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Abstract 

The ferrimagnetic inverse spinel NiCo2O4 has attracted extensive research interests for its versatile 
electrochemical properties, robust magnetic order, high conductivity, and fast spin dynamics, as well as its 
highly tunable nature due to the closely coupled charge, spin, orbital, lattice, and defect effects. Single-
crystalline epitaxial thin films of NiCo2O4 present a model system for elucidating the intrinsic physical 
properties and strong tunability, which are not viable in bulk single crystals. In this perspective, we discuss 
the recent advances in epitaxial NiCo2O4 thin films, focusing on understanding its unusual magnetic and 
transport properties in light of crystal structure and electronic structure. The perpendicular magnetic 
anisotropy in compressively strained NiCo2O4 films is explained by considering the strong spin-lattice 
coupling, particularly on Co ions. The prominent effect of growth conditions reveals the complex interplay 
between the crystal structure, cation stoichiometry, valence state, and site occupancy. NiCo2O4 thin films 
also exhibit various magnetotransport anomalies, including linear magnetoresistance and sign change in 
anomalous Hall effect, which illustrate the competing effects of band intrinsic Berry phase and impurity 
scattering. The fundamental understanding of these phenomena will facilitate the functional design of 
NiCo2O4 thin films for nanoscale spintronic applications. 
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 Co3O4 NiCo2O4 NiFe2O4 CoFe2O4 Fe3O4 
Spinel Normal19 Inverse Inverse Inverse Inverse 
Oh site Co3+ Ni2.5+, Co3+ Ni2+, Fe3+ Co2+, Fe3+ Fe3+, Fe2+ 
Td site Co2+ Co2.5+ Fe3+ Fe3+ Fe3+ 

Saturation 
magnetization Ms 

(μB/f.u.) 
 2.212 2.120 3.5 21 4.04 

Magnetic order Antiferromagnetic19 Ferrimagnetic
22,23 Ferrimagnetic8 Ferrimagnetic7 Ferrimagnetic7 

Magnetic transition 
temperature TN

 
= 40 K19 TC = 420 K12 TC = 840 K8 TC = 790 K7 TC = 860 K4,7 

Room temperature 
conductivity 𝜎 

(S/cm) 
10-4 7 103 10,11,18,24,25 10-4 6 10-7 3 102 5 

Lattice constant (nm) 0.808226 0.811427 0.83428 0.838129 0.839630 

Table I. Properties of various Fe, Co, and Ni based spinel oxides. 

To date, NCO of spinel structure has been synthesized in the forms of polycrystalline powders and 
nanocrystals using wet chemical method10,11,18,24,25,31–33 and, more recently, epitaxial thin films using 
physical vapor deposition (pulsed laser deposition and RF magnetron sputtering),9,12,22,32,34–40 while the 
preparation of large single crystals has not been reported yet. Previous studies of NCO have mainly focused 
on the electrochemical properties of NCO nanocrystals for catalysis and energy applications.10,11,41–44 There 
are emerging interests in single-crystalline epitaxial thin films of NCO, which can not only facilitate the 
fundamental exploration and nanoscale control of its intrinsic physical properties, but also provide a 
versatile platform for developing high speed spintronic applications. In this perspective, we discuss the 
recent advances in the study of epitaxial NiCo2O4 thin films, focusing on the understanding of their unusual 
magnetic and transport properties, the impacts of crystal structure and electronic structure, the effects of 
disorder, strain, and film thickness on property tuning, as well as their potential for spintronic applications. 

2.  Properties of NCO with Optimal Configuration 

It is known that the chemical configurations of NCO, including cation stoichiometry, valency, and site 
occupancy, depend sensitively on the material preparation conditions.22,23,35,45–48 In the optimal 
configuration, NCO possesses a saturation magnetization (MS) of about 2 μB/formula unit (f.u.), magnetic 
Curie temperature (TC) of about 420 K, and conductivity of about 103 Ω−1cm−1.23,45–47 In this section, we 
discuss the optimal structure of NCO and compare its properties with other spinel materials (Table I).  

