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The anomalous Hall effect (AHE) is essential for developing highly tunable spintronic devices. An interesting
phenomenon with AHE is the appearance of an additional hump on the respective magnetic films. However,
it is still being disputed whether it originates from an intrinsic mechanism of the Berry phase accumulation in
real space or is artificially generated by inhomogeneities. This work systematically investigates the magnetism,
electronic transport, and Hall effect of NiCo2O4 (NCO) films with different thicknesses. The investigation reveals
that the strong perpendicular magnetic anisotropy, metallic transport, and AHE are coexisting in NCO films.
Especially, the sharp spikes in anomalous Hall effect are observed in thinner NCO films. The two-channel AHE
model is used to explain the origin of the sharp spikes associated with anomalous Hall effect. It indicates that
the phase separation is the reason for the sharp spikes. In addition, the mixed valence state, ferrimagnetic order,
and the electronic configuration in NCO films are further analyzed. This study is essential for a comprehensive
understanding of NCO films.

DOI: 10.1103/PhysRevB.108.094442

I. INTRODUCTION

Transition-metal oxides are well known to be extensively
studied for their significant magnetism and transport proper-
ties due to the intense interplay of spin, orbit, charge, and
lattice [1–3]. Exploring the magnetotransport properties of ox-
ide conductors is worthwhile as it reveals the electronic band
structure and scattering mechanism [4]. The anomalous Hall
effect (AHE) is one of the magnetotransport properties widely
used to investigate the topological properties of magnetic
materials. Recently, it has been reported that transverse Hall
voltages are generated in addition to the ordinary Hall effect
(OHE) and AHE. As a result, a Hall effect is observed, called
topological Hall effect (THE) [5–7]. The visual appearance in
magnetic materials is a hump in Hall resistivity in addition
to OHE and AHE. It is attributed to the presence of mag-
netic skyrmions due to the Dzyaloshinskii-Moriya interaction
(DMI). Generally, the DMI is caused by strong spin-orbit
coupling (SOC) and the breaking of inversion symmetry [8,9].
The typical systems include intrinsic SrRuO3 (SRO), SrIrO3

(SIO), and metal multilayers [10–12].
In SRO/SIO superlattices and ferromagnet-heavy metal

multilayers, it is well known that the interfacial DMI can be
generated due to SOC and the breaking of inversion symme-
try. Therefore, magnetic skyrmions and noncollinear magnetic
structures are formed, for which the direct manifestation is
the presence of humps associated with AHE [8,13–16]. It is
attributed to the existence of THE. However, the origin of the
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hump anomaly in single-layer SRO is controversial [8–11,17].
The unusual peaks in the Hall resistivity of ultrathin SRO
films in numerous studies are attributed to nontrivial spin con-
figurations with spin chirality [18]. In other words, the hump
originates from the real-space Berry phase. The source of the
spin chirality is due to the DMI-driven skyrmions. Moreover,
in strongly correlated systems, inhomogeneous phases are
crucial in the excitation of rich physical phenomena [19,20].
Some factors such as defects are usually unavoidable in the
preparation of films [21]. Wang and Kimbell et al. used a two-
channel AHE model to explain the unusual hump associated
with AHE [10,17]. It is caused by the superposition of two
AHEs of opposite signs in the k-space Berry curvature [22].
It indicates that the inhomogeneities dominate the abnormal
magnetotransport properties [10,17]. In Mn-doped topologi-
cal insulator Bi2Se3, the sign of the anomalous Hall resistance
changes from positive to negative as the concentration of Mn
increases due to the effect of magnetic dopants on the surface
and bulk states of the topological insulator [23].

