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The functional properties of BaTi;.xHfxO3 (0 <x < 0.20) ceramics consolidated by spark plasma sintering from
Pechini nanopowders are discussed in terms of the synergic effect of overlapping dissimilar structural modifi-
cations, nanoscale grain size reduction and ferroelectric-relaxor crossover. Structural and Raman investigations
revealed the coexistence of various polymorph modifications. The main effects of Hf addition are: (i) a strong
inhibiting of the grain growth process, (ii) the reduction of T¢ and increase of the orthorhombic-tetragonal and
rhombohedral-orthorhombic transition temperatures until a single, "pinched" and diffuse ferroelectric-
paraelectric phase transition occurs, (iii) a strong flattening of the permittivity maximum, (iv) a slight
decrease of the grain boundary resistivity, but still allowing the application of high a.c. and d.c. fields and (v) a
gradual reduction of polarization, hysteresis loops area, energy storage capability and tunability values. Based on
the dielectric and thermo-Raman results, a new low-temperature phase diagram of the fine-grained BaTi;.xHfO3
ceramics is proposed.

1. Introduction

Ferroelectric materials exhibit a diverse range of functional charac-
teristics that render them highly appealing for numerous applications,
spanning from electronics and telecommunications to life sciences,
space, and security. Due to their flexibility in accommodating a large
number of elements of the periodic table, which determines versatile
functional properties, the ferroelectric perovskites are among the most
investigated types of electroceramics. Among them, barium titanate
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(BT)-based system represents the most important class of ferroelectric
perovskites, due to the eco-friendly character and for specific charac-
teristics, as high permittivity, polarization switching, PTCR (positive
temperature coefficient of resistivity), piezo- and pyroelectric effects
and high endurance under DC field, which make them useful for appli-
cations in electronic devices as capacitors, electromechanical trans-
ducers, thermistors, pyroelectric IR sensors, shifters, ferroelectric
random access memories (Fe-RAM), nonlinear optics, etc. [1-3]. By
increasing the solute content in B-site homovalently-substituted BaTiO3

E-mail addresses: roxana.patru@infim.ro (R.E. Patru), roxana.patru@infim.ro (R.D. Truscd), adelina.ianculescu@upb.ro, a_ianculescu@yahoo.com

(A.-C. Ianculescu).

https://doi.org/10.1016/j.jeurceramsoc.2025.117600

Received 16 March 2025; Received in revised form 2 June 2025; Accepted 5 June 2025

Available online 6 June 2025

0955-2219/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-4207-5380
https://orcid.org/0000-0002-4207-5380
https://orcid.org/0000-0002-4013-018X
https://orcid.org/0000-0002-4013-018X
https://orcid.org/0000-0002-6406-3516
https://orcid.org/0000-0002-6406-3516
https://orcid.org/0000-0002-4133-7377
https://orcid.org/0000-0002-4133-7377
mailto:roxana.patru@infim.ro
mailto:roxana.patru@infim.ro
mailto:adelina.ianculescu@upb.ro
mailto:a_ianculescu@yahoo.com
www.sciencedirect.com/science/journal/09552219
https://www.elsevier.com/locate/jeurceramsoc
https://doi.org/10.1016/j.jeurceramsoc.2025.117600
https://doi.org/10.1016/j.jeurceramsoc.2025.117600
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2025.117600&domain=pdf
http://creativecommons.org/licenses/by/4.0/

E.M. Soare et al.

ceramics with species of higher ionic radii than that one of the Ti** host
cations, such as Sn*" [4-12], Zr** [4,13-18], Ce*t [19-22], Hf*T
[23-27], a few important effects are induced: (i) a linear decrease of the
paraelectric-ferroelectric phase transition temperature, Tc (where the
cubic-to-tetragonal C-T polymorph modification takes place), relative to
that of BaTiOs (T¢ ~ 393 K); (ii) increasingly diffuse permittivity max-
ima at T¢ and (iii) a ferroelectric-relaxor crossover. Besides, unlike the
A-site homovalent substitutions, the increase of the amount of the B-site
solutes into BT lattice concurrently induces an opposite evolution of the
low-temperature ferroelectric-ferroelectric phase transitions (ie.
rhombohedral-orthorhombic, R-O and orthorhombic-tetragonal, O-T)
towards higher temperatures. As a result, at particular solute concen-
trations and temperature ranges, which are unique to each solute,
distinct "pinched" phase transitions happen, where all polymorphs
co-exist, marked by broadened peaks with high permittivity. Among the
B-site solutes, Zr*" and Hf*" are more suitable because they possess
higher chemical stability compared to Sn and Ce species, which can
display different oxidation states (ie. Sn**/Sn?" and Ce*t/Ce®")
depending on the sintering conditions. Although the most similar ionic
radius with one of the Ti** host ions (r(Ti*") = 0.605 1°\) was identified
for the Hf*" substitute (r(Hf*") = 0.71 A) [28], the functional properties
of Ba(Ti,Hf)O3 (BTH) ceramics have been significantly less examined
compared to those of Ba(Ti,Zr)O3 (BTZ) ones [4,13-18,29-34]. The first
low-temperature phase diagram of the BaTiO3—BaHfOs3 system based on
structural and dielectric investigations of BaTi; yHfyO3 (BTH) solid so-
lutions was proposed in Ref. [35]. Further data regarding the dielectric
properties were presented in Refs. [23-37], while more recent papers
dealt with the study of electrocaloric effect [38,39], pyroelectric har-
vesting [40], piezoelectric behaviour [41], optical performance [42]
and photoluminescent properties [43]. All of the mentioned studies refer
to the characteristics of microstructured BTH ceramics obtained by
conventional sintering of powders produced by solid-state reaction
method. The compositions, the preparation parameters are summarized
in Table 1.

Table 1
Compositions, preparation method and thermal parameters used to prepare
microstructured BaTi; yHfyO3 ceramics, reported in literature.

Reference BTH Preparation Thermal history
compositions method Calcination Sintering
(mol. % Hf)
Payne & 0; 4; 10; 15; Solid-state 1100°C/ 2h 1420°C/1hin
Tenerry 20; 24; 30 in air air
[35]
Anwar etal. 5; 10; 20; 22; Solid-state 1100°C/ 6h 1250°C / 12h
[23-26] 30; 40 in air in air
Tian et al. 3; 5;10; 15 Solid-state 1000°C / 4h 1250-1400°C
[27] in air / 1.5-3hin air
Das et al. 0; 5; 10; 15 Solid-state 950°C / 24h 1300°C/5hin
[36] in air air
Garbarz- 0;1; 2.5 Solid-state 997-1327°C 1397-1447°C
Glosetal. /1-2h / 1.5-3hin air
[37] 1350°C/ 3h
in air
J. Lietal 3;6;9;10; 11;  Solid-state in air 1425-1495°C
[38] 12;13; 15; 17; / 4hin air
20
M.-D. Li 0; 3; 5; 8, 11; Solid-state 1100°C/ 2h 1450°C/5hin
etal 12 in air air
[391],
[40]
Yin et al. 2 Solid-state 1100°C/ 2h 1320, 1350,
[41] in air 1370, 1400°C
/ 4h in air
Elorika 0;3;5;8 Solid-state 2 x1100°C / 1250°C/8hin
etal 8h in air air
[42]
Fernandez 0; 5; 10; 15 Sol-gel 1000°C/ 4h 1000°C/4hin
et al in air air
[43]
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The intensive development of nanotechnology involving miniaturi-
zation and integration of ferroelectrics into semiconductor technology
stimulated a revival of interest in exploiting peculiar functional char-
acteristics of nanosized or/and nanostructured BT-based systems for
high performance applications [44-47]. The manufacturing of multi-
layer ceramic capacitors (MLCC) with high volumetric capacity requires
progressively thinner dielectric layers (in the submicron range) and an
increasing count of such layers. This means that these layers should
consist of ceramic grains with nanometre-scale sizes, which can only be
achieved when the starting oxide nanopowders, synthesized trough
suitable wet-chemical processes, are consolidated using unconventional,
field-assisted sintering techniques. The role of nanostructuring on the
functional properties was mostly investigated in BaTiO3 nanoceramics
resulted by Spark Plasma Sintering (SPS) of nanopowders synthesised by
innovative routes, for which some specific features have been reported,
as: higher room-temperature permittivity values, lower values of the
Curie temperature and Curie constant, flattened and diffuse
ferroelectric-paraelectric phase transition and sometimes higher
dielectric losses [48-50]. In contrast, there is a notable lack of research
focused on nanocrystalline ceramics based on A- or B-site
homovalently-substituted BT solid solutions. Recent works on Baj 4Sry.
Ti03 [51,52], on (Ba,Ca)(Ti,Zr)Og [53] and Bio.zKo,zBao,zsI‘Q,2Ca0,2Ti03
[54] SP-sintered ceramics revealed the beneficial influence of nano-
structuring to increase the thermal stability of permittivity and decrease
their dielectric losses, thus providing a high potential for microwave
applications. Considering that in conventionally sintered BT-based ce-
ramics, only the high homovalent substitution on B-site flatten the
permittivity maximum in the Curie range, it is anticipated that the
additional influence of nanostructuring will enhance the thermal sta-
bility of the dielectric response across a broader temperature range in
nanocrystalline BTH ceramics compared to the coarse ones, and even
with respect to the A-site substituted nanocrystalline ceramics with
comparable solute content. Despite these reasonable assumptions, no
papers dedicated to a systematic study of nanocrystalline BTH ceramics
is found in the literature. Therefore, our work presents the synthesis and
characterization of BTH nanopowders produced by the modified Pechini
method and is focussed to a detailed analysis of the electrical properties
of the related SP-sintered nanocrystalline ceramics, in relationship with
their micro/nanostructural characteristics.

2. Experimental details
2.1. Samples preparation

The starting BaTi;.xHxO3 (BTH) (x=0; 0.05, 0.10 and 0.20) nano-
powders were prepared by the modified Pechini method. This synthesis
route produces high-purity powders, with uniform nanoparticles as
shape and size and narrow particle size distribution. Moreover, the
technique was selected according to the works of Li et al. [55,56], who
indicated that this approach is the most suitable wet-chemical method
for achieving constrained grain growth during the spark plasma sinter-
ing process. A similar method was also used earlier for preparing (Ba,Sr)
TiO3 nanopowders [57-59].

