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Research progress in double perovskite oxide
half-metals for magnetic storage technology

Qingkai Tangab and Xinhua Zhu *bc

With the development of spintronics and magnetic storage technologies towards ultra-high density,

ultra-low power consumption, and ultra-fast response, double perovskite oxide half-metals (DPOHMs)

have become core candidate materials to break through the performance bottlenecks of traditional

magnetic storage devices due to their tunable crystal structure, high Curie temperature (Tc), nearly 100%

spin polarization (SP), and excellent chemical stability. Here, we systematically review the research

progress in DPOHMs used for magnetic storage devices, which covers crystal structure regulation,

microstructural characterization, physical property characterization methods, theoretical calculation

models, and their applications in magnetic storage devices. Firstly, synthesis methods (sol–gel methods,

pulsed laser deposition, magnetron sputtering, etc.) and structural characterization of DPOHMs are

described, and the effects of A-/B-site element doping and oxygen vacancy regulation on the crystal

ordering degree and half-metallic properties are analyzed. Then, the correlation between

microstructures and material properties is critically discussed. In addition, theoretical investigations into

the physical origins of the half-metallicity of DPOHMs by first-principles calculations (density functional

theory (DFT) plus the U method (DFT+U)) are critically reviewed, especially the theoretical simulations of

band structures, density of states, magnetic exchange interactions, and defect effects. Finally, the

promising applications of DPOHMs in magnetic tunnel junctions, spin valves, and spin field-effect

transistors are systematically summarized, and the current challenges and future prospects of DPOHMs

in the field of magnetic storage are discussed.
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1. Introduction

With the explosive development of fields such as 5G, artificial
intelligence, and police big data, the global demand for data
storage doubles every two years. Traditional hard disk drives
(HDD) and Not AND (NAND) flash memory can hardly meet the
requirements of next-generation storage for ‘‘Tb-level density,
sub-ns-level speed, and sub-fJ-level energy efficiency’’.1,2 High
spin polarization (SP) materials are essential for overcoming the
performance constraints of conventional devices, which are
being replaced by spintronic devices due to their ‘‘non-
volatility, low power consumption, and high integration’’.3,4

Half-metallic materials are considered as ‘‘ideal electrode mate-
rials’’ for spintronic devices because of their special electronic
structure of ‘‘metallicity in one spin channel and insulation in
the other spin channel’’ at the Fermi level, which permits them
to provide 100% spin-polarized current.5,6

Among numerous half-metallic systems, double perovskite
oxides with the general chemical formula A2BB0O6 (where A is an
alkaline earth/rare earth metal and B/B0 are transition metals)
have special advantages: (1) structural flexibility: the electronic
structure and magnetic ordering can be precisely regulated via A-
site and B-site element doping (e.g., Sr2+/La3+ substitution at the
A-site and Co3+/Ni2+ doping at the B-site);7,8 (2) room-temperature
(RT) stability: the Curie temperature (TC) of typical systems such
as Sr2FeMoO6 (SFMO) reaches 420–480 K, which far exceeds
RT;9,10 (3) oxide compatibility: they have a high lattice matching
degree with insulating barrier layers such as MgO and Al2O3,
which can reduce interface scattering loss.11,12 Ever since Kobaya-
shi et al. first reported the half-metallicity and tunnel magne-
toresistance (TMR) effect of SFMO in 1998,13 research studies on
double perovskite oxide half-metals (DPOHMs) have expanded
from a single system to multi-element doping, heterostructure
construction, and device integration.14,15

However, the practical applications of DPOHMs still face
three core issues: (1) from the microstructural view, the low
ordering degree of B/B0-site atoms and numerous oxygen
vacancy defects lead to the deviation of spin polarization from
the theoretical value;16,17 (2) from the physical property view,
insufficient magnetic anisotropy energy (MAE) and fast mag-
netic moment relaxation at high temperatures affect the ther-
mal stability of devices;18,19 and (3) from the aspect of theory–
experiment deviation, a difference exists between the predicted
values by first-principles and the experimental ones, requiring
more accurate calculation models.20,21

In order to develop high-performance magnetic storage
devices, in this review the mechanisms underlying the correla-
tion between the structure, performance, and applications of
DPOHMs are critically analysed from three aspects: microstruc-
tural characterization, physical property measurements, and
theoretical calculations, and more research perspectives for
DPOHMs are also pointed out. For more details, this review is
arranged as the following. We briefly introduce the fundamental
crystal structures of DPOHMs and their synthesis methods,
followed by their microstructural and physical property charac-
terization. Then, theoretical calculation models (such as density

functional theory (DFT) plus the U method (DFT+U) and GW
approximation) for band structures and defect effect simula-
tion are described. Finally, the applications of DPOHMs in the
fields of magnetic tunnel junctions (MTJs), spin valves, and
spin field-effect transistors are critically discussed, and the
challenges and prospects associated with developing DPOHMs
are also presented.

2 Crystal structure and synthesis
methods of DPOHMs
2.1 Crystal structure characteristics and the origin of half-
metallicity

The perovskite ABO3 structure serves as the basis for the crystal
structure of DPOHMs. B/B0 ions occupy the octahedral interstitial
positions in A2BB0O6 in either an orderly or disordered manner. It
can be classified into the following categories based on the
arrangement symmetry of B/B0 ions: (i) rock-salt type ordering
(Fm%3m space group) in which B and B0 ions alternately occupy the
(0, 0, 0) and (0.5, 0.5, 0.5) locations;13,22 (ii) disordered structure
(Pm%3m space group) where B and B0 ions are dispersed randomly,
and half-metallicity tends to vanish; and (iii) layered ordering (P4/
mmm space group) where B and B0 ions are stacked in layers along
the c-axis, such as La2CoMnO6 (LCMO).23,24

The nature of half-metallicity lies in electron spin–orbit
coupling (SOC) and exchange splitting: the d-orbitals of B/B0 ions
hybridize with the p-orbitals of O2�, forming a spin-up conduc-
tion band (metallic) and a spin-down bandgap (insulating).5,25

For example, in the calculated electron band structures of
Ca2TiRuO6 HM DP oxides by GGA and GGA+U methods, a
bandgap near the Fermi level with a value of 1.30 eV is observed
for the up-spin polarization, as depicted in Fig. 1(a), which allows
the material to be classified as semiconducting for up-spin
orientation. On the other hand, for down-spin polarization
(Fig. 1(b)), the bands closer to the Fermi level pass through it
as expected in conducting materials.26 This type of behaviour,
non-conducting for one spin orientation and conducting for the
other, is characteristic of so-called HM materials.27 The semi-
conducting nature in up-spin orientation originates from the d–p
hybridization between Ti-3d and O-2p orbitals, which takes place
in the TiO6 octahedra, while the conducting characteristic in
down-spin orientation is ascribed to d–p hybridization between
Ru-4d and O-2p orbitals in the RuO6 octahedra. This is confirmed
by the total DOS in Ca2TiRuO6 (Fig. 1c) and partial DOS con-
tributed by Ti-3d, Ru-4d, and O-p orbitals for the spin-up and
spin-down configurations, as illustrated in Fig. 1(c)–(f). When
comparing the total and partial DOS between the two calculation
procedures with GGA and GGA+U, it is noticed that the inclusion
of the correction potential U causes a shift of the electronic
orbitals towards states further away from the Fermi level, both in
the valence band and in the conduction band, which conse-
quently expands the bandgap values from 1.30 eV to 1.56 eV (seen
in Fig. 1(a)), with an average between up and down cannels of
0.78 eV. This is relatively close to the experimental value of
0.89 eV.
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2.2 Synthesis methods and process regulation

The synthesis methods of DPOHMs directly affect the crystal
ordering degree and performance. The following sections
describe common methods and the latest research progress.

2.2.1 Sol–gel methods. The sol–gel method is an effective
approach for the liquid-phase synthesis of half-metallic (HM)
double perovskite (DP) oxide nanoparticles. Different metal
precursors are mixed in a solvent to form a solution; this
process includes hydrolysis and polymerization reactions of
alkoxide-based precursor solutions, sol–gel transformation,
and then high-temperature annealing to convert the gel into
crystalline powder. The main advantages of the sol–gel process
are versatility, low processing temperature, low cost, and envir-
onmental friendliness. It is suitable for preparing nanoparticles
and thick films, with the advantages of uniform composition

and low reaction temperature (600–800 1C). So far, several HM
DP oxide nanoparticles have been synthesized by this method,
such as SFMO28–31 and Sr2FeReO6 (SFRO).32,33 To control their
morphology and particle size, sol–gel process parameters (e.g.,
the type and concentration of reactants, pH value, and anneal-
ing temperature) should be well regulated. For example, when
the annealing temperature increases from 800 to 1000 1C, the
average particle sizes of the annealed SFMO powders increase
from B35 nm to 44 nm;29 both TC and saturation magnetiza-
tion (MS) values increase with the annealing temperature. The
MS values measured at 10 K were 1.25, 1.62, and 1.93mB f. u.�1

respectively, which were smaller than the MS of SFMO single
crystals (3.2mB f. u.�1 at 0.5 T and 10 K).34 This was attributed to
the high content of antisite defects (ASDs) in SFMO nano-
particles. To obtain SFMO nanoparticles with high B-site ion
ordering and good crystallinity, recently, a microwave-assisted
sol–gel method has been developed. The reaction mixture of
metal precursors was placed in a microwave and reacted at a
specific temperature, time, and pH value.35 For example, when
the pH was 4.5 and the pressure was maintained at 40 bar, the
particle size distribution of the SFMO powders ranged from
318 nm to 378 nm, and the TC value increased from 335 K to
343 K in comparison with the samples synthesized by the
conventional sol–gel method. It is worth noting that microwave
heating during the sol–gel process can promote the diffusion of
ion precursors, increase the nucleation rate during synthesis,
and uniformly heat the reaction mixture to form small particles
while maintaining good crystallinity of the DP oxide powders.
Single-phase SFMO powders can also be prepared by using an
improved sol–gel technique, such as the Pechini method.36–38

In this method, citric acid acts as a chelating agent to regulate
the hydrolysis of metal ions, forming metal citrates. Thus, the
gelation process proceeds at the molecular level, and the
gelation rate can be controlled by adjusting the pH value and
the annealing temperature. Raittila et al. studied the effect of
the pH value of the initial solution on the quality of SFMO
powders prepared by the Pechini method.37 They found that
when the initial pH value of the solution increased from 1.5 to
9.0, the formation of a large number of different phases and B-
site ion ordering were observed in the samples. High-purity
samples were obtained by using precursors prepared within the
pH range of 7.5–9.0. At pH = 1.5–3.0, the minimum temperature
for synthesizing SFMO using precursors was as low as 500 1C. A
nanostructured SFMO double perovskite was prepared by the
sol–gel combustion method; a single-phase double perovskite
(with a tetragonal I4/m space group) was formed at a relatively
low temperature of 750 1C. The MS value of the ordered
structure formed at 800 1C was significantly increased up to
1.2mB f. u.�1, and the TC of the synthesized sample was as high
as 423 K, making it a promising candidate material for magne-
tocaloric applications.39

2.2.2 Pulsed laser deposition (PLD). PLD is an effective
method for thin film deposition, which can perfectly transfer the
stoichiometry of ceramic targets to thin film counterparts.40 There-
fore, the PLD method has strong competitiveness and a broad
range of applications in growing multi-component epitaxial oxide

Fig. 1 Electronic band structures of the Ca2TiRuO6 DPHMs with (a) spin-
up (left) and (b) spin-down (right) orientations calculated by GGA and
GGA+U methods. In the figure, the zero-energy value denotes the Fermi
level. Densities of electronic states of Ca2TiRuO6 DPHMs were calculated
by GGA and GGA+U methods near the Fermi level. (c) Total DOS in
Ca2TiRuO6 and (d)–(f) partial DOS contributed by Ti-3d, Ru-4d, and O-p
orbitals, respectively, for the spin-up and spin-down configurations.26 The
arrows represent octahedral TiO6 (vertical) and RuO6 (horizontal) hybridi-
sations (reproduced with permission from The Royal Society of Chemistry,
2025).
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thin films with precise stoichiometric ratios. A representative
example is the successful growth of YBa2Cu3O7�x high-tem-
perature superconducting thin films by the PLD method in 1987,
which triggered a global upsurge in PLD research and application
exploration.41 So far, many HM DP oxide thin films have been
grown by the PLD method, such as SFMO, Sr2CrReO6 (SCRO),
Sr2CrMoO6 (SCMO), and Sr2CrWO6 (SCWO). By effectively control-
ling the growth process parameters (e.g., growth temperature,
oxygen partial pressure, laser energy density, and target–substrate
distance), thin films with controllable magnetic properties can be
prepared. The key parameters include laser energy density
(2–4 J cm�2), substrate temperature (600–800 1C), and oxygen
pressure (1–10 Pa). Guo et al. grew epitaxial LCMO thin films (an
ordered ferromagnetic double perovskite) on (001)-oriented SrTiO3

(STO) substrates by the PLD method. Magnetic measurements show
that there are two ferromagnetic phases: the main phase and the
secondary phase, with transition temperatures of 230 K and 80 K
respectively. Based on time-domain measurement data, the LCMO
thin films also exhibited spin-glass-like magnetic behaviour.42 Wang
et al. grew epitaxial double perovskite SFMO thin films on STO
substrates by PLD. Deposition in a mixed gas atmosphere of
hydrogen and argon results in high-quality metallized SFMO thin
films with low resistivity. As shown in Fig. 2, the high-resolution
transmission electron microscopy (HRTEM) image of the [1%10] cross-
section clearly showed the superlattice structure of ordered Fe and
Mo cations, providing a good foundation for MTJ devices.43

2.2.3 Magnetron sputtering. Magnetron sputtering tech-
nology was first developed in the 1970s and has now become
one of the most widely used vacuum deposition methods. In a
magnetron sputtering system, a magnetron, target material,
and substrate are placed in a vacuum chamber; high-energy
ions collide to strip the material from the target and then
transfer it to the substrate. During thin film deposition,

low-pressure plasma is usually ignited between the target and
the substrate, mainly using an Ar atmosphere to provide Ar+

ions. Compared with other deposition technologies, magnetron
sputtering technology has the advantages of a wide range of
target materials, a high deposition rate, and durable coatings. It
is suitable for large-area thin film preparation and has great
industrial application potential. It is necessary to optimize the
sputtering power (50–150 W), target–substrate distance (5–
10 cm), and annealing temperature (800–1000 1C). Epitaxial
thin films of the half-metallic ferromagnet SFMO were success-
fully grown on (001)-faced STO and MgO substrates by magne-
tron sputtering in a mixed gas of argon and helium. There are
significant differences in the magnetic and magneto-optical
properties of the films grown on STO and MgO substrates. The
SFMO thin films deposited on STO substrates exhibited stron-
ger out-of-plane magnetic anisotropy and a larger complex
polar Kerr effect.44

2.2.4 Other methods. High-pressure sintering can be used
to synthesize DP oxides, which is an advanced ceramic prepara-
tion technology for material sintering and densification under
an environmental pressure much higher than atmospheric
pressure. It is usually carried out in a specially designed high-
pressure device (such as a six-anvil press, a two-anvil press, or an
autoclave). With the characteristics of high pressure and rela-
tively low temperature, high-pressure sintering has become a
powerful tool for preparing high-quality, high-performance
double perovskite oxide bulk materials. It is especially suitable
for systems containing volatile elements, requiring specific
cation valence states, or having strict requirements on the B-
site ordering degree, and is a key preparation technology for
exploring and realizing the great application potential of double
perovskite materials. Retuerto et al. successfully synthesized
polycrystalline SFMO (a DP with high antisite disorder (ASD))

Fig. 2 Schematic diagram of the SFMO crystal structure and its epitaxial orientation relationship with the STO substrate. (a) High-resolution transmission
electron microscopy (HRTEM) image of the SFMO/STO film, showing the superlattice-ordered structure of Fe and Mo atoms along the [1%10] direction of
the STO substrate (indicated by the black arrow). (b) The black arrow indicates the interface between the SFMO film and the STO substrate. (c) A local
magnification of the SFMO film, and (d) a local magnification of the STO substrate, both corresponding to the black-boxed region in (b). The white lines in
(c) serve as visual guides to indicate the ordered superlattice structure formed by Fe and Mo atoms43 (reproduced with permission from the American
Institute of Physics, 2006).
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by a high-pressure method using precursors prepared by the
citrate technique. Applying high pressure (2 GPa) to SFMO can
promote long-range Fe/Mo cation ordering, which is attributed to
the smaller lattice volume of the ordered sample. The samples
prepared under high pressure not only exhibit better cation
ordering but also have a significantly increased MS and a greatly
increased ferromagnetic phase transition temperature up to
430 K.45 The hydrothermal method is one of the most important
and mature methods for synthesizing perovskite nanomaterials
and has many advantages such as working temperature far
lower than the melting point of reactants, various autoclave
types, and adjustable reaction parameters.46,47 Other methods
such as solid-state reaction methods, molten salt synthesis
methods, combustion methods, coprecipitation methods, and
chemical solution deposition (CSD) methods are also used to
synthesize DPOHMs. Their pros and cons are compared, as
presented in Table S1.