Inverse spinel NiCo2O4 (NCO) is a ferrimagnetic con-
ductor. Its Curie temperature is above 395 K [24]. The high
sensitivity of NCO to growth parameters such as temperature,
oxygen partial pressure, and thickness is of great concern
[25–27]. Theoretical calculations show that the density of
states at the Fermi level (EF) of NCO is determined by the
minority spin subband, leading to half-metallic properties
[28–30]. Moreover, a band crossing near the EF of NCO is the
source of the Berry curvature [31,32]. Therefore, the inves-
tigations on temperature- or thickness-dependent AHE sign
reversal and on topological Hall effect like features are highly
necessary, and understanding the underlying mechanism in
NCO film is very urgent at present [24,33].
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In this work, the single-layer NCO films with different
thicknesses are prepared by a pulsed laser deposition system.
The relevant magnetism, electronic transport, and Hall effect
are comprehensively investigated. The sharp spikes associated
with AHE is first observed in metallic NCO with perpen-
dicular magnetic anisotropy (PMA). The origin of this sharp
spikes associated with anomalous Hall effect is explained by a
two-channel AHE model. In addition, the valence state, mag-
netic order, and the electronic configurations of NCO films
have also been explored. This investigation provides critical
information for understanding the AHE of NCO films.

II. EXPERIMENTAL SECTION

NCO thin films with various thicknesses were deposited
on (001)-oriented single crystal MgAl2O4 (MAO) substrates
(2.5 × 5 × 0.5 mm3) by a pulsed laser deposition system
(PLD, Neocera). The substrate temperature and oxygen partial
pressure were 375 ◦C and 150 mTorr. A stoichiometric NCO
ceramic target was ablated by KrF excimer laser (Coherent)
with a wavelength of 248 nm. Laser energy and repetition
frequency were set to 360 mJ and 5 Hz. Subsequently, the
samples were annealed under 100 Torr oxygen pressure for
30 min to ensure the high quality of the film and then cooled
to room temperature. Owing to the high rate of laser pulses,
the NCO films of different thicknesses were prepared by con-
trolling the number of pulses. A profilometer measured the
thicknesses to be 30, 15, and 7 nm (P-7, KLA-Tencor).

The crystal structure and reciprocal space mapping (RSM)
images of NCO film were determined by high-resolution x-ray
diffraction (HR-XRD, Bruker) with a Cu Kα wavelength of
0.15 406 nm. The film surface was characterized by atomic
force microscopy (AFM, Bruker). The cross-sectional sam-
ple of NCO film was prepared using focused ion beams
(FIBs). High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM, JEOL ADF1) was used
to take the interface structure image at room temperature with
a spherical aberration corrector. The operating voltage was
300 kV. The dependence of magnetization on magnetic field
and temperature was determined in vibrating sample magne-
tometry (VSM) mode by a physical property measurement
system (PPMS, Quantum Design). The electronic transport
and magnetotransport of NCO films were characterized in
resistivity mode by four-point probe and van der Pauw mea-
surements. The contacts between the film and electrode were
done by ultrasonic Al-wire bonding. The cation valence state
was recorded by x-ray photoelectron spectroscopy (XPS, K-
Alpha, Thermo Fisher) with an Al Kα x-ray source. X-ray
absorption spectra (XAS) with different circularly polarized
light for Co L2,3 and Ni L2,3 edges in the total electron yield
(TEY) mode were collected at the BL08U1A beamlines in
Shanghai Synchrotron Radiation Facility (SSRF). The differ-
ence between the spectra was normalized to express the x-ray
magnetic circular dichroism (XMCD) signal.

III. RESULTS AND DISCUSSION

A. Structure and surface characterizations of NCO films

NCO films were epitaxially grown on single crystal (001)-
oriented MAO substrates via PLD. The bulk cubic lattice

FIG. 1. (a) Crystal structure of inverse spinel NCO. There are 8
Td sites and 16 Oh sites per unit cell. The red sphere is O element,
the brown sphere is Co element, and the blue sphere is Ni or Co
elements. (b) HR-XRD θ -2θ scan data of 30-nm NCO film on MAO
substrates around (004) symmetric reflections. The inset shows the
surface topography of 7-nm NCO film. (c) HAADF-STEM image
showing the interface at a scale of 2 nm for 30-nm NCO film. The
interface is sharp and well defined. (d) RSM of the 30-nm NCO film.
The maps are recorded in the (226) MAO reflection.