In the present study, beside barium carbonate (BaCOs, Sigma-
Aldrich 99.999 %), titanium(IV) isopropoxide (Ti(i-OC3H7)4, Sigma-
Aldrich, 97 %) and hafnium isopropoxide isopropanol adduct (Hf(i-
OC3Hy)4, Sigma-Aldrich, 99.9 %) were used as raw materials, while
anhydrous citric acid (C¢HgO7, Sigma-Aldrich. 99.5%) and ethylene
glycol (CoHgO9, Sigma-Aldrich, 99.8 %) were used as chelating and
esterification agents, respectively. The molar ratio of the precursors was
BaC03: Ti (i—OC3H7)4I Hf(i—OC3H7)4Z C6H807Z C2H402 =1: (l-X)Z x: 7.5:
21. (1-x)Ti(i-OC3Hy)4 and xHf(i-OC3Hy)4 in propanol were added to a
clear solution of CgHgO7 and CoHgOo, resulted after heating at 50°C on
oil bath. Thus, new, clear (Ti;.xHfy) citrate solutions resulted after
mixing in inert atmosphere and heating on oil bath under magnetic
stirring at 80°C for 2h. Separately, a barium citrate solution was
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prepared by adding BaCOs to a CgHgO7 4 M solution. Further, by adding
this barium citrate solution to the previously prepared (Ti;.xHfy) citrate
solutions, clear, transparent, yellowish Ba(Ti; xHfy) solutions resulted.
By heating on stove under magnetic stirring at 80°C for 1 h, these mixed
solutions became increasingly viscous until yellow Ba(Ti;Hfy) gels
were formed. The gels were then heated on oil bath at 140°C for 36 h, in
order to promote poly-condensation and to convert the gels into glassy,
brown-orange resins. The Ba(Ti;.xHfy) resins were carefully ground and
then calcined at 300°C for 3 h in static air in a vertical oven to burn off
the organic matter. During this thermal treatment, the resins increase in
volume, appearing as foams that represent the amorphous black pre-
cursors or the so-called '"residues". After cooling, the residues, were
ground to obtain glassy powders, which were then subjected to
annealing in air at 900°C for 2 h, with a heating rate of 5 °C/min in order
to obtain carbon-free, white BaTi; yHfyO3 nanopowders. The as-
prepared oxide powders were ultrasonically de-agglomerated and then
consolidated as dense ceramic pellets of 1 cm diameter and 0.08 - 0.1 cm
thickness by SPS, using a commercial equipment (FCT Systeme GmbH-
Spark Plasma Sintering Furnace type HP D 1.25, Frankenblick, Ger-
many). The applied pressure was 50 MPa, while the temperature was
raised at 1050°C with a heating rate of 150 °C/min and then held at a
constant value for 2 min. Rapid heating was provided by a pulsed DC
current. The electric power was then switched off and the sample was
cooled without pressure with a cooling rate of ~400 °C/min.

To re-oxidize the ceramics, to eliminate carbon contamination and to
alleviate the associated residual stresses, a post-sintering annealing in
air was performed at 850°C for 72 h, followed by a slow cooling down to
the room temperature. This re-oxidizing thermal treatment completely
converts some Ti" (Ti’) species (formed because of the reduced atmo-
sphere during the SPS process) into Ti*", removing the single-/doubled-

™~
CGHSO//A M sol BaCO;
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ionized oxygen vacancies resulted as compensating defects for Ti’. The
preparation steps of BaTi;.xHfyO3 nanopowders and related ceramics
labelled as BT, BTHO5, BTH10 and BTH20 are described schematically
in Fig. 1.

2.2. Characterization methods

The phase composition and crystal structure of the BTH nano-
powders and related SP-sintered ceramics were determined by X-ray
diffraction (XRD) performed at room temperature with an Empyrean
diffractometer (PANalytical, Almelo, The Netherlands) with Ni-filtered
CuKa radiation (1 = 1.541874 A), operating at 45 kV and 40 mA in 6
— 6 geometry. The measurements were carried out with a scan step
increment of 0.026° and a counting time per step of 255 s in the 26 range
of (20 — 80)°. The XRD data were collected with a PIXCel3D detector
operating in scanning-line mode. The recorded patterns were indexed
using HighScorePlus 3.0.e software in conjunction with the Crystallog-
raphy Open Database (COD). In order to determine structural charac-
teristics as lattice parameters, mean crystallite size (<D>) and internal
micro-strains (<S>), Rietveld refinement was carried out using a poly-
nomial function for background approximation, a pseudo-Voigt function
for peak profile, and a Caglioti function for peak width.

The nanopowders’ morphology and the ceramic microstructures
were examined by field-emission scanning electron microscopy (FE-
SEM) with a FEI QUANTA INSPECT F50 microscope (FEI, Hillsboro, OR,
US) coupled with EDX energy dispersive X-ray spectroscopy (EDX),
operating at 30 kV and the nanopowders by transmission electron mi-
croscopy (TEM) and high resolution transmission electron microscopy
(HR-TEM) coupled with selected area electron diffraction (SAED) with a
TITAN THEMIS ultra-high resolution electron microscope (Thermo

/Barium citrate

il Hf(i-OC3Hz)4 in solution Yellowish mix
CsHsO7. CoHe0, T0-0CH | :
S propeng g Yellow (Ba, Ti, Hf) gel
fr— =
, . , a2 N
= — = > | q = —, —
Oil bath g Oil bath e \,w T
e g ) Clear (Ti, Hf) e @
Mixing in inert go°c | ap  citrate solution 80°C ' 1h
atmosphere Magnetic stirring Heating on stove /
magnetic stirring
Glasey brown-orande: resin Black foam Amorphous precursor
oA :7,1/2 - § 9 (“residue”)
|ﬁ,/ f\/-\ﬂ L:/ I—:/ L:/
oo »
Grinding g iy
A @ 300°C/3h
140°C ' 36h Heat treatment

Heat treatment on oil bath for
polycondensation

Ba(Tis«Hfs)Oz nanopowders
x=0; 0.05; 0.1; 0.2

Dense, oxidized Ba(Tis<Hf,)O;

Reduced Ba(TisxHf,)Oz.5 ceramics ceramics
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) & 5 » oc . A
— ,{/ﬁ;& — Graphite die b (—,
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p
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Fig. 1. Schematic representation of the processing stages for preparing BaTi; xHfxO3 nanopowders and related dense, fine-grained ceramics.
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Fisher Scientific, Waltham, MA, USA), operating at 300 kV. The average
particle size, <d> of the BTH nanopowders and the average grain size,
<GS> of the corresponding ceramics were estimated from the particle/
grain size distributions determined with OriginPro 9.0 software (Ori-
ginLab, Northampton, MA, USA) by considering size measurements on
~100 particles/grains, using the software of the electron microscopes
(ImageJ 1.50b, National Institutes of Health and the Laboratory for
Optical and Computational Instrumentation, Madison, WI, USA) for SEM
and Digital Micrograph 1.8.0 (Gatan, Sarasota, FL, USA) for TEM ana-
lyses. The relative densities of the SP-sintered BTH pellets were calcu-
lated as the ratio between the apparent density measured by
Archimedes’ method and the crystallographic (theoretical) density.

In order to perform electrical measurements, the sintered ceramic
discs were polished, and their top and bottom surfaces were covered
with colloidal silver paste to form stable and low-resistance electrodes,
ensuring a reliable parallel-plate capacitor configuration. The complex
impedance and phase shift were measured on samples in vacuum with a
computer-controlled LCR Hioki 3536 impedance analyzer (Tokyo,
Japan). Prior to the dielectric measurements, the impedance analyser
(Hioki 3536) was calibrated by performing standard short-circuit and
open-circuit corrections, in order to minimize possible parasitic
contributions.

The ferroelectric P(E) loops were measured at room temperature
using Radiant Precision Multiferroic II Ferroelectric Test System
(Radiant Technologies, INC., Albuquerque, New Mexico, USA), by using
a double bipolar input with 1 Hz frequency as electric signal. The high
voltage dc-tunability measurements ¢'(E) were performed on the elec-
troded ceramic disks immersed in silicon oil, under high voltages pro-
duced by a High-Voltage Amplifier (TREK 30/20A-H-CE, Trek Inc.,
Medina, NY) coupled with a function generator (Tektronix AFG3051C)
and a circuit as described in Ref. [60]. The applied field was gradually
increased until the electrical response became unstable, indicating the
proximity of the ceramic sample’s breakdown.

The local order in fine-grained BTH ceramics was examined using
Raman spectroscopy, by means of a LabRAM HR Evolution spectrometer
(Horiba, Kyoto, Japan), using the 514 nm line of an argon ion laser, with
a power of 125 mW, focused on spots of a few micrometers in size on the
samples. Data were collected and analyzed for the non-polarized radi-
ation scattered at 90°, with an acquisition time of 120 s during 3 runs
recorded for each sample. The temperature dependence of Raman
scattering was also investigated by collecting spectra recorded between
148 and 473 K, with an increment of 25 K.

(a)

BaTi, Hf O, Pechini powders

Intensity (a.u.)

20- CuKa (degrees)
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3. Results and discussions

3.1. BaTij.,HfyO3 nanopowders synthesized by the modified Pechini
method

3.1.1. Phase purity and crystal structure

The room-temperature XRD patterns of BaTi; yHf;O3 nanopowders
displayed in Fig. 2(a) show the presence of the well-crystallized perov-
skite phase, without any detectable Ba- or Ti-rich secondary phases.
Increasing hafnium proportion determines the shift of the XRD peaks
towards lower values of the diffraction angle 20, due to the increase of
the unit cell volume. This evolution and the perovskite phase’s purity
are clear proofs that Hf** is completely incorporated onto Ti sites in the
BT lattice to create homogeneous BTH solid solutions. The crystallinity
degree of all the four BTH powders exceeds 90 % (Table 2). As
demonstrated by the detail of the region corresponding to the diffraction
angles 20 = 44.5-46.5° in Fig. 2(b), the symmetric appearance of their
profiles and the lack of any splitting of the (200) reflections seem to
indicate a pseudo-cubic structure.

However, Rietveld refinement indicated that the best fits were ob-
tained when considering a mixture of tetragonal and cubic phases for all
the BTH powders under investigation (Table 2). It is important to note
that, in order to fit the XRD data as accurately as possible, a number of
variants were considered, taking account the complex distortions found
in nanosized BT-based systems [51,61-66]. These included the
single-phase model (cubic C for all the four powders, tetragonal T and
orthorhombic O for BTH powders with x = 0, 0.05, 0.10 and rhombo-
hedral R for x =0.10, 0.20), the di-phase model (T + C for all the
samples, T + R and R+C for x = 0.10 and x = 0.20), as well as tri-phase
model (T + R+C for x = 0.20). It was found that T modification prevails
in BT and BTHO5 samples, with a slight decrease in its proportion from
the undoped BT powder to the BTHO5 one, while C polymorph is the
major phase in BTH10 and BTH20, with a rising amount when the
substitution degree increases from x = 0.10 to x = 0.20. The weighted
average value of the c/a ratio in each di-phase sample was used to
calculate the overall tetragonality. It was discovered that this parameter
clearly reduces as the Hf fraction increased from x =0 to x = 0.20.
Furthermore, regardless of the type of polymorphous modification, the
larger ionic radius of the Hf** compared to the host Ti*" cations causes a
linear increase of the lattice parameters and of the unit cell volume, as
the solute content increases. Fig. 3(a) shows the evolution of the
weighted average values of the unit cell volume and tetragonality vs. Hf

(b) :

x =0.20
2bo)
[
L] l\ L { ) 1
- |x=0.10
=S
A \s
g v L} T “ v T T 1
» [x=0.05 \
c
)
) \§
x=0 (bo)
A
“\
440 445 450 455 460 46.5
20 - CuKa (degrees)

Fig. 2. (a) Room-temperature X-ray diffraction patterns of BaTi; \HfyO3 nanopowders prepared by the modified Pechini method and annealed at 900°C for 2 h and
(b) detail (the yellowish rectangle of Fig. 2(a)) of the region corresponding to the diffraction angles 20 = 44.5 — 46.5°.
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content in BTH nanopowders.

