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Ferrimagnetic NiCo2O4 (NCO) films with perpendicular magnetic anisotropy, 12.5 nm in thickness,
are epitaxially deposited on (001) MgAl2O4 single-crystalline substrates by pulsed laser deposition. It is
observed that the coercive field of the NCO films can be tuned systematically by about 20 times, while
keeping the large perpendicular magnetic anisotropy, through simply increasing the deposition temperature
from 250 to 350 °C. The increase of resistivity and the increase of low-temperature metal-to-insulator
transition temperature suggests increased concentration of defects in NCO films deposited at elevated
temperatures. The magnetic and transport characteristics are discussed based on a systematic change in
cation valence and coordination in NCO films, as revealed by x-ray photoelectron emission and x-ray
absorption spectroscopy measurements. The perpendicular magnetic anisotropy with tunable coercivity
makes NCO films promising for multifunctional applications.
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I. INTRODUCTION

High-performance magnetic materials are essential fun-
damental materials that support modern technologies. The
ability to control magnetic properties such as saturation
magnetization (Ms), remanent magnetization, and coerciv-
ity (Hc) is critical not only for applications but also for the
fundamental understanding of magnetism. Different appli-
cations require different Hc [1–4]. In fact, magnetic mate-
rials have been divided into two categories, soft magnets
with Hc in the range of a few to a few hundreds of oerst-
eds used in switching, sensing, and microwave absorbing
applications [3–6], and hard magnets with Hc of a few
thousands of oersteds and even larger, useful for electrical-
to-mechanical energy conversion, motors, generators, and
magnetic resonance imaging devices [3–7]. Specifically in
memory applications, different desired amplitudes of Hc
are required for different devices. For example, the write
and read heads require low coercivity to enable operations
at reasonably high frequencies [8,9], while the recording
medium must have coercivity low enough to write on but
high enough to resist a demagnetizing field and to store the
information for as long as possible [8,9].

Transition metal oxides display a rich variety of fasci-
nating electronic, optical, and magnetic properties owing
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to the complex interaction among charge, spin, orbit, and
lattice, holding great promise from both applied and fun-
damental research points of view [10–14]. Among them,
ferrimagnetic NiCo2O4 (NCO) with inverse spinel struc-
ture has attracted increasing attention in recent years for
promising functionalities [15–22]. NCO possesses a high
Curie temperature (about 400 K), high saturated magne-
tization, perpendicular magnetic anisotropy (PMA), and
high conductivity [15–22]. However, systematic studies of
magnetic and transport characteristics of NCO epitaxial
thin films are rarely reported.

In this work, we show that the coercivity of NCO epi-
taxial films can be tuned by about 20 times from 350
to 7300 Oe by simply increasing the deposition temper-
ature (Tg), while maintaining a large PMA. The effective
magnetic anisotropy constant (Keff) fluctuates between
1.9 and 5.1 Merg cm−3. The analysis of the tempera-
ture dependence of longitudinal resistivity manifests the
increased disorder in NCO films, indicating the essen-
tial pinning effect of disorder during domain switch-
ing. The variation of Curie temperature (TC), saturated
magnetization, and transport characteristics are discussed
based on a systematic change in valence and coordina-
tion of cations in the NCO films as functions of Tg .
Our work provides a simple method to tune the coerciv-
ity of NCO films with strong PMA for multifunctional
applications.
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II. EXPERIMENT

NCO films are deposited by pulsed laser deposition
on (001)-oriented MgAl2O4 (MAO) single-crystalline sub-
strates, ultrasonically cleaned in ethanol for 10 min, then
in deionized water for 10 min. During deposition, a NCO
ceramic target made by conventional solid-state reaction
and sintering is ablated with a 248-nm KrF excimer laser
(Compex Pro 205, Coherent) at 4 Hz. The power den-
sity on the target is 2.5 J cm−2. The oxygen pressure
in the chamber is kept at 0.1 mbar, while the substrate
temperature is maintained at Tg , which increases from
250 to 350 °C in 25 °C steps. The surface morphology
of these films is checked with an atomic force micro-
scope (Cypher ES, Asylum Research). The crystallinity,
thickness and lattice constants of the films are measured
on a Bruker D8 Discover x-ray diffractometer with Cu
Kα1 radiation (λ = 1.5406 Å). Magnetic measurements
are carried out on a superconducting quantum interference
device magnetometer (MPMS XL-7, Quantum Design). A
physical property measurement system (PPMS-9, Quan-
tum Design) is used to measure the transport properties
using indium contact electrodes and gold wires in a van
der Pauw configuration. X-ray photoelectron spectroscopy
(XPS) (K-Alpha, Thermo Scientific) is employed to eval-
uate the composition and valence states of Ni and Co
in the NCO films. X-ray absorption spectra (XAS) are