3 Crystal structure and composition
regulation of DPOHMs
3.1 Crystal structure

The crystal structure of double perovskites originates from the
ordered substitution of B-site atoms in perovskites (ABO3), forming
a face-centered cubic (Fm%3m) or an orthorhombic (Pnma) sym-
metric structure.48 The ordering degree (defined as S) of B/B0-site
atoms is the key factor determining half-metallicity. When B/B0

atoms are arranged alternately (ordering degree S 4 85%), 3d
electron orbital hybridization forms spin-split bands, generating a
HM bandgap at the Fermi level; if the ordering degree S o 60%, a
spin-disordered state appears, and the SP drops sharply to below
50%.49,50 For the typical system SFMO in the Fm%3m structure, Fe3+

(t5
2ge0

g) and Mo5+ (t0
2ge0

g) alternately occupy the B-sites; the spin-up
channel is metallic, and a 0.4–0.6 eV bandgap is formed at the
Fermi level in the spin-down channel;51 while LCMO has a Pnma
structure, and the strong exchange interaction between Co2+/Mn4+

widens the HM bandgap to 1.8 eV.52

3.2 Regulation effect of A-site ion doping

The ionic radius and valence state of A-site ions directly affect
the lattice constant and electronic structure. The ‘‘radius
effect’’ refers to the phenomenon that the structure, stability,
and even properties of crystals change due to the differences in
the size (radius) of atoms or ions constituting the crystals and
their relative size ratio. When Sr2+ (ionic radius: 1.18 Å)
substitutes for La3+ (1.16 Å), the lattice constant of SFMO
increases from 0.782 nm to 0.786 nm, the B-site ion spacing
expands, the magnetic exchange interaction weakens, and TC

decreases from 820 K to 780 K.53–55 By adjusting the A-site ionic
radius, the S value of B-site ions in A2BB0O6 double perovskite
oxides can be modulated, thereby regulating the physical
properties of double perovskite oxides. For example, Gopalak-
rishnan et al. successfully prepared double perovskite oxides
A2FeReO6 (A = Ca, Sr, Ba) and found that their physical proper-
ties were closely related to the A-site ionic radius. When A =

Ca2+, the oxide exhibited non-metallicity (the crystal structure
belongs to the P21/n type); when A = Sr2+, the oxide displayed half-
metallicity (the crystal structure belongs to the Fm3m type); when
A = Ba2+, the oxide exhibited metallicity (the crystal structure
belongs to the Fm3m type). When changing the A-site ionic
radius, the crystal structure of perovskite oxides also changes,
thereby affecting their physical properties.56 The ‘‘valence state
effect’’ in the crystal structure refers to the decisive influence of
the ionic valence state (or the oxidation state) of constituent
elements on the stability, coordination environment, stoichio-
metric ratio, and physical properties of the investigated materi-
als. Wang et al. calculated the structural, electronic, and
magnetic properties of Ba2�xLaxFeReO6 (x = 0.0, 0.5, and 1.0)
by first-principles including electron correlation and spin–orbit
coupling. It was found that the tetragonal P42/mcm structure was
the most stable structure of Ba1.5La0.5FeReO6. For BaLaFeReO6,
the orthorhombic I2/m structure was the most stable. Compared
with undoped Ba2FeReO6, the Fe–O bond length in the doped
compounds became shorter and the Re–O bond length was
increased. Ba2FeReO6 exhibits half-metallic characteristics, while
BaLaFeReO6 behaves as a semiconductor. Ba1.5La0.5FeReO6 exhi-
bits half-metallic characteristics, whereas BaLaFeReO6 behaves as
a semiconductor. The Fe magnetic moment is not sensitive to La-
doping, and the total net magnetic moment of Re increases with
the increase of the La-doping amount.57 Recent studies have
found that A-site mixed doping (e.g., La0.5Sr0.5) can balance lattice
strain and magnetic properties. Sr1.5La0.5Fe0.5Hf1.5O6 (SLFHO)
powder exhibits ferromagnetic behaviour at 2 K and 300 K,
respectively, with an MS value of 0.60mB f. u.�1 at 2 K. The
measured magnetic TC was 867 K. The optical properties of the
SLFHO powder measured at RT by UV-vis diffuse reflectance
spectroscopy show that it has a wide indirect optical bandgap
(Eg = 3.39 eV). SLFHO double perovskite oxides display high-
temperature antiferromagnetism and have a wide optical band-
gap, making them attractive in the fields of high-temperature
spintronics and magnetic semiconductor devices.58

3.3 Performance optimization via B-site ion combinations

Since the physical properties of double perovskites are strongly
dependent upon the interactions (e.g., electronic and spin)
between B0 and B00 ions, the effect of B-site ion doping is
particularly significant. In double perovskites, B-site ion doping
is no longer just a tool to adjust carrier concentration, but a
powerful means to precisely ‘‘edit’’ the microscopic interac-
tions (exchange interaction and orbital order) and macroscopic
order parameters (magnetic order and electrical conductivity)
of materials. By selecting the doping element, position, and
concentration, the physical properties of such complex materi-
als can be ‘‘customized on demand’’, which is of great sig-
nificance for developing the next-generation spintronic devices,
high-efficiency catalysts, and multiferroic materials. The 3d
electron configuration of B/B0-site transition metals determines
the magnetic moment and spin polarization rate. Lü et al.
studied the structure, magnetization, and magnetoresistance
(MR) effect of double perovskite compounds Sr2Fe1�xGaxMoO6

(0 r x r 0.25). Rietveld refinement results revealed that the
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concentration of ASDs increased with the x value, leading to
samples with highly disordered B/B0-sites at the highest doping
level. The changes in bond length and ionic oxidation state can
be attributed to the distribution of trivalent Ga3+ ions at B/B0-
sites, which leads to the formation of a more disordered struc-
ture. The MS and TC values of the Ga-doped SFMO samples
decrease with increasing the Ga content due to the fact that
cation disorder in Ga-doped SFMO samples destroys the double
exchange mechanism, and this phenomenon still remains sig-
nificant at 300 K. This is because Ga ions may act as barriers for
chain-like electron transport during ferromagnetic separation
and weaken the ferromagnetic exchange interaction. In addition,
B-site doping can further optimize performance. For example, the
saturation magnetization and Curie temperature of Sr2Fe1�xGax-

MoO6 (0 r x r 0.25) double perovskite oxides decrease with
increasing Ga-doped content; substituting Fe with non-magnetic
Ga ions can significantly enhance the low-field MR effect of
SFMO, and this effect still remains effective at 300 K.59 By
optimizing the cobalt doping concentration, the MS/Mtheo value
was significantly increased to 88.36% (original value 75.49%),
and the TC remained at a high level (4250 K).60

4 Microstructural characterization
techniques of DPOHMs
4.1 X-ray diffraction (XRD)

XRD is a basic method for phase analysis and ordering degree
calculation of DPOHMs. The lattice constant, space group, and
B/B0-site ordering degree can be obtained from the position,
intensity, and full width at half maximum (FWHM) of charac-
teristic diffraction peaks. In 1998, Kobayashi et al. discovered
that the double perovskite compound SFMO exhibited the TMR
effect of up to 10% at 300 K and 7 T, and its TC was above room
temperature (about 420 K). In the ideal SFMO crystal structure,
Fe3+ and Mo5+ ions occupy B and B0 sites in an ordered manner,
distributed alternately in a NaCl-type structure.13,61 Gopalak-
rishnan et al. studied the structure and electronic properties of
antiferromagnetic double perovskites A2FeReO6 (A = Ca, Sr, Ba)
by XRD refinement. The A = Ba phase has a cubic crystal system
(Fm3m) and exhibits metallicity, while the A = Ca phase has a
monoclinic crystal system (P21/n) and exhibits non-metallicity.56

Sanchez et al. studied the La-doping effect in the Sr2�xLaxFe-
MoO6 (0 r x r 1) series of DP oxides by XRD and neutron
powder diffraction (NPD).62 XRD patterns show that the ASD
concentration increases with increasing La-doping content (x),
leading to severe structural distortion. The structural evolution
was revealed by NPD patterns and the chemical valence of Fe
and Mo ions in La-doped samples was closely related to mag-
netic properties, especially TC. A non-monotonic increase in TC

was observed experimentally, which could be attributed to the
competition between the spatial effects and electron doping
effects in the La-doped Sr2�xLaxFeReO6 DP oxides.

The characteristic diffraction peaks of DPOHMs correspond
to specific crystal structures. The rock-salt type ordered struc-
ture has strong peaks positioned at 2y = 28.51 (110), 33.11 (200),

and 47.51 (220) (JCPDS No. 73-0638).63 If a disordered phase exists,
an additional peak appears at 2y = 32.01 (corresponding to the
Pm%3m space group).64 For example, Yarmolich et al. found that
SFMO had a disordered peak at 2y = 32.01 when the sintering
temperature was o700 1C; the disordered peak disappeared when
the temperature was increased to 800 1C, indicating the complete
formation of a rock-salt type ordered structure.65 Using synchro-
tron radiation X-ray diffraction technology, the existence of B-site
ordered structure in multiferroic Bi2NiMnO6 thin films was con-

firmed. The clear
1

2

1

2

1

2

� �
superstructure reflection peak in the

thin film indicated that Ni and Mn ions in the double perovskite
structure were arranged in a rock-salt manner.66 Precise determi-
nation of lattice parameters can be achieved by Rietveld refine-
ment, using software programs such as FullProf and GSAS. Gu
et al. performed Rietveld refinement on SCRO thin films, with
goodness-of-fit values Rp = 8.20%, Rwp = 10.98%, and w2 = 2.772;
the lattice constant a = 5.53 Å, with a deviation of o 0.5% from the
theoretical value67 (Fig. 3).

The S value of B/B0 ions is a key structural parameter
determining the half-metallicity of DPOHMs. It can be quanti-
tatively evaluated from the intensity of superstructure diffrac-
tion peaks (e.g., (100) peak) in the XRD pattern, and its
calculation formula is usually expressed as:13,68

S ¼
ffiffiffiffiffiffiffiffi
I100

I0100

s
(1)

where I100 is the measured intensity of the (100) superstructure
diffraction peak, and I0

100 is the theoretical intensity reference
value when the material is in a fully ordered state. The regulatory
effect of preparation processes on the ordering degree has been

Fig. 3 Laboratory-temperature XRD pattern of SCRO powder prepared
by a sol–gel method and its Rietveld refined results. The inset shows a
representative SEM image of SCRO powder. The cross marks indicate
experimental data points, while the red line represents the Rietveld-refined
pattern. Vertical markers indicate possible Bragg reflection positions of
SCRO. The blue line at the bottom shows the difference between the
experimental and calculated intensities67 (reproduced with permission
from American Chemical Society, 2023).
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widely studied. For example, Kobayashi et al. systematically
investigated the synthesis and magnetic properties of SFMO in
a pioneering study, demonstrating the decisive influence of the
ordering degree on its MR effect.13 In terms of process optimiza-
tion, Battle et al. earlier conducted in-depth research on the effect
of different synthesis conditions on the structural ordering degree
of A2FeMoO6 series compounds.69 Coey et al. contributed a good
review on the preparation challenges of such double perovskite
thin films and emphasized the importance of post-annealing for
improving the ordering degree and magnetic properties.70 Fig. 4
shows the XRD patterns of CaxSr2�xFeReO6 samples with x = 0,
0.5, 1, 1.5, and 2.0 at room temperature. In the samples with x =
2.0 and 1.5, the monoclinic distortion characteristics of the unit
cell are clearly visible, and the patterns can be perfectly fitted to
the P21/n space group. The XRD patterns of the samples with x =
1.0 and 0.5 display a cubic-like structure. However, detailed
analysis reveals the presence of a (111) diffraction peak (see the
inset of Fig. 4), which should be absent in the tetragonal type I
lattice. This peak can be attributed to the original unit cell.
Combined with the analysis of the subsequent series of samples,
the XRD patterns of the compounds x = 1.0 and 0.5 are refined to
the P21/n space group. It should be noted that the reliability factor
obtained by such fitting is better than that obtained by fitting
within the I4/m space group (as shown in Fig. 4). In heterojunc-
tion interface engineering, XRD is a key tool for analysing the
lattice matching degree. Selecting the commonly used MgO
substrate as an example, the small lattice mismatch rate between
MgO and SFMO is the basis for realizing high-performance
spintronic devices.71 In addition, in situ research studies using
advanced technologies such as synchrotron radiation XRD can
reveal the structural evolution of materials under external stimuli
(e.g., temperature), providing a deep understanding of the mecha-
nism for their performance stability.72

4.2 Transmission electron microscopy (TEM): atomic-scale
structure observation

TEM (including HRTEM, aberration-corrected TEM (AC-TEM),
and scanning transmission electron microscopy (STEM)) can
realize the observation of atomic arrangement, interface struc-
ture, and defect distribution of DPOHMs and is the core
technology for microstructural characterization.