constants for NCO and MAO are 0.8114 and 0.8033 nm, re-
spectively. There is an in-plane compressive strain of −0.38%
for NCO films. Figure 1(a) displays the schematic diagram
of the crystal structure of NCO. In inverse spinel NCO, the
Ni cations occupy the octahedral (Oh) sites, and Co cations
are evenly distributed between the octahedral and tetrahedral
(Td ) sites. The inset of Fig. 1(b) shows an AFM image of
7 nm NCO film at a preselected region (2 × 2 µm2). The
root-mean-square roughness is only 0.0731 nm. Hence, the
NCO film surface is smooth and flat. The HR-XRD pattern of
30 nm NCO film is shown in Fig. 1(b). The positions of NCO
(004) and MAO (004) peaks are 44.07 ° and 44.81 °, respec-
tively, which is consistent with previous reports on NCO films
[24–26].

Furthermore, the NCO (004) peak is located to the left of
MAO (004), indicating tensile stress on the NCO film from
the MAO substrate. It also indicates the high quality of the
prepared film because of the periodic Laue oscillations around
the NCO (004) peak. In addition, the microscopic struc-
ture of the interface between substrate and film was further
observed by HAADF-STEM. Figure 1(c) and Fig. S1a of the
Supplemental Material [34] show the HAADF-STEM images
of 30-nm NCO film at different scales. The images illustrate
that NCO film can be grown coherently on an MAO substrate
without diffusion and with a sharp interface. The RSM around
(226) reflection of 30-nm NCO film shown in Fig. 1(d) verifies
the epitaxial growth of NCO films. It is in agreement with the
results in Figs. 1(b) and 1(c).
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FIG. 2. (a) Magnetic-field-dependent magnetization of 7-nm
NCO film measured at 5 K with a magnetic field of 1.0 T. The
red and blue curves denote the OOP and IP field configurations. (b)
Temperature-dependent resistivity for NCO films with various thick-
nesses measured from 10 to 300 K. The inset displays an enlarged
image of the temperature-dependent resistivity measured from 10 to
50 K.

B. Magnetic anisotropy and electronic transport of NCO films

Based on our previous investigation of the room-
temperature PMA in 30-nm single-layer NCO films [27],
which is attributed to the compressive strain by the MAO sub-
strates, this work further explored the dependence of magnetic
anisotropy on thickness. Figure 2(a) displays the hysteresis
loop of 7-nm NCO film applied in plane (IP) and out of plane
(OOP) magnetic field measured at 10 K. It indicates that the
PMA is observed in NCO film. Furthermore, temperature-
dependent magnetization applied an OOP magnetic field for
NCO films with different thicknesses as shown in Fig. S3
of the Supplemental Material [34]. Obviously, there is no
magnetic compensation temperature in NCO films similar to
that of the generally ferrimagnetic materials [12,35,36].

The dependence of electronic transport of NCO film on
thickness measured from 10 to 300 K is shown in Fig. 2(b).
It is evident that the resistance gradually increases with the
decrease in the film thickness. Moreover, as the tempera-
ture decreases, the resistance first decreases monotonically

up to 50 K temperature and then increases slightly. It indi-
cates that NCO films of different thicknesses exhibit metallic
behavior. In contrast to previous reports, these samples did
not show a metal-insulator transition at elevated tempera-
tures [25,37]. The inset of Fig. 2(b) is an enlarged image of
temperature-dependent resistance measured from 10 to 50 K.
The minimum resistance value at about 50 K is due to the
localization of charge carriers induced by cation disorder in
the NCO film [25,26]. The experimental result is consistent
with investigations of theoretical models [37,38]. Therefore,
the PMA and metallic transport coexisted in NCO films with
various thicknesses, which is significant for developing spin-
tronic devices.

