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Epitaxial (001) NiCo2O4 films with perpendicular magnetic anisotropy were grown on (001) MgAl2O4 at vari-

ous oxygen pressures of 10-200 mTorr using pulsed laser deposition. X-ray diffraction suggested that the lattice

constant, crystallinity, and deposition rate displayed distinctive changes around 50 mTorr. The temperature-

dependent resistance displayed an insulating behavior in the films grown below 15 mTorr but a metallic one in

the films grown above 20 mTorr. Magneto-optical Kerr effect measurement suggested that the NiCo2O4 films

grown above 15 mTorr are ferrimagnetic at room temperature and possess a distinctive perpendicular mag-

netic anisotropy. The ferrimagnetic-to-paramagnetic transition temperature reached a maximum of ~385 K at

50 mTorr. During the magnetic reversal, the density of small nucleated domains increased with increasing oxy-

gen pressure from 20 to 200 mTorr, and exhibited metallic ferrimagnetism at room temperature. Consequently,

the optimal growth condition for magnetic device applications of NiCo2O4 films is believed to be 50-200 mTorr

at 320 ℃.
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1. Introduction

Spinel oxides of AB2O4 types (where A and B are
transition metal ions) exhibit various physical properties
depending on the distribution of 2+ and 3+ metal cations
in the octahedral and tetrahedral sites of the cubic spinel
structure [1-3]. When a film sample is prepared by the
deposition of a bulk target material in a vacuum chamber,
it has been reported that the lattice strain of the film can
induce changes in the electrical and magnetic properties
of the film material [4-11]. In particular, the perpendicular
magnetic anisotropy in magnetic films can be induced by
lattice distortion, which is accompanied by a change in
spin-orbit coupling [12-14]. Many studies on the NiCo2O4

film with ferrimagnetic and metallic properties have been
conducted extensively [16-20]. In the NiCo2O4, which is a
cubic inverse spinel structure, half of the Ni cations and
half of the Co cations occupy octahedral sites, while the
remaining half of the Co cations occupy tetrahedral sites.
However, experimentally synthesized NiCo2O4 films may
have a deviation from the ideal cation distribution and

frequently have a mixture of Ni and Co cation distributions.
Theoretically, the lattice strain of NiCo2O4 films can vary
magnetic anisotropy because it can induce splitting of the
eg and t2g energy levels related to electron hopping and
spin alignment and modifying spin-orbit coupling [21].
Experimental studies have reported that the deposition
temperature for synthesizing NiCo2O4 films with metallic
ferrimagnetism is about 250℃-400 ℃. The oxygen
partial pressure ranges from tens to hundreds of millitorrs
[13, 21-24].

Herein, we investigated the characteristics of (001)
NiCo2O4 films according to oxygen partial pressure. The
NiCo2O4 films were deposited at a fixed temperature of
320 ℃ while varying the oxygen partial pressure from 10
to 200 mTorr. To induce in-plane compressive strain in
the NiCo2O4 film that results in a tetragonal lattice
distortion, we deposited it on a (001) MgAl2O4 single
crystal substrate with slightly smaller lattice constants.
Additionally, we investigated the perpendicular magnetic
anisotropy and magnetic domain structure in (001)
NiCo2O4 films and their structural and transport properties.

2. Experiments

The epitaxial (001) NiCo2O4 film was fabricated on a
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(001) MgAl2O4 substrate using pulsed laser deposition.
The NiCo2O4 films were prepared using a polycrystalline
target sintered at 1200 ℃ for 2 hours and a pulsed Nd:
YAG laser (wavelength 355 nm, frequency 10 Hz, energy
density ~2 J/cm2) [25, 26]. The deposition temperature
and time were fixed at 320 ℃ and 10 minutes, respectively,
while the oxygen pressure was varied from 10 to 200
mTorr. The structural property and surface morphology of
the (001) NiCo2O4 films were characterized by a high-
resolution Panalytical X-ray diffraction (XRD) and a
Digital Instruments atomic force microscopy (AFM),
respectively. The magnetic properties of the NiCo2O4

films were measured using a magneto-optic Kerr effect
(MOKE) setup with an external magnetic field per-
pendicular to the film plane. A four-point probe method
was used to measure the temperature-dependent resistance
R(T) of the films with Au electrodes deposited by a
direct-current sputtering.

