
RSC Advances

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
ju

ni
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2-
08

-2
02

4 
00

:2
2:

33
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Magnetoresistan
Okvarahireka Vitayaya

O
e
r
I
K
M
2
a
f
t
E
a
d
m

Unggul (PMDSU) scholarship prog
interest is the properties of magne
based on lanthanum mangani
magnetoresistance.

aDepartment of Physics, Universitas Indon

budhy.kurniawan@sci.ui.ac.id
bResearch Center for Advanced Materials, B
cFaculty of Defense Technology, Indonesia D

Cite this: RSC Adv., 2024, 14, 18617

Received 15th March 2024
Accepted 21st May 2024

DOI: 10.1039/d4ra01989j

rsc.li/rsc-advances

© 2024 The Author(s). Published by
ce (MR) properties of magnetic
materials
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Maykel T. E. Manawanbc and Budhy Kurniawan *a

In this review, the classification of magnetic materials exhibiting magnetoresistive properties is the focus of

discussion because each material possesses different magnetic and electrical properties that influence the

resulting magnetoresistance (MR) values. These properties depend on the structure and mechanism of the

material. In this overview, the classification of magnetic materials with different structures is examined in

several material groups, including the following: (1) perovskite structure (ABO3), (2) alloy, (3) spinel

structure, and (4) Kagome magnet. This review summarizes the results of each material's properties

based on experimental findings, and serves as a reference for studying the characteristics of each material.
1. Introduction

Magnetoresistance (MR) is the response of a conductor's resis-
tance to an external magnetic eld and is associated with the
mechanism of charge carrier scattering.1 The properties of MR
are classied into four types, anisotropic magnetoresistance
(AMR), giant magnetoresistance (GMR), tunneling magnetore-
sistance (TMR), and colossal magnetoresistance (CMR).
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Research on magnetoresistance began with the discovery of the
anisotropic magnetoresistance (AMR) effect by William Thom-
son (Lord Kelvin) in 1856. In his research, William Thomson
conducted tests on several samples, including iron, nickel, and
brass, to determine the conductivity of each material under the
inuence of various magnetic eld orientations. Thomson
found no change in resistance owing to the inuence of the
magnetic eld in brass. However, in iron and nickel materials,
an increase in resistance occurred in parallel magnetic eld
orientations, whereas in perpendicular magnetic eld orienta-
tions, the resistance decreased. This forms the basis of the
magnetoresistance phenomenon. However, in its early
discovery, only a 2% decrease in the resistance occurred under
Phahul Zhemas Zul Nehan

Phahul Zhemas Zul Nehan
graduated with a bachelor's
degree in Physics from Institut
Teknologi Sepuluh on October
2023. He is currently pursuing
a master's degree in materials
science at Universitas Indo-
nesia's Department of Physics,
working with Prof. Dr Darminto,
Dr Maykel T. E. Manawan, and
Dr Budhy Kurniawan as
mentors. He was supported in
his studies by the Indonesian
Ministry of Education, Culture,

Research, and Technology through the Pendidikan Magister
menuju Doktor untuk Sarjana Unggul (PMDSU) scholarship
program. His areas of interest in materials science are mostly in
the characterization of energy storage, magnetic, and composite
materials.

RSC Adv., 2024, 14, 18617–18645 | 18617

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra01989j&domain=pdf&date_stamp=2024-06-11
http://orcid.org/0000-0002-9203-7438
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01989j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014026


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
ju

ni
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2-
08

-2
02

4 
00

:2
2:

33
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the inuence of low magnetic elds at room temperature.
However, this study did not show any signicant development
in the MR phenomenon. It wasn't until the early 1970s that the
demand for magnetic data storage systems increased, which
drove increased research in the eld of magnetic sensors.2 In
the 1970s, research related to TMR began to emerge. Julliere
rst studied the TMR effect in 1975. He discovered a magnetic
tunnel junction (MTJ) in the Fe/Ge–O/Co multilayer, which
showed an MR value of 14% at a temperature of 4.2 K. Subse-
quently, Maekawa and Gafvert also observed TMR. However,
research related to TMR has received little attention for more
than a decade because there was not studied further at room
temperature. MR properties regained attention in 1988 with the
discovery of the giant magnetoresistance (GMR) phenomenon
in magnetic multilayers.3 In 1988, GMR was rst reported in
thin Fe/Cr layers within nanometer structures containing
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various types of ferromagnetic metals, and practically, GMR was
used in hard disk drives (HDD).4 This research pushed the
boundaries of William Thomson's previous, enabling the
generation of larger resistance changes. The results from the
Fe–Cr–Fe layers showed resistance changes of 10% to 50% at
low temperatures. This remarkable nding was acknowledged
by the 2007 Nobel Prize in Physics. Despite being a highly
signicant discovery, there are constraints in the development
of GMR. Some of these include the experimental samples they
created involving complex production methods, such as the
single-crystal growth method to form uniform lm layers.
However, the production method is not suitable for large-scale
production. The best results were obtained at low temperatures
(50% at 4 K by Fert and 10% at 5 K by Grunberg).2 The mech-
anism of the GMR differs from that of the AMR. Magnetization
in ferromagnetic materials arises from the spin-splitting effect,
resulting from the quantum exchange interaction between
electrons. The spin-split band structure leads to different spin-
up and spin-down states at the Fermi level, resulting in changes
in conductivity properties. In AMR, the difference in resistance
because of the application of magnetic eld orientations
parallel or perpendicular result from of the difference in the
scattering cross-sectional area induced by electron spin–orbit
coupling. In contrast, the GMR is based on the spin-dependent
scattering effect, which explains the anomalies in solid ferro-
magnetic materials with impurities. The solution lies in the
“two-channel model,” which treats spin-up and spin-down
electrons as relatively independent conduction channels,
where spin-ip scattering between the two channels is neglec-
ted. Because of the spin-polarized band structure of ferromag-
netic transition metals, the mean free path of electrons is much
smaller, as electrons can transition to partially lled d states,
leading to stronger scattering and higher resistivity. The
unlled d states are also responsible for ferromagnetism, thus
establishing a direct relationship between the electrical trans-
port and magnetic properties.5 GMR technology opens up
opportunities for various applications, such as position sensors,
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biomagnetism, magnetic random access memory (MRAM), and
current sensors. In 1993, the rst automotive sensor emerged,
more than four years before using GMR in read-head sensors for
hard disks. MR sensors have also been applied in a wider range
of elds, from the automotive sectors to biophysics. In recent
years, GMR have been developed for current sensors, storage
function sensors, and biotechnology applications. Colossal
magnetoresistance (CMR) is relatively new compared with other
MR effects.2 CMR is typically associated with spin polarization
induced by a magnetic eld, resulting in reduced spin scat-
tering and resistance. CMR is related to the double-exchange
(DE) mechanism, which has potential commercial applica-
tions in magnetic storage media.6

It has been reported that MR has been increasingly drawing
attention in the past few decades because of its wide-ranging
applications.15–18 One application of the MR effect is in
computer memory and storage technology.19 In sensor systems,
the MR effect is also widely utilized, such as in biosensing,
biochips, and the emerging eld of “spintronics” commonly
known as spin electronics or magnetoelectronics. This eld
focuses on investigating the spin properties of electrons to
enhance the efficiency of electronic devices and to discover new
properties.20 Magnetic materials with high MR values and Curie
temperatures (TC) close to room temperature exhibit promising
prospects for applications in the manufacturing of uncooled
infrared bolometers and magnetic sensor devices.21 In its devel-
opment, several material structures that exhibit good MR values
have been discovered, including perovskite materials,7–9,22,25

alloy,13,17,23 Kagome magnets,10,13–16,24 and spinel.11,12,26,27,29 In the
past few decades, perovskite materials in manganese oxide
compounds with mixed valence states have become one of the
most intriguing research topics in the study of magnetic mate-
rials. This is because of their highly varied multifunctional
properties in terms of magnetism, making them suitable for
diverse applications such as magnetic refrigeration, spintronics,
and solid oxide fuel cells (SOFC). However, what makes them
particularly interesting are the intrinsic phase differences based
on various interactions related to the coexistence of regions with
signicantly different magnetic, electrical, and structural char-
acteristics. The fundamentals of the interplay between the elec-
tronic and magnetic phase states have been extensively studied
and have garneredmuch attention. This can explain a wide range
of phenomena in all strongly correlated electron systems in the
presence of phase coexistence.28 Based on a comprehensive
review of the MR phenomena from the various material groups
above, this review will discusses the interconnected properties of
each material that inuence the resulting MR values. The char-
acteristics of these materials were based on conducted previously
experimental data, providing a reference for determining mate-
rial types with superior properties and demonstrating the best
MR values.

2. Magnetoresistance classification
2.1 Giant magnetoresistance (GMR)

Giant magnetoresistance (GMR) is a phenomenon in which the
resistance of a material can rapidly change owing variations in
© 2024 The Author(s). Published by the Royal Society of Chemistry
the external magnetic eld.29 GMR has excellent potential as
a magnetic eld sensor, possessing both magnetic and elec-
trical properties. It has been widely developed for various
applications such as sensor measurements, current sensing,
linear and rotational position sensors, data storage, and
magnetic random access memory (MRAM).30 The GMR system
candetect extremely low magnetic elds.31 GMR is a quantum
mechanical effect that was rst observed in 1988 in thin-lm
materials consisting of multiple layers of ferromagnetic Fe
separated by non-magnetic Cr.32 Giant magnetoresistance
(GMR) is dened as the ratio (RAP − RP)/RP, where RAP is the
resistance in antiparallel materials and RP is the resistance of
parallel materials. The GMR effect is utilized to change the
magnetization orientation in adjacent magnetic metal layers,
where the lm thickness must be smaller than the average free
path of the electrons. Fig. 1A(i) shows that when the magnetic
layers are anti-parallel, it results in a higher probability of
scattering because spin-up and spin-down electrons scatter
more strongly, resulting in higher resistivity. In contrast
Fig. 1A(ii) shows that when the magnetic layers are parallel, the
current is mostly carried by spin-up, which can easily pass
through the material layers experiencing weak scattering,
resulting in lower resistance.33 The electrical transport proper-
ties are inuenced by three parameters, namely: spin-
dependent scattering within the layers, spin scattering at the
interfaces between layers, and resistivity dependent on the
magnetization orientation in the magnetic layers.34 Electrons in
magnetic materials exhibit different resistances and average
free path lengths owing differences in the density of states at the
Fermi level (N(EF)) for two different spin states when an external
magnetic eld is applied.

The GMR effect is generally explained by spin-dependent
electron scattering. In the case of ferromagnetic layers with
parallel magnetization directions, only one type of electron is
strongly scattered, resulting in low resistivity. In the case of
antiparallel magnetization directions, both types of electrons
were signicantly scattered, resulting in high resistivity.35 GMR
is not only found in magnetic multilayers but also in magne-
tized metallic grains, such as Co or Fe. The grain size nanoscale
and the magnetic moments of the grains are nearly isolated
from each other.36 As in the study by John et al., the Co20Cu80
sample shows an MR value of 18% with the application of
a magnetic eld of 50 kOe.37
2.2 Colossal magnetoresistance (CMR)

Colossal magnetoresistance (CMR) is the extraordinary increase
in electrical conductivity in the presence of a magnetic eld.
CMR is classied into two types based on origin: intrinsic CMR
and extrinsic CMR. In intrinsic CMR, perovskite manganite is
formed by the double exchange mechanism and is typically
observed at relatively high magnetic eld scales and narrow
temperature ranges. On the other hand, extrinsic CMR, or what
is called low eld magnetoresistive (LFMR), is usually found in
polycrystalline materials and arises owing to irregular grain
boundaries. This extrinsic MR effect is caused by spin-polarized
tunneling (SPT) or spin-dependent scattering (SDS) during
RSC Adv., 2024, 14, 18617–18645 | 18619
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Fig. 1 [A] (i) Antiparallel (low resistance) and (ii) parallel magnetization (high resistance), where N represents the non-magnetic layer and M
represents the magnetic layer. [B] (i) Random spin orientation (high resistance), (ii) spin alignment because of the influence of an external
magnetic field (low resistance). [C] (i) Magnetic scheme in the TMR effect antiparallel state, (ii) parallel state. [D] Scheme of the AMR effect: (i) M
parallel to i and (ii) M perpendicular to i.
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electron transport across the grain boundaries. LFMR is
temperature-independent and occurs at low magnetic elds.
LFMR was observed over a wide temperature range below the
Curie temperature (TC). LFMR increased with decreasing grain
size. This is because a higher number of grain boundaries will
increase spin disturbances, acting as electron scattering centers
and resulting in a high resistance without applying a magnetic
eld. Then, with the application of a small magnetic eld, it can
initially align irregular spins, reducing electron scattering and
resulting in LFMR.38–41 Fig. 1B(i) is associated with the spin
polarization induced by the magnetic eld, which inhibits spin
scattering and reduces electrical resistance. A characteristic of
CMR materials is their ability to rapidly align magnetic spins,
thereby reducing electron scattering and electrical resistance in
the material. This condition makes the material highly
conductive (Fig. 1B(ii)).42