The mean crystallite size values are lower in the T phase than those in
the C one for all the BTH nanopowders. Conversely, the mean crystallite
size decreases with increasing Hf content, going from 16.9 to 5.32 A in
the T phase and from 33.78 to 16.81 in the C modification. As expected,
an opposite evolution vs. Hf content is noticed for the internal micro-
strains, <S> (Table 2) and Fig. 3(b)).
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04-013-5892
1.0063

Tetragonal
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30.56
66.9360
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3.1.2. Morphology

Bright-field TEM images presented in Fig. 4(a)-(d) show the
morphology of the investigated BTH powders. All the compositions
consist of particles with sizes in the nanometre range. Similar to the
mean crystallite size, it was found that the mean particle size
<d> dropped as the solute content increased (Fig. 3(b)), from 39.8 nm
for the undoped BT powder (inset of Fig. 4(a)) down to 15.3 nm for the
powder with the highest Hf content, i.e. BTH20 (inset of Fig. 4(d)). This
trend suggests the inhibiting effect of the Hf solute on the particles
coarsening. Comparing the values of the mean crystallite size calculated
from the XRD data with the values of mean particle size estimated from
the TEM investigations, one can conclude that the nanoparticles are
predominantly single crystals. The equiaxed nanoparticles exhibit
mostly polyhedral shapes with well-defined planar faces and edges and
somewhat rounded corners. Some ultrafine rounded or almost spherical
particles can also be noticed. Their size distributions are uni-modal, as
indicated by the histograms presented as insets in the top-right corners
of Fig. 4(a)-(d).
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3.2. Fine-grained BaTi; HfOs ceramics consolidated by Spark Plasma
Sintering

3.2.1. Phase purity and crystal structure

The XRD patterns in Fig. 5(a) for all the resulted ceramics reveal
perovskite single phase structure, just like in the case of the initial BTH
powders. The first detail of Fig. 5(b) corresponding to the region
delimited by the light blue rectangle of Fig. 5(a) suggests a gradually
change of the unit cell symmetry with the increase of Hf** addition.
Thus, for the undoped BT sample, the presence of the asymmetric
feature visible as a shoulder in the left side of the (200) reflection is
assigned to the (002) crystalline plane, indicating a typical ferroelectric
T structure (space group P4mm). For the BTH specimen with the lowest
solute content (x = 0.05) the asymmetric profile of the (200) reflection
is preserved, but with a modification of the intensity ratio of the two
adjacent (002)/(200) peaks. Unlike the undoped sample, where the in-
tensity of (200) reflection prevails over the low-intensity (002) reflec-
tion, in the BTHO5 specimen an opposite ratio is noticed. This feature is
specific to the O structure (space group Amm2), where the first peak
marked by an asterisk-type symbol in Fig. 5(b) is assigned to the (022)
crystalline plane. This ratio is ~1.18 for the BTHO5 ceramic, which
represents an intermediate value between that one corresponding to the
Iooz / I200 ratio of 0.52, specific to the tetragonal phase (ICDD file no.
01-084-9614), and that of 2.00 (ICDD file no. 01-090-2459), corre-
sponding to a pure O phase. This suggests that in this composition, a
mixture of T + O phases, with a slight predominance of the O modifi-
cation, should be considered. This finding is supported by analyzing the
second detail of Fig. 5(c), which corresponds to the region of 26 = 73 —
76.5°, delimited by the pink rectangle in Fig. 5(a). The structural
modification, as the Hf content increases from x =0 to x = 0.05 is
emphasized by the splitting of the (301)/(310) peak, specific to the T
BaTiOs in two adjacent peaks, ie. (042)/(113) and (331), which
correspond to the O distortion. These peaks together with the (024)
reflection of the O structure which corresponds to the (103) reflection in
the T polymorph are slightly shifted to lower diffraction angles. There-
fore, one can conclude that at room temperature, BTHO5 composition
should be placed in the proximity of the O-T phase transition.

The presence of similar double-phase (O+T) mixture in BaTi; 4MyO3
(M = Hf, Zr, Sn) compositions with 0.2 < x < 0.5 was earlier reported by
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Fig. 3. Dependence of the structural / morphological parameters on Hf content in BTH nanopowders: (a) the weighted average of both the tetragonality degree, c/a
and the unit cell volume, V and (b) the weighted average of the mean crystallite size, <D> , as well as of the internal micro-strains <S> and mean particle size <d> .
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Fig. 4. (a)-(d) TEM images of the BaTi; yHf,O3 nanopowders prepared by the modified Pechini method and annealed at 900°C for 2 h: (a) x = 0; (b) x = 0.05; (c)
x = 0.10 and (d) x = 0.20; the insets in the top-right corners of (a)-(d) display the histograms indicating the particle size distributions for the investigated powders.
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Fig. 5. (a) Room-temperature X-ray diffraction patterns of BaTi; \Hf;O3 ceramics consolidated by SPS at 1050°C for 2 min; (b) detail (the light blue rectangle of
Fig. 5(a)) of the region corresponding to the diffraction angles 20 = 44.5 — 46.5° and (c) detail (the pink rectangle of Fig. 5(a)) of the region corresponding to the

diffraction angles 20 = 73 — 76.5°.

several research groups [38-40,42,67,68]. A further increase of Hf
content causes a new structural change, so that for the BTH10 and
BTH20 ceramics a single peak was only detected, as shown in both detail
images of Fig. 5(b) and (c). This suggests the presence of a single-phase
ceramic with either a C or a T structure, or a double-phase composition
consisting of a mixture of the two (R+C) phases.

Using Rietveld refinement, the best fits were obtained by considering
a T structure for BT and BTHO5 ceramics and a mixture of R (space group
R3m) and C (space group Pm3m) phases in BTH10 and BTH20 samples
(Table 3).

The profiles of the BTHO5 ceramic’s most structurally-change-
sensitive diffraction peaks were analysed, and the results showed that
the ICDD files of the O structure did not fit well the diffraction data. This
is not surprising, considering that earlier studies [10,69] have indicated
that the coherence length of XRD, which averages over more than 10*
unit cells, is insufficient to accurately identify small local distortions and
distinguish clearly between the T and O modifications in substituted
BT-based ceramics through the related refinement process. Additional
electrical measurements depending on temperature and Raman spec-
troscopy studies are necessary to enhance the understanding of the
structural changes in the BTH solid solutions. The R modification pre-
vails in BTH10 and BTH20 specimens, but its proportion reduces;
consequently, the proportion of the C phase increases, as the solute
content increases. The structural analysis indicates that BTH20 sample is
in the proximity of the ferroelectric-paraelectric phase transition at
room temperature.

The influence of Hf content on the structural parameters, specifically
rising both the unit cell volume and the internal micro-strains while
reducing the average crystallite size as the solute content increases, is
similar to that acting in the starting BTH powders.

3.2.2. Microstructure and chemical composition

The FE-SEM image of the BT fresh fractured ceramic shows a dense,
homogeneous, fine-grained microstructure, consisting of well-faceted
polyhedral grains, uniform as shape and size (Fig. 6), which by
strongly-welding generated almost perfect triple junctions. The pore-
free sample exhibits a relative density of 99.4 % and uni-modal grain
size distribution, with an average grain size, <GS> of 0.97 pm (Table 4
and inset of Fig. 6(a)).

Incorporation of 5 mol.% Hf on Ti sites in BTHO5 specimen induces
specific disruption in the microstructure, resulting from the early frag-
mentation of the ceramic grains (Fig. 6(b)). This process affects the
overall microstructural uniformity and causes the appearance of a small

fraction of intergranular porosity, which causes the slight decrease of the
relative density to 97.7 % (Table 4). The average grain size decreases to
0.76 pm (Table 4) and the grain size distribution becomes broader than
one corresponding to the undoped BT sample, showing an incipient
tendency toward a bi-modal type, with a major fraction (~58 %) of
smaller grains, with sizes below 0.6 pm, and about ~12 % larger grains,
with sizes ranged between (1.5 — 1.8) pm (inset of Fig. 6(b)).

The increase of the hafnium content in BTH10 and BTH20 ceramics
has a remarkable effect on the grain size, which strongly decreases to-
ward the nanometre range (Fig. 6(c) and (d)). Thus, <GS> values of 69
and 57 nm, were estimated for BTH10 and BTH20, respectively
(Table 4). The drop in the grain size is much steeper than one of the
particle size in the starting BTH powders.

Despite their small size, the polyhedral shape and the faceting of the
ceramic grains is maintained, as reveal by the insets shown in Figs. 6(c)
and 6(d). Microstructural uniformity and densification are restored,
while the uni-modal grain size distributions become narrower, as indi-
cate the histograms of the insets of the mentioned figures. These results
are in agreement with those reported for solid-state prepared BTH ce-
ramics in Ref. [42], where the minimum porosity was reached for the
undoped sample, while the maximum one was found in the BaHfj 5.
Tip.9503 specimen. Relative density values of 98.8 and 98.5 % were
reached for BTH10 and BTH20 ceramics, respectively.

An indication of chemical purity in all the investigated BTH ceramics
is also provided by the EDX spectroscopy. Thus, in the corresponding
EDX spectra, only species belonging to the perovskite BTH phases, i.e.
Ba, Ti, Hf and O were detected (Fig. 7(a)). The evolution of the char-
acteristic Hf peaks, whose intensities are gradually enhanced as the Hf
content increases, is shown in the detail of Fig. 7(b).

3.2.3. Low-field dielectric properties

3.2.3.1. Dielectric properties vs. temperature. Fig. 8(a)-(d) presents the
temperature dependence of real part of permittivity (¢) and dielectric
losses (tan §), for a few selected frequencies in the (102-10% Hz range.

Fig. 8(a) shows a typical behaviour for barium titanate ceramics,
with a significant increase in permittivity with temperature, reaching at
1 kHz frequency a prominent maximum of 6113 at 385 K, despite the
small grain size of the ceramic sample. This peak corresponds to the
ferroelectric-to-paraelectric phase transition (T-C). Additionally, a
broad shoulder around ~290 K indicates the O-T phase transition, while
a less prominent feature near 205 K marks the R-O one. The permittivity
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slightly decreases with increasing frequency, indicating the presence of
dipolar relaxation, caused by the inability of dipolar entities to follow
the rapidly alternating electric field at higher frequencies. The smaller
grain size and high densification achieved through SPS may contribute
to both the increased dielectric losses and the stability of the permittivity
at higher frequencies. The dielectric losses tan § remains below 0.15
throughout the investigated temperature and frequency ranges. Both the
permittivity €'(T) and the dielectric losses tan 6(T) indicate no significant
contributions from conduction processes.

The behaviour of tan &(T) reflects the structural and energetic
changes associated with the phase transitions observed in €'(T). No in-
crease in losses at higher temperatures, which may be attributed to
thermally activated processes related to ionic or electronic conduction,
is observed in the paraelectric (cubic) phase of BT. Relaxation associated
with dipolar polarization is confirmed by the sharper increase of tan §(T)
in the proximity of the phase transition regions identified in €(T). The
stability of losses in the cubic phase suggests that conduction-related
mechanisms do not dominate, reinforcing the idea that dielectric
response in this region remains primarily governed by intrinsic dipolar
dynamics rather than extrinsic contributions such as interfacial polari-
zation or Maxwell-Wagner-type effects.

The addition of 5 mol.% Hf (x = 0.05) to BT determines a decrease in
the permittivity peak from 6113 at 385 K (undoped BT) to 3560 at 380 K
(Fig. 8(b)). The slight shift in the peak temperature suggests that the
ferroelectric-to-paraelectric phase transition (T-C) is moderately
affected by the Hf incorporation. The O-T transition (~315 K) and the R-
O one (~260 K), become less pronounced upon Hf addition compared to
undoped BT. This attenuation indicates a reduction in the energy dif-
ferences between these phases. The dielectric loss tan §(T) remains
relatively low (tan § = 0.15) over the entire temperature and frequency
investigated range, indicating that a low degree of Hf content does not
introduce significant conduction contributions.

The increase of Hf amount in BTH10 results in a drop of the real part
of permittivity and a further shift in the Curie temperature toward lower
temperature values (Fig. 8(c)). The maximum permittivity decreases to
~2060 at 340 K, compared to BT and BTHO5 specimens. The lowering of
the Curie temperature from 385 K (undoped BT) and 380 K (BTHO5)
down to 340 K in BTH10 highlights the stronger influence of high Hf
content on the ferroelectric-to-paraelectric (T-C) phase transition. This
drop of the ferroelectric-paraelectric phase transition temperature can
be associated with the synergic role of Hf addition combined with the
severe decrease of the grain size toward the nanometre range, as the
solute content increases from x = 0.05 to x = 0.10.

