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Introduction

Rhombohedral-to-cubic structural phase
transition in (LaBi)g7Bag.sMnOs manganites: an
investigation on the “Cause and Effect” and

magneto caloric responsef
Lozil Denzil Mendonca, €22 El Kebir Hlil,° Mudiyarsu Subrahmanya Murari¢ and
Mamatha D. Daivajna (2 *°

The major objective of this study was to revisit the first reported lanthanum-based colossal magneto
resistive manganite (LaBa)MnOs and substitute lanthanum with bismuth to steadily tune its magnetic
transition temperature to different temperature regimes. The substitution was expected to result in
structural, morphological and magnetic modifications owing to the Lewis acidic nature of the Bi** ion
and the large diffusivity of Bi,Os at high processing temperatures. Unexpectedly, a whole new spectrum
of physical properties was observed after Bi®* substitution in Lap7BagzMnO3. A substitution-induced
structural transition from R3c to Pm3m was manifested at around 20% of Bi substitution. Reversal to a
highly symmetrical structure upon Bi substitution in La-based manganites is rare, so the reason for
concentration-dependent phase change was investigated meticulously using X-ray diffraction, Fourier
transform infrared spectroscopy and X-ray photoelectron spectroscopy. A-site cationic vacancies
generated owing to Bi segregation from the lattice were found responsible for these structural
transitions. The temperature-dependent magnetization study revealed Bi**-assisted steady tuning of the
Curie temperature from 333 K to room temperature (293 K) upon 0% to 10% substitution. The
exceptional occurrence of transition temperature at 315 K, significant magnetic entropy change of
2.5 J kg™t K= and adiabatic temperature change of ~1.5 K at a magnetizing intensity of just 2 T in 5%
Bi-substituted sample indicate its potential in magnetic refrigeration and medical applications, such as
magnetic hyperthermia-based cancer therapy. This work presents a qualitative and preliminary
investigation of a magnetic specimen for magnetic hyperthermia using a magnetic isotherm.

known today as mixed-valent manganites (MVMs). The early
works on parent manganites, such as stoichiometric LaMnOs,

It has been more than half a century since the discovery of
ferromagnetism in a manganese oxide of perovskite structure.
G. H. Jonker and J. H. Van Santen," during their investigation
on nonconventional perovskites (A**B**0,;>7), observed ferro-
magnetism (FM) when a trace of manganese ion (B) of higher
valency (Mn*") was induced in the compound. The awareness of
the cause of ferromagnetism in such oxides led to the develop-
ment of a plethora of novel manganese perovskites, which are
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showed that they crystallize in the orthorhombic structure of
the Pnma space group, with the magnetic ground state of A-type
antiferromagnetism (AFM) resulting from the antiparallel
alignment of FM coupled spins in the successive planes.
Notably, if the size criterion is met, perovskites can ideally hold
any combination of A and B cations and the corresponding
anion. The family of alkaline earth metal-based manganites is
one such class of materials. For example, CaMnOj;, STMnOj3,
and BaMnO; are some of the early considered G-type AFM
manganites.” The formation of single-phase BaMnO; was
debated, and only in the late 90s was it reported that the
hexagonal structure of BaMnO; belongs to P6;/mmc at room
temperature (RT) and to P6scm at low temperatures.3’4 BaMnO;
shows a noncollinear AFM structure below 59 K.* Notably,
although the rare-earth (RE) manganites and alkaline-earth
(AE) manganites have perovskite structures, they differ in
manganese ion valency (LaMnOz;:Mn®*, CaMnO;:Mn*"). As a
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result, the gradual substitution of RE with AE metals estab-
lishes holes in the lattice and induces ferromagnetism. To
explain the occurrence of FM, a model relating the crystalline
structure and induced FM was proposed by Zener.’ The so-
called double-exchange interaction model states that if the
Mn**-0*>"-Mn** configuration has ferromagnetically coupled
magnetic spins, then a simultaneous transfer of electrons is
energetically possible. The insulating parent shall then display
high conductivity upon substitution due to the tendency of the
traveling electron to retain its spin orientation parallel to Mn**
and Mn*". Thus, unlike their parents, MVMs can display a
variety of structural, magnetic, electrical transport and thermal
properties depending on the extent of substitution. Even
though MVMs show versatile correlated properties, they elicited
extensive discussions in the years 1993-1994, when a large
negative isotropic change in resistance at the magnetic/electric
transition temperatures was observed in bulk Ndg sPb, sMnO5;°
and La,/;;Ba; ;3sMnO,” subjected to changing magnetic intensity
(H) such change in resistance is coined as Colossal magneto-
resistance (CMR). Since then, MVMs were intensely explored to
exhibit such resistance changes at RT to employ them in
magnetic read heads. Some noteworthy compositions of RE
and AE MVMs identified early are La-Ba-MnO; with CMR =
—150%, La-Ca-MnOs; thin films with CMR ~ —110% at 220 K
but 0% at RT and above RT, and La-Sr-MnO; layered
perovskites.®

Another area of research interest related to manganites is
the magneto caloric effect (MCE), which causes a large change
in the temperature of the magnetic specimen upon AH. The
wide interest in MCE is because of its application scope in
magnetic refrigeration (MR). Until recently, the RE metal Gd
was considered the ideal candidate for MR, but its usage was
limited due to the high cost. However, the discovery of a
massive MCE in the GdsSi,Ge, alloy (Curie temperature T is
about 276 K) in 1997 by Pecharsky and Gschneidner™ escalated
research activity for the development of novel, cost-effective, RT
MCE materials. MVMs are considered excellent candidates for
MR not only due to their MCE response but also their highly
tuneable T¢, low cost and excellent chemical stability. The
effective MCE in MVMs is seen near the magnetic transition
temperature, and to date, a vast majority of MVM compositions
result in T close to RT. Due to the extended tolerance of
perovskite structures to hosting foreign ions, MVMs can be
further substituted by mono-, di-, tri- and tetra-valent cations at
the A-site and/or B site to tune their T to RT.
Lay g15570.18sMnO; (with a maximum magnetic entropy change
(ASH™) of 7.1 J kg™ ' K1), LaggSrooMnO; (7.9 J kg ' K1),
La, ;Cag5_xST,MnO; (10.5-6.9 J kg* K~ * for x = 0.05-0.25),
Lay ;Sro3sMn; ,TM,O; (TM: Ni, Cu, and Co; ASy™ = 7, 5.2, and
5] kg~ ' K ', respectively) and Pr, ¢3Sre.3,MnO; (5] kg™* K™7)
are some examples with T¢ close to RT and large MCE."® T
tuning can also be achieved by deliberately creating RE and AE
deficiency in certain MVM compositions.

Along with CMR and MCE, magnetic nanoparticles (MNPs)
of manganites have recently gathered significant attention
with regard to magnetic hyperthermia treatment (MHT).
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Hyperthermia treatment (HT) entails overheating of the sub-
ject’s body or body parts to eliminate the cancerous tumours.
This treatment is rooted in the fact that the healthy cells have
higher tolerance to temperatures than cancerous ones. There
are two modes of HT: one is the conventional method of
heating the entire body with the help of water, and the second
is local hyperthermia. Local hyperthermia involves the injec-
tion of suitable fluids directly into the tumour or the artery
supplying the tumour. An external alternating magnetic field
(AMF) induces current flow within the MNPs, and the resistive
losses convert the applied magnetic energy into thermal energy.
The as-produced heat is used to kill cancerous cells without
affecting the healthy tissues. However, the lack of control over
heating can lead to temperatures beyond the highest permis-
sible limit (42-43 °C or —107.6-109.4 °F). Nanoparticles of
MVMs with controlled heating or cooling efficiency in a narrow
temperature range are suitable candidates for MHT."" ">
Considering these findings, solid solutions of Lag;_,Bi,-
Bay 3sMnO; MVMs with x = 0, 0.05, 0.1, 0.2, 0.3 and 0.4 were
considered for investigation. The first ever phase diagram of
La, ,Ba,MnO; (LBMO) (0 < x < 1) was produced by H. L. Ju
et al.>® The samples showed a cubic perovskite phase of Pm3m
space group with the lattice parameter a = 3.906 A. The
ferromagnetic metallic (FMM) phase was stabilised between
0.2 < x < 0.5, with the highest T¢, and beyond this range, the
magnetic saturation Mg declined compared to full saturation.
The crystal structure showed structural polymorphism beyond
x > 0.5. In contrast, the work of R. C. Budhani?** asserts that the
solubility of Ba in LaMnO; is limited. The phase purity and
FMM ground state were stable only up to 35% Ba substitution.
The varying limits of phase purity imply the prominence of the
synthesis route and annealing conditions in determining the
outcome. For instance, the synthesis of La; ,Ba,MnO; (LBMO)
at low temperatures caused a cubic-to-rhombohedral transfor-
mation at x = 0.25 with phase purity till x = 0.4.>° On the other
hand, neutron diffraction studies of vacancy-free LBMO
(0 < x < 0.24) uncovered an orthorhombic to rhombohedral
phase transition at 10% substitution with stabilization of the
FMM behaviour.?® Further, LBMO was half metallic at x = 0.33,
owing to which a linear decline of the magnetic moment, and
CMR was observed beyond 0.33.>” In MVMs, ideally, divalent
substitution of x = 0.3 yields the highest T and optimal Mg due
to the specific charge ratio (Mn**/Mn*"). Thus, based on these
findings, the stable, high T, high Mg, rhombohedral
La, ;Ba, 3sMnO; was chosen as the starting MVM for continuous
Bi*" substitution in this work. Notably, the final member of the
series, namely Bi,;Bay;MnOj3;, cannot be synthesised under
normal conditions. To date, only one research article is pub-
lished on Ba;_,Bi,MnO; (BBMO) by S. Matsumoto et al.,”®
which shows that BBMO forms the 9R single phase only from
x = 0.05 to 0.12. The cause for mutual insolubility in systems
like BAaMnO;-BiMnO; is the ionic size of Ba** and Bi*" com-
pared with Mn"* and Mn>®".?® The large mismatch in ionic size
can be compensated if the heavier atom is slightly compressed;
thus, a high-pressure synthesis protocol is usually preferred to
obtain BBMO. So far, the only Bi-Ba-based manganite

This journal is © The Royal Society of Chemistry 2025
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synthesised under high pressure is BigsBaysMnO;. It has a
cubic structure with a spin glass nature at low temperatures.
The limited solubility of Bi in magnetic compositions, such as
BaMnOs;, is also reflected in LaMnO;. The study of La; ,-
Bi;MnO; (0 < x < 1) manganite composition showed a
structural transition from distorted crystal (orthorhombic or
rhombohedral) to cubic beyond x = 0.3 and segregation of the
BiMnO; phase from the single-phase matrix beyond x = 0.5.
Most specimens with this composition have shown large CMR
effects, even up to 400%.>° The limited solubility of Bi in
perovskite matrices, such as LaMnO; and BaMnOj, despite
the similar ionic radii of La*" and Ba®', is because of its
capability to form anisotropic sp-covalent bonds.*°

To sum up, based on the possibility that Bi substitution to a
certain composition in La, ;Bay 3sMnO; would result in diverse
structural and magnetic states and 7Tc tuning, a detailed
investigation is conducted to understand the structural and
magnetic anomalies.

Materials and methods

The polycrystalline specimens of Lay;_,BiyBagzMnO; with
x =0, 0.05, 0.1, 0.2, 0.3 and 0.4 were synthesized using the
conventional solid-state reaction route. The precursor La,O3
was preheated at 800 °C, and BaCO; was preheated at 450 °C.
MnO, and Bi,O; of research-grade purity (99.99%, Sigma
Aldrich) were used. While MnO, was taken in stoichiometric
quantities, Bi,O; was taken in 5% excess. The chemicals were
mixed with isopropyl alcohol and stirred continuously using a
magnetic stirrer for about 6 hours. Later, wet grinding was
performed using an agate mortar and pestle; the mixture
obtained was calcined at 800 °C with intermittent grinding.
The resultant powder was cold-pressed to form pellets and
sintered at 1000 °C. The duration of the soaking temperature
was 12 hours for both calcination and sintering, followed by
natural cooling to RT.

X-ray diffractograms (XRD) were obtained at RT using a
Bruker D8 Advance X-ray diffractometer (Cu-Ka radiation, 4 =
0.154 nm). The scan range was set to 20°-80° with a step size of
0.02° at a scan rate of 1° per min. The resulting patterns were
analysed using the Fullprof Suite software. To complement the
structural findings, Fourier transform infrared (FTIR) absorp-
tion measurements were carried out using a Bruker Vertex-70
spectrometer in the far-infrared region from 50 to 680 cm ™.
Instead of conventional KBr pellets, a high-density polyethylene
(HDPE) polymer was used as the background. The finely
ground powders were mixed with isopropyl alcohol and coated
on HDPE to record IR absorbance signals. The morphology and
preliminary assessment of elemental composition were
obtained using an Oxford Zeiss Sigma microscope equipped
with field-emission scanning electron microscopy (FESEM) and
energy dispersive X-ray spectroscopy (EDS). The images were
obtained at various magnifications and by probing different
locations of the specimen; meanwhile, the elemental composi-
tion was also obtained in a similar manner based on small-area

This journal is © The Royal Society of Chemistry 2025
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and large-area scans. The oxidation states of each element
present in the sample, and their bonding and chemical
environment were identified using X-ray photoelectron spectro-
scopy (XPS) measurements performed on a PHI 5000 Versa
Probe III using Al-Ko radiation. Temperature-dependent mag-
netization under an external magnetic intensity of 500 Oe was
measured using zero field-cooled warming (ZFCW) and field-
cooled cooling (FCC) protocols in the temperature range of 5 to
650 K, depending on the sample requirement. The magnetic
isotherms were obtained in the AH range of 0 to 50 kOe at and
around the T¢. The isotherms were corrected for the demagne-
tization factor (N). The measurements were performed using a
Quantum Design (QD) physical property measurement system
(PPMS).