2.1  Crystal Structure 

As shown in Fig. 1(b), the unit cell of spinel oxide has 8 Td sites and 16 Oh sites for cations.49 Regarding 
the atomic distances, the nearest neighbors are between the edge-sharing Oh sites, and the next nearest 
neighbors are between the corner-sharing Oh and Td sites (Fig. (1c)). The third nearest neighbors are 
between the Td sites, which are not directed connected. NCO can be viewed as Co3O4

19,50–52 with one Co 
replaced by Ni per formula unit. In Co3O4, the Oh sites are occupied by Co3+ and the Td sites are occupied 
by Co2+, respectively, making Co3O4 a normal spinel.53 For NCO, instead of having all the Ni (Co) ions on 
the Td (Oh) sites, the Td sites are actually occupied by 8 Co ions, leaving the Oh sites shared by 8 Ni and 8 
Co ions.22,47 This type of arrangement is known as spinel inversion. 
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overlap between the 3d states of the cation and the 2p states of neighboring oxygen ions. The Td sites thus 
prefers the high spin states. For example, due to the large crystal-field splitting, Co3+ on the Oh sites are at 
the low spin state carrying zero magnetic moment. In Co3O4, all Oh sites are occupied by the non-magnetic 
Co3+, making Co2+ on the Td sites the only magnetic ions53. This explains the low magnetic transition 
temperature (40 K) of Co3O4, since the Td sites are far away from each other (Fig. 1(c)).19 On the other hand, 
for those of larger lattice constants in Table I (NiFe2O4, CoFe2O4, and Fe3O4), the larger octahedron and 
tetrahedron lead to smaller crystal-field splitting, making the high-spin states more energetically favorable 
4,20,21,55. The sensitive dependence on lattice constants also means the magnetic states of spinel materials 
can be effectively altered using epitaxial strain.56 

As shown in Fig. 2, for NCO, the magnetic moments are carried by Ni2+ and Ni3+ on the Oh sites and 
Co2+ and Co3+ on the Td sites. Here Ni2+ and Ni3+ are in their low-spin states, giving rise to an average 
magnetic moment of 1.5 μB/Ni. Co2+ and Co3+ are in their high-spin states, corresponding to an average 
magnetic moment of 3.5 μB/Co.  

2.3.2 Magnetic Order and Exchange Interaction 

The strongest exchange interaction in magnetic spinels is between the corner-sharing Td and Oh sites.57 
The approximately 125° cation-oxygen-cation bond angle leads to antiferromagnetic interaction.58,59 The 
second largest exchange interaction is between the edge-sharing Oh sites, where the 90° cation-oxygen-
cation bond angle corresponds to ferromagnetic interaction, which is weaker than the antiferromagnetic 
interactions in general 58,59. The mixed valence on the Oh sites also enables the potential double exchange 
interaction, which is related to the metallicity of NCO.22 

Since the magnetic Ni and Co ions occupy the corner-sharing Oh and Td sites, respectively, their 
magnetic moments are expected to be antiparallel (Fig. 2(c)). The cancellation between the two spin sub-
lattices is incomplete due to the different magnetic moments on Ni and Co ions, resulting in ferrimagnetism 
(Fig. 3(a)).23 Given that the average spin magnetic moments are 1.5 μB/Ni on Oh sites and 3.5 μB/Co on Td 
sites, the optimal magnetic moment per formula unit is 2.0 μB, which is consistent with the experimental 
observation of high quality epitaxial thin films (Fig. 3(b)).12,23  

