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Abstract
NiCo2O4 is a ferrimagnetic oxide with an inverse spinel structure that has garnered significant
research interest due to its unique properties, including relatively high electrical conductivity,
mixed-valence cations, and a Néel temperature exceeding room temperature. Furthermore,
epitaxial NiCo2O4 thin films provide an exciting platform for tuning material properties and
uncovering novel phenomena that are not observed in bulk single crystals. In this review, we
highlight recent advancements in epitaxial NiCo2O4 thin films, focusing on: (i) the tunability of
anti-site defects through controlled fabrication conditions, (ii) the emergence of easy-cone
magnetic anisotropy (ECMA) induced by these anti-site defects, (iii) the realization of a
nontrivial spin structure characterized by magnetic toroidal quadrupole order, driven by the
ECMA, (iv) novel magneto-transport phenomena arising from this nontrivial spin structure, and
(v) the correlation between this nontrivial spin structure and the concept of altermagnetism.

Keywords: altermagnetism, magnetic anisotropy, thin films, NiCo2O4

1. Introduction

The spinel structure features a crystalline lattice characterized
by the space group Fd3̄m (No. 227) and is commonly rep-
resented by the chemical formula AB2O4 in oxides [1, 2].
This structure consists of two sublattices: a diamond lattice
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and a pyrochlore lattice, corresponding to tetrahedral (Td) and
octahedral (Oh) oxygen coordination, respectively, as shown
in figure 1(a). The Td sites are shaded blue, while the Oh sites
are shaded green. The spinel structure allows for selective site
occupancy of A ions, leading to two primary configurations.
When A ions predominantly occupy Td sites, the structure is
referred to as a normal spinel. Conversely, whenA ions primar-
ily occupy Oh sites, it is known as an inverse spinel. In most
spinel oxides composed of 3d elements, the inverse spinel
configuration is energetically favored [3]. The energy splitting
of d-orbitals is significantly influenced by the crystal field gen-
erated by the surrounding ligand oxygen ions. At Oh sites, the
d-orbitals split into a lower-energy set of three t2g orbitals and
a higher-energy set of two eg orbitals. In contrast, at Td sites,
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Figure 1. (a) The schematic image of the spinel oxide. Blue, green,
and black ions correspond to Td-site, Oh-site, and oxygen ions,
respectively. (b) The relations between the three-fold rotational axis
and u-parameter of the surrounded Oh site of NiCo2O4. (c) Four
non-equivalent axes with three-fold rotational axis symmetry in the
spinel structure.

they split into a higher-energy set of three t2 orbitals and a
lower-energy set of two e orbitals [4]. This variation in elec-
tronic states between Td and Oh sites plays a critical role in
determining the magnetic properties of spinel oxides.

Many spinel oxides are collinear ferrimagnets, where the
spin moments of Td and Oh site ions are aligned in oppos-
ite directions. However, some spinel magnets exhibit more
complex spin ordering due to competing magnetic interac-
tions arising from geometric frustration [5, 6]. The first theor-
etical study of noncollinear spin structures was conducted by
Yafet and Kittel [7], who demonstrated that a triangular spin
configuration could be a ground state under magnetic frus-
tration. Kaplan et al further developed this model, showing
that a triangular spin configuration becomes stable in tetra-
gonally distorted spinels [8–12]. On the other hand, antifer-
romagnetic coupling within the pyrochlore sublattice, a geo-
metrically frustrated lattice, induces competing interactions
and leads to the emergence of noncollinear spin structures
[13–20]. For example, CoCr2O4 exhibits a transverse conical
spin configuration, where spins are aligned in a conical plane
with either clockwise or counterclockwise rotation [21–23].
This transverse conical spin configuration generates electric
polarization through the multiferroic effect [24–26], where
the sign of polarization corresponds to the direction of spin
rotation [27]. Furthermore, using a multipole representation,

the transverse conical spin configuration can be described as
a magnetic toroidal dipole [28]. The multipole representation
of spin configurations is useful for understanding the func-
tional properties of noncollinear spin structures [29–37]. In
contrast, when non-magnetic ions occupy the pyrochlore sub-
lattice, spinel oxides tend to become antiferromagnetic due
to the antiferromagnetic coupling between the Td sites [38–
41]. Moreover, some cobaltite spinels, such as ZnCo2O4 and
MnCo2O4, also exhibit high electrical conductivity [42–44].

In the spinel structure, the ions at the Td andOh sites occupy
Wyckoff positions that are multiples of 1/8. In contrast, the
Wyckoff position of oxygen is ideally u= 0.375 (3/8), but
in most compounds, it shifts away from the Td ions. This
displacement is referred to as the u-parameter, as shown in
figure 1(b). As a result, four non-equivalent threefold rota-
tion axes are generated around the oxygen-coordinated Oh

site, specifically along the [111], [11̄1̄], [1̄11̄], and [1̄1̄1] dir-
ections, as shown in figure 1(c). The displacement of the u-
parameter causes a shift in the oxygen positions surrounding
the Oh site, aligning them closer to the rotational symmetry
axes (see figure 1(b)). This leads to a slight distortion of the
oxygen ions from the ideal octahedral arrangement [45], which
consequently induces an additional crystal field potential. Due
to the crystal symmetry, the degeneracy of the t2g orbitals is
further lifted, splitting them into a doublet and a singlet. The
doublet is subsequently split by spin–orbit interaction (SOI).
When the energy level of the doublet is higher than that of the
singlet, a finite orbital angular momentum remains. This res-
toration of orbital angular momentum can induce significant
magnetic anisotropy in some spinel oxides.