Results and discussions

When a new perovskite is designed or an existing perovskite is
substituted by a cation at the A or B site, it can deviate from its
perovskite structure and get into a non-perovskite form. There-
fore, it is essential to assess the probability of formation and
stability of the perovskite structure. For a perovskite with the
chemical formula ABX;, the probability of formation and
stability can be verified using the new tolerance factor
N

rx G

——nA| A ——F
"B In A
B

radii of the A-site ion, B-site ion and anion, respectively, and n,.
is the oxidation state of the A-site. For a stable perovskite
structure, A and B must be chosen in such a way that r, >

T= . Here, r, g and r¢ are the ionic

. r - .
rg. Otherwise, as A, 1, the probability of formation tends to
I'B

1 r .
0, P(t)— 0. Further, the octahedral factor — = X sets a condi-
'

tion on the choice of rp for a given anion X. If r5 < rx, then ©
improves beyond the accepted limit and leads to P(t) — 0.
These conditions thus state that for a stable perovskite ground
state, T must be less than 4.18, and u should be greater than
0.414.%" In this investigation, the chosen perovskite matrix is
(LaBiBa)(Mn)Os; thus, the A-site has La*", Bi**, and Ba** dis-
tribution, B-site is occupied by Mn*" and Mn*" ions, and X is
0O”". Before the estimation of z, for a given chemical composi-
tion, it is necessary to validate the possibility for each cation to
occupy the respective site (A or B). To check the possibility of
occupation of each cation at a given site, expected to be at A-site
and B-site, which charge balance O; through —6 are consid-
ered. Here, they are [La*'Bi*"]Ba*>[Mn*']Mn*"0,°". Further,
among all the cations, Mn and Bi have different stable oxida-
tion states, which would balance the charge of O; (Mn*™", x: 2
to 7, and Bi*" x: 3 and 5). Suppose Bi is in the +5 oxidation state,
Mn should be in the +1 oxidative state. As such a pair is not
possible, the charge-balancing pairs chosen are [La*][Mn**]0;,
[Bi**][Mn®*']0; and [Ba®*][Mn*‘]O;. Based on these assign-
ments, the ionic radii of the A and B-site cations are chosen
close to 12 and 6 coordinates, respectively. However, in MVMs,
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the coordination number can go as low as 8 for highly distorted
structures.>** For instance, if we consider the coordination
number (CN) of the A-site as 9 (which is the most preferred in
MVMs) and that of the B-site as 6, (r;: La®* = 1.216 A, Bi** = 1.24 A,
Ba? = 1.47 A, Mn®" = 0.645 A, Mn"" = 0.53 A, 0*~ = 1.4 A) the
estimated value of 7 will vary from 1.76 to 1.74 and p = 0.436,
which are well within the range of a stable perovskite structure.
Once the probability of formation and stability of the resulting
composition are evaluated, it is important to check the solubi-
lity of the substituent in the host matrix. Even though the
solubility of a substituent is primarily the function of tempera-
ture and pressure, the size of the substituent, its valence state,
electronegativity, and structure play major roles in determining
the solubility. The simple Hume-Rothery rules have been
proven pivotal in estimating the solubility of substituents. Of
the four simple rules, the first is the size rule, which states that
the percentage change (P¢) in the crystal radii of the substituent
(rs) and host (r,) cannot exceed 15%. If this criterion is
satisfied, then the other three can be considered. The valence
rule states that complete solubility is achieved when the valence
state of the substituent and the host are the same. If they differ,
then the solute with a higher valency than the solvent shows
extended solubility. The electronegativity rule states that the
electronegativities of the two cations should be similar. The
structure rule states that the structure of the host lattice and
the substituent lattice must be the same.?*° In this study, as
Bi*" is used to replace La®", the estimated P is <2%, which is
within the desired limit of solubility as per the size rule.
Further, Bi*" cannot replace Ba**, Mn®*" or Mn*" as their P
values are well above 15%. The valence rule holds true as the
valence states of the solute cation and the solvent cation are the
same, whereas there are concerns with the electronegativity
rule and the structure rule. The electronegativities (i) of Bi*",
La®*, and Ba®*" are 2.02, 1.1, and 0.89, respectively,’® and the
structure of Bi,O3 is monoclinic, whereas the host matrix has a
rhombohedral structure. If the electronegativity difference
between each cation and the anion (O*~ — 7 = 3.44) is consid-
ered, the difference for Bi*" is the smallest (1.42) and can favor
polar covalent bonding with oxygen, whereas La-O and Ba-O
are ionic in nature. The increased substitution of Bi can thus
enhance the covalency of the perovskite matrix. Thus, we can
expect limited solubility of Bi** in the Lay ;BagsMnO; host.

Room-temperature X-ray diffraction analysis and Rietveld
refinement

The intensity (I) versus 20 XRD plots of each specimen is shown
in Fig. 1, consisting of stacked intensities. Upon inspection of
the patterns there are certain vivid features displayed by them.
The peaks are sharp and grow in intensity (37.65%) with
increasing Bi, which means that the samples become increas-
ingly homogenized at the nanometric scale upon substitution.
A systematic peak shift towards lower angles is seen, which
perhaps indicates the enhancement in d spacing in the crystals
upon gradient Bi substitution. Interestingly, striking changes
are seen in the XRD pattern after LBB10, particularly the
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Fig. 1 Stacked XRD patterns of Lag7_xBixBap3sMnOs (x = 0, 0.05, 0.1, 0.2,
0.3, and 0.4). Inset is an enlarged view of the region containing the major
peaks of the specimens.

dramatic disappearance of the peak split at around 32.5°. The
same is the case with peaks at 39.5°, 52.5°, 57.5°, 67.5°, 72.5°,
and 77°. The peak located at 38° vanishes beyond the 10%
substitution level. To visualize the abrupt changes in the
pattern, the normalized intensity (I/I;.x) was plotted against
the 20 — 20(I;nax)- Convincingly, the halfwidth of the major peak
showed a sudden drop at LBB20, and the intensity of the peak
around 46.5° showed a rapid suppression, contrary to the trend
of the other peaks in the normalised XRD pattern. The parent
La, ;Bag3sMnO; manganite has a rhombohedral distortion
belonging to the R3¢ space group.>® This symmetry is identified
by a characteristic fingerprint in its XRD pattern. The major
peak under R3c space group will have split corresponding to
[110] and [104] planes and are closely spaced. As a result, the
major peak appears to hold large halfwidth. The cause for the
split is a reduction in the symmetry from the cubic phase to
form a lower symmetry structure. The XRD patterns of Lag ;-
Bi,Ba, sMnO; (x = 0, 0.05, 0.1, 0.2, 0.3, and 0.4) reveal a similar
but opposite behaviour, leading to the speculation of
concentration-dependent structural reversal from a rhombohe-
dral to a cubic crystal system.

To confirm the crystal system and crossovetr, it is essential to
extract the best estimate of Bragg peak intensities (Miller
indices, hkl) from the whole diffractogram. Thus, whole powder
pattern decomposition (WPPD) was performed using the Le
Bail method to extract the intensities*" for the identification of
possible space groups and profile matching with a constant
scale factor using EDPCR utility of Fullprof software. The
details of profile matching and Le Bail fitting (LB) can be found
in the (ESI).T The LB method could successfully decompose the
whole powder pattern into R3¢ space group and Pm3m space
group, respectively, for x < 10 and x > 20. As the next step,
Rietveld refinement was performed for structure matching,
considering the output parameters of LB fitting (lattice para-
meters, zero-point, background and profile parameters).

This journal is © The Royal Society of Chemistry 2025
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Table 1 Lattice parameters, unit cell volume, estimated density (pest),
measured density (pmea). Site occupation number, bond lengths, bond
angles, and the R values obtained from the Rietveld analysis

Sample code

P.Q LBBO LBB5 LBB10 LBB20 LBB30 LBB40
Space group R3¢ R3¢ R3¢ Pm3m Pm3m Pm3m
a=b(A) 5,54 554 5,54 3.92 3.92  3.93
c(A) 13.50 13.51 13.53

v (A% 358.5 358.9 359.7 60.1 603 60.5
Oxygen position 0.53 0.54 0.53 0.50 0.50 0.50
Pest (2 cm ™) 6.7 6.6 6.9 7.1 7.3 7.6
Pmra (g cm ™) 5.1 5.5 6.1 6.7 4.9 4.9
The site occupation numbers

La** 0.70 0.65 0.59 0.48 0.38 0.26
Bi** 0.00 0.05 0.10 0.21 0.318 0.426
Ba*" 0.30 0.30 0.31 0.31 0.32 0.32
Mn** 0.70 0.70 0.71 0.71 0.72 0.72
Mn** 0.30 0.30 0.30 0.31 0.30 0.31
o> 3.00 3.03 3.00 2.98 2.98 2.96
(MN-O) (A) 196 1.97 197 196 1.96 1.96
<MN—O—Mn) (degree) 169.07 167.86 169.30 180.00 180.00 179.97
<La/Bi—02 (A) 2.71 2.70 2.71 2.77 2.77 2.78
(Ba-0) (A) 2.77 277 277 277 277 278
(0-0) (1) (&) 2,79 2.79 279 2.77 277 278
Ryp 12.9 12.9 12.3 10.8 9.64 9.75
Rexp 10.72  10.12 9.83 9.63 8.62 8.01
XZ 1.46 1.62 1.56 1.26 1.25 1.48
Rgp 3.73 3.81 3.92 2.72 2.43 3.17

The crystal structure refinement parameters that define a
crystal lattice and the reliability score of the refined data,
namely, R values, are tabulated in Table 1. The significance of
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the R values and inferences based on their magnitude can be
found in ESI.¥ The contrasting nature in this context is evident
from the clear bifurcation between R values on either side of
10% and 20% substitution. The weighted profile R value (R,y) is
greater than 10 at lower substitution percentages (<LBB10)
and are opposite in trend from LBB20 to LBB40. This indicates
that, given the steady background with low intensity through-
out the series, the data obtained at higher concentrations
belong to a high-symmetry structure (cubic) and those below
LBB10 are from lower-symmetry structures (rhombohedral,
orthorhombic, tetragonal, monoclinic etc.). For reliable refine-
ment, the R,, and statistically expressed R value (Re,) of
Rietveld refinement should always converge with Le Bail
fitting.”> In this case, they are consistent with each other
(Table 1 and Table S1, ESIt), the x* value is close to unity,
and the Bragg-intensity R values (Rg) are small real numbers.
These findings along with the linear nature of the difference
curve (Fig. 2) with minimal disturbance at peaks establishes the
reliability of refinement. Thus, according to whole powder
pattern fitting (LB + Rietveld), La,,_,Bi,Ba, sMnO; crystalizes
as a rhombohedral structure in the R3¢ space group up till
x = 0.1 and a cubic structure in the Pm3m space group emerges
at x = 0.2 and sustains till x = 0.4.

Any rhombohedral perovskite structure can be described in
terms of a pseudo-cubic unit cell, whose axes correspond to the
aristo type (ideal perovskite) with cell parameters as a. and o, =~
90°. Space groups, such as R3m, R3m, R32, and R3, can be
directly mapped to the aristo type (Pm3m) with a pseudo-cubic

x axis:20 (degree)

=
o}
o
(=)
[104]

y axis:Intensity (a.u)

R3¢ | I Lo LAkl

20 30 40 50 70

Fig. 2 Rietveld refined XRD patterns of Lag;_«BixBag3sMnOsz (x = 0, 0.05, 0.1, 0.2, 0.3, and 0.4), showing the observed data (yops), calculated data (yca),
difference curve (Yops — Yea) and Bragg positions (Bragg pos) for 4, and Z,. The (hkl) values corresponding to the R3¢ and Pm3m space groups are written
at the bottom. The simulated unit cells containing a MnOg octahedron and La, Ba, and Bi atoms is shown as insets.
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unit cell of one formula unit with a. = a, &~ 4 A, whereas space
groups R3c and R3¢ have eight formula units or pseudocubic
double edge length such that a. = 2a, ~ 8 A. For bipartite
structures, namely R3¢ and R3c, the conventional choice of unit
cell is a primitive rhombohedron consisting of two formula
units and o, = 60°. It can directly map into a pseudo cube
V3
T2
rhombohedral included angle or the trigonal angle. Regardless
of the pseudo-cubic or rhombohedron structure, it is conveni-
ent to use hexagonal axes to describe the crystal lattice. In this
representation, the components of the crystals are located with
reference to four axes, three of which are set at 120° to each
other and have equal length. The fourth axis is perpendicular to
the plane of the other three and is referred to as the triad axis.
Each component of the pseudo-cubic or rhombohedral crystal
will have projections on the triad axis. Based on the hexagonal
representation, three parameters, namely octahedron strain (),
distortion (d), and rotation (e), can be used to determine the
shape and orientation of the BXs octahedron, and the average
X-X bond length (/) will determine its size. The parameter d is
relevant only in polar space groups, such as R3m, R3 and R3c.
The equations connecting the said parameters are ay, = 2/ cos w,

based on the equation 90 — o (60 — o) where o, is the

Ch = 6\/2(1 x (1 +¢)), and tan w = 4y/3e. The term cos » deci-

des the elongation of the hexagonal unit cell and in turn
the changes in the pseudo cube along the triad axis. Depending
on the sign of {, the term (1 + {) may act along the elongation
axis or against it parallel to the triad axis. The lattice
parameters of the pseudo-cube corresponding to the hexa-
gonal lattice system can obtained using the equations

2 2C
So 3 a4t = %af(l — cos’w), and ¢,% =

CoS o = .
¢ 3 - 2sinw .
1- gsm w
3a.’’(1 + 2cos’w). In the rhombohedral representation, the
4 — cos’w

4 + 2cos?w’

. . . 1
and the lattice constant is given by «; :§\/3ah2 + cp2. The

detailed description of the geometrical consideration can be
found in works of H. D. Megaw, N. W. Thomas, T. Harumoto
and A. Gholizadeh.** *°

The variations in the tilt angle, rotation, octahedral strain
and lattice parameters corresponding to the pseudo-cube and
primitive rhombohedron (Table 2) support the claim of change
in crystal symmetry from rhombohedral to cubic. As discussed
earlier, for a bipartite structure a. = 2a, ~ 8 Aand o, = 90°. In
our specimens with lower Bi concentrations, the a. close to 8 A

rhombohedral included angle is given by cosa, =

View Article Online
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and o, tends towards 90° upon bismuth substitution. This
indicates a tendency of crystallization in a high-symmetry

structure, namely cubic. Further if the Z—i ratio of the hexagonal
cell takes a unique value of 2.45, the rhombohedral included
angle will be equal to 60° and the B-O-B bond angle in this case
will be 180°. The structure in this situation is that of an ideal
perovskite. If o, is less than 60°, the lattices will expand along
the body diagonal [111] of the rhombohedron or the c-axis of
the hexagon; meanwhile, if «, is greater than 60° then the
contraction will be observed along the said axes. The increasing
trend of the trigonal angle (¢,) towards 60° indicates that the
lattice experiences compression (rhombohedral representation)
for eventual crystallization in the ideal perovskite structure.
Because of lattice compression, there will be obvious changes
in the MnOg octahedra. As { and e define the shape and
orientation of the BX, octahedron (hexagonal representation),
the negative ( value is a signature of flattened or compressed
octahedra, and its reducing magnitude confirms the tendency
of achieving an ideal perovskite lattice in which the corners of
the octahedron act as the face-centred component (oxygen) of
the cube. The increasing trend of cos w supports this fact and
indicates elongation. The rotation parameter e is related to the
tilt angle ® according to the equation tanw = 4v/3e. The
reducing value of e (at LBB10) establishes that the octahedral
tilt tends to revert towards equilibrium about the triad axis.
Rhombohedral perovskites are defined as a variant of pseudo
cube with nearly regular BX, octahedra that are tilted (rotated)
about the triad axis. If the tilt reduces, the structure will
eventually transform into a pseudo cube. All these variations
are the consequence of Bi substitution in the rhombohedral
perovskite La, ;Bag ;MnO;, establishing that cationic charges at
the A site decide crystal symmetry. To visualize the correlation
between the lattice strain (90° — o), octahedral strain # = (1 + {)
and octahedral tilt angle @ when the A-site cationic charge
changes because of substitution, a set of parametric curves
were drawn relating » and 90°° — ¢, (Fig. 3).