C. Magnetotransport of NCO films

In the following, we focus on the dependence of the Hall
effect in NCO films on two degrees of freedom, including
thickness and temperature. Figures 3(a)–3(c) display the AHE
of NCO films with thicknesses of 30, 15, and 7 nm for various
temperatures. The measured curves are arranged vertically in
Figs. S4(a)–4(c) of the Supplemental Material [34] to enhance
the visibility of the data. In the processing of the raw data, the
total Hall resistivity was obtained by ρxy = (ρH – ρ−H)/2,
where ρH and ρ−H are the resistivity of the positive and
negative sweep fields, respectively. In addition, because the
Lorentz force causes the OHE, the contribution of OHE has
been removed from the ρxy. The expression for the Hall resis-
tivity is

ρxy = ρOHE
xy + ρAHE

xy (1)

with ρOHE
xy = rO × μOH and ρAHE

xy = 4π rAM. Here, the Hall
resistivity ρxy has two terms, ordinary Hall resistivity ρOHE

xy

and anomalous Hall resistivity ρAHE
xy . The rO and rA are the

ordinary and anomalous Hall coefficients, respectively. The
rA depends on the intrinsic properties of the material and
the longitudinal conductivity [22]. The H and M are ap-
plied magnetic field and OOP magnetization, respectively.
The linear field dependence of ρxy at high fields indicates
single-type charge carrier transport and magnetic saturation
[39]. Thus, the ρAHE

xy is obtained by subtracting the ρOHE
xy

from the ρxy. Furthermore, the AHE is proportional to the
OOP magnetization. It is worth emphasizing that the AHE is
compelling evidence that magnetic materials possess PMA. In
Figs. 3(a)–3(c), temperature-dependent AHEs in NCO films
with various thicknesses display hysteretic behavior with
rather large coercive and saturation field at all temperatures.
Also, the magnitudes of remanent magnetization and satura-
tion magnetization are equal. Therefore, the AHE results are
consistent with the hysteresis loops presented in Fig. 2(a) and
Fig. S2 of the Supplemental Material [34]. It further confirms
the PMA of the NCO films with different thicknesses. Fig-
ures 3(d) and 3(e) show the temperature-dependent coercive
field (HC, left) and the absolute value of ρxy (|ρxy|, right)
extracted from the AHE in 30- and 15-nm NCO films. The
|ρxy| decreases with decreasing temperature, and the HC in-
creases. Similar changes at the high temperature region were
also observed in the 7-nm NCO film shown in Fig. 3(f). In
contrast, the |ρxy| increases with a decrease in the temperature
in the low-temperature region. Particularly, the sign of AHE
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FIG. 3. Temperature-dependent AHE for NCO films with thicknesses of (a) 30, (b) 15, and (c) 7 nm. Temperature-dependent HC (left) and
the |ρxy| (right) extracted from the AHE with thicknesses of (d) 30, (e) 15, and (f) 7 nm. The blue and red lines are HC-T and |ρxy|-T curves,
respectively.

in 7-nm NCO film changes from negative to positive between
45 and 60 K with decreasing temperature [Fig. 3(c)]. For the
positive or negative sign of AHE, the curves in alignment with
the hysteresis loops are taken as positive (anticlockwise), and
negative (clockwise) otherwise.

To explore the reason and critical temperature for the ρxy

sign change in 7-nm NCO film, as shown in Fig. 4(a), the
dependence of AHE on temperature from 50 to 59 K is further
measured. Owing to the small range of test temperature gradi-
ents, the change of HC is negligible. The critical temperature
for the AHE sign reversal is 57 K. The AHE is negative above
57 K and positive below 57 K. Also, the ρxy reaches the
minimum value at 57 K. Remarkably, there are sharp spikes
associated with AHE appearing near the HC in the temperature
range 52–58 K. Interestingly, the sharp spikes vanish at other
temperatures. The size of the sharp spikes is defined with
the amplitude extracted and summarized in Fig. S5d of the