The orbital angular momentum induces significant mag-
netic anisotropy through SOIs [45, 46]. This effect is notably
observed in cobalt ferrite (CoFe2O4) films containing Co2+

(d7) ions at theOh site [47–52]. By introducing a 3% tetragonal
distortion through epitaxial strain, a large perpendicular mag-
netic anisotropy (PMA) of up to 6MJm−3 has been reported
[53]. Moreover, since Co2+ is the origin of PMA, the magnetic
anisotropy modulation was archived by doping Co to Fe3O4

[54, 55]. In addition to CoFe2O4, NiCo2O4 is another spinel
oxide in which PMA has been observed due to epitaxial strain
[56, 57]. The origin of PMA in NiCo2O4 films has been iden-
tified as the Co ions occupying the Td sites [58–60]. Moreover,
while NiCo2O4 exhibits PMA at room temperature, a spin
reorientation into an easy-cone magnetic anisotropy (ECMA)
has been reported at low temperatures [59]. Furthermore, this
spin reorientation leads to a noncollinear spin structure char-
acterized as a magnetic toroidal quadrupole (MTQ), which
induces a novel Hall effect termed the quadrupole anomalous
Hall effect (QuadAHE) [61].

In this review, we highlight recent advancements in epi-
taxial NiCo2O4 thin films, focusing on: (i) the tunability of
anti-site defects through controlled fabrication conditions, (ii)
the emergence of ECMA induced by these anti-site defects,
(iii) the realization of a non-trivial spin structure characterized
byMTQ order, driven by ECMA, (iv) novel magneto-transport
phenomena arising from this non-trivial spin structure, and (v)
this correlation between the non-trivial spin structure and the
concept of altermagnetism.
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Figure 2. XAS spectrum of NiCo2O4 (NCO) around (a) Co and (b)
Ni L-edges [56]. The reference spectra of Co are EuCoO3 [70]
(Co3+ at Oh), YBaCo3AlO7 [71] (Co2+ at Td) and YBaCo4O7-
YBaCo3AlO7 [71] (Co3+ at Td), and that of Ni are NiO [72] (Ni2+

at Oh) and LaNiO3 [73] (Ni3+ at Oh), respectively. Adapted from
[56]. CC BY 4.0.

2. Fundamental properties of NiCo2O4

NiCo2O4 possesses an inverse spinel structure, which consists
of diamond and pyrochlore sublattices [62]. The electronic
states and magnetic structures of NiCo2O4 have been invest-
igated using neutron diffraction, x-ray absorption spectro-
scopy (XAS), and x-ray magnetic circular dichroism (XMCD)
spectroscopy experiments [56, 63–67]. From XAS spectra of
NiCo2O4, as shown in figure 2, it can be expressed by the fol-
lowing structural formula:(

Co2+x Co3+1−x

)
tet

[
Co3+Ni2+1−xNi3+x

]
oct

O2−
4 (0< x< 1) , (1)

where the subscripts ‘tet’ and ‘oct’ represent the Td and Oh

sites, respectively. This formula indicates that Co2+ (d7; S=
3/2) and Co3+ (d6; S= 2) occupy the Td sites, while Ni2+ (d8;
S= 1), Ni3+ (d7; S= 1/2), and Co3+ (d6; S= 0) occupy the
Oh sites. The relationship between the spin state and the occu-
pied site is summarized in figure 3. It also includes the anti-site
defect of Ni3+ at the Td site, which will be discussed in the
following section. In addition, the mixed valence of cations
contributes to the high conductivity of NiCo2O4 [68, 69].

The magnetic moment of NiCo2O4 arises from the valence-
mixed sites, with Co ions occupying the Td sites and Ni ions
occupying the Oh sites. The XMCD measurements reveal that
the Td-site and the Oh-site are coupled antiferromagnetically,
which induces a ferrimagnetic magnetization as determined
in the magnetization hysteresis curve measured by vibrating
sample magnetometer (VSM), as shown in figures 4(a) and
(b). The XMCD measurements were performed by the total
electron yield mode at an undulator beamline BL-16A, Photon
Factory, High Energy Accelerator Research Organization
(KEK), Tsukuba, Japan. From the perspective of the number
of d-electrons at each site, the nominal saturation magnetiza-
tion (MS) is 2 µB/f.u., independent of the value of x. However,

Figure 3. The relation between spin state and occupied site. The
shad color corresponds to the occupied site in the ideal inverse
spinel structure.

the value of x strongly depends on the fabrication method and
conditions. Therefore, caution is required when comparing the
properties of NiCo2O4 films fabricated by different methods
or under different conditions, as such comparisons cannot be
made straightforwardly or uniformly [74–76].

