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We experimentally investigated the magnetic properties of NiCo2O4 epitaxial films known to
be conductive oxides with perpendicular magnetic anisotropy (PMA) at room temperature. Both
magneto-torque and magnetization measurements at various temperatures provide clear experimen-
tal evidence of the spin reorientation transition at which the MA changes from PMA to easy-cone
magnetic anisotropy (ECMA) at a certain temperature (TSR). ECMA was commonly observed in
films grown by pulsed laser deposition and reactive radio frequency magnetron sputtering, although
TSR is dependent on the growth method as well as the conditions. The cone angles measured from
the c-axis increased successively at TSR and approached a maximum of 45-50 degrees at the lowest
measurement temperature of 5 K. Calculation with the cluster model suggests that the Ni3+ ions
occupying the Td site could be the origin of the ECMA. Both the magnetic properties and the results
of the calculation based on the cluster model indicate that the ECMA is attributable to the cation
anti-site distribution of Ni3+, which is possibly formed during the growth process of the thin films.

I. INTRODUCTION

NiCo2O4(NCO) is a conductive inverse spinel ox-
ide (Fd3̄m) that exhibits ferrimagnetism with a Curie
temperature as high as TC ≈ 400 K [1, 2]. Ow-
ing to the mixed valence of its cations, NCO can be
expressed in terms of the following chemical formula:
(Co2+

x Co3+
1−x)tet[Co3+Ni2+

1−xNi3+
x ]octO

2−
4 (0 < x < 1),

where the subscripts “tet” and “oct” represent the tetra-
hedral (Td) and octahedral (Oh) sites, respectively. The
Td sites are occupied by Co2+ (d7; S = 3/2) and Co3+

(d6; S = 2). On the other hand, the Oh sites are occupied
by Ni2+ (d8; S = 1), Ni3+ (d7; S = 1/2), and Co3+ (d6;
S = 0). From the viewpoint of the number of d-electrons
at each site, the nominal saturation magnetization is 2
µB/f.u. irrespective of the value of x, as long as the Td
sites are only occupied by Co ions.

The mixed valence properties of NCO confer unique
characteristics upon this transition metal oxide, such as
relatively high electrical conductivity [3–6], and electro-
chemical activity [7]. In particular, a large tunnel mag-
netoresistance effect has recently been reported in mag-
netic tunnel junctions fabricated using NCO electrodes,
supporting the half-metallic nature[4, 7, 8]. In addition,
NCO(001) films grown on MgAl2O4 (MAO) substrates
exhibited perpendicular magnetic anisotropy (PMA) [9–
12] of Keff

u ≈ 0.3 MJ/m3 at room temperature. The fact
that both the half-metallicity and PMA are realized at
once indicates that the NCO films possess good poten-
tial for application in spintronic devices. Mellinger et al.
remarked that the PMA is due to the magneto-elastic
effect, which is provided a semi-quantitative explanation
for its attribution of the PMA to the compressive strain
of ∼ −0.3% to which Co at the Td sites is subjected as a
result of epitaxial distortion [13].

In this paper, we report that NCO films have spin re-

orientation (SR) transitions at low temperatures, that
is, the magnetic anisotropy (MA) of the films changes
from PMA to easy-cone magnetic anisotropy (ECMA).
This suggests that the higher order term of the uniaxial
MA must be considered at least in the low-temperature
region. To elucidate the origin of the ECMA, we also
performed tight-binding calculations for Co-O and Ni-O
clusters of either the divalent or trivalent states at both
the Td and Oh sites. The results showed that the ob-
served ECMA predominantly originated from the Ni3+

that occupy the Td sites, which is the anti-site disorder
of cation distribution.

This paper is organized as follows. Experimental de-
tails are provided in Sec. II. Section III is devoted to
the experimental results, numerical calculation, and dis-
cussion, and the final section provides a summary of the
work.

II. EXPERIMENTS

We prepared three epitaxial NCO films grown on
single-crystal MAO(001) substrates by reactive radio fre-
quency magnetron sputtering (ES-250MB, Eiko Engi-
neering Co., Ltd.)[14, 15] or pulsed laser deposition (Pas-
cal Co., Ltd.). In the sputtering process, we used a 2-inch
alloy target with a nominal composition of Ni : Co = 1 :
2. The growth conditions of the NCO thin films by sput-
tering were as follows: the Ar and O2 flow rates were
10 and 2.5 sccm, respectively, and the input power was
100 W. The process temperature and working pressure
were 300◦C and 1.3 Pa, respectively. The film thick-
ness was determined to be 50 nm by X-ray reflectivity
measurement. Hereafter, we refer to this NCO film as
Sample S. On the other hand, in the case of the PLD
process, we used a NiCo2Ox ceramic target, which was
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ablated by a 6 Hz KrF excimer laser (λ = 248 nm) with
a laser spot density of 1.2 J/cm2, at a fixed substrate
temperature of 315◦C, and under various oxygen partial
pressures. Detailed process conditions can be found in
Refs. 8, 16, and 17. The NCO films prepared at an oxy-
gen pressure of PO2

= 10 and 100 mTorr are denoted as
Samples P10 and P100, respectively. The film thicknesses
of both Samples P10 and P100 were 30 nm.

