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arization, n-type half-metallicity,
low lattice thermal conductivity, and high structure
stabilities in F@O-doped PbTiO3

S. Haider,b Bassem F. Felemban,a Hafiz Tauqeer Alia and S. Nazir *b

Materials displaying ferroelectric and ferromagnetic properties offer a fascinating foundation for future

spintronic innovations like multi-state random-access memory and data storage devices. Herein,

numerous features of pristine and F@O-doped-PbO (PO)/TiO2 (TO)-layer PbTiO3 perovskite oxides are

investigated via ab initio calculations. The calculated negative formation enthalpies and elastic

coefficients verify the thermodynamic and mechanical stability of the structures, respectively. The

pristine motif exhibits a giant spontaneous polarization (P) of 88 mC cm−2, having a non-magnetic

insulating state with an indirect energy gap (Eg) of 2.11 eV. It appears that the dopant reduces the

structural distortions, lowering P to 42.56/42.78 mC cm−2 in the F@O-doped PO/TO-layer-based

structure. The most notable aspect of the present study is that F-doping in the PO layer induces an n-

type half-metallic (HM) ferromagnetic (FM) behavior with a total magnetic moment (mt) of 1.0 mB. It is

found that Ti ions are the main contributor to the magnetism, which is confirmed by spin-magnetization

density isosurface plots. Additionally, a large Eg of 2.49 eV in the spin-minority channel is found, which is

large enough to ensure the HM state and avoid reverse leakage current. Conversely, the F@O-doped

TO-layer-based system transforms to an FM semiconductor with an Eg of 0.23 eV. Interestingly, the

highest figure of merit of 0.72/0.56/0.49 is predicted at 700/700/400 K for the pristine/F@O-doped PO/

TO-layer-based structures with the inclusion of lattice thermal conductivity. Thus, due to high structural

stability, high P, half-metallicity, and low thermal conductivity, the F@O motif emerges as a promising

candidate for various potential applications in spintronics and energy conversion.
1 Introduction

Materials that demonstrate concurrent existence of multiple
fundamental ferroic phases in one state, like magnetic and
ferroelectric (FE)/ferroelastic, are referred to as multiferroics
(MFs).1–3 The interaction of various ferroic orders like magne-
toelasticity,4 magnetocaloric effects,5 piezoelectricity,6 and the
magnetoelectric effect (ME),7,8 which allows remote polarization
(P) modication with a magnetic eld or remote magnetism
with an electric eld, adds further adaptability to the develop-
ment of new multipurpose devices. Combined FE and ferro-
magnetic (FM) phases in a compound are becoming more
desirable due to their effective contribution to future-oriented
technologies, such as tunable and variable memory.2,9 MFs are
generally categorized into two types. In type I, ferroelectricity
and magnetism originate from two different cations, such as in
BiFeO3 (BFO). In type II ferroelectrics, such as RMnO3, electric P
is induced by specic magnetic ordering, providing an
College of Engineering, Taif University,

dha, 40100 Sargodha, Pakistan. E-mail:

060

1581
incredible ME response.10 In particular, the enhanced interac-
tions involving elasticity, spin, and charge in ferroic materials
have attracted much curiosity owing to their fascinating phys-
ical aspects and numerous multi-faceted applications, like
electric current sensors,11 nonvolatile memory elements,12

magnetic storage devices,13 AC/DC magnetic eld sensors,14

solar cells,15 and MF magnetic recording read heads.16 The P of
approximately 10 mC cm−2, which is considerably lower than the
P of roughly 100 mC cm−2 for type I MFs, is a major issue, even
though type II MFs have an extraordinarily strong ME
coupling.17 The challenges of low P in type II and weak ME
coupling in type I MFs are real obstacles in device applica-
tions.13 The earliest identied MF was nickel iodine boracite
(Ni3B2O13I),18 which demonstrated simultaneous occurrence of
FM and FE behavior at about 64 K.19 However, the immense
dimensions of the unit cell, asymmetric conguration, and
absence of magnetoelectricity at lower temperatures (temp.)
were impractical.20 Hence, single-phase multifunctional mate-
rials are very rare, as long-range Coulomb interactions have
been eliminated due to conduction of the electrons in the
material, resulting in FE instability and distortion.21

In this vein, BFO is a well-known type I MF perovskite oxide
(PO) that exhibits a MF phase at room temp., holding
© 2025 The Author(s). Published by the Royal Society of Chemistry
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a substantial P of approximately 80 mC cm−2 with a TC (Curie
temp.) of 830 °C and tilted G-type antiferromagnetic (AFM) char-
acter with a 370 °C Néel temp. (TN).24,25 Unfortunately, the weak
ME coupling26 and current-leakage issues27 make it less attractive
for technical applications. Similarly, BiMnO3,28 MnWO4,29 and
DyMnO3 (ref. 30) are among the recently discovered transition
metal (TM) MF POs. Ferroelectricity triggered by magnetism has
been observed recently in LnMn2O5,31 SmFeO3,32 andDyFeO3.33 An
array of mechanisms, such as exchange coupling in BaFe2Se3,34

a spin-driven effect in BaYFeO4,35 and charge ordering in RMnO3

(R = Er, Ho, In, Lu, Tm, Sc, and Y)36 and RMn2O5 (R = rare earth
elements),37 have been explored, which trigger the MF phenom-
enon. Regarding POs, PbTiO3 (PTO) is considered the best FE
candidate due to its insulating and non-magnetic nature. It has an
enormous P, ranging between 75 and 92 mC cm−2 (ref. 38–40), and
an energy gap (Eg) of 3.88 eV.41 The primary cause for this
signicant P is the shiing of the Ti4+ ion with respect to the
oxygen lattice.42,43 Similar to other FE materials like BaTiO3

(BTO)44 and KNbO3,45 PTO also suffers from current leakage,
especially in thin lms when the thickness decreases to micro- or
nanometers.46 This drawback is considered themain hindrance in
technological applications such as FE memories.47 In-spite of the
toxic effects of lead (Pb), PTO provides potential for higher-
temperature application as it exhibits the highest thermody-
namic stability among all FE materials, having a Curie tempera-
ture close to 500 °C.48 Furthermore, it has exceptional FE
applications, including FE eld-effect transistors49 and nonvola-
tile FE random-access memory,50 due to its exceptionally large P.40

Additionally, owing to its large pyroelectric coefficient, it exhibits
outstanding pyroelectric features.51,52

It is believed that fully occupied d-orbitals are essential for
FE materials, whereas partially lled unpaired d- and/or f-
orbital electrons are responsible for magnetism in all
magnetic materials. The fundamental condition to create
a polar interaction, the d0 rule, requires unoccupied d-orbitals
for P to arise. Therefore, it is necessary to violate the d0 rule
to observe the FE state and magnetism in a single phase.53,54