In thin-film form, due to finite-size effects [77–80], the
Néel temperature and resistivity depend on the film thickness,
as shown in figures 4(c) and (d) [57, 76]. Specifically, the
Néel temperature gradually increases to approximately 400K,
and the resistivity reaches 1mΩ cm. Moreover, an upturn
appears at low temperatures in the temperature dependence
of the resistivity, which can be attributed to weak localization
[74, 81].

3. Cation distribution changes and anti-site defects
caused by thin film shape

NiCo2O4 thin films have been fabricated using molecular
beam epitaxy, pulsed laser deposition (PLD), and the sput-
tering technique [56, 57, 59, 82, 83]. Conductivity has been
confirmed in all cases; however, its magnitude and temperat-
ure dependence vary depending on the fabrication method [75,
76, 84–88]. In addition to transport properties, magnetic prop-
erties also exhibit variations. These results suggest that the
cation distribution is influenced by the fabrication conditions.

The inverse spinel structure can be represented as
B1−δAδ[A1−δB1+δ]O4. In an ideal inverse spinel structure,
δ should be zero; however, in actual samples, δ is nonzero

3
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Figure 4. (a) Magnetization hysteresis loop of NiCo2O4 thin film.
(b) Element-specific magnetic hysteresis loops by x-ray magnetic
circular dichroism (XMCD) measured at L3-edge of Co and Ni.
Thickness dependence of (c) sheet resistance and (d) the Néel
temperatures [76]. Reprinted from [76], with the permission of AIP
Publishing.

due to the presence of anti-site defects. These anti-site defects
can be quantitatively evaluated using the anomalous x-ray
scattering technique [89–91]. The scattering intensity (Ihkl) is
given by,

Ihkl = A|Fhkl|2, (2)

Fhkl =
∑
j

αjfj exp [2π i(hu+ kv+ lw)], (3)

fj = f0 + f ′ + if ′ ′, (4)

where A is a Lorentz’s polarization factor, Fhkl is the structure
factor at hkl reflection, (u,v,w) represents the Wyckoff posi-
tion, and αj is the jth site occupancy in the unit cell. The scat-
tering factor f j for the jth site atom is composed of the normal
scattering factor f 0, and the real (imaginary) parts of the anom-
alous scattering correction factors f ′ (f ′′).

This formula indicates that when the incident x-ray energy
is close to the absorption edges of each atom, the diffraction
intensities are modified due to anomalous scattering correction
factors. Since these factors reflect the elemental composition,
the contributions of different elements to the diffraction can be
estimated by reproducing the intensity modifications. In other
words, a quantitative evaluation of anti-site defects can be
achieved by performing anomalous scattering measurements
on diffraction peaks corresponding to a single crystallographic
site.

Figure 5. Incident x-ray energy dependence of anomalous x-ray
scattering at (022) reflections around K-edge of (a) Co and (b) Ni
ions, and at (222) reflections at K-edge of (c) Co and (d) Ni. (e) and
(f) indicate the dependence of the cation distribution at the Td and
Oh sites on the oxygen pressure in the PLD method (PO2 ). Reprinted
(figure) with permission from [83], Copyright (2020) by the
American Physical Society.

Since the Td and Oh sites have different local symmet-
ries, the contribution of each sublattice to diffraction varies.
In particular, the (022) and (222) reflections originate from
scattering by the cations at the Td and Oh sites, respectively
[83]. Figures 5(a)–(d) show the incident x-ray energy depend-
ence of the (022) and (222) reflections around the K-edges
of Co and Ni. The fitting results obtained using equation (2)
agree well with the experimental data. Since the (022) reflec-
tions arise solely from the cations at the Td site, anomalous
scattering should not be observed in an ideal inverse spinel
structure. Therefore, the small dip in figure 5(b) suggests that
a minor fraction of Ni occupies the Td site as an anti-site
defect.

Figures 5(e) and (f) show the dependence of the cation dis-
tribution at the Td and Oh sites on the oxygen pressure in the
PLD method (PO2), as estimated by model calculations [83].
As PO2 increases, the Ni composition at the Oh site increases,
while that at the Td site slightly decreases. Consequently, the
overall composition of the NiCo2O4 films changes. This vari-
ation in site occupancy leads to changes in the magnetic prop-
erties of the NiCo2O4 films.

4
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Figure 6. Magnetic properties of three NiCo2O4 thin films, Sample
S, P100 and P10. Magnetic hysteresis loop with µ0H⊥ (001) plane
of NiCo2O4 at (a) 250K and (b) 30K. (c) The temperature
dependence of saturation magnetization and (d) dependence of the
squareness ratio. Reprinted (figure) with permission from [59],
Copyright (2021) by the American Physical Society.