Supplemental Material [34]. The amplitude representing the
size of the sharp spikes increases with increasing temperature,
reaching a maximum value of 57 K. This amplitude then de-
creases with a further increase in temperature. The maximum
value of the amplitude at 57 K is about 3.12× 10−5 � m.
In addition, the amplitude representing the size of the sharp
spikes is antisymmetric at temperatures from 52 to 58 K. The
values of their magnitudes are close to each other, but have
opposite signs in positive and negative magnetic fields. Here,
the Hall resistivity corresponds to the following expression:

ρxy = ρOHE
xy + ρAHE

xy + ρ
Amp.
xy , (2)

where ρ
Amp.
xy is the amplitude. So, the amplitude is obtained by

subtracting the ρAHE
xy and ρOHE

xy terms from the ρxy. For clarity,
the schematic diagram of extracted amplitude is shown in the
inset of Fig. S5d of the Supplemental Material [34]).
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FIG. 4. (a) Temperature-dependent AHE for 7-nm NCO film measured from 50 to 59 K. The data are shifted vertically for clarity. ρxy-H
curves show the sharp spikes from 52 to 58 K. The two-channel AHE model fits the AHE of 7-nm NCO film at (b) 56, (c) 57, and (d) 58 K. The
two components fit at different temperatures. The blue and orange curves are positive (AHE2) and negative (AHE1) fitting curves, respectively.
(e) Temperature-dependent HC (left) and ρxy (right) extracted from the two AHE components. The blue and red dotted lines are HC-T and ρxy-T
curves of AHE2 (open and semi-open circles) and AHE1 (open and semi-open squares), respectively.

Now, let us explore the mechanism of the sharp spikes and
change of sign in AHE. Inverse spinel NCO has a complex
crystal structure. NCO is an intrinsically disordered material
because Ni and Co cations are randomly distributed or occupy
Oh and Td sites [40–43]. In other words, NCO has a nonunitary
valence state. So, the phase separation is easily generated dur-
ing the preparation of NCO films due to the sensitivity to the
growth parameters set by pulsed laser deposition. However,
the phase separation is not detected by HR-XRD or HAADF-
STEM, and no steplike hysteresis loop is observed. Moreover,
it is confirmed by increasing the resistivity below 50 K and the
buckling in the hysteresis loops at 2 K and lower temperatures
[25,42].

As per the previous investigation, the NCO is a multiband
conductor [44]. Chen et al. studied the dependence of the
effective carrier density on temperature by extracting the or-
dinary Hall coefficient, ruling out a direct correlation between
the sign change and carrier types [24]. Furthermore, they
reported that the scaling laws of the anomalous conductivity
(σxy) and longitudinal conductivity (σxx) satisfied the relation
σxy = σ (0)

xy + Aσ 1.6
xx to explain the change of sign of AHE in

NCO [33]. It shows that the intrinsic Berry curvature of the
band and the skew scattering mechanism determines the AHE
in NCO films. Also, the side jump mechanism also contributes
to AHE for extremely thin NCO films. Afterwards, Kan et al.
found that the anomalous Hall conductivity σAHE is constant
when σxx is sufficiently high. In contrast, when σxx is low,
the scaling relationship is σAHE ∼ σ 1.6

xx [45]. It indicates
that the crossover of Berry curvature and impurity scatterings
determines AHE in NCO film.

Since the SOC and inversion symmetry breaking in NCO
films can be neglected, there are no DMI and skyrmions in
NCO films. So, we conjecture that the sharp spikes associated
with the AHE of NCO film is caused by the phase separation

and may be explained by the two-channel AHE model. The
two-channel AHE model was proposed by Gerber and by Kan
et al. in 2018 [46,47]. The expression is as follows:

ρxy = ρOHE
xy + ρAHE1 + ρAHE2 , (3)

where ρAHE1 = ρs1 ∗ tanh[(H ± HC1 )/HO1 ] and
ρAHE2 = ρs2 ∗ tanh[(H ± HC2 )/HO2 ]. In the two AHE
components, ρs1 and ρs2 are the coefficients of two terms.
HO1 and HO2 are constants. HC1 and HC2 are for coercivity. It
suggests that the ρxy is the sum of ρOHE

xy and two opposite-sign
AHEs. Figures 4(b)–4(d) and Figs. S5(a)–S5(c) of the
Supplemental Material [34] show the AHE of 7-nm NCO film
in the temperature range 52–58 K fitted by the two-channel
AHE model. The dependence of the HC (left) and ρxy (right)
on temperature extracted from the two AHE components is
summarized in Fig. 4(e). It shows that the magnitude of the
HC in the two AHEs is almost equal. The resistivity of AHE2

decreases with increasing temperature, while the resistivity of
AHE1 is almost constant.

Interestingly, the |ρxy| in both terms is approximately equal
to 1.5× 10−5 � m at 57 K. Therefore, the AHE of NCO film
is generated by the superposition of two AHEs of opposite
signs. In other words, the phase separation exists in NCO film.
Regarding the origin of the phase separation, the schematic
diagrams of thicker and thinner samples are shown in Fig. S8
of the Supplemental Material [34]. In general, the strain relax-
ation state of films prepared on rigid substrates is considered
to be closely associated with the film thickness [10,17,48]. As
the thickness of the film increases, the stresses on the film are
released. As a result, the crystal structure of the thicker films is
close to a perfect inverse spinel (left panel), while the thinner
films are in a state of global strain. Therefore, the interface
between film and substrate is more prone to phase separation
in the thinner films (right panel). In addition, since there is no
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FIG. 5. XPS spectra of (a) Co 2p3/2 core level and (b) Ni 2p3/2 core level for 30-nm NCO film. XAS of (c) Co and (d) Ni edges for 30-nm
NCO film under a 0.25-T magnetic field at 300 K. The color fill is obtained by subtracting μ− (red line) from μ+ (blue line), which is the
XMCD signal.

magnetic compensation temperature for ferrimagnetic NCO
and the concentration of Ni cations plays a dominant role in
the transport properties of NCO films [42,49], we discuss the
concentration of Ni with various valence states in NCO films
with different thicknesses in the next section.

D. X-ray photoelectron spectrum and x-ray magnetic circular
dichroism in NCO films

To investigate the valence states of Ni and Co cations in
NCO films, x-ray photoelectron spectroscopy (XPS) was done
on Co 2p3/2 and Ni 2p3/2, as shown in Figs. 5(a) and 5(b). The
binding energy position of the elements was calibrated using
the reference C 1s photoelectron signal at 284.8 eV. The XPS
spectra were deconvoluted into subpeaks using the Voigt func-
tion, which was then assigned to a specific valence state. In the
Co 2p3/2 core level peak, two deconvoluted subpeaks at 781.0-
and 779.5-eV binding energies correspond to Co2+ and Co3+.
Similarly, according to the Ni 2p3/2 peaks with appropriate
curve-fitting lines, the satellite peaks, Ni2+ and Ni3+, asso-
ciated with binding energies 861.3, 855.6, and 854.0 eV, are
observed. These results agree well with the previous reports
[50,51]. The peak area ratios for Co3+ and Co2+ are 0.48. The
peak area ratios for Ni3+ and Ni2+ are 2.36. It confirms the
mixed valence state in NCO and the higher content of Co2+
and Ni3+. In addition, the concentration of Ni with various
valence states in NCO films with different thicknesses was

measured in Fig. S9 of the Supplemental Material [34]. The
Ni3+ to Ni2+ ratios for the 15- and 7-nm NCO films were
obtained from the fitted peak area ratios as 2.27 and 2.19.
Therefore, the concentration of Ni2+ increases as the film
thickness decreases. It is the source of phase separation in
film, which in turn confirms the sign reversal and sharp spikes
near the coercive field in the AHE of thinner films.