Consequently, combining these two states in the same phase
proves extremely challenging. This leads to a range of
approaches to induce the MF effect, including strain engi-
neering (strain-induced multiferroicity in SrMnO3 (ref. 55)), and
doping (Mn-doped (dop.) KNbO3,56 and Fe-dop. BaTiO3, which
demonstrates the coexistence of FE and FM phases at room
temp57). Additionally, Bi3+ substitution in YFeO3 (ref. 58) and
Co/Nd doping at the Fe/Bi position in BFO59 have been observed
to strengthen MF effects. In a theoretical investigation, an
enormous P of 70.32 mC cm−2 and net magnetic moment (mt) of
2.9 mB were found when PTO was dop. with Zn/Mn TM at the Ti
position.60 Likewise, Nd/Fe-doping at the Pb/Ti site,61 V-doping
at the Ti site,62 and 3/4/5d-electron doping at the Ti site60,63 in
MF PTO systems have been previously investigated.64,65

Motivated by the above discussion, the structural durability,
FE, electronic, magnetic, and thermoelectric (TE) aspects of both
the pristine (prst.) and F@O-dop. PTO systems are explored via
density functional theory (DFT)-based computations. Initially,
the structural durability of both structures is examined using
enthalpy of formation (DHf). Applying a stress–strain technique,
© 2025 The Author(s). Published by the Royal Society of Chemistry
the elastic constants, Cij, are determined. The FE features are
demonstrated by determining the values of P and the :O–Ti–O
bond angles. The electronic structures are then illustrated by
plotting the total and partial density of states (TDOS and PDOS)
and band structures. Additionally, mt and partial spin magnetic
moments (ms), as well as three-dimensional spin-magnetization
density isosurface plots, have been utilized for analyzing
magnetic traits. Ultimately, transport characteristics are di-
sclosed on the basis of various thermoelectric (TE) parameters,
which demonstrate the material’s energy conversion efficiency.
2 Computational and structural
details

Spin-polarized (SP) DFT-based computations have been carried
out employing the full-potential linearized augmented plane
wave technique as employed in the Wien2k code.66 An exchange-
correlation functional, namely the generalized gradient approxi-
mation (GGA),67 adopting the Hubbard parameter (U) of 4.4 eV,68

has been employed on the Ti-3d states to analyze the substantial
correlational impact of the Ti-3d states. However, hybrid
exchange-correlation functionals like B3PW or B3LYP allow one
to achieve an exceptional agreement with the experimental
ndings with respect to the band gaps of numerous perovskites,
such as BTO, CaTiO3, PbTiO3, SrTiO3, BaZrO3, CaZrO3, PbZrO3,
and SrZrO3.69 The ultimate value of lmax associated with wave-
function expansion within the atomic sphere is set to 12, and the
plane-wave limit is assumed to be Rmt

× Kmax = 7 and Gmax = 24.
To ensure that the charge is not escaping from the core and the
total energy (Et) converges, we assign Kmax to be the highest
possible value. Fully relaxed crystal structures are achieved by
lowering the force of the atoms to 5 mR per a. u. and an Et
convergence of 10−5 Ry is assumed to be self-consistent.

The prst. PTO, with space group number 99 (P4mm) and
experimental lattice parameters of a= b= 3.905 Å and c= 4.156 Å,
has been demonstrated as being a stable phase at room temp. The
Pb, Ti, O1, and O2 are arranged at (0, 0, 0), (0.5, 0.5, 0.5 + D), (0.5,
0.5, D), and (0.5, 0, 0.5 + D), sites, respectively. In this case, D is
a distortion along the c-axis and the experimentally reported values
for Ti, O1, and O2 are 0.040, 0.112, and 0.112, respectively.70 The
crystalline makeup of the prst. cell consists of 5 atoms including
one Pb, Ti and O1, and two O2, and it is replicated eight times in
order to generate the F@O-dop. systems. This results in a 2 × 2×
2 supercell comprising 40 atoms, with 8Pb, 8Ti, and 24O. To
achieve a 12.5% total impurity concentration, one F atom is
replaced at the O-site in both PbO and TiO2 (PO and TO) layers,
which is simple to carry out in experiments.63 The completely
relaxed crystalline congurations of the prst. and F@O-dop. (in the
PO/TO layers) PTO structures in a 2 × 2 × 2 supercell congura-
tion are displayed in Fig. 1(a), (b) and (c), respectively.
3 Results and discussion

To explore the thermodynamic crystal stability of the prst.
system, DHf is initially determined by utilizing the competitive
chemical potential (m) components of PO and TO:
RSC Adv., 2025, 15, 41568–41581 | 41569
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Fig. 1 Graphical diagrams of the PbTiO3 structures in a 2 × 2 × 2 supercell for the (a) pristine, (b) F@O-doped PbO (PO) layer, and (c) F@O-
doped TiO2 (TO) layer.
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DHPO
f $ DmPb + DmO (1)

DHTO
f $ DmTi + 2DmO (2)

DHPTO
f = DmPb + DmTi + 3DmO (3)

Here DHPO
f /DHTO

f /DHPTO
f denote the DHf of the PO/TO/PTO,

which can be calculated as:

DHPO
f ¼ EPO

t � EPb-fcc
t � 1

2
EO2-monoclinic

t (4)

DHTO
f ¼ ETO

t � ETi-hcp
t � EO2-monoclinic

t (5)

DHPTO
f ¼ EPTO

t � EPb-fcc
t � ETi-hcp

t � 3

2
EO2-monoclinic

t
(6)

To lessen the overestimation in the anticipated DHf values,
the changes suggested by Wang et al.71 have additionally been
adopted. Thus, our estimated DHf of −2.47 eV for the PO phase
correlates signicantly with the experimentally determined
value of −2.27 eV (ref. 72) and the theoretical estimations of
−2.59 and −2.437 eV.73,74 In addition, the estimated DHf of
−10.22 eV for the TO phase is also analogous to the previously
reported experimental values of−9.79/−9.75 eV (ref. 72) and the
theoretically obtained −10.36/−9.783/−10.38 eV.73–75 Ulti-
mately, the predicted DHf for the prst. PTO is −12.56 eV, which
coincides well with the highly comparable structure of BTO
(−17.20 eV)72 and the previously reported DFT results of −13.34
and−12.342 eV.73,74 Consequently, PTO’s structural stability has
been conrmed by all of the negative values of DHf in the
aforementioned circumstances, which further support eqn
(1)–(3). Despite the negative DHf, the thermodynamic durability
with respect to the component phases, PO and TO, needs to be
conrmed by determining the reaction energy (EPTOReact.). PO + TO
/ PTO is a permissible chemical reaction, and the associated
EPTOReact. is calculated as:

EPTO
React. = DHPTO

f − (DHPO
f + DHTO

f ) (7)