It is known that the cation at the A site decides the crystal
lattice of a perovskite and in turn, leads to octahedral strain
and the tilt of the octahedron. These parameters are interre-
lated and have been characteristically defined for each space
group, even for non-rhombohedral crystals. The equation con-

. . V6 &
necting w, 90° — o, and 5 is r:—n, where r = and
cos w an

3612
(4+5)

ing the parametric curves is described by N. W. Thomas.** In
Fig. 3, the horizontal line passing through 30° represents the

1 — 3cos?o, + 2cosio. = 7. The procedure for construct-

Table 2 Tilt angle, rotation, octahedral strain and lattice parameters corresponding to pseudo-cube and primitive rhombohedron

X (in %) cnlan o (degree) e (1+0 ¢ o, (degrees) a. (A) Ve (A% o, (degrees) a, (A) Vv, (A%
0 2.44 6.67 0.017 0.99 —0.011 90.16 7.82 478.0 59.70 5.52 118.2
5 2.44 7.41 0.019 0.99 —0.012 90.15 7.82 478.6 59.63 5.52 118.2
10 2.44 6.54 0.017 0.99 —0.010 90.13 7.83 479.6 59.71 5.53 118.7
15018 | J Mater. Chem. C, 2025, 13, 15013-15040 This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Parametric curves representing the relationship between o and
90° — «. for equally spaced 7.

upper limit for @ to be physically realistic. The vertical line
passing through 0 on the X-axis separates polar (right) and non-
polar (left) structures, namely R3¢ and R3c, respectively. The
non-titled R3m and R3m structures lie on the line through the
zero of the Y-axis. Obviously, the tilted structures R3¢ and R3¢
are dispersed away from the X-axis (w = 0). The white bubbles
with RGB colours indicate LBBO, LBB5 and LBB10, respectively,
and the stars denote the reference datapoints from the works of
H. D. Megaw and N. W. Thomas. The dashed curve joining the
X-axis at 0 is the theoretical curve drawn using the equation of
cos o, for { = 0. Clearly, the bubbles are in the nonpolar branch
with small octahedral strain and tilt angle, which tend to move
towards the origin. The extent of deviation from the pseudo
cube, which is called lattice strain, also reduces, as inferred
from the movement of the bubbles towards the abscissa.

Fourier transform infrared spectroscopy

Apart from the X-ray diffraction measurements, insights into
structural changes involving variations in the metal-ligand
bonds were obtained from light transmission experiments
(FTIR spectroscopy).”” The factor group analysis of an ideal
perovskite with cubic symmetry (Pm3m) predicts three-fold
degenerate vibrational modes belonging to 3F;, + 1F,,
symmetry.*® The F,, mode is infrared (IR) inactive, and the
three F;, modes are IR active. These phonon modes exist in the
fingerprint region of the IR spectra and are termed external
mode, bending mode and stretching mode, respectively. The
external mode is attributed to the vibration of the A-site cation
against the BX, octahedron and exists at lower energies in the
far-infrared spectra (150-180 cm™'). The mid-energy Fy, mode
(around 350 cm ™) characterizes the bending of the B-O bonds.
The stretching mode which is highest-energy F;,, mode (550-
600 cm ') signifies the stretching of the B-O bonds in the
octahedral environment. As the crystal structure changes from
higher symmetry (Pm3m) to lower symmetry, for instance to
R3¢, these degenerate IR active modes split into six modes, 3

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 FTIR absorption spectra of Lag7_xBixBap3sMnOz (x = 0, 0.05, 0.1,
0.2, 0.3, and 0.4 from bottom to top) in the 680 cm™* to 50 cm™ range.

100 200

belonging to A4, symmetry and 3 of the 5 E, symmetry
modes.**>!

Fig. 4 displays the FTIR spectra of all the samples in the
wavenumber range of 680 cm ' to 50 cm ™ '. The spectra show
broad distribution of several phonon modes in the said range,
with local humps at around 160-170 cm ™', 360-370 cm ™' and
580-610 cm ' (at lower concentrations, these features could
only be seen after baseline corrections). The observed modes
confirm the perovskite structure of the prepared samples.
However, specimens with lower Bi concentrations show broad
absorption bands because they are mostly ionic, and the broad
bands appear due to the lattice vibrations. Meanwhile, from
LBB20, prominent vibrational modes appear at characteristic
frequencies, likely because covalency is established in these
samples after Bi substitution. To obtain further insights from
the spectra, each spectrum was subjected to baseline correction
and deconvoluted to probe the variations in wavenumber (v) for
each vibrational mode. The corresponding spectra of each
specimen are shown in Fig. 5.

Interestingly, the FTIR data support changes in crystal
symmetry in the samples under investigation. The clear bifur-
cation in spectral attributes categorizes the samples into two
sets (x=0to 0.1: R°" and x = 0.2 to 0.4: C**"). The samples in R°**
have vibration modes at around 600-610 cm ', whereas a
sudden shift of 75 to lower values is observed in C*** (notably
to 580-600 cm ™ '). A similar behaviour is seen in external mode,
with §; shifting from ~170 cm ™" to 155 cm ™. The split of the
vibration modes at lower concentrations and the gradual mer-
ging of peaks due to the change in crystal symmetry*® with
continued Bi substitution are not noticeable, perhaps due to
the noisy data or failure to resolve close bands. In fact, the R3¢
space group has merely a shallow distorted symmetry com-
pared with the aristo-type and may not show noticeable split-
ting of bands. However, the full width at half maxima (FWHM)
of each mode remarkably declines as x changes. This can
happen only when the degeneracy of the F;,, mode is regained

J. Mater. Chem. C, 2025, 13, 15013-15040 | 15019
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Fig. 5 FTIR spectra of Lag7_xBixBapgsMnOs (x = 0, 0.05, 0.1, 0.2, 0.3, and
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0.4) after baseline correction. Each spectrum is subjected to deconvolution

considering the three characteristic vibrational modes in the far-IR region. The solid lines represent the individual and cumulative data.

and the modes resulting from the lowering of symmetry (4, and
E,) disappear.”>>® This confirms the change of lattice symmetry
essentially from lower to higher.

The fundamental principle behind IR spectroscopy is the
absorption of electromagnetic waves corresponding to energies
in the IR region. These energies are insufficient to excite an
electron but can effectively vibrate covalently bonded atoms,
just like a classic spring system. In such a case, the stretching
frequency or ; is directly proportional to the bond strength (or
force constant: K) and inversely proportional to the effective
mass (reduced mass: u) of the spring system. The expression

. . . 1 /K .
connecting these physical parameters is v = ﬁ\/% where ¢ is
MM,
M+ My’
atoms involved in bonding (Mn and O in the stretching mode;
La, Bi, Ba, and O in the external mode).>*>>

The estimated force constants K; and K; also displayed a
trend similar to the frequency of vibrational mode; the force
constants tended to decrease with bismuth substitution. The
force constant is a measure of bond strength and is inversely
proportional to bond length. Considering this proportionality,
the vibrational frequency of the B-O bond can be estimated
using the bond lengths. The (La,Bi)-O and Mn-O bond lengths,
and Mn-O-Mn bond angles, which are of major concern, are
tabulated in Table 1. The work of Madon et al.>® on the infrared
spectroscopic analysis of the polymorphic series (enstatite,
ilmenite, and perovskite) of MgSiO;, MgGeO;, and MnGeOj;
relates the bond lengths (r) and reduced mass (1) to the

the velocity of light. u = M, and M, are the masses of

15020 | J Mater. Chem. C, 2025, 13,15013-15040

maximum vibrational frequency as v™>r'2y~° = 3810. In
samples beyond LBB10, the estimated frequency v was very
close to the observed frequency v; and, interestingly, varied
opposite to the observed values. This indicates that the rela-
tionship between the vibrational mode and bond strength is
not as straightforward as expected. The bond strength is not a
mere outcome of the distance of separation between the two
charges but also depends on the type of bonding. The IR active
vibrational modes are susceptible to changes in the covalency
of the Mn-0 bond.”” Given the constant reduced mass y;, the
increase in v™* with a sudden decrease in r beyond LBB10 is
reasonable but the opposite trend seen in v; implies a
reduction in the covalency of the Mn-O bond. This happens
because of the localization of the e, electron at the bismuth site
(A-site). The large electronegativity of bismuth due to its 6s lone
pair e imparts greater covalency to the A-site, and reduces the
covalency of B-site due to poor overlap of orbitals. In such a
case, the wavenumber corresponding to the external mode
should have practically moved to a higher frequency, but the
blue shift of ¥, is perhaps due to the dormant state of the Bi ion.
Bi*" is reported to show duality in ionic radius based on its
dormancy.”® In the dormant state, Bi*" has an ionic radius of
1.23 A, which induces an increase in bond length at the A-site
compared with La-O, and upon enhancement in the Bi content,
the reduced mass of the A-O system shows a significant
increase, as seen in Table 1 and Table 3 (see (La,Bi-O) and
w1). Finally, as the FTIR spectra complement the structural
findings from XRD, it can be concluded that the shift of the
bending mode to higher wavenumbers indicates the change in

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc00829h

Open Access Article. Published on 23 June 2025. Downloaded on 3/16/2026 1:31:11 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

View Article Online

Paper

Table 3 Wavenumbers corresponding to the external mode (), bending mode (7,), stretching mode (7s) and corresponding FWHMs. The reduced
masses and force constants corresponding to (7;) and (73) are denoted as py, Ky and uz, K3 respectively

FWHM1 FWHM2 FWHM3 K K3
x yem™) (em™)  Py(emY) (em™)  P(em ) (em™) wyy x107**g (NmY) pyx10**g (NmTY) P (em™Y)
0 168.4 43.9 364.1 110.3 603.5 132.6 22.5 22.71 19.6 253.6 587.9
0.05 165.3 37.8 369.6 106.0 606.8 102.5 22.6 21.97 19.6 256.4 584.8
0.1 166.5 42.6 365.3 101.1 605.1 120.3 22.6 22.3 19.6 255.1 586.9
0.2 162.3 35.0 369.1 119.4 594.5 125.3 22.7 21.3 19.6 246.1 593.2
0.3 155.3 38.0 371.2 85.7 585.3 1119 22.8 19.53 19.6 238.6 591.1
0.4 155.0 39.9 362.3 101.0 587.4 114.7 22.9 19.5 19.6 240.3 589.0

the Mn-O-Mn bond angle from nonlinear to linear 180°,
thereby changing the symmetry. The percentage change in
vibrational mode was estimated to determine the blue or red
shift in the observed modes. The external mode and stretching
modes showed blue shifts, whereas the bending mode showed
a red shift. Apart from the structural concerns, the increased
intensity of the vibrational mode is indicative of the increased
resistivity of the sample at room temperature.’?

Field-emission scanning electron microscopy image analysis

Bi®* substitution in a perovskite lattice can have a plethora of
effects. The duality of Bi** ionic radius facilitates substitution
at both A and B sites in the ABO; structure, allowing the tuning
of a variety of physical properties, such as conductivity and
magnetism.>>®® In contrast, the starting material Bi,O; is
widely used as an additive to assist grain growth and reduce
the sintering temperature in synthesis involving various volatile
compounds, which are susceptible to evaporation at high
formation temperatures.®®® At high temperatures > 820 °C,
Bi,O; interacts with the host compound and forms a eutectic
liquid phase, which wets the grain boundaries and accelerates
the diffusion of the constituent host atoms.®* Thus, the impact
of Bi,O; on the morphology and microstructure of the Bi-
substituted specimens is an interesting dimension to explore,
which would assist in gaining deeper insights on the electrical
and magnetic properties of specimens under investigation.

The FESEM micrographs of all specimens are shown in
Fig. 6. Visually, the samples display progressive densification
from LBBO to LBB20. Moreover, noticeable porosity is estab-
lished in LBB30 and LBB40. Individual grains appear to swell in
size initially, and a sudden shrinkage is seen beyond LBB20. To
confirm these observations, grain size estimation was carried
out using Image]J software. The detailed procedure of grain size
estimation from the micrographs and statistical analysis is
given in ESLfi Statistical parameters, such as mean, mode,
median, standard deviation and variance, are tabulated in
Tables S3 and S4 (ESIf). The arithmetic mean, that is, the
average grain size (D) of the given samples is plotted in Fig. 7 in
comparison with the density (pmra) (Table 1) and porosity. The
grain size shows a sudden inflection at LBB20, while holding
approximately similar values at other concentrations of Bi. In
contrast, the density displays a steady increase till LBB20 and
suddenly falls to the initial value beyond LBB20. Similarly, the
porosity abruptly escalates beyond LBB20. This indicates the
strong influence of Bi,O; on the microstructure and grain
growth of the prepared samples. Bi,O; is a strongly preferred
additive for densification and grain growth in various com-
pounds, which otherwise need a high formation temperature.
This preference is due to the low melting point of Bi,O;
(820 °C), beyond which it exists in the liquid phase. This
liquid phase of Bi,O; is responsible for all the variation
observed in microstructure depending on the amount of liquid
phase present during the high temperature anneal. The

Fig. 6 FESEM micrographs of Lag7_xBixBag3sMnOs (x = 0, 0.05, 0.1, 0.2, 0.3, and 0.4) captured at 10 Kx magnification.