4. The effect of anti-site defects for magnetic
properties

Here, we discuss the magnetic properties of three epitaxial
NiCo2O4 films with different fabrication conditions. One was
fabricated by the reactive radio frequency magnetron sput-
tering, labeled as ‘Sample S’ , where the process temperat-
ure and working pressure were 300 ◦C and 1.3 Pa (Ar : O2 =
10 sccm : 2.5 sccm), respectively. The others were fabricated
by the PLD, labeled as ‘Sample P100’ and ‘Sample P10’, where
the process temperature was 315 ◦C and the oxygen pressure
of 10mTorr for Sample P10 and 100mTorr for Sample P100,
respectively [59]. The oxygen pressure and process temperat-
ure affect the NiCo2O4 film properties [59, 84]. All thin films
were grown on single-crystal MgAl2O4(001) substrates.

4.1. Magnetization

In most spinel magnets, the magnetic moments at the Td and
Oh sites are antiferromagnetically coupled. In the case of
NiCo2O4, the spin state at the Td site is in a high-spin state,
while that at the Oh site is in a low-spin state, as shown in
table 3, indicating that the spin moment of each cation depends
on its occupied site. Therefore, the saturation magnetization
varies depending on the ratio of anti-site defects.

Figures 6(a) and (b) show the magnetic hysteresis loops of
three NiCo2O4 films fabricated under different conditions.
At 250K, as shown in figure 6(a), all films exhibit square-
shaped hysteresis loops, while their saturation magnetization
varies depending on the fabrication conditions. The squareness

ratio, defined as the ratio of the remanent magnetization to
the saturation magnetization, is 1.0 for all films. In contrast,
at 30K, as shown in figure 6(b), the hysteresis loop beha-
vior varies among the samples. In Sample P100, which closely
approximates an ideal inverse spinel distribution, a square-
shaped hysteresis loop similar to that at 250K is observed.
However, in Sample P10, which deviates from the ideal struc-
ture, both the saturationmagnetization and the squareness ratio
decrease. Moreover, the coercivity increases as the squareness
ratio decreases. Figures 6(c) and (d) show the temperature
dependence of the saturation magnetization and the square-
ness ratio. As expected from the differences in cation distri-
bution, both the saturation magnetization and the Néel tem-
perature depend on the sample. In particular, the reduction in
the squareness ratio suggests that the magnetic anisotropymay
change at low temperatures.

4.2. Uniaxial magnetic anisotropy

The square-shaped hysteresis loops suggest the emergence of
PMA. To investigate the effect of cation distribution differ-
ences on magnetic anisotropy, we examine the temperature
dependence of magnetic anisotropy using the magneto–torque
method [2, 92, 93]. The magneto–torque is defined as the
derivative of the total energy with respect to the external mag-
netic field angles (θ and φ). It arises from the angular differ-
ence between the net magnetic moment and the external mag-
netic field.

In tetragonal crystal systems, the magnetic anisotropy
energy (EA) and magneto–torque for the ac-plane (Lθ) and ab-
plane (Lφ) can be written as follows [2, 92]:

EA = Keff
u1 sin

2 θ+Ku2 sin
4 θ+K3 sin

4 θ sin2 2φ, (5)

Lθ ≡−∂θEA =−
(
Keff
u1 +Ku2

)
sin2θ+

1
2
Ku2 sin4θ, (6)

Lφ ≡−∂φEA =−K3 sin4φ, (7)

where Keff
u1 and Ku2 are the uniaxial magnetic anisotropy con-

stants for the first- and second-order terms, respectively, and
K3 is the cubic anisotropy constant. Further, θ and φ represent
the angles between the direction of the applied field and the c-
and a-axes, respectively. The observed Keff

u1 consists of con-
tributions from both magnetocrystalline anisotropy Ku1 and
shape anisotropy µ0M2

S/2, i.e.

Keff
u1 = Ku1 −

µ0M2
S

2
. (8)

The magnetic anisotropy constants allow us to determine the
preferential directions of the net magnetization [2, 92]. These
constants can be obtained from magneto–torque measure-
ments using a setup in which the external field is rotated in
the θ and φ directions, as shown in figures 7(a) and (b).

Figures 7(c) and (d) display the temperature evolution of
Lθ and Lφ of Sample S. By fitting these torque curves using
equations (6) and (7), themagnetic anisotropy constants can be
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Figure 7. The schematic illustration of the magneto–torque
measurement setup for (a) the θ direction and (b) the φ direction.
Magneto–torque curves of (c) Lθ (in the ac-plane) and (d) Lφ (in the
ab-plane) for Sample S at various temperatures. (e) The temperature
dependence of the magnetic anisotropy constants for Sample S. (f)
The cone angle for the two different directions, φ ∥ ⟨100⟩ and
φ ∥ ⟨110⟩, estimated from equation (9). Reprinted (figure) with
permission from [59], Copyright (2021) by the American Physical
Society.

determined. The magnetic easy axis can be estimated from the
obtained magnetic anisotropy constants. When Keff

u1 > 0 and
−Keff

u1 > Ku2, the magnetic preferential direction is perpendic-
ular to the plane. In contrast, when Keff

u1 < 0 and−Keff
u1 < 2Ku2,

the magnetic preferential direction lies within a conical plane.
The cone angle θ0, considering terms up to K3 and defined
with respect to the c-axis, can be expressed as

sinθ0 (φ) =

√
−Keff

u1

2
(
Ku2 +K3 sin

2 2φ
) . (9)

In other regions, the magnetic preferential direction lies within
the in-plane direction. A correlation diagram between each
coefficient and the magnetic preferential direction is shown in
figure 8(a).