Utilizing the prior established DHf of PO, TO, and PTO,
EPTOReact. is −0.41 eV per f. u., which indicates that the reaction is
exothermic and the growth of the prst. structure is empirically
stable relative to its constituents. Additionally, it has been
41570 | RSC Adv., 2025, 15, 41568–41581
found that EPTOReact. is linked to the PTO decomposition energy
(EPTOdecomp.), which is obtained via the convex-hull approach:76

EPTO
decomp: ¼ �EPTO

React:

n
(8)

The number of atoms contributing to the chemical reaction
is denoted by n in this particular case. As a result, the predicted
EPTOdecomp. is 0.09 eV per atom, which validates the structural
stability of the prst. motif regarding its constituents. Next, the
energy of defect generation (U[FO]), in eV per defect is evaluated
to conrm the stable and practical substitution of F in PTO at
the O-site:

U[FO] = EPTO
t − EPTFO

t − mF + mO (9)

where mF/mO denote the chemical potential of the F/O atom and
EPb8Ti8O24
t =EPb8Ti8F1O23

t indicate the Et of the prst./F-dop. structure.
The current calculations satisfy the requirement for maximum
variance of m, where the m for O is modied from O-rich (i.e.,
mrich
O ¼ EO-C2=m

t ) to O-poor (i.e., mpoor
O ¼ EO-C2=m

t þ EPTO
React:). Addi-

tionally, mrich
F ¼ EF-C12=C1

t (space group no. 15) is employed to
represent the most persistent magnetizing phases. Conse-
quently, for O-rich and O-poor circumstances, the calculated U

[FO] values are 1.3 and 2.1 eV per defect, respectively, for the
F@O-dop.PO layer. Similarly, the U[FO] values are 1.5 and 2.5 eV
per defect for O-rich and O-poor conditions, respectively, in the
F@O-dop.TO layer. Finally, the projected threshold for U of less
than 3 eV per defect72 implies the feasible growth of F-dop.
structures in the lab.

Additionally, by executing six nite lattice distortions, elastic
tensors Cij are generated from the strain–stress relation77 for the
prst. and F@O-dop.PO/TO-layer-based PTO structures. They
reveal information regarding the mechanical durability of
solids and dynamical features of a material, like the Gruneisen
factor, specic heat, Debye temperature, and thermal expan-
sion. They also provide crucial information about elastic
parameters, including internal strain, load deection, sound
velocity, fracture toughness, and thermo-elastic stress.78 To
verify themechanical strength of the prst. and F@O-dop.PO/TO-
layer-based PTO structures, the Born criteria for a tetragonal
phase are utilized:79
© 2025 The Author(s). Published by the Royal Society of Chemistry
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C11 . 0;C33 . 0;C44 . 0;C66 . 0;C11 � C12 . 0;
C11 þ C33 � 2C13 . 0; 2ðC11 þ C12Þ þ C33 þ 4C13 . 0

The calculated elasticity coefficients are provided in Table 1,
where the prst. and F@O-dop.PO/TO-layer-based PTO struc-
tures meet the aforementioned conditions for mechanical
robustness and rigidity is assured. There are actually two Cau-
chy relationships for tetragonal crystals, C12 = C66 and C33 =

C44. It is apparent from Table 1 that these two relationships are
not followed by the determined elastic constants. These Cauchy
relationships are only fullled if the atoms interact solely
through the central forces, demonstrating that the non-central
forces have signicance in the prst. and F@O-dop.PO/TO-
layer-based PTO structures because of their covalent nature.79

Various mechanical parameters, such as the Young modulus
(Y), bulk modulus (B), shear modulus (G), Poisson ratio (n),
Pugh ratio (B/G), Frantsevich ratio (G/B), tetragonal shear
modulus (C0), Kleinman parameter (z), machinability index
ðmM Þ, linear compressibility (ba/bc), volumetric compressibility
(bV), and Vicker hardness (HV), have been calculated utilizing
the above calculated elastic constants. These factors play a vital
role in analyzing the strength, elasticity, plasticity, and rigidity
of materials. B indicates the rigidity against volumetric defor-
mation. Y determines the stiffness of a material under
compression/tension80 and also measures the resistance to
thermal shocks. A higher Y value indicates a more covalent
nature.81 G measures the capacity to resist the plastic defor-
mation and strong directional bonding between atoms, re-
ected by a large value of the shear modulus.82 Based on the
given Voigt, Reuss, and Hill approximation equations,83 the
calculated values of B/G/Y of the prst./F@O-dop.PO/TO-layer-
based structures are 128.14/128.37/133.13, 81.88/81.04/79.99
and 202.50/200.85/199.93 GPa, respectively, which indicate the
hardness and stiffness of our reported materials as mentioned
in Table 1S of the SI. Our calculated results are comparable to
the other theoretically reported B/G/Y values of 152.67/84.7/
213.7 for the prst. PTO structure.84 The calculated values of G/
B/Y for the prst. and F@O-dop.PO/TO-layer-based systems obey
the sequence of Y > B > G, indicating that these materials
possess high stiffness and less elasticity and offer less resis-
tance to shape deformation compared to volumetric deforma-
tion. Xifan et al. 85 reveals that a material exhibits either ductile
or brittle character if the B to G ratio exceeds or is less than 1.75.
Thus, B to G ratios of 1.56/1.58/1.66 suggest a brittle nature of
the prst. and F@O-dop.PO/TO-layer-based structures (see Table
2S of SI).
Table 1 The calculated elastic constants (Cij) in GPa for the pristine
and F@O-doped PO/TO-layer-based PbTiO3 structures

Elastic constants C11 C12 C13 C33 C44 C66

PbTiO3 (our work) 309.18 120.28 96.33 132.87 84.06 121.29
PbTiO3 (theory)

22 313.1 110.71 92.40 197.0 82.72 85.41
PbTiO3 (expt.)

23 235.00 105.00 65.10 104.00 — —
F@O-(PO layer) 306.01 126.10 95.26 132.40 88.47 112.68
F@O-(TO layer) 314.49 122.05 102.54 138.07 86.67 106.71

© 2025 The Author(s). Published by the Royal Society of Chemistry
9BV = C11 + C22 + C33 + 2(C12 + C13 + C23) (10)

1

BR

¼ ðS11 þ S22 þ S33Þ þ 2ðS12 þ S13 þ S23Þ (11)

15GV = (C11 + C22 + C33) − (C12 + C13 + C23)

+ 3(C44 + C55 + C66) (12)

15 GR = 4(S11 + S22 + S33) − 4(S12 + S13 + S23)

+ 3(S44 + S55 + S66) (13)

BH ¼ BV þ BR

2
; GH ¼ GV þ GR

2
(14)

YH ¼ 9BHGH

3BH þ GH

; nH ¼ 3BH � 2GH

2ð3BH þ GHÞ (15)