The CMR phenomenon cannot be solely explained by the
double exchange (DE) mechanism. The CMR is also inuenced
by several interactions, such as the Jahn–Teller (JT) polaron and
phase separation. The CMR effect is categorized into two types,
namely intrinsic MR and extrinsic MR. Intrinsic MR which are
expressive at high magnetic elds, whereas extrinsic MR is
signicantly more pronounced at low magnetic elds (<0.2 T).22

CMR is explained by the concept of double exchange (DE),
which considers the transfer of electrons or holes between two
Mn atoms through the 2p orbital of oxygen atoms as
intermediaries. There is also a polaronic effect related to the
dynamic distortion of octahedral MnO6.43 Polarons involves
collective electronmotions in a distorted lattice that serve as key
transport features in manganite materials. In the development
of CMR, studies related to polarons, such as polaron ordering
and the transition from polaron transport to metal transition.
Among various interactions, two basic types of electron-lattice
18620 | RSC Adv., 2024, 14, 18617–18645
coupling are important in manganites. One of these is the
inuence of the crystal structure on electron transportation and
bonding. Different ion radii at the A sites result in different
internal pressures on the Mn–O–Mn bonds. This lattice
distortion leads to the transition from the ideal cubic structure
to hexagonal, rhombohedral, and orthorhombic structures,
which can affect the Mn–O–Mn bond angles (<180°) because of
the inuence of rigid rotations of the MnO6 octahedra. This
results in a reduction in the width of the eg conduction band,
conductivity, and ferromagnetic DE.44 The distortion at the Mn
site is key to explaining the mechanism of the polaron transi-
tion.45 The electronic and lattice properties are highly inu-
enced by the distribution of Mn–O bond lengths. The distorted
Mn–O bonds above TC are consistent with Jahn–Teller distor-
tions in the MnO6 octahedra.46 During the electron transfer
process, there is a dynamic and cooperative inuence of the
Jahn–Teller type of distortion. Conduction in manganites is
described by electron transfer, for example, from Mn3+ ions to
the nearest Mn4+ ion orbitals through the 2p orbital of oxygen.
When the electron spin t2g from Mn combines in a ferromag-
netic manner, the conduction band opens when there is
a regular exchange of Mn3+/Mn4+ sites. The ease of conduction
depends on the Mn–O–Mn angle approaching 180°, which
improve the conductivity. The Mn–O–Mn angle depended on
the size of the A cation. The transition from a paramagnetic
insulator to ferromagnetic metal around TC with the application
of a magnetic eld is explained by the alignment of electron
spins at the t2g level, allowing electron transport at the eg level.47

In thin lms, the resistivity is twice that of the crystal and six
times that of the intrinsic resistivity of the stoichiometric bulk
material. This indicates that the resistance of the grain
boundary was dominant. The resistivity of the thin lms can be
expressed as Ri + Rgb, Ri is the intrinsic resistance, and Rgb = n×
© 2024 The Author(s). Published by the Royal Society of Chemistry
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rgb/A, represents the extra resistance because of n grain
boundaries in a sample of cross-sectional area A.48
2.3 Tunneling magnetoresistance (TMR)

Tunneling magnetoresistance (TMR) has an effect similar to
that of GMR, however TMR includes a non-magnetic insulating
layer (instead of a conducting layer). The insulating layer typi-
cally has 1–2 nm thickness, which allows electrons to tunnel
through it. This type of sensor is known as the magnetic tunnel
junction (MTJ). The materials used for the insulating layer are
typically Al2O3, Ga2O3, MgO, and graphene. TMR sensors can
detect micro to nanosized particles. MTJs exhibit the most
sensitive magnetic resistance, with an MR ratio of 20–50%.31

In the TMR effect, electrons move from one ferromagnetic
(FM) layer to another through the tunneling effect. In this
tunneling process, electrons nd a free path to the tunnel in the
parallel magnetization direction, making the electron transport
process easier than antiparallel magnetization when the elec-
tron state at the barrier is polarized (Fig. 1C(i) and (ii)). The TMR
effect can be dened as (RAP − RP)/RP, where RAP is the resis-
tance of antiparallel materials and RP is the resistance of
parallel materials. The TMR effect was rst observed by Julliere
in 1975 when a tunnel junction between two FM lms (Fe–Ge–
Co tunnel junction) was created. The key point of the TMR
phenomenon is the dependence of the tunnel resistance of
ferromagnetic junctions on the orientation of magnetic
moments. This effect is similar to that of GMR in magnetic
multilayers, where the resistance depends on the orientation of
magnetic moments separated by nonmagnetic metallic layers.
The TMR effect is typically observed in simple planar junctions
and also exists in more complex junctions, such as mesoscopic
double-barrier junctions, and junctions including granular
systems.49

Magnetic Tunnel Junctions (MTJs) exhibiting Tunneling
Magnetoresistance (TMR) have become the core of modern
magnetic storage. Most of MTJs use FeCo alloy magnetic elec-
trodes that are body-centered cubic (BCC)-centered, and directly
interfacing with the MgO barrier (FeCo MgO-MTJs). The
resulting TMR ratio exceeded 1000% in the polycrystalline
FeCo/Mg MTJs at cryogenic temperatures. This thousandfold
effect is attributed to the nearly complete spin polarization of
tunneling electrons in the energy band of the Bloch electronic
states. The TMR value can rival that of MTJs with half-metal
electrodes such as Co2 (Mn, Fe) Si.50
2.4 Anisotropic magnetoresistance (AMR)

The anisotropic magnetoresistance (AMR) effect results in
electrical conductivity that depends on the magnetization
orientation and the current density vector. In ferromagnetic
materials, the resistivity is high when the magnetic eld is
parallel to the current, and the resistivity was low when the
magnetic eld is perpendicular to the current.31 AMR was rst
discovered in the ferromagnetic (FM) metals Ni and Fe by Wil-
liam Thomson in 1856.51 The AMR effect is dened as the
difference between rk (resistivity when the magnetic momentM
© 2024 The Author(s). Published by the Royal Society of Chemistry
is parallel to the electric current i) and rt (resistivity whenM is
perpendicular to i), dened as Dr = rk − rt.

An increase in spin-dependent scattering causes the increase
in AMR. Increasing magnetization also enhances the TMR
because it results in increased spin polarization. AMR is not
only inuenced by temperature but also by lattice distortions
caused by doping.52

The AMR effect is oen observed in various types of thin
lms of ferromagnetic metals and alloys such as Fe, Co, and
Ni.53 The anisotropic resistance in Ni–Fe and Ni–Co alloys
depends on the orientation of the magnetic moment related to
the direction of the electric current arising from spin–orbit
coupling. In Fig. 1D(i), it is shown that if M (magnetic moment
perpendicular to i and spin–orbit parallel to i), the cross-
sectional area for the resulting scattering is small, leading to
low resistance. Conversely, in Fig. 1D(ii), ifM is parallel to i and
spin–orbit is perpendicular to i, the cross-sectional area for
scattering is large, resulting in high a resistance.
3. Parameters that affect
magnetoresistance
3.1 Magnetic parameters

With the application of a magnetic eld, there is a decrease in
resistivity, particularly under saturating magnetic elds. In
Fig. 2A and B, the resistivity rapidly decreases, followed by
a rapid increase in magnetization values. This is based on
a double-exchange interaction mechanism. In this mechanism,
the alignment of the Mn spin directions leads to an increased
electrical conductivity. Conversely, it becomes difficult for
electron transfer between ion difficult to cross domain walls in
different magnetization directions, resulting in high resistivity.
Under a strong magnetic eld, the magnetic domains tended to
align with the eld direction. As a result, electrons can easily
cross the domain-wall boundaries, leading to a decrease in
resistivity and an increase in the MR value.54 Magnetization
increases owing to the rotation of the magnetic domains
inuenced by the magnetic eld. Simultaneously, this causes
a sharp decrease in the resistance, underpinning the negative
MR values at highmagnetic elds.55 Furthermore, at decrease in
ferromagnetic coercivity (Hc) occurs with an increase in grain
size, indicating a transformation from a multi-domain state to
a single-domain state in the ferromagnetic grains.56
3.2 Electrical parameters

Applying a magnetic eld, signicantly decreases the resistivity
across the entire temperature range. The decrease in resistivity
resulted in an increase in theMR value. In Fig. 2C and Dwith a 5
T magnetic eld, the maximum MR value occurs at a tempera-
ture of 330 K, which is slightly lower than the peak resistivity at
around 340 K. The MR experiences a slight increase as the
temperature decreases. This indicates a correlation between the
magnetization and resistivity of the material. Under the inu-
ence of a magnetic saturation eld, the resistivity decreases
signicantly, whereas at elds above the saturation level, the
resistance decreases more slowly than at low elds.54 This is
RSC Adv., 2024, 14, 18617–18645 | 18621
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Fig. 2 [A] Field dependence of relative resistivity and magnetization at 5 K for, La0.67Ba0.33MnO2.99 and [B] La0.67Ba0.33MnO2.90). Reprinted with
permission from the American Physical Society.54 Curves of resistivity (filled circles) and MR ratio (empty circles) against temperature for [C]
La0.67Ba0.33MnO2.99 and [D] La0.67Ba0.33MnO2.90. Reprinted with permission from the American Physical Society.54
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because the magnetic eld deects the charge carriers (elec-
trons) and aligns the magnetic spins in the manganite
compound. Therefore, the resistivity decreases when electrons
move under the inuence of DE, causing a shi in the transition
metal–insulator (TMI) characteristics.22
4. Classification of
magnetoresistance materials groups
4.1 Perovskite structure material (ABO3)

Research on perovskite manganite materials has seen signi-
cant developments in the past few decades. Perovskite materials
based on manganese oxide have the general formula R1−xAx-
MnO3, where R is a rare earth element, and A is a divalent
element (Fig. 3A). Doping manganese with other elements
results in superior properties, with theoretical calculations
indicating the presence of additional multiferroic magnetic
phases.57 Some manganite perovskite materials that show MR
values include manganite perovskites based on LaMnO3 (46 and
58–60) and NdMnO3.

22

Similar to the study by Mahesh et al., that La1−xAxMnO3 (A =

Ca, Sr) exhibits a remarkably large negative magnetoresistance
with a doping range of 0.2 # x # 0.5. Dynamic or static Jahn–
Teller effects plays a crucial role in explaining the colossal
magnetoresistance (CMR) effect in perovskite materials such as
manganese oxides.61 The mixed valence state, between Mn3+

and Mn4+, can be enhanced by the fractional substitution of
La3+ sites with divalent alkaline earth ions, inuencing the
magnetic transition temperature in the system. This transition
can be explained by the double exchange (DE) interaction
between Mn3+ and Mn4+ ions. This affects the system in the
MnO6 octahedral, where ion doping causes distortion in the
Mn–O plane, leading to signicant changes in the structural
and transport properties. LaMnO3 perovskite exhibits a varied
18622 | RSC Adv., 2024, 14, 18617–18645
phase diagram owing to changes in electron behavior in the 3-
d orbital. This behavior arises from the complex exchange
involving charge, spin, orbital, and lattice degrees of freedom.62

The undoped LaMnO3 parent compound exhibited a different
crystal structure. There are two phases at room temperature,
distorted orthorhombic and trigonal. Atom substitution at
specic sites can inuence the vibrational properties of the base
material based on bond strength, mass, and ionic radii. Notably
the insulating state in LaMnO3 changes, displaying metallic
behavior at room temperature by adjusting the doping ratio.
This indicates that the structural phase transition acts as
a trigger for the metal–insulator transition.63