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Variations in the grain sized (D), experimentally measured density
(pmra), and porosity as functions of bismuth concentration.

microstructural developments in Bi-substituted (LaBa)MnOj;
can thus be discussed using liquid-phase grain growth kinetics
represented by the equation Df — Dj = Kt where D, is the
average grain size at the nth second, D, is the initial size, n is
the growth exponent, K is the rate constant, and ¢ is the time.
According to the Arrhenius equation, the rate constant is
related to the absolute temperature T according to the equation

K= KOE%, where K| is the Arrhenius factor, Q is the apparent
activation energy, and R is the universal gas constant.®® There-
fore, if the temperature and time of soaking for each specimen
are kept constant, the final grain size depends on rate constant
and hence the activation energy.

Impurities in the precursors can modify the activation
energy by segregation, precipitation, or melting at the grain
boundaries and can act as promoters of grain growth.®® Though
Bi,O; is used here as a substituent and not an additive or
impurity, it melts before the formation of the perovskite
structure, thus assisting the diffusion of the other constituent
atoms. The findings drawn from the grain size analysis, and the
density and porosity values can thus be discussed based on the
amount of liquid-phase Bi,O; present in the specimen at the
time of heat treatment. Three different mechanisms can be at
play and collectively determine grain growth at different con-
centrations of Bi.®**®® The first mechanism is bulk diffusion;

15022 | J Mater. Chem. C, 2025, 13, 15013-15040
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when the liquid phase of Bi,O; is absent or insufficient, the
grain growth is determined only by the diffusion of the con-
stituents based solely on the temperature at the time of heat
treatment. The temperature dependence of the diffusion coeffi-
8
cient is defined as y = nye (?> , where 1, and f are constants.®*
The exponential dependence indicates that crystal growth
escalates with increasing temperature. In this scenario, the
temperature at which the parent sample was heat-treated is
low but sufficient to cause a completely packed grain distribu-
tion with small but approximately the same-sized grains and no
porosity. The grain boundary density is very high, which is an
indication of insufficient surface energy for the promotion of
grain growth. This region of Bi,O; substitution corresponds to
the highest activation energy. The second mechanism is
solution reprecipitation: a thin layer of Bi,Oj-rich liquid pre-
cipitates at the boundaries during heat treatment. However, for
solution reprecipitation to occur, a certain minimum amount
of the liquid phase must be wetting the grain boundaries.®® A
dramatic variation in activation energy occurs at this level of Bi
substitution, leading to a collapse. This happens because the
liquid phase not only escalates mass transfer but also forms a
wetting meniscus, leading to capillary pressure for obligatory
movements of the constituent atoms. Thus, LBB5 and LBB10
belong to a percolative class, in which the activation energy
begins to drop but the diffusion of atoms is still determined by
the dwell temperature. Heavy atoms, such as La and Ba, resist
the overall diffusion, while the Bi,O; liquid phase facilitates
it.! Therefore, the grain size improves moderately, and the
system is compact with a small number of trapped pores at the
grain boundaries. LBB20 belongs to the class of critical concen-
tration, at which rapid grain growth occurs. The activation
energy drops to the minimum value around this concentration,
and the thickness of the liquid phase of Bi,O; is adequate to
provide enough capillary pressure for substantial mass trans-
fer. The processes involved are solid-state solubilization and
pore segregation.®” The term reprecipitation indicates the fact
that during the creation of giant grains, the smaller, thermo-
dynamically unstable grains dissolve in the liquid and precipi-
tate on larger grains.®® The grain size at this level of
substitution is the largest with clear grain boundaries. The
pores escape from the grain core and reside at the grain
boundaries, leading to homogeneity in the interior of the
grains.®” After 20% Bi substitution, the third mechanism i.e.
mass transfer through a thick liquid layer begins. Here, the
amount of Bi,O; liquid is so excessive that it causes a barrier for
the motion of atoms. In this case, the grain growth rate is
expressed as dé = 2DSMg (E -
dr KTpé \Gy
constant of the solid in the liquid, S is the solubility of the flat
surface, M is the molecular weight of the solid (LaBaMnOy3), o is
the energy of the solid liquid interface, K is a constant, T is the
temperature, p is the density of the solid, ¢ is the thickness of
the liquid layer, and G, is the critical grain radius below which
they dissolve and above which the grains sustain and the
melted grains grow on them.®®® Clearly, as the thickness of

1), where D is the diffusion

This journal is © The Royal Society of Chemistry 2025
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the Bi,O; liquid layer increases, the grain growth rate
decreases. As a result, LBB30 and LBB40 show a constant grain
size smaller than that of LBB20. The samples show vivid open
porosity due to the evaporation of a large amount of Bi,O;. The
density of the specimens with increasing Bi substitution shows
a nearly linear dependence up to 20% because, given a volume
of the specimen, Bi substitution increases the molar mass of
the system linearly, while the porosity remains approximately
the same. Beyond LBB20, a decrease in density is observed
mainly because of the deterioration of the microstructure due
to the evaporation of large amounts of Bi,O; during the final
sintering  process.”’ These microscopic developments
prompted a detailed investigation of the elemental composi-
tion of the prepared sample. The elemental compositional
analysis was undertaken through EDS measurement and XPS.
An advanced technique like XPS can help understand not only
the elemental composition but also the chemical environment,
valence state of atoms based on the extent of substitution and
probable vacancies. This can indirectly shed light on physical
properties, such as structure and magnetism. The elemental
composition obtained using EDS suggests a large variation
from the expected stoichiometry of Bi, Mn and O. Since EDS
is a surface technique and considering the operating energy
range of the system, various interactions of electrons with the
sample might result in the attenuation of the signal reaching
the detector. Thus, it may not be appropriate to consider this
elemental composition. However, the details are provided in
ESL}

X-ray photoelectron spectral analysis

Fig. 8 presents the survey spectra of the three samples (LBBO,
LBB20 and LBB40) chosen based on structural implications to
find the cause of the phase transition. Each spectrum is
corrected for the binding energy (BE) to account for the shift
caused by charging, considering the carbon 1s core line as the
reference. All the features observed in the survey spectra

"—T1BBO
g ———LBB20
Z n

E ——— LBB40

Intensity (a.u)

Badd npy, 3

Mn 3p

1200 1000 800 600 400
Binding enegry (eV)

Fig. 8 XPS survey spectra of LBBO, LBB20 and LBB30 (bottom to top,
respectively).
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confirm the presence of the expected elements. The strong
signals at 838.2 eV, 778.9 eV, 641.7 eV, 529.4 ¢V and 159.2 eV
correspond to the La 3d, Ba 3d, Mn 2p, O 1s and Bi 4f core
electron binding energies.®® Additionally, a prominent signal is
seen at 284.6 eV, corresponding to adventitious carbon, which
is an unexpected species that may have accumulated on the
surface of the specimen during handling and storage. However,
favourably, it serves as a reference for charging correction for
all other elements during the scan. Assuming the Shirley
background for the characteristic photoelectron lines, the
estimated percentage composition of each element did not
match the expected numbers; nevertheless, the substitution is
evident from the intensity of La and Bi core lines and the shift
in the Bi core line. The intensity of the La core line plummets
with the shift in the Bi core line, but the intensities of the Ba,
Mn and O core lines markedly remain the same. To visualize
the shape of the BE curve and the shift in BE position, the
stacked plots are given in ESL{ The distinct feature in the XPS
spectra of the A-site and B-site elements is the spin-orbit split
(SOS) of the core level peaks into two components due to the
interaction between the spin and orbital angular momentum.
This is typical of heavy elements, such as lanthanides, transi-
tion metals (TM) and heavy main group elements (Bi). Appar-
ently, even though Ba is an alkali-earth metal, it shows SOS
perhaps due to its large atomic number and the resultant heavy
nuclear charge, leading to a strong spin-orbit interaction.
Having known the BE positions and separations, a deconvolu-
tion was carried out using CasaXPS peak fitting software to
assign each of these features, understand the precise variation
in their BEs upon Bi substitution, and understand different
types of chemical bonding involved in structure formation.
The photoelectron spectra of lanthanum-based compounds
are well-known for their complex array of peaks. In a broad
sense, it includes a doublet structure (3ds,, and 3dj/,) with a
strong satellite peak (shake-up) in addition to the main photo-
electron peak in each core level. The SOS has neighbouring
plasmon lines and La MNN auger peaks. In perovskites, La is
expected to exist in the +3 ground state (3d'°4f°). Upon inter-
action with X-rays, the photoelectrons are ejected, resulting in
the final states described as cf’(3d"°4f° + h9 — 3d°4f° + e) and
cf'L (3d™°4f° + h9 — 3d°4f'L + e), which are also called
unscreened and screened core level photoemissions, respec-
tively. The screening is the result of charge transfer from the
valence band of the ligand to the 4f° orbital of the core ionised
La. This happens because of the sudden increase in (nearly one
unit) effective nuclear charge experienced by the valence elec-
tron of the ligand upon primary photoionization. Here, ¢
represents the La core hole, 0 and 1 represent the absence
and presence of f electrons, e is the photoelectron and L is the
hole in the ligand valence band. The screened core level is
further divided into bonding (B) and antibonding (AB) con-
tributions; for most of the compounds, the cf'L antibonding
and cf® overlap. The intensity and separation between the main
peaks and satellite are subtle and solely depend on the ligand
atom involved in bonding. In short, the mixing of final states
with and without charge transfer and the presence of bonding
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Fig. 9 Deconvoluted core spectra of the La 3d and B 3d regions of LBBO,
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and antibonding states decide the complex structure of the
lanthanum photoelectron spectrum.”®”*

The deconvolution of the La 3d core spectrum is shown in
Fig. 9. The distinct features are labelled with the corresponding
contributing orbitals. If monochromatic Al Ko radiation is used
for photoionization, the strongest signal of La, which is the La
3d core line, appears with an intense La auger signal (La My 5
N,s: La MNN); its interference is usually seen in the energy
range of approximately 840 to 870 eV. This region is above the
La 3ds, SOS component, thus, only the La 3ds,, core line was

15024 | J. Mater. Chem. C, 2025, 13, 15013-15040
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LBB20 and LBB40 cps: counts per second, bgr: background, IES: inelastic

considered for deconvolution. The deconvolution was carried
out considering three peaks, including cf’, cf'L, AB and cf'L
B.”%75777 However, some works on lanthanoids and related
compounds have considered only two peaks for deconvolution,
ignoring the bonding and antibonding states resulting from the
electron-hole exchange (a strong signal: J = 1 and a cluster of
weak signals: J # 1). Moreover, some studies have reported four
deconvolutions within one doublet, with alternate assignments
to La-based oxide and hydroxide, rooted back to the same
inconsistency. The peak positions, FWHM and area

This journal is © The Royal Society of Chemistry 2025
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corresponding to the cf’, cf'L AB and cf'L B final states are
given in Table 4. The cf® and cf'L B final states of LBB0, LBB20
and LBB40 are found at nearly the same positions: 832.8 eV and
837.8 eV, respectively. Only the cf'L AB final state is shifted to a
higher BE by 0.7 eV w.r.t. 834.4 eV. The energy difference
between the cf® and cf'L B final state increases from 4.8 eV to
5.1 eV, and the energy difference between cf'l, AB and cf'L B
decreases from 3.2 eV to 2.7 eV from LBBO to LBB40.
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Interestingly, the area ratio between cf® and the cf'L B final
state changes from =5 to 0.9 from LBBO to LBB40, emphasis-
ing that the intensity of the shakeup reduces at the cost of the
main peak and becomes equal, whereas the intensity of c¢f'L AB
remains nearly the same. The peak positions observed in this
study match fingerprint spectra of La,O; and La-based perovs-
kites, such as LaCrO;, LaMnOj;, LaNiO;, Lagq¢s;Bag sFeOs,
Lag.o5Bag.0sC00; and LaNig gC0,,05.”%7% This verifies that, in

Table 4 Binding energy peak positions, separation, FWHM, area under the peak, and area ratios after XPS deconvolution. The description of the

superscripts used in the table is given in the footnote

Sample code  Element Core level Peak name Species Peak position BE separation @FWHM  Area % Area  Area ratio
LBBO La 3d 3ds), cf° 832.8 4.8* 2.24 18675.0 10.3 4.8%
cf'LAB  834.4 3.28 3.2 73163.6  40.2 1.2°
cf'L B 837.6 — 3.6 90038.2  49.5 —
LBB20 3ds, cf® 832.6 5.0% 3.7 32506.7  24.0 12
cf'L AB  834.6 3.0% 4.3 70358.8  52.0 0.5°
cf'L B 837.6 — 2.8 32482.1  24.0 —
LBB40 3ds), cf’ 832.7 5.14 3.1 21096.0  25.6 0.9%
cf'L AB  835.1 2.7% 4.1 42446.4 515 0.4°
cf'L B 837.8 — 2.9 18866.9  22.9 —
LBBO Ba 3d 3ds, SO 777.6 15.2¢ 1.6 7739.5 3.5 1.1¢
o 779.2 3.4 120032.1  53.5
3d;), SO 792.8 15.3° 1.8 6892.1 3.1 1.5¢
o) 794.5 3.4 825772  36.8
LBB20 3d 3ds,, SO 776.2 14.9¢ 3.0 15668.5 7.8 1.4¢
e} 778.4 3.4 98165.3  48.7
3d;, SO 791.1 15.2° 2.7 10885.1 5.4 1.3¢
o 793.6 3.4 74374.2  36.9
LBB40 3d 3ds, SO 776.8 15.3¢ 1.9 11233.8 6.0 1.5
o) 778.7 3.4 95916.9  51.5
3ds, SO 792.1 15.3° 1.6 7499.4 4.0 1.5¢
o) 794 3.2 64996.3  34.9
LBB20 Bi af af,, Bi’ 156.4 5.3" 1.7 8344.2 12.2 1.1°
Bi** 158.4 2.2 282843  41.4
af), Bi® 161.7 5.3F 1.8 7390.8 10.8 1.3f
Bi** 163.7 2.2 21564.7  31.6
LBB40 af af,, Bi’ 157.1 5.3" 1.7 29870.5 18.2 1.2¢
Bi** 159 2.2 59 680.6 36.3
afy, Bi® 162.4 5.3% 1.7 24022.9 14.6 1.3f
Bi** 164.3 2.2 45822.7  27.9
LBBO Mn 2p 2P/ Mn** 641.2 11.46 3.5 39900.0  42.6 2.18
Mn** 643 3.1 18260.8  19.5
2Pz Mn** 652.6 11.48 3.2 19400.0  20.7 2.0"
Mn** 654.4 2.5 9135.3 9.8
LBB20 2p 2Psn2 Mn** 640.5 11.5¢ 3.9 42996.0  43.7 1.98
Mn** 642.2 3.7 21496.9 21.8
2p1)2 Mn** 652 11.8 1 3.8 23076.3 23.5 2.0"
Mn** 654 3.5 10849.1  11.0
LBB40 2p 2P3/ Mn** 640.7 11.5 3.6 43437.6  41.6 2.08
Mn** 642.6 3.1 23251.3  22.3
2Pz Mn** 652.2 11.6 1 3.6 21883.9  21.0 1.80
Mn* 654.2 3.3 136217 125 .
LBBO o 1s O, 528.3 2.7" 1.5 8624.9 6.8 0.67"
O, 529.7 3.0 67430.6  53.3
Oap 531.7 3.6 50459.6  39.9 .
LBB20 1s O, 527 2.6" 2.0 18887.1  15.6 0.53"
O 528.9 2.2 52965.0  43.8 4
Osp 530.6 4.1 2.7 36947.0  30.6 0.17
Oc 532.1 3.1 12641.2  10.0 _
LBB40 1s o} 527.7 2.4' 2.0 30654.4  25.6 0.29'
O, 529.5 2.1 52829.9  44.1 )
Oup 531 3.8 2.4 24635.4  20.6 0.16’
O¢ 532.4 2.7 116146 9.7