Thin film structures were characterized by X-ray
diffraction (XRD). Magnetic hysteresis (MH) loops and
magnetic anisotropy constants were measured using a
vibrating sample magnetometer (VSM) and magneto-
torque meter, respectively. Both magnetic measurements
were performed using a physical property measurement
system (PPMS, Quantum Design).

III. RESULTS AND DISCUSSION

A. Structural characterization

Figure 1 (a) shows the reciprocal space map (RSM)
around the MAO(4, 0, 8) Bragg reflections for each sam-
ple. All three films are tetragonally distorted by the
MAO substrate. The in-plane lattice constant seems to
be constrained by the MAO substrate as a = 8.08 Å,
whereas the out-of-plane (c) constant varies from sam-
ple to sample, namely c = 8.19 Å (c/a = 1.013), 8.27
Å (c/a = 1.023), and 8.25 Å (c/a = 1.021) for Samples
P100, S, and P10, respectively. The lattice parameter
along the c-axis varies from sample to sample, suggest-
ing that the cation distribution varies according to the
growth conditions of the films [16].

We also measured the temperature dependence of the
lattice parameters for Sample S, as shown in Fig. 1 (b).
Both the in-plane and out-of-plane lattice constants a
and c, determined from the NCO(4, 0, 12) Bragg reflec-
tions, are less temperature dependent and are therefore
similar to that of the c/a ratio.

B. Magnetic properties

Figure 2 (a)-(c) shows the temperature dependence of
MH loops in the presence of a magnetic field applied per-
pendicular to the film plane. All films exhibited square-
shaped hysteresis loops at temperatures above 250 K,
whereas the coercivity varies markedly among the sam-
ples. Moreover, with decreasing temperature, a stronger
field is needed to saturate the magnetization at low tem-
peratures in Samples P10 and S, meaning that the square-
ness of the hysteresis is reduced. The squareness ratio
starts to decrease at a certain temperature, as shown in
Fig. 2 (d). For example, the squareness ratio of Sample
P10 decreases from 200 K and almost constant below 70
K, and that of Sample S starts decreasing at approxi-
mately 70 K. For Sample P100, however, the squareness
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FIG. 1. (a) RSMs around the NCO(4, 0, 8) and MAO(4, 0, 8)
reflections. (b) Temperature dependence of the lattice con-
stant evaluated from the NCO(4, 0, 12) Bragg reflection in
Sample S. The inset shows the temperature dependence of
the c/a ratio.

ratio appears to be close to 1 at all measured tempera-
tures. The squareness ratios at 30 K, the lowest tempera-
ture at which we performed measurements, are 0.99, 0.81,
and 0.73 for P100, S and P10, respectively (see the inset
of Fig. 2 (d)). The squareness at lower temperatures is
obviously smaller for Samples S and P10, although the
M(T ) curves of none of the three films exhibited any
anomalies.

Figure 2 (e) shows the temperature dependence of
the saturation magnetization MS , with higher values be-
ing observed for samples with higher Curie temperature
(TC). Because TC and MS are simply associated with the
strength of the exchange interaction and the difference in
the magnetic moments between the Oh and Td sites, re-
spectively, the clear positive correlation between TC and
MS indicates that the distribution of both Co and Ni at
both the Td and Oh sites changes with the growth con-
ditions. In fact, according to a recent structural analysis
of NCO films, the amount of cation distribution defects
or anti-site defects characteristic of NCO films is non-
negligible [16].

Figure 2 (f) shows the MH loops of Sample S with the
magnetic field parallel to the film plane. These results
reveal that the MH loops became rounded and the area

corresponding to
∫Ms

0
µ0H(M)dM tended to be smaller
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as the temperature decreases. Considering the lowest
order term of MA, these results indicate that the effective
MA decreases at low temperatures. Note that this does
not occur in conventional ferromagnetic or ferrimagnetic
materials; therefore, a detailed evaluation of MA must
be carried out, especially at low temperatures.
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FIG. 2. MH loops of NCO film with µ0H ⊥film plane of (a)
Sample P100, (b) Sample S, and (c) Sample P10. (d) Tem-
perature dependence of the squareness ratio in each sample
(inset: MH loops for the three samples at 30 K). (e) Temper-
ature dependence of MS determined from VSM results. (f)
µ0H ‖ film plane of Sample S.

