumption,
respectively. In the traditional market sectors, La and Ce consti-
tuite about 80% of the RE elements used, while in newer applica-
tions Dy, Nd and Pr make up roughly 85%. Within the established
end-use markets for Ln oxides (e.g., catalysts, glass industry, met-
allurgy — excluding battery alloys and phosphors) Ce (45%), La
(39%), and Y (8%) oxides dominate. Dy, Gd, Nd, Pr, and other
Ln oxides collectively account for the remaining 7% of the total
Ln oxide usage in these industries. Looking ahead, further re-
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search on the incorporation of Ln dopants into perovskite struc-
tures can undoubtedly be expected, although probably not on the
same scale or at the same fundamental level as during the late
1990s and early 2000s. Future research is expected to align closely
with low-carbon transition strategies and renewable technologies
which will drive the demand for use of Ln-doped BTO. These ad-
vancements will rely heavily on the principles of structural and
defect chemistry.
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