A reduction of Curie temperature when reducing grain size at
nanoscale has been usually reported for undoped nanocrystalline
BaTiO3 ceramics [47-50]. The O-T transition (normally observed near
~290 K in undoped BT and ~315 K in BTHO5) and the R-O transition
(visible at ~205 K in undoped BT and ~260 K in BTHO05) become
indistinguishable in BTH10. This indicates a further reduction in the
energy differences between the ferroelectric phases. The so-called
"pinched transition" defined by a single, broadened permittivity
maximum that occurs above a certain solute proportion in homovalent
B-site BaTiO3 solid solutions, arises from the contrasting
temperature-dependent behaviours of the ferroelectric-to-paraelectric
phase transition and of the low-temperature O-T and R-O polymorph
transformations transitions. This phenomenon was clearly noticed in
both BTH10 and BTH20 samples.

A similar solute proportion inducing the occurrence of the "pinched
phase transition" was previously reported also for BTZ ceramics [33].
Nonetheless, the notably reduced temperature associated with the
"pinched phase transition" (T, = 340 K) identified for BTH10 in this
study compared to the 355 K (82°C) observed for BTZ10 [33] can be
accounted for the influence of increased internal stress caused by
nanostructuring.  Microstrains  favour  faster  decrease  of
« ferroelectric-paraelectric transition temperature, Tp,, concurrently with
a more pronounced increase of both the O-T and R-O transition
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Fig. 6. (a)-(d) FE-SEM images in fracture of the BaTi; yHfyO3 ceramics derived from the Pechini nanopowders and consolidated by SPS at 1050°C / 2 min: (a) x = 0;
(b) x = 0.05; (c) x = 0.10 and (d) x = 0.20; the insets in the top-right corners of (a)-(d) display the histograms indicating the grain size distributions for all the
ceramics under investigation; the insets in the bottom-left corners of Fig. 5(c) and (d) show details of the microstructure of the nanocrystalline BaTig 9oHfp 1003 and

BaTig goHf.2003 ceramics, respectively.

temperatures (T; and T) compared to the microstructured ceramics of
similar compositions.

The dielectric losses decrease almost linearly as the temperature
increases, tan 5(T) reaching values below 15 % over the entire investi-
gated temperature range. However, for frequencies below 200 kHz, the
dielectric losses exhibit values below 6 % in the temperature range of
(150 — 470) K.

Further increase of the solute content (x = 0.20) leads to a substan-
tial reduction in the permittivity and a further lowering of the Curie
temperature in the BTH20 sample (Fig. 8(d)). The maximum permit-
tivity decreases to ~812 at 275K, marking a significant decline
compared to the undoped BT sample, as well as to the ceramics with
lower Hf content, i.e. BTHO5 and BTH10. As in the case of BTH10
specimen, the polymorphic T-O and O-R transitions are no longer
distinguishable in BTH20. This feature, along with the strong flattening
of the permittivity maximum indicates a near-complete suppression of
the long-range ferroelectric order, consistent with: (i) the increased
structural disorder and stronger dilution of dipolar interactions caused
by higher Hf substitution degrees and (ii) the reticular disruption
induced by nanostructuring. The notable decrease in the maximum
permittivity and the rise in the diffuseness of the ferroelectric-
paraelectric phase transition with higher Hf content indicate

intensified relaxation processes, signifying the transition from a long-
range ferroelectric order to a behaviour dominated by local polariza-
tion effects. Besides, the slight shift of the permittivity maximum toward
higher temperatures with rising frequency, along with the increasingly
high frequency dispersion of the permittivity below T¢ as the Hf content
increases from x = 0.10 to x = 0.20 suggests a gradual evolution to a
relaxor-like state. For BTH20, the dielectric losses, expressed as tan §(T)
remain reduced (below 5 %) in the temperature range of (150 — 470) K,
for frequency values below 200 kHz.

The temperature dependence of the real part of permittivity for the
undoped BT and for the BTH ceramics is plotted in Fig. 9(a) at 1 kHz for
the Curie — Weiss analysis, together with tan 5(T) (Fig. 9(b)) to better
compare the influence of Hf solute on the dielectric behaviour. At room
temperature, the permittivity (¢)ry) values decrease form 3404 for
undoped BT to 2174 for BTHOS5, further to 1922 for BTH10 and down to
808 for BTH20 (Table 5). At 1 kHz, the dielectric losses show values
below 6.3 % over the entire investigated temperature range. These are
considered usual values for BaTiOs-based ferroelectric ceramics. At
room temperature, the (tan §)rr values decrease monotonically from
0.03 for undoped BT to 0.022 for BTHO5, then to 0.015 for BTH10 and,
finally, to 0.013 for BTH20 sample (Table 5), revealing the favourable
effect of the Hf solute on the dielectric character of these compositions.
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Table 4
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Fig. 9(a) highlights the systematic changes of the dielectric behav-
iour with increasing Hf concentration: permittivity reduction, suppres-
sion of ferroelectric phase transitions and Curie temperature reduction
with a rate of 5.5 K/at% as the Hf content increased from x =0 to
x = 0.20. The permittivity of typical ferroelectrics obeys the Curi-
e-Weiss law in the paraelectric phase above the Curie temperature T¢
[70]. Increasing Hf content along with grain size reduction leads to a
higher degree of diffuseness of the ferroelectric-paraelectric phase
transition. The nature of the dispersion and the degree of the diffuseness
was analyzed by using the modified Curie-Weiss equation (Fig. 9(a))
[71]:

€ (T — Ta)

€ 262 )

in which €5 is the maximum permittivity at the corresponding tem-
perature Ty, § describes the temperature range over which the phase
transition occurs, and y is the diffuseness degree of the phase transition
(1 <y <2, y=1 for typical ferroelectrics and y = 2 for "full relaxor
state"). The parameters ¢4 and T are determined by fitting the dielectric
data with the Lorentzian Eq. (1) and are compared with the maximum
permittivity €'y, at its corresponding Tc, While ¢'s may differ slightly
from the measured €'y, Ta is found to be close to Tc. The significant
reduction in both €'s and €'y, reflect the suppression of long-range
ferroelectric order due to Hf doping, while the drop of Tp and T¢ in-
dicates the destabilization of the ferroelectric state caused by Hf-induced
lattice distortions. The fitting parameters along with experimental data
are listed in Table 5.

The parameter § increases with the increase of Hf content. The sharp
phase transition observed in undoped BT becomes slightly broadened for
BTHO5, moderately diffuse for BTH10, and highly diffuse for BTH20.
Similarly, the parameter y also increases with Hf addition, indicating a
progressive shift from the sharp ferroelectric transition specific to BT to
the onset of diffuse behaviour for BTHO5, a moderate diffuse phase
transition for BTH10 and almost a relaxor-like behaviour for BTH20.
The increase in both § and y suggests that the material approaches a
ferroelectric-relaxor crossover at higher Hf concentrations, where the
phase transition is dominated by localized nanopolar clusters rather
than long-range ferroelectric domains. This behaviour is characteristic
of materials with significant structural disorder and the effect is
enhanced by the grain size reduction in nanoscale range.

The introduction of Hf solute on Ti sites into the BT lattice generates
local distortions that disrupt the long-range ferroelectric order, leading
to localized polarization effects and a broader temperature range for the
phase transition. The increasing broadening of the ferroelectric-
paraelectric phase transition observed at higher Hf content (0.10 <
x < 0.20) are primarily attributed to the more significant structural
disorder and hence to the dilution of dipolar polarization caused by the
substitution of Ti*" with Hf*" in the [TiOg] octahedral framework. At
higher Hf concentrations, the distortions become more pronounced,
creating short-range polar regions, that weakly interact each other. This
behaviour is responsible for the diffuse phase transitions and lower
permittivity values observed experimentally. Furthermore, the signifi-
cant lattice distortions enhance localized charge-trapping mechanisms,
resulting in additional polarization relaxation processes. These effects
are evident in the broader and more flattened dielectric response curves.
The attenuation of ferroelectric transitions reflects a substantial
disruption of ferroelectric order, consistent with increased structural
disorder and a weakening of long-range dipolar interactions. The
nanostructure seems to play a key-role in diluting the ferroelectric
character due to the high density of grain boundary regions, where the
significant rise of the related micro-strains could induce a structural
heterogeneity of the ceramic grains. Therefore, in BTH10 and BTH20,
the presence of the so-called "composite" grains, consisting of non-polar
dead-layers and cores with a longer- or shorter-range polar ordering, as
those reported for nanocrystalline (Ba,Sr)TiO3 ceramics [51], [52],
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cannot be excluded.

It is worth to mention that the values of the ferroelectric-paraelectric
transition temperature T¢ / Ty, for our BTH samples are slightly lower as
a result of the smaller grain sizes than those reported by most of the
recent papers, who investigated coarser ceramics with similar compo-
sitions, but prepared by the classical solid-state reaction method
(Fig. 10) [27,35,38-40,42].

3.2.3.2. Dielectric properties vs. frequency. To complete the temperature-
dependent dielectric analysis, frequency-dependent real (¢) and imagi-
nary (¢") parts of permittivity and loss tangent (tan 5) were investigated
at two fixed temperatures representative of the ferroelectric and para-
electric phases. The selected temperatures were 250 K (T < T¢), corre-
sponding to the ferroelectric phase, and 425K (T > T¢), within the
paraelectric region. This approach allows for a more detailed examina-
tion of how hafnium solute influences the dielectric response over a wide
frequency range (10% — 10° Hz).

Undoped BT exhibits the highest permittivity values, with a weak
frequency dependence up to ~10° Hz at high temperatures (T > T¢),
followed by a slight increase at higher frequencies (Fig. 11(a)). This
increase suggests the presence of interfacial polarization effects, which
may stem from charge accumulation at grain boundaries. Hafnium
doping systematically reduces ¢ across all frequencies, indicating a
suppression of long-range ferroelectric interactions and a stabilization of
the paraelectric phase. In contrast, at low temperatures (T < T¢), all
compositions exhibit a slight decrease in permittivity with increasing
frequency, characteristic of dipolar relaxation mechanisms (Fig. 11(b)).
The decay is more pronounced in undoped BT, whereas the doped BTH
compositions exhibit a more stable £(f) response, suggesting reduced
polarization dynamics and a diminished contribution from domain wall
motion. The almost invariant €'(f) dependence curve for the specimen
with the highest Hf content (BTH20) further supports the idea of short-
range polar ordering instead of classical long-range ferroelectricity.

The frequency dependence of imaginary permittivity &’ provides
insight into the dissipation mechanisms (Fig. 11(c), (d)). At T > Tg, ¢”
decreases at intermediate frequencies and rises sharply beyond ~10° Hz
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in undoped BT. This behaviour is commonly associated with nearest-
neighbour hopping or highly localized charge motion at high fre-
quencies, according to Funke’s criteria [72] (Fig. 11(c)). Hafnium
addition progressively suppresses this high-frequency conduction
contribution, suggesting that Hf incorporation enhances the structural
disorder and localizes charge carriers, thereby reducing long-range
charge transport.

At T < T, the imaginary permittivity €” of undoped BT exhibits a
peak at intermediate frequencies (~10%-10%Hz), and a less pronounced
variation with frequency in the doped BTH compositions (Fig. 11(d)),
suggesting that the polarization mechanisms become more localized
with increasing Hf content. The overall reduction in ¢” in the whole
frequency range in BTH20 reinforces the transition toward a relaxor-like
state, where polarization dynamics are governed by local fluctuations
rather than collective domain interactions. The material exhibits a
weaker dielectric response due to the suppression of long-range in-
teractions, consistent with the earlier observation of a diffuse phase
transition.