collected in total electron yield mode at room tempera-
ture at the MCD-A and MCD-B (Soochow Beamline for
Energy Materials) beamlines at the National Synchrotron
Radiation Laboratory (Hefei, China).

III. RESULTS AND DISCUSSION

A. Structural characterization

Figure 1(a) shows the θ -2θ x-ray diffraction (XRD) pat-
terns of the NCO films deposited at various Tg , around
the (004) reflection of the MAO substrate. Regardless of
the Tg , NCO films all exhibit (004) diffraction accompa-
nied with distinct Laue thickness fringes and there are no
observable secondary phases from any impurities, indicat-
ing the high crystallinity of films with smooth surface and
sharp interface. It is clear that the (004) diffraction peak
of NCO shifts to lower angles as Tg increases, indica-
tive of an increase in the out-of-plane lattice parameter.
As shown in Fig. 1(d), the calculated out-of-plane lattice
parameter increases from 8.18 to 8.23 Å as Tg increases
from 250 to 350 °C. Lattice parameter variation may be a
result of cation nonstoichiometry [23], different coordina-
tion, or oxygen deficiency [24,25], which is discussed in
the following. Figure 1(b) shows two-dimensional XRD
intensity mapping of a NCO film deposited at 350 °C
around the (115) reciprocal spot of the MAO substrate as

(a)

(c) (d)

(b)
FIG. 1. (a) θ -2θ XRD patterns
of NCO films deposited at var-
ious Tg . The triangles serve
to indicate the peak positions.
(b) Two-dimensional diffraction
intensity mapping of the NCO
film deposited at 350 °C around
the (115) reflection of the MAO
substrate. h [110] and l [001] are
coordinates in reciprocal space
and represent the in-plane and
out-of-plane directions, respec-
tively; rlu represents reciprocal
lattice unit. (c) X-ray reflec-
tivity (black open circles) and
the corresponding fitting results
(color solid lines) of NCO films
deposited at various Tg . (d) Lat-
tice parameter c calculated from
(a) and film thickness extracted
from fittings in (c) as a func-
tion of Tg , the error bars denote
the standard deviation of film
thickness.
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an example. The (115) reflection of the NCO film shares
the same in-plane reciprocal vector with the substrate, indi-
cating that the epitaxial NCO film is coherently grown
and fully strained to the substrate. Shown in Fig. 1(c) is
the x-ray reflectivity of NCO films deposited at various
Tg , with fittings to each line, using film thickness as the
fitting parameter. The extracted film thickness is around
12.5 ± 0.2 nm and is almost independent of Tg , as also
shown in Fig. 1(d). All the films exhibit a smooth surface
with the largest root-mean-square roughness value being
only 0.15 nm (see Fig. S1 in Supplemental Material for the
surface morphology of films with different Tg [26]).

B. Magnetic characteristics

Figures 2(a) and 2(b) show out-of-plane and in-
plane M-H hysteresis loops, respectively, of NCO films
deposited at various Tg , measured at 10 K. Diamagnetic
contributions from the MAO substrates, acquired by lin-
ear fitting to the saturated high field data, are subtracted.
In the out-of-plane direction, NCO films show square
hysteresis loops with saturated magnetization decreasing
from 2.30 to 1.62 µB per formula unit (µB f.u.−1) as Tg
increases from 250 to 350 °C. In contrast, the in-plane
M -H loops are canted with a much larger saturated mag-
netic field, confirming the previously reported PMA in
epitaxial NCO films [15–22]. The largest out-of-plane
saturated magnetization, 2.30 µB f.u.−1, is observed in
NCO films deposited at 250 °C. This is larger than most
magnetization values reported for NCO films, and even