Additionally, n generally varies between −1 and 0.5, and
materials possessing a value less than 0.26 are brittle; those
having a value greater than 0.26 are ductile. Hence, computed
values of 0.24/0.24/0.25 for the prst. and F@O-dop.PO/TO-layer-
based structures further conrm the stability of the brittle
nature (see Table 2S of the SI). It also provides information
about the bonding nature, as n = 0.25 indicates ionic, lower
than 0.25 covalent, and higher than 0.25 ametallic nature.86 The
covalent bonding character is demonstrated by the calculated
values of 0.24/0.24/0.25 for the prst. and F@O-dop.PO/TO-layer-
based structures (see Table 2S of the SI). The Frantsevich ratio
(G/B), additionally, provides details regarding a material’s
ductile/brittle nature. If G/B is lower than 0.57, the material is
considered ductile, while G/B greater than 0.57 indicates
a brittle nature.78 Hence, computed G/B values of 0.64/0.63/0.60
for the prst. and F@O-dop.PO/TO-layer-based structures also
further conrm the brittle nature (see Table 2S of the SI). To
evaluate the dynamical stability of a crystalline solid, tetragonal
shear modulus is a key parameter.87,88 It also indicates the
crystal stiffness, has an association with slowed transversal
sound waves and is essential for modication of a system.89 The
crystal is dynamically stable when it shows a positive value,
while it is dynamically unstable if it possesses a negative value.
The calculated positive values of 94.45/89.96/96.22 GPa for the
prst. and F@O-dop.PO/TO-layer-based structures suggest
dynamic stability of the structures (see Table 2S of the SI). The
internal-strain variable, frequently referred to as the Kleinman
parameter (z),90 determines a material’s stability toward
stretching and bending. This dimensionless parameter usually
exhibits values between 0 and 1. It denes how easy bond
bending is compared to bond stretching. Signicant contribu-
tions from bond stretching and bond bending are demon-
strated by this variable’s lower and upper ranges, respectively.
Consequently, a z close to zero shows that bond stretching
dominates under stress, while bond bending is dominant at
values close to 1. The values of 0.53/0.55/0.53 for the prst. and
F@O-dop.PO/TO-layer-based structures, calculated by using
eqn (17), are listed in Table 2S of the SI, suggesting that the
rigidity of the materials is more affected by bond bending than
bond stretching or contraction.
RSC Adv., 2025, 15, 41568–41581 | 41571
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C
0 ¼ C11 � C12

2
(16)

z ¼ C11 þ 8C12

7C11 þ 2C12

(17)

The machinability, mM , of materials has gained a lot of
attention in today's industries, as it relates to several factors,
such as the intrinsic features of the material being worked, the
nature of the cutting-tool material, the geometry of the tool
material, the conditions and type of cutting, and the rigidity and
capacity of the machine tool. It is calculated using eqn (18),91

which may also be utilized to assess the plasticity of a material92

and lubrication capabilities. Materials having a small C44 and
a large B/C44 value are associated with excellent dry lubrication
qualities, smaller input forces, less friction, and large values of
plastic strain. The calculated values of 1.52/1.45/1.53 for the
prst. and F@O-dop.PO/TO-layer-based structures suggest a high
degree of machineability (see Table 2S of the SI). The response
of a material or structure against pressure, either negative
(tensile) or positive (compressive), is referred to as compress-
ibility. Linear compressibility denes the variation along
a specic axis and volumetric compressibility describes the
change in volume against applied pressure.93 The values of
linear compressibility along the a and c axes94 and volumetric
compressibility for the prst. and F@O-dop.PO/TO-layer-based
structures, calculated by using eqn (19) and (20), are listed in
Table 2S of the SI. The compressibility along the a-axis is
smaller compared to that along the c-axis in the prst. and F@O-
dop.PO/TO-layer-based structures and the F@O-doped PO is
more compressible in comparison to the other materials.

mM ¼ B

C44

(18)

ba ¼
C33 � C13

ðC11 þ C12ÞC33 � 2ðC13Þ2
; bc ¼

C11 þ C12 � 2C13

ðC11 þ C12ÞC33 � 2ðC13Þ2
(19)

bV ¼ 3ð1� 2nÞ
E

(20)

In terms of applications, hardness is a basic mechanical
parameter. It is characterized as the material’s ability to resist
deformation. We explore the hardness of the prst. and F@O-
dop.PO/TO-layer-based structures by employing the semi-
empirical equations of hardness suggested by Chen et al.95

(eqn (21)) and Tian et al.96 (eqn (22)), where k represents G/B,
and G and B represent the shear and bulk moduli, respectively.
The obtained results are provided in Table 3S of the SI, where
the F@O-dop.TO-layer-based system has the lowest values and
the prst. PTO structure possesses the highest one, which indi-
cates that the prst. material exhibits higher hardness as
compared to the dop. one.

HV = 2(k2G)0.585 − 3 (21)
41572 | RSC Adv., 2025, 15, 41568–41581
HV = 0.92k1.137G0.708 (22)

The directional dependency of a material’s mechanical
properties is oen characterized by elastic anisotropy. Aniso-
tropic elastic properties are crucial, as they are related to
multiple physical features, including the development of plastic
deformations, the motion of cracks, and the production of
microcracks in solids. The universal anisotropy parameter (AU)
indicates if thematerial’s physical properties change depending
on the direction. Materials with AU = 0 are referred to as
isotropic. A material’s anisotropy increases as the value of AU

varies from zero. The calculated AU values from eqn (23) for the
prst. and F@O-dop.PO/TO-layer-based structures are 0.86 and
0.79/0.77, respectively (see Table 3S of the SI). In tetragonal
phases, a comparatively small elastic anisotropy behavior is
observed as these values deviate slightly from 0.97 Furthermore,
we employ the bulk and shear moduli to gure out the aniso-
tropic nature in terms of anisotropy indices. AB and AG equal to
0 denote absolute elastic isotropy, and AB and AG equal to 1
represent the optimal anisotropic state. The AB/AG values for the
tetragonal prst., F@O-dop.PO/TO-layer-based structures are
0.030/0.073, 0.036/0.067, and 0.026/0.067, respectively, which
are quite far from 1, further showing slight shear and
compression anisotropy for the phases (see Table 3S of the SI).
The Zener anisotropy factor (Aeq)98 possesses a value of 1 for an
isotropic crystal. The calculated values of 2.28 and 2.21/2.19 for
the prst. and F@O-doped PO/TO structures indicate that these
materials have anisotropic characteristics (see Table 3S of the
SI).