4.2.1 HRTEM: lattice fringes and ordered structure verifi-
cation. HRTEM is a powerful tool for directly characterizing the
crystal structure of double perovskite oxides and the ordering of
B-site ions. By analysing atomic-scale lattice fringe images, key
information such as interplanar spacing and crystal orientation
can be obtained. For typical SFMO, the spacing of its (200)
crystal plane is approximately 0.39 nm (based on a cubic lattice
constant of approximately 7.8 Å).13 The core evidence for
judging whether B/B0 ions are ordered is the observation of
superlattice fringes generated by cation ordering. For example,
the appearance of fringes corresponding to superstructure
diffraction such as (100) or (110) is direct evidence that Fe/
Mo ions achieve long-range ordered arrangement at B-sites.13,16

This method is often used to correlate preparation processes
with microstructures. For instance, a study that used HRTEM to
compare SFMO samples synthesized at various temperatures
demonstrates that the samples annealed at higher tempera-
tures have continuous and clear superlattice fringes, indicating
a high ordering degree, whereas the samples treated at lower
temperatures exhibit disordered regions, which is consistent
with the lower ordering degree result measured by XRD.73

The cross-sectional technique (XTEM) of HRTEM is the most
effective way to assess the quality of epitaxial interfaces in thin
film research. The HRTEM image of the La0.7Sr0.3MnO3 thin
film grown on a STO substrate, for instance, confirms the high
lattice coherence and high-quality epitaxial growth by demon-
strating that the lattice fringes of the thin film and the
substrate are fully continuous at the interface.74

4.2.2 Application of AC-TEM in composition and defect
analysis. By correcting the spherical aberration coefficient (CS) of
the objective lens, aberration-corrected transmission electron
microscopy (AC-TEM) improves the spatial resolution to approxi-
mately 0.5 Å, enabling direct observation of the crystal structure,
element distribution, and various point defects of materials at the
atomic scale. This technology is often combined with energy-
dispersive X-ray spectroscopy (EDS) to achieve qualitative and
semi-quantitative analysis of compositions. The following are three
typical application directions of AC-TEM in the research on
functional oxide materials: (1) analysis of element segregation

behaviour; (2) direct observation of oxygen vacancies V��O
� �

; and

(3) atomic-scale structural analysis of heterojunction interfaces.75

4.2.3 HAADF-STEM: atomic-scale short-range order charac-
terization. High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) utilizes the atomic number
(Z)-dependent scattering contrast mechanism, which can
directly image the atomic arrangement in double perovskite
heavy-element materials, realizing atomic-scale characterization
of their short-range ordering degree and defect distribution.

Fig. 4 X-ray diffraction (XRD) patterns of CaxSr2�xFeReO6 compounds at
room temperature. From bottom to top: x = 0.0, 0.5, 1.0, 1.5, and 2.0. The
inset details the 2y range where the (111) peak appears, indicating the
formation of the P21/n structure70 (reproduced with permission from IOP
Publishing Ltd, 2007).
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In the study of the ordering degree of double perovskite oxides
(such as SFMO), HAADF-STEM is widely used for quantitative
analysis of the ordered/disordered distribution of B-site cations
(Fe/Mo). Through HAADF-STEM combined with image simula-
tion, the spatial inhomogeneity of the B-site ordering degree in
SFMO thin films was accurately quantified. It was found that
there are significant disordered regions near grain boundaries,
and the correlation between this disordering and the decline of
magneto-transport performance was revealed.76 Fig. 5(a) shows
a HAADF-STEM image of the sharp interface between the SFMO
(001) thin film and the STO substrate, with a schematic diagram
of the DP lattice attached. Fig. 5(b) directly reveals the ordered
arrangement of Fe/Mo in the SFMO (111) thin film along the
[1%10] direction in the HAADF-STEM image. When viewed along
this bipolar lattice direction, each lattice site appears as an
independent columnar structure composed of pure Sr, Fe, or
Mo atoms (no mixing). In this imaging mode, the image
intensity of each atomic column is proportional to the chemical
average atomic number. Each atomic column can be identified
as Sr, Fe, or Mo (O atoms are basically invisible in the HAADF-
STEM mode of this instrument). The most prominent feature in
Fig. 5(b) is the bright Sr–Mo–Sr triple columns, separated by
darker Fe atomic columns. Fig. 5(c) shows an enlarged view of
the triatomic clusters in Fig. 5(b), with Sr, Fe, and Mo atomic
positions labelled, clearly outlining the bipolar arrangement
structure. Fig. 5(c) shows a schematic diagram of the bipolar
lattice projected along the [1%10] direction, which is highly
consistent with the STEM image. This is the first time that a
clear bipolar arrangement in SFMO has been directly observed
by HAADF-STEM technology. The LaAlO3 (LAO)/STO interface
system was also studied by Reiner et al.77 in order to illustrate

the excellent chemical sensitivity of HAADF-STEM with respect
to the interdiffusion problem at heterojunction interfaces. This
technology is capable of clearly distinguishing the atomic-scale
elemental interdiffusion behaviour at the interface, providing
crucial structural information for comprehending interface
physical phenomena.

In recent years, in situ HAADF-STEM technology has made it
possible to directly observe atomic migration and structural
evolution under external field stimuli such as heating or electric
field. Yuk et al.78 used this technology to observe the sintering
and orientation relationship changes of metal nanoparticles in
fuel cell materials in real-time during the heating process,
dynamically revealing their atomic-scale diffusion paths and
mechanisms. In terms of quantitative analysis, the statistical
quantitative STEM technology developed by LeBeau et al.79

significantly improves the accuracy and reliability of determin-
ing crystal composition and ordering degree parameters by
collecting and statistically analysing intensity data of a large
number of atomic columns, reducing accidental errors.

4.3 X-ray photoelectron spectroscopy (XPS): composition and
valence state analysis

XPS determines the elemental composition and chemical
valence state through photoelectron binding energy and is a
key method for analysing the surface composition, valence
state changes, and defect chemistry of DPOHMs.

4.3.1 Correlation between the element valence state and
half-metallicity. The half-metallicity of DPOHMs is dependent
upon the specific valence state of B/B’ ions (e.g., Fe3+ and Mo6+ in
SFMO). By using distinctive peak splitting, XPS spectra can
determine the valence state. Fig. 6 displays the XPS spectra of
SFMO samples. As shown in the overall XPS spectrum (Fig. 6(a)),
the components of the SFMO sample include Sr 3d, Fe 2p, Mo 3d,
O 1s, and C 1s. The peak at 284.6 eV originates from the
instrument itself and can be used as a calibration peak for XPS
analysis. Additionally, there is a strong correlation between
photocatalytic performance and V��O . The bandgap can be nar-
rowed and visible light absorption can be enabled by lattice V��O ,
whilst carrier separation is facilitated by surface V��O . In Fig. 6(b),
the Fe 2p signal can be fitted into four peaks. The binding
energies of 710.57 eV and 718.78 eV are attributed to the Fe2+

energy level peaks, while the binding energies of 712.73 eV and
724.57 eV correspond to Fe3+. The satellite peak is at 719.0 eV,
and the 2p3/2 peak of Fe3+ is at 712.73 eV; the satellite peak is
weak and the 2p3/2 peak of Fe2+ is at 710.57 eV;80–82 and for Mo
3d, the 3d1/2 peak of Mo4+ is at 232.5 eV, but that of Mo4+ is at
231.0 eV.83 In addition, according to the peak area fitting
calculation, the content ratios of Fe2+ and Fe3+ are 53.3% and
46.7% respectively. Four peaks (232.36, 235.66, 231.80, and
235.05 eV) are visible in the Mo 3d XPS spectrum (Fig. 6(c)),
attributed to Mo5+ and Mo6+ respectively. For Mo 3d, the 3d5/2

peak of Mo6+ is at 232.5 eV, while that of Mo5+ is at 231.0 eV.83

The coexistence of Fe2+–Mo6+ and Fe3+–Mo5+ electronic structures
is confirmed by XPS spectra. Additionally, the electronic structure
exhibits a systematic change from Fe2+/3+–Mo5+/6+ to Fe2+–Mo6+ as

Fig. 5 Unfiltered AC HAADF-STEM images: (a) Sr2FeMoO6 (SFMO) films
grown on an atomically sharp STO(001) substrate (schematic showing the
SFMO double perovskite with rock salt (NaCl) arrangement (001) film
grown on STO(001)), (b) SFMO (111) epitaxial film viewed along the [1%10]
direction, where bright ‘‘triplet’’ patterns indicate atomic number contrast;
(c) magnified STEM image highlighting the triplet structure (blue dashed
box), each set comprising bright Sr–Mo–Sr chains (due to their high
atomic number) separated by darker Fe atomic columns (brighter).
The structure clearly shows Mo–Fe sequences separated by Sr chains.
The schematic in (c) depicts the projection of the DP lattice along the
[1 %Mx0031;0] direction, consistent with the pattern observed in the STEM
image of (c). The orientation in (c) corresponds to that indicated by the
yellow axis in (b)76 (reproduced with permission from the American
Institute of Physics, 2006).
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the size of the A-site cation increases. Ghorbani et al. synthesized
the monovalent Ag ion-doped double perovskite Ba2FeMoO4

(BFMO) using the sol–gel process; XPS examination reveals that
the Ag-doping causes the sample to display a mixed valence state
at x = 0.025. The doped samples exhibit ASDs, higher transition
temperature, and a decreased magnetism.84 At the same time, it
is found that the content ratios of Mo5+ and Mo6+ in the sample
are 57.9% and 42.1% respectively. Li et al. used surfactants and
pH adjustments to create SFMO with higher V��O oxygen vacancies
in order to study the impact of these vacancies on the valence
state. According to XPS data, the preparation technique and
reaction circumstances have an impact on the contents of Fe2+,
Fe3+, Mo5+, Mo6+, lattice oxygen (OL), and surface oxygen (OS).85

4.3.2 Surface composition and interface diffusion. The
depth profiling technology of XPS is a key method for studying
the surface chemical state of materials, bulk composition
gradient, and elemental interdiffusion behaviour at heterojunc-
tion interfaces. This technology realizes layer-by-layer peeling
through Ar+ ion sputtering and performs XPS analysis simulta-
neously, thereby obtaining the distribution information of
components with depth. In the study of perovskite oxide (such
as SFMO) thin films, XPS depth profiling is often used to
evaluate surface contamination. For example, due to exposure
to the atmosphere, the thin film surface is prone to adsorb CO2

and form SrCO3, whose characteristic peak at approximately
289.5 eV in the C 1s spectrum can be used as an identifier.
According to depth profiling studies, this carbonate signal

typically becomes much weaker after sputtering to remove a
surface layer that is several nanometer thick, suggesting that
the contamination layer on the surface is very thin.86 In addi-
tion, when analysing heterojunctions such as SFMO/MgO, the
interdiffusion degree and diffusion depth at the interface can
be accurately evaluated by monitoring the changes of charac-
teristic peaks of elements such as Mg, Mo, and Fe with depth,
providing direct evidence for optimizing the thin film growth
process and obtaining a steep interface.11

4.4 Other microstructural characterization techniques

4.4.1 Atomic force microscopy (AFM) for surface morphol-
ogy analysis. Atomic force microscopy (AFM) is a fundamental
technology, describing the surface morphology, roughness, and
grain structure of double perovskite oxide thin films, which is
essential for assessing the thin film’s epitaxial quality and the
suitability of device integration. High-quality double perovskite
thin films can usually achieve atomically flat surfaces. AFM
images of SFMO thin films grown by PLD at different tempera-
tures are shown in Fig. 7. Their excellent surface flatness and
compliance with high-performance spintronic device require-
ments were confirmed by the root mean square (RMS) roughness,
which was less than 0.4 nm within a 5 � 5 mm2 scanning range.87

In addition, AFM is also widely used to study the regulatory effect
of annealing processes on thin film microstructures. It is demon-
strated that post-annealing treatment of double perovskite thin
films like SCWO can successfully enhance crystallinity and

Fig. 6 XPS spectra of SFMO. (a) Full spectrum; (b) Fe 2p; (c) Mo 3d; (d) O 1s85 (reproduced with permission from The Royal Society of Chemistry, 2019).
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enable grain formation; nevertheless, this approach typically
results in an increase in surface roughness. Optimizing the
electrical transport and magnetic characteristics of thin films
requires careful consideration of the trade-off between grain
size and surface flatness.88 Therefore, AFM provides key mor-
phological evidence for the optimization of double perovskite
thin film preparation processes.

4.4.2 Selected area electron diffraction (SAED). SAED is an
important technology in transmission electron microscopy for
micro-area phase identification and crystal structure analysis.
In the study of double perovskite oxides (such as SFMO), SAED
can effectively identify the ordering degree of B-site Fe/Mo
cations. When the electron beam is incident along the [001]

zone axis, if obvious (100) or
1

2

1

2

1

2

� �
-type superlattice diffraction

spots appear in the diffraction pattern, it indicates that the
material has a high Fe/Mo ordered structure; conversely, the
disappearance or weakening of such spots reflects the disorder of
cation arrangement.89–91 In addition, SAED is also commonly
used to determine the crystallographic orientation relationship
between epitaxial thin films and substrates in heterojunctions.
For example, La2Ni1�xFexMnO6 (LNFMO) double perovskite sam-
ples were prepared by the sol–gel method. HRTEM combined
with the SAED pattern confirmed the crystalline nature and
purity of the samples.92 Fig. 8(a) shows the SAED pattern of the
LNMO double perovskite sample. The clear and sharp diffraction
spots observed confirm the high purity of the prepared sample.

4.4.3 High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM). HAADF-STEM relies on its
atomic number (Z) contrast, which can directly visualize the
occupancy of different elements in the lattice at the atomic
scale.93 It can further achieve quantitative investigation of
element distribution when used in conjunction with EDS map-
ping analysis.94 The most straightforward method for figuring
out whether B-site cations in double perovskite oxides achieve
ordered arrangement is this technology. Recently, a compara-
tive study on the local cation ordering in original and Re-excess
SFRO samples was carried out using HAADF-STEM images, and
the results are shown in Fig. 8(b) and (c).95 It is found that
cation ordering occurs not only in the original sample but also

in the SFRO sample with 15 mol% Re excess. It is also noticed
that Fe and Re columns (orange spheres) and Sr columns (green
spheres) are clearly visible in the [001] projection, while in the
[110] projection, Fe columns (yellow spheres), Re columns (blue
spheres), and Sr columns (green spheres) are distinctly observa-
ble. The intensity distribution map of the Re–Sr–Fe–Sr–Re atomic
chain along the [001] direction is demonstrated in Fig. 8(d),
which is also confirmed by the profile of the simulated image
marked as a green curve along the direction. In addition, as
shown in Fig. 8(e), ASD defects were also found in the original
SFRO sample.95 Through detailed analysis of the intensity dis-
tribution of atomic columns, the formation of ASD defects can be
determined, as indicated by green or yellow arrows. Fig. 8(f)–(h)
show a series of simulated HAADF-STEM images projected along
[110], where Fe atomic columns with abnormally strong intensity
are labelled, representing Fe–Re exchange ratios of 10%, 15%,
and 20% respectively. The intensity distribution of Fe atomic
columns marked by green and red arrows indicates more ASD
defects, which matches well with the simulated images with Fe–
Re exchange ratios of 15% and 20%. In addition to ASD defects,
anti-phase boundaries (APB) were also found in Re-excess SFRO
samples, which were directly confirmed by the HAADF-STEM
image in Fig. 8(i) and (j).95 Quantitative STEM is also used to
achieve atom counting in the beam direction,79 location of
individual dopant atoms in three dimensions,96,97 and character-
ization of chemical ordering on the atomic scale.98–101 All of these
methods have relied on the intensity of atomic columns in
HAADF-STEM images. By using AC HAADF-STEM, Esser et al.
investigated the ordering phenomena in epitaxial SCRO thin
films with 99% Cr/Re ordering grown on (001)-oriented STO
substrates.102 Fig. 8(k) and (l) shows experimental and simulated
HAADF-STEM images of an ordered region of the SCRO thin film
(left) with APB domains (right) separated by the red dashed line.
Fast Fourier transform (FFT) patterns of the ordered and APB
regions are shown in Fig. 8(m) and (n), respectively, showing
much decrease of intensity on the {101}-type superlattice reflec-
tions in Fig. 8(n). To further confirm the hypothesis that the
observed HAADF-STEM contrast is due to APB domains and not
random Cr/Re disorder, electron diffraction patterns were simu-
lated using multislice simulations for the fully ordered SCRO

Fig. 7 Atomic force microscopy images of SFMO thin films grown by PLD at different temperatures87 (reproduced with permission from The Japan
Society of Applied Physics, 2011).
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Fig. 8 (a) Selected area electron diffraction pattern of LNMO92 (reproduced with permission from The Royal Society of Chemistry, 2024). (b) and (c)
HAADF-STEM images of the pristine SFRO sample obtained along [001] and [110] directions, respectively. Simulated HAADF-STEM images are shown as
insets in (b) and (c). Fe and Re columns (orange spheres) and Sr columns (green spheres) are clearly visible in the [001] projection, while in the [110]
projection, Fe columns (yellow spheres), Re columns (blue spheres), and Sr columns (green spheres) are distinctly observable. (d) Intensity distribution
map of the Re–Sr–Fe–Sr–Re atomic chain along the [001] direction, measured from HAADF-STEM images of the pristine sample (red) and Re-excess
sample (blue) taken from the [110] projection plane. The intensity profile of the simulated image is marked in green along the direction. (e) HAADF-STEM
image of the pristine SFRO sample and intensity distribution of atomic chains obtained from the red-marked rectangle. (f)–(h) Simulated HAADF-STEM
images and corresponding intensity distributions of SFRO samples with Fe/Re disorder levels of (f) 10%, (g) 15%, and (h) 20%. (i) HAADF-STEM image of an
anti-phase boundary (APB) observed in SFRO samples with excess Re, and (j) intensity distribution along the [001] direction through the APB95

(reproduced with permission from The Royal Society of Chemistry, 2025). (k) Experimental and (l) simulated HAADF-STEM images of an ordered region of
SCRO (left) with APB domains (right) separated by the red dashed line. Fast Fourier transform (FFT) of the ordered (m) and APB (n) regions showing much
decrease of intensity on the {101}-type superlattice reflections102 (reproduced with permission from American Physical Society, 2016).
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structure and for a supercell containing an antiphase domain.
The results showed that, in perfectly ordered SCRO (S = 1.0),
{101}-type superlattice reflections should be clearly visible in the
diffraction pattern. Conversely, in the supercell containing an
APB domain, the intensity of the superlattice reflections is
significantly reduced. For reference, the SCRO structure with
random distribution of Cr and Re at the B and B0 sites shows a
diffraction pattern with no {101}-type superlattice reflections due
to structure factor considerations.