larger than the value in bulk, approximately 2 µB f.u.−1

[15–22]. Lüders et al. reported an enhanced magnetiza-
tion in epitaxial NiFe2O4 films and explained by cation
disorder [27]. A similar mechanism may also work in
NCO films, where the general formula can be written as
Co2+

x Co3+
1−x[Ni2+

1−xNi3+
x Co3+]O2−

4 (0 < x < 1) [17,28]. The
tetrahedral (Td) sites are occupied by high-spin Co2+ and
Co3+ cations, carrying 3µB and 4µB, respectively. The
octahedral (Oh) sites are occupied by high-spin Ni2+ with
2µB, low-spin Ni3+ with 1µB, and diamagnetic low-spin
Co3+ [17,28]. The spins at each site are aligned in par-
allel, but the spins at the Oh sites are aligned antiparallel
with those at the Td sites. As a result, a saturation moment
of 2 µB f.u.−1 can be expected irrespective of x [17,28].
An increase of magnetization at the Td sites, a decrease of
magnetization at the Oh sites, or both, may increase the net
magnetization.

PMA describes the magnetic anisotropy, in which the
direction of easy axes is perpendicular to the film sur-
face. This magnetic anisotropy can be regarded as a field
that tends to hold the magnetization in certain equivalent
crystallographic directions. To evaluate the PMA proper-
ties quantitatively, we estimate the effective PMA constant
Keff, which can be deduced from the area enclosed between
the magnetization curves with the applied field parallel
and perpendicular to the film plane in the first quad-
rant [3,4]. Figure 3(e) shows that Keff increases generally
with the increase of Tg , suggesting the enhanced PMA
in samples deposited at higher Tg . The maximum Keff
of 5.1 Merg cm−3 is comparable to the values reported

(a)

(c)

(e)

(d)

(b)
FIG. 2. (a) Out-of-plane and
(b) in-plane M -H hysteresis loops
measured at 10 K. (c) M -T curves
of NCO films deposited at various
Tg . (d) In-plane saturation fields
(Hs IP) and saturated magnetiza-
tions (Ms IP) as functions of Tg .
(e) The effective PMA constant
Keff and the inhomogenity factor
α as functions of Tg .
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(a)

(c)

(d)

(b) FIG. 3. (a) Temperature depen-
dence of longitudinal resistivity
of NCO films deposited at various
Tg . (b) Low-temperature resistiv-
ity of NCO films deposited at
Tg = 250, 275, 300, and 325 °C
fitted to Eq. (1). (c) Resistiv-
ity of NCO film deposited at
Tg = 350 °C fitted to Eq. (2). (d)
Resistivity in the metallic state of
NCO films deposited at Tg = 250,
275, 300, and 325 °C fitted to
Eq. (3). Data for Tg = 300 °C are
scaled by 1.3 for clarity.

previously in NCO films [29]. PMA is a crucial fea-
ture in the design of spintronic devices such as spin
transfer torque magnetoresistive random access memo-
ries, but it is relatively rare in oxide thin films due to
the strong shape anisotropy [3,4,29–31]. For example,
La2/3Sr1/3MnO3 thin films usually exhibit an in-plane easy
axis. When compressively strained, La2/3Sr1/3MnO3 thin
films may show PMA with Keff being only 0.2 Merg
cm−3 [32,33]. The large Keff observed in the NCO
films are beneficial to PMA-based perpendicular magnetic
recording.

Another obvious feature in Fig. 2(a) is that the out-of-
plane coercive field increases significantly from 350 to
7300 Oe as Tg increases from 250 to 350 °C. The increase
of coercivity has often been ascribed to the change of
electronic structure and/or pinning by defects. For exam-
ple, Park et al. reported a large reduction in Hc from
4000 to 300 Oe in Fe3GeTe2 thin flakes due to Fe defi-
ciency [34]. A wide-range continuous modulation of Hc
from 48 to 16 KOe in SrTiO3-capped SrRuO3 films has
been attributed to domain pinning and depinning by con-
trolled migration of oxygen vacancies [35]. According
to the simplified phenomenological model proposed by
Kronmüller [36], Hc = 2αK1/Ms − N effMs, where α is the
inhomogeneity factor, representing the influences from the
defects acting as pinning centers during domain switching
[4,35]. K1 is the first magnetocrystalline anisotropy con-
stant and can be calculated as K1= 1/2HsMs, where Hs and
Ms are the saturation field and saturated magnetization,