A: cflLBch a: cf'L B/cf0 B: cf'L B- cflL AB, b cf'L B/cflL AB, SO: sub oxide, O: oxide, C: sog/2 sog,z, c: som/som,D og,Z Os, d: og/z/og,z,E Bis»’-

Bi,’, e Biy;n°/Bis,’, F: Bisp® -Bisn’', f: Biy,® /Bisp’,
Oy (average), i: Oap/Or(sum), J: Oc- OL(average) ji it OC/OL(sum)

This journal is © The Royal Society of Chemistry 2025

G: Mny,° " -Mng,*", g: Mng,® /Mny ™,

H: Mn1/2 —Mn3/2 , h: Mns/z /Mn1/2 I: Opp-

J. Mater. Chem. C, 2025, 13, 15013-15040 | 15025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc00829h

Open Access Article. Published on 23 June 2025. Downloaded on 3/16/2026 1:31:11 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

the samples under investigation, lanthanum must be in the
La** state similar to La,O,; however, the presence of La,O; due
to an incomplete reaction is ruled out as there are no reflec-
tions indicating La,O; (20 = 30°) in the XRD pattern. Peter
Burroughs et al.”? state that the resemblance between the La
photoelectron peaks of La,O; and La-based perovskites is
because the shape and position of the satellite is confined to
the La** atom or LaO, cluster and is independent of site
symmetry. However, the intensity and position of the main
peak and satellite are greatly determined by the ligand attached
to the La*" atom. Therefore, it can be concluded that La*" is in
the perovskite framework. An energy separation ranging from
4.5 €V to 4.9 eV between the cf’ and cf'L B final states is the
fingerprint of La,O; or perovskite systems. However, in the case
of La(OH)3, it is 3.9 eV, and in the case of La,(COj3)3, it is 3.5 eV.
Considering these facts, it is believed that La atoms in all three
specimens majorly have the La,O;-type chemical environment.
However, rare-earth compounds are hygroscopic in ambient
conditions and spontaneously react with moisture to form
La(OH); not only on the surface but also in the bulk of the
sample.”®®® The as-studied specimens also show indications of
hydroxyl contamination. Generally, the hydroxyl cf® signal is
evident above 834.5 eV,”>”>7® so considering the fact that cf°
and cf'L AB final state are not distinct but have extensive
overlap,”” the average of these two positions fall between
833.6 eV and 833.9 eV. Thus, the new energy separation
between the main peak and satellite changes from 4.1 eV to
3.9 eV, which corresponds to La(OH);. Further, the extent to
which cf® and cf'L AB final states appear on the BE scale
(FWHM cf’° + FWHM cf'L AB) increases significantly from
LBBO (5.4 eV to 8 eV). The broad FWHM in the XPS is because
of the multiple overlapping chemical states, different bonding
environments of the same element or components showing
signals in the same BE region. These findings hint at partial
hydroxylation of the compound even in the bulk of the sample.
This was also confirmed by the faint parasitic signal at a 20
value of 29° in the X-ray diffractogram. Amongst all the features
observed in the La 3ds, core spectra, the enhanced energy
separation between the satellites of the doublet and suppres-
sion of the satellite intensity at the cost of the main peak upon
bismuth substitution are notable.

Hypothetically, the energy difference between the doublet
components AE; depends on the spin-orbit constant &,;, which

is related to the expected <%> value of the average ionic radius
of atoms involved in the orbital. This means &,; increases with
the atomic number Z for a given subshell (n and [) and
decreases as [ increases for a given n.”* In other words, if the
valence electron moves away from the atom, the effective
nuclear charge increases, causing the core level electrons to
move closer to the nucleus, resulting in strong spin-orbit
coupling. Considering this, in the as-investigated samples, it
is believed that upon Bi substitution, the local environment
around La changes in such way that the O 2p electrons, which
were available for charge transfer, localise at the Bi site,
increasing the effective nuclear charge of La substantially.

15026 | J Mater. Chem. C, 2025, 13, 15013-15040
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Because of the resultant strong spin-orbit coupling, AE;
improves across the series (LBBO to LBB40). Regarding the
decline in the intensity of the satellite peak, it is directly
influenced by the nature of bonding between the cation and
the ligand. It is proportional to the charge transfer from O 2p to
the metal 4f level; in other words, the intensity of the charge
transfer shakeup increases with increase in the covalency of the
bond.?”"5 A divalent cation like Ca®", Sr** or Ba®>" improves the
relative covalency on the La-O bond as it induces an effective
negative charge in the lattice. At this stage, the ligand tends to
take an electron, thus improving the overall electronic cloud
density around the anion. In this situation, there is an abun-
dance of electrons around La, leading to improved covalency of
the La-O bond. However, a strong electronegative ion, such as
Bi**, drastically reduces the covalency of the La-O bond as it
seizes the electron of the O 2p orbital at its site. The La site is
thus greatly ionic, resulting in a reduction in shakeup intensity.
This not only provides a reason for the changes observed in the
La 3d core spectra but also validates the successful substitution
of bismuth in the perovskite framework.

The deconvoluted Ba 3d core spectra (Fig. 9) uncovers
inelastic scattering signals®”®' along with the asymmetric
doublet core lines. The spin-orbit doublets (3ds,, and 3ds,)
are separated by an energy difference of ~15.3 eV, and the
intensity ratio is close to the ideal value of 1.5 (Table 4) in all
the samples, confirming that the origin of the signal is spin-
orbit coupling. The asymmetry in the Ba 3d core line is
apparent from the deconvolutions, which suggest the presence
of two or more chemically different phases of Ba in the
samples. The lower BE shoulder components occur at 776.6 +
0.2 eV and 791 to 793 eV. As shown in Fig. 9, the 3d3,, signal has
an overlapping contribution from the inelastic scattering com-
ponent, which is perhaps insignificant in the current discus-
sion. However, although the shoulder signal of the 3d;/, branch
is at the same position after Bi substitution, it shows a
significant increase in intensity (area%) upon substitution.
This finding infers the existence of a common phase other
than the perovskite in all the specimens. This phase is attrib-
uted to Ba® in an oxygen-vacant environment and/or at an
inequivalent crystallographic site. This can also be attributed to
Ba defects in the crystal®**® (also referred to as the sub-surface
or sub-oxide phase). The main peaks found at 779.2 eV and
794.5 eV in LBBO correspond to lattice Ba in +2 oxidation state
in the perovskite environment. These core lines shift to lower
BE values by 0.8 and 0.5 eV, respectively. Though this shift is
insignificant with respect to the instrumental resolution, the
direction of the shift is noteworthy for alkaline-earth metals.
Therefore, the central question for discussion regarding the Ba
3d core spectra is the negative BE shift of the core line of the
oxide w.r.t. metallic Ba. The same is true for the La 3d core line
in La-based oxides. According to some reports, the metallic Ba
core line (3dsj,) is found at 780.4-781 eV.**®® Generally, in
oxides, when charge transfer happens from the initial state of
the cation to the ligand during bond formation, the electro-
static potential of the cation increases, which increases the core
level BE. However, these Ba-based compounds show a shift in

This journal is © The Royal Society of Chemistry 2025
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the core line to lower values w.r.t. the metal. In LBBO, the core
line was found at 779.2 eV, demonstrating a ~1.5 eV negative
shift compared to metallic Ba. This behaviour is majorly
attributed to extra-atomic relaxation (EAR) effects.”>*® A similar
effect has been reported in the core level spectra of Ag during
transition from Ag,0 and AgO (where the oxidation state of Ag
changes from 0 to +1 and +2) and Cd to CdO.”” In general, the
overall shift in the core-level BE of an atom when its chemical
environment is changed is the sum of the relaxation energy
shift, lattice potential shift and valence shift. The relaxation
effects arise due to the redistribution of electron density within
the ion and its surroundings after photoionization. The lattice
potential shift arises because of the screening effect of the
surrounding ion cores on the atom under investigation and
depends on the crystallographic structure. The valence shift is
the consequence of electron transfer from or to an atom during
chemical-bond formation.”" Though EAR leads to a negative
shift of the core BE from metal to oxide, for oxide specimens, as
long as there are no changes in the oxidation state and/or
crystal structure, EAR can be ignored. In this regard, it should
be noted that the crystal lattice of Ba metal is base-centred
cubic and rhombohedral for LBBO. It changes back to cubic in
LBB20. The corresponding Ba-Ba bond distance in the metal =
4.33 A changes to 3.91 A in LBBO and then rises to merely 3.92 A
in LBB20. Interestingly, a reduction in the FWHM of the Ba-
MNN auger peak (860-930 eV) is observed from LBBO to LBB40.
This indicates the dormancy of EAR in deciding the negative BE
shift within the oxide series, as speculated, and the crystal-
lographic observations rule out lattice potential shifts. Thus, it
is assumed that valence effects decide the net negative shift in
BE. It is likely that the electron-withdrawing nature of Bi**
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changes the lattice environment in such a way that Ba-O
bonding becomes weaker. This results in increased electronic
density around barium and hence a negative shift in BE. Apart
from the negative shift, from the crystallographic point of view,
the area% estimations reveal that 94%, 86% and 90% of Ba
intensity comes from the perovskite environment in LBBO,
LBB20 and LBB40, respectively, and the remaining intensity
corresponds to the non-perovskite form.

Fig. 10 shows the deconvolution of the Bismuth 4f core
spectra of LBB20 and LBB40. The peculiarity of these spectra is
the existence of a shoulder intensity on the lower BE side of
both 4f,,, and 4f5/, core lines. The major signals of these core
lines of LBB20 and LBB40 appear at 158.4 eV, 163.7 €V,
159.0 eV, and 164.3 €V, respectively. The spin-orbit doublet
nature of these lines in both the samples is confirmed by the BE
separation (ABE) of 5.3 eV and the intensity ratio close to 1.33
(Table 4).°*7'%> A similar observation for the shoulder intensity
means that the shoulder belongs to bismuth but of a different
oxidation state.

The contribution at ~154 eV is the signal of the X-ray
satellite peak corresponding to Al Ko 4."% There can be several
reasons for the origin of the shoulder intensity observed on the
lower binding side of the main peak. Some researchers con-
sider it to be a multiplet arising due to crystal field effects and
degenerate electronic energy.'® A few other studies attribute
this peak to a Bi suboxide with an oxidation state of Bi**™*
resulting from long exposure to a reducing vacuum environ-
ment. Some assign it to a Bi-rich parasitic phase and others to
metallic bismuth (Bi®).”*'901%>71% Notably, in this context,
there cannot be any other charge state of Bi (for instance,
Bi** or Bi*) as long as the samples are not sintered at high

Bi 4f

Intensity (a.u)

Bi 4f

ﬂ4f7/2 I—i—cpst10'3

;’A? —Bi"?
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Fig. 10 Deconvoluted XPS high-resolution spectra of the Bi 4f core level for LBB20 and LBB40.
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oxygen pressure'®® or Bi is substituted at the B-site of the
perovskite. Further, the BE positions in the Bi core spectra
are largely susceptible to their chemical environment than the
oxidation state.'%>'%%!1% After careful consideration and BE
position matching with the literature, the shoulder appearing
in the Bi spin-orbit doublet is inferred to be the signature of Bi°
(metallic bismuth). Therefore, the main peak in the 4f core
signal corresponds to the Bi** species residing at the A-site of
the perovskite lattice, and the shoulder corresponds to metallic
bismuth.'®%'%*1% The formation of Bi® is the consequence of
the reduction process. The thermal decomposition of Bi,O3,
when heated above its melting point, leaves behind metallic
bismuth accompanied by the consequent evolution of oxygen
gas. It was observed that with an increase in Bi substitution, the
metallic content also increased. The Bi*": Bi® was found to be
76:24 and 67: 33, respectively, for LBB20 and LBB40.