Moreover, to explore the possible magnetic order of NCO
films, x-ray magnetic circular dichroism (XMCD) measure-
ments were performed. Figures 5(c) and 5(d) and Fig. S10
of the Supplemental Material [34] show the x-ray absorption
spectra (XAS) of circularly polarized light for Co L2,3 and
Ni L2,3 edges at 300 and 100 K along different orientations
relative to the sample surface. In addition, a magnetic field
of 0.25 T was applied while taking the measurements. The
apparent difference between the two spectra is the XMCD
signal which is XMCD = XASleft (μ+) − XASright (μ−). It
demonstrates that the magnetic moments of Ni and Co are
antiferromagnetically coupled and have a net magnetic mo-
ment. Therefore, there is ferrimagnetic order in NCO films,
which is consistent with previous studies [42].

E. Electronic configurations in NCO films

Based on this study of mixed valence state and ferrimag-
netic order in NCO film, the possible electronic configurations
are discussed now. In the ideal NCO, the valence state of Ni
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FIG. 6. The electronic configurations of Ni and Co cations in
NCO films. (a) The valence state of Co at the Td site and Oh site
is +2 and +3, respectively. The valence state of Ni at the Oh site is
+3. (b) The valence state of Co at both the Td and Oh sites is +3. The
valence state of Ni at the Oh site is +2.

at the Oh site is +2, while the Co at both Td and Oh sites is
+3. However, defects such as oxygen vacancies are formed
in films during preparation due to the growth conditions. So,
the mixed valence state in this paper should be caused by
the emergence of specific amounts of Ni3+ and Co2+ in the
Oh and Td sites, respectively. Following this line of thought,
two possible electronic configurations of NCO are shown in
Fig. 6. First, the Co2+ and Co3+ occupy the Td and Oh sites,
while the Ni3+ is located at the Oh site [Fig. 6(a)]. Second, the
valence state of Co at both the Td and Oh sites is +3, while
the valence state of Ni at the Oh site is +2 [Fig. 6(b)]. There-
fore, the valence composition of NCO can be expressed as
[Co2+

1−xCo3+
x ]

Td
[Co3+Ni2+

x Ni3+
1−x]

Oh
O2−

4 [51–53]. Overall, the
Td-site Co and the Oh-site Ni are antiparallelly coupled and
contribute to the magnetism, with a net magnetic moment of
2μB per f.u. Moreover, regarding the cation contribution to
the magnetic properties of NCO films, Co at the Td site plays
a dominant role, Ni at the Oh site contributes less, and Co at
the Oh site does not contribute to magnetism. These results are
consistent with previous research studies [30].

IV. CONCLUSIONS

In summary, we have studied in detail the dependence of
magnetic properties, electronic transport, and magnetotrans-
port on the thickness of NCO films. Consistently, the NCO
films of various thicknesses exhibit strong PMA and metallic
conductivity. Furthermore, the AHE results further confirm
the presence of PMA in NCO. In contrast, the AHE sign in
30- and 15-nm NCO films is negative at various temperatures.
On the contrary, the AHE sign in 7-nm NCO film is positive
below 57 K. It is attributed to the fact that a combination of
intrinsic Berry curvature and impurity scattering determines
the AHE in NCO. In addition, an exciting feature, the appear-
ance of sharp spikes, is observed associated with the AHE.
Unlike the well-known topological Hall effect induced by
DMI and skyrmions, we used a two-channel AHE model to
investigate the origin of the sharp spikes. It indicates that the
phase separation causes the sharp spikes associated with AHE.
Although the exact source of the phases requires detailed
research, we believe it is crucial to explain the AHE in NCO
with a two-channel AHE model. The XPS and XMCD results
also indicate mixed valence sate and ferrimagnetic order in
NCO films. We have also discussed two possible electronic
configurations of NCO. The results show that the Td-site Co
plays a dominant role in the magnetic properties, while the
Oh-site Ni contributes less. Observation of sharp spikes asso-
ciated with AHE does not give unequivocal evidence for THE
possibly due to the phase separation. Thus, it is necessary to
exclude the influence of these factors in exploring THE and to
distinguish the genuine and mimicked THE.
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