respectively, measured with the applied field in the film
plane [3,4], as shown in Fig. 2(d). N eff is the demagne-
tization factor related to the shape and the magnetization
direction of sample. For NCO films with PMA, N eff can be
taken as 1, then α can be calculated [4,35,36]. As shown in
Fig. 2(e), α increases monotonically by 7.86 times with Tg
increasing from 250 to 350 °C. By comparison, the mono-
tonically increased Hc in NCO films with increasing Tg can
be mainly ascribed to the increase of α, which indicates
the increased pinning effect of disorder with increasing Tg .
The increased disorder at higher Tg is also confirmed by
the following transport analysis. Lattice defects, such as
cation and oxygen vacancies or antiphase boundaries, may
pin domain switching [34–36].

Figure 2(c) shows the out-of-plane M-T curves of the
NCO films deposited at various Tg . Diamagnetic contri-
butions from bare MAO substrates are measured and sub-
tracted. Unlike ferromagnetic materials that usually show
a sharp increase in magnetization below TC, the magne-
tization of NCO films increases at nearly the same rate
with decreasing temperature for all the NCO films stud-
ied, indicating the ferrimagnetic nature of NCO films [3,4].
TC, determined by extrapolating the linear dependence to
zero magnetization, decreases from 380 to 302 K as Tg
increases from 250 to 350 °C. The reduction of TC may
be attributed to the appearance of residual strain, oxygen
vacancies, and local disorder in cation distribution, as has
often been reported in transition metal oxide thin films
[37,38].
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C. Transport characteristics

Temperature-dependent longitudinal resistivity of NCO
films deposited at various Tg is measured from 2 to
390 K with the current along the [110] direction. In
general, the resistivity increases with increasing Tg , as
shown in Fig. 3(a). The NCO film deposited at the highest
Tg = 350 °C is insulating in the entire temperature range
measured. When deposited at 325 and 300 °C, NCO films
show an insulating behavior at high temperature, a metal-
lic behavior in the intermediate temperature, and a reentry
into the insulating state at low temperature. The high-
temperature transition from the insulating to the metallic
state upon cooling occurs at around the ferrimagnetic TC of
the NCO films, obviously associated with the appearance
of the long-range magnetic order that facilitates electron
hopping, as previously reported [17,19,20,39]. When fur-
ther decreasing Tg to 275 and 250 °C, the resistivity of
NCO films decreases with decreasing temperature until the
metal-to-insulator transition occurs at low temperature.

This low-temperature metal-to-insulator transition is
observed in all the NCO films deposited at Tg below
350 °C. The transition temperature Tmin, at which the
minimum resistivity occurs, increases from 46 to 78 K
as Tg increases from 250 to 325 °C. This kind of
low-temperature resistivity upturn has been frequently
observed in correlated oxide thin films. For example, the
low-temperature metal-to-insulator transition in ultrathin
SrRuO3 and LaNiO3 films was explained by weak localiza-
tion due to quantum interference via electron-electron or
election-phonon interactions [40,41]. The increase of resis-
tivity below 47 K in Mn3+x Sn1−x thin films was ascribed to
the Kondo effect due to the scattering of conduction carri-
ers by the localized spins of magnetic impurities [42]. The
mechanism can be extracted by examining the temperature
dependence of resistivity. As shown in Fig. 3(b), we fit the
resistivity below Tmin with [40,41,43]

ρ(T) = ρ0 + aT3/4 + bTn, (1)

where ρ0, a, b, and n are fitting parameters. Equation (1)
describes the weak localization due to the disorder-
enhanced electron-electron scattering in the dirty limit
[43]. ρ0 is the temperature-independent residual resistiv-
ity correlated with defects and impurities. The second term
describes the elastic electron-electron scattering and all
the inelastic scattering processes due to electron-phonon,
electron-magnon, and electron-electron interactions are
assumed to be adequately described by a single power
law bTn [40,41,43]. The continuous increase of ρ0, b, and
the absolute value of a indicate the increased disorder and
localizations in films deposited at higher Tg (see Fig. S2 in
the Supplemental Material for the Tg dependence of fitting
parameters in Eq. (1) [26]). Correspondingly, Tmin can be
interpreted as a representation of the competition between
localization induced by the electron-electron scattering and

the thermal delocalization. In films deposited at higher Tg ,
the enhanced localization shifts Tmin to higher temperature.