By and large, first-row TMs like Mn always pose serious
challenges due to different possible charge states and the
corresponding small BE differences between them. In the
deconvoluted Mn 2p core spectra, the core lines of manganese
ions, viz. Mn**, Mn*" and Mn"*, are separated not even by 2 eV,
which is close to the resolution of most XPS measurement
systems. As a result, if a given XPS photoelectron spectrum
contains more than one ion of the same element, it is unlikely
to resolve them into separate contributions. Moreover, the
satellites of the 2p3,, core line are weak irrespective of the Mn
ion present. On the other hand, the said species of Mn ions
assume high spin states in oxides and hydroxides, leading to a
broad distribution of peaks as a consequence of multiplets.***
The high spin state is common in manganese ions with lower
oxidation states, which are attached to a weak field ligand, such
as oxygen (O®7). This is also true for Mn"", even though it
assumes a higher oxidation state. The high spin state arises
from the unpaired electrons retained in the e, orbital of Mn*"
(2e) and Mn*" (1e). The weak field ligands produce smaller
crystal field splitting, which is not sufficient to overpower the
cost of pairing energy for the unpaired valence electrons. Thus,
due to the overlapping peaks of different oxidation states, their
multiplet nature and hazy satellites, the deconvolution of XPS
core spectra of first-row TMs is usually difficult and not
preferred. Rather, the ABE between the SOS and the separation
from the main peak to the oxygen (in general, ligand) core line
are appropriate criteria to determine the possible chemical
state and environment of TMs in the compound.®*>'" In
contrast, even though the multiplets in the XPS photoemission
spectra of TMs are not resolvable, the spectrum of each
isovalent ion of the TMs presents salient features with respect
to multiplets. The theoretical study on Mn free ions by R. P.
Gupata et al. revealed five multiplets for Mn®*. The BE max-
imum of multiplets was found at 642.3 eV with a plateau on the
lower BE side (two peaks of the same intensity) and a shoulder
on the higher BE side (fourth peak). Along with these peaks, a
distinct fifth peak occurred at 644.9 eV. The Mn*", on the other
hand, had the maximum for the multiplets at 641.9 eV with a
shallow slope on the higher BE side, indicating that the rest of
the multiplets lie in this region. The distinct 5th multiplet was
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located at 646.8 eV." """ H. W. Nesbitt et al.'*" attempted a fair
correlation of their work with the theoretical work by R. P.
Gupata et al. and experimental works of other researchers.
Notably, their deconvolution identified the BE maximum of
Mn*"-rich manganite at 641.8 eV and those of Mn"*-rich
manganites ranging from 641.9 eV to 642.6 eV.'"' Indepen-
dently, Michael A. Stranick"'>™*'” reported the XPS spectra of
Mn(C,H;0,),, Mn,0; and MnO, as prototypes for Mn**, Mn**
and Mn"*, which showed similar spectral characteristics to
those of H. W. Nesbitt. Based on the above observations and
dataset, the Mn 2p core spectra were deconvoluted in this work,
as shown in Fig. 11. The only difference between the literature
and this investigation is the FWHM of the Mn 2p;/, whole peak.
It has been reported that the FWHM of samples solely contain-
ing Mn®" ranges from 2 eV to 3.1 eV and those of samples with
Mn*" lie in the 2.5 eV to 3.5 eV range. However, in this study,
the FWHM was found to be ~5.4 eV. Even after considering
instrumental broadening, this value seems to be significantly
large enough to host a single species. Obviously, the samples
under investigation are MVMs with a charge ratio of 2.33 (Mn®"/
Mn*": 70/30), and it is expected to remain the same as Bi*"
replaces La*". Thus, it is believed that along with instrumental
contributions, there can be a distinction in the core spectra of
Mn** and Mn"", leading to broad peaks unlike many oxides of
manganese with mixed valency. The multiplet nature of Mn®*
and Mn*" is not accounted for because the salient features were
not identified, so a broad peak for each charge state is con-
sidered for Mn 2p;z, and 2p,,, along with an occasional
presence of a third component in each doublet at 645 eV. The
two broad signals observed in the Mn 2p spectra correspond to
the SOS of Mn 2p (j = 3/2 and j = 1/2), as confirmed by the area
ratio ~2:1 (0.5) (Table 4) between the deconvoluted peaks of
Mn 2pz;, and Mn 2p;,. The ABE ranging from 11.4 eV to
11.8 eV also confirms the same. The peaks at 645 eV and
656.3 eV in the case of LBBO and 644.8 eV in the case of
LBB40 correspond to the Mn®* satellite. Such satellites are
not recognizable in LBB20, so it was not considered for decon-
volution. The mixed valent nature of the studied specimens is
established by the successful deconvolution of Mn 2p;/, and
Mn 2p,,, into four peaks. The lower energy peak of each core
line corresponds to Mn®*, and the higher energy peak of each
core level is attributed to Mn*". Interestingly, the area ratio
between Mn>*/Mn** (including the satellite of Mn**) in LBBO is
2.4 or 71:29, which is close to the expected ratio of 70: 30. This
confirms the purity of the sample at its bulk. However, the ratio
changed to 67:33 and 65: 35 in LBB20 and LBB40, respectively.
As the preparation conditions were the same, the escalation in
Mn*" concentration is believed to be a consequence of vacan-
cies (essentially Bi*") at the A-sites of the perovskite lattice.
The deconvolution of the O 1s core spectra is challenging
due to its complex nature when the specimen under considera-
tion has many chemical components with various characteris-
tics, bonding with oxygen. This can lead to the formation of
several non-equivalent metal-oxygen bonds. Additionally, the
reactivity of the specimen with atmospheric contaminants, the
conditions during sample preparation and experimentation
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Fig. 11 Deconvoluted Mn 2p and O 1s core spectra of LBBO, LBB20 and LBB40.

parameters can greatly influence the original signal of the O 1s
spectra. The deconvoluted O 1s spectra of LBBO, LBB20 and
LBB40 are shown in Fig. 11. The asymmetric nature of the
spectra is evidence for the existence of oxygen signals of
different origin. Generally, the signals at low BE are attributed
to the metal-oxygen bonds of a crystal lattice with higher
coordination and the contributions at higher BE come from
oxygen linked to basic metals, absorbed/adsorbed oxygens
species, hydroxyls, carbonyls, carbonates, cationic vacancies
and water content. The LBBO O 1s spectra could be

This journal is © The Royal Society of Chemistry 2025

deconvoluted into three contributions, two of which (lower
BE) were at 528.3 eV and 529.7 eV (Table 4). The ABE between
these peaks was 1.4, which is just above the resolution of the
instrument, thus can be boldly considered as separate contri-
butions. The minor peak belongs to the lattice oxygen (Oy;) of
the Ba-O bond in the perovskite environment®>%%>118119 and
the major peak (Oyp,) corresponds to the overlapping signals
of the Mn-O and La-O bonds in the lattice.’®°>'">"¢ The
third broad peak (adsorbed oxygen: O,p) at 531.7 eV corre-
sponds to a superposed contribution from hydroxyl groups
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(OH™), adsorbed oxygen species (0,>”, O, and O~) and
carbonyl groups (C=0). It is known that the presence of basic
elements, such as barium, in the crystal lattice of LaMnO; can
induce oxygen vacancies at the subsurface level. The surface
molecular oxygen adsorbates react with these oxygen vacancies
and lead to an increase in the adsorbed/absorbed oxygen
concentration in the surface structure.’>°>"*° Further, hydro-
xylation is inevitable in La-containing oxide due to their high
reactivity with moisture.”” The ABE of 2.7 eV (Table 4) between
Oup and Oy, (average) confirms the presence of hydroxyl in the
specimen.®® The presence of adventitious carbon with carbonyl
functional group C—=O is confirmed by the signal in the C 1s
spectra at around 288-290 eV.'°° The presence of adsorbed
water is ruled out as its peak appears above 533 eV.%¢ Generally,
the lattice oxygen component with overlapping contributions
from metal-oxygen bonds cannot be split into distinct contri-
butions due to the marginal ABE between them; however, if the
chemical components largely vary in their ionicity, there is a
high likelihood for some elements to exhibit distinct signatures
in the O 1s core spectra, as discussed in the following sections.
The O 1s spectra of LBB20 and LBB40 were markedly different
from the LBBO spectrum. Apart from the three contributions
seen in LBBO, a new component was observed above 532 eV.
The minor and major of O;, peaks were respectively observed at
527 €V, 528.9 eV (LBB20) and 527.7 eV, 529.5 eV (LBB40).
According to the literature, the major peak belongs to the BE
position of Bi-O in the perovskite lattice'®%'0"10%121122 and
Mn-O, and the minor peak may be assigned to La-O and
Ba-O in the concerned perovskite lattice. The lower BE peak
increased in intensity systematically from LBBO to LBB40. The
area ratios Oy, minor/OLmajor Were 0.13, 0.36, and 0.58, respec-
tively, which are roughly in concordance with 1:3:5 Bi%
substitution. The observed changes indicate electronic redis-
tribution and modifications in the bonding environment of the
lattice upon Bi substitution. These changes are thought to
occur when a highly electronegative ion like Bi increases the
iconicity of La and Ba by largely withdrawing the electron
density of the oxygen. As a result, the electron cloud around
La, Ba is modified in such a way that its ionic nature is
enhanced.”*®® Meanwhile, the Bi-O bonding characteristic
becomes largely covalent. This fact can be established by
considering the Pauling electronegativity values of Bi, Mn, La,
and Ba. The Pauling electronegativity value of an element is a
measure of the ability of an atom to attract electrons in a
chemical bond. The larger the electronegativity of a metal atom
to which an oxygen atom is bonded, the higher the BE of the O
1s electron due to the enhanced attraction of the O 1s core
electrons.'® The Pauling electronegativity values of Bi, Mn, La
and Ba are 1.9, 1.55, 1.1, and 0.89, respectively. The widely
spread values of Oy, BE (Table 4), ie. the change in Oy major-
Oy, minor from 1.4 to 1.9, clearly indicate that different types of
bonding exist in the lattices. The La-O and Ba-O bonds are
largely ionic, and Bi-O and Mn-O are covalent in nature;
therefore, they tend to display opposite trends in BE shift,
thereby increasing the Oy, BE spread. The overall shift of Oy,
towards lower BEs is due to the enhancement in ionicity, which

123,124
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was also confirmed by the bond valence calculations (bond
valence sum: BVS) of oxygen. The BVS of oxygen reduced from
LBBO to LBB10 (2 — 1.95 — 1.98) and suddenly switched to 2 +
& beyond LBB20 (2.05 — 2.03 — 2.04). This means upon Bi
substitution, the lattice changes from the state of electron
deficiency to electron excess, which manifests as a negative
shift in BE in the O 1s core spectra.”’ The origin of the third
peak O,p mentioned earlier is highly debatable. In the present
case, for LBB20 and LBB40, the O,p, appears at 530.6 eV and 531
eV, respectively. The attribution to these peaks in most of the
works is to surface-adsorbed molecular oxygen species viz. O,
0,  and/or 0,>" due to the presence of oxygen vacancies at
subsurface levels and surface hydroxyl OH™ groups (typically
531-532 eV)8092:95,120,124,126-128 [(eretingly, a similar BE
position is also attributed to oxygen chemically bonded to
segregated cations at the surface ie. chemi-absorbed
oxygen.”>?>1%12% 1ny this context, it is believed to be the Bi-O
bonding signal resulting from the metallic bismuth present on
the surface. BaCO; also has a typical O 1s signal at 530.8-
531 eV; however, the absence of a photoemission signal at
290 eV in C 1s negates the existence of carbonate species
(CO3%7).°>°® The decrease in the intensity of O,p W.r.t. Of, as
seen from the area ratio (0.67 — 0.29), is due to the reduction
in the surface area of the sample upon Bi substation, which is
verified by the morphological analysis. Discarding the possibi-
lity of adsorbed water, CO, adsorption, and organic functional
groups, the fourth bands (O¢) in LBB20 and LBB40, respectively
at 532.1 eV and 532.4 eV, are attributed to oxide ions with low
electron density and a very low coordination state. Such oxygen
can be associated with cation vacancies in the oxide structure.
This band lies at 4.1 eV from the average lattice oxygen position
in LBB20, and the separation declines to 3.8 eV upon further
substitution, and the area ratio of O¢ to lattice oxygen almost
remains the same. This is in agreement with the trend of the
Mn**/Mn*" charge ratio upon Bi substitution, that is, the
generation of Mn** due to cationic vacancies induced in the
system is not linear but saturable from LBBO to LBB40. This
observation has greater implications for substitution-
dependent structural phase change in the investigated samples.
The C 1s core spectra complement the findings from the O 1s
and Bi 4f spectra. Using a simple double derivative method, the
BE positions in the C 1s spectra indicative of different origins
were estimated. In LBBO, there were two prominent bands at
284.5 eV and 289 eV. These BE positions belong to adventitious
carbon of graphitic type C-C bonding and polar carbonyl C=0O
bonding, respectively. Upon Bi substitution, an additional band
appeared on the lower BE at 282.5 eV and 283.3 eV at 20% and
40% substitution, respectively. This signal comes essentially
from the carbide bonding of Bi-C."**'*! Such bonding between
Bi and carbon is believed to be formed by the reaction between
chemisorbed carbon and metallic bismuth segregated from the
main phase. Notably, with enhanced substitution of bismuth,
all the core levels of A-site, B-site cations and anion shift to
lower BEs, but the core levels of Bi shift by 0.7 eV to a higher BE.
The studies claim that this is due to the strengthening of the
Bi-O bond, which changes the chemical environment, local
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structure and electronic structure around Bi."*” For elements
like Bi, as the oxidation state increases from Bi’, the core BE
shifts higher due to a strong effective nuclear charge experi-
enced by the core electrons. It is thoroughly established that in
the studied specimens, Bi is in the 3" oxidation state (the stable
+5 oxidation state is ruled out based on the BE position of Bi**
in the perovskite environment) and behaves as a Lewis acid,
that is, it can accept electron pairs or withdraw electron density.
The high charge density of Bi*" creates an electron-deficient
environment around the ion, making it capable of accepting
electron pairs. As Bi*" is a heavy ion, the creation of a core hole
further increases the effective nuclear charge of Bi*", resulting
in a positive shift of BE. Meanwhile, less electronegative cations
would act as electron donors to oxygen. In the presence of Bi*",
the redistribution of electron density of oxygen happens in such
a way that the Mn-O, La-O and Ba-O bonds become weak,
leading to a negative shift in BE.

From the findings of XPS analysis, such as, the metallic
bismuth and Bi-C bonding, respectively seen in the Bi 4f and C
1s core spectra, the deviation seen in the expected 70/30 Mn>*/
Mn*" charge ratio and perhaps the additional peak observed in
the O 1s spectra at ~532.1-532.4 eV in LBB20 and LBB40,
clearly indicates bismuth segregation from the perovskite lat-
tice. The consequence of such segregation is the formation of
vacancies in the lattice, resulting in compounds with the
formula (LaBiBa);_,V(Bi),MnOs;, where V(Bi) corresponds to
bismuth vacancies of charge —3 at the A-site. These increasing
vacancies are the root cause of the structural phase transition.
Notably, the A-site vacancies are not intentional as they occur
intrinsically because of the volatility of Bi,O;. The resultant
compound can be considered a self-doped manganite, which is
known to display a structural transition from asymmetric to
symmetric space groups.'??