4.4.4. Mössbauer spectroscopy. Mössbauer spectroscopy
can examine the behaviour of electrons outside the nucleus by
observing the resonant absorption of gamma rays.103 Due to its
high energy resolution, it is useful for observing the hyperfine
interaction of Mössbauer nuclides and characterizing the iron
phase, iron valence state, coordination structure and magnetic
properties in the Fe-based HM DP oxides.65,104,105 In particular,
the local structural order associated with the magnetic properties
of Fe-based HM DP oxides can be well revealed. For example,
Mössbauer spectra of W-doped Sr2FeMo1�xWxO6 (x = 0, 0.1, 0.2,
0.3 and 0.4) DP oxides collected at 4.2, 300, 373 and 475 K are
shown in Fig. 9.104 In the spectra recorded at 4.2 K (Fig. 9(a)), one
can observe the magnetic Zeeman sextets with well-resolved
Lorentzian lines, but two magnetic components are needed to
describe each spectrum. The main component, with the larger
absorption area in each spectrum, exhibited a greater isomer
shift (d) and a smaller hyperfine magnetic field (Bhf) than
expected for localized 3d5 Fe3+ ions in octahedral oxygen coordi-
nation at 4.2 K.106 On the other hand, the secondary component
with the lower absorption area shows d and Bhf values closer to
those expected for localized ferric ions, whatever the W content.
To describe both the broadening and the asymmetry of sextet
lines a distribution of hyperfine fields linearly correlated to a
distribution of isomer shifts was used. Above 300 K the spectral
lines became broader and very complex. An absorption contribu-
tion appeared at the center of each spectrum. Despite the
resolution at these temperatures being poor, this contribution
seemed to consist of a single paramagnetic line. In order to fit
these spectra a paramagnetic component was included. Above TC,
in the pure paramagnetic temperature region, the spectra showed
resolved spectral lines for all compositions; each spectrum was
fitted with two paramagnetic doublets, which were related to the
two magnetic sextets observed at low temperatures. For low
doping with x = 0, 0.1 and 0.2, a structural transition from
tetragonal at RT to cubic at 450 K took place, but for x = 0.3
and 0.4 samples the crystal structure remained tetragonal at and
above 450 K, as indicated both by the refinement of their X-ray
patterns and also by the quadrupole splitting observed above TC.
There was a clear improvement of the B-site ordering of the Fe
and Mo/W ions as the W composition was increased, evident by
the decrease of the relative absorption area of the secondary
component in the Mössbauer spectra. The isomer shifts for the
main component used to fit the 4.2 K spectra were larger than
those expected for high spin (S = 5/2) Fe3+ 3d5 ions in an
octahedral oxygen environment,106 but they were not large
enough to correspond to an Fe2.5+ mixed valence state, as found
in Ba2FeMoO6.107 The iron valence was +2.7 and there was a little

variation with W content up to x = 0.4. The iron charge state in
SFMO arises from the half-metallic structure where there is a
full 3d k band and a k minority-spin band, which is formed by
hybridization of the Fe 3d k and Mo 4d k with the O 2p
orbitals.108,109 The analysis of the Mössbauer spectra of W-
doped SFMO indicated that the B-site cation order increased
with W-doping content. The concentration of ASDs deduced
from the intensity of the minor component of the spectra
recorded above and below TC decreased from 5% for the x = 0
to 2% for the x = 0.2 compound. Similar 57Fe Mössbauer spectra
of the Sr2�xCaxFeReO6 HM DP oxides with x = 0.0–2.0 were also
recorded at 300 and 16 K, respectively, which demonstrated iron
in three different metal neighbour environments, due to the
misplacement of Fe and Re ions (ASDs).110 Based on the isomer
shift and hyperfine magnetic field values, iron ions in the
perfect ordered structure displayed an intermediate valence
state (between Fe3+ and Fe2+), with an effective electronic
configuration 3d(5+y), where y decreased from 0.3 to 0.2 with x
increasing from 0.0 to 2.0. Changes in quadrupole shift values
for x = 1.0 confirmed that the structural phase transition from
cubic to monoclinic phases took place in these compounds.

To date, A2BB0O6 double ordered perovskites with ferromag-
netism above room temperature have been widely investigated,
and their crystallographic and physical properties are summar-
ized in Table S2.111–145 Among them, Mo-based and Re-based
DPOHMs are the most studied compounds.70

5 Physical property characterization
methods of DPOHMs

The physical properties of DPOHMs, including their magnetic
properties, electrical properties, and magneto-transport proper-
ties, are key factors to evaluate their application potential in
magnetic storage devices. This section will describe the char-
acterization methods, key influencing factors, and related
research examples of each property.

5.1 Magnetic property characterization: from macroscopic to
microscopic aspects

Magnetic characteristics are one of the fundamental physical
characteristics of DPOHMs, which include MAE, coercivity (HC),
Ms, and TC. The common magnetic characterization methods
are superconducting quantum interference device (SQUID)
measurements, ferromagnetic resonance (FMR), and vibrating
sample magnetometry (VSM).

5.1.1 Curie temperature (TC) and magnetic ordering. A
crucial factor for judging whether DPOHMs can be used at
RT is the TC, which is typically defined as the temperature at
which the magnetization drops to 50% of its maximum value in
the magnetization–temperature (M–T) curve. While VSM has a
higher testing efficiency in the temperature range from RT to
medium-high temperature (e.g., 800 K) and is appropriate for
rapid screening, SQUID has much high magnetic sensitivity (up
to 10�10 emu) and is suitable for accurate measurement in a
wide temperature range (e.g., 10–1000 K).146 TC is usually
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influenced by the following factors. The first one is the type of
B/B0-site ion pairs. Significant differences exist in the strength
of the SE interaction between various B/B0 ion pairs. For
instance, the greater SE interaction between Cr3+–O2�Re5+

(note: Re has typically +5 valence in perovskites) is the primary
reason why the TC of SCRO (about 620 K) is higher than that of
SFMO (approximately 450 K).13,129,147 The second factor is A-

site doping. TC may be impacted by A-site ion replacement,
which modifies the electrical and lattice structures. According
to the previous studies, the improved crystal symmetry caused
by partial substitution of Sr2+ with La3+ in SFMO (e.g., Sr2�xLax-
FeMoO6 (0 r x o 0.3)) can raise TC from 358 K to B365 K.148

The third factor is the B-site ordering degree (S). Magnetism
depends on the ordered arrangement of transition metal ions at

Fig. 9 Mössbauer spectra of Sr2FeMo1�xWxO6 recorded at several temperatures: (a) 4.2 K, (b) 300 K, (c) 373 K, and (d) 475 K. The full curves correspond
to the best fits of the experimental data104 (reproduced with permission from The Royal Society of Chemistry, 2002).
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B-sites such as Fe/Mo or Cr/Re. For example, TC of SFMO increases
with the B-site ordering degree S, as shown in Fig. 10(a). This
indicates that a high cation ordering degree is conducive to
stabilizing the long-range ferromagnetic ordering.149 Franco
et al. measured the M–T curve of an La3Co2SbO9 double perovskite
by using SQUID. Magnetization measurements show the existence
of ferromagnetic-related phenomena; the difference between zero-
field cooling (ZFC) and field cooling (FC) curves at 5 kOe indicates
that this ferromagnetism does not form a long-range ordered
structure, and the material has significant magnetic entropy.150

Hauser et al. also studied the magnetism of epitaxially grown
SCRO thin films using VSM. The results show that its TC was
508 K, confirming the existence of strong spin–orbit coupling and
demonstrating its application potential in high-temperature spin-
tronic devices.151

5.1.2 M–H hysteresis loop and MS. The hysteresis loop is a
key curve characterizing the magnetization and demagnetization
processes of materials, reflecting the difficulty of magnetization
and the stability of magnetic states. Ms refers to the magnetization
value of a material when it reaches a saturated magnetization state
under a sufficiently large external magnetic field; its theoretical
value mainly depends on the intrinsic magnetic moment of
magnetic ions at B and B0 sites and their ordered arrangement
degree. Coercivity (HC) is defined as the magnetic field value at the
intersection of the hysteresis loop and the magnetic field axis (H-
axis); hysteresis loops are typically measured experimentally using
VSM or SQUID at room temperature (300 K) and under an external
magnetic field of up to several Tesla (e.g., 0–5 T).152 Different
DPOHM systems exhibit different hysteretic characteristics. For
the double perovskite oxide SFMO, the typical MS value is approxi-
mately 3.4mB f. u.�1, close to its theoretically predicted value of
4.0mB f. u.�1, and the coercivity HC is low (approximately 50 Oe),
showing good soft magnetic properties.153,154 For La2CoMnO6

(LCMO), due to the strong magnetic anisotropy of Co2+ and
Mn4+ ions, its MS can reach approximately 4.8mB f. u.�1, and the
coercivity is also high.155 The measured MS of SCRO is usually
approximately 1.0mB f. u.�1, with a small coercivity; this low

coercivity characteristic is conducive to realizing rapid magnetiza-
tion reversal.156 MS and HC are significantly affected by various
intrinsic material and microstructural factors, such as grain size
and oxygen vacancies. With the decrease of grain size, the surface
effect is enhanced. For SFMO nanoparticles, when the average size
decreases, MS decreases due to the increased contribution of
surface spin disorder.157 Common point defects, such as oxygen
vacancies, have the ability to alter the magnetic exchange inter-
action and the valence state of transition metal ions. Studies have
demonstrated that a reduction of some Fe3+ to Fe2+ in SFMO might
result from an increase in V��O concentration (e.g., up to the order
of 1020 cm�3), which enhances the magnetic moment cancellation
effect and dramatically lowers MS.158,159

5.1.3 Magnetic anisotropy (MAE). MAE is described as the
ability of a material to preferentially orient its magnetization
direction, which is essential for the thermal stability factor (D)
of devices like MTJs and determines the stability of the magne-
tization direction. Ferromagnetic resonance (FMR) and torque
magnetometers are the primary methods used to determine the
magnetic anisotropy constant, which is typically written as Ku or
K1. By detecting the correlation between the direction of the
external magnetic field (angle y) and the resonant magnetic
field (Hres), FMR technology can be used to assess MAE. For a
uniaxial anisotropy system, this relationship can be approxi-
mately expressed as:

�ho � gmB Hres þ
2Ku

Ms
sin2 y

� �
(2)

where h�o is the microwave photon energy, g is the Landé g-
factor, mB is the Bohr magneton, MS is the saturation magnetiza-
tion, and y is the angle between the magnetic field direction and
the easy magnetization axis. The magnetic anisotropy constant
Ku can be extracted by fitting the relationship curve between Hres

and y.160 The following examples demonstrate how material
engineering can be used to control MAE. Double perovskite
La2�2xSr1+2xMn2O7 (x = 0.4) sphere and disk samples were
subjected to FMR investigations. A single FMR spectral line is

Fig. 10 (a) Relationship between the Fe/Mo cation ordering degree (S), Curie temperature (TC), and oxygen index 6 � d versus heat treatment time in
SFMO149 (reproduced with permission from Springer Nature, 2021). (b)–(d) Thermoelectric properties of BaxSr2�xCrMoO6 (x = 0.0, 0.1, 0.2, 0.3) double
perovskites: (b) electrical conductivity (s), (c) Seebeck coefficient (a), and (d) power factor (PF)168 (reproduced with permission from The Royal Society of
Chemistry, 2022).
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seen below TC, suggesting the presence of considerable crystal
anisotropy, when the magnetic field intensity is significantly
lower than the predicted value at g = 2.0. Due to the presence of
in-plane ferromagnetic clusters in the sample, it is discovered
that the FMR absorption phenomena persist at temperatures
significantly higher than TC.161 Significant uniaxial magnetic
anisotropy is also observed in the SCRO thin film system.
Czeschka et al. reported the structural, electronic, and magnetic
properties of ferromagnetic double perovskite SCRO thin films
epitaxially grown on ferroelectric BaTiO3 substrates. At different
temperatures, the crystal structure of BaTiO3 undergoes a phase
transition, leading to a qualitative change in the magnetic
anisotropy of the ferromagnet. A sudden change in the coerciv-
ity of up to 1.2 Tesla is observed, and the resistance change
amplitude reaches 6.5%.162

5.2 Electrical property characterization: spin polarization (SP)
and transport mechanisms

The electrical properties of DPOHMs, such as resistivity (r),
Hall coefficient, and SP, are core indicators for evaluating their
ability to generate and transmit spin-polarized current.