The NCO film deposited at Tg = 350 °C shows an insu-
lating behavior in the whole temperature range measured.
The low-temperature resistivity in this sample can be well
fitted to the three-dimensional Mott variable range hopping
(VRH) model [19,44,45],

ρ(T) = A exp(T0/T)1/4, (2)

as shown in Fig. 3(c), where A is a constant and T0 is the
VRH characteristic temperature associated with the den-
sity of localized states, indicating the increased disorder
in the sample with Tg = 350 °C [19,44,45]. According to
Mott [45], carriers hop among localized states, assisted
by atomic displacements in the lattice. As the temperature
decreases, phonons do not have enough energy to assist
hopping, resulting in the increase of resistivity [44,45].

Bulk NCO exhibits a ferrimagnetic metallic behavior
with dρ/dT > 0 below TC [15–22]. NCO films deposited
at Tg ≤ 325 °C are metallic in the intermediate tem-
perature region, with a linear resistivity-temperature
dependence [46],

ρ(T) = ρ1 + BT, (3)

as demonstrated in Fig. 3(d). The linear dependence of
ρ(T) is well known as a result of electron-phonon scatter-
ing [46]. The residual resistivity ρ1 and the temperature-
independent coefficient B obtained from fitting to Eq. (3)
for different Tg are summarized in the Supplemental Mate-
rial Fig. S3 [26]. The decrease of B for Tg above 275 °C
implies the weakened electron-phonon scattering, and the
increased ρ1 suggests the increased amount of disorder in
films deposited at higher Tg .

D. Cation coordination and valance analyses

To further understand the transport and magnetic char-
acteristics described above, XPS and XAS measurements
are performed to study the electronic structure of Ni and
Co cations in NCO films. Figure 4(a) shows the XPS
2p3/2 core level spectra of Ni cations as functions of Tg .
It is observed that the Ni 2p3/2 peak shifts by 0.5 eV
towards lower binding energy as Tg increases from 250 to
350 °C. In NCO, Ni cations predominantly occupy the Oh
sites [16–22], and the binding energy shift mainly comes
from the variation of Ni valence states [47]. Ni cations
with higher valence usually show a higher binding energy
[47–49]. Therefore, the downshift in Fig. 4(a) indicates
that the average valence of Ni cations decreases, with more
Ni2+ cations in samples deposited at elevated Tg . By fitting
the XPS results in Fig. 4(a) using the peak at 853.78 eV
for Ni2+, and the peak at 855.51 eV for Ni3+ [47–55], the
Ni3+ : Ni2+ atomic ratio can be obtained as a function of
Tg , as shown in Fig. 4(c) (see Supplemental Material for
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(a) (c)(b)

FIG. 4. (a) XPS spectra of Ni 2p3/2 core level and corresponding fitting results for NCO films deposited at various Tg . The fitting
is performed with components at 853.78 eV for Ni2+ cations, 855.51 eV for Ni3+ cations, and 861.22 eV for the satellite peak (Sat.).
(b) XAS spectra of Ni L3 absorption edge and corresponding fitting results for NCO films deposited at various Tg . The olive curves
represent XAS spectra for Ni3+(Oh) from LaNiO3, the wine curves represent XAS spectra for Ni2+(Oh) from NiO. (c) The Ni3+ : Ni2+

atomic ratio as a function of Tg , acquired from fitting the XPS (orange solid squares) and XAS results (wine solid triangles).

fitting details [26]). The Ni3+ : Ni2+ atomic ratio is 1.33
when Tg is 250 °C, then decreases to about 0.83 when Tg
is 350 °C.