3. Results and Discussion

Figure 1(a) shows the -2 scan XRD pattern of
NiCo2O4 films on (001) MgAl2O4 deposited at various
oxygen pressures ranging from 10 to 200 mTorr. From the
XRD measurement, we observed only a (004) peak of the
NiCo2O4 film near the (004) peak of the MgAl2O4

substrate and no other impurity peaks. This confirms that
the NiCo2O4 films fabricated in this work were epitaxial.
Figure 1(b) shows the -scan (-scan) XRD pattern for
the (004) peak of NiCo2O4. The (004) peaks had a small
full width at half maximum (FWHM) values of
approximately 0.05°-0.13°. Such small FWHM values
imply that our NiCo2O4 films had good crystalline
properties.

The position of the (004) peak of the NiCo2O4 film
shifted slightly toward higher angles as the oxygen
pressure increased (Fig. 1(a)). The out-of-plane lattice
constant of the NiCo2O4 film can be estimated from the
peak position. Figure 2(a) shows the out-of-plane lattice
constant of the NiCo2O4 film as a function of oxygen
pressure. The out-of-plane lattice constant decreased with
oxygen pressure, and its variation was relatively small at
high oxygen pressures. The out-of-plane lattice constant
of the film was slightly larger than that of bulk NiCo2O4

(a = 8.116 Å), which suggests that the NiCo2O4 film on
(001) MgAl2O4 experienced a slight expansion along the
out-of-plane direction due to compressive in-plane strain
caused by the smaller lattice constant of MgAl2O4 (a =
8.084 Å). In general, a low oxygen pressure during
deposition can induce oxygen defects and lattice constant
changes in oxide films, making it an important deposition

parameter. When the deposition temperature is kept
constant and the oxygen pressure PO2 is reduced, it is
thought that the oxygen defect density in the NiCo2O4

film increases, and the bonding strength between Ni and
O ions decreases, leading to an increase in the lattice
constant [22].

The interference fringes observed around the (004) peak
in Fig. 1(a) confirmed the homogeneous and excellent
crystallinity of the film. The period of the interference
fringes gives us information on the deposition rate of the
film concerning the oxygen partial pressure since the
other deposition parameters, such as temperature, laser
energy, and deposition time, were fixed during the
deposition. The change in the deposition rate of the film
with the oxygen partial pressure is caused by collisions
between ablated particles and oxygen gas, and it
presumably influences the crystallinity of the film related
to the FWHM of the ω-scan XRD peak. Figure 2(b)
shows the deposition rate and FWHM values of the
NiCo2O4 film as a function of oxygen partial pressure. As
the oxygen partial pressure increased, the deposition rate

Fig. 1. (Color online) (a) -2 scan and (b) -scan X-ray dif-

fraction (XRD) patterns of the (001) NiCo2O4 films grown on

(001) MgAl2O4 substrate with various oxygen pressure from

10 to 200 mTorr.
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of the film decreased significantly from 0.14 to 0.06 nm/s
in the range 50-100 mTorr. In contrast, the FWHM value
of the XRD peak increased significantly from 0.09° to
0.24° in the range 50-100 mTorr. Generally, it is expected
that as the deposition rate decreases, the crystallinity will
improve, and the FWHM will decrease because the film
material can have a longer time to be crystallized.
However, it was found that the FWHM of the NiCo2O4

film increased when the deposition rate decreased. An
increase in oxygen partial pressure will induce a decrease
in oxygen vacancy and a slight change in the ratio of Ni
and Co ions reaching the substrate due to collisions
between ablated particles and oxygen gas. The latter
probably can cause such an increase in the FWHM of the
NiCo2O4 film with increasing oxygen partial pressure.
Energy dispersive X-ray spectroscopy measurement for
our films suggested a slight decreasing tendency in the
Co/Ni ratio with the oxygen pressure, although a
quantitative analysis by profile fitting was unsuccessful
because of overlapping Co and Ni peaks.