AU ¼ 5GV

GR

þ BV

BR

� 6 (23)

AB ¼ BV � BR

BV þ BR

; AG ¼ GV � GR

GV þ GR

(24)

Aeq ¼
�
1þ 5

12
AU

�
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1þ 5

12
AU

�2

� 1

s
(25)

Additionally, to investigate the anisotropy, three-dimensional
illustrations of the elastic features, including the Young
modulus, linear compressibility, shear modulus, and Poisson
ratio, are generated by utilizing the ELATE code.99 Comprehensive
knowledge about the material’s mechanical properties in multiple
directions is obtained using these 3D models. Isotropy is repre-
sented by a spherical shape, whereas deviation from a sphere
indicates anisotropic phenomena in these models. Along with the
anisotropy factor (AU), the 3D visualizations provide the highest
and lowest values of the elastic features, which are provided in
Table 4S of the SI and shown in Fig. 2. Utilizing the data from
Table 4S of the SI and the 3D images, it is concluded that the
Young modulus, linear compressibility, shear modulus, and
Poisson ratio demonstrate anisotropic phenomena.

Sound velocity in amaterial is another crucial parameter that
affects its electrical and thermal conductivity. In the elds of
physics, materials science, geology, seismology, musical
instrument design, and medicine, the acoustic behavior of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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materials has received signicant attention. The longitudinal,
transverse, and average sound velocities (vl/vt/vavg.) are calcu-
lated using mechanical parameters like B and G:100

vl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3Bþ 4G

3r

s
(26)

vt ¼
ffiffiffiffi
G

r

s
(27)
Fig. 2 Three-dimensional representations of the various anisotropic ela
based PbTiO3 structures.

© 2025 The Author(s). Published by the Royal Society of Chemistry
vavg: ¼
�
1

3

�
2

nt3
þ 1

nl3

���1=3
(28)

where r indicates the mass density. The calculated values of vl,
vt, and vavg. for the prst./F@O-dop.PO/TO-layer-based structures are
listed in Table 5S, 6S, and 7S of the SI, respectively, in the Voigt,
Reuss, and Hill approximations. A material either possesses
identical or a different acoustic impedance in comparison to its
stic traits of the pristine and F@O-doped-PbO (PO)/TiO2 (TO)-layer-
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surroundings, which is important for transducer design, reducing
noise in aircra engines, manufacturing operations, and under-
water acoustic applications. The difference in acoustic impedance
between two materials at the interface determines the amount of
sound energy that is reected and transmitted while sound moves
between them. Consequently, the majority of the sound is trans-
mitted if the two impedances are roughly comparable, while the
majority of the sound is reected if they differ greatly. The acoustic
impedance (Z) is calculated as:

Z ¼
ffiffiffiffiffiffi
rG

p
(29)

It is clear that materials having large values of density and
shear modulus possess large Z. The calculated values of Z listed
in Tables 5S/6S/7S of the SI for the structures show that the prst.
structure has the highest Z value as compared to the dop.
structures. The radiation factor (I) can be calculated as:

I z

ffiffiffiffiffi
G

r3

s
(30)

The computed values of I listed in Tables 5S/6S/7S of the SI
for the structures indicate that the prst. structure has the
highest I value as compared to the dop. structures. The Debye
temp. (QD), the most signicant solid thermophysical param-
eter, is a crucial measure for investigating the vibrational
characteristics of a material and is strongly correlated with
physical features, including the melting point, specic heat,
elastic constants, thermal conductivity, and lattice vibration.
Usually, it directly correlates with strong interatomic bonds,
smaller average atomic masses, greater melting temp., higher
hardness, and greater mechanical wave velocities. Therefore,
theQD is determined employing the vavg. from Table 5S/6S/7S of
the SI in the Voigt, Reuss, and Hill approximations:100

QD ¼ h

kB

�
3n

4p

�
rNA

M

��1=3
vavg: (31)

where r indicates the mass density, n is the number of atoms in
the unit cell, NA is the Avogadro constant, h and kB are the
Planck and Boltzmann constants, andM is the molecular mass.
The calculated 456 and 451/454 K values of QD for the prst. and
F@O-dop.PO/TO-layer-based structures are listed in Table 8S of
the SI. The prst. system exhibits the highest value, which indi-
cates that the prst. material is harder than the dop. materials,
which is in excellent agreement with the calculated hardness
parameters listed in Table 3S of the SI. Another crucial
dimensionless thermophysical variable that evaluates lattice
anharmonicity is the Grüneisen parameter (g). Higher values of
g represent a greater level of anharmonicity. It contains specic
details regarding the temp. inuence on phonon frequencies
and damping. Additionally, it facilitates investigation of
thermal expansion impacts in a crystal. The calculated n values
listed in Table 2S of the SI are employed to determine g:101

g ¼ 3ð1þ nÞ
2ð2� 3nÞ (32)
41574 | RSC Adv., 2025, 15, 41568–41581
The computed values of g, 1.44 and 1.45/1.50 for the prst. and
F@O-dop.PO/TO-layer-based structures, are listed in Table 8S of
the SI. This indicates that the F@O-dop.TO-layer-based struc-
ture exhibits the highest degree of anharmonicity compared to
the prst. and F@O-dop.PO-layer-based structure. A higher
anharmonicity value improves the phonon–phonon interac-
tions and ultimately reduces the lattice thermal conductivity
(kL) for the F@O-dop.TO-layer-based structure in comparison to
the prst. and F@O-dop.PO-layer-based structures. These nd-
ings coincide with our calculated kL (discussed later). Investi-
gating the melting temp. of novel materials that can be utilized
at various temps. is a fascinating and crucial eld of study in
theoretical research. Greater bonding energy and reduced
thermal expansion are characteristics of materials having
higher melting temp. We calculate the melting temp. (Tm) as:102

Tm ¼ 354 Kþ �
4:5 K GPa�1

��2C11 þ C33

3

�
� 300 K (33)

The expected melting temp. values for the prst. and F@O-
dop.PO/TO-layer-based structures are 1480 and 1470/1504 K,
respectively, demonstrating that these are excellent candidate
materials for applications at higher temp. (see Table 8S of the
SI). Several physical characteristics, such as specic heat,
thermal conductivity (k), Eg variation with temp., and electron
effective mass are related to thermal expansion of materials.
Therefore, the thermal expansion coefficient (a) is a crucial
factor for the epitaxial development of crystals, which is calcu-
lated as:

a ¼ 1:6� 10�3

G
(34)

The determined a values of 1.95 × 10−5 and 1.97 × 10−5/2 ×

10−5 K−1 for the prst. and F@O-dop.PO/TO-layer-based struc-
tures show that the prst. structure has the lowest value, which
indicates its dimensional stability with respect to temp. as
compared to the other dop. materials (see Table 8S of the SI).
Another crucial thermodynamic variable is heat capacity (CP),
which is calculated as:

CP ¼ 3kB

U
(35)

where the number of atoms in a unit volume is symbolized by 1/
U. It generally takes more energy for the system to attain an
equilibrium state when the CP is greater. The calculated values
of rCP for the prst. and F@O-dop.PO/TO-layer-based structures
are listed in Table 8S of the SI. Phonons are crucial for a number
of physical characteristics, like electrical conductivity (s), k,
thermopower, and CP. The precise position of the peak in the
phonon distribution curve is identied as the dominant
phonon wavelength (ldom.). A material having a higher vavg.,
smaller r, and larger G exhibits a longer ldom.. The ldom.