Figure 7(e) shows the estimated magnetic anisotropy con-
stant in Sample S. Around room temperature, Ku1 is positive,
indicating that the magnetic easy axis is perpendicular to the
plane. At 70K, the sign of Ku1 changes, and a positive Ku2
emerges, implying a spin reorientation where the magnetic
easy axis transitions from being perpendicular to lying within
a conical plane. At even lower temperatures, K3 emerges,
indicating that the cone angles differ between φ ∥ ⟨100⟩ and
φ ∥ ⟨110⟩, as shown in figure 7(f).

Figure 8(a) shows the sample dependence of the uni-
axial magnetic anisotropy constants at various temperatures

Figure 8. (a) The relationship between magnetic anisotropy
constants at various temperatures ranging from 5K to 300K. The
graph is color-coded according to the magnetic preferential
direction. (b) A schematic illustration of the temperature
dependence of magnetic preferential directions. Reprinted (figure)
with permission from [59], Copyright (2021) by the American
Physical Society.

in the magnetic anisotropy phase diagram. All NiCo2O4 films
exhibit PMA around room temperature, while an ECMA
appears at lower temperatures. The spin reorientation temper-
ature (TSR), at which the magnetic anisotropy transitions from
PMA to ECMA, depends on the fabrication conditions.

In summary, NiCo2O4 films exhibit PMA in the temper-
ature range between the Néel temperature and TSR. Below
TSR, the magnetic anisotropy transitions to ECMA, and at even
lower temperatures, the conical shape becomes distorted into
a four-fold symmetry due to the effect of K3. The schematic
illustration in figure 8(b) depicts the relationship between tem-
perature and the magnetic preferential directions.

4.3. Electron theory for a magnetic anisotropy

A numerical calculation is performed to investigate the origin
of ECMA within the framework of the cluster model [50, 51].
Due to the presence of anti-site disorders, there are eight pos-
sible cluster configurations, each consisting of four ions, i.e.
Co2+, Co3+, Ni2+, and Ni3+, occupying either the Td or Oh

sites in NiCo2O4 films.
The electronic structure of the cluster was calculated using

a tight-binding model for the 3d- and 2p-orbitals of the trans-
ition metal and oxygen ions, respectively, while incorporat-
ing SOI. We assumed that the 3d states of the Co and Ni
ions are fully spin-polarized and that these ions possess local
moments. The parameters for inter-site p–d hopping between
the 3d-orbitals of a transition metal ion and the 2p-orbitals of
the oxygen ions were obtained from Harrison’s textbook [52,

6
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Figure 9. Calculated dependence of the magnetic moment on the
angle ∆E(θ) at (Left panel) Td site, and (Right panel) Oh sites.
Reprinted (figure) with permission from [59], Copyright (2021) by
the American Physical Society.

94]. The ground-state energy was calculated by diagonalizing
the Hamiltonian as a function of the magnetization direction.
The lattice constant and Wyckoff position of NiCo2O4 were
obtained from a previous report [64]. For details regarding the
parameters used in the calculations, see [59].

Figures 9(a) and (b) show the angle-dependent energy of
themagnetic moment (∆E) at the Td andOh sites, respectively.
Note that the calculation for Co3+ at the Oh site is excluded
due to its low-spin state with S= 0. The preferential spin dir-
ection of Co3+ at the Td site is parallel to the c-axis, which
is consistent with previous tight-binding calculations [58]. On
the other hand, the preferential spin directions of Co2+ at the
Oh site and Ni2+ at the Td site lie within the ab-plane. The
angle-dependent energy ∆E(θ) of Ni3+ at the Td site exhib-
its a large Ku2, with minima at approximately 45◦ and 135◦.
Therefore, the anti-site occupation of Ni3+ at the Td site is the
origin of ECMA. Supporting the calculation results, samples
with a higher concentration of anti-site defects exhibit a higher
TSR and stronger ECMA.

5. ECMA and non-collinear spin structure

The anti-site NiCo2O4 thin film exhibits an unconventional
anomalous Hall effect that depends on the current direction,
termed the QuadAHE [61]. Here, we discuss the involvement
of the conductivity and the noncollinear spin structure induced
by the ECMA,which includes an extendedmagnetic multipole
of the MTQ order.