5.2.1 Resistivity (q) and conductive mechanisms. A materi-
al’s ability to obstruct current is its resistivity, a macroscopic
physical parameter whose temperature variation is crucial for
determining the conductive process. Experimentally, the stan-
dard four-probe method is usually used for measurement in a
wide temperature range (e.g., room temperature to 1000 K). The
metallic conductive mechanism is characterized by an increase
in resistivity with increasing temperature (dr/dT 4 0), which is
mainly due to the enhancement of electron–phonon scattering;
conversely, the semiconductor (or insulator) behaviour is char-
acterized by a decrease in resistivity with increasing temperature
(dr/dT o 0), corresponding to the thermally activated conduc-
tion mode.163 For example, SFMO is a typical half-metal, exhi-
biting good metallic conductive behaviour with a resistance of
15–30 mO cm at ambient temperature and as low as about
5 mO cm at 100 K.13,164 Micro-defects in materials significantly
affect their resistivity. For instance, point defects like oxygen
vacancies serve as centers for electron scattering, which reduces
electron mobility and eventually raises resistivity.165

5.2.2 Hall effect: carrier type and concentration. The Hall
effect is a key tool to characterize the carrier type, concentration
(n), and Hall mobility (mH) inside a material. By measuring the
transverse Hall voltage (Vh) generated under a vertical magnetic
field (B) and current (I), the Hall coefficient (Rh) can be
calculated, with its basic relationship expressed as Rh = Vhd/
(IB), where d is the sample thickness.166,167 Furthermore, the
carrier concentration and Hall mobility can be derived from:

n ¼ 1

eRH
(3)

mH ¼
RH

r
(4)

where e is the elementary charge and r is the resistivity. The
carrier type is directly determined by the sign of Rh. Rh 4 0

corresponds to hole conduction, while Rh o 0 corresponds to
electron conduction. DPOHMs typically exhibit n-type conductive
behaviour, with carrier concentration typically in the range of 1020–
1021 cm�3, mainly attributed to the d-electron contribution of
B-site transition metal ions (e.g., Mo and Re).13 The carrier
concentration and mobility are significantly affected by the
chemical regulation of materials. For example, isovalent substitu-
tion at the A-site can effectively adjust the oxidation state of B-site
transition metal cations in double perovskites, thereby promoting
an increase in carrier concentration. The substitution of Ba causes
Cr to oxidize from the Cr3+ oxidation state to the Cr6+ oxidation
state, which increases electron concentration, decreases oxygen
vacancies with low mobility, and thereby greatly improves electrical
conductivity168 (Fig. 10(b)), according to Saini et al.’s defect
chemistry analysis. Fig. 10(c) shows the measured Seebeck coeffi-
cient (a) for all BaxSr2�xCrMoO6 (x = 0.0, 0.1, 0.2, and 0.3) double
perovskites. The negative a values are obtained for all the BSCM
compositions, which indicate the n-type semiconductor behaviour
with electrons being the majority charge carriers in the entire
temperature range. The a values of these samples are found to be
increased linearly with increasing temperature, suggesting degen-
erate semiconductor-type behaviour, unlike what is observed in
the s vs. T plot. The power factor (PF) of BSCM ceramics is
increased with increasing temperature primarily due to a large
change in electrical conductivity, as shown in Fig. 10(d).

5.2.3 Spin polarization (SP): a core indicator of half-
metallicity. The SP is a key physical quantity characterizing
the asymmetry of spin electronic states at the Fermi level of a
material, defined as SP = [Nm(EF) � Nk(EF)]/[Nm(EF) + Nk(EF)],
where Nm(EF) and Nk(EF) are the electronic state densities of
spin-up and spin-down channels at the Fermi level, respectively.
High-purity spin-polarized current is achieved because, for an
ideal half-metal, one spin channel is metallic while the other is
insulating, resulting in SP = 100%. Andreev reflection spectro-
scopy (ARS), point-contact magnetoresistance (PCMR), and the
TMR effect based on MTJs are the primary experimental meth-
ods used to quantify this characteristic.

5.2.3.1 Andreev reflection spectroscopy (ARS). The spin polar-
ization can be directly measured using the spectroscopic
method known as ARS. Its fundamental idea is that majority-
spin carriers (in half-metals) cannot be injected within the
superconducting energy gap voltage range when a supercon-
ducting tip (such as Nb or Pb) is in contact with the ferromag-
netic material being tested because of an energy gap in the
other spin channel. As a result, they undergo Andreev reflec-
tion, which turns electron pairs into Cooper pairs while reflect-
ing a hole. In contrast, minority-spin carriers are transmitted
through normal tunnelling because of energy gap blocking. It is
possible to quantitatively extract the SP value by measuring the
differential conductance (dI/dV) against the bias voltage (V)
curve and fitting it with a theoretical model (such as the BTK
(Blonder, Tinkham, and Klapwijk) model).169 Its near-perfect
HM properties are firmly confirmed by ARS research on the
typical material SFMO, which reveals that its SP measured at
low temperatures (e.g., 4.2 K) is about 100% and even maintains

Journal of Materials Chemistry C Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 4
/5

/2
02

6 
6:

05
:2

3 
A

M
. 

 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

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc03985a


2570 |  J. Mater. Chem. C, 2026, 14, 2555–2586 This journal is © The Royal Society of Chemistry 2026

a high value of roughly 98% at RT.13 In the SCRO system, Zhang
et al. reported a room-temperature spin polarization up to
approximately 99% through precise ARS measurements, which
is one of the best results obtained from DPOHMs so far,
highlighting their great potential in spin injection devices.170

5.2.3.2 Point-contact magnetoresistance (PCMR). The PCMR
technique is an effective method for evaluating the SP of half-
metallic materials. This technique constructs a device by form-
ing a nanoscale point contact between the sample surface and a
sharp metal tip and measures the resistance change when the
magnetization states are parallel and antiparallel. Based on the
Jullière model, the relationship between the MR ratio and spin
polarization SP is as follows:

MR ¼ 2SP1SP2

1� SP1SP2
(5)

where SP1 and SP2 are the spin polarizations of the two
ferromagnetic electrodes, respectively. When the tip is made
of a ferromagnetic metal (e.g., Co) with a known spin polariza-
tion SP2, the spin polarization SP1 of the sample can be
deduced from the measured MR value.171

5.2.3.3 Deduction based on tunnel magnetoresistance (TMR).
In MTJs constructed with DPOHMs, typically with a structure of
DPOHM/MgO/DPOHM, the observed TMR effect provides a key
approach for quantitatively analysing the SP of electrode mate-
rials. This analysis mainly relies on the classical Jullière model,
which establishes a theoretical relationship between the TMR
ratio and electrode spin polarization:172

TMR ¼ 2SP1SP2

1� SP1SP2
(6)

where SP1 and SP2 represent the spin polarization rates of the
bottom and top ferromagnetic electrodes, respectively. For
symmetric MTJs composed of the same material (i.e., SP1 =
SP2 = SP), the formula can be simplified to:

TMR ¼ 2SP2

1� SP2
(7)

Therefore, the effective spin polarization SP of the electrode
material can be deduced by experimentally measuring the TMR
value. Research examples have confirmed the applicability of
this model in DPOHM systems. A study on all-perovskite MTJs
of SFMO/STO/SFMO showed that a large TMR effect of approxi-
mately 7% was observed in the MTJ device at room temperature,
attributed to the spin-dependent tunnelling transport—this
transport occurs through an ultra-thin STO barrier layer with a
thickness of approximately 2 nm and is affected by the SFMO
top electrode, where the tunnel resistance depends on the
relative orientation of the magnetization directions of the
ferromagnetic SFMO top and bottom layers. This indicates that
the MTJ devices based on SFMO can be used both as spin
analysers for basic research on room-temperature magnetic
tunnel effects and as spin-polarized current sources in oxide
heterostructures.173

5.3 Magneto-transport property characterization: device
application orientation

The inherent qualities of materials and the functionality of real-
world spintronic devices are connected by magneto-transport
properties, particularly the effects like TMR and anisotropic
magnetoresistance (AMR). A physical property measurement
system (PPMS) or magnetic property measurement system
(MPMS) with electrical transport possibilities is typically used
for related measurements.

5.3.1 Tunnel magnetoresistance (TMR). The TMR effect is
the core working principle and performance indicator of MTJ
devices, defined as:

TMR ¼ RAP � RP

RP
¼ GP � GAP

GAP
(8)

where RP and GP represent the resistance and conductance
when the magnetization directions of the two ferromagnetic
electrodes are parallel, respectively, and RAP and GAP represent
the corresponding values in the antiparallel state.172 Several
factors have a substantial effect on the TMR ratio. The first is
interface quality. The roughness of the contact between the
barrier layer and the ferromagnetic electrode has a substantial
impact on tunnelling coherence. Research indicates that redu-
cing the roughness of the SFMO/MgO interface from 1.0 nm to
0.3 nm can boost the room-temperature TMR ratio from 80% to
120%. This is due to the reduced interface scattering and
improved tunnelling electron coherence.35 The second is the
thickness of the insulating layer. It is necessary to carefully adjust
the thickness of the barrier layer (tb) (e.g., MgO) since an
extremely thin layer can cause pinholes and leakage current,
while an excessively thick layer can result in an overly weak signal
because of the exponential decrease of tunnelling probability.
High-quality LaMnO3+d/La0.7Ca0.3MnO3 multilayer structures
were constructed in an attempt to establish all-oxide manganite
tunnel junctions, and tunnel studies using Au/Ir electrodes and
LaMnO3+d barrier layers were successfully carried out at low
temperatures. Even when the junction area was roughly
0.02 mm2 and the barrier thickness reached 20 nm, the tunnel
effect was still noticeable.174 The third is the temperature stabi-
lity. DPOHMs outperform typical half-metal oxides (e.g., Fe3O4) in
terms of high-temperature performance, making them ideal for
devices in difficult environments.175 Kumar et al. reported the
MR effect of MTJs based on SFMO at RT.173

Micron-sized SFMO/STO/SFMO devices were fabricated by
the PLD method, as depicted in Fig. 11. The current–voltage
curves of the MTJ devices at room temperature exhibit nonlinear
and asymmetric behaviour, consistent with the prediction of
tunnel conductivity. The large TMR (TMR E 7%) effect observed
at room temperature is attributed to the spin-dependent tunnel-
ling effect generated by the uniform ultra-thin STO tunnel
barrier layer between the two identical SFMO electrodes (bottom
and top) in the MTJ device.

5.3.2 Magnetoresistance (MR) and spin-dependent scatter-
ing. The MR effect describes the relative change in material
resistance under an applied magnetic field, and its microscopic
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mechanism is strongly related to spin-dependent scattering
processes, which primarily include giant magnetoresistance
(GMR) and AMR. When a nonmagnetic metal layer separates
ferromagnetic/nonmagnetic/ferromagnetic sandwich structures
(spin valves), the GMR phenomenon typically takes place. Its
fundamental physical property is that the relative relationship
between the electrons’ spin direction and the ferromagnetic
layer’s magnetization direction determines their transport resis-
tance. A notable resistance change happens when the two
ferromagnetic layers’ magnetization directions change from
antiparallel (high-resistance state) to parallel (low-resistance
state). The spin diffusion length of the nonmagnetic intermedi-
ate layer has a major influence on the amplitude of GMR; the
longer this length, the more powerful the GMR impact is and
the better the spin information is kept throughout transit.176

Using the same preparation circumstances, Naushahi et al.
investigated the impact of deposition distance on a set of SFMO
thin films grown by PLD. Longer-distance deposited thin films
showed improved metallicity and magnetoresistance respon-
siveness. High-quality SFMO thin films and multilayer struc-
tures for upcoming room-temperature spin valve devices are

mostly due to the observed Fe–Mo cation stoichiometric imbal-
ance, which modifies magnetic interactions and reshapes mag-
netoelectric characteristics.177 Abbasi studied MTJs composed
of two half-metallic ferromagnetic La2/3Sr1/3MnO3 (LSMO) man-
ganite electrodes and a La2NiMnO6 (LNMO) double perovskite
ferromagnetic insulating barrier.178 The resistance of the junc-
tion strongly depends not only on the orientation of the
magnetic moments in the LSMO electrodes but also on the
orientation of the LNMO barrier magnetization relative to
the LSMO magnetization. As shown in Fig. 12(a), the tunnel
magnetoresistance ratio reaches a maximum of 24% at 10 K and
gradually decreases with increasing temperature until it disap-
pears completely above the LNMO critical temperature of 280 K.
Magnetic insulating barrier is an interesting approach to
achieve room-temperature MR effects in oxide-based hetero-
structures. In the temperature range of 185–300 K, the junction
exhibits semiconductor-like behaviour, with resistance increas-
ing as temperature decreases—consistent with the direct tun-
nelling transport characteristic in the junction at 300 K, as
shown in Fig. 12(b). The GMR value observed in spin valves with
a similar structure decreases to about 35% when Cu is utilized
as the intermediate layer because of its comparatively signifi-
cant spin scattering, demonstrating that the intermediate layer
material plays a crucial role in spin-polarized transport.179

5.3.3 Spin relaxation time (ss). One important dynamic
parameter that directly affects the effective transport distance
of spin information or spin current is the spin relaxation time
(ts), which measures how long the spin-polarized state can be
sustained in a material. In experiments, the most popular
pump–probe method for examining ultrafast spin dynamics
and obtaining ts is the time-resolved magneto-optical Kerr effect
(TR-MOKE). This method employs a delayed probing light to
monitor the magnetization recovery process and a femtosecond
laser pulse (pump light) to immediately disturb the magnetiza-
tion equilibrium; the characteristic time of the magnetization
relaxation curve can be used to determine the ts.

180,181

Fig. 11 (a) Schematic diagram of an SFMO/STO/SFMO three-layer mag-
netic tunnel junction device. (b) Cross-sectional view of a typical magnetic
tunnel junction device field emission scanning electron microscope
image173 (reproduced with permission from The Royal Society of Chem-
istry, 2014).

Fig. 12 (a) Temperature dependence of junction resistance in zero magnetic field and 0.2 T magnetic field. The inset shows the difference between the
two curves (MR effect), which approaches zero at 275 K. (b) Voltage–conductivity relationship for a multilayer magnetic tunnel junction device. Dark blue
squares and dark red circles represent conductivities at 10 K and 300 K, respectively178 (reproduced with permission from The Royal Society of Chemistry,
2024).
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Experiments have demonstrated the spin relaxation properties
of several DPOHMs. The double perovskite structure of
Ba2CaWO6�d (d = 0) is B-site ordered, and its octahedral tilt
angle varies with temperature. W5+ (d1) spin centers with S = 1/2
and I = 0 can be produced by oxygen vacancies in this structure.
The viability of these qubit candidates is confirmed at T = 5 K,
t1 = 310 ms, and t2 = 4 ms. t2 has remarkable stability with rising
temperature, remaining constant below T = 60 K, decreasing to
about 1.0 ms at T = 90 K, and remaining fairly constant until T =
150 K. This suggests that the application range of possible
materials in quantum information science can be increased
and that suitable paramagnetic point centers for quantum
applications can be produced by systematically introducing
defects in the double perovskite structure.182

6. Theoretical calculation models of
DPOHMs

One essential tool for determining the origin of the electrical
structure of DPOHMs, directing the creation of new materials,
and improving performance is theoretical computation. The
DFT framework serves as the primary foundation for current
research, and sophisticated techniques like the GW approxi-
mation and Hubbard U correction (DFT+U) are presented to
better characterize their highly coupled electrical behaviour.
Relevant calculation models, common applications, and theo-
retical advancements are methodically introduced in this part.