Figure 3 shows AFM images of NiCo2O4 films deposited
at the oxygen partial pressures of 10-200 mTorr. Although
small grains, which are frequently observed in pulse laser-
deposited films, were seen on the surface of the film, the
AFM image showed a relatively flat surface morphology.
The root-mean-square (RMS) surface roughness values
ranged 0.33-0.95 nm, similar to those in the previously
reported 0.6-0.8 nm [17]. Figure 4 shows the temperature
dependence of the normalized resistance R(T)/R(T = 290
K) for (001) NiCo2O4 films fabricated at oxygen
pressures of 10-200 mTorr. The as-prepared film at 10

Fig. 2. (Color online) (a) Out-of-plane lattice constants of the

(001) NiCo2O4 films as a function of oxygen pressure (PO2).

(b) Full width at half maximum in -scan XRD pattern and

the deposition rate of NiCo2O4 film as a function of oxygen

pressure.

Fig. 3. (Color online) Atomic force microscopy images of the

(001) NiCo2O4 film grown on (001) MgAl2O4 substrate with

various oxygen pressures from 10 to 200 mTorr.

Fig. 4. (Color online) Temperature versus normalized resis-

tance R(T)/R(T = 290 K) for (001) NiCo2O4 films grown at

various oxygen pressures.
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mTorr had a resistivity ~3 mΩ·cm at room temperature
and showed an increasing tendency as the temperature
decreased. Meanwhile, the as-prepared film at 20 mTorr
had a resistivity ~0.8 mΩ·cm at room temperature and
showed a decreasing tendency as the temperature
decreased. That is, the R(T) of the NiCo2O4 films
deposited at 10 and 15 mTorr showed a negative slope
near room temperature, indicating semiconductor behavior
(dR/dT < 0). In contrast, the NiCo2O4 films deposited
above 20 mTorr showed a positive slope, indicating
metallic behavior (dR/dT > 0).

The (001) NiCo2O4 film with compressive lattice strain
by the (001) MgAl2O4 substrate is known to exhibit
perpendicular magnetic anisotropy [27, 28]. MOKE mag-
netic hysteresis loops at room temperature were measured
by applying a magnetic field perpendicular to the film
plane. Figure 5 shows the normalized MOKE magnetic
hysteresis loops for (001) NiCo2O4 films prepared at 10-
200 mTorr oxygen partial pressure. The 10 mTorr samples
exhibited a superparamagnetic-like magnetic hysteresis
loop at room temperature, while the 15 mTorr sample
showed a weak ferrimagnetic property with a coercive
field of approximately 5 Oe. This is believed to be due to
a decrease in the ferrimagnetic transition temperature
caused by increased oxygen defects at low oxygen partial
pressure. In contrast, when the oxygen partial pressure
was increased to 50-200 mTorr, a distinctive perpendicular
magnetic anisotropy with a large coercive field of 1000-
1500 Oe was observed. The change in oxygen partial
pressure is thought to induce changes in oxygen defects,
lattice constant, and perpendicular magnetic anisotropy of
(001) NiCo2O4 films [21].

NiCo2O4 films fabricated above 15 mTorr exhibit

ferrimagnetic behavior at room temperature but undergo a
ferrimagnetic-to-paramagnetic transition as the temperature
increases. The phase transition temperature was investi-
gated by measuring the MOKE signal as a function of
temperature. Figure 6 shows the coercivity (HC) and the
critical temperature (TC) at room temperature as a function
of the logarithmic scale of the oxygen partial pressure
(PO2). The TC of the NiCo2O4 film reached a maximum of
385 K at 50 mTorr. The change in the critical temperature
of the NiCo2O4 film is related to a variation in the spin-
spin exchange interaction with oxygen partial pressure.
The distribution of cations in NiCo2O4 can generally be
expressed as Cox

2+Co1x
3+[Co3+Ni1x

2+Nix
3+]O4

2− (0 < x <
1) [21, 24]. The ferrimagnetic properties of NiCo2O4

films can vary depending on the oxygen pressure due to
the change in the effective spin value, which is determin-
ed by the occupancy of Ni2+ (S = 1) or Ni3+ (S = 1/2) at
the octahedral sites in the spinel structure [24]. Therefore,
low oxygen partial pressure is expected to induce oxygen
vacancies and Ni2+ ion states, decreasing the ferrimagnetic
transition temperature and weakening perpendicular

Fig. 5. (Color online) Magnetic field versus normalized mag-

neto–optic Kerr effect signals of (001) NiCo2O4 films depos-

ited on (001) MgAl2O4 at room temperature.