5.1. Onsager’s theorem for a resistivity tensor

According to the Neumann principle, the tensor of the physical
property must remain invariant under the symmetry operations
of the system [95, 96]. The resistivity tensor (ρij) of magnetic-
ally ordered materials is expressed as Ei = ρij(H,Σ)Jj, where
E, J, H, and Σ represent the electric field, applied current,
external magnetic field, and spin configuration, respectively
[97–99]. Applying the time-reversal operation T changes the
signs of magnetic field and magnetic structure, i.e. T H=−H
and T Σ=−Σ. Consequently, Onsager’s theorem provides

the reciprocal relation in the resistivity tensor [100]:

ρij (H,Σ) = T ρji (H,Σ) = ρji (−H,−Σ) . (10)

Considering Hall effects as an odd function of Hz and Mz, we
obtain the relation:

ρxy (Hz,Mz) =−ρyx (Hz,Mz) , (11)

which indicates that when J ∥ x (y), the induced electric field
E aligns along y (−x) in the presence of Hz and Mz. Since
equation (11) suggests that rotational symmetry is preserved in
the plane normal toH andM, the Hall voltage should be inde-
pendent of the direction of J. Therefore, the conventional Hall
effect, an odd function of the transverse resistance component
for Hz and Mz, remains isotropic for different current direc-
tions from Onsager’s theorem [98]. However, in this section,
we demonstrate an unconventional anisotropic Hall effect.
Although this behavior appears to violate Onsager’s theorem,
it can be explained consistently by assuming that the magnetic
multipole component of the MTQ remains unchanged upon
the reversal of Mz.

5.2. QuadAHE

The anisotropic Hall effects were demonstrated in epitaxial
NiCo2O4(001) films on MgAl2O4(001) substrates. We present
experimental evidence for the anisotropic Hall effect measured
at 5K. Before low-temperature measurements, the sample
was cooled from room temperature under a low positive or
negative magnetic field (µ0HFC =±0.1 T), applied nearly
perpendicular to the film plane. Figures 10(a)–(d) show the
dependence of the Hall effect on the applied magnetic field
H ∥ [001], with varying applied current directions. The odd
function Hall resistivities ρO

ij (i, j = x : [100], y : [010]) were
extracted by anti-symmetrizationlysis. The Hall effects meas-
ured after the field cooling (FC) procedure with positive and
negative HFC are denoted as ρO+

ij and ρO−
ij , respectively, as

shown in figures 10(a)–(d). Compared with figures 10(a)–(d),
we find that ρO+

xy and −ρO−
yx (−ρO+

yx and ρO−
xy ) are in good

agreement with each other. Thus, the unconventional aniso-
tropic response depends on both the applied current and FC
directions.

Here we consider the decomposition of the Hall response
into isotropic and anisotropic components for the applied cur-
rent direction. Figures 10(a)–(d) suggest that only the aniso-
tropic component depends on the FC direction. Thus, the
anisotropic and isotropic components can be extracted by
taking the difference and average of the Hall resistivities
measured under opposite FC conditions. Figures 10(e) and
(f) show the derived anisotropic component, ρQuad = ρO+

xy −
ρO−
xy , and the isotropic component, ρAHE = (ρO+

xy + ρO−
xy )/2,

respectively. Moreover, when the current direction changes
from J ∥ [100] to J ∥ [010], the sign of ρQuad is reversed. This
indicates the anisotropic Hall effect follows a cos2φ depend-
ence on the current angle φ measured from the [100] axis. In
the case of zero-field cooling, the anisotropic Hall effect can-
cels out and the resulting curve matches ρAHE. This suggests

7
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Figure 10. Magnetic field dependence of antisymmetric component
of transverse resistivity with changing applied current direction (J)
and cooling field (µ0HFC). (a) J ∥ [100] and (b) J ∥ [010] with
µ0HFC =+0.1 T. (c) J ∥ [100] and (b) J ∥ [010] with µ0HFC

= −0.1 T. The open and closed symbols correspond to the sweep
direction of the measurement field. The dark colors (red and blue)
imply positive to negative, and light colors (orange and light blue)
are negative to positive. The extracted (e) anisotropic and (f)
isotropic components from the difference and average of (a) and (c),
respectively. Reproduced from [61]. CC BY 4.0.

that the cooling process does not influence the Mz–H curve,
as shown in figure 10(f). To generalize the above results, the
series of Hall resistivities can be expressed as

ρO± (φ) = ρOI ± ρOA cos2φ (12)

where ρOI and ρOA represent the isotropic and anisotropic
components of the Hall effect, respectively. The plus/minus
sign corresponds to the sign of the cooling magnetic field.
These results suggest that the field cooling procedure induces
the single domain of a non-trivial spin structure.

5.3. Symmetry analysis and cluster magnetic multipole

Only the isotropic component appears in the high-field region
(|µ0H|> 2 T), indicating that the spins are collinearly aligned.
This corresponds to the magnetic point group 4/mm ′m ′. In