6.1 Basic calculation models: DFT and U correction (DFT+U)

6.1.1 DFT principles and exchange–correlation functionals.
The ground state characteristics of a many-electron system are
converted into a problem of non-interacting electrons moving in
an effective potential field by DFT using the Hohenberg–Kohn
theorem and Kohn–Sham equations. The exchange–correlation
functional is its fundamental approximation. The local density
approximation (LDA), generalized gradient approximation
(GGA), and GGA+U are examples of functionals that are fre-
quently employed. The bandgaps of transition metal oxides are
typically underestimated or not predicted at all using LDA,
which solely depends on the local electron density and performs
well for simple metal systems. In general, GGA predicts atomic
structures and lattice constants more accurately than LDA and
takes into account the gradient of the electron density. One of
the most popular GGA functionals is the PBE functional.183 By
adding the Hubbard U parameter on top of GGA, GGA+U is
intended to address the Coulomb repulsion of localized d or f
electrons and rectify the standard DFT’s inability to adequately
describe strongly correlated systems (such as transition metal
d-electrons). This approach is now the norm for researching
DPOHMs’ electrical structures.184 The outcomes of the
calculation depend heavily on the U parameter selection. The
U value is often chosen in the range of 3–5 eV for 3d transition
metals with significant electron correlation effects (like Fe, Co,
and Ni); it is typically set in the range of 1–3 eV for 4d/5d metals
with more extended orbitals and weaker correlation effects (like

Mo and Re).185 Using SFMO as an example, GGA+U calculations
produce a spin-minority bandgap of around 0.4 eV, which is in
good agreement with the experimental value (E0.38 eV)13 when
UFe = 4 eV is applied to the Fe 3d orbitals and UMo = 2 eV is
applied to the Mo 4d orbitals. Strong correlation effects must be
taken into account because, in contrast, employing normal GGA
(U = 0) produces a metallic state and is unable to replicate its
half-metallic feature.53,186

6.1.2 Structural optimization and band structure calcula-
tion. Structural optimization is the first and most important
stage in theoretical investigations of double perovskite oxides.
It aims to achieve a stable ground-state geometric structure by
iteratively altering atomic locations and lattice constants in order
to reduce the system’s total energy. There is a high degree of
consistency between theoretical calculations and experimental
measurements in examples of structural optimization. Following
structural optimization using the GGA+U method, the lattice
constant for SFMO is approximately 3.91 Å (for the simple cubic
cell) or E7.82 Å (for the primitive cell). This represents a
minimal deviation (o0.3%) from the experimental XRD values
of approximately 3.905 Å13 or approximately 7.822 Å,53,186 indi-
cating the computational model’s dependability. The direct
theoretical foundation for determining whether a material is
half-metallic is band structure computation. One spin channel
(typically spin-up) in the spin-resolved band structure has elec-
tronic states at the Fermi level (EF) that exhibit metallic beha-
viour, while the other spin channel (spin-down) has a finite
bandgap at EF that exhibits insulating behaviour. This is the
typical feature of half-metallicity. The regulatory patterns of half-
metallicity are revealed by the capacity to carry computational
instances. The substitution of Os atoms for Fe in double
perovskite structure oxides can result in a half-metallic antiferro-
magnet: the conduction band electrons crossing the Fermi level
have 100% spin polarization but show no net magnetization,
according to electronic structure calculations based on DFT
(using the GGA) for the double perovskites SFMO and Sr2Os-
MoO6. The HM antiferromagnetic state is still present, according
to GGA+U electronic structure calculations.187 In line with earlier
findings based on model calculations, kinetic energy-driven
stabilization of the antiferromagnetic phase occurs in La-
enriched compounds, as demonstrated by first-principles den-
sity functional calculations in conjunction with exact diagonali-
zation of a Fe–Mo Hamiltonian built from first-principles
Wannier functions.10 Recently, the band structures and density
of states of Ca2TiFeO6 HM DP oxides were also calculated by DFT
by employing the projector augmented wavelet (PAW) method
with a plane wave basis.188 The GGA, as proposed by Perdew–
Burke–Ernzerhof (PBE),183 was used to evaluate the exchange
and correlation energies. A Hubbard U correction (GGA+U) was
applied to better account for the strong on-site Coulomb inter-
actions, where the Hubbard U potential values were selected as
UTi = 2.5 eV and UFe = 5.3 eV. The Hubbard U corrections in DFT
calculations are very important to accurately describe the elec-
tronic and magnetic properties of transition metals, especially in
materials with strong electron–electron interactions. Fig. 13(a)
and (b) shows the calculated band structure of the Ca2TiFeO6
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HM DP compound with the spin-up (left) and spin-down (right)
orientations, respectively.189 This spin-polarized band analysis
provides crucial insights into the material’s conduction proper-
ties and magnetic behaviour. As shown in Fig. 13(a), in the
ground state the material displays a metallic feature for the up-
spin orientation, as multiple bands cross the Fermi level. In
contrast, for the down-spin polarization (Fig. 13(b)), a semicon-
ducting behaviour with a direct bandgap of 2.3 eV is observed.
This combination of characteristics confirms the half-metallic
semiconducting nature of the Ca2TiFeO6 compound. The dis-
crepancy between the theoretical and experimental bandgap
values is ascribed to the fact that DFT calculates the energy
difference between the valence and conduction bands, but the
bandgap obtained via diffuse reflectance spectroscopy corre-
sponds to the photon absorption threshold, which indicates
the energy required to generate an exciton, a bound state of an
electron and a hole created by the electrostatic Coulomb inter-
action upon photon absorption.

6.2 Density of states (DOS) and magnetic moment analysis

A crucial theoretical tool for comprehending the origin of half-
metallicity and magnetism in materials is the DOS, which
characterizes the distribution of electronic states in energy
space. It is possible to clearly see the electrical behaviour of
several spin channels and the contribution of each atomic
orbital by examining the total density of states and partial
density of states (PDOS).

6.2.1 Total DOS and partial DOS (PDOS). A material’s HM
properties are directly reflected in its total DOS. For an ideal
half-metal, the total DOS exhibits notable spin asymmetry at
the Fermi level (EF): one spin channel, such as spin-up, has a
finite DOS at EF, displaying metallic behaviour, while the other
spin channel, spin-down, has zero DOS at EF, with a distinct
bandgap. For instance, calculations for SFMO reveal that the
spin-down channel has a bandgap of approximately 0.4 eV at
EF, theoretically predicting its 100% spin polarization ratio.13,53

The microscopic orbital genesis of half-metallicity is further
shown by partial density of states (PDOS) investigation. The
hybridization between the d-orbitals of the transition metal
ions at the B- and B0-sites and the p-orbitals of the oxygen
anions is the main cause of half-metallicity in DPOHMs. Using
SFMO as an example, its PDOS analysis shows that both Fe 3d
(particularly eg orbitals) and Mo 4d (t2g orbitals) contribute
significantly at the Fermi level, making them the primary
carriers for conduction in the spin-up channel. Concurrently,
O 2p orbitals exhibit substantial hybridization with these
d-orbitals; their DOS accounts for around 30% in the vicinity
of EF, indicating the critical role that p–d hybridization plays in
the formation of the conduction channel. The bandgap opens
in the spin-down channel when the DOS of the Mo 4d and Fe 3d
orbitals falls to zero close to EF. Strong electron correlation and
p–d hybridization caused by a particular crystal field environ-
ment work together to form this energy gap.13,190

In order to examine the specific contributions of the electro-
nic orbitals near the Fermi level, the DOS of Ca2TiFeO6 was
calculated for the spin-up and spin-down configurations, as

Fig. 13 Calculated electronic band structure for the Ca2TiFeO6 com-
pound, with the contributions from (a) spin-up (left) and (b) spin-down
(right) orientations. (c) Total DOS for Ca2TiFeO6 contributed by spin-up
orientation (black curve) and spin-down orientation (red curve), respec-
tively. (d)–(f) Partial DOS (PDOS) in Ca2TiFeO6 contributed by Ti-d, Fe-d,
and O-p orbitals for the spin-up and spin-down configurations,
respectively189 (reproduced with permission from Elsevier Ltd, 2025). Total
DOS for Ca2TiRuO6 calculated by GGA-PBE (g) and GGA+U-PBE (h) close
to the Fermi level with the inclusion of spin–orbit coupling (SOC)26

(reproduced with permission from The Royal Society of Chemistry, 2025).
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shown in Fig. 13(c)–(f).189 Fig. 13(c) presents the total DOS
contributed by spin-up polarization (black curve) and spin-down
polarization (red curve), respectively. It is noticed that near the
Fermi energy (EF = 0 eV) there is a significant difference between
the DOS for both spin configurations. As observed in the calcu-
lated band structure, the up-spin configuration (Fig. 13(a)) exhi-
bits states crossing the Fermi level, indicating metallic behaviour,
whereas the down-spin configuration shows a semiconducting
gap. Thus, the total DOS presented in Fig. 13(c) agrees with the
band structure, clearly demonstrating the above-mentioned HM
behaviour. To enhance the visibility of key electronic states near
EF, zoomed-in insets are added to highlight the subtle features
close to the Fermi level. The PDOS contributed by Ti d-orbitals
and Fe d-orbitals for the spin-up and spin-down configurations is
shown in Fig. 13(d) and (e), respectively. As shown in Fig. 13(d),
the Ti d-orbitals in the spin-up configuration contribute mini-
mally close to EF, which means these electronic states make a few
contributions to the observed metallic conduction for this spin
configuration. To better illustrate the Ti-d states’ weak contribu-
tions near the conduction band edge, an additional zoomed-in
inset is incorporated. For the spin-down configuration, the Ti d-
orbitals positioned below the Fermi energy make no direct
contributions to the conduction states, thus contributing to the
non-conducting nature of this spin polarization. In Fig. 13(e), the
Fe d-orbitals in the spin-up configuration show a significant
contribution near the Fermi level, accounting for the metallic
behaviour in this configuration. However, in the spin-down
configuration, the Fe d-orbitals display a clear separation between
the occupied states in the valence band and unoccupied states in
the conduction band, leading to the formation of a bandgap. The
asymmetry between the contributions from spin-up and spin-
down polarizations highlights the strong spin polarization, where
the Fe d-orbitals are the primary contributors to the magnetic
moment of the compound. The PDOS contributed by O p-orbitals
in the spin-up and spin-down configurations is shown in
Fig. 13(f). It is observed that the O p-orbitals make significant
contributions to the DOS near the Fermi level. For the up-spin
configuration, the O p-orbitals occupy states between�4.8 eV and
0.3 eV, suggesting the hybridization with the d-orbitals of Ti and
Fe. This result underscores the importance of Fe–O–Ti inter-
octahedral bonds in the conductive and ferromagnetic behaviours
of the compound. In contrast, for the down-spin configuration,
the O p-orbitals are mainly located in the valence band, between
�4.6 eV and �0.3 eV, contributing to the semiconducting char-
acter of this compound. The interactions between the O p-orbitals
and the d-orbitals of Ti and Fe indicate the occurrence of
hybridizations that influence both the electrical charge transport
properties and the magnetic ordering of the compound. The
above analysis confirms that Fe is the dominant source of
magnetization in the system, while Ti and O contribute margin-
ally to the overall ferromagnetic response. The strong Fe–O–Ti
hybridization observed in the DOS analysis further reinforces the
role of orbital interactions in shaping the magnetic and electronic
behaviour of the compound.

To assess the effect of the SOC on the electronic states of
Ca2TiRuO6 HP oxides in the vicinity of the Fermi level, GGA-

PBE (Perdew–Burke–Ernzerhof) and GGA+U-PBE calculations
were carried out, and the results are shown in Fig. 13(g)–(h).26 It
is important to note that the incorporation of SOC in the DFT
calculations for the study of the electronic properties of the
Ca2TiRuO6 material eliminates the distinction between the
spin channels, due to the inclusion of the SOC producing a
mixture of electronic states that are described by combinations
of the orbital quantum numbers (l, m), eliminating the explicit
spin separation. Based on the DFT calculations it is found that
strong SOC effects are associated with the half-metallic feature,
which play an important role in the emergence of half-
metallicity in perovskite materials, particularly in double per-
ovskites with transition elements occupying at B-sites. Thus,
the strong SOC effect may have given rise to the half-metallic
nature exhibited by double perovskites containing transition
elements.

6.2.2 Magnetic moment calculation and SE interaction.
The unpaired d-electrons of the transition metal cations at the
B- and B0-sites are the primary source of the net magnetic
moment of DPOHMs. By integrating the electron population of
spin-up and spin-down channels, the theoretical total magnetic
moment can be directly determined by first-principles computa-
tions. The B-site ion in SFMO is usually thought of as high-spin
Fe3+ (3d5, S = 5/2), with a theoretical spin magnetic moment of
roughly 5.0mB, and the B0-site Mo ion is usually thought of as
Mo5+ (4d1). Through oxygen-mediated SE, its magnetic moment
interacts ferromagnetically with Fe3+, producing a little magnetic
moment at the Mo site (about �1mB) that opposes but does not
completely cancel the Fe site moment. With slight differences
that could be caused by cation disorder or measurement errors,
the theoretically anticipated saturation moment is around
4.0mB f. u.�1, which is in basic agreement with the experimentally
determined saturation magnetization of B3.8mB f. u.�113 or
B3.4mB f. u.�1.191 The theoretical total magnetic moment for
LCMO is predicted to be 6.0mB f. u.�1, assuming that there is
ferromagnetic coupling between Co2+ (3d7, S = 3/2) and Mn4+

(3d3, S = 3/2). The material’s anti-site defects (Co/Mn disorder)
cause antiferromagnetic coupling, which partially cancels the net
moment. This is the main reason why the experimentally mea-
sured saturation moment is typically lower than this value (e.g.,
B5.8mB f. u.�1 192). The magnetic exchange coupling constant ( J),
where J 4 0 denotes ferromagnetic coupling and J o 0 shows
antiferromagnetic coupling, can be used to quantitatively assess
the strength and sign of the SE interaction. Calculations for
SFMO demonstrate that the ferromagnetic exchange constant J
for the Fe–O–Mo channel is roughly 20 meV, confirming its
medium-strength ferromagnetic coupling as the basis for the
high Curie temperature.193 Furthermore, the impact of imperfec-
tions on magnetism is also investigated by theoretical simula-
tions. For instance, Wu et al. investigated the impact of oxygen
vacancies on the half-metallic characteristics of the perovskite
oxide SFMO using density functional calculations.194 The com-
pound showed half-metallic properties over the range of oxygen
vacancies, and as the amount of oxygen vacancies increased, the
spin-up channel bandgap shrank. Fe and Mo ions were found in
high-spin and intermediate-spin states, respectively, in all
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compounds. The magnetic moment of Mo ions increased while
that of Fe ions decreased as the oxygen vacancy content
increased. This suggests that over a broad range of d values,
Sr2FeMoO6�d exhibits half-metallic properties, providing a viable
avenue for the experimental production of useful half-metals
with trace quantities of oxygen vacancies.

6.3 Theoretical simulation of defect effects

Defects are important determinants of the electrical structure,
magnetism, and transport characteristics of DPOHMs, particu-
larly oxygen vacancies, cation doping, and ASDs. The formation
energy of defects can be quantitatively assessed using first-
principles calculations, which also provide a detailed under-
standing of the microscopic mechanism by which defects
control material properties.

6.3.1 Oxygen vacancies. V��O are one of the most prevalent
point defects in DPOHMs. Their formation energy (Ef) is a key
parameter for assessing their stability in a specific environ-
ment, typically calculated using the formula:

Ef ¼ Etot V��O
� �

� EtotðpristineÞ þ mO �
1

2
E O2ð Þ (9)

where Etot is the total energy, E(O2) is the O2 molecule energy,195

and mO is the oxygen chemical potential, whose value depends on
the specific synthesis atmosphere (e.g., oxidizing or reducing
conditions).196 Under reducing circumstances, the V��O formation
energy of SFMO is around 2.5 eV. According to theoretical
estimates, adding V��O reduces the gap width from 0.4 eV to
roughly 0.2 eV, which lowers the material’s spin polarization ratio
by generating impurity energy levels within the bandgap of the
initially insulating spin-down channel.16,197 This explains the
experimentally observed deterioration of magneto-transport per-
formance caused by V��O from the standpoint of electronic
structure. Comprehensive first-principles computations on
LCMO and its variation with Co–Mn–Mn–Co ASDs were carried
out by Yuan et al.198 They discovered that both Co and Mn prefer
to show a +3 state at anti-sites, while their covalent states are +2
and +4 at regular sites, respectively. The V��O formation energy
was projected to obey the following trend: Co2+–O–Mn4+ 4 Co2+–
O–Co3+ 4 Mn3+–O–Mn4+. Stronger electron delocalization
between mixed-covalent transition metals (Co2+–O–Co3+ and
Mn3+–O–Mn4+) was identified as the microscopic mechanism;
this effect efficiently reduces electron repulsion and promotes
vacancy stability. Through calculations, Antonov et al. were able
to determine how V��O alter the valence states of transition metal
ions, hence influencing characteristics. They observed that the
potential V��O led to mixed valence states at the Cr sites, generat-
ing a double-peak structure at the Cr L2,3 edges in SCWO and
SCRO and lowering the saturation magnetization.199 This sug-
gests that more energy is needed to form V��O in this material,
meaning that it is more resistant to them. This suggests that the
material can sustain structural stability and consistent perfor-
mance in high-temperature application settings.