Manganite perovskite materials exhibit diverse properties,
owing to their unique electromagnetic properties, such as
interactions between the spin, charge, and orbitals.7 The addi-
tion of doping is usually employed to control the spontaneous
exchange bias (SEB) effect. For instance, partial substitution of
Ba in La1.5Sr0.5−xBaxCoMnO6 enhances the SEB effect. This
effect can be further improved with concentrations of Sr or Ba,
relating to changes in the balance between the crystal eld and
Coulomb repulsion acting on Co, affecting its spin state,
leading Co to pair with Mn ions. The combination of Co andMn
becomes crucial for the spin state, and presence of the spin
glass (SG) phase. When magnetic Co ions are substituted with
non-magnetic Ga3+, it weakens the spin interaction of CO+–O2−–
Mn+ (ferromagnetic interaction) and generates other interac-
tions such as Co3+–O2−–Co3+ (antiferromagnetic interaction),
resulting in a decrease in Curie temperature (TC).8 In La0.5-
Sr0.5FeO3−d (LSFO), the material crystallizes in a perovskite
structure because the substitution of Sr for La creates oxygen
vacancies and electron holes to maintain electronegativity. In
addition, the insertion of oxygen ions entering LSFO also lead to
changes in the concentration of Fe3+ and oxygen vacancies. This
results in a rapid oxygen diffusion rate and enhances the
capacitance based on oxygen anions.64
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 [A] Perovskite structure LaMnO3. Reprinted with permission from the American Physical Society.147 [B] Schematic arrangement of
octahedral MnO6. Reprinted with permission from the Elsevier.67 [C] Rietveld for XRD pattern of La0.5Nd0.15Ca0.25A0.1MnO3). Reprinted with
permission from the Elsevier.148 [D] Grain size distribution histogram and FESEM micrographs of manganite samples (https://doi.org/10.3390/,
Open source MDPI).22 [E] (i) Magnetization versus temperature (500 Oe) of LSMZO film. The inset shows the temperature derivative of
magnetization (dM/dT) curve. (ii) Hysteresis loop of LSMZO film recorded at 10 K Reprinted with permission from the Elsevier.87 [F] shows the
electrical resistivity as a function of temperature for LSMO and NSMO manganites under an applied magnetic field of 0 and 1 T).22 [G] Plot of
magnetoresistance (MR%) as a function of temperature (T) for La0.5Nd0.15Ca0.25A0.1MnO3) (https://doi.org/10.3390/coatings11030361, open
source MDPI).22
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Numerous studies have been conducted on hole-doped
manganite materials, showing complex phases of orbital/spin/
charge, and ferromagnetic (FM) – antiferromagnetic (AFM)
dependent on the doping percentage (x) and temperature,
where x represents the concentration of Mn4+ ions or the
percentage of doping of divalent atoms. In the antiferromag-
netic insulator LaMnO3 compound of type A, doping with
divalent ions such as Ca, Sr, and Ba transforms its antiferro-
magnetic insulator properties into ferromagnetic metal by
varying the ratio of Mn3+ and Mn4+. It was found that at
a doping concentration x = 0.3, the concentration of Mn4+

reached a level where the double exchange (DE) mechanism
between Mn3+–O–Mn4+ dominated the super exchange interac-
tion between Mn3+–O–Mn3+ and Mn4+–O–Mn4+. This indicates
signicant colossal magnetoresistance (CMR) in the Curie
temperature (TC) region.65

The following sections describe the crystal structure and
morphology, electrical properties, magnetic properties, and MR
of several perovskite materials.

4.1.1 Crystal structure. In perovskite-structured materials,
based on the law of charge conservation, the LaMnO3 perovskite
material (La3+Mn3+O3

2−) exhibits stable charges with an ideal
cubic structure containing La3+, Mn3+, and O2− ions. This
oxidation state structure allows super exchange interaction to
occur between Mn3+–O2−–Mn3+. By substituting La3+ sites with
divalent ions such as Ba2+, Ca2+, and Sr2+, a new stability is
formed, La3+1−x AEx

2+Mn1−x
3+ Mnx

4+. This new stability results
© 2024 The Author(s). Published by the Royal Society of Chemistry
in the mixed valence of Mn3+ and Mn4+, leading to double
exchange (DE) interactions. Substitution at La3+ sites with
divalent ions also distorts the structure owing to differences in
the radii of La3+ and divalent ions.66 In the perovskite material
LSMO (La0.7Sr0.3MnO3), there are two types of crystal structures,
namely rhombohedral (R3c) and orthorhombic (Pbnm),
depending on the temperature and chemical composition. Both
structures have distorted MnO6 octahedra, possibly owing to
lattice mismatch with the substrate material.67

From Fig. 3B, it is evident that there are distortions and
structural changes in LSMO that are highly dependent on the
concentration and radii of the substituting ions. Fig. 3B, also
shows that the MnO6 octahedral bonds undergo distortion,
indicating a change in the bond lengths of the Mn–O–Mn ions.
According to the Double Exchange (DE) theory, changes in
dhMn–Oi and hMn–O–Mni inuence the bandwidth (W). A
decrease in W weakens the DE interaction between Mn3+–O–
Mn4+ owing to a reduction in electron mobility caused by an
increase in the dhMn–Oi length and a decrease in the hMn–O–
Mni angle. Here, W is determined using the equation:68

W ¼
cos

1

2
ðp� hMn�O�MniÞ

dhMn�Oi
3;5

(1)

As an example, the X-ray diffraction (XRD) results of the
perovskite material (LMO) with the composition
RSC Adv., 2024, 14, 18617–18645 | 18623
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La0.5Nd0.15Ca0.25A0.1MnO3, where (A = Ca, Li, Na, and K), as
shown in Fig. 3C using the solid-state reactionmethod, revealed
that the material has an orthorhombic crystal structure in the
Pbnm space group. In Fig. 3C, sharp and intense peaks are
observed, consistent with the perovskite structure, indicating
good sample crystallinity with no detected secondary phases.
Different ion substitutions (Ca, Li, Na, and K) lead to changes in
the unit cell volume of the material. With Na ion substitution,
the unit cell volume decreased, whereas samples substituted
with K ions showed a signicant increase. This is because the
average ionic radius of Na+ is smaller than that of Ca+ and K+

ions. The average size of crystals is determined using the
Scherrer equation as follows:

Ds ¼ Kl

bhkl cos q
(2)

where K = 0.9, which is a constant corresponding to the crys-
tallinity factor, l is the XRD wavelength, bhkl is the full width of
half maximum (FWHM) at the maximum intensity peak, and q

is the diffraction angle.68

When the ionic radii of the dopant atoms at the A sites
increase, the internal pressure decreases, reducing the distor-
tion of the MnO6 octahedra. This increases the Mn–O–Mn
angle, lattice parameter, and unit cell volume. The increase in
the unit cell volume causes a decrease in the density owing to
the increased molecular mass. As the radius of A increases,
there is a decrease in the Mn–O bond length. An increase in the
Mn–O–Mn bond angle compensates for the reduction in Mn–O
bond length. This is because the spaces in the cell are lled with
larger-radius A-site cations, and the increased compressive
stress shortens the Mn–O–Mn bond in the MnO6 octahedra,
which is related to the Mn–O–Mn and Mn–O bond lengths. The
level of distortion in the unit cell structure was measured by the
Goldschmidt tolerance factor (t) using the following equation:

t ¼ 1ffiffiffi
2

p ½rA � rO�
½rB � rO�: (3)

where hrAi,hrBi, and hrOi are the average ionic radii of ions A, B,
and O in the ABO3 perovskite structure. If the equilibrium bond
lengths of A–O and B–Omatch perfectly at t = 1, the structure is
an ideal cubic perovskite structure. If t < 1, the B–O bonds are
under tension, and the A–O bonds are under compression.
Thus, internal stresses arise in the structure, canceling each
other out, indicating cooperative distortion of the MnO6 octa-
hedra, which reduces the structural symmetry. For t < 0.96, the
material has an orthorhombic structure, and for 0.96 < t < 1, the
structure is rhombohedral.69 With the inuence of doping, t
approaches 1 as hrAi increases because the structural distortion
decreases. The broadening of the peaks is a result of lattice
strain owing to the presence of subgrain dislocations and
distortions. The pressure within the lattice is divided into micro
and macro pressures, where the micro pressure varies within
the grain, whereas macro pressure is constant over long
distances. Similarly, the strain in a crystal can be either uniform
or non-uniform. Uniform tensile strain results in a peak shi
toward lower angles, whereas non-uniform strain caused grain
bending and widens the diffraction peaks. The broadening of
18624 | RSC Adv., 2024, 14, 18617–18645
the diffraction peaks is caused by crystal imperfections and
distortions.65

The tolerance factor is a term related to the bond-length
mismatch of the A–O and B–O bonds, which are associated
with the ionic radii. Distortions tend to disappear at high
temperatures because of the greater thermal expansion of the
A–O bond lengths. When t > 1, the A–O bonds undergo
compressed, whereas the B–O bonds are under tension.70 The
inuence of the tolerance factor is a major factor affecting the
magnetic properties of materials, such as affecting TC and Tr.
This is related to the DE interaction, which was inuenced by
the ratio of Mn3+ to Mn4+. A stronger DE results in a higher Tr.
There are three factors that greatly affect Tr, including the hole
carrier density controlled by the ratio [Mn3+]/[Mn4+], [rA], and
cation mismatch (s2) determined by the equation:

s2 =
P

yir
2
i − hrAi 2 (4)

where yi(
P

yi = 1) is the fractional occupancy and ri is the
variation in the cation radius at site A.71–73 An increase inhrAi
strengthens DE because of the increase in the one-electron eg
band.74 According to Thanh et al., TC increases in manganite
materials during the rhombohedral–orthorhombic phase tran-
sition. TC decreases with the dispersion of the A-cation radius
s2. The cation mismatch (s2) becomes a key factor affecting the
TC of perovskite manganites. TC decreases owing to the inu-
ence of the average size of the A-site cations. The substitution of
cations with different radii leads to irregularities in the ion
sizes. Structural irregularities result in local strain within the
MnO6 octahedral bonds and affect the Mn–O–Mn angle, which
in turn leads to changes in the lattice parameters and magnetic
properties. The lattice distortion becomes pronounced and
provides a local trap for eg electrons. Additionally, it causes the
hopping amplitude of the charge carriers between Mn3+ and
Mn4+ to decrease because the Mn–O–Mn angle decreases
(<180°), resulting in distortion of the MnO6 octahedral lattice.
Consequently, the mobility of the carriers decreases as the
charge localization tendendy increases. This results in
a decrease in Tr.75 The inuence of substitution on TC and Tr
can be understood by analyzing the size mismatch (s2) on the A-
site cations, which indicates oxygen displacement or local strain
in manganite materials.76 The increasing irregularity in the size
of the radii leads to a monotonic decrease in the ferromagnetic-
paramagnetic transition temperature, which is signicantly
correlated with the CMR. This decrease in TC was caused by the
formation of microscopic and mesoscopic phases at the grain
boundaries.73

4.1.2 Morphological structure. The synthesis method and
the sintering temperature inuence grain size of perovskite
materials. For instance, Lau et al., the materials La0.7Sr0.3MnO3

and Nd0.7Sr0.3MnO3 using two different methods: the sol–gel
(SG) method and the solid-state reaction (SS) method. From the
grain size distribution histograms and FESEM micrographs in
Fig. 3D, all samples exhibited a uniform grain size distribution
consisting of irregularly shaped grains. In the solid-state reac-
tion method, where the samples were heated at a higher
temperature (1100 °C), the solid-state samples (LSSS and NSSS)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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exhibited a more compact and denser morphology than the sol–
gel samples (LSSG and NSSG), which were sintered at a lower
temperature. The solid-state method produces grains in the
submicron size range (608–7000 nm), whereas the sol–gel
samples yield grain sizes in the nanometer range (26–45 nm).22

The grains consist of several crystallites arranged in the same
orientation. The grain and crystallite sizes increased with the
sintering temperature owing to the congregation effect.77

However, single crystallite grains can form when the sample is
sintered at low temperatures.78

In study by Munazat et al.,79 the material La0.7Ba0.1Ca0.1-
Sr0.1MnO3, synthesized using the sol–gel and wet mixing (WM)
methods, showed that the grain size of the MW sample was
smaller than that of the SG sample. This is evidenced by the
XRD and SEM results indicating that the crystallite and grain
size of WM are smaller than those of SG. Both the samples were
subjected to the same heat treatment. This difference can be
attributed to the SG method being carried out under neutral pH
conditions, whereas the WM method was performed under
acidic conditions because of the precursor was dissolved in
nitric acid. This indicates that pH and the use of a chelating
agent are important parameters that inuence the resulting
grain size. In perovskite synthesis, the grain size is inuenced
by chemical reactions under pH conditions.80

In a study by Das et al., it wass also stated that grain growth
increases with increasing sintering temperature, leading to
a reduction in grain boundaries. The effect of sintering
temperature on grain size showed a similar inuence on the
XRD results. Signicant differences in grain shape were
observed by synthesizing CoFe2O4 materials with varying the
sintering temperature from 300 °C to 1200 °C, grain shapes
such as spheres (T = 300 °C), pyramids (CFO – 450 °C), (T = 600
°C), lamellae (T = 750 °C), octahedra (T = 900 °C), and trun-
cated octahedra (T = 1200 °C) were observed, with uniform
grain shapes in all samples. It is estimated that different grain
shapes have a signicantly impact on the material's physical
properties.81 The increase in grain size because of the temper-
ature rise is caused by the coalescence of crystallites at higher
temperatures.82 By increasing the sintering temperature, the
grains were enlarged and the porosity was gradually reduced.
The porosity of materials can lead to crystallographic defects
and signicantly affect the material's physical properties.83