The effects of lacunarity on structure and magnetism are
strikingly different in rare-earth-deficient and alkaline-earth-
deficient manganites. For instance, La/Nd/Pr deficiency has
detrimental effects on the unit cell volume, whereas Na/Ba/Sr/
Ca deficiency shows an enhancement in lattice parameters and
unit-cell volume."** A nominal deficiency in the latter reduces
the Tc, whereas rare-earth deficiency improves the 7¢'*>"°
marginally. However, the as-prepared manganites, under the
assumption that they are rare-earth deficient, were found to
show a contrary result. The cell volume increases up to LBB10,
followed by a dramatic decrease due to the structural transi-
tions. Although the estimation of tolerance factor and A-site
cationic variance using empirical and statistical approaches
doesn’t support such a dramatic change, the tolerance factor

(A-0)
V2(B—0)
(B-O) are the expected bond lengths of the A-site and B-site,
respectively) shows a significant improvement approaching
unity. At this point, it is important to consider the average
ionic radius (ry) of the A-site. Assuming La, Bi, and Ba in 9
coordinates, the (r,) undergoes a small change from 1.29 A to
1.30 A, but in 12 coordinates, its changes from 1.43 Ato1.45A.
Notably, these values do not include the vacancy radius. The

estimated using the formula 7 = (where (A-O) and
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cationic vacancy radius is significantly larger compared to the
corresponding cation and thus would result in significant
changes in (r,) i.e. internal pressure. In a recent work on the
effect of bismuth in tuning structural transitions in NaNbQ;,"*”
the co-existence of multiple ion species at the A-site was found
to yield a disordered system with increased configurational
entropy. These disorders caused an ordered asymmetrical
structure to fully convert into a disordered cubic phase. The
increasing disorder at the A-site was accommodated by an
anomalous expansion of the lattice during the order-disorder
phase transitions. An exact replication is observed in our
specimens, with an anomalous change in lattice volume seen
at the LBB10-LBB20 boundary.

Temperature-dependent magnetic analysis

The temperature (7)-dependence of magnetization (M) in the
zero field cooled (ZFC) protocol, the second order derivative of

d>(M) . . . s 1
M, a7 and linear fit to inverse susceptibility (y ) are

shown in Fig. 12. The distinct feature of the variation in
magnetization is the step-like transition from nearly zero
positive values of M at high temperatures to significantly higher
M at low temperatures. This denotes a typical transition from a
paramagnetic (PM) to a ferromagnetic (FM) state. The tempera-
ture at which the transition happens is called the Curie
d* (M)
dr?
plot. The T¢ values were 333 K, 315 K, and 293 K for LBB0O, LBB5
and LBB10, respectively. Evidently, magnetization in the FM
regime reduced visibly from LBBO to LBB10. The reduction in
Tc and M with Bi** substitution to La®" is quite intriguing as
both are isovalent and nonmagnetic in nature. It is well-known
that the magnetism of MVMs is dependent on the transition
metal ion Mn, unless magnetic rare-earths are present at the A-
site. The magnetic interaction between the two ions (Mn** and
Mn*") arises due to the double exchange (DE) mechanism;
electron hopping occurs between the ions through a bonding
ligand. The strength of hopping depends on the extent of mixed
valency, average bond length ((Mn-O)) and average bond angle
((Mn-0O-Mn)).” In this context, the bandwidth of the conduc-
tion band for electrons indicates whether an electron can be
itinerant or localized, thus deciding the exchange interactions
between the magnetic ions Mn** and Mn**. The bandwidth W is
cos(w) n— (Mn — O — Mn)

55 where w= 3 ,

temperature (7¢), and it is obtained from the versus T

defined as W

dMn—O
dyn_o is (Mn-0)."*® In this investigation, the bandwidth
remained nearly constant at about 0.094. The same was true
for A-site cationic variance and the tolerance factor. Therefore,
it can be stated that these structural attributes are unlikely to
cause a shift in T¢ or a reduction in M. The effective para-
magnetic moment might unveil some insights into the
observed changes. Effective paramagnetic moment (u.g) repre-
sents the average magnetic moment of an isolated magnetic ion
or atom in a material. In these specimens, the magnetic
moments of Mn*" and Mn*" would average to give pi.s. Notably,
even though the charge ratio Mn**/Mn**: 70/30 is expected to
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Fig. 12 Temperature dependence of magnetization of LBBO, LBB5 and LBB10 and their double derivative and linear fit to inverse susceptibility using the

Curie—Wiess law.

remain constant due to isovalent substitution, the oxygen off
stoichiometry and A-site cationic vacancies can upset charge
neutrality. This, in turn, changes the charge ratio, which affects
the paramagnetic moments (clearly established in XPS analy-
sis). The Curie-Weiss (CW) law was employed to estimate fie.

. . C . .
The CW law is defined as y = T where C is the Curie

Op
constant, and 0p is the Weiss temperature, which is equal to T¢
in a homogeneous ferromagnet. The Weiss temperature sig-
nifies the onset of ferromagnetic ordering. Mathematically, the
to[g*I(J+ Dug’] o
Y kg = %Heff ’
where 11 =10"7 Hm ™" is the permeability of free space, g is the
Lande factor, J = L + S is the total moment, g = 9.27 x 10724 ]
T ' is the Bohr magneton, and kz = 1.38 x 10~ > J K ' is the
Boltzmann constant. The Curie constant obtained from
the linear fit to y ', where y is expressed in emu mol ", would
give uSiP according to the equation v/8 x C ug. The theoretical
value of e (uty) was obtained using the expression
pie = V0.7 % (e s + 0.3 X (e ypys+» Where prege(Mn*") =
4.9 ug and pee(Mn®*) = 3.87 pp. In this investigation, for a
charge ratio of 70:30 the u = 4.62 ug"*° (which is strictly not
for LBB5 and LBB10 due to the variation in charge ratio). The
linear fit to ' in the paramagnetic region is shown in Fig. 12.
The parameters obtained from the fitted data, including 0p, C
and [, are tabulated in Table 5.

The positive values of 0p indicate the existence of FM
interactions in the samples, thereby confirming PM to
FM second-order phase transition (SOPT).'*° However, the

Curie constant C is defined as C =

15032 | J Mater. Chem. C, 2025, 13, 15013-15040

Table 5 Comparison between T¢ and 0p, u% and uSP and the Curie
constant

Sample code Tc (K) 0p(K) C(emuKmol™) ufy(us) 1SP (us)
LBBO 333 338 4.9 4.62 6.2
LBB5 315 326 5.0 <4.62 6.3
LBB10 293 303 4.7 <4.62 6.1

incongruity observed here is the difference between u% and
u&P. This points out the limitation of applying the classical
Curie-Weiss law to polycrystalline manganites. The studies on
La;_,Sr,MnO; based on electron-spin resonance and magnetic
measurements have shown that perovskite manganites are
inhomogeneous ferromagnets, which means the FM clusters
can be found even above the T¢. This is responsible for the
larger value of uSP compared with pf.'*>*> The same is true
for 0p and Tc. The 0p values are higher than the T values, and
the difference between them (6p-T¢) increases with increasing
Bi content. This indicates that Bi substitution suppresses
magnetic homogeneity to enhance disorder. Thus, the decrease
in Tc and M is purely Bi*" driven. A recent study on bismuth-
substituted manganites reports that the weakened magnetic
interaction is solely attributed to the 6s> lone pair character-
istics of bismuth. The strong hybridization between the Bi 6s
orbitals and O 2p orbitals results in a stronger attraction
towards the 2p electron cloud of O compared with Mn. As a
result, the electronic cloud density is redistributed to balance
the hopping and localization of e, electrons. Thus, the
double-exchange interaction between Mn*" and Mn®" ions is

This journal is © The Royal Society of Chemistry 2025
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weakened, and AFM coupling occurs around Bi*" ions through
super-exchange interactions between Mn ions of the same
species. The long-range FM ordering is disrupted in this case,
and short-range FM clusters are developed.'*® This is the cause
for the reduction in T¢ and M. The strong electron-withdrawing
nature of Bi’*, which is responsible for the localization of
ligand electrons, is discussed in detail in the XPS studies. At
this point, it should be noted that the reduction in T through
Bi substitution in Lay ;Bas3;MnO; has a fascinating outcome,
namely, specimen LBB5. This ferromagnetic MVM has T in the
range of 313 to 315 K, which is 40-42 °C, called the moderated
hyperthermia range. In this narrow temperature range, cancer-
ous cells die, and healthy body cells ideally recover even after
extended exposure to heat.

Magnetic hyperthermia treatment is a medical procedure
that involves local heating of the body using a magnetic field to
destroy cancer cells. A chemical compound that responds to the
external magnetic field is introduced into the body to enable
heating. These chemical compounds are generally magnetic
nanoparticles and are controlled to move towards and accumu-
late in the cancerous tissues or are directly injected at the
tumour site. Once these nanoparticles are in place, an alter-
nating magnetic field (AMF) is applied to generate heat. This
heat can raise the temperature of the tumour to a level that it
can damage or kill cancer cells, with minimal damage to the
surrounding healthy tissue. Generally, the tolerance of healthy
cells (human body tissue) is up to around 42-43 °C (107.6-109.4
°F) for brief periods without significant damage. Beyond this
point, the cells will undergo irreversible damage, which leads to
cell death and tissue damage. Notably, the tolerance of cancer
cells is still at lower limits.'”2%'** In MHT, the AMF can affect
the stimulation of peripheral nerves and cardiac tissue. This
implies that an AMF of random amplitude and frequency
cannot be used for treatment. A high-frequency and higher-
amplitude AMF can cause harmful electrical activity, leading to
discomfort, pain, or even nerve damage. Similarly, very strong
magnetic fields can interfere with the electrical activity of the
heart and induce arrhythmias or other cardiac disturbances.
Moreover, high-frequency AMF can induce eddy currents and
cause nonspecific heating in tissues. Contrary to these effects,
fields that are too low in amplitude and frequency may not be
effective for the given quantity of MNPs and may not produce
enough heat for effective treatment. The upper stimulation
threshold Hp,x is limited to a range from 10 Oe at f = 100
kHz to 10 kOe at f = 10 Hz. Once the range is known, the
product quantity decides the possible combination of Hy,.x and
f- To avoid the harmful effects of electromagnetic field on the
human body, during treatment, the upper limit of f x H should
not exceed the maximum value of (f X H)ax. Clinical trials have
shown that subjects do not experience severe discomfort at (f x
H)max = 6.3 x 107 Oe s~ for a duration of one hour. With all
these considerations, fields (Hpnax) in the range of 500 Oe to
1500 Oe and frequency around 100 kHz are apt for long-
exposure hyperthermia treatment (30 min to 60 min).'*'*
Manganites are considered suitable candidates for MHT due
to their inherent property called the magnetocaloric effect.
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The MCE is a physical phenomenon in which a magnetic
material releases/absorbs heat under a changing magnetic
field. The quantities that measure the amount of heat
released/absorbed are the magnetic entropy change (ASy)
under isothermal conditions and adiabatic temperature change
AT,q4. Accordingly, indirect routes, such as magnetization mea-
surements, heat capacity measurements and/or direct methods,
can be employed to find these quantities."*® In this investiga-
tion, a magnetization route was adopted to calculate ASy and
thus AT,q. Moreover, a phenomenological model was employed
to obtain the thermomagnetic parameters of the prepared
samples at very low magnetic fields (essentially AS,), the
details of which are given in ESI.¥ There was a good agreement
between the ASy; obtained using the two different methods
(Fig. S12, ESIt). Further, in principle, the physical quantity
called specific absorption rate (SAR), along with the biocompat-
ibility of the specimen, is utilised to evaluate the feasibility for
magnetic hyperthermia. It quantifies the optimum heat evolu-
tion from MNPs when exposed to an external magnetic field.
Above all one can perform preclinical trials on deceased lab rat
using MNPs and monitor the growth inhibition upon magnetic
hyperthermia treatment. Compared to these routes, a simpler
and non-invasive route is the estimation of AT,4. This stands as
a preliminary identifier of any magnetic material that is con-
sidered a candidate for magnetic hyperthermia.

The estimation of ASy; using the magnetization method
involves calculating M versus H at different T (magnetic
isotherms). The ASy, can be obtained through a
numerical method, which approximates Maxwell’s inte-

T; T;
gration. It is expressed as fASM<%+', AH,) =

ZMI+1(Ti+17H) - M,(T;,H)
7 Tiy1 —T;

are the magnetizations at 7; and T}.4, respectively, for a field
change of H;,; — H;.""” Fig. 13 shows the magnetic isotherms
at a maximum field change (Hpax) of 50 kOe around the T.
The variation of M versus H shows an abrupt escalation in M
with eventual saturation, and the gradual and almost linear
increase of M as T increases from 280 K testifies the FM to
PM phase transition. The nature of the phase transition is
SOPT, as confirmed by the positive slopes in the Arrott
plots*® (Fig. 13, middle panel). The nature of phase transi-
tion is pivotal in MHT. This is because, unlike FOPT and
other ferrimagnetic oxides, SOPT MVMs do not produce
uncontrolled heating due to eddy currents when subjected
to AMF, as they have insignificant magnetic hysteresis.'® The
variation of ASy; with T at a H,,,, of 5 kOe to 20 kOe with a
step size of 5 kOe is shown in Fig. 13 (middle panel). The
estimated ASy™* values at a Hp,x of 20 kOe in LBBO,
LBB5 and LBB10 were 2.6 ] kg™" K™', 2.5 ] kg”" K, and
2.5] kg ' K7, respectively (Table 6). The peak values of these
AS\ are respectively observed at 333.5 K, 315.5 Kand 291.5 K.
Notably, the maximum value of ASy, varies almost linearly
with the field, and the speculated sharp drop of ASy™ upon
Bi substitution is not seen (% change = 4%). The prime
motive of Bi substitution in any MVM is to reduce the T¢ to

X Hiyy — H;. Here M; and M;,
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Fig. 13 Magnetic isotherms (top panel), Arrott plots (middle panel) and temperature-dependent variation of the magnetic entropy change (bottom

panel) of LBBO, LBB5 and LBB10 specimens.