Figure 3(b) shows the magnetic properties of (001) NCO films deposited on Mg2AlO4 (MAO) 
substrates. The magnetic Curie temperature is about 420 K for the 30 uc film, as deduced by extrapolating 
M(T) beyond 400 K (Fig. 3(b)).12 It is lower than many other spinels listed in Table I, such as Fe3O4, 
NiFe2O4, and CoFe2O4.4,7 According to the mean field theory, this is likely related to the coordination 
number for the magnetic ions. Considering only the strongest Td-Oh exchange interactions, each Td site has 
12 neighboring Oh sites. When 50% of the Oh sites are occupied by the nonmagnetic Co3+, the magnetic 
coordination number is reduced by 50%, meaning the pair of strongest exchange interaction per unit cell is 
reduced by 50%. This is consistent with the roughly 50% reduction in TC compared with that of other 
compounds in Table I except Co3O4. 
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reduced, making it a global easy axis. Hence, NCO(001)/MAO(001) possesses uniaxial PMA. For the 
NCO(110) films, the strain mainly makes the [001] direction a local easy axis. For the NCO(111) films, the 
[100], [010], and [001] remain easy axis, while the energy of the [111] axis is reduced to be comparable to 
that of the [1̅10] axis. 

3.  Tuning of Magnetic Properties  

This section discusses the tuning of the magnetic properties in NCO thin films by the structural and 
chemical variation from the optimal configurations. 

3.1  Spin-Lattice Coupling and Perpendicular Magnetic Anisotropy in Epitaxial Thin Films 

The large magnetoelastic constant suggests that the magnetic properties of NCO are highly tunable 
using mechanical means via spin-lattice coupling. Conversely, it is also possible to change the shape of 
NCO slightly using the magnetic field. In particular, NCO(001) films strained on MAO exhibits a strong 
PMA, with Ku = 0.45 MJ/m3 at 20 K and 0.21 MJ/m3 at 300 K47,63 (Table III). 

Material/Structure Ku (MJ/m3) 

La0.7Sr0.3MnO3 single crystal 0.0018 (300 K) 64 

NiCo2O4 (001)/MgAl2O4 (001) 0.45 (20 K) 
0.21 (300K) 47,63 

CoFe2O4 (001) / MgO(001) 0.22 65 
0.97 66 

CoFeB/MgO (001) 0.21 67 

Co/Ni multilayer 0.5 68 

Co/Pt multilayer 0.9 69 

CoPt single crystal 4.1 70 

Table III. Comparison of MAE Ku in various magnetic material systems. 

The ability to achieve high magnetic anisotropy has significant impact on developing energy and 
information applications. For example, electrodes with strong PMA are highly desired for nanoscale 
spintronic devices to achieve high thermal stability and energy-efficient switching.71 Most materials or 
heterostructures of high PMA are based on intermetallic compounds,72–76 multilayers,68,69 or metal/oxide 
interfaces,71 with many of them involving high-cost elements such as Au and Pt. In contrast, transition-
metal oxide conductors, despite their advantages of low-cost as well as structural and chemical stabilities, 
have rarely been reported to exhibit high PMA (Table III). 

Magnetic anisotropy originates from structural anisotropy and spin-orbit coupling (SOC). In ordered 
intermetallic compounds containing strong SOC nonmagnetic (NM) metals (e.g., Pd, Au, and Pt) and 
ferromagnetic (FM) metals (e.g., Fe and Co), anisotropic crystal structures lead to anisotropic hybridization 
between the states in the NM and FM elements and consequently high magnetic anisotropy (about 5 
MJ/m3).72–77 The structural anisotropy can also be introduced by stacking NM and FM layers for high PMA 
(about 1 MJ/m3).69 On the other hand, remarkable PMA has been demonstrated in Co/Ni multilayers (about 
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respectively. Reproduced with permission from Phys. Rev. B 101, 014413 (2020). Copyright 2020 
American Physical Society. 