4.1.3 Magnetic properties. In a study by Joseph et al., it was
reported that the magnetization curve of the perovskite material
(La0.833K0.167MnO3) shows that below the critical temperature
(Tc), the material exhibits ferromagnetic behavior and shows
rapid saturation under the inuence of a low magnetic eld,
indicating faster domain wall motion because of shorter relax-
ation times in this compound. The magnetization values
decreased as the temperature increases. This is attributed to
magnetic inhomogeneities which may be related to phase
separation between La3+ and monovalent K+ ions. For each K+

substitution at the La3+ site, twice the amount of Mn3+ ions are
oxidized to Mn4+, resulting in an excess of Mn3+ regions around
La3+ and excess Mn4+ regions around K+ ions. Because of this
inhomogeneity, the ground state of the compound is inuenced
by various interactions, including ferromagnetic (FM)
© 2024 The Author(s). Published by the Royal Society of Chemistry
interactions between Mn3+–Mn4+ ions from double exchange
(DE) interactions, and antiferromagnetic (AFM) interactions
between Mn3+–Mn3+ and Mn4+–Mn4+ ions from super exchange
(SE) interactions. The coexistence of these interactions results
in random spin orientations, and reduce magnetization at high
temperatures.59 The magnetization curve of perovskite mate-
rials shows an increase with the external magnetic eld and
decreases with an increasing temperature.19–78,80–86 In research
by Yin et al., Fig. 3E(i) shows La0.9Sr0.1Mn1−yZnyO3 (y = 0%, 5%,
10%, and 20%) materials revealed a magnetization–tempera-
ture (M–T) curve showing a ferromagnetic–paramagnetic (FM–

PM) phase transition at a magnetic eld of 500 Oe at Tc, where
Tc is dened as dM/dT. The curve indicates a decrease in Tc and
an increase in magnetization with an increase Zn content. This
occurs because of a decrease in DE interaction and an increase
in electron-lattice coupling. The hysteresis loop shows satura-
tion above 25 000 Oe, and there is a decrease in the saturation
magnetization (Ms) and an increase in coercive eld (Hc) with
increasing Zn content (Fig. 3E(ii)). Hc depends heavily on the
microstructure of the ferromagnetic material, such as structural
mismatches and defects that affect the magnetic domains.
Substitution of Zn2+ ions can induce internal strain at Mn sites
because of the large ionic radius mismatch between Zn2+ and
Mn3+/Mn4+, resulting in lattice distortion, including the rota-
tion of MnO6 octahedra and a decrease in Mn–O distance and
Mn–O–Mn angle. Doping also distorts of the Mn–O–Mn angle,
making it smaller, and increasing the Mn–O distance distribu-
tion. This suggests that increasing mismatch in the substituted
cation size leads to a decrease in Tc, as well as metal–isolator
transition temperature in perovskite manganites.87

4.1.4 Electrical properties. Most perovskite manganites
behave as insulators (paramagnetic) above the TMI temperature,
as evidenced by decreased in resistivity at temperatures above
the TMI. At temperatures below TMI, the material behaves as
a metal (ferromagnetic), as evidenced by an increase in resis-
tivity with increasing temperature below the TMI temperature.76

The increase in resistivity reached a maximum peak at the
metal–insulator transition temperature (TMI). The electrical
resistivity is inuenced by grains and grain boundaries, as both
act as scattering regions for electron transport.88 In Fig. 3F, the
resistivity vs. temperature (r vs. T) is depicted for La0.7Sr0.3MnO3

and Nd0.7Sr0.3MnO3 samples under magnetic eld of 0 and 1 T.
The resistivity in the Nd0.7Sr0.3MnO3 sample is signicantly
higher than that of La0.7Sr0.3MnO3 because of its larger band
gap and lower electron mobility than. Additionally, there was
a difference in resistivity values between samples produced by
the SG and SS methods. Nanocrystalline materials exhibit
a higher resistivity than submicron materials. This increase in
resistivity can be associated with the enhancement of grain
boundaries in nano-sized materials. Grain boundaries act as
potential barriers, localization electrons on Mn.40 TMI in Nd0.7-
Sr0.3MnO3 with nano-sized grains occurred at a lower temper-
ature range. This is attributed to the increased scattering of
charge carriers owing to higher magnetic disorder at the grain
boundaries of nano-sized materials. The enhanced grain
boundaries in nano-sized grains can also reduce the DE inter-
action between Mn3+ and Mn4+, leading to an increase in
RSC Adv., 2024, 14, 18617–18645 | 18625
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resistivity. Furthermore, the decrease in DE interaction is
caused by the increase in the Mn–O bond length and the
decrease in the Mn–O–Mn angle, reducing the bandwidth and
electron mobility. In Fig. 3F, TMI also shis towards higher
temperatures by applying of a magnetic eld. This is because
the magnetic eld displaces charge carriers (electrons in Mn
atoms) and aligns the magnetic spins in the manganite
compound. Therefore, resistivity decreased as electrons moved
under the inuence of DE, resulting in a shi in the TMI.

4.1.5 Magnetoresistance (MR) properties. MR is classied
into two types based on different origins: intrinsic CMR and
extrinsic CMR. Intrinsic MR depends only on temperature,
whereas extrinsic MR is related to grain boundaries and
generally occurs at low temperatures. Intrinsic MR increases
near the I–M transition temperature.89 Intrinsic MR is explained
by the DE mechanism and the Jahn–Teller effect. However, in
polycrystalline manganites, MR values are observed over a wide
temperature range, which is considered an extrinsic MR effect.
The extrinsic MR is inuenced by spin-polarized tunneling
between neighboring ferromagnetic grains and spin-dependent
scattering. This type of MR can be enhanced by controlling the
grain boundaries substituting of divalent ions at the A-site of
manganites.90 External MR is also commonly found in thin
lms, typically requiring only low magnetic eld application,
and peaking at temperatures below Tc. Extrinsic MR is inu-
enced by spin-polarized tunneling at the grain boundaries.91

The magnetoresistance (MR) properties of perovskite mate-
rials are highly interesting, leading to investigations regarding
MR determined by the decrease in the electrical resistivity of the
material under the inuence of an external magnetic eld. The
strong MR effect results from the coexistence of ferromagnetism
and metallic conductivity. The percentage of magnetoresistance
is dened as % MR = (r0 − r(H))/r0 × 100%, where r(0) is the
resistivity at zero eld and r(H) is the resistivity under an applied
magnetic eld. In the study by Kumar et al., the %MR values for
La0.5Nd0.15Ca0.25A0.1MnO3 (A = Ca, Li, Na, and K) in Fig. 3G were
found to be 80%, 87%, 75%, and 84% for samples doped with Ca,
Li, Na, and K at the TMS with the application of an 8 T magnetic
eld. The highest magnetoresistive effect observed around TMS
is attributed to the increased ferromagnetic interaction because
of the alignment of parallel spins in the Mn–O–Mn coupling.
Additionally, signicant MR effect was observed at low temper-
atures, which could be attributed to the inuence of carrier
scattering at the grain boundaries.92 When electrons move from
one grain to another, they encounter insulation barriers between
grains, and each can scatter the electrons because of the reduced
connectivity between the grains or surface contamination. A
strong magnetic eld can overcome strong electron scattering,
resulting in high magnetoresistance at low temperatures.93

The external CMR is related to grain boundaries, which can
be explained by spin-polarized tunneling and spin-dependent
scattering. Many efforts have been made to enhance CMR in
materials, one of which is creating manganite composite
materials with have a secondary phase as an insulator. Several
studies have reported an increase in MR values.43,94,95 Addi-
tionally, vacancy substitution in manganite materials can also
enhance the MR value.96,97
18626 | RSC Adv., 2024, 14, 18617–18645
4.2 Alloy

Several alloy groups that show the phenomenon of MR,
including Ni–Mn based,98 Co–Fe,50 and Ni–Cu.99 In Ni–Mn–Z-
based alloys, the magnetic moment (DM) can be signicantly
enhanced by the addition of a fourth element, composition
adjustment, and heat treatment. Specically, doping with Fe/Co
atoms can act as a “ferromagnetic activator” inducing the
alignment of magnetic moments (of Mn–Mn nearest neigh-
bors), resulting in ferromagnetic behavior and creating a strong
magnetostructural coupling state. For instance, in the study
conducted by Zhang et al., the Ni41Mn43Sn10Co6 alloy showed
a DM value of 90 A m2 kg−1 under the inuence of a 5.0 T
magnetic eld, which is signicantly larger than that of the
Ni47Mn43Sn10 alloy without Co doping (DM = ∼16 A m2 kg−1)17

In addition, DM was found to experience a signicant increase
with the substitution of Ni by 4.2% with Fe in the Ni50Mn38.0-
Sn12.0 alloy, specically from 16 A m2 kg−1 to 58 A m2 kg−1.100

However, the magnetocaloric effect (MCE) associated with the
rst-order martensitic transformation characterized by a large
isothermal magnetic entropy change (DSM) shows a narrow
operating temperature range of approximately 1–5 K, which
poses a barrier to the practical application of this alloy for
magnetic refrigeration. To expand the operating temperature
range with refrigeration capacity (RC), strategies such as
reducing the material size (thin lms or microwires) need to be
implemented.101 In the study by Zhang et al., using the material
Ni46.8Mn38.1Sn11.6Fe3.5, the highest negative magnetoresistance
(MR) values were observed, reaching 40.8% at 261 K and 26.7%
at 275 K during the cooling and heating processes.102

The following sections describe the crystal structure and
morphology, electrical properties, magnetic properties, and MR
of several alloy materials.

4.2.1 Crystal structure. Several X-ray diffraction (XRD) results
from the alloy material are as follows: the Ni43Mn41Co5Sn11 alloy
exhibited a cubic L21 phase with a structure (space group Fm3m) in
the austenitic phase.103 The Ni2MnSn alloy exhibits a face-centered
cubic (FCC) structure.102 The Mn1.9Co0.1Sb alloy exhibited a tetrag-
onal structure with the space group P4/nmm,104 and the Ni45-
Mn43CrSn11 alloy exhibits a cubic structure.105

In Fig. 4A, it can be observed that a single phase in the
Mn1.9Co0.1Sb alloy is obtained aer substituting Co with
a tetragonal Cu2Sb structure (space group P4/nmm) with lattice
parameters a = 4.1048 Å and c = 6.4770 Å, obtained from
Rietveld renement. The unit cell volumes whereas V = 109.137
Å, and c/a = 1.577. The lattice parameters for the Mn2Sb alloy
were a = 4.07 Å and c = 6.54 Å. The results indicate that
substituting Co is increase the lattice parameter a and
decreasing c in the Mn1.9Co0.1Sb alloy. There was a decrease in
c/a by 1.8%, an increase in volume by 0.7%, and a contradictory
change in a and c, suggesting anisotropic deformation of the
crystal lattice in the Co-substituted Mn2Sb alloy.

Furthermore, there are alloys with Heusler structures that
have the composition X2YZ, where X and Y are transition metal
elements, and Z is an sp-element. The main group element Z
occupies four different crystal locations, namely A (0, 0, 0), B
(0.25, 0.25, 0.25), C (0.5, 0.5, 0.5), and D (0.75, 0.75, 0.75),
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 [A] XRD pattern for Mn1.9Co0.1Sb alloy at room temperature. Reprinted with permission from the AIP Publishing,104 [B] Heusler alloy
supercell model Mn2Ni1.5Ti0.5 and Mn2Ni1.25Co0.25Ti0.5) Reprinted with permission from the Elsevier.116 [C] M–T curve for alloys Ni50−x(FeCo)x-
Mn37Ti13 (x = 16, 18 and 20) with 0.01 T). Reprinted with permission from the Elsevier.98 [D] Electrical resistance curve (r–T) with respect to
material temperature Ni43Mn41Co5Sn11 at 0, 2.0 and 5.0 T). Reprinted with permission from the Elsevier.102 [E] MR is field-dependent throughout
the martensite phase respectively, the magneto-structural transition of temperature and the austenite phase, respectively to x = 16, 18, 20
sampel. Reprinted with permission from the Elsevier.98
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resulting in an ordered structure. An example of a Heusler alloy
was found in the study by Ma et al., where the material Mn50-
Ni50−xTix had a cubic structure, and the Ni atoms enter the Mn
site (C). This is based on the “valence electron counting rule” in
Heusler alloys, which states that transition metal atoms with
more valence electrons prefer to occupy A and C sites.106 Crystal
structures of Heusler alloys can be classied into two types: half
(or semi-) with the chemical formula XYZ and full Heusler with
the formula X2YZ, where X and Y are transition metal elements
and Z is an sp-element. In Full-Heusler compound system,
when the valence of X is larger than Y, the atomic sequence
becomes X–Y–X–Z along the diagonal direction of the cubic cell,
and its structure is more commonly known as L21. However,
when the valence of Y is the largest, the atomic sequence
becomes X–X–Y–Z, known as the inverse-Heusler alloy.107

Heusler alloys (HA) have become interesting materials for
development owing to several advantages, including high Curie
temperature (TC), half metallicity, shape memory effect, ther-
moelectric properties, and ferromagnetism.108–111 Owing to
these advantages, HA is widely applied as spin lter, GMR
materials, tunnel junctions, transducers, energy technology,
© 2024 The Author(s). Published by the Royal Society of Chemistry
spin valve, memory device, multiferroic, and for magnetocaloric
effect. HAs have a large thermoelectric coefficient, which allows
them to efficiently convert heat energy into electrical
energy.112,113