Table 6 Isothermal magnetic entropy changes and adiabatic temperature
changes in LBBO, LBB5 and LBB10 w.r.t. maximum field change

AHpae — ASy (kg 'K ATyq (K)

kOe LBBO  LBB5 LBB10 LBBO  LBB5  LBB10
5 1.06 0.81 0.85 <0.7 <0.5 <0.5
10 1.74 1.47 1.51 <11 <0.9 <0.9
15 2.22 2.01 2.03 <14 <1.2 <1.2
20 2.62 2.46 2.46 <17 <15 <14

Note: < indicates that the values are approximate and may be less than
the actual physical quantity obtained through direct measurement.

room temperature. However, this always comes at the cost of
a reduction in the magnitude of ASy** due to parallel effects,
such as damage to the magnetic interactions by the 6s lone
pairs and structural distortions. However, in this investiga-
tion, the phase reversal from rhombohedral to a cubic
structure counterbalances the weakening of magnetic inter-
actions by removing the distortion part. The improvement in
bond angle (Mn*"-0-Mn*") towards 180° enhances the prob-
ability of hopping and hence the magnetic interaction
between two neighbouring Mn ions of different valency. In
such a case, LBB10 should have shown a higher ASy**. The
explanation is, though initially the generic characteristics of
Bi*" and Bi,03, such as its larger ionic radius than La*" and
low melting point, respectively work in favour of crystal

15034 | J. Mater. Chem. C, 2025, 13,15013-15040

lattice relaxation and enhancing the overall homogeneity
(crystallization and grain growth), and localization of the
hopping e, electrons at the site of Bi*" is inevitable due to its
large electron-withdrawing nature. Therefore, as the popula-
tion of Bi** increases, magnetic disorder become the domi-
nant attribute that determines the magnetism of the
specimen. At low concentrations up to LBB10, structural
relaxation (change of bond angles to 180°) will dominate 6s
lone pair-driven localization and thereby increase the prob-
ability of hopping. Though no phase reversal has been
reported, a similar effect ie., either improvement in
ASy™ or the retention of ASy** magnitude, to that of the
parent composition is seen in few MVMs, such as Lag g5~
Bi,Na, 1sMnO;,**® La, ¢7_,Bi,Bag 53Mn0;,**° and Lag ¢, Bi,-
Ba, 33Mn0;."°° This peculiarity is attributed to cooperative
structural dynamics, where bond lengths and bond angles
shall turn in favour of FM spin ordering or lay a pathway for
easy magnetization across Tc. This leads to improvement in
FM moments and/or allows abrupt PM to FM transition,
almost like a first-order transition.

Hereafter, it should be noted that the isothermal magnetic
entropy change is an extensive property, and it may not be an
appropriate physical quantity to evaluate the applicability of a
specimen in MR or MHT."" In this regard, adiabatic tempera-
ture change is an apt parameter to quantitatively assess the
temperature changes a material shall produce. The AT,4 at a

This journal is © The Royal Society of Chemistry 2025
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characteristic temperature 7, is given by the expression
Ty

Cp(To, H)

capacity at T,. This equation is the numerical approximation of

w T [dM(T,H)
—Jo Cp(T, H){ dr
the numerical approximation is possible only when Cp(T, H) is
weakly dependent on AH. A recent study by Anna Kosogor and
Victor A. L'vov'®> has shown that the numerical approximation
leads to a dramatic overestimation of AT,q. They showed that
the Cp(T, H) of FOPT Fe-Rh alloys is not independent of the
applied field but shows obvious changes with changes in the
magnetic field (essentially a decrease in the of magnitude of
Cp'® and the shift of Cp® to lower T with AH). This is also true
for several MVMs, except the Cp®* shifts to higher T with AH.
Based on these findings, there are two considerations. First,
MHT happens essentially at low magnetic intensities, not more
than 10 kOe. This means that the modulation and shift of
Cp™ on the T axis is marginal; secondly, as the manganites obey
the Debye concept of specific heat just like other solids (except
during transition), the classical value of Cp =3 x Npkg (Dulong-
Petit law)">"">* is considered as Cp(T, H) at room temperature.
Notably, the contribution to Cp mostly comes from the lattice
part of Cp, which is found to saturate above the Debye tem-
perature (@p) to a classical value of Cp = 3 X Npkg. This value is
significantly smaller compared to its jump, Cp'®* at zero field
(Cax_clatice ~ 90 to 30 J kg~ ' K '). Therefore, before estimat-
ing the AT,q using numerical approximation, we considered
low fields not exceeding 20 kOe and used classical saturation
values of specific heat based on the fact that the @ of
manganites is close to RT.">"'>* Thus, the actual AT,q values
are essentially less than the estimated values. The near-room-
temperature heat capacity values of LBB0O, LBB5 and LBB10
were 516.5 ] kg~' K™, 509.1 J kg”" K" and 502.0 J kg™' K,
respectively, and the estimated AT,q value of LBB5 was nearly
1 K for a field change of 10 kOe (Table 6). This value is 42% of
the prototype MCE material, Gd. We compared our results with
other manganites for which AT,q was calculated by the direct
method or from specific heat measurements, as seen in
Table 7. The AT,q of nearly 1 K is in good agreement with the
reported data. Although, incorporation of all those materials,
which have been scrutinized over the time through direct
measurement or through specific heat, may not be possible
in this review, we have tried to quote the notable ones.

It should be noted that this review is restricted to the upper
limit of the magnetic field permitted in MHT for therapeutic
effects. With respect to MHT, several manganite compositions
have AT,q either greater than or similar to that of our specimen,
but their effective temperature T¢ is either too high or too low
with reference to the hyperthermia regime.

According to the recent study by A. O. Ayas et al.”” on the
applicability of magnetocaloric (MC) materials for MHT, for any
MC material to be a candidate for magnetic hyperthermia, the
following four parameters must be considered: ASy, AT.q,
0Trwnm, and Tc. The first two parameters indicate the heating/
cooling efficiency of the material; the T decides the operating

ATyq ~ — x ASm(To, H). Here Cp(Ty, H) is the heat

the integral AT,q = ]dH , which shows

l.17
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Table 7 Overview of MCE in some notable manganite compositions in

comparison with the magnetocaloric attributes of LBBO, LBB5 and LBB10
at low fields

ASTH AT, AH
Specimen Tc(K) (kg 'KY (K (T)
La, ;Bay ;MnO; 333.5 1.74 <11 1
Lag 65Big.05sBaosMnO; 315.5 1.47 <0.9 1
Lay ¢Big.1Bag sMnO; 291.5 1.51 <0.9 1
Pry STo.4MnO;*>° 281 2.06 1.10 1.8
Pro ¢STo.4MnNO; % 306 ~1.9 ~1 1
Lay ;Cag.sMn0;"*7 254 6.05 2.60 1.8
Lao.sAgo.1M1102.92138 287 3.2 1.5 2.6
Lag 75ST0.0sCa0.1;Mn0;"° 295 — 0.78 1.4
Lagy ¢Cay sMnO;**° 260 ~2.5 1.1 1
Lag 3Pro.4Sro sMnO; ¢! 319 1.71 1.09 1.8
Pry;ST0,5Mn0;"*! 262 3.61 1.75 1.8
Lao.57(3510.33M1'103162 267 5.9 2 1.2
Lag 65T 0.33Mn03162 369 1.8 1.07 1.2
Lag Ago 1sMnO;'* 265 5.6 2.7 2.6
Lay sCag 4Pby ;MnO,'** 255 ~2.25 0.60 1.96
Lag.¢,Cag 3sMn0O; % 268 6.9 24 2.02
Pr:: fgro ;ﬁ;oglﬁg 263 3.38 1.81 1.8
Lag.¢Cag 4Mn0O,'® 268  ~1.75 05 0.7
Pr.5510,Ca,Mn0O; "% 197 6.55 2.42 1.8
(Lag.,SMg 3)o.67B20.33MN0;"%°  ~150 1.47 0.72 3
(Lao.sPro.2)0.67Bao.33Mn03170 ~195 1.5 0.72 3
Lag_4Pro 5Ca4.15T0 ,Mn0O;""" 289 2.98 1.5 1.9

temperature, and 0Trwuv governs the cutoff point of heating
when the material is subjected to AMF. There are numerous
materials, including rare-earth Gd, rare-earth-based interme-
tallic alloys and transition metal-based alloys, which show giant
MCE, but the drawback is their instability in ambient condi-
tions and liquid media, high material cost and poor biocom-
patibility. Manganites belong to a family of perovskite oxides
that have excellent chemical stability in a wide temperature
range and moderate pressure. Their production cost is low, the
precursors are cheap except for the rare-earth elements, and
they are biocompatible but show moderate MCE. However, it
should be noted that though ASy; and /or AT,4 play important
roles in determining the MR applicability of a material, they
need not be prioritised in the case of MHT. In fact, T¢c and
O0Trwrm are the major indicators for material selection towards
MHT. The variation of ASy(7) generally follows a bell curve,
with a maximum at the 7T¢ and drops across the Curie point. As
discussed earlier, for therapeutic purposes, the T¢ of a MC
material cannot be higher than 315 K due to the possibility of
overheating of the healthy tissues. Further, it cannot be far
away from 315 K as therapeutic hyperthermia loses its signifi-
cance. If the magnetic transition is very close to 315 K, say a
specimen with T = 312 K and a sharp magnetic transition of
0Trwim ~ 4 K shall be an ideal candidate for magnetic
hyperthermia. This is because if the material continues to heat
above 315 K, the situation yields a hazardous effect on the
subject as a conventional hyperthermia procedure does. Along
with the said parameters, low eddy current loss is a crucial
parameter for MHT candidates. The merits of specimen LBB5
are its T in the range 313 K to 315 K, which is in accordance
with the requirement for magnetic hyperthermia. Moreover, it
is a second-order transition material such that there is no
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hysteresis loss, which means low eddy current losses and no
uncontrolled heating of the specimen. It is true that § Tpwam =
16 K at a field change of 1.5 kOe will lead to sample heating
above 315 K. This opens up a future task to produce nano-
particles of the same composition, perhaps using a top-down
approach, such as high-energy ball milling. According to many
studies, such a process will produce MNPs of spherical mor-
phology with T shifted to lower temperatures and improved S,,
and AT,q. As result the dTewuwm (right side of bell curve) shall
span in the vicinity of 315 K.'*°

Conclusions

Bi*" substitution of La®" in a CMR composition, such as
La, ;Bay 3MnO;, is not unipartite but yields a multitude of
favourable outcomes at different concentrations. The major
finding of this work is the concentration-dependent structural
phase transition from rhombohedral R3¢ to cubic Pm3m per-
ovskite. The results assert that through the solid-state synthesis
route, a homogenous and nearly stoichiometric composition of
(LaBi)y.7Bay sMnO; can be achieved at a low sintering tempera-
ture of 1000 °C in a short soaking time of 12 h. The homo-
geneity is sustained in the marginal substitution range (<10%
of Bi), but substitution of Bi** beyond 10% results in the
segregation of metallic Bi. The structure is no longer stoichio-
metric but a self-doped lacunar composition. The interplay of
bismuth concentration and its lacunarity result in fascinating
structural and morphological features. The structural phase
transition from an ordered low-symmetry rhombohedron to a
disordered symmetric pseudo-cube is rare in La-based mixed
valent manganites. The dramatic increase in internal pressure
due to a large Bi vacancy with —3 electronic charge at the A-site
is responsible for this phase transition. The theoretical study of
the pseudo-cubic transformation of rhombohedral Lag ;_,Bi,-
Ba, ;MnO; (x = 0 to 0.1) by constructing parametric curves to
locate Lay; ,Bi,Bay;MnO; (x = 0 to 0.1) appears to be an
efficient way to account for the concentration-dependent struc-
tural transition irrespective of the direction of symmetry
change (symmetric or asymmetric). The FTIR spectroscopic
studies validate the structural phase transition and uncover
the enhanced covalency and an increase in resistivity of the
specimen upon Bi*" substitution. The far-infrared region serves
as a fingerprint region of the prepared specimen, demonstrat-
ing the recovery of F;, degeneracy, which is the prime evidence
of the structural phase transition. Apart from the Lewis acid
nature and unique 6s” lone pair of Bi, the low melting point of
Bi,O; causes visible changes in grain morphology. The grain
size was the highest for La, sBig,Bag sMnO; (~1 pm?), and the
grain boundaries had almost disappeared in the micrometre
range. The XPS analysis emphasises the fact that La-based
mixed-valent manganites are not homogeneous in their com-
position but can display complex electronic structure because
of configuration entropy in the system. The lattice structure is
mostly anisotropic, with suboxide phases, metallic impurities,
cationic vacancies, oxygen off stoichiometry and surface termi-
nation. Though rare-earth-based manganites are thought to be
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chemically stable, the surface and subsurface levels shall have
large contamination from hydroxyl and carbonyl groups. A
major finding from the XPS analysis is that the A-site cationic
lacunarity is mostly due to the segregation of metallic Bi.
Nevertheless, it causes a structural phase transition from
ordered low-symmetry to disordered aristo-type perovskite. Bi
substitution leads to successful tuning of T in the studied
material. The higher T¢ (333 K) is effectively shifted to room
temperature without disturbing the charge ratio by means of
Bi*"-induced magnetic disorders. The strong hybridization
between Bi** and O®  weakens the magnetic interaction
between the ferromagnetic spins, thus reducing the T¢. The
isothermal magnetic entropy change and adiabatic tempera-
ture change (though it drops marginally by 4%) in all three
specimens have more or less similar values even up to 10%
substitution, owing to structural phase reversal after Bi sub-
stitution. Finally, the concurrent attributes, such as the occur-
rence of Tc at 315 K, relatively higher effective paramagnetic
moment, a sharp magnetic transition width of 14 K, excellent
magnetic entropy change of 2.5 J k¢! K ' and adiabatic
temperature change of 1.5 K at a magnetizing intensity of just
2 T in the 5% Bi-substituted SOPT system makes it attractive for
cooling and medical applications, such as magnetic refrigera-
tion and magnetic hyperthermia therapy for cancer treatment.
We propose that nanoparticles of said composition should be
tested for biocompatibility and frequency-dependent specific
absorption rate (SAR) to quantify the actual temperature
changes in a biomimetic medium.
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