103 is
calculated as:

ldom: ¼ 12:566vm
T

� 10�12 (36)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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The calculated values of ldom. at 300 K, 149.63 and 148.01/
149.01 for the prst. and F@O-dop.PO/TO-layer-based PbTiO3

structures, respectively, show that the prst. structure has the
highest ldom. value.

Subsequently, the FE features of the prst. and F@O-dop. PTO
systems are examined on the basis of the magnitudes of P. This
refers to the amount of dipole moment in a unit volume along
a particular axis, which arises from broken symmetry occurring
due to the corresponding shis of atoms from their original
places. It is calculated as:

P ¼ e

U

X
i

Z*
i dZi (37)

The estimated O–Ti–O bond angles and their associated P in
the prst. as well as F@O-dop.PO/TO-layer-based structures are
shown in Fig. 3. Based on our ndings, it is revealed that P
signicantly depends upon the O–Ti–O bond angles, which
further dene the structural distortions. The determined O–Ti–
O bond angle of 160.9° that is illustrated in Fig. 3(a) for the prst.
structure leads to a signicant P of 88 mC cm−2, as shown in
Fig. 3(b), which closely matches the experimentally obtained
values ranging from 75 to 92 mC cm−2 (ref. 38, 39 and 104). This
is also consistent with the theoretical results based on the polar
phonon mode, the Berry phase theory for the PAW (projector-
augmented wave), USPP (ultra-so pseudo-potentials), and
LDA (local density approximation), which are 75, 78.6, 81.2 and
85 mC cm−2, respectively.38,39

For the F@O-dop. structures, P is considerably smaller as
compared to that of the prist. one because of a signicant
reduction in structure deformities. Fig. 3(b) illustrates that the
F@O-dop. system for the PO layer keeps a P of 42.56 mC cm−2

and Fig. 3(a) shows a :O–Ti–O bond angle of 161.5°. Likewise,
the F@O-dop.TO layer exhibits a:O–Ti–O bond angle of 161.3°
along with a P of 42.78 mC cm−2. Hence, it is concluded that as
the:O–Ti–O bond angle value increases (moving toward 180°),
structural distortions decrease, and hence so does P. Previously,
it was revealed that the tetragonal behavior of the PTO structure

decreases when F is substituted at the O site as the
c
a
ratio of the

dop. structure declines to 1.056, in comparison to 1.064 (prst.
one).105 The higher electro-negativity of F in comparison to O
explains the decline in tetragonal behavior as it promotes the
Fig. 3 Calculated (a) :O–Ti–O average bond angle and (b) sponta-
neous polarization (P) in the pristine and F@O-doped-PbO (PO)/TiO2

(TO)-layer-based PbTiO3 structures.

© 2025 The Author(s). Published by the Royal Society of Chemistry
establishment of ionic interaction between Pb/Ti and F, with
a corresponding decrease in covalent interactions between the
cations and O.106 Ferroelectricity and polarized deformation in
FE perovskites depend on the hybridization of the cations at the
B positions with anions O.107 It also reduces the distortion of the
F-connected Ti ions and lessens the hybridization between Ti
and O,105 which negatively inuence the P magnitude.

Now, to analyze the electronic aspects of the systems, we
display the calculated SP TDOS and band structures. In Fig. 4(a),
the prst. one demonstrates insulating behavior with an Eg of
2.11 eV between the valence band (VB) and conduction band (CB)
edges in both the spin-majority/spin-minority channels (N[/NY),
which is an underestimate compared to the experimentally re-
ported value of 3.88 eV.108 This is a well-known problem of
exchange-correlation functionals. However, our determined Eg is
close to another theoretically calculated Eg of 2.02 eV for the prst.
PTO system, determined via the PBE-GGA method employing
CASTEP.109 Furthermore, the insulating character of the prst.
motif is validated by visualizing the SP band structures in Fig. 1S
of the SI, which display an indirect Eg of 2.11 eV between the X
and G symmetry points. In addition, TDOS degeneracy veries
the non-magnetic behavior of the system.

Next, to investigate the F@O-doping impact on the electronic
structure of the PTO, we plot the SP TDOS for both doped PO/
TO-layer-based systems in Fig. 4(b) and (c). For the PO layer, it
is found that certain states are observed to be crossing the
Fermi level (EF) from the CB to VB in N[ and there is a signi-
cant Eg of 2.49 eV within the VB, conrming the n-type con-
ducting character of the corresponding channel, and there is
a large Eg of 2.49 eV in NY (see Fig. 4(b)). Overall, the F@O-
dop.PO-layer-based system is termed an n-type HM FM. The
large Eg in the non-metallic channel (NY) reduces reverse
leakage current and ensures 100% SP at EF in the conducting
channel, making it an extremely desirable material for spin-
tronics.110,111 Furthermore, the calculated TDOS for the F@O-
dop.TO-layer-based system is shown in Fig. 4(c), wherein a nar-
rower/wider Eg of 0.23/2.41 eV exists in the NY/N[ channel,
Fig. 4 GGA + U calculated spin-polarized total density of states
(TDOS) of the (a) pristine and (b and c) F@O-doped-PbO (PO)/TiO2

(TO)-layer-based PbTiO3 structures.

RSC Adv., 2025, 15, 41568–41581 | 41575
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further supporting the SC character of the structure. F-
substitution at the oxygen site provides one extra electron to
the system because it has an electronic conguration of 2s22p5

and oxygen has 2s22p4. This extra electron resides at the Ti site,
which changes its valence from +4 to +3 and the system exhibits
metallicity as well magnetism due to partially lled Ti 3d states.
In earlier studies, it was demonstrated that the substitution of
oxygen by F transforms Ti4+ to Ti3+ (3d1).112,113 Those unpaired
3d electrons (3d1) are responsible for the observed ferromag-
netism in F@O-dop. PTO structures. In the same way, F@O
substitution yields FM in the BTO structure.114 Likewise, a Ti4+

to Ti3+ transformation is observed in response to F@O substi-
tution in PTO105 and SrTiO3.115 Hence, a similar phenomenon is
observed in the present case.