Moreover, the different trends observed between the low-frequency
(10% Hz - 10° Hz) and middle-frequency (10* Hz - 10° Hz) regions in
the ¢” (f) behaviour may suggest the involvement of multiple relaxation
mechanisms. In particular, oxygen vacancy-related relaxations cannot
be entirely ruled out and could have a minor contribution to the
observed behaviour, as previously reported for BaTiOs-based ceramics
[42,73].

The frequency dependence of the dielectric losses (tan §) shown in
Fig. 11(e) for the paraelectric state (T > T¢, 425 K) and in Fig. 11(f) for
the ferroelectric state (T < T, 250 K) provides further evidence of
relaxation processes and insights into the dissipation mechanisms and
polarization stability in both phases. For the paraelectric state, in the
low-frequency range, below 10° Hz, BTH20 ceramic exhibits the highest
initial tan § value, indicating that the hafnium content influences the
energy dissipation mechanisms in this region. BT maintains the lowest
losses across this range, similar to BTH10, suggesting that the lack of
solute or a moderate Hf content stabilizes the dielectric response by
reducing extrinsic contribution such as interfacial polarization effects.

BaTi, Hf O, ceramics
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Fig. 7. (a) EDX spectra of the BaTi; xHf,O3 ceramics derived from the Pechini nanopowders and consolidated by SPS at 1050°C / 2 min and (b) detail (the light green
rectangle of Fig. 7(a)) of the region corresponding to the energy range E = 7.5 — 9.5 keV, showing the variation of intensity of the main Hf peaks with the increase of

substitution degree, x.
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Table 5

Experimental data and fit parameters for BTH ceramics for a frequency of 1 kHz.
Sample e'a €'m Ta (K) Tc (K) b4 6 (K) T, (K) Ty (K) &'rr tan §

at RT
BT 6983 6113 389 385 1.13 4.7 290 205 3404 0.030
BTHO5 3627 3560 380 380 1.27 8.5 315 260 2174 0.022
BTH10 2060 2059 340 340 1.74 35.5 - 1922 0.015
BTH20 817 812 275 275 1.84 96.8 808 0.013
At high frequencies (> 10° Hz), tan § increases for all samples,
. . s . Lo . B Ae . o
converging to similar values. This rise at high frequencies is typically e (w) = e (w) =€(w) —ie' (w) (2)

associated with conduction-related losses, where mobile charge carriers
contribute to the energy dissipation. The lower increase in tan § for
BTH10 and BTH20 indicates that higher Hf concentrations reduce the
impact of conduction mechanisms, most likely due to structural modi-
fications that limit charge transport pathways. Unlike in the paraelectric
state, in the ferroelectric phase a broad peak appears at intermediate
frequencies (~10% — 10* Hz), suggesting the presence of dielectric
relaxation mechanisms, possible related to localized dipolar fluctua-
tions. The suppression of this peak in BTH10 and BTH20 indicates that
higher Hf doping reduces dipolar relaxation effects, leading to a more
stable dielectric response. At high frequencies (>10° Hz), tan § increases
similarly across all compositions, though the rate of increase is slightly
lower for BTH10 and BTH20 compared to BT. This evolution indicates
that hafnium incorporation mitigates high-frequency dielectric losses by
suppressing conduction-related effects.

The observed decrease in ¢ and loss reduction over the entire fre-
quency range, coupled with the dielectric loss associated to the domain-
related features in ¢ and tan §, confirms that increasing Hf content
promotes a transition toward a more diffuse phase transition and
relaxor-like behaviour. This aligns well with the Curie-Weiss fitting re-
sults, where the diffuseness parameter (y) and broadening parameter (5)
systematically increased with Hf content.

To further quantify the dielectric relaxation behaviour, the complex
permittivity data were analysed using the Havriliak-Negami (HN)
model, widely used to describe non-Debye relaxations in disordered
ferroelectric and relaxor materials. The HN function, which generalizes
the Debye response, is expressed as [74]:

BaTi_Hf O
-X x 3
r=55K/at.%
400
g 350-
|~E
. B Present study
=° 3004 Linear fit
[27]
v [35]
A [38]
250 - & [39,40]
o [42]
0.00 0.05 0.10 0.15 0.20

Hf content, x

Fig. 10. Dependence of ferroelectric-paraelectric phase transition temperature,
Tc / Tm, vs. Hf content for BTH ceramics consolidated by spark plasma sintering
investigated in this study, as well as for BTH ceramics consolidated by con-
ventional sintering, reported in the literature [23,25-27,35,38-40,43].
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where ¢*(w) is the complex permittivity, e, the high-frequency
permittivity and Ae = e, —&o is the dielectric strength. The parame-
ters a (0 < agy < 1) and 8 (0 < pyn < 1) account for the symmetric and
asymmetric broadening of the relaxation peak, respectively, while 7 is
the characteristic time.

The model was fitted to the frequency-dependent dielectric data at
both 250 K (T < T¢) and 425 K (T > T¢), and the resulting parameters
are presented in Fig. 11(g) and (h) as a variation of the Hf content. As
seen at low temperature (250 K, Fig. 11(h)), the ayy parameter remains
close to unity for the BT and BTHO5 compositions, indicating narrow
relaxation behaviour and it reduces when increasing Hf content, thus
reflecting a progressive deviation from Debye-like behaviour as disorder
increases. The fyy parameter increases with Hf concentration as result
of enhanced asymmetry in the relaxation process, which is characteristic
of polar nanoregions and relaxor-like systems. The evolution of both ayy
and pyy parameters strongly supports the conclusion that Hf doping
introduces structural disorder and induces a crossover from classical
ferroelectric to relaxor behaviour, dominated by localized dipolar fluc-
tuations. Simultaneously, both the static permittivity ey (extrapolated to
® — 0) and the high-frequency permittivity €., show a decay trend with
increasing Hf content. This behaviour confirms that Hf substitution
weakens the long-range ferroelectric interactions, enhances structural
disorder, and promotes a crossover to a relaxor-type behaviour. At high
temperature (425 K, Fig. 11(g)), agny remains nearly constant and close
to unity for all the compositions, while gy shows a slight decrease with
increasing Hf content. This change suggests that, above T, the system
exhibits more Debye-like behaviour, where the relaxation becomes
broader and more symmetric despite the structural disorder due to
isolated dipolar relaxations, typical for uncorrelated polar fluctuations
in the paraelectric phase. Thus, the relaxation dynamics above T¢
become more uniform, governed by localized mechanisms, even in
compositions with high disorder. The static (¢¢) and high-frequency (e,)
permittivity decrease systematically with increasing Hf content, further
confirming the suppression of long-range ferroelectric order and the
progressive dominance of intrinsic, localized polarization processes in
heavily Hf-doped ceramics.

3.2.3.3. Charge transport mechanisms. To further investigate the charge
transport mechanisms in Hf-doped BT ceramics, the frequency depen-
dence of the a.c. conductivity (o, ) and the Nyquist plot (ReZ vs. ImZ)
were analyzed in Fig. 12 at 470 K, a temperature well above the Curie
point, where all the compositions are in the paraelectric phase.

The general trend observed in Fig. 12(a) reveals that o, . (f) increases
with frequency for all compositions. This behaviour is consistent with a
conduction mechanism influenced by both long-range charge transport
and localized hopping processes. The impact of hafnium doping is
evident in both the absolute values of conductivity and the evolution of
the frequency exponents. The frequency-dependent conductivity o, ¢ (f)
in dielectric materials can be described using Jonscher’s universal
power law [75], which accounts for both the d.c. and a.c. contributions
to conduction. The equation is given as:

Ga.c.(f) = Odec. +Ad’ 3
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where 64..(f) is the d.c. conductivity, representing the frequency-
independent contribution at low frequencies, dominated by long-range
charge transport, A is the pre-exponential factor that depends on the
material properties and temperature, v is the frequency of the applied
field, w = 2xfis the angular frequency, and s is the frequency exponent.
However, for materials with complex conduction and relaxation
behaviour, such as doped BT systems, a single power law term may
oversimplify the physical processes at play. This is particularly evident
in doped ceramics where contributions from structural defects and
multiple mechanisms coexist. To address this, the equation can be
expanded to include a second power law term:

Ga.c.(f) = Od.c. +Al o8 +A2w327 (4)

where the parameters A;, Ao, s1 and s, capture the distinct contributions
from different conduction and relaxation processes in the low and high
frequency regions of the o, (f). The exponents s; for low-frequency
transport (0 < s; < 1) and s, for high-frequency relaxations (1 < sy <
2) provide insight into the nature of the conduction and relaxation
mechanisms across the entire frequency range and separate contribu-
tions from different mechanisms characterizing the BTH ceramics.
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The frequency exponent s; provides information about the strength
of dispersive charge transport at low frequencies (< 10* Hz). Undoped
BT (s; = 0.48) exhibits the lowest exponent, indicating a relatively easier
charge transport, which aligns with the previously observed higher
dielectric losses and more significant conduction-related effects. BTHO5
(s1 = 0.54) shows a slight increase in s1, suggesting that the introduction
of small amounts of Hf slightly hinders the long-range movement of
charge carriers, possibly due to local distortions in the perovskite lattice.
BTH10 (s; = 0.71) and BTH20 (s; = 0.73) display a significant increase
in s1, implying a more restricted charge transport. The higher values
suggest that increasing Hf concentration leads to stronger localized ef-
fects, consistent with the previously observed reduction in dielectric
losses and the transition toward relaxor-like behaviour. Higher Hf
doping reduces the long-range mobility of charge carriers, reinforcing
the idea that structural modifications induced by Hf incorporation limit
inter-site charge transport. The increase in s; with Hf content is
consistent with the stabilization of the dielectric response and the sup-
pression of conduction-related losses.

The exponent s; provides insight into the dispersive nature of charge
transport mechanisms at high frequencies (>10° Hz). For undoped BT
(s2 = 1.97) and BTHOS5 (so = 2.00) the values close to 2 indicate that the
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Fig. 11. Frequency dependence of the real part of permittivity £'(f): (a) above the T and (b) below the Tc; frequency dependence of the imaginary permittivity £"(f):
(c) above the T¢ and (d) below the T and frequency dependence of the dielectric losses tan 5(f): (e) above the T¢ and (f) below the T¢ for the BTH ceramics; variation
of Havriliak-Negami fitting parameters as a function of Hf content: (g) in the paraelectric region above the T, (h) in the ferroelectric region below the Tc. The green
solid lines in panels (a)—(d) represent the Havriliak-Negami model fit, while the red dashed lines in panels (a) and (b) indicate the extrapolated values of ¢ toward

zero frequency (&o).
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high-frequency conduction is better associated with a nearest-neighbour
hopping mechanism or highly localized charge motion rather than with
extended hopping between distant localized states, according to Funke’s
model [72]. This interpretation is consistent with the presence of a
significant structural disorder, where charge carriers move between
localized states. BTH10 (sz = 1.5) and BTH20 (s = 1.5) show a signif-
icant decrease in sy, suggesting that the conduction process becomes
increasingly dominated by localized polarization fluctuations rather
than hopping transport. This finding supports the previously observed
suppression of dielectric relaxation losses (tan 5(f)) and indicates that
charge carriers in the heavily Hf-doped ceramics undergo stronger
trapping effects, limiting their ability to participate in long-range
transport.