Fig. 6. (Color online) (a) Coercive field (HC) and (b) Curie

temperature (TC) of the (001) NiCo2O4 films as a function of

oxygen pressure.
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magnetic anisotropy at room temperature. On the other
hand, a high oxygen partial pressure is expected to
decrease oxygen vacancies, increase the ferrimagnetic
transition temperature, and strengthen perpendicular
magnetic anisotropy at room temperature.

Figure 7 shows the magnetic domain structures of the
(001) NiCo2O4 films at an early stage of magnetic reversal.
The magnetic domain structure could be observed in the
films grown at 20-200 mTorr, which showed metallic
ferrimagnetism and distinctive perpendicular magnetic
anisotropy at room temperature. An opposite magnetic
field created small magnetic nucleation sites after magnetic
saturation. The film grown at 20 mTorr displayed a few
nucleated domains with a very weak image contrast. An
increase in the oxygen pressure from 20 to 200 mTorr
significantly increases the density of the small nucleated
domains and image contrast. A connection between the
neighboring small domains with an increase in the
opposite magnetic field completed the magnetic reversal
process. The change in the density of small domains with
oxygen pressure is presumably associated with a change
in the nucleation sites in the tetragonally distorted (001)
NiCo2O4 films. XRD results suggested that increasing
oxygen pressure decreased the tetragonal lattice distortion

and the deposition rate. We conjecture that a large lattice
distortion and deposition rate induces a large local
magnetic fluctuation. Thus, it can make a few nucleation
sites even in a small opposite magnetic field. A decrease
in the lattice distortion and deposition rate presumably
suppresses local magnetic fluctuation and, under a
relatively large opposite magnetic field, generates many
equivalent nucleation sites in the NiCo2O4 film.

NiCo2O4 films fabricated at oxygen pressures of 20-200
mTorr showed strong ferrimagnetism and metallicity at
room temperature and distinctive perpendicular magnetic
anisotropy. On the other hand, NiCo2O4 films at an
oxygen pressure below 15 mTorr exhibited weak
ferrimagnetism and semiconductor behavior, consistent
with previous reports [23]. Bitla reported that the mixed
ionic state and the coexistence of ferrimagnetism and
metallicity in NiCo2O4 could be explained by the double
exchange interaction of Ni3+-O-Ni2+ ions [24]. Our study
shows that it is possible to fabricate (001) NiCo2O4 films
with potential applications at room temperature by
fabricating them at oxygen pressures above 20 mTorr.
Additionally, we report that oxygen partial pressure
during the film deposition modifies the microscopic
domain structure of (001) NiCo2O4 films during the

Fig. 7. Magnetic domain structures of (001) NiCo2O4 films grown at (a) 20 mTorr, (b) 50 mTorr, (c) 100 mTorr, and (d) 200 mTorr.

The image size is 810 × 680 m2.
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magnetic reversal process.

4. Conclusions

Using a pulsed laser deposition, we fabricated epitaxial
(001) NiCo2O4 films on (001) MgAl2O4 substrates at 320
℃ while varying the oxygen partial pressure from 10 to
200 mTorr. As the oxygen partial pressure increased, the
film’s out-of-plane lattice constant and deposition rate
decreased distinctively. The NiCo2O4 films exhibited
perpendicular magnetic anisotropy above the oxygen
pressure of 15 mTorr and a maximum coercivity of about
1500 Oe at 200 mTorr. Moreover, the ferromagnetic-to-
paramagnetic phase transition temperature increased to
385 K as the oxygen partial pressure varied. As the
oxygen pressure increased from 20 to 200 mTorr, there
was a significant increase in the density of the small
nucleated domains during magnetic reversal. This study
shows that the oxygen partial pressure is an important
deposition parameter that affects the distribution of
cations within the material and also its ferromagnetism,
metallicity, lattice distortion, and perpendicular magnetic
anisotropy. Conclusively, it is thought that NiCo2O4 films
grown at 50-200 mTorr and 320 ℃ can be exploited in
various magnetic device applications.
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