In one unit cell of NCO, there are 8 low-spin Ni2.5 ions in the NiO6 octahedron (Figs. 6(a), Oh symmetry) 
and 8 high-spin Co2.5 ions in the CoO4 tetrahedron (Fig. 6(b), Td symmetry), where the fractional valence 
reflects the mixed valence state.22,34 The Co and Ni 3d states are split into doubly degenerate eg states and 
triply degenerate t2g states due to the corresponding HCF. Under the biaxial compressive strain, which 
reduces the cubic symmetry to tetragonal, these states further split (Fig. 6(a)-(b)). 

Figure 6(c) shows the simulated single-ion magnetic anisotropy ESIMA as a function of strain in (001) 
NCO films, assuming , crystal field splitting, and Eex as 0.05, 1, and 5 eV, respectively. The crystal field 
is simulated by replacing the oxygen atoms with point charges in NiO6 and CoO4. The total energy on a 
magnetic ion Et is calculated by summing the energy of the individual electrons68 according to the 
population of d-orbitals (Figs. 7(a)-(b)). The single-ion magnetic anisotropy is manifested in the 
dependence of Et on the direction of 𝐴̂, defined as ESIMA = Et,x – Et,z for (001) NCO,  where Et,x and Et,z are 
the total energy for 𝐴̂ = 𝑥̂  (in-plane) and 𝐴̂ = 𝑧̂ (out-of-plane), respectively. The epitaxial strain Δa/a, 
where a is the bulk lattice constant, is introduced by distorting the NiO6 and CoO4 local environment 
according to the lattice constant change, which are Δa and –2Δa for in-plane and out-of-plane axes, 
respectively. For both Ni2.5 and Co2.5, under the tetragonal distortion due to the compressive strain (Δa < 0), 
ESIMA is positive. This means that the c axis (out-of-plane direction) is the easy axis, which is consistent 
with the experimental observation.12,15,37 

  
Figure 7. (a) Relative energies of mixed states due to the SOC. The energy gain is larger when the 
spin is along the c axis than that when the spin is perpendicular to the c axis, leading to magneto-
crystalline anisotropy. Reproduced with permission from Phys. Rev. B 101, 014413 (2020). 
Copyright 2020 American Physical Society. (b) Measured spin and orbital contributions to the 
magnetization for Co and Ni in NCO(001)/MAO(001) (about 30 nm). The orbital moment of Co is 
not only more substantial than that of Ni, but also shows a clear anisotropy toward the out-of-plane 
direction. Reproduced with permission from Phys. Rev. B 101, 224434 (2020). Copyright 2020 
American Physical Society. 

A microscopic understanding of the effect of strain on magnetic anisotropy can be gained using the 
Co2.5O4 tetrahedron as an example (Fig. 6(c)). In this case, the tetragonal distortion generates an S4 
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symmetry (Fig. 6(b)). The 3d electronic configuration can thus be viewed as a half-filled shell plus an 
electron in the |x2-y2> state and a fractional occupation of the z2 state. Since the half-filled shell is not 
expected to contribute to the magnetic anisotropy, the electron in the |x2-y2> state dominates the anisotropy 
energy. As illustrated in Fig. 7(a), if the spin is along the z axis, the |x2-y2, sz=½> state couples to the |xy, 

sz=½> state to lower its energy, with a coupling strength <x2-y2, sz=½| 𝜉

ℏ2 𝑠𝑖 ⋅ 𝑙𝑖 | xy, sz=½> = . On the other 
hand, when the spin is along the x axis, the |x2-y2, sx=½> state couples to the |xz, sx=½> state to lower its 