To better understand the role of atomic orbitals in the HM
electronic state of the F@O-dop.PO-layer-based system, we
present the 3d orbital resolved PDOS in Fig. 5. It has been found
that each Ti atom shows a contribution to the electronic state
around the EF, except for Ti5 and Ti6 (located at the CB edge
(CBE)), and the Ti4 atom exhibits a signicant contribution
around EF (see Fig. 5(a)). Therefore, we plotted the dz2/dx2−y2/
dyz+xz/dxy sub-states of the Ti4 ion. It is evident that the dz2/dx2−y2

states reside at the CBE and do not contribute to the metallicity
(see Fig. 5(b)). However, dyz+xz/dxy states signicantly grow at EF,
resulting in the conducting behavior in N[. Similarly, to get
improved knowledge about the role of Ti ions in the SC elec-
tronic state of the F@O-dop.TO-layer-based system, we di-
splayed the 3d orbital resolved PDOS in Fig. 2S of the SI. It has
been determined that Ti3-4 states in the CB grow signicantly
toward EF and defect states are induced by doping at the VBE
due to Ti1-2 and Ti3-4 atoms in NY, resulting in Eg reduction
and leading to the system displaying a SC nature (see Fig. 2S(a)
of the SI). Consequently, we additionally displayed the dz2/dx2−y2/
dxy/dxz/dyz sub-states of the Ti ion. It is apparent that the dxz
states mainly contribute at the VBE and expand toward EF in the
CB (see Fig. 2S(b) of the SI). However, the dz2/dx2−y2/dxy/dyz states
reside behind and do not contribute to the SC behavior in NY.
Fig. 5 GGA + U calculated spin-polarized partial density of states
(PDOS) for the (a) 3d states of the Ti-ions and (b) orbital resolved Ti4-
3d sub-states in the F@O-dop.PO-layer-based PbTiO3 structure.

41576 | RSC Adv., 2025, 15, 41568–41581
In addition, to conrm the n-type HM/SC FM state for the
F@O-dop.PO/TO-layer-based system, we present the SP band
structures in Fig. 6. From Fig. 6(a), specic states in N[ are
found to be crossing the EF from the CB to VB in the F@O-
dop.PO-layer-based system, and a signicant Eg within the VB
veries the n-type metallic character of the channel. However,
no states are passing through the EF in NY and there is a large Eg
of 2.49 eV, as presented Fig. 6(a0), which coincides with the
TDOS that appears in Fig. 4(b). For the F@O-dop.TO-layer-based
system, a large Eg of 2.41 eV appears in N[ (see Fig. 6(b)), and
a smaller one of 0.23 eV lies in NY, as shown in Fig. 6(b0). This
conrms the SC character of the motif, which is identical to the
TDOS presented in Fig. 4(c). Hence, the n-type HM/SC FM state
of the F@O-dop.PO/TO-layer-based system is veried via the SP
TDOS and band-structure investigations.

Furthermore, non-degeneracy in the TDOS demonstrates the
magnetic character for both doped systems. The calculated mt

in the F@O-dop.PO-layer-based motif is 1.00 mB, where
a substantial contribution comes from the interstitial sites and
the Ti atoms have ms values of 0.35 and 0.16 mB, respectively.
Hence, the integral mt of the system ultimately indicates an HM
FM character. Similarly, the mt of the F@O-dop.TO-layer-based
system is 1.00 mB, where the interstitial sites and Ti atoms play
a substantial role with ms values of 0.31 and 0.36 mB, respec-
tively. Even though the system has an integral mt, however, it
exhibits a SC character. Additionally, Fig. 7 shows 3D spin
magnetization density iso-surfaces for the highly prominent
F@O-dop.PO-layer-based system, having an iso-value of ±0.001
e Å−3. It is apparent that signicant density magnitude appears
only around the Ti ions, which further conrms that these ions
contribute the most to the mt, and a minor proportion comes
from the oxygen ions. Furthermore, it qualitatively validates the
mt related to the Ti ions.

Now, we discuss the TE behavior of the prst. and F@O-
dop.PO/TO-layer-based structures. Based on their prolonged
functional lifetime, energy conservation, thermal recycling, and
environment-friendly characteristics, TE materials have
Fig. 6 GGA + U calculated spin-polarized band structures of the spin-
majority/spin-minority channel for the (a/a0) F@O-doped PbO(PO)-
layer and (b/b0) F@O-doped TiO2(TO)-layer-based PbTiO3 structures.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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received a lot of attention.116,117 Without harming the environ-
ment, these materials directly convert around 60% of waste heat
into usable energy.118,119 Reasonable size and lack of mechanical
moving parts make them appropriate for converting heat into
electrical energy in remote locations.120 In this respect, POs are
regarded as excellent TE materials due to having high chemical
stability,121 s, and Seebeck coefficients (S), along with low elec-
tronic thermal conductivity (ke),122 which are crucial for device
applications such as power generation for deep-space detec-
tors,123 TE coolers,124 and laser diodes.125 To boost TE efficiency,
materials possessing higher S values and lower k are highly
preferred.126 Therefore, to assess the transformation of heat into
electrical energy, we estimated multiple TE variables in the prst.
and F@O-dop.PO/TO-layer-based systems within a constant
relaxation time (s) of 10−14 s, employing the BoltzTrap compu-
tational code.127 It is generally believed that S, s, and ke, which
are additionally associated with the carrier concentration, are
the main factors that determine a material’s TE responses.128

The computed essential TE variables, including S,
s

s
, k, power

factor (PF), and dimensionless ZT with respect to temp. within
the 200–700 K range are plotted in Fig. 8.

The uctuation in
s

s
with temp. is displayed in Fig. 8(a). At

room temp., the prst./F@O-dop.PO/TO-layer-based systems
achieve values of 0.9/46.5/1.1 × 1018 (U ms)−1, which increase
for the prst./F@O-dop.TO-layer-based system as the temp. rises
and reach 3.2/2.3 × 1018 (U ms)−1 at 700 K. This could occur as
a result of bond breaking and a rise in electron motion,126

enhancing the material’s propensity for transferring charge
carriers across the VB and CB. It might be argued that higher
temp. promotes further conductive movements of charge
carriers from the VB into the CB, which enhances s. For the
F@O-dop.PO-layer-based system, it decreases gradually and
reaches 40.84 × 1018 (U ms)−1 at 700 K. Another important

parameter, S ¼ DV
DT

, commonly referred to as thermopower,

couples the variation in potential DV established across the
terminals of the material with the temp. difference DT (ref. 80)
Fig. 7 GGA + U computed three-dimensional spin-magnetization
iso-surfaces for the F@O-dop.PO-layer-based PbTiO3 structure.

© 2025 The Author(s). Published by the Royal Society of Chemistry
and is plotted in Fig. 8(b). It provides insights on the material’s
charge carriers and reveals whether they are mostly holes
(positive S) or electrons (negative S).122 At room temp., the prst./
F@O-dop.TO-layer based system exhibits values of 257/197 ×

10−6 V K−1, which gradually decrease as the temp. goes higher
and reach 243/88 × 10−6 V K−1 at 700 K. In comparison, the
F@O-dop.PO-layer-based material demonstrates negative
values of S from 400–700 K, indicating that electrons are the
majority charge carriers.129 Additionally, S has a value of 6.06 ×

10−6 V K−1 at room temp. and becomes −21.18 × 10−6 V K−1

with the rise in temp. to 400 K, then smoothly decreases to
−105.85 × 10−6 V K−1 at 700 K. More negative S values at
elevated temp. compared to ambient temp. show that the
carrier concentration becomes higher when the temp.
increases. Consequently, even at higher temp., the system
shows an improved TE conversion ratio.