Fig. 12(b) enables the separation of contributions from low- and
high-frequency processes through a detailed complex impedance anal-
ysis at 470 K, based on fitting using the equivalent circuit described in
Fig. 12(c). This approach decouples the contributions of different
microstructural components, such as grain cores, grain boundaries, and
interfaces, whose contributions manifest over distinct frequency ranges.
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The equivalent circuit employed to fit the experimental data includes a
serial resistance Rg connected with a simple Ry/C, element to model the
bulk grains, which dominates the high-frequency region and reflects
intrinsic transport and relaxation properties within the crystalline do-
mains. The grain boundaries are represented by an Rgp,/Cgp, element,
dominating the intermediate frequency range, where higher resistive
and capacitive contributions arise due to defect accumulation and
structural discontinuities or reticular disruption at intergranular re-
gions. The strong agreement between the experimental data and the
fitted curves validates the proposed equivalent circuit model for accu-
rate describing the impedance behaviour of the undoped BT specimen,
as well as for the Hf-doped (BTH) ceramics. The resistances and relax-
ation times derived from the equivalent circuit, associated with the
grains and grain boundaries, are shown as a function of the Hf doping
level in Fig. 12(d), (e).

The fitting parameters obtained from the Jonscher power-law, as
well as the characteristics of the proposed equivalent circuit are sum-
marized in Table 6.

Fig. 12(d) and Fig. 12(e) illustrate the grain core/grain boundary
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Fig. 12. (a) Frequency dependence of a.c. conductivity o, . (f), and (b) Nyquist plot of the impedances measured at a fixed temperature of 470 K for undoped and Hf-
doped BT ceramics, (c) the equivalent circuit used to fit the experimental data in (b); variation of (d) grain and grain boundaries resistance determined based on the
equivalent circuit fitting and of (e) grain and grain boundaries time constants as a function of the hafnium content. The solid green lines represent the fittings
performed as follows: in (a) using the Jonscher’s power-law with the extracted frequency exponents (s; and s,) indicated in the legend and in (b) using the proposed

equivalent circuit.
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Table 6

Fitting parameters extracted from the equivalent circuit modeling for the BTH ceramics.
Sample 51 Cg (F) Cgp (F) Rs (Q) Ry (Q Ry (Q) 7g (ms) Tgp (ms)
BT 0.48 3.4 x 10710 5.6 x 1078 44 1.2 x 10° 2.6 x 108 7.2 x107° 8.9 x 1072
BTHO5 0.54 1.5 x 10710 8x107° 95 6.1 x 10° 7.8 x 107 4.9 x107° 1.1 x 1072
BTH10 0.71 1.1 x107° 6x107° 204 9.1 x 10° 4.6 x 10° 5.5x107° 49 %1073
BTH20 0.73 5.7 x 10710 1.4 x 107° 288 9.9 x 10° 9.5 x 10° 1.4 x107° 5.5 x 107*

resistances and relaxation times as a function of Hf content in BTH ce-
ramics. The grain resistance Ry associated with the bulk transport
properties exhibits an initial more pronounced enhancement with
increasing solute content, followed by its stabilization at higher Hf
proportions. This suggests that the incorporation of Hf into the BT lattice
modifies the electronic structure and reduces intrinsic charge carrier
mobility, leading to an increased bulk resistivity. The stabilization of Rg
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at higher substitution degrees indicates that the system reaches a new
equilibrium state, where additional Hf does not significantly alter bulk
conductivity. The grain boundary resistance Ry, which indicate the
blocking effect of grain boundaries on charge transport decreases sys-
tematically with increasing Hf content. This reduction suggests that Hf
doping alters the grain boundary structure, possibly by reducing the
concentration of defect states or charge trapping centres that typically
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Fig. 13. (a)-(d) P(E) ferroelectric hysteresis loops determined at room temperature (frequency of 1 Hz), under variable electric field amplitudes for the BaTi; (HfO3
ceramics with compositions: (a) x = 0; (b) x = 0.05; (c) x = 0.10, (d) x = 0.20; (e) comparative hysteresis loops recorded at the maximum applied electric field and

(f) Ps, P,, and E( evolution vs. Hf content corresponding to BTH ceramics.
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contribute to high resistive barriers.

The significant decrease in Rgp, implies that grain boundaries become
more conductive as Hf concentration increases, facilitating a certain
degree of charge transport across grain interfaces. The relaxation time
constants associated with the grain (z5) and grain boundary (zg,) con-
tributions allow a deeper insight into the polarization dynamics and
charge transport processes in Hf-doped BT ceramics. The grain boundary
relaxation time (zgp) exhibits a systematic decrease with increasing Hf
content, spanning nearly two orders of magnitude. This trend indicates
that the polarization response at grain boundaries becomes progres-
sively faster with Hf doping, suggesting that the potential barriers at the
interfaces are lowered. The reduction in g}, aligns with the previously
observed decrease in Rgp, confirming that charge transport across grain
boundaries becomes less resistive as a consequence of Hf incorporation.

The grain relaxation time (rg) also decreases with increasing Hf
content, but the reduction is much less pronounced than for zg,. This
suggests that bulk polarization dynamics are affected by Hf doping, but
to a lesser extent than at the grain boundaries. The decrease in 7y cor-
relates with the increase in Rg, indicating that the bulk response remains
resistive but with faster relaxation dynamics, potentially due to
enhanced local polarization fluctuations characteristic of relaxor-like
behaviour.

The correlation between the a.c. conductivity exponent (s1), series
resistance (Rg), and relaxation parameters further supports these trends.
The increase in s; with Hf content indicates a shift from long-range
conduction toward more dispersive transport mechanisms, consistent
with the increase in Rg and the stabilization of bulk resistivity. The
systematic decrease in Ry, and 7g, suggests that grain boundaries
become progressively less resistive, facilitating faster charge transport
across interfaces. Meanwhile, the increase in Rg reflects a reduction in
the free charge carrier concentration, reinforcing the localized nature of
polarization dynamics. The alignment of these parameters confirms that
Hf doping suppresses long-range ferroelectric interactions, promotes
localized conduction mechanisms and enhances ferroelectric-relaxor
crossover in BTH ceramics.

The evolution of the relaxation times 7, and 7g, can be directly
correlated with the increased density of grain boundary states, partic-
ularly in the BTH10 and BTH20 ceramics, where the grains are down-
scaled toward the nanometre range. Thus, the sharp decrease in 7g, with
increasing Hf content suggests that charge transport across grain
boundaries becomes progressively faster, most likely due to nano-
structuring. This trend aligns with the previously observed reduction in
Rgp, confirming that the grain boundary regions become more conduc-
tive as their number increases, thereby facilitating charge transport. The
pronounced reduction of 7g, in BTH10 and BTH20 supports the idea that
a higher density of grain boundaries enhances interfacial polarization
dynamics, allowing faster relaxation processes. This increased interfa-
cial contribution, coupled with the reduced long-range ferroelectric in-
teractions in the bulk, reinforces the transition toward a more localized,
ferroelectric-relaxor crossover in the heavily-doped BTH specimens. In
contrast, 7y exhibits a more gradual decrease, which, together with the
increase in Rg, indicates that, while bulk polarization dynamics are
affected by Hf doping, the most significant modifications occur at the
grain boundaries.

3.2.4. High-field properties

3.2.4.1. Ferroelectric hysteretic P(E) response. Ferroelectric P(E) loops of
the coarse BaTi; yHfxO3 ceramics with a few similar compositions have
been reported in refs. [35,36,38-41]. However, well saturated loops
recorded for a high applied fields with amplitude around 30 —
45 kV/cm, to allow a comparison of their characteristics, are presented
only in refs. [38-40]. For the present compositions, Fig. 13(a)-(d) shows
the evolution of the P(E) hysteresis loops and the switching character-
istics as a function of the Hf content. All the investigated ceramics
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sustained the application of a high field of ~50 kV/cm amplitude,
enough to provide saturation and to exhibit a stable polarization-field
switching response, with symmetrically shaped and well-closed hyster-
esis loops. With respect to the P(E) loops reported in literature for coarse
BTH ceramics, all the BTH ceramics under investigation show lower
values for the hysteresis loop area, rectangularity factor P./Ps (below
0.16) and similar values as in literature for the coercive field (Ec)
(Fig. 13(e), (f)) [38-40]. The remanent polarization P; takes values
below 5 pC/cm? for all the fine-grained investigated BTH compositions
(Fig. 13(f)), while for coarse ceramics with similar or close composi-
tions, larger values have been reported in literature: 12 — 15 pC/cm?
(for Hf: 5% and 11 %) [39], 14 pC/cm2 (5% Hf) and 8 pC/crn2 (12 %
Hf) [40],7 — 10 pC/cm2 (2 % Hf) [41]. This result represents a typical
grain size effect, as ones recorded in BT-based ceramics when reducing
their grain size at nanoscale [44,48,50,53,66].

The P(E) hysteresis loops become progressively less saturated and
more tilted when increasing the Hf addition, so that the rectangularity
factor decreases down to 0.08 value for BTH20. The polarization
response is scaled down with Hf addition, with a saturation polarization
from Pg ~ 22 pC/cm? in pure BT ceramic to Pg ~ 10 uC/cm? for the
composition x = 0.10. The composition BTH20 shows a very tiny hys-
teretic behaviour, but still presents a very small non-linearity. Usually, it
has been reported that the relaxor behaviour induced by such sub-
stitutions leads to a pronounced polarization reduction and tilting of the
P(E) hysteresis loops [11,14,33,36]. This tendency demonstrates the
gradual transformation of the dipolar entities from long-range-order
ferroelectric character to the relaxor state characterized by nanoscale
polarization, which is characterized by practically zero coercivity. The
small polarization values and the slim and tilted hysteresis loops are also
a consequence of the approaching at room temperature the range for the
ferroelectric-to-paraelectric transformation when increasing the Hf
addition, and is also a characteristic of the nanostructured BT-based
ceramics [44,48-50,53,66]. Therefore, the strong polarization reduc-
tion, the gradual increase of the loop tilting towards a non-hysteretic
polarization-field response observed for the BTH ceramics can be com-
prehended by the three combined factors induced by the increasing Hf
substitution: the ferroelectric-relaxor crossover, the grain size reduction
down to nanoscale and the approaching of the paraelectric cubic state
around room temperature.

The energy storage performance is evaluated by three main param-
eters: the stored energy density, the recoverable energy density, and the
energy storage efficiency. These properties are determined using the
following Egs. (5) - (8) [76]:

Pmax
Wiee = / EdP %)
Pr
Pmax
Waum [ EaP ©
0
Wiess = Witor = Wree (7)
Wre
= x 100 €))
1 Wiee + Wi

The density of energy storage, Wor, energy loss, Wioss and recover-
able energy, Wi of the BaTi;.xHfxO3 ceramics are presented in Fig. 14.
The Hf addition induces a gradual reduction of the stored energy den-
sity, Wstor, from 361 mJ/cm? for BT, 313 mJ/cm? for x = 0.05, 235 mJ/
em® for x=0.10 and 118 mJ/cm® for x = 0.20, as well as of the
recoverable energy, Wi, from 269 mJ/cm? for BT, 236 mJ/cm® for
x = 0.05, 205 mJ/cm? for x = 0.10 down to 94 mJ/cm?® for x = 0.20. It
is worth to be mentioned that the decrease in Wi was from 93 mJ/cm>
in the case of pure BT to 24 mJ/cm? for x = 0.20. The yield (storage
efficiency), 5, is 74 % for BT and increases with Hf content up to the
highest value of 87 % for the composition x = 0.10. For the nano-
crystalline BTH10 and BTH20 ceramics analyzed here, the energy
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storage efficiency reaches higher values compared with those corre-
sponding to the fine-grained Bag ¢Srg 4TiO3 ceramics with almost similar
grain size, previously investigated (n ~ 70 %) [52].