energy, with a coupling strength <x2-y2, sx=½| 𝜉

ℏ2 𝑠𝑖 ⋅ 𝑙𝑖 | xz, sx=½> = /2, which is smaller than that when the 
spin is along the c axis. Therefore, the compressive strain results in an out-of-plane magnetic anisotropy. 
Hence, the 3d | x2-y2> state of Co in the Co2+O4 tetrahedron plays a key role in the magnetoelastic coupling 
of NCO due to its potentially large orbital angular momentum along the z axis. Assuming the magnitude of 
, crystal field splitting, and Eex as 0.05, 1 and 5 eV, respectively, the single-ion magnetic anisotropy is 
found to be about 1 meV/f.u. (Fig. 6(c)). This translates to about 1 MJ/m3 in MAE, in good agreement with 
the observed values in Table III. Recent studies further show that the tetragonal distortion is responsible for 
the spin reorientation transition from PMA to an easy cone anisotropy in NCO at low temperature.92 The 
dominant contribution of Co to the PMA has been confirmed by a recent study using XMCD, which reveals 
orbital magnetic moments of 0.14 μB/Co and 0.07 μB/Ni (Fig. 7(b)).23 In addition, the orbital magnetic 
moment of Co is along the out-of-plan direction, while that of Ni is more isotropic.23 

3.2  Effects of Cation Stoichiometry, Valence, and Site Occupancy 

Ever since the first stabilization of NCO in the form of epitaxial thin films, the high tunability of its 
physical properties by the growth condition has gained attention9,22,35–40. For example, NCO can be tuned 
from a conductor to an insulator by changing the growth temperature;22,35 the magnetic transition 
temperature and saturation magnetization can be varied substantially using different O2 pressure during 
film growth.47 Chemical disorders such as cation/oxygen vacancies, valence disorder, and cation inversion 
can have significant impacts on the electronic and magnetic properties of NCO.93 In this section, we discuss 
the effects of cation stoichiometry, valence, and site occupancy on the observed property variation. 

NCO can be viewed as Co3O4 with one Co atom replaced by Ni atom per formula unit. For Co3O4, Co3+ 
occupies the Oh site, which has a higher coordination number. As Co3+ is less stable than Co2+, such a 
configuration enhances its bonding and stability. For NCO, the site occupancy is complicated by the 
additional species of cations (Ni2+ and Ni3+) and their chemical stability. In principle, Ni may replace up to 
all the Co2+ on the Td sites and up to 50% of the Co3+ on the Oh sites. The large number of possible 
configurations of NCO involving 4 types of cations (Ni2+, Ni3+, Co2+, and Co3+) and two sites (Oh and Td) 
and the subtle differences in cation stability all depend sensitively on the growth condition, which provides 
an effective means to tune  the properties of NCO. 

To describe the stoichiometry and valency of NCO, we use the chemical formula 
[Ni𝑛1

2+Ni𝑛2
3+Co𝑛3

2+Co𝑛4
3+]Co3+O4, where Σ𝑛𝑖 ≤ 2. Here the Co3+ outside the bracket occupies the Oh sites. The 

site occupancy can be described using the fractions of these cations on the Oh sites 𝑥𝑖, where 𝑥𝑖 ≤1. The 
additional restriction of charge neutrality requires  2𝑛1 + 3𝑛2 + 2𝑛3 + 3𝑛4 = 5 − 2𝑉o , where 𝑉o  is the 
number of oxygen vacancy per formula unit. 

Following the rules of spin states in Table II, one can calculate the total spin magnetization per formula 
unit in terms of the structure configuration parameters: 
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Figure 12. Transport and magnetic properties of optimal (001) NCO films on MAO(001) substrates. 
(a) Sheet resistance vs. T for 1.5-30 uc films. The dotted line marks h/e2. (b) xx at 50 K and 350 K 
vs. film thickness. Data in (a) and (b) are taken from Refs. [12,99]. (c) Hc vs. T for 10 and 30 uc 
films extracted from M(H) (solid symbols) and AHE data (open symbols). (d) xy vs. H at 300 K 
for 5-30 uc films. (c)-(d): Reproduced with permission from Adv. Mater. 31, 1805260 (2019). 
Copyright 2019 John Wiley & Sons, Inc. 