Next, PF ¼ sS2

s
, which indicates how effectively a substance

transforms thermal waste into energy,130 is shown in Fig. 8(c).
The values of the PF are 5.9/0.17/4.4× 1010 W K−2 (ms)−1 for the
prst./F@O-dop.PO/TO-layer-based systems at room temp. These
directly correlate with the rise in temp. and climb to 18.6/45.76

× 1010 W K−2 (ms)−1 at 700 K in the prst./F@O-dop.PO-layer-

based systems. In contrast, the PF slightly rises to 4.4 ×

1010 W K−2 (ms)−1 at 400 K then declines until it reaches 1.8 ×

1010 W K−2 (ms)−1 at 700 K in the F@O-dop.TO-layer-based
system. Materials with substantial PF values are potentially
desired in TE industries, since they are capable of greater
effective conversion of thermal waste into electrical power.126

Next, k, characterized as ke + kL, where the rst term is associ-
ated with carrier transportation while the next describes the
phonon-driven temp. impact,131 is illustrated in Fig. 8(d and e).
The prst./F@O-dop.PO/TO-layer-based systems attain values of

0.22/2.76/0.62 × 1014 W K−1 at room temp. As the temp. rises,
ke

s
increases and climbs to 1.72/5.72/0.59 × 1014 W K−1 for the
prst./F@O-dop.PO/TO-layer-based systems (see Fig. 8(d)). This
pattern shows that carrier mobility improves as temp. increases.
The charge carriers gain more energy and participate actively in
conduction as the temp. rises. The primary source of heat
conduction in insulators and SCs is phonon-induced heat
conduction. Although phonon-induced lattice vibrations and
spin-polarized electrons both contribute to heat conduction in
HMs, the phonon contribution generally dominates.132 There-
fore, it is crucial to investigate the temporally dependent
modications in kL for the prst. and F@O-dop.PO/TO-layer-
based PTO systems, which are displayed in Fig. 8(e) utilizing
the Slack model:80

kL ¼ AQD
3V 1=3Mavg:

g2n2=3T
(38)

In this case, g represents the Grüneisen parameter, Mavg. is
the average molar mass per atom, V is volume per atom, T is
temp. in Kelvin, and A is a constant that depends on g, which
further depends on n:
RSC Adv., 2025, 15, 41568–41581 | 41577

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05969k


Fig. 8 Multiple thermoelectric variables against temperature for the pure and F@O-doped-PbO/TiO2 (PO/TO)-layer-based PbTiO3 structures:
(a) s/s, (b) S, (c) sS2/s, (d) ke/s, (e) kL and (f) ZT.
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0:514

g
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0:228

g2

��
(39)

At room temp., the prst./F@O-dop.PO/TO-layer-based
systems have kL values of 0.23/0.056/0.053 W m−1 K−1, which
continuously decrease to 0.10/0.024/0.02 W m−1 K−1 in the
prst./F@O-dop.PO/TO-layer-based systems as the temp.
increases to 700 K. Improved anharmonic phonon scattering,
which is also known as the phonon rattling effect,133 is the main
cause of the kL decline at higher temp. Compared to the prst.
structure, the F@O substitution produces more ionic and
shorter Ti–O/F bonds, which strengthens the anharmonic
scattering phenomenon.105 In addition, F (1.33 Å) and O (1.40 Å)
have distinct ionic radii, which distorts the Ti–O and Ti–F bonds
in the F@O-dop. structures.114 These distortions enhance
phonon scattering possibilities with the transmission of heat.
Moreover, F@O substitution adds more electrons to the dop.
structures, which may enhance electron–phonon interactions,
reduce the mean free path and improve phonon scattering.115

Along with this, the atomic mass of O (16 amu) is close to that of
F (19 amu); this slight mass variation causes a mass imbalance,
which also facilitates the mass uctuation scattering mecha-
nism134 and enhances phonon scattering. Also, it is found that
the kL of the prst. and F@O-dop.PO/TO-layer-based structures
reduces gradually with rising temp., as improved multifaceted
41578 | RSC Adv., 2025, 15, 41568–41581
scattering phenomena based upon point defects, crystal defor-
mations, and mass variation mainly contribute with the
increase in temp.134

Finally, ZT ¼ sTS2

ke þ kL
,123 presented in Fig. 8(f), immediately

correlates the product of the PF and estimates the material
energy conversion efficiency. Materials with greater PF and
smaller k exhibit greater ZT, which ultimately improves the
energy utilization effectiveness of the material. The prst./F@O-
dop.PO/TO-layer-based systems possess ZT values of 0.15/0.026/
0.39 at 200 K. For the prst./F@O-dop.PO material, it increases
with the rise in temp. and attains values of 0.72/0.56 at 700 K.
For the F@O-dop.TO one, it initially increases to 0.49 at 400 K
and then gradually decreases and reaches 0.21 at 700 K. This
suggests that these are appropriate materials for TE activity at
elevated temp.
4 Conclusion

In conclusion, rst-principles calculations are employed to
investigate the thermodynamic, mechanical, ferroelectric,
electronic, magnetic, and thermoelectric (TE) properties of the
pristine (prst.) and F@O-doped (dop.)-PbO (PO)/TiO2 (TO)-layer-
based PbTiO3 systems. The negative formation enthalpy of the
structures conrms the thermodynamic stability and
exothermic reaction. The calculated elastic constants of the
structures verify the mechanical stability, brittle nature, and the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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existence of covalent bonding between atoms. Various ther-
mophysical parameters, such as the Debye temperature, Grü-
neisen parameter, thermal expansion coefficient, melting
temperature, and dominant phonon mode also indicate the
hardness of the structures. The prst. system displays a non-
magnetic insulating nature with an energy-gap (Eg) of 2.11 eV,
having spontaneous polarization (P) of 88 mC cm−2. Surpris-
ingly, the F@O-dop.PO material displays a ferromagnetic (FM)
half-metallic behavior with a P of 42.56 mC cm−2, and the F@O-
dop.TOmaterial is a FM semiconductor having an Eg= 0.23 and
P = 42.78 mC cm−2. The reduced P value in the doped structure
is due to the reduction of the structural distortions. Remark-
ably, the prst. and F@O-dop.PO/TO-layer-based structures
demonstrate the highest gures of merit of 0.72 and 0.56/0.49 at
700 and 700/400 K, respectively, including lattice-thermal
conductivity. This indicates that these are effective candidates
for TE applications at higher temperatures.
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