6.3.2 Element doping. The stability of doping elements
and their regulating effects on material properties can be
accurately predicted by first-principles calculations, which also

offer theoretical directions for experimental design. The com-
puted doping formation energy is negative (about�0.5 eV) when
A-site doping is carried out with La3+ in place of Sr2+ in SFMO,
suggesting that the doping process is thermodynamically advan-
tageous. By raising the electron occupation of Mo 4d orbitals
close to the Fermi level and strengthening the hybridization
between Mo 4d and O 2p orbitals, electronic structure analysis
demonstrates that the addition of La3+ is similar to injecting
electrons into the system. The material’s half-metallicity and
spin polarization ratio are improved by this enhanced p–d
hybridization, which promotes widening of the bandgap in the
spin-down channel.200,201 Properties can also be efficiently tuned
by element replacement at the B-site. For instance, the electronic
structure and magnetic characteristics of the pseudo-cubic and
tetragonal double perovskite oxides Sr2MnNbO6(SMNO), SFMO,
and Sr2NiRuO6 (SNRO) were ascertained utilizing the full-
potential linearized augmented plane wave (FP-LAPW) approach
inside the local spin density approximation (LSDA)+U scheme.
The crystal structures of all three compounds showed half-
metallic properties. The third compound favoured the pseudo-
cubic shape, whereas the previous two tended to form tetragonal
structures. SFMO showed antiferromagnetic order, but SMNO
and SNRO were ferromagnetic. The spin–orbit coupling effect
varied with the 3d and 4d orbital magnetic moment values in the
elemental sequence from Nb to Ru and from Mn to Ni, exhibit-
ing an increasing trend from quenched to weakly unquenched to
unquenched. In accordance with the e2

g–0–e0
g Goodenough–

Kanamori–Anderson (GKA) model for SE, SNRO demonstrated
half-metallic conductivity and ferromagnetism.202 The predictive
power of theoretical computations is what gives them their
potency. For instance, the electronic structure and magnetic
properties of the double perovskite compounds SFMO, SFRO,
and SCWO were investigated using the full-potential linear
muffin-tin orbital method within the LSDA and GGA frame-
works. HM ferromagnetic band structures were anticipated by
the calculations to have total spin magnetic moments of 4.0mB

for SFMO, 3.0mB for SFRO, and 2.0mB for SCWO. These investiga-
tions offer a precise theoretical foundation and guidance for
investigating and creating novel double perovskite oxides with
enhanced characteristics.203

6.4. Limits of current theoretical models and their
perspectives

The sensitivity of half-metallicity prediction to the U value,
exchange correlation functional, and SOC is indeed high,
especially for the 5d systems (such as Re-based DPOHMs).
The choice of U value directly affects the band structure: a
too small U value may lead to mis-judgment of metallicity,
while increasing the U value appropriately can drive the system
to achieve half-metallic properties. The 5d system requires
careful selection of U values because the 5d electron correlation
is weak (U B 1.0 eV), but the SOC is strong. If the U value is too
high, it will cause band splitting and damage the half-metallic
properties. It is suggested that optimization of the U value can
be achieved through Bayesian calibration or the experimental
data. GGA may underestimate the bandgap, resulting in mis-
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judgment of half-metallicity. Thus, introducing the Hubbard U
term in GGA+U can correct for strong correlation effects, but
attention should be paid to the empirical value of U. For the 5d
systems, meta-GGA functionals (such as strongly constrained and
appropriately normed, SCAN) can more accurately describe elec-
tronic correlations, but the computational cost is relatively high.
Considering the strong SOC effect in the 5d system, it can cause
band splitting and affect the HM properties. For example, in the
Re-based HM perovskites, SOC may disrupt spin degeneracy and
need to be explicitly included in the calculation. In addition, the
SOC effect may vary with temperature and need to be predicted in
conjunction with finite temperature transport models such as
Ham GNN. Special consideration should be given to the 5d
system, which needs to balance electronic correlation (U) and
SOC (l), and it is recommended to optimize these parameters
through phase diagram analysis (such as the U–t–l triangle). On
the other hand, theoretical predictions can be verified by the
experimental data (such as angle-resolved photoelectron spectro-
scopy (ARPES) or transport experiments).

The current theoretical models can provide reliable guidance
in material design, but some limitations such as data scarcity,
complex calculations, and dynamic effects still need to be
addressed. It is suggested that combining experimental verifica-
tion and multi-scale calculations can improve the design relia-
bility. For example, through first principles calculations and
machine learning, the model can predict material properties
(e.g., catalytic activity and electronic structure) and guide experi-
mental synthesis. In addition, model predictions also need to be
validated through experiments (e.g., the design of calcium single
atom materials supported by graphene doped with heteroge-
neous atoms, which have been verified for their hydrogen
storage capacity through practical testing). However, the current
model accuracy is limited by the quality and quantity of training
data due to the high-quality datasets being scarce in materials
science. High precision calculations (such as DFT+U) are costly
and limit the application of complex systems.

7 Applications and challenges of
DPOHMs in magnetic storage
7.1 Core application scenarios

7.1.1 MTJs and magnetic random access memory (MRAM).
With the high spin polarization ratios and adjustable magnetic
anisotropy, DPOHMs are thought to be the perfect electrode
materials for the next-generation MTJs, which should greatly
increase the TMR effect and lower device power consumption.
The room-temperature TMR ratios of current mainstream MTJs
based on CoFeB/MgO/CoFeB structures are often between 100%
and 200%, and the write current density needed for magnetiza-
tion switching is typically greater than 106 A cm�2 204,205

(Fig. 14). The following performance benefits are provided by
DPOHM-MTJs. LSMO/BaTiO3/LSMO heterostructures and other
all-perovskite MTJs have demonstrated exceptional overall per-
formance (Fig. 15). In contrast to traditional TMR, three mag-
netic field-induced resistance states were eventually formed by

the observation of four separate zones with elevated MR. It is
possible to mimic the low-field MR effect using a model that is
based on structural flaws and non-uniform strain in the LSMO
layer, which are caused by the significant lattice mismatch
between the LSMO and the MgO substrate. This discovery
facilitates the comprehension of intricate MR effects in multi-
layer MTJs and can serve as a guide for the development of
brain-like devices or multi-bit memory cells.206,207 Another
important factor in hybrid structure MTJs is performance. An
MTJ using La0.3Sr1.7FeMoO6 as one electrode and conventional
CoFeB as the other, for example, demonstrated excellent appli-
cation potential with a room-temperature TMR of roughly 200%
and an expected data retention period well over 10 years.173,179

Leaders in the industry, such as Samsung Electronics, have kept

Fig. 14 (a) Schematic cross-section of the fabricated magnetic tunnel
junction.171 The MgO thickness is fixed at 0.85 nm. (b) Scanning electron
microscopy image of the etched pillars, showing the fabricated pillar area
of 80 � 240 nm2 (reproduced with permission from The Royal Society of
Chemistry, 2024).

Fig. 15 Schematic diagram of the patterned sample structure207 (repro-
duced with permission from The Royal Society of Chemistry, 2005).
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a careful eye on the potential applications of these materials.
According to research reports, MRAM technology prototypes
based on DPOHMs such as SFMO have the potential to improve
key indicators like storage density by several times when com-
pared to traditional solutions. This represents a significant trend
in which these materials are progressing from basic research to
application exploration.208 Asano et al. first reported the TMR
performance of micron-sized SFMO-MTJ junctions fabricated by
a standard photolithographic process.209 The SFMO junctions
with a native barrier formed by surface oxidation of a SFMO
based-electrode and a Co counter electrode exhibited a TMR
value of 10% at 4.2 K. Recently, Kumar et al. also reported the
TMR performance of micrometre-sized SFMO-MTJ (SFMO/STO/
SFMO) devices fabricated by the PLD method.210 The thickness of
the bottom and top electrodes of SFMO was B150 nm and
B50 nm, respectively, and the thickness of the STO barrier layer
was kept about 2 nm. A metal shadow mask with lateral dimen-
sions of 40 mm � 40 mm were used to fabricate the SFMO/STO/
SFMO MTJ devices. At room temperature, the MTJ devices
exhibited a TMR ratio of 7% at 300 K, which was ascribed to
the spin-dependent tunnelling across a uniform ultrathin STO
tunnel barrier in the micron-sized MTJ devices. From the TMR
ratio of the micron-sized MTJ device, the SP of the SFMO layers in
MTJ devices was deduced to be B18% at 300 K by using classical
Julliere expression.172 Nanometer-sized SFMO/STO/Co MTJ
devices were obtained by combining a three-step process for
the growth of the SFMO layer by PLD. Transport measurements
revealed a clear MR behavior with a positive TMR of about 50% at
4 K. This TMR ratio corresponds to a very large negative SP value
(SP = �85%) and confirms the half-metallic character of SFMO
and its potential for fully spin-polarized tunnelling.211

7.1.2 Spin valves and magnetic sensors. DPOHM-based
spin valve structures can be used to create extremely sensitive
magnetic sensors by taking advantage of their strong giant
magnetoresistance (GMR) effect. These sensors offer a wide
range of potential uses in non-contact sensing, biological

imaging, and magnetic field detection. Spin valves based on
DPOHM operate exceptionally well. According to research
reports, DPOHM materials such as LCMO can be used to build
magnetic sensor prototypes that can detect weak magnetic
fields as low as 10�5 Oe.212,213 These high-sensitivity sensors
open up new technological avenues for the detection of weak
magnetic field signals and precise placement, and associated
research and development activities are constantly advancing
them toward real-world use.

7.1.3 Spin metal-oxide-semiconductor field-effect transis-
tors (spin-MOSFETs). In order to provide effective spin injec-
tion and manipulation and offer solutions for low-power, high-
performance logic devices, DPOHMs can be used as spin
injection electrodes in spin field-effect transistors (spin-
MOSFETs) due to their high spin polarization ratio. Sugahara
and Tanaka methodically presented the idea for this device,
which revolved around the usage of half-metallic ferromagnets
as source/drain electrodes. According to theoretical research,
spin-MOSFETs made of these materials (for example, with
SFMO as the electrode) should be able to drive current at a
rate of roughly 0.5 mA mm�1 and produce a high on/off current
ratio (Ion/Ioff) of up to 106.214 The model device utilized in this
investigation, which uses a thin-film transistor topology for
easier computation, is demonstrated in Fig. 16(a). The channel
length, Lch, of the model device is 30 nm, the silicon layer
thickness is 10 nm, and the gate oxide (SiO2) thickness tox is
2.0–3.0 nm. The distance between the source/drain junction and
the non-magnetic contact is represented by the device para-
meters LS (LD) in Fig. 16. It is expected that spin-polarized
electrons injected into the channel follow ballistic transport, and
the channel uses an inherent silicon layer. This theoretical
forecast shows how spin-MOSFETs have a lot of potential to
replace conventional transistors in logic operations. Related
research studies have continued to advance in recent years. For
instance, spin-MOSFETs using LCMO as source/drain electrodes
were investigated in theoretical design and performance

Fig. 16 (a) Device structures and (b) and (c) band diagrams of spin MOSFETs with magnetization directions (b) (parallel) and (c) (anti-parallel). Solid
arrows in the HMF source/drain indicate up-spin and down-spin electrons at the Fermi level of the metallic spin band and the valence band edge of the
insulating spin band, respectively. Dashed arrows represent the conduction band edge of the insulating spin band in the HMF source/drain214

(reproduced with permission from The Royal Society of Chemistry, 2004).
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simulation studies. Based on the simulation studies, such
devices should have an intrinsic delay time of less than 10 ps
and a switching ratio of 105 at room temperature.215 These
features imply that DPOHM-based spin devices might be able
to satisfy the application requirements of upcoming low-power,
high-frequency integrated circuits. Effective spin transmission
and long-distance maintenance in the channel are two major
scientific obstacles that this subject still faces, and related
research is still in the exploratory stage. A comparison of the
performance metrics of the above magnetic devices based on
different DPOHMs is presented in Table S3.216–219

7.2 Key technical challenges

7.2.1 Difficulty in regulating the crystal ordering degree.
The primary structural factor influencing the half-metallicity of
double perovskite oxides is the ordering degree (S) of the B-site
and B0-site transition metal ions. However, the following factors
make it extremely difficult to achieve near-perfect cation order-
ing (S 4 0.95) on a macroscopic scale, particularly in large-area
thin films. First, the precision of the synthesis process is
limited. SFMO films prepared by using traditional physical
deposition techniques (such as magnetron sputtering and
pulsed laser deposition) usually have an ordering degree of
0.85 to 0.92. Extremely exact coordinated control of the sub-
strate temperature, post-annealing process (temperature varia-
tion must be kept under �5 1C), and oxygen partial pressure is
necessary to raise the ordering degree to over 0.95.71,220,221 Anti-
site flaws can develop from even the smallest variation, greatly
impairing the material’s inherent performance. The second is
the challenge of managing extremely volatile substances. Ele-
ments like Mo and Re have high vapor pressures during high-
temperature synthesis (for example, Mo’s vapor pressure at
1000 1C is about 10�4 Pa). This makes them vulnerable to
volatilization from the lattice, which results in deviations in
the B/B0 stoichiometric ratio and the introduction of a large
number of cation vacancies, both of which significantly impede
the formation of long-range ordered structures.150,222,223

Researchers have searched for a number of solutions to solve
these issues. The film ordering degree can be raised to 0.98 by
employing methods such as co-sputtering from dual targets,
which accurately control element transport and stoichiometry at
the source by independently and simultaneously adjusting the
sputtering power of B-site and B’-site metal targets.71,220 Starting
with precursors made using the citrate procedure, a high-
pressure method was used to successfully synthesize the poly-
crystalline DP SFMO material with substantial anti-site disorder.
Because the ordered sample had a smaller lattice volume,
applying high pressure (2 GPa) to SFMO enabled long-range
Fe/Mo cation ordering.45 Lattice stability can be improved by
adding the right quantity of stabilizing elements (such as Ti4+

and Zr4+) to partially replace volatile B0-site ions and create solid
solutions.224