Figure 4(b) shows the Ni L3 XAS edges for NCO films
deposited at various Tg . It is observed that the absorption
edge also shifts towards lower energy with increasing Tg .
The absorption peak is at 853.8 eV for the Tg = 250 °C
sample and 853.4 eV for the Tg = 350 °C sample, with
the full width at half maximum of about 2.8 eV. For Ni3+

cations occupying the Oh sites in LaNiO3, for example, the
L3 edge shows a plateau with a full width at half maxi-
mum of about 3.5 eV, and the maximum appears at around
854.0 eV [56]. However, Ni2+ cations in NiO exhibit a
much sharper peak with a full width at half maximum of
only about 1.5 eV, and the maximum appears at around
853.0 eV [57]. Therefore, the XAS results also indicate
the coexistence of Ni2+ and Ni3+ cations at Oh sites, the
reduced Ni valence states, and the increased amount of
Ni2+ at Oh sites in NCO films deposited at elevated Tg

[56,57]. The Ni3+ : Ni2+ atomic ratio can also be estimated
by fitting the measured Ni L3 edges with a linear combina-
tion of those from LaNiO3 and NiO, as shown in Fig. 4(b)
(see Supplemental Material for the fitting details [26]) [58].
According to the relative spectral weight, the Ni3+ : Ni2+

atomic ratio can be estimated, decreasing with the increase
in Tg in good agreement with the XPS results, as also

shown in Fig. 4(c). The average valence state of Ni can
be estimated, from the Ni3+ : Ni2+ atomic ratio, as Ni2.59+

for the Tg = 250 °C sample, and Ni2.45+ for the Tg = 350 °C
sample.

Figure 5(a) shows the Co 2p3/2 XPS core level spectra
of NCO films deposited at various Tg . The peak shifts by
0.4 eV towards lower binding energy as Tg increases from
250 to 350 °C. However, the analysis of the Co XPS chem-
ical shift is much more complex, as not only the valence
states but also the coordination correlate with the chemi-
cal shift [59,60]. The XPS spectra should be deconvoluted
into three peaks representing Co2+ on Td sites, Co3+ on Td
sites, and Co3+ on Oh sites. However, we try in vain to find
a reliable binding energy for Co3+ on Td sites, and there-
fore, give up on decomposing the Co XPS spectra. We then
try to analyze Co valence and coordination by XAS.

Figure 5(b) shows the Co L3 XAS edges for NCO films
deposited at various Tg . The main feature is a broad peak
around 780.0 eV. As reported previously, the L3 absorption
peaks of both Co3+ at Td sites and Co3+ at Oh sites appear
at about 780.2 eV [61–64]. As Tg increases, a shoulder at
around 778.0 eV, indicated in Fig. 5(b) by arrows, appears
gradually. As proposed by Kan et al. [21], this shoulder
originates mainly from Co2+ at Td sites in NCO films
[22]. Therefore, the concentration of Co2+ cations occu-
pying the Td sites increases with increasing Tg . As shown
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(a) (c)(b)

Co2+ : Co3+

FIG. 5. (a) XPS spectra of Co 2p3/2 core level for NCO films deposited at various Tg . (b) XAS spectra of Co L3 absorption edge
and corresponding fitting results for NCO films deposited at various Tg . The olive curves represent XAS spectra for Co2+ at Td sites,
the grey curves represent XAS spectra for Co3+ at Td sites, and the wine curves represent XAS spectra for Co3+ at Oh sites. (c) The
Co2+ : Co3+ atomic ratio as a function of Tg , acquired from fitting the XAS results.

in Fig. 5(b), the Co L3 edges of the NCO films can be well
fitted with a linear combination of the L3 edges of Co2+ at
Td sites, Co3+ at Td sites, and Co3+ at Oh sites (see Sup-
plemental Material for fitting details [26]) [17,58,61–64].
Based on the relative spectral weights, the relative fraction
of Co2+ at Td sites, Co3+ at Td sites, and Co3+ at Oh sites
can be estimated. It is, for example, 0.35:0.45:1.2 for the
Tg = 250 °C sample. With increasing Tg , the number of Co
cations at the Td sites increases while that at Oh decreases.
It becomes 0.66:0.32:1.02 for the Tg = 350 °C sample. As
a result, the Co2+ : Co3+ atomic ratio increases from 0.21
to 0.49, as shown in Fig. 5(c), and the average valence state
decreases from Co2.83+ to Co2.67+ with Tg increasing from
250 to 350 °C. Although Co3+ at Oh sites were frequently
assumed in the low-spin state [15–22,28], the XAS compo-
nent of Co3+ at Oh sites can be well represented by XAS
from Co3+ in LaCoO3. As well known in LaCoO3, Co3+

cations are only in the low-spin state at very low tempera-
tures [63,64], thus it is reasonable that Co3+ cations at the
Oh sites are in a mixture of low- and high-spin states at
room temperature.