contrast, in the low field region (|µ0H|< 1 T), where the aniso-
tropic component emerges, the observed cos2φ dependence
suggests a magnetic structure with C4T symmetry by way
of in-plane antiferromagnetic configuration. Such a structure
can be realized in a pyrochlore lattice formed by the spinel
Oh site. The pyrochlore lattice supports 12 orthonormal irre-
ducible magnetic structures, characterized by extended mul-
tipoles respecting spatial inversion symmetry. These include
three magnetic dipoles, four magnetic octupoles, and five
MTQ moments (see [32, 101]). Among these, the C4T sym-
metry is preserved in both Tu (4 ′/mmm ′) and Txy (4 ′/mm ′m).
Moreover, since the cos2φ response suggests the presence of
the (110) mirror symmetry combined with T , the MTQ Tu
(4 ′/mmm ′) provides a reasonable explanation for the experi-
mental results. Next, let us consider the construction of a con-
ical spin structure from theMTQ Tu, as NiCo2O4 films exhibit
exchange coupling-mediated anisotropy (ECMA). When the
MTQ Tu is combined with the magnetic octupole Mxyz, the z-
component contributions cancel out, forming an in-plane anti-
ferromagnetic spin structure, denoted as T̃u (4 ′/mmm ′) [61].
Finally, a conical spin structure is established by incorpor-
ating a magnetic dipole component along the z-direction, as
illustrated in figure 11. These considerations suggest that the
QuadAHE originates from the MTQ.

5.4. Magneto-transport model for QuadAHE

T -odd magnetic orders with spatial inversion symmetry
induce symmetric band dispersions with spin splitting [33].
The T -odd MTQ Tu moment in the 4 ′/mmm ′ magnetic
point group leads to quadrupole-type spin splitting, sim-
ilar to that observed in d-wave altermagnets. To investigate
magnetotransport phenomena, we consider a minimal model
Hamiltonian for the conical magnetic order of MTQ T̃u,
given by

H=
∑
kσσ ′

[
h̄2

2m

(
k2σ0 + 2t̃ukxkyσz

)
+mzσz

]
c†kσckσ ′ (13)

where c†kσ (ckσ) denotes the creation (annihilation) operator of
an electron with wave vector k and spin σi (i = 0,x,y,z) [33].
Here, mz and t̃u represent the molecular fields arising from the
magnetic dipole Mz and the MTQ T̃u orders, respectively. For
simplicity, we consider only the kz = 0 plane. The term kxkyσz
describes the quadrupole-type spin splitting due to the C4T
symmetry. Using the Boltzmann transport equation, the charge
conductivity is obtained as(

σ∥
σ⊥

)
= σD

(
n̄
(
1+ t̃2u

)
+ 2∆nt̃u sin2φ

2∆nt̃u cos2φ

)
, (14)

where n̄ and ∆n represent the average and difference in
electron numbers for up and down spins, respectively. The
cos2φ dependence reproduces the angular dependence of
the observed QuadAHE. Since both ∆n and t̃u are T -odd,
QuadAHE is a T -even phenomenon. If t̃u remains unchanged
upon the reversal of Mz, meaning that the in-plane antifer-
romagnetic structure is preserved. At the same time, only

8

https://creativecommons.org/licenses/by/4.0/


J. Phys. D: Appl. Phys. 58 (2025) 253002 Topical Review

Figure 11. The formation of the conical spin structure from the bases of cluster multipole theory. The conical spin structure can be formed
from the sum of MTQ (4 ′/mmm ′) and magnetic octupole (m3̄m ′) and magnetic dipole (4/mm ′m ′). Reproduced from [61]. CC BY 4.0.

Figure 12. Schematic image of the applied field dependence of the
spin structure and expected Fermi surface, and assumed the order
parameters dependence. Reproduced from [61]. CC BY 4.0.

the perpendicular ferromagnetic component Mz is reversed,
QuadAHE exhibits an antisymmetric response concerningMz.

Figure 12 illustrates schematics of the electronic bands and
spin structure modified by the external magnetic field. At high
magnetic field regions, the band dispersion is isotropic due to
the collinear ferrimagnetic structure. In contrast, at low mag-
netic field regions, the MTQ T̃u conical spin structure induces
the anisotropic d-wave spin splitting. Assuming symmetric
MTQ T̃u with respect toMz, only the band sizes of the up and
down spins change, contributing to the reversal of QuadAHE.
Consequently, the anisotropic Hall effect is observed without
violating Onsager’s theorem.

5.5. Magnetic domain control of extended MTQ moment by
magnetic-field cooling

From the previous transport model, the conical MTQ
possesses four degenerate states; (sgn mz,sgn t̃u) =
(+,+),(+,−),(−,+),(−,−). The complete sign inversion
of QuadAHE by HFC indicates the MTQ domain can be con-
trolled via the FC procedure. The selection of the MTQ
state through magnetic field cooling can be interpreted by
the Dzyaloshinskii–Moriya (DM) interactions [102, 103]. In
the pyrochlore structure, a nonzero DM vector exists on bonds
between the Oh-site ions [104, 105]. Figure 13 illustrates the

Figure 13. The spin structure and electronic band structure changes
of the four degenerated states by the cooling magnetic field (HFC)
and measurement field (Hz). Reproduced from [61]. CC BY 4.0.