7.2.2 Interface lattice mismatch and scattering. Device
performance is largely dependent on the interface quality with
widely used barrier layers (e.g., MgO and Al2O3) when building
heterojunctions (e.g., MTJs based on DPOHMs). The two

primary issues at the moment are element interdiffusion and
lattice mismatch. DPOHMs and barrier layers or insulating
substrates differ significantly in their lattice constants. For
instance, SFMO has a lattice constant of roughly 3.93 Å, but
MgO has a lattice constant of 4.21 Å. This leads to a mismatch
rate of up to 7.1%. The coherence of tunnelling is destroyed by
this mismatch, which results in a high density of misfit disloca-
tions at the interface (up to 1010 cm�2), acting as strong electron
scattering centers and drastically lowering the TMR ratio by 20%
or more.86,225,226 Element interdiffusion at the interface occurs
during the high-temperature annealing necessary for gadget
manufacture. For instance, non-magnetic magnesium-iron oxi-
des (such as MgFeO4) and other secondary phases may develop
in the interfacial area when magnesium atoms penetrate 1–
2 nm from the MgO barrier layer into the DPOHM electrode
layer. The magneto-transport performance of the device is
hampered by these non-magnetic phases, which drastically
lower the effective spin polarization at the interface.11,25 Numer-
ous strategies have been developed by researchers to maximize
interface quality. Placing a strain buffer layer between the
DPOHM and the barrier layer, an ultrathin metal buffer layer
(such as 0.5 nm of Cr) can be inserted to gradually adjust the
lattice constant. This lowers the mismatch rate from approxi-
mately 7% to less than 3%, which suppresses dislocation
formation and enhances TMR performance.227 By using the
atomic layer deposition (ALD) technique to create the MgO
barrier layer, atomically flat interfaces can be achieved, allowing
interface roughness to be controlled to 0.3 nm. The coherence
of tunnelling electrons is preserved by such atomically sharp
surfaces.204 Interface oxidation passivation: a dense and incred-
ibly thin native oxide layer (approximately 0.2 nm) can be
formed by mildly treating the DPOHM film surface with oxygen
plasma prior to the barrier layer being deposited. By successfully
preventing additional diffusion of elements such as magnesium
in later operations, this passivation layer can preserve the
inherent qualities of the electrode material.228

7.2.3 High-temperature performance degradation. When
operated in high-temperature environments (usually 4400 K),
DPOHMs encounter significant structural and performance sta-
bility issues, which are mostly expressed as elemental segregation
and oxygen vacancy evolution. Elemental segregation happens
when the thermodynamic movement of elements is accelerated
at high temperatures. For instance, by adding metallic Fe at grain
boundaries, a series of Sr2Fe1+xMoO6 (x = 0, 0.03, 0.05, 0.08)
ceramic materials were created. Grain boundary (GB) strength
was greatly decreased and Fe/Mo ASDs were changed by increas-
ing Fe enrichment. Grain boundaries exhibited a favourable
influence on the low-field magnetoresistance (LFMR) effect, but
Fe/Mo ASDs had a negative effect.229–231 The term ‘‘V��O evolu-
tion’’ describes the increased mobility of V��O at high tempera-
tures (their migration energy barrier is approximately 0.8 eV). The
compound displayed half-metallic characteristics across the
range of V��O , according to DFT calculations on the impact of
V��O on the half-metallic properties of the perovskite oxide SFMO.
Additionally, the spin-up channel bandgap decreased as the V��O
content increased. Fe and Mo ions were found in high-spin and
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intermediate-spin states, respectively, in all compounds. The
magnetic moment of Mo ions increased and that of Fe ions
decreased when the V��O content increased.194,232 Rapid thermal
processing, A-site chemical doping, and surface coating/core–
shell architectures are remedies for the degradation of high-
temperature performance. Core–shell structures with Ni–Fe
cores and perovskite oxide shells were created by covering
DPOHM nanoparticles or films with a thick, inert thin layer.
During the reverse water-gas shift chemical looping process, the
resultant materials demonstrated higher stability and better
performance.233,234 The material’s dwell time in the high-
temperature zone can be significantly reduced by using milli-
second or second-scale rapid thermal annealing or pulsed laser
annealing in place of conventional long-time annealing. This
effectively suppresses elemental segregation and phase separa-
tion, bringing the segregation rate below 2%.235,236 Lattice
binding energy and overall structural stability can be improved
by doping at the A-site with large-radius rare earth ions such as
La3+ and Nd3+. However, the magnetoresistance effect of SFMO
is weakened as a result of La/Ba doping at the A-site.233,237

7.2.4 Preparation of large-area high-quality thin films.
Achieving high-quality, extremely uniform thin film manufac-
turing on 4-inch to 12-inch wafers is necessary to realize the
industrial applications of DPOHMs in spintronic devices. The
following issues are the primary obstacles in this field. (i)
Control of film uniformity: it is difficult for current deposition
processes to guarantee consistency in crystal structure, chemical
content, and film thickness over wide regions at the same time.
For instance, the degree of ordering between Fe and Mo in
SFMO films prepared by PLD is dependent on the temperature
and pressure during deposition; the highest ordering parameter
can approach 85%. As the degree of Fe/Mo ordering increases,
saturation magnetization rises to a maximum of 2.4mB f. u.�1.
Higher Fe/Mo ordering is much required to obtain greater
saturation magnetization.87,238 (ii) Efficiency and cost of pre-
paration: despite PLD readily promoting high-quality epitaxial
growth, its limited deposition area and high equipment cost
make it unsuitable for large-scale production. When it comes to
multi-component oxides like DPOHMs, magnetron sputtering,
which is better suited for mass production, generally has poor
deposition rates (usually o2 nm min�1), resulting in low
production efficiency and high manufacturing costs.239,240

7.3 Future research directions

7.3.1 Multi-element co-doping and exploration of new
DPOHMs. Designing and creating new systems with enhanced
performance using a variety of element regulation techniques
will be the main focus of future material innovation. Synthesis
guided by theoretical predictions: predicting new materials will
continue to rely greatly on sophisticated computational techni-
ques like DFT+U and the more precise GW approximation.
Potential systems such as Sr2FeRe1�xOsxO6 can be screened
using high-throughput calculations; theoretical predictions
indicate that these systems may have near-perfect spin polar-
ization ratios and higher Curie temperatures (e.g., 4600 K),

which would guide the experimental synthesis.203,241–243 Multi-
element doping engineering: in addition to single-element dop-
ing, multi-element co-doping at the A-site or B-site is anticipated
to work in concert to control the materials’ magnetic interaction,
lattice stress, and electronic structure. For instance, investigating
(La and Ba) multi-element co-doped SFMO seeks to further
enhance MAE and raise the TC (e.g., to 550 K).244,245 Extension
into low-dimensional materials: one new area of study is the
extension of DPOHMs from three-dimensional bulk to the two-
dimensional limit. For the development of ultra-compact spin-
tronic devices, it is important to synthesize nanosheets (thickness
B5 nm) of materials such as LCMO using mechanical exfoliation
or layered precursor methods and investigate their distinct spin
dynamics under dimensional confinement (e.g., possibly longer
spin relaxation times).246,247

7.3.2 Heterostructure construction and quantum effect
exploration. Other crucial routes to enhancing device perfor-
mance and uncovering novel physical characteristics are the
construction of new heterojunctions and the investigation of
quantum phenomena within them. Using topological insulators
in combination: the special spin-momentum locking properties
of topological surface states can be used to efficiently increase
the interface spin injection efficiency by coupling DPOHMs with
topological insulators like Bi2Se3 to create SFMO/Bi2Se3 hetero-
junctions. This could greatly increase the TMR effect.248 Inves-
tigating heterojunctions that occur between DPOHMs and high-
temperature superconductors such as YBa2Cu3O7 is known as
coupling with superconductors. Such structures may exhibit
Josephson or proximity phenomena, which are crucial plat-
forms for basic physics studies and could serve as the basis
for future innovations such as spin-superconducting qubits.249

Investigation of quantum transport phenomena: new quantum
transport phenomena resulting from band topology features,
like quantum tunnelling magnetoresistance, are anticipated to
be observed at low temperatures or even at room temperature in
heterojunctions made of DPOHMs and topological materials
like Weyl semimetals as a result of developments in material
growth and interface control technology. This represents a
frontier in device physics.250,251

8 Summary and outlook

With high Curie temperature, a nearly 100% spin polarization
rate, tunable crystal structures, and superior chemical stability,
DPOHMs have emerged as key components for resolving the
conflict between ‘‘high density, low power consumption, and
fast response’’ in conventional magnetic storage devices. The
research advances of DPOHMs are comprehensively reviewed in
this work. In terms of structure and synthesis, the rock-salt
ordered structure is the cornerstone of half-metallicity; tech-
nologies such as PLD and magnetron sputtering can generate
high-quality thin films, and the regulation of the ordering
degree has exceeded 0.98. Atomic-level structure observation
is made possible in microstructural characterization by meth-
ods such as synchrotron XRD and AC-TEM, which enable
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accurate investigation of structural defects such as oxygen vacan-
cies and lattice mismatches. Physical property characterization
techniques such as ARS and TR-MOKE have demonstrated that
DPOHMs have a lengthy spin relaxation time (450 ps) and a high
spin polarization ratio (495%). Band structure and defect effects
can be precisely predicted by theoretical computing using DFT+U,
GW approximation, and multi-scale simulation; AI-assisted design
speeds up the screening of new materials even more. With a write
current density of only 5� 105 A cm�2 and a TMR of over 200% in
device applications, DPOHM-based MTJs have created new oppor-
tunities for improving MRAM performance.

Recently, much progress has been achieved in the synthesis,
physical properties and structural characterization of DPOHMs.
Some magnetic devices fabricated using DPOHMs have demon-
strated their promising applications in digital storage devices
and magnetic sensors by making full use of their great GMR
effect and HM nature. However, for their industrial applica-
tions in magnetoresistive and spintronic devices, we are still
facing some challenges, such as maintaining the HM ferrimag-
netic character of DPOHMs at room temperature, well control-
ling their oxygen stoichiometry, large-area growth of high-
quality thin films for industrial-scale device fabrication, spin
polarization strongly dependent upon the chemical composi-
tion, microstructure and the strain state of interfaces in MTJs,
the development of in situ characterization techniques and
design of novel DPOHMs, reasonable costs of DPOHM-based
MTJ thin-film devices requiring a silicon substrate-based fab-
rication technology, all of which require much efforts.

8.1 Quest for large-area growth of high-quality thin films for
industrial-scale device fabrication

For industrial applications of DPOHMs in magnetoresistive and
spintronics devices, large-area growth of high-quality DPOHM
thin films maintaining the half-metallic ferrimagnetic character-
istics is highly required. At present, three main thin film grown
techniques have been used for the synthesis of SFMO thin films
(one representative DPOHM), which involve PLD, magnetron
sputtering, and CSD. Each technique has its own advantages,
disadvantages, and manufacturing capabilities. Their pros and
cons are comparatively presented in Table S1. However, the
overwhelming majority of studies are devoted to PLD. PLD is
well capable of transferring the target stoichiometric composition
into thin films, but the poor scalability limits its applications in
large-scale industrial production. While magnetron sputtering
can offer large-area film deposition, it has a problem of exactly
transferring the target composition into the film. In addition,
magnetron sputtering of multicomponent oxides (e.g., DPOHMs
such as SFMO, SFRO, and SCRO) suffers from the different
sputter yields of the individual components. Thus, the magne-
tron sputtering method is not capable of growing DPOHM thin
films with multicomponents. CSD is suitable for the fabrication
of multicomponent thin films such as SFMO due to precise
composition control, which offers high purity and a good film
homogeneity, and all at comparably lower costs. However, it has
some issues such as sensitivity to process parameters (e.g.,
concentration, temperature, pH value, and reaction time), film

uniformity challenge, limited precursor selection, and high post-
processing requirements (850–900 1C). After deposition, post-
annealing and other treatments are usually required to enhance
crystallinity, which increases the complexity of the process.
However, reasonable costs of MTJ devices based on SFMO thin
films require a silicon substrate-based fabrication technology.
This limits significantly the acceptable substrate temperatures,
thereby deteriorating the crystallinity of SFMO films. An appro-
priate solution to this problem needs further research on addi-
tional nonthermal stimulations of growth processes on film
surfaces. To truly realize the magnetoresistance phenomenon
based on the spin-polarized transport process in DPOHMs and to
apply it to large-scale industrial devices, novel film growth
techniques should be developed to grow large-area thin films
with high-quality for industrial applications.

8.2 Quest for advanced characterization techniques

MTJs are key elements of spintronic devices with widespread
application in magnetic data storage and magnetic sensors. They
are based on magnetic multilayer structures and their optimiza-
tion for applications requires the nano-engineering of the inter-
faces in these multilayers. During the fabrication of these MTJs,
the main issue is the surface roughness of the base electrode
because a rough surface usually leads to an inhomogeneous
thickness of the tunnelling barrier and even the pinholes. In
addition, imperfections of the tunnelling barrier and the involved
interfacial interdiffusion as well as the dead layers in multilayer
structured MTJs also degrade the TMR values of the MTJs. Thus,
well controlled engineering of interfaces at the nanometer scale is
highly required not only with respect to the microstructure but
also with respect to the chemical compositions and strain states
in multilayer structured MTJs. It was reported that large TMR
values were only achieved at low temperatures in the planar type
junctions based on perovskite manganites (e.g., TMR = 80%@4 K
for LCMO252 and TMR = 95%@4 K for LSMO253,254). However,
they decreased rapidly with increasing temperature and reached
a vanishingly small TMR at room temperature. The physical
mechanisms underlying such TMR decay have not yet been well
understood. In addition, the SP values of perovskite manganites
are strongly dependent on the microstructure, chemical compo-
sitions and strain states of interfaces and barriers in MTJs.255,256

To gain insights into the TMR decay mechanism in multilayer
structured MTJs, it is imperative to employ advanced character-
ization techniques for validation. For example, (S)TEM with
electron diffraction and electron energy loss spectroscopy (EELS)
allows for dynamic imaging observation of element distribution
and valence state distribution besides the changes in morphology
and interfacial structure.257 HRTEM can directly image the
structural defects at the atomic scale and determine the micro-
structures at the atomic-scale in real space, which is proved to be
invaluable in characterizing the local atomic-scale structures.258

It is important to note that (HR)TEM provides local information
of materials due to its principle, lacking statistical average
results. Therefore, combining TEM with other characterization
techniques are necessary to obtain comprehensive and detailed
outcomes.259
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8.3 Quest for theoretical calculations

In recent years, machine learning (ML) has attracted substantial
interest from researchers due to its advantages of fast execution
speed, flexibility, and user-friendliness. The application of the
ML technique in the field of DPOHMs holds significant future
prospects. Through ML calculations, a deep understanding of key
properties such as the electronic structure, ground state energy,
HM nature, lattice parameter, Goldschmidt tolerance factors,
stable superstructures in DPOHMs can be achieved, and the
effects of ordering at the B/B0-site cations can be obtained by
high-throughput computing. Thus, novel DPOHMs with super
magnetic properties can be theoretically predicted. However, the
development of DPOHMs via ML techniques is just at their early
stage. It should be noticed that the ML technique also raises
concerns about the potential misuse or mis-interpretation of
‘‘black-box’’ results, which can lead to significant discrepancies
between the predicted outcomes and actual results of DPOHMs.
To solve this issue, it is crucial for researchers to develop more
accurate models for prediction. On one hand, researchers must
enhance their understanding of the underlying reaction pro-
cesses. By simplifying the reaction processes and data as much
as possible, the models can better comprehend the processes and
improve prediction accuracy. On the other hand, researchers can
leverage cutting-edge technologies like deep learning to build
models. Deep learning, a subfield within ML research, constructs
artificial neural networks to mimic the human brain. Unlike
traditional ML, deep learning utilizes extensive neural networks
for training, which is particularly vital for developing complex
structural models for predictions.260 It is expected that more
novel DPOHMs can be predicted by the ML technique, which can
be synthesized by newly developed synthesis techniques. Thus, a
lively theoretical–experimental dialogue can be truly established.
It is anticipated that with thorough research, DPOHMs will make
the transition from lab to industry in the next five to ten years,
contributing crucial material support for the advancement of
magnetic storage and spintronics technologies, encouraging one
to break through the technical barriers in this area and gaining
the strategic upper hand in the next generation of information
technology.
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