3.2.4.2. Non-linear dielectric properties (tunability). Tunability, i.e. the
dc field-dependence of the dielectric constant was not reported till now
for any BTH ceramics. The non-linear dielectric behaviour was investi-
gated by measuring the variation of the real part of permittivity vs. d.c.
field under a complete increase/decrease dc field cycle (dc-tunability),
up to the field amplitude of + 50 kV/cm, starting from a depolarized
state (Fig. 15(a), (b)). The dielectric losses remained below 7 % for all
the investigated compositions, at any applied field, thus indicating the
excellent dielectric character of all the BTH samples under high d.c.
fields. All the compositions show a stable, well-reproducible non-linear
dielectric character, ie. the permittivity is not constant under the
application of d.c. field cycles (Fig. 15(a)). The relative permittivity
indicates a tendency to saturation (still not reached), for d.c. fields above
40 kV/cm. As expected, the hysteretic nature of the ¢'(E) curve tends to
reduce at high Hf content, as result of the proximity of the ferroelectric-
to-paraelectric transition and to the ferroelectric-relaxor crossover,
indicated by the low field dielectric properties and Raman analyses.
Practically, the hysteresis of ¢'(E) is not anymore observed at all for the
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compositions x = 0.10 and 0.20, although the nonlinear dielectric
character is still maintained. For any field value, a permittivity reduc-
tion with increasing the Hf addition is observed. However, this reduction
ratio is not the same at each d.c. field value. For example, if at zero field
the ratio between the permittivity of BT and one of the BTH20 sample is
of ~4.33, this ratio downgrades to only ~2, under the dc field of 50 kV/
cm. Furthermore, at this maximum field value, the permittivity of
BTH10 is even higher than one of the BT ceramics under the same field.
By considering that towards saturation, the extrinsic domain walls
contribution to the permittivity is strongly reduced by the tendency of
forming a single-domain state, it results that high d.c. fields suppress
such contributions mostly for the BT and BTHO5 compositions and far
less for BTH10 and BTH20 ultra-fine ceramics. Moreover, the fact that
for both the BTH10 and BTH20 ceramics, the saturation has not yet been
observed up to 50 kV and their permittivity decay has a lower rate than
for the other two samples, denotes that in the ultrafine ceramics the
domain walls are pinned (most probable by the large number of grain
boundaries) and cannot be easily moved to form a single-domain state,
like in the case of microsized ceramics. A similar effect denoted as
frozen polarization” determined by nanostructuring was reported for
ultrafine BT ceramics [48-50]. Therefore, the two BTH10 and BTH20
compositions represent an interesting combination of relaxor-like
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systems with fluctuating nanopolar domains (and ultra-small coercivity)
and frozen-like polarization regions, which need huge field values to be
moved, being characterized by an enormous coercivity. Both these ef-
fects cause a reduction of the polarization-field and permittivity-field
response and of their corresponding hysteresis loops at high Hf addi-
tions, together with the reduction of ferroelectric-to-paraelectric tran-
sition temperature.

The relative dc-tunability, n; is calculated using the Eq. (9) and its
variation as a function of the electric field is presented in (Fig. 15(b)):

—¢(E)

£(0) ©)

The relative dc-tunability of dense BT ceramic is n, = 64 % for the
maximum applied field of E4. = 50 kV/cm (Fig. 15(b)). With increasing
Hf amount, the relative de-tunability presents a continuous decrease, i.e.
n, =53 % for x =0.05, n, =32% for x=0.10, and n, = 26 % for
x = 0.20. Nanostructuring in BTH10 and BTH20 specimens strongly
affects the dc-tunability, whose values are significantly lower than in
other homovalently B-site doped microstructured BT ceramics with
similar compositions, as BTSn ceramics (n, ~ 74 % for BTSn10 and n, ~
55 % for BTSn20) [10]. On the other hand, the highest value of the
relative dc-tunability obtained in this study for BTHO5 is larger than the
values reported for some (Ba,Sr)TiO3 ceramics (n, ~30 %) [77] and
related BST/MgO composites (n, ~40 %) [78]. Moreover, the tunability
values obtained for nanocrystalline BTH10 and BTH20 specimens are
significantly higher than that one reported for the nanostructured
Bag ¢Sro.4TiO3 ceramic sample (1, ~8 %) with almost similar grain size
resulted after consolidation by SPS [52]. It is worthwhile to note this
result, which is highly important for possible tunable applications, since
a permittivity below 1000 combined with the lack of hysteresis and
reasonable values of tunability is reached by Hf substitution and
nanostructuring.

3.2.5. Short-range ordering and evolution of phase transitions vs.
temperature by Raman spectroscopy investigations

Raman spectroscopy is a powerful tool, very sensitive in detecting
local distortions in perovskite systems where disorder or disruption in
crystalline lattice occurs due to doping or to nanoscale structuring.

At room temperature, undoped BaTiOj is ferroelectric with a T
structure. Therefore, the Raman spectrum of bulk BaTiO3 ceramics show
the specific features of the T phase, i.e. sharp peaks corresponding to the
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phonon modes located at 90 cm! [E(TO)], 180 cm ! [A1(TO1)] and
305 cm ™! [B1, E(TO+LO)], as well as asymmetric broad bands at
260 cm™! [A1(TO2)], 520 cm™' [Ay(TO)+E(TO)] and 720 cm™!
[A1(LO)+E(LO)]. It is worthy to mention that the sharp interference dip
at 180 cm™!, originates in the coupling between A; modes. [79,80].
Although according to the symmetry rules the cubic BaTiO3 should be
Raman inactive, the last three mentioned bands are still present also in
the paraelectric state, becoming even broader and almost symmetrical
due to the disorder generated by the displacement of Ti in the octahedra
of the perovskite lattice [81,82]. There are some additional Raman
modes corresponding to the phonons coupled with electrons which
appear or disappear during the phase transitions, when the unit cell
symmetry changes [83]. Fig. 16(a) displays the overall
room-temperature Raman spectra of the BTH ceramics under investi-
gation. In the spectrum corresponding to the BT sample, all the
mentioned modes, specific to the ferroelectric tetragonal perovskite
phase, were detected at the following wave numbers: 100, 176, 303,
250, 513 and 714 cm ™! (Fig. 16(b), (c)).

Hf incorporation onto Ti sites in BaTiO3 lattice induces more pro-
nounced structural and phononic disorder by modifying the local strain
field due to the difference in the ionic radii of Ti*" and Hf*", as well as
electronic disorder, by creating Urbach tail states due to the on-site
potential fluctuations [84,85]. These disturbances are highlighted in
the room-temperature Raman spectra specific to BTH ceramics (Fig. 16
(a)). A supplementary peak, corresponding to the A; ; phonon mode was
detected at ~800 cm ™!, The increase of Hf content determines concur-
rently the systematic increase of the intensity but also a slight flattening
of this band, along with its shift lo lower wave number values, i.e. from
803 cm™! for BTHOS to 795 cm™! for BTH20, as indicates the detail of
the region of medium/high frequency values denoted as "region II" of
Fig. 16(c). Sati et al. have clearly proven that this mode is not related to a
phase transition, but it is caused by the structural disorder [84], as a
result of solute incorporation on Ti sites. Hf** cations are randomly
distributed in BOg octahedra, generating internal strains in HfOg octa-
hedra, affecting both O—Ti—O bonds and Ti—Hf—Ti chains and breaking
short-range translational symmetry [40,42,43,86]. It is worth to
mention that this mode became the signature of the B-site doping in
perovskites and its appearance was also reported for other solutes on Ti
sites in BaTiO3 [33,87-90].

More significant changes indicating structural evolution induced by
the solute proportion are pointed out in the low wave number region
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Fig. 16. (a) Raman spectra at room temperature for BaTi; yHf,O3 ceramics consolidated by spark plasma sintering at 1050 °C / 2 min; (b) detail of region I, cor-

responding to the wave numbers of 100 — 330 cm ! (light orange rectangle of (a)) and (c) detail of region II, corresponding to the wave numbers of 400 — 850 cm ™~

(light violet rectangle of (a)).

19

1



E.M. Soare et al.

—223K

(a) (b) BaTi H
BaTiO Foas
3
3 3
s ; s
a, 0 200 400 600 800 1000 3.
@ —— 473K ‘|
s ——a48K S
2 2
& ——a23K £
= ——398K bt
H —3713K s
E —348 K E
© —323K ©
(4 —298K o
—273K
—248K

Journal of the European Ceramic Society 45 (2025) 117600

400 600 800 1000

Wave number (cm™)

200 200 400

600
Wave number (cm™)

(c) BaTi, Hf O
1x  x 3
fo 0503 A Q
: E s0af °—o—o—a\} v o
= NE N
O 300} 28 4
| = SAoes - R N o
0 200 400 600 800 1000 + : T =
O 296} 3 ‘
——473K = <
——a48k u-'_ 308 L =
——423K > Mo,
——398K Q — ) Q
—373K [ x=0 ; [
——348K 3 3041 ? X
—323K £ R [:4 o 7 T
—298K S 300 o 7
—273K c ‘z;‘ ?,%? 7 ’:‘}f’ ¢
—_ [ 7 )
: . 248K 5 206 ¢ 9 élo : ¢.,¢‘,
800 1000 E 150 200 250 300 350 400 450

Temperature, T (K)

Fig. 17. Overall temperature dependence of Raman scattering in: (a) BT; (b) BTHO5 — the insets in the top-right corners of Fig. 17 (a), (b) display the Raman spectra
in the temperature range of (148 - 223) K, revealing the features corresponding to the rhombohedral modification (red symbols for R peaks and dashed lines for
interferences dip) and (c) temperature dependence of frequency of [B;, E(TO+LO)] mode in BT and BTHO5 ceramics.

a i . (c) BaTi, Hf,0,
( ) BaTi Hf O, (b) BaTi  Hf , O, — x X
g S20p S x =0.20 l
g ey E 5151 c
5 =
S 3 g s10l R polar clusters
2 > o
g ﬁ = 505}
) c [e)
£ 8 £ 500
£ € - 520
s = < o— R+C
E g o 515F R
2 $
© & E s10[9F
H 5 2
.
0 200 400 600 800 1000 T T T T r 8 500
0 200 400 600 800 1000 S 200 250 300 350

Wave number (cm™)

100 200 300

Wave number (cm'1)

100 200 300 Temperature, T (K)

Fig. 18. Overall temperature dependence of Raman scattering in: (a) BTH10; (b) BTH20 — the insets in the bottom-right corners of (a), (b) display details corre-
sponding to the frequency range of 100 — 330 cm ™! of the Raman spectra in the temperature range of (323 — 473) K, showing the presence of a residual but stable R
order up to 473 K (red symbols for peaks and dashed lines for interferences dip) and (c) temperature dependence of frequency of [A;(TO), E(TO)] mode in BTH10 and

BTH20 ceramics.

denoted as "region I" of the Raman spectra presented in the detail of
Fig. 16(b). Thus, the damping of the so-called "silent" mode [B;, E
(TO+L0)] and its downshift from 303 cm™! in BT to 296 cm™! in
BTH10, together with the downshift from 250 to 224 cm™! and the
gradual flattening until disappearance of the [A;(TO)] mode, proves a
gradual phase transition towards a dissimilar symmetry. For the BTH05
sample the appearance of a new feature at 184 cm™?, assigned to the
[A1(TO)+E(LO)] phonon mode, which is visible as a hump in the left-
side of the broad [A;(TO)] band and the drop in the intensity of the
interference dip at 176 cm ™! suggests the presence of the orthorhombic
distortion [91,92]. This evolution seems to be consistent with the
finding resulting from the analysis of the (002)/(200) peak profile in the
related XRD pattern of this specimen. For BTH10, the "silent" mode still
persists, but the presence of the triple mode, i.e. the peaks located at 135,
167,184 cm™! clearly indicates the rhombohedral structure [33,92-94].
The interference dip at 120 cm 2, as well as that located at 153 cm ™! are
related to the coupling between A;(TO) modes, showing that dissimilar
[BOg] octahedra are present in the lattice. These effects are even more
clearly marked in BTH20, suggesting that a higher Hf content could
determine a certain B-site cation ordering into small clusters [95]. The
presence of such clusters or polar nanoregions (PNR) originates in a
certain structural disorder, which is most likely caused by the difference
in the ionic radii, atomic weights and the electronegativities of the host
Ti** cations and of the solute Hf** species. This can also explain the slim
and tilted P(E) hysteresis loop found for BTH20, which exhibits a very
small, but still detectable, non-linearity, with a non-zero polarization (Ps
= 4.6 pC/cm2 and P, = 0.39 pC/cmZ), as already shown above (see
Fig. 13(f)). For the BTH10 and BTH20 ceramics the stable R order could
also be associated to the nano-sized grains, taking into account that
nanostructure in BaTiOs-based solid solutions favours the residual polar
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order and the overlapping of dissimilarly distorted phases [51-53].
Nevertheless, the strong flattening of the overall Raman spectra for the
heavily-doped samples suggests the evolution towards a C structure,
especially in BTH20, where the presence of a significant proportion of C
phase is proven by the complete disappearance of the silent mode.
Overall, one can conclude that the Raman spectroscopy results sustain
the XRD data.