6.  Magnetotransport 

For magnetic conductors, the magnetotransport properties can reveal critical information about the 
electronic band and spin scattering mechanisms. In this section, we discuss the intringing magnetotransport 
properties observed in epitaxial NCO films, including linear magnetoresistance and film thickness-
/temperature-driven sign change in anomalous Hall effect (AHE). These highly tunable phenomena reflect 
the complex interplay between band intrinsic Berry phase, SOC, disorder induced spin scattering, and 
correlation effect. 

6.1  Magnetoresistance 

The magnetoresistance (MR) of NCO films is highly sensitive to disorder and can exhibit distinct 
magnetic field dependences. With optimal quality, NCO films exhibits very small negative MR in a 
perpendicular magnetic field with a quasi-linear field dependence. For example, it has been shown that the 
MR ratio (MRR) of high quality NCO films exhibit very weak T-dependence, with the out-of-plane MRR 
remaining less than 1% at 5 T over a wide temperature range (300 mK-300 K).12 Figures 13(a)-(b) show 
the MR taken on 10 uc NCO films at two different temperatures. Switching hysteresis is observed in out-
of-plane MR upon magnetization switching. Above Hc, the sample can sustain the linear MR up to 17 T 
(Fig. 13(b)). In contrast, the in-plane MR shows a typical parabolic dependence at low magnetic field (Fig. 
13(a)), which can be attributed to magnetization rotation to a hard axis. It has been suggested that the linear 
MR shares similar origins as the intrinsic contribution to the AHE,99 which originates from the band-
intrinsic Berry curvature in systems with broken inversion system. It is favored in magnetic conductors 
with large SOC and can persist to higher magnetic fields in more disordered materials. It is also noted that 
at ultra-low temperature, there are sharp spikes appearing in MR at low magnetic field (Fig. 13(b)), which 
may signal the emergence of unusual spin texture in the presence of strong SOC.  
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103 Ω−1cm−1, the Berry phase contribution dominates 𝜎𝑥𝑦 (Fig. 14(d)).114 The clear correlation between 
the metallicity of sample and the relative strength between the first and second terms in Eq. (6) yields strong 
support to this scenario. Another interesting observation is the emergence of another scattering independent 
𝜎𝑥𝑦  regime at low temperature (Fig. 14(c)), where the conduction is dominated by disorder enhanced 
correlation effect and the side-jump mechanism may also contribute to AHE.122–124 

7.  Conclusion and Future Perspective 

NCO is a versatile material with robust magnetic order and close to half-metallicity. It hosts a plethora 
of cation configurations in terms of local oxygen environments (Oh and Td), cation species (Ni and Co), and 
valence states (2+ and 3+). The small energy difference between these configurations leads to high 
electrochemical activity, making NCO appealing for catalysis and energy storage applications.11 While the 
inverse spinel structure is unstable in the large single crystal form, there has been rapid development of 
high quality epitaxial thin films in recent years leveraging the strong spin-lattice coupling. Its electronic 
and magnetic properties depend sensitively on the strain and disorder levels — substrate type, growth 
condition, and film thickness have been exploited to effectively control the metallicity, magnetic transition 
temperature, magnetization, coercive field, magnetic anisotropy, and magnetotransport of the samples. The 
highly tunable nature yields NCO distinct advantages for manipulating spin using non-magnetic means, 
which is highly desirable for developing energy efficient spintronic applications. 

One promising application for NCO is to serve as the spin-injection layer for epitaxial magnetic tunnel 
junctions (MTJ). It has been predicted theoretically that spinel MTJs with MAO tunnel barriers can 
facilitate spin-filtering and enhance tunnel magnetoresistance.125,126 Studies of epitaxial MTJs composed of 
MAO and NCO also reveal high spin polarization of -73%.13 The above room temperature TC, strain tunable 
PMA,15 film thickness dependent Hc, close to half metallicity, and fast spin dynamics14 make NCO films 
ideal for constructing high efficiency, high speed MTJs.  