A supercell model of a Heusler alloy is depicted in Fig. 4B,
specically for the materials Mn2Ni1.5Ti0.5 and Mn2Ni1.25-
Co0.25Ti0.5. The arrows on the Mn atoms indicate the sequence
of spin moments. In the austenitic state, it behaves as ferro-
magnetic (FM), whereas in the martensitic state, it behaves as
an antiferromagnetic (AFM).114

4.2.2 Magnetic properties. In the study by Samanta et al.,
data (M–T curves) for the alloy material (Ni50−x(FeCo)xMn37Ti13)
with (x = 16, 18, and 20) were presented under the inuence of
an external magnetic eld of 0.01 T under both zero-eld cooled
(ZFC) and eld cooled (FC) conditions. The curves indicate that
all samples exhibit the phase transition from paramagnetic
(PM) to ferromagnetic (FM) at their respective Curie tempera-
tures (TC), followed by the martensitic transformation (MST)
from the strong FM austenitic phase to the magnetic martens-
itic phase during cooling. The presence of thermal hysteresis in
the M–T curves suggests that the MST is a rst-order phase
RSC Adv., 2024, 14, 18617–18645 | 18627
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transition. The separation between the ZFC and FC curves at
low temperatures indicates the presence of nonhomogeneous
magnetic states in the system. The key features of the rst-order
phase transition temperatures include themartensite–austenite
transition (TA = (As + Af)/2, where As is austenite start, and Af is
austenite nish) and the austenite–martensite transition (TM =

(Ms + Mf)/2, where Ms is martensite start, and Mf is martensite
nish.98 Fig. 4C indicates that with an increase in the value of x,
both martensite start temperature (TM) and austenite start
temperature (TA) shi towards lower temperatures, whereas TC
(Curie temperature) shis towards higher temperatures.
Generally, the valence electron concentration (the ratio of

electrons to atoms, e/a) is related to the ratio of
TM
TA

:115 The e/

a ratio was found to decrease with the content of (FeCo)x, as
indicated by the TM/TA shiing towards lower temperatures. In
the Ni–Mn–Ti system, Mn occupies the Ti site in the D position
with antiferromagnetic (AFM) coupling with Mn at the B site,
which is nearest to the austenitic and martensitic phases.116 In
this material, Co–Fe acts as an “FM activator” and transforms
Mn (B)–Mn (D) AFM into Mn (B)–Fe/Co (A, C)–Mn (D) with
ferromagnetic exchange coupling in the Heusler alloy system (A
(0,0,0), B (14,

1
4,

1
4), C (12,

1
2,

1
2), D (34,

3
4,

3
4)). It has also been reported

that Co doping has a more signicant effect on increasing FM
exchange than Fe doping, but it increases hysteresis loss.
Therefore, simultaneous Fe–Co substitution results in higher
FM exchange interactions, decreased TM, and increased
hysteresis TC.117

4.2.3 Electrical properties. In Ni–Mn-based alloys, resis-
tance of the parent phase exhibits semimetal behavior, whereas
for the martensitic state, there is a sharp drop during the
martensite transformation (MT). This was investigated using
a four-probe method at 0.2 and 5.0 T. In the graph, a sharp
decrease in resistance is observed corresponding to the MT,
followed by a slow decrease as the temperature approaches
martensite nish temperature, and then a nearly linear increase
during the advancement (Af) of the MT owing to the presence of
the intermartensitic phase. The MT process is highly dependent
on the heat ow temperature as well as the magnetic and
electrical resistance behaviors.102 In the study by Ma et al.,
during heating, the resistivity in the Ni43Mn41Co5Sn11 alloy in
Fig. 4D initially shows a slight decrease with increasing
temperature. The resistivity of the martensitic state exhibits
behavior similar to that of a semimetal.118

4.2.4 Magnetoresistance (MR) properties. In Ni–Mn-based
Heusler alloys (Ni50−x(FeCo)xMn37Ti13, where x = 16, 18, and
20), during cooling, twin boundaries undergo an increase and
a change in lattice symmetry during martensitic transformation
(MT) during cooling, thereby enhancing electron–phonon
scattering.114 Additionally, the superzone boundary gap can
alter the density of electronic states near the Fermi surface,
leading to an increase in resistivity because of electron spin
scattering.119 In Fig. 4E, it is shown that in the full martensitic
region, at 150 K, the magnetoresistance (MR) values are very
small, indicating that the transition to austenite cannot be
accomplished. By increasing the magnetic eld, the MR during
the martensitic transition, at 370 K for x = 16, increases almost
18628 | RSC Adv., 2024, 14, 18617–18645
linearly and reached a maximum of 25.4% at 5 T. Meanwhereas,
for x = 18 and x = 20 samples, near the MT (martensitic tran-
sition) at 295 K and 248 K, respectively, MR increases almost
linearly for elds up to 3 T and 3.5 T, reaching 12.9% and 24% at
5 T. This is associated with the presence of additional Zeeman
energy that overcomes the friction of twin boundary motion,
and subsequently, some martensite transforms into the
austenitic phase, resulting in signicant MR.120
4.3 Spinel material

Materials with a spinel structure formulated as AB2X4 (Fig. 5A)
exhibit interesting ground states associated with the interac-
tions of charge, spin, and orbital degrees of freedom, strongly
coupled with the lattice. In the B-sublattice, complexity arises
owing to the competition between direct nearest neighbor (NN)
and ferromagnetic (FM) interactions and exchanges between
next-nearest neighbors (NNN), and antiferromagnetic (AFM)
interactions. Therefore, the FM and AFM states depend on the
separation of B sites.10 As an example, compounds based on
chromium (Cr) with the formula ACr2X4 (where A represents
a transition metal and X includes the elements S, Se, or Te)
various of physical properties. These properties arise from the
complex interplay between structural, spin, charge, and orbital
degrees of freedom.12 In this spinel structure, the FM state
arises from the superexchange (SE) interactions between 3d
electrons of Cr ions mediated by oxygen. The exchange inter-
action between s and d electrons results in substantial spin in
the electronic band. The dependence on the strength of spin–
orbit coupling and exchange separation leads to spinel mate-
rials exhibiting magnetic semiconductor behavior.

Chromium-based compounds, represented as ACr2X4 (where
A represents a transitionmetal and X represents S, Se, or Te), are
currently of signicant interest owing to their diverse physical
properties. The physical properties of these materials arise from
the complex interplay between their structure, spin, charge, and
orbital degrees of freedom. For example, CuCr4X4 is a metal,
CdCr2Se4 is a semiconductor, HgCr2Se4 (n-type) is a semi-metal
showing ferromagnetic behavior, MnCr2Se4 a semiconductor
with ferromagnetic properties, and ZnCr2S4 is an insulator with
antiferromagnetic characteristics. Some of these materials are
of interest because of their ferromagnetic ordering and the
emergence of semimetallicity predicted by band structure
calculations. The FM order arises from the superexchange (SE)
interaction between the 3d electrons of Cr ions mediated by
anions. The SE interaction between s and d electrons results in
substantial spin splitting from the electronic band. This is
dependent on the strength of spin–orbit coupling and exchange
splitting. Sayyan et al. reported that FeCr3Te4 underwent
a ferrimagnetic (FIM) transition at a critical temperature (Tc) of
123 K. This result indicates that the FIM interaction in FeCr2Te4
emerges because of the FM interaction between antiferromag-
netic Cr–Fe–Cr layers being magnetically coupled. This
compound also exhibits Hall effect anomalies at temperatures
<123 K, primarily dominated by the extrinsic skew-scattering
mechanism rather than intrinsic Karpus–Luttinger or extrinsic
hopping mechanisms.12
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 [A] The crystal structure of the spinel. Reprinted with permission from the Elsevier.11 [B] Rietveld refinement of powder X-ray diffraction
pattern (i) FeCr2S4 and (ii) CoCr2S4. Reprinted with permission from the Elsevier.121 [C] X-ray diffraction data of Fe3O4 nanoparticles prepared
using different concentrations of precursor). Reprinted with permission from the Elsevier.122 [D] FESEM images showing the surface morphology
of Fe3O4 nanoparticles prepared from different precursor concentrations). Reprinted with permission from the Elsevier.122 [E] Experimental and
theoretical magnetic hysteresis circles of SnFe2O4 nanoparticles). Reprinted with permission from the Elsevier.11 [F] Dependence of electrical
resistivity of SnFe2O4 on temperature under different magnetic fields. Reprinted with permission from the Elsevier.11 [G] Magnetoresistance
versus temperature for SnFe2O4 nanoparticles. Reprinted with permission from the Elsevier.11
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The following is a presentation of the crystal structure and
morphology, electrical properties, magnetic properties, and MR
of several spinel materials.

4.3.1 Crystal structure. The XRD characterization results
for several spinel materials indicated that these substances had
a single phase with a cubic spinel structure within the Fm�3m
space group. For example, in the case of SnFe2O4, this cubic
spinel structure can be clearly identied through X-ray diffrac-
tion (XRD) analysis,11 MCr2S4 (M = Fe & Co),121 and Fe3O4.

122 For
example, in the study conducted by Dey et al.,121 using the
compounds FeCr2S4 and CoCr2S4 with spinel structures
synthesized through the solid-state reaction method, the XRD
results in Fig. 5B, rened using Rietveld renement, showed
that the materials have a cubic FCC spinel structure (No. 277).
The atomic positions in the unit cell were determined as 8a Fe
(0, 0, 0), 16c Cr (0.625, 0.625, 0.625, 0.625), and 32e S (x= y= z=
0.3841920 (4)) for FeCr2S4 and 8a Co (0, 0, 0), 16c Cr (0.625,
0.625, 0.625), and 32e S (x = y = z = 0.3779778 (4)) for CoCr2S4
(Fig. 5B(i)). The XRD plot also indicated that both materials
have a single-phase without impurities. The lattice parameters
for eachmaterial are a= b= c= 9.9984 (2) Å for FeCr2S4 and a=
b = c = 9.9263 (2) Å for CoCr2S4 (Fig. 5B).

In the study conducted by Roy et al., it was found that there is
a signicant difference in lattice parameters because of varia-
tions in material concentration. The crystal size of Fe3O4

material (Fig. 5C) with a concentration of 0.4 M was approxi-
mately 34 nm, whereas for a concentration of 0.05, the crystal
size was approximately 23 nm.122 Higher lattice strain occurs in
materials with smaller crystal sizes, resulting from lower
precursor concentrations. Small crystal sizes can lead to larger
grain boundaries and higher defect concentrations. Defects can
© 2024 The Author(s). Published by the Royal Society of Chemistry
introduce imperfections in the crystal, causing intrinsic strain
in the lattice.114

4.3.2 Morphological structure. In a study by Roy et al., the
synthesis of Fe3O4 material was carried out with varying
concentrations of iron chloride, namely 0.4, 0.2, 0.1, and 0.05 M.
The results in Fig. 5D show that the average particle size was the
largest, reaching almost 50 nm, at a precursor concentration of
0.4 M. As the precursor concentration decreased to 0.05 M, the
particle size reduced to nearly 21 nm. These data were then tted
by calculating the full-width at half maximum (FWHM) of the
four samples, which were approximately 22, 20, 22, and 18 nm for
concentrations of 0.4, 0.2, 0.1, and 0.05 M, respectively.122 A
higher full-width half maximum (FWHM) in the particle size
distribution indicates a broader range of particle sizes. The
crystallite size, morphology, and particle size of nanoparticles
depend on several factors, including reaction temperature,
solvent, surfactant, and precursor concentration.123

4.3.3 Magnetic properties. The magnetization curve of the
spinel materials exhibits hysteresis characteristics that disappear
when transitioning from 5 K to room temperature, and SnFe2O4

displays superparamagneticmagnetization (Fig. 5E). It's important
to note that the non-linearity of theM(H) curve indicates the onset
of ferromagnetism in the system. When hysteresis loops are not
form, it indicates coercivity below the blocking temperature (TB).
The coercivity (Hc) increases with decreasing temperature and
reaches a value of approximately Hc is in the range of 555.61 Oe at
T = 5 K.11 There are differences in the magnetization values that
can be explained by size scaling,124 In the Monte Carlo simulation
method, the morphology of nanoparticles is considered perfect
with a cubic shape, whereas in experiments, crystal defects are
present in samples and may not be controlled.
RSC Adv., 2024, 14, 18617–18645 | 18629
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4.3.4 Electrical properties. The resistivity-temperature (r–T)
curve of spinel material (SnFe2O4) indicates semiconductor
behavior with a decrease in resistivity as the temperature increases.
However, there was an increase in resistivity in the range of 250–
280 K. This suggests that the application of a 5 T magnetic eld
signicantly inuences the electrical properties (resistivity) with
respect temperature. The observed transitions in resistivity values
occur over a wide range, inuenced by the distribution of nano-
particle sizes and shapes, as well as the effects of both intra- and
inter-particle magnetic interactions with respect to temperature.125