To follow the evolution of the structure and to monitor phase tran-
sitions in BTH ceramics, the temperature dependence of Raman scat-
tering was recorded in the temperature range of (148 — 473) K, as
depicted in Fig. 17(a), (b) and Fig. 18(a), (b).

For the undoped BT specimen, low-temperature features, as the well-
marked peaks located at 157 and 183 cm™! and the interference dip
between them at 176 cm ™!, along with the small shoulder at 486 cm ™%,
located in the left side of [A1(TO), E(TO)] mode, prove the presence of
the R polymorph in the temperature range of (148 — 173) K (see inset of
Fig. 17(a)). The coupling of the modes located at 157 and 183 em s
maintained up to 200K, when the [A;(TO;)] mode located at
~160 cm ! becomes strongly flattened, while the [A;(TO), E(LO)] mode
is shifted from 183 to 190 cm™!. This feature, together with both the
damping of the mode located at 486 cm™!, and the damping and
downshift of the [A;(TO2)] mode located at 226 cm ™! indicate that the R
structure begins to change into an O modification [96], which seems
stable up to 273 K. Further, the gradual disappearance of the shoulder
corresponding to the [A1(TO), E(LO)] mode at ~190 cm ! by its fre-
quency up-shift and overlapping with the downshifting [A1(TO3)] mode
indicates that in the temperature range of (275 — 300) K the structure
changes from O toward T. The signatures of T structure, i.e. the sharp
character of both the "silent" mode at 2909 cm ! and the interference dip
at 180 cm™! are preserved up to 273 K. At higher temperatures
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downshift and damping of the "silent" mode reveals the evolution to-
ward the C structure. Traces of this mode, i.e. a residual T polar order is
still detected up to 448 K. Above this temperature, the strong broad-
ening of the Raman spectrum show a typical C phase, specific to the
paraelectric state (Fig. 17(a)).

The incorporation of 5 mol. % Hf in BTHOS5 seems to stabilize the R
structure up to 223 K. The corresponding peaks are even more promi-
nent than those specific to the R polymorph in BT. Thus, the triple mode
located at 142, 160 and 182 cm’l, as well as and the related in-
terferences dip at 152 and 175 cm ™! were clearly noticed. The coupling
between two supplementary small peaks located at low wave numbers
(105 and 115 em 1), together with the corresponding interference dip at
113 cm ! are also detected in the Raman spectrum of BTHO5 (see inset
of Fig. 17(b)). In the mentioned insets of Figs. 17(a) and 17(b), the
Raman modes of R phase are denoted by red triangular symbols, while
the interferences dip are marked by dashed lines. In the temperature
range of (223 — 273), the damping of the "silent" mode and the collapse
of the triple mode indicates the evolution towards an O structure,
identified by the small peak located at 180 em ™Y, assigned to the [A1(T),
E(LO)] mode. This process seems to occur at higher temperature, butin a
wider temperature range than in BT. The flattening of the [A;(T), E(LO)]
peak, which is converted into a left-side asymmetrical feature of
[A1(TO)] mode indicates a gradual evolution of the O phase toward a T
structure in the temperature range of (298 — 348) K. The T modification
seems to be stable up to 373 K, when the interference dip located at
176 em ™! is still weakly detected. Above this temperature, the broad-
ening of all the Raman modes suggests a gradual shift toward the C
structure. The vanishing of the "silent" mode [B;, E(TO)+ (LO)] at 423 K
shows that, above this temperature, the typical C phase predominates
(Fig. 17(b)). It is worth to mention that the evolution towards the C
phase is more rapid and its appearance occurs at a somewhat lower
temperature than in BT specimen. This result is consistent with the
dielectric data, taken into account the shift of the Curie temperature to
lower temperature values in Hf-doped ceramic. Hence, it is normal that
BTHOS5 sample is found in the paraelectric state at a lower temperature
than the BT ceramic.

These findings are sustained by the diagram of Fig. 17(c), which
shows the temperature dependence of the "silent" mode frequency for BT
and BTHO5. The presence of three domains of phase-overlapping, i.e.
(R+0), (O+T) and (T + C), were noticed. Compared to BT, for BTHO5
sample the (R+0) and (O+T) domains are shifted to higher temperature
values and become broader, while the (T + C) domain become narrower
and shifted to lower temperature. This is consistent with the opposite
variation of both the low-temperature phase transition temperatures T,
and To, relative to the ferroelectric-paraelectric phase transition tem-
perature, T¢, in homovalently B-site substituted BaTiO3 ceramics. In the
diagram of Fig. 17(c) the temperature values of the three phase transi-
tions determined from temperature dependence of the dielectric con-
stant are marked by dashed lines inside the di-phase domains. Domains
of coexistence of crystalline phases with dissimilar symmetries were also
reported in homovalently A-site doped barium titanate, as some (Ba,Sr)
TiO3 solid solutions [51,52].

The increase of Hf content in BTH10 determines obvious structural
changes. Thus, at 248 K the R phase was detected by the corresponding
low-temperature features (Fig. 18(a)). The small left-side shoulder of
[A1(TO)] mode at 188 cm ! suggests that the presence of a short-range
O distortion cannot be excluded.

At higher temperatures the bands specific to the polar order gradu-
ally diminish, indicating the evolution toward a C phase. Traces of R
distortion are still detectable up to 348 K (red triangular symbols for
peaks and dashed lines for interferences dip in inset of Fig. 18(a)), while
the slightly asymmetric profile of the [A;(TO)] mode is maintained up to
398 K (inset of Fig. 18(a)). Only above this temperature any asymmetry
of [A1(TO)] band seems to disappear, the broadening of the spectra
indicating the C structure specific to the paraelectric state (Fig. 18(a)).

The temperature dependence of Raman scattering in BTH20 is also
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Fig. 19. Proposed phase diagram for the BaTiO3 — BaHfO3 system, based on
both the data of low-field dielectric analysis and Raman spectroscopy results,
for SP-sintered BTH ceramics derived from nanopowders synthesized by the
modified Pechini method.

very interesting. Increasing solute proportion induces the shift of
[A1(TO)], [A1(TO), E(TO)] and [A1(LO), E(LO)] modes to higher fre-
quencies. The presence of the "silent" mode is not detectable even at
lower temperatures, but instead, [A1(TO)] band exhibits a right-side
asymmetric profile and a significant shift to ~289 cm ™. The absence
of both the "silent mode" [By, E(TO+LO)] and the interference dip at
180 em ™! in all the Raman spectra of BTH20 indicates that, regardless of
the temperature, T distortion is not present in the sample. The
temperature-induced flattening of Raman scattering is less obvious and
the R phase is more thermally stable than in BTH10 (Fig. 18(b)). Hence,
traces of polar distortions are visible even at 473 K, although at this
temperature the sample should be found in the paraelectric state.

The difference in the evolution of Raman scattering of BTH10 and
BTH20 could be explained in terms of the specific features related to the
"pinched" ferroelectric-paraelectric phase transition in the two
mentioned compositions. The increased Hf content in BTH20 compared
to BTH10 therefore causes not only the equivalent Ty, fall from 345 to
325 K, but also a more pronounced diffuseness of the phase transition, as
indicated by the permittivity data vs. temperature. BTH10 evolves more
steeply towards the paraelectric phase than BTH20, which seems to
maintain a less pronounced but more stable polar order far above Ty,.
This finding supports the assumption that randomly distributed nano-
sized polar clusters embedded in a cubic matrix as in a relaxor-like
state, may occur at high temperature, prior to the development of a
typical paraelectric state, which seems not to have been reached yet at
the maximum temperature used for the Raman scattering investigations
carried out in this study.

The diagram of Fig. 18(c) based on thermo-Raman scattering data,
which presents the temperature dependence of frequency for the
[A1(TO), E(TO)] mode in BTH10 and BTH20 samples reveals in both
cases a wide temperature domain in which R and C polymorphs coexist.
This domain, as well as the one corresponding to the polar nanoregions,
is shifted towards higher temperatures in BTH20, compared to the
BTH10 sample.

The presence of di-phase domains in the fine-grained SP-sintered
BTH ceramics examined in this work allowed proposing a low-
temperature phase diagram of the BaTiO3—BaHfO3 system, based on
both the thermo-Raman scattering and dielectric data (Fig. 19).

4. Conclusions

The present work is dedicated to the investigations of perovskite



E.M. Soare et al.

BaHfTi; xO3 (x = 0, 0.05, 0.10 and 0.20) dense ceramics consolidated
by SPS method by using Pechini-derived nanopowders.

The dielectric study demonstrated a similar trend as reported in
other homovalent substitutions on Ti sites of BaTiO3 ceramics: the Curie
temperature (T-C) reduction and the increase of the temperature of both
the ferroelectric-ferroelectric polymorph transformations (R-O) and (O-
T), giving rise to a pinched transition at about x = 0.10. The increasing
of Hf amount results in a ferroelectric-relaxor transformation, which was
confirmed by structural, dielectric and Raman analyses. The Hf addition
plays an inhibiting role on the grain growth in ceramics. Due to this
effect, a strong grain size reduction towards the nanometre range is
noticed, in particular for BTH10 and BTH20. The local compositional
inhomogeneity, the severe grain size refinement and the shift of the
paraelectric state towards room temperature play a synergic role on the
room temperature functional properties, giving rise to specific features,
as: reduction of permittivity, of the polarization values, of hysteresis
loop area and of tunability, together with a higher degree of diffuseness
of the ferroelectric-paraelectric phase transition as result of the broad
ranges for the dissimilarly-distorted phases superposition. Increasing Hf
content and its related effect of grain size drop determines a higher
thermal stability of the dielectric response and lower dielectric losses,
also representing a pathway for the rise of energy storage efficiency in
heavily Hf-substituted barium titanate ceramics. The low losses main-
tained until high values of the dc voltages, together with permittivity
reduction below 1000, reasonable high tunability and lack of hysteresis
make the compositions x = 0.10 and 0.20 appealing for tunability mi-
crowave applications. Furthermore, the BaTig goHf(.10O3 composition’s
remarkable storage efficiency (4 = 87 %) makes this nanocrystalline
ceramic a viable option for energy storage devices. Therefore, the grain
size reduction induced by both the Hf substitution and the use of fast
sintering method provide a reliable tool for approaching the conditions
for tunability applications for specific compositions, as alternative to the
dilution methods previously proposed.
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