Another possible device concept for NCO is magnetic field sensors127. Optimal NCO exhibits linear 
MR with weak temperature dependence that can persist to high magnetic field (Fig. 13(a)-(b)).12,48 The 
magnitude of MR can be further tuned by disorder and strain,34,40 which can be exploited to design field 
sensing devices with high sensitivity.  

Epitaxial NCO films also present a rich playground to explore the AHE.128 The conductivity of optimal 
NCO is close to the boundary between the dirty metal and moderately dirty regimes, where multiple 
mechanisms can contribute to AHE.119,120 As the electronic properties can be senstiviely tuned by the 
disorder level via changing substrate type, growth condition, and film thickness, the relative strength 
between the contributions from the band intrinsic Berry phase effect, impurity scattering, and correlation 
energy can be varied. The anomalous Hall conductivity of NCO is comparable with that of magnetic 
semiconductors,129 while it can persist well above room temperature. These verstile features make NCO an 
appealing material choice for exploring AHE-based device applications.  

As an emerging spintronic material, there are three major directions for future studies of NCO. The first 
one involves further improving the material quality, particularly magnetic properties. It is of both 
fundamental and technologogical interests to explore the finite size limit of magnetism in NCO. To date, 
the thinnest NCO films with TC > 300 K is 3 uc (2.4 nm).99 Robust PMA has been observed in NCO films 
as thin as 1.5 uc (1.2 nm), where TC is suppressed to about 170 K.99 The thickness scaling behavior of these 
ultrathin NCO films outperform the widely investigated magnetic oxides such as SrRuO3

130 and 
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(La,Sr)MnO3
103 and are comparable to the two-dimensional van der Waals magnets with PMA.131 The 

scalable growth method via physical vapor deposition make them highly competitive for developing high 
density magnetic memories. It is thus important to explore material strategies to enhance TC and engineer 
the magnetic parameters in the ultrathin NCO films.  

The second direction centers on gaining microscopic understanding of the unusual properties of these 
materials. High qulaity epitaxial NCO thin films only become available over the last ten years. Due to its 
relatively large unit cell, theoretical computation of band properties of spinels is lagging behind the 
perovskite oxides.39  For example, the emergence of unconventional low field spikes in MR (Fig. 13(b)) 
and possible topological Hall signal111 suggest the existence of non-coplanar spin textures, which may be 
associated with non-trivial band topology. To elucidate the origin of these effects, it requires combined 
theoretical and experimental efforts to map out the band structure, determine the strength of SOC and 
Dzyaloshinskii-Moriya interaction, and identify the possible existence of chiral spin textures. It has also 
been shown that the thermoelectric coefficents of NCO films is much smaller than other spinel oxides,132 
while whether it is intrinsic to NCO or compromised by the sample quality remains to be investigated. 

The third direction lies on developing novel device concepts, exploiting the magnetotransport anomaly 
and strain tunable properties in NCO films. The fact that the magnitude and size of the anomalous Hall 
resistance as well as the switching field can be sensitively tuned opens the door for developing novel 
information storage devices using AHE. It is desirable to explore possible electric field effecct control of 
AHE, which can be built on the field effect transistor device architechture.133,134 The field effect can also 
be exploited to tune the topological Hall effect and, if confirmed, chiral spin textures, which can be of 
interest for topological computing. As the PMA in NCO can be effectively tuned by strain, it is also 
conceivable to interface NCO-based MTJ with a piezoelectric substrate, exploring electric control of the 
switching characteristics of the tunneling magnetoresistance.67 

In conclusion, in this Perspetive, we summarize the recent advacements on understanding the intriguing 
properties of epitaxial NCO films, discussing both the optimal configuration and the strong tunability. 
These understandings allow us to outline a few promising directions of research, aiming at inspiring future 
studies of this emerging material system for high density, high speed, and energy efficient spintronic and 
nanoelectronic applications. 
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