Mounkachi et al. have demonstrated in a study that SnFe2O4

undergoes a change in behavior from metallic to semiconductor
(Fig. 5F). This occurs when the distribution of Sn distribution
changes from octahedral to tetrahedral.126 The increase in resis-
tivity at low temperatures, which commonly occurs, is considered
a sign of resistance, such as tunneling insulation, within the
system. The increase in resistivity with decreasing temperature
may occur because of the weakening of double exchange (DE)
interactions at irregular interfaces, resulting from damage to the
Fe–O–Fe bonds on the nanoparticle surface and the breaking of
lattice translational symmetry on the surface.127

4.3.5 Magnetoresistance (MR) properties. Magnetoresis-
tance (MR) in granular systems is generally negative. Fig. 5G
show that at low elds, below a few hundred Oersteds, the
resistivity value rapidly decreases with an increase in the
magnetic eld. At low temperatures, tunneling between neigh-
boring grains is hindered by the charge accumulated on the
small grains. This effect is known as Coulomb blocking (CB).
The non-linear resistivity effect at low temperatures is typically
associated with tunneling resistance on the particle surface.128

These results are moderate than other oxides,129 and much
higher than those for other metal oxides, such as Zn0.80Co0.20-
Fe2O4 (%MR) about 20%,130 Zn1−xNixFe2O4 (%MR) about 30%131

Ni1−xMnxFe2O,132 and some manganite oxides.133
4.4 Kagome magnet

Magnets with a Kagome lattice structure have long been studied
in condensed matter physics. The Kagome lattice forms a two-
dimensional honeycomb network of triangles at various
angles. Because of its unique lattice geometry, Kagomemagnets
to exhibit diverse topological states and phenomena.15 In the
compound RMn6Sn6, if the R element can be entirely replaced
by elements such as Li, Mg, or Ca, it will result in ferromagnetic
properties. The lower the valence of Li, Mg, and Ca, the fewer
valence electron systems there will be. Therefore, by controlling
themagnetic and electronic states, it possible to achieve a larger
anomalous Hall effect and observe other phenomena. To
investigate these phenomena, the Kagome lattice with d-
electrons needs to be studied, designed to enhance the large
numbers massive Dirac fermions in the ferromagnetic state.13

By incorporating spin–orbit coupling and magnetism, the
system can exhibit various nontrivial electronic or magnetic
topological states, such as magnetic Weyl fermions, quantized
anomalous Hall states, and spin structures.14

In the rare-earth Kagome magnet family ReMn6Sn6 (where Re
is a rare-earth element) with a layered hexagonal structure, rich
18630 | RSC Adv., 2024, 14, 18617–18645
magnetic states and a nontrivial band structure topology is
observed (Fig. 6A).134 These materials typically consist of two
magnetic sublattices from different layers: (1) a Kagome
magnetic sublattice by Mn ions, and (2) a Kagome magnetic
sublattice by rare-earth ions. Interlayer magnetic interactions
drive variousmagnetic structures and produce complexmagnetic
phase diagrams. One example of such a material is TmMn6Sn6.
TmMn6Sn6 forms a hexagonal structure with space group P6/
mmm, consisting of Mn3Sn Kagome planes separated by two Sn3
layers and two inequivalent Sn2Tm layers. Than light rare-earth
elements such as Y, Tm is a heavy rare-earth element with 4f
electrons and strong spin–orbit coupling, leading to stronger
magnetic interactions capable of producing more complex
magnetic states.16 The Kagome magnet with the formula
RMn6Sn6 (R = lanthanide) has recently been extensively studied
because of its signicance in magnetic transport properties for
exploring new magnetic ground states and topological phases.
The quasi-two-dimensional magnetic structure leads to strong
intralayer coupling and weak interlayer coupling, which is highly
sensitive to the sublattice properties. Than non-rare-earth
Kagome materials such as MgMn6Sn6 and LiMn6Sn6, rare-earth
metal compositions RMn6Sn6 exhibit more complex and
tunable magnetic properties. By varying the R site, the magnetic
properties can change dramatically. When R = Y, Sc, and Lu, the
RMn6Sn6 system shows antiferromagnetic (AFM) behavior,
whereas when R = Gd–Ho, the materials exhibit ferrimagnetic
(FIM) behavior. Among the rare-earth metal alloys RMn6Sn6,
TmMn6Sn6 exhibits a more complex magnetic structure than
other alloys because of its dual magnetic sublattices and non-
collinear magnetic structure with a Néel temperature TN = 350
K. The exchange coupling interaction between neighboring Tm
and Mn is antiferromagnetic (AFM). This Kagome magnet shows
a transition temperature above room temperature (TC), but the
resulting magnetoresistance (MR) values are in the range of 6%
to −3% over the temperature range of 10 K to 300 K with an
applied magnetic eld parallel to the sample of 6 T.25

The following describes the crystal structure, magnetic
properties, electrical properties, and MR of Kagome magnets.

4.4.1 Crystal structure. The crystal structure of TmMn6Sn6

can be schematically represented as shown in Fig. 6A(i) and (ii).
Fig. 6A(iii) shows the diffraction pattern of the Kagome material
TmMn6Sn6 with pure phase. The magnetic diffraction pattern,
namely the Kagome lattice, in the material TmMn6Sn6 forms
a hexagonal structure with atoms located in the ab plane, as
depicted in Fig. 6(iv).25 In research by Ya et al., showed that the
ferromagnetic Kagomemagnet Fe3Sn2 has a structure similar to
a that of hexagonal graphene lattice.13

4.4.2 Electrical properties & magnetic properties. Fig. 6B(i)
shows the resistivity–temperature curve (r–T) of TmMn6Sn6

material with current owing along the ab-axis. The curve
indicates metallic behavior in the material. The magnetic
properties of TmMn6Sn6 in Fig. 6B(ii) show that magnetization
increases rapidly aer a previous slow increase at Htc. This
increase in magnetization is associated with a spin-op transi-
tion, indicating a complex magnetic structure transition at
Htc. Conversely, at Hkc, the magnetization shows a linear
increase. This suggests a difference in magnetization behavior
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 [A] Crystal structure of Kagome (TmMn6Sn6). Reprinted with permission from the Physical Review B.16 [B] (i) Crystal structure of
TmMn6Sn6. (ii) The TmMn6Sn6 crystal structure is depicted in the illustration arranged along the [001] direction (iii) XRD pattern of TmMn6Sn6, (iv) l
STEM image of TmMn6Sn6. Reprinted with permission from the Elsevier.25 [C] (i) Resistivity versus temperature with current along the ab-axis. (ii)
M(H) curves for Hkc and Htcmagnetic fields at 100 K. Reprinted with permission from the Elsevier.25 [D] (i) and (ii) Magnetoresistance to field at
various temperatures measured with Htc and (ii) and (iv) Hkc Reprinted with permission from the Elsevier.25
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between Htc and Hkc. The susceptibility of TmMn6Sn6 at Htc
is smaller than at Hkc.

4.4.3 Magnetoresistance (MR) properties. The magnetore-
sistance (MR) of the Kagome lattice TmMn6Sn6 depends on
temperature. MR increases and becomes more positive with
increasing magnetic eld when Hkc. However, in the case of
Htc, MR increases, but aer reaching a maximum value at the
critical magnetic eld, MR rapidly decreases and become
negative with increasing magnetic eld, forming a saddle as
shown in Fig. 6D(i) and (iii). Fig. 6D(iii) also shows signicant
changes that depend on temperature. However, the MR value
when Hkc always remains positive at temperatures below 100 K
and always negative at temperatures above 250 K (Fig. 6D(ii) and
(iv)). For the MR curve with Hkc, it shows a saddle-shaped curve
where its value changes from positive to negative with increasing
external magnetic eld, but the indicated change is smaller. At
Hkc, it is positive when the temperature is above 250 K and always
negative at temperatures below 100 K. At 150 K, the MR behavior
was the same for both Hkc and Htc (Tables 1–4).25

Based on the MR parameter data above, it can be concluded
that there are several criteria for obtaining materials with high
MR values, including the following:

1. Magnetic properties
(a) High saturation magnetization (Ms) value
(b) Low coercivity (Hc) value
(c) TC near room temperature
2. Electrical properties
© 2024 The Author(s). Published by the Royal Society of Chemistry
(a) Large resistivity change value
(b) Tr near room temperature
3. Low external magnetic eld required (Table 5).

5. Electrical transport mechanism

To study the electron transport mechanism in materials, Nguyen
et al. utilized a theoretical model to describe it. In the para-
magnetic region, at high temperatures (T > Tr), the conductivity
of manganites is generated through the thermally activated
hopping of charge carriers localized in the form of small polaron.
Therefore, the transport characteristics are described by two
models: the variable-range hopping (VRH) model and the small
polaron hopping (SPH) mechanism when T < qD/2, where qD/2 is
the Debye temperature, which is the temperature at which the
resistivity deviates from linearity in the plot ln(r/T) versus 1/T. The
conductivity mechanism in the range of qD/2 < T < Tr is analyzed
using the VRH model, whereas for the range above qD/2 it is
described using the SPH model. In the SPH model, there are two
different mechanisms, namely, adiabatic and non-adiabatic, as
presented in the following equations:

rðTÞ ¼ AT exp
Ep

kBT

� �
(5)

rðTÞ ¼ AT3=2 exp
Ep

kBT

� �
(6)
RSC Adv., 2024, 14, 18617–18645 | 18631
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In the study by Das et al.,135 resistivity data were also analyzed
using the small-polaron hopping model with different models,
as follows:

rhop ¼
AT

n

h
1þ

n
1� c

0
m2ðtÞ

o
sa

2
i
cosh2

�
3p

2ðT þ qÞ
�
exp

�
U

T

�
(7)

where A = 1.13kB/vpha
2e2, vph is the frequency of the longitu-

dinal optical phonon mode to which the electron with charge e
is coupled, a is the distance of hopping, n is the density of
charge carriers, sa is the short-range order parameter, 3p is the
small polaron stabilization energy and U is the activation energy
of the charge carriers.135

Eqn (5) represents adiabatic small polaron hopping, and eqn
(6) represents non-adiabatic small polaron hopping, where A is
the residual resistivity, Ep is the activation energy of the polaron,
is the band gap the polaron must overcome to transfer to the
next site, which includes the activation energy required for free
charge carriers (WD) and the energy that stimulates carriers to
hop (WH), kB is the Boltzmann constant.

Ep ¼ WH þ WD

2
for T . qD=2 (8)

WH = Ep − Es (9)

where WH is polaron hopping energy, Ep is polaron activation
energy, and Es is thermoelectric activation energy.

In this case, the Holstein criterion can determine whether the
polaron-hopping conduction is adiabatic or non-adiabatic. The
Holstein criterion states that adiabatic and non-adiabatic mech-
anisms can be identied by comparing the polaron bandwidth (J)
with the critical polaron energy bandwidth (f), where the values of
J and f are determined from the following equations:

JðTÞ ¼ 0:67hvph

�
T

qD

�1=4

(10)

fðTÞ ¼
�
2kBTWH

p

�1=4�
hvph

p

�1=2

(11)

where vph is longitudinal optical phonon frequency, hvph =

kBqD. If J > f, the conduction process is adiabatic small polaron
hopping (ASPH), and if J < f, the conduction process is non-
adiabatic small polaron hopping (NASPH).136

The temperature-dependent resistivity relationship can also
be explained using the variable range hopping (VRH) model for
the temperature range Tr < T< qD, which is described by the
following equation:

s ¼ s0 exp

�
�T0

T

�1=4

(12)

where T0 = 18/kBN(EF)a
3 is the Mott characteristic temperature,

with a as the inverse of the localization length equal to 2.22
nm−1, N(EF) is the density of states at the Fermi level137

Furthermore, in the study by Asthana et al.,138 it was
mentioned that the transport data in the semiconducting
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Table 2 Magnetoresistance properties with parameters of magnetic properties, electrical properties, and MR of some alloy materials