E. Discussions

The variation in cation valence and coordination in NCO
films with increasing Tg has profound influences on the
structure, magnetic, and transport properties of NCO films.

At Oh sites, the atomic radius of a Ni2+ cation is 0.69 Å,
much larger than that of Ni3+ cation (0.53 Å) [19,20]. The
continuous increase of Ni2+ concentration with increasing
Tg may lead to a systematic increase in lattice parameters.
At the same time, the increased Co2+ and the decreased
Co3+ concentration at the Td sites also contributes to the
lattice expansion, with the atomic radius being 0.72 Å
for the former and 0.61 Å for the latter [65,66]. Lattice
expansion shown in Fig. 1(a) results in larger compressive
strain in NCO films with higher Tg . The strain modi-
fies the local environment of magnetic ions through the
magnetoelastic effect, changing their preferred spin orien-
tations due to spin-orbit coupling [21,22,29]. Recent works
pointed out that among the magnetic ions in NCO films,
Co cations at Td sites play a key role in determining the
PMA, while the contribution of Ni ions is less dominant.
This is because of the large orbital moment of the in-
plane Co 3dx2−y2 state and the magnetoelastic effect due
to the compressive strain. According to the analysis above,
Co concentration at the Td sites increases in NCO films
deposited at higher Tg . The increased Co concentration,
together with the increased compressive strain, results in
the enhanced PMA observed in Fig. 2(e), which inevitably
leads to a larger Hc. As for the transport property, recent
experimental results and first-principles calculations have
shown that the Fermi surface in NCO is composed of spin-
down electrons of Ni cations at the Oh sites, making NCO
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half-metallic [17,67,68]. The appearance of Ni3+ at the Oh
sites provides a partially occupied eg orbital and facilitates
carrier transport through Ni2+-O-Ni3+ and Co2+-O-Ni3+

[17,67,68]. At the same time, Co at either Td or Oh sites
provides almost no density of states at the Fermi level and
has less influence on electrical conduction in NCO films
[17,68]. Hence, having fewer Ni3+ cations in NCO is detri-
mental to carrier transport. The resistivity of NCO films
increases with increasing Tg , which leads to a higher con-
centration of Ni2+ cations in the films. For magnetization,
assuming Co3+ cations at the Oh sites are completely in the
low-spin state, providing no magnetization, the obtained
cation concentration, as shown in Figs. 4(c) and 5(c), gen-
erates a total magnetization increasing with the increase of
Tg , contrary to the observation in Fig. 2. However, deposi-
tion at higher Tg induces more defects, as concluded from
the analysis of resistivity. These defects inevitably have
effects on not only the transport, but also the structure and
magnetic properties. The concentration of oxygen vacan-
cies can be estimated based on charge neutrality, being
1.25%, 2.25%, and 2.75% for samples with Tg = 275, 325,
and 350 °C, respectively, suggesting the increased oxygen
vacancy concentration at higher Tg . It has been well doc-
umented that oxygen vacancies may lead to the reduction
of magnetization by disturbing the double exchange inter-
action, which may occur in NCO films and lead to the
decreased magnetization [69,70].

IV. CONCLUSION

In summary, epitaxial NCO films, with large PMA, are
deposited on single-crystalline MAO (001) substrates by
pulsed laser deposition at various Tg . The out-of-plane Hc
can be tuned systematically by about 20 times from 350
to 7300 Oe with Tg increasing from 250 to 350 °C. Such a
significant Hc tunability can be explained by the increased
concentration of defects and the enhanced PMA in NCO
films as Tg increases. Based on XPS and XAS analyses,
the variations of magnetic and transport characteristics are
attributed to the variation of the valence and coordination
of Ni and Co cations as functions of deposition temper-
ature. These results are helpful to the optimization and
application of NCO films for multifunctional magnetic
devices.
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