DM interaction energy in the four MTQ conical magnetic
order. The radii and colors correspond to the magnitude and
sign of the energy. The four conical MTQ states remain ener-
getically degenerate if the conical axis is parallel to the z-axis.
However, when the DM vectors exhibit non-equivalent mag-
nitudes due to the epitaxial strain, the degeneracy is lifted
when the conical axis is tilted toward the ⟨110⟩ axes. The
most stable MTQ conical state is uniquely determined by the
sign of Mz and the tilting direction ([110] or [11̄0]). Thus, a
single MTQ domain is realized when a slightly tilted HFC is
applied during the magnetic structure transition upon cool-
ing. The sign of this domain is determined by both the tilted
direction and the sign of Hz. In the actual experiments, HFC

is applied primarily along the z-direction. However, a small
in-plane component remains, leading to a tilted HFC.

5.6. d-wave spin splitting induced by MTQ in a spinel
structure

We discuss the relationship between the MTQ spin structure
and altermagnetism [106–117]. As discussed in the previous
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Figure 14. (a) The band dispersion in the kxky-plane and (b) the Fermi surface with the spin structure of MTQ(Tu). (c) Spin rotation
operation of an octahedron of pyrochlore sublattices. The red and blue shadings correspond to the sign of σz. (d) The top view of MTQ spin
structure with the oxygen octahedron.

section, a characteristic Fermi surface, where the up- and
down-spin states are split in the kxky-plane, is predicted for the
MTQ spin structure [33, 37]. To investigate this, we calculate
the band dispersion of the pyrochlore sublattice, incorporating
the MTQ spin structure. The Hamiltonian of the tight-binding
model is given by

Hk =−t0
∑
⟨i,j⟩

c†i cj+ h.c.−
∑
j

c†j (Bj ·σ)cj (15)

where t0 and σ are the spin-independent hopping parameter
and the Pauli matrices, ⟨i, j⟩ indicates all pairs of nearest-
neighboring sites, c†i = (c†i↑,c

†
i↓) is the creation operator for

up- and down-spin electrons, and B is an effective magnetic
field.

Figures 14(a) and (b) display the band dispersion in the
kxky-plane and the Fermi surface with the spin structure of Tu.
As expected, a characteristic in-plane spin splitting, similar to
that of a d-wave altermagnet, emerges. It is noteworthy that
the presence of non-magnetic ions is important for altermag-
netism. In contrast, the characteristic present band structure is
realized only by the magnetic ions.

Next, we consider the oxygen atoms surrounding the pyro-
chlore sublattices in spinel oxide with the MTQ spin struc-
ture. The shading color of the octahedral is distinguished by
focusing on the z-components (Sz) of the magnetic ions in the
octahedra. Specifically, those with positive Sz are colored red,
and those with negative Sz are colored blue. We now con-
sider the symmetry operations. A four-fold crystal rotation
(C4) around the [001] axis combinedwith a half-unit cell trans-
lation along the [111] axis, as illustrated in figure 14(c), inter-
changes the red and blue octahedra. Therefore, when theMTQ
spin structure is realized in the pyrochlore sublattice of the
spinel lattice, it manifests as a d-wave altermagnet. In other
words, the QuadAHE is the same phenomenon as the aniso-
tropic transverse spin current in the d-wave altermagnet [107,
118]. It can be understood as being generated by the electric

current due to the out-of-plane spin component of MTQ con-
ical magnetic structure. This behavior can be attributed to the
u-parameter, which induces octahedral distortion in different
directions depending on their colors, as shown in figure 14(d).

6. Conclusion

In this review, we introduced recent advances in the tunable
magnetic properties of epitaxial NiCo2O4 films and their char-
acteristic features. NiCo2O4 possesses an inverse spinel struc-
ture and exhibits ferrimagnetism with high electrical conduct-
ivity. Moreover, it has attracted significant interest in spintron-
ics due to its half-metallicity and PMA. Additionally, its prop-
erties can be tailored by adjusting the fabrication conditions.

The anti-site defects in NiCo2O4 are quantitatively evalu-
ated using the anomalous scattering technique. These defects
strongly influence the magnetic properties, particularly the
magnetic anisotropy, which is highly dependent on the
cation distribution. This dependence induces spin reorienta-
tion, where the magnetic anisotropy transitions from PMA to
ECMA at low temperatures. As a result, the preferred mag-
netic direction changes from being perpendicular to the plane
to lying within a conical plane.

The spin reorientation gives rise to a nontrivial noncollin-
ear spin structure, which can be described as aMTQwithin the
framework of extended multipole representation. This conical
spin structure exhibits the unconventional Hall effect, termed
the QuadAHE, which depends on the applied current direc-
tion. At first glance, this novel magneto-transport phenomenon
appears to violate Onsager’s reciprocal theorem. However, by
considering the interplay between the MTQ and the magnetic
dipole, we can resolve this apparent contradiction. The MTQ
induces spin splitting in the in-plane directions, exhibiting
similarities to d-wave altermagnets. Furthermore, when con-
sidering the oxygen atoms surrounding the pyrochlore sublat-
tices, theMTQ spin structure satisfies the symmetry conditions
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of altermagnetism due to the u-parameter-induced octahedral
distortions.

These advances are expected to pave the way for new
emergent properties with potential applications in spintronic
devices, such as multi-valued memory devices utilizing the
electron nematic state. Furthermore, they may open a new
research avenue into Hall effects originating from extended
magnetic multipoles.
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