Sample

Magnetic properties
Electrical
properties MR

Method Ref.Ms (emu g−1) Hc TC (K)
r(H)
(U cm) Tr (K)

jMRj
(%) TMR (K) (m0H) B

(Co0.79Mn0.21)0.92Fe0.08 1550 — — — — 200 350 — Arc melting 50
(Co0.79Mn0.21)0.83Fe0.17 1550 — — — — 290 370 — Arc melting 50
(Co0.79Mn0.21)0.74Fe0.26 1450 — — — — 280 400 — Arc melting 50
(Co0.79Mn0.21)0.65Fe0.35 1400 — — — — 220 430 — Arc melting 50
(Co0.79Mn0.21)0.55Fe0.45 1600 — — — — 200 440 — Arc melting 50
Ni34(FeCo)16Mn37Ti13 40 — 330 1.3 280 25.4 317 5 T Arc melting 98
Ni32(FeCo)18Mn37Ti13 58 — 346 1.3 275 12.9 317 5 T Arc melting 98
Ni30(FeCo)20Mn37Ti13 65 — 369 1.4 200 23.7 248 5 T Arc melting 98
Ni92Cu8 0.8 — — — — 1.4 — 1 T Electrochemical deposition 99
Ni75Cu25 1.0 — — — — 10 — 1 T Electrochemical deposition 99
Ni54Cu46 0.9 — — — — 0.8 — 1 T Electrochemical deposition 99
Ni46.8Mn38.1Sn11.6Fe3.5 — — — 13 268 47 262 5 T Induction melting 102
Ni46.8Mn38.1Sn11.6Fe3.5 — — — 14 276 25 262 2 T Induction melting 102
Ni2Mn1.4Sn0.6 60 — — 200 160 16 170 5 T Argon arc melting 120
Ni45Co5Mn36.5In13.5 — — 300 0.8 200 80 230 5 T Arc melting 114
Ni40Co6Fe4Mn33Al17 211 — 348 0.06 250 35 230 3 T Melting high purity 117
Ni40Co4Fe6Mn33Al17 173 — 297 0.015 220 28 190 3 T Melting high purity 117
Ni40Co2Fe8Mn33Al17 127 — — 0.005 170 15 150 3 T Melting high purity 117
Ni43Mn41Co5Sn11 — — — — — 20 280 1 T Arc melting high purity 118
Mn1.9Co0.1Sb 40 — — — 170 46 136 5 T Arc melting 104
Ni45Mn43CrSn11 50 — 300 28 250 70 250 5 T Arc melting 105
Ni50Mn37Sn13 — — 300 108 320 24 320 5 T Arc melting 169
Ni50Mn36Sn14 — — 220 120 250 42 250 5 T Arc melting 169
Ni50Mn35Sn15 — — 180 90 180 42 180 5 T Arc melting 169
Ni50Mn36Sn16 — — 100 40 100 34 100 5 T Arc melting 169
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regime of the material can be analyzed using Mott variable
range hopping (Mott-VRH) with the following equation:

r = r0m exp(T0m/T)
1/4 (13)

where r0m is the Mott residual resistivity and T0m is the Mott
characteristic temperature.138

On the other hand, in the metallic region (T0 # Tr), the
electron transport mechanism is described by one of the
following equations:

r(T) = r0 + r2.5T
2.5 (14)

r(T) = r0 + r2T
2 + r4.5T

4.5 (15)

r(T) = r0 + r2T
2 + r5T

5 (16)

where r0 is the resistivity because of grain/domain boundary
effects, r2T

2 represents the electrical resistivity because of the
electron–electron scattering process, r2.5T

2.5 is the electrical resis-
tivity because of electron–magnon scattering process in the ferro-
magnetic phase, r4.5T

4.5 is a combination of electron–electron,
electron-magnon and electron–phonon scattering processes, and
r5T

5 term is accredited to the electron–phonon interaction.96

In the research of Khli et al., it was shown that in the
paramagnetic region, at high temperatures (T > Tr), the elec-
trical conduction mechanism in the magnetic material
18636 | RSC Adv., 2024, 14, 18617–18645
(La0.8Ca0.2−x,xMnO3) is governed by the adiabatic mechanism
of small polaron hopping (SPH),139 where

rPMðTÞ ¼ raT exp
Ea

kBT

� �
(17)

where ra = 2 kB/(3ne
2a2v). The resistivity coefficient ra is

temperature-independent, where n is the charge carrier
concentration, e is the electron charge, a represents the
hopping distance, v is the frequency of longitudinal optical
phonons, and Ea and kB respectively, represent the activation
energy and the Boltzmann constant.97

At low temperatures (T < Tr), Khli et al., used rFM(T) from
eqn (15). The tting results can be seen in Fig. 7 (A), showing
a simulation of the resistivity vs. temperature curve using the
formulas rPM(T) in the insulating phase (red line) and rFM (T)
(green line).

From the curve, it can be observed that the minimum
resistivity is obtained at a temperature of 40 K. The scattering
mechanism cannot explain the resistivity at lower temperature
ranges (<40 K). This indicates that the contribution of other
behaviors inuences the resistivity at low temperatures.
Essentially, this behavior is caused by strong correlation effects,
related to the disordered system.140 The origin of this low-
temperature behavior is analyzed by considering scattering
mechanisms such as the Kondo effect and electron–electron
interactions.141 To explain these mechanisms, experimental
measurements are tted with equations:
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Magnetoresistance properties with parameters of magnetic properties, electrical properties, and MR of some spinel materialsa

Sample

Magnetic properties
Electrical
properties MR

Method Ref.Ms (emu g−1) Hc TC (K)
r(H)
(U cm) Tr (K) jMRj (%) TMR (K) (m0H) B

FeCr2Te4 — — — 1.1 >300 3.2 140 9 T SS 12
FeCr2Te4 — — — 1.1 >300 2.4 140 7 T SS 12
FeCr2Te4 2.2 — 123 1.1 >300 1.4 140 5 T SS 12
FeCr2S4 24 50 kOe 170 48 175 17 165 50 kOe SS 121
CoCr2S4 27 50 kOe 225 7 × 107 150 10.2 165 50 kOe SS 121
ZnFe2O4 10 — — 11 150 9 200 9 T SS 130
Zn0.8Co0.2Fe2O4 50 0.3 T 170 36 150 12 200 9 T SS 130
Zn0.6Co0.4Fe2O4 120 0.2 T >300 43 150 16 200 9 T SS 130
ZnFe2O4 — — — — — 4 250 9 T SS 131
Zn0.9Ni0.1Fe2O4 30 005 T — — — 6.25 250 9 T SS 131
Zn0.8Ni0.2Fe2O4 60 0.05 T 150 — — 5 250 9 T SS 131
Zn0.7Ni0.3Fe2O4 100 0.05 T — — — 7 250 9 T SS 131
Zn0.6Ni0.4Fe2O4 140 0,05 T — — 9 250 9 T SS 131
Ni0.6Mn0.4Fe2O4 51.76 229 — — 0.43 502 0.57 T SS 132
Ni0.2Mn0.8Fe2O4 58.13 210 — — 1,24 438 057 T SS 132
SnFe2O4 14.17 36,11 Oe 760 7 × 105 280 80.10 260 5 T Solvo-thermal 11
Fe3O4 87.5 100 Oe — — — 2.13 >300 5 kOe Co-precipitation 122
FeCr1.95Ga0.05S4 — — 180 90 — 0.5 250 0.5 T SS 173
FeCr1.9Ga0.1S4 — — 180 15 — 0.32 250 0.5 T SS 173
FeCr1.85Ga0.15S4 — — 180 8 — 0.25 250 0.5 T SS 173
FeCr1.8Ga0.2S4 — — 180 5 — 0.2 250 0.5 T SS 173
FeCr1.7Ga0.3S4 — — 200 3 — 0.22 250 0.5 T SS 173
FeCr1.6Ga0.4S4 — — 200 8 — 0.32 250 0.5 T SS 173
CdCr2S4 6 — 85 120 125 55 90 9 T Chemical transport reaction 174
Fe2.5Zn5O4 12 — — — — 30 300 1.2 T Pulsed laser deposition 175
Fe2.5Mn5O4 50 — — — — 90 300 1.2 T Pulsed laser deposition 175

a SG (sol–gel), SS (solid-state reaction), wet-mixing (WM).
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rðTÞ ¼ 1

sð0Þ þ BT
1
2

þ ATn (18)

rðTÞ ¼ 1

sð0Þ þ B Ln T
þ ATn (19)

Eqn (18) depends on electron–electron interactions, and eqn
(19) depends on the inuence of scattering like the Kondo
effect. Here, r (0) represents the residual conductivity, the term
BT1/2 corresponds to correlated electron–electron interactions,
and the term B Ln (T) represents the contribution because of the
spin dependence of scattering, like the Kondo effect. Eqn (18) is
used for samples with a 0 T eld effect, whereas eqn (19) is used
for samples under 2 and 5 T elds. Fig. 7B shows a good t
between the equation results and experimental data. This
concludes that the mechanism responsible for the increase in
resistivity at low temperatures is sensitive to the applied
magnetic eld, regulated by Kondo-like scattering, which is
consistent with the results obtained by Xu et al. in the
compounds La2/3Ca1/3MnO3 and electron–electron
interactions.142
© 2024 The Author(s). Published by the Royal Society of Chemistry
Meanwhereas, percolation approach is used for the electrical
transport mechanism in the temperature range of 5–400 K,
assuming that the material is composed of paramagnetic (PM)
and ferromagnetic (FM) regions. In this approach, the electrical
resistivity of the system is determined by the variation in the
volume fraction of ferromagnetic regions (f). Thus, the resis-
tivity is expressed by the equation:

r(T) = rFMf + rPM(1 − f) (20)

where f and (1 − f) are the volume fractions of the FM and PM
states, respectively. The function f is determined through
a mathematical combination as follows:

f ¼ 1

1þ exp

�
DU

kBT

�; 1� f ¼
exp

�
DU

kBT

�

1þ exp

�
DU

kBT

�; DU

¼ �U0

 
1� 1

Tmod
C

!
(21)

Then the equation r(T) becomes:
RSC Adv., 2024, 14, 18617–18645 | 18637
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Table 4 Magnetoresistance properties with parameters of magnetic properties, electrical properties, and MR of some Kagome materials

Sample

Magnetic properties
Electrical
properties MR

Method Ref.Ms (emu g−1) Hc TC (K)
r(H)
(U cm) Tr (K)

jMRj
(%) TMR (K) (m0H) B

CoSn — — 5 — — 105 3 8 T Arc melting 176
Co0.8Fe0.2Sn — — 17 — — 8.4 3 8 T Arc melting 176
Co0.7Fe0.3Sn — — 26 — — 3.7 3 8 T Arc melting 176
Co0.6Fe0.4Sn — — — — — 2.7 3 8 T Arc melting 176
Co3In2S2 — — — 20 50 0.3 20 8 T Flux method 177
(Co0.97Fe0.03)3In2S2 — — — 44 50 0.175 50 8 T Flux method 177
Fe3Sn2 2.0 mB/Fe — 320 250 400 2 40 9 T Self-ux 178
YMn6Sn6 1.5 mB/Fe — 400 0.08 400 24 40 9 T Sn ux methods 179
YMn6Sn5.93Ga0.07 2 mB/Fe — 400 0.06 400 14 40 9 T Sn ux methods 179
YMn6Sn5.87Ga0.13 2 mB/Fe — 400 0.058 400 7.5 40 9 T Sn ux methods 179
YMn6Sn5.78Ga0.22 2 mB/Fe — 400 0.05 400 21 40 9 T Sn ux methods 179
YMn6Sn5.70Ga0.30 2 mB/Fe — 400 0.045 400 7 40 9 T Sn ux methods 179
YMn6Sn5.39Ga0.61 2 mB/Fe — 400 0.045 400 7.5 40 9 T Sn ux methods 179
Ni3In2S2 — — — 0.4 300 16 2 10 T SS 180
Yb0.5Co3Ge3 — — — 15 300 12.5 3 10 T Sn ux 181

Table 5 Comparison of measurement parameters of perovskite, alloy,
spinel, and Kagome material structures based on criteria for obtaining
materials with high MR values abovea

Material group

Magnetic
properties

Electrical
properties

Low (m0H)
B externala b c a b

Perovskite 3 3 3 3 3 3

Alloy 3 — 3 — 3 3

Spinel 3 3 — — — —
Kagome — — 3 3 3 —

a 3 = meets the criteria, — = not meeting the criteria.

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
ju

ni
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2-
08

-2
02

4 
00

:2
2:

33
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
rðTÞ ¼ r0 þ r2T
2 þ r5T

5:
1

1þ e

0
BBBB@

�U0

 
1� T

Tmod
C

!
kBT

1
CCCCA

þ raT exp
Ea

kBT

e

0
BBBB@

�U0

 
1� T

Tmod
C

!
kBT

1
CCCCA

1þ e

0
BBBB@

�U0

 
1� T

Tmod
C

!
kBT

1
CCCCA

(22)

From Fig. 7C, it can be explained that f(T) eqn (22) below the
metal–insulator transition temperature, with a strong domi-
nance of the FM fraction. Then, the volume fraction of FM
reduces to zero, transitioning from the ferromagnetic metal
18638 | RSC Adv., 2024, 14, 18617–18645
state to the paramagnetic insulator state. The temperature-
dependent variation of f conrms that it follows a Boltzmann
distribution, being one below the transition temperature and
0 above the transition temperature.

Thus, the temperature-dependent resistivity variation for all
temperature ranges can be expressed using the following equation:

rðTÞ ¼ ð1� f Þ � raT exp
Ea

kBT

� �
þ f � �r0 þ r2T

2 þ r5T
5
�

(23)

Fig. 7D shows that the experimental results are in accor-
dance with the equation, even with the inuence of external
magnetic elds of 0 T, 2 T, and 5 T. This result aligns with the
research of Gamzatov et al.143

In the GMR effect, there are several mechanisms to consider
related to the transition between antiferromagnetic (AF) and
ferromagnetic (F) states. One mechanism is spin-dependent
scattering of conduction electrons, associated with a decrease
in relaxation time in the AF state. This mechanism generally
leads to GMR in magnetic multilayers. GMR depends on both
spin and electron conduction. GMR mechanisms not only
assume that electron scattering occurs because of irregularities
at layer boundaries; another possible GMRmechanism involves
variations in the Fermi surface through metamagnetic transi-
tions, resulting from the formation of superzone gaps in the AF
state. To explain the origin of GMR mechanisms, measure-
ments of transport properties such as the Hall effect and ther-
moelectric power are required. Hall resistivity in magnetic
materials is divided into two types: normal Hall resistivity and
extraordinary Hall resistivity. Normal Hall resistivity provides
information about the Fermi surface, such as carrier concen-
tration and the k-dependence of conduction electron scattering.
The extraordinary Hall effect provides information about the
asymmetry of scattering. Meanwhereas, thermoelectric power is
a derivative of the energy density of states and the relaxation
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 [A] Resistivity variation as a function of temperature in the zero plane (symbol) for samples x= 0.00, x= 0.10 and x= 0.20, and resistivity fit
Reprinted with permission from the Elsevier.97 [B] Resistivity fit according to eqn (7) for x= 0.00, x= 0.10 and x= 0.20 samples in the temperature
range between 0 and 100 K. Reprintedwith permission from the Elsevier.97 [C] Volume fraction of ferromagnetic phase (f) against temperature for
different samples: x = 0.00, x = 0.10 and x = 0.20 under applied magnetic field of 0; 2 and 5 T) Reprinted with permission from the Elsevier.97 [D]
Experimental (symbols) and calculated (lines) electrical resistivity as a function of temperature of x = 0.00, x = 0.10 and x = 0.20 samples under
the application of 0; 2 and 5 T magnetic field). Reprinted with permission from the Elsevier.97 [E] The thermal variation of the thermoelectric
power (S) of material La0.5Pb0.5MnO3 with two different grain sizes, S1 and S3, (B = 0 and 1.5 T) at low temperature. [F] Plot of S as a function of
temperature, the solid lines represent the best fitting curves with the equation S = S0 + S1.5 T 1.5 + S4 T 4. [G] Variation of thermopower S as
a function of inverse temperature 1/T, solid lines are the best fits to Mott's SPH model eqn (28). Reprinted with permission from the AIP
Publishing.145 [H] (i) The calculated normalized resistivity at a specific temperature is plotted as a function of magnetic field strength and
orientation relative to the crystal c-axis (q) (ii) the calculated dependence of normalized resistivity rotating in the yz plane is shown by solid lines,
compared with the experimental results obtained from the slab sample (iii and iv) the calculated angle dependence of normalized resistivity
rotating in three perpendicular planes (from y to x, z to y, and z to x direction) is depicted, comparedwith the experimental results (represented by
symbols) obtained from the slab and square-rod samples, respectively.146 Open source PNAS. [I] The Ts depends on the spin (+ and −) for
ferromagnetic junctions in the free-electron model. Reprinted with permission from the Elsevier.36

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 18617–18645 | 18639
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time of conduction electrons. In the research of Kobayashi
et al.,144 showed the curves of r(T) at m0H = 0 T and M(T) at m0H
= 0.1 T exhibit large hysteresis, indicating a rst-order transi-
tion between AF and F states. At high magnetic eld applica-
tions, the transition is no longer observed. The results shows
that both the normal and extraordinary components at 9 T
magnetic eld application. Asymmetric scattering affecting the
Hall effect can be classied into two mechanisms: the skew
scattering proportional to r and the side-jump scattering
proportional to r2. The extraordinary Hall coefficient Rs for the
ferromagnetic state can be described as follows:

Rs = ar + br2 (24)

Rs/r = a + br (25)

Kobayashi et al. explained in their research the relationship
between thermoelectric power (S) and temperature under the
inuence of magnetic elds of 0 and 9 T. At 0 T magnetic eld,
the curve forms hysteresis indicating a rst-order transition. In
the ferromagnetic state, S is negative at high temperatures.
However, applying a 9 T magnetic eld, the ferromagnetic state
is observed across the entire temperature range, with S being
negative and temperature-dependent. For higher temperatures,
the value of S is nearly the same at 0 T and 9 T magnetic elds.
According to the Mott equation, the thermoelectric power (S) is
formulated as follows:

S ¼ p2kB
2

3jej T

�
vln NðEÞ

vE
þ vln sðEÞ

vE

�
E¼EF

(26)

N(E) is the density of states, and s(E) is the relaxation time of
conduction electrons. From the equation, it is evident that S is
not dependent on the magnetic eld, as the scattering centers
do not differ in the transition region. Therefore, the change in
the value of S with temperature reects the change in the energy
derivative of the density of states at the Fermi level because of
the Fermi surface reconstruction associated with the transition
between the AF and F states.144

There is a relationship between thermoelectric power (S) and
temperature for manganite samples with the inuence of grain
size. In the study by Banerjee et al.,145 by preparing La0.5Pb0.5-
MnO3 samples with variations of S1 (heated at 900 °C for 48 h), S2
(the grounded powder was palletized and annealed again at 900 °
C for 24 h), and S3 (the well-ground powder is then palletized and
annealed at 940 °C for 25 h), grain sizes (S3 > S2 > S1). The curves
of S versus temperature (B= 0.0T and 1.5T) in Fig. 7E for samples
S1 and S3 show differences in the S value because of grain size
inuence. In sample S3, which has lower resistivity, the S value at
low temperatures is relatively smaller (S < 2 mV) than sample S1.
Additionally, samples S1 and S3 also show an increase in S at low
temperatures because of the applied magnetic eld. Thermo-
electric power (S) data dependent on magnetic eld in the
ferromagnetic region also indicate a contribution frommagnons.

Similar to the resistivity data at low temperatures (T < Tr), the
values of S (B = 0.0 T and 1.5 T) for the ferromagnetic phase are
adjusted according to the following equation:
18640 | RSC Adv., 2024, 14, 18617–18645
S = S0 + S1.5T
1.5 + S4T

4 (27)

where S0 is S when T = 0 K, T1.5 behavior suggests that electron–
magnon scattering, S4T

4 is considered to originate from spin
wave uctuations in the FM phase. Fig. 7F shows the best-t
curve (solid line obtained from tting with eqn (27)). From the
curve, it is observed that S (B = 0.0 T and 1.5T) decreases with
increasing grain size. This is because of the of magnetic domain
and grain boundary (GB) scattering mechanisms, which have
similar effects on resistivity. Typically, an increase in grain size
also leads to an increase in the spin wave uctuation parameter.
This is because larger grain sizes contain magnetic spins with
relatively larger uctuations. However, in reality, thermoelectric
power (S) is relatively less sensitive to grain size, as heat ow from
one grain to another is naturally additive.

To understand polaronic transport in the paramagnetic
phase (T > Tr), it's necessary to note that the previous S data did
not t well at high temperatures. Therefore, the Mott equation
at high temperatures becomes.

Bagian Atas Formulir

S ¼ kB

e

�
Es

kBT
þ a

0
�

(28)

where Es is the activation energy from the S, a0 is a constant, if
a0 < 1 it indicates jumps inuenced by small polarons, and if
a0 > 2 it indicates jumps inuenced by large polarons. The
Fig. 7G shows the best–t curve to eqn (28). From the data, the
slopes Es (activation energy) is obtained for samples S1 and S3.
The values of Es are nearly rst order of magnitude smaller than
those obtained from the resistivity data.145

In the AMR effect, we can quantitatively explain it using
a phenomenological model inuenced by crystal anisotropy.
Assuming that the resistivity under the inuence of a magnetic
eld parallel and perpendicular to the c-axis in the crystal is rk
and rt, their relationship can be described as follows: 

rðQÞ
rk

!2

cos2 Qþ
�
rðQÞ
rt

�2

sin2
Q ¼ 1 (29)

Like in Fig. 7H(i), it shows the short-to-long axial ratio rep-
resenting the uniaxial resistivity ratio as a = rk/rt, the resis-
tivity is normalized as in the following equation:

rðQÞ
rk

¼ a
�
a2 cos2 Qþ sin2

Q
� �1=2 (30)

AMR is fully determined by the ratio a, if the anisotropy is
too weak a = 1 is assumed. Therefore, the resistivity can be
formulated as follows:

rðQÞ
rk

¼ a cos2 Qþ a sin2
Q (31)

The equation describes a symmetric sinusoidal function of
the angle Q.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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In Fig. 7H(ii) and (iii), there is an asymmetry from peak to
valley with a broader valley width. Fig. 7H(ii) exhibits a very
good agreement between theoretical and experimental results,
forming a clearly asymmetric line shape, which provides justi-
cation for eqn (31). This emphasizes that AMR also displays
asymmetry in the form of r(Q)/r0. The phenomenological model
shows consistency across all experimental AMR data for all
magnetic eld rotations in various sample planes. Fig. 7H(iii)
demonstrates excellent agreement between theoretical and
experimental results from the slab sample (with dimensions 3.8
× 0.85 × 0.15 mm3). Each component satises eqn (31) and
exhibits the same values across the samples. Fig. 7H(iv) depict
the agreement of the adjusted parameters with the data r(Q)/r0
from square-rod sample (with dimensions 7.0 × 0.85 × 0.85
mm3). The conformity between experimental data and theo-
retical results indicates a very good t, despite disregarding
other contributions, such as Lorentzian MR.146

Next, in the TMR effect, we need to consider a one-
dimensional free electron model to investigate the process of
electron tunneling through a barrier. Next, we need to calculate
the transmission probability for electrons from the le elec-
trode with the energy required to penetrate the barrier towards
the right electrode. The required energy (E) is measured from
the bottom of the energy band, and its magnitude depends on
spin when the electrode is ferromagnetic, expressed as Es, where
s = + (majority spin) and s = − (minority spin).

Then, the barrier potential is denoted by f determined from
the Fermi energy and d (barrier thickness). Further, the rate of
decrease in the wave function at the barrier can be calculated
using the following equation:

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mF=h

p
(32)

where m is the effective mass of tunneling electrons in a free-
electron model. Meanwhereas, the transmission coefficient is
calculated using the following equation:

Ts ¼ 16Es F

ðEs þ FÞ2 e�2kd ; for kd[1 (33)

The values of Ts are plotted as a function of f/E+ to obtain the
value of E+/E−. Fig. 7I shows that the sign of the spin polariza-
tion of the transmission coefficient (Ts) depends on f/E+.

The difference between the transmission coefficients in
parallel (P) and antiparallel (AP) alignments of magnetization
also needs to be evaluated, which can be calculated using
a generalized calculation such as the conductance GP and GAP P
for P and AP alignments of the magnetization, as in the
following equation:

GP(AP) f 1 + (−)P2 (34)

P ¼
				kFþ � kF�k2 � kFþkF�
kFþ � kF�k2 þ kFþkF�

				 (35)

With kFs is the Fermi wave number for the s-spin of the elec-
trodes. Meanwhereas, the MR ratio is determined as MR = (GP

− GAP)/GP.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The value of P needs to be evaluated by calculating kFs, where
P is very small (only a few percent) than experimental
measurements involving the factor jk2 − kF+kF−j. To obtain
a quantitative comparison between experimental and theoret-
ical values of P, numerical calculations of P should be more
realistic, incorporating the effects of disorder at, for example,
junction interfaces.36

6. Conclusions, challenges and
perspectives

The magnetoresistive (MR) properties are highly unique char-
acteristics of magnetic materials and have various applications
in different technological elds. MR is observed in several
material groups, including perovskites, alloys, spinels, and
Kagome magnets. Comparing the properties of each material
group, perovskite materials exhibit superior MR values, sup-
ported by various magnetic and electrical parameters. Perov-
skite materials show ideal magnetization curves with high
saturation magnetization, low coercivity, and a critical
temperature (Tc) close to room temperature. Electrically,
perovskite materials can undergo signicant changes in resis-
tivity when an external magnetic eld is applied. Therefore,
perovskite materials are intriguing for development because of
their excellent MR properties and the ability to operate at room
temperature without the need for cooling.

However, there are still challenges for the widespread
potential applications of perovskite materials. Perovskites will
exhibit good magnetic properties, electrical properties, and
magnetoresistance whereas having Tc near room temperature if
substituted with the right cations, both at A and B sites,
considering the radii of the substituting elements that will
inuence the electron transport mechanism in the perovskite
material. Therefore, perovskite materials have great potential
for further development to enhance their properties and create
materials with superior characteristics.
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