The magneto-torque curves of the ac-plane (around the
b-axis, Lθ) and of the ab-plane (around the c-axis; Lφ)
from room temperature to 5 K taken under µ0H = 9
T are shown in Fig. 3. As shown in Fig. 3 (a), the
shape of Lθ at high temperatures exhibit two-fold com-
ponent crossing zero with a negative slope at θ = 0 and
180 degree, indicating the preferential magnetization di-
rections of the films correspond to the direction normal
to the film plane, which is consistent with previous re-
ports [10, 13]. However, four-fold components appear
in the torque curves with decreasing temperature. The

existence of four-fold components means that the higher-
order terms in uniaxial MA are crucial for understanding
the preferential magnetization directions [18].

In the Lϕ curves shown in Fig. 3 (b), on the other
hand, the torque signals are observed only at low tem-
perature and are weaker than those of Lθ, meaning that
the out-of-plane uniaxial components are dominant in the
NCO films.
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FIG. 3. Magneto-torque curves of (a)Lθ (ac-plane), and
(b)Lϕ (ab-plane) for the three samples at various tempera-
tures.

In tetragonal crystal systems, the magnetic anisotropy
energy (EA) and magneto-torque for the ac-plane (Lθ)
and ab-plane (Lϕ) can be written as follows [18, 19]:

EA = Keff
u1 sin2 θ +Ku2 sin4 θ +K3 sin4 θ sin2 2ϕ, (1)

Lθ ≡ −∂θEA = −
(
Keff
u1 +Ku2

)
sin 2θ +

1

2
Ku2 sin 4θ,(2)

Lϕ ≡ −∂ϕEA = −K3 sin 4ϕ, (3)

where Keff
u1 and Ku2 are the uniaxial magnetic anisotropy

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

u1 comprises both magnetic anisotropy con-
tributions from magnetocrystalline anisotropy Ku1 and
shape anisotropy µ0M

2
S/2, i.e., Keff

u1 = Ku1 − µ0M
2
S/2.
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The MA constants enable us to determine the shape of
the preferential directions of the net magnetization [18],
and these results are provided in Table I.

TABLE I. Relation between the respective magnetic
anisotropy constants and schematics of preferential magneti-
sation orientation.

Keff
u1 > 0 Keff

u1 < 0

Keff
u1 +Ku2 > 0 Keff

u1 +Ku2 < 0 Keff
u1 + 2Ku2 > 0

Keff
u1 + 2Ku2 < 0

Perpendicular In-plane Easy-cone
magnetic magnetic magnetic

anisotropy anisotropy anisotropy
(PMA) (ECMA)
TSR < T T < TSR

Figure 4 (a) shows the MA constants determined by
fitting the torque curve using Eq. (2), (3). The values
of Keff

u1 were positive at high temperatures and the sign
changes to negative as the temperature decreases. In con-
trast, the values of Ku2 were positive at all temperatures.
Moreover, the absolute values of both Keff

u1 and Ku2 in-
creased suddenly and drastically when the temperature
reached a certain point and this depended on samples.
On the other hand, K3 is much weaker than the out-of-
plane terms of both Keff

u1 and Ku2. Because Ku2 > 0
for all temperature ranges, if Keff

u1 > 0 NCO exhibits
PMA (see Table I) [18]. In contrast, when Keff

u1 changes
its sign from positive to negative, spin reorientation oc-
curs, and the NCO exhibits ECMA. Hereafter, we refer
to the temperature at which Keff

u1 becomes 0 as the spin-
reorientation transition temperature (TSR). The values
of TSR for all samples are listed in Table II. It should
also be noted that the temperature at which the square-
ness ratio begins to decrease is close to the value of TSR

determined by the torque measurements, indicating that
the change in the squareness ratio is attributed to the
change in MA. In addition, the cone angle determined
from the magneto-torque is in good agreement with that
estimated from the squareness ratio, as shown in Fig. 2
(d).

By considering K3, the cone angle θ0 measured from
the c-axis can be expressed as

θ0(ϕ) =

√
−Keff

u1

2(Ku2 +K3 sin2 2ϕ)
. (4)

Figure 4 (b)-(d) show the temperature dependence of θ0,
determined from Eq. (4), for the three samples. As the
temperature decreases, θ0 continuously increases from
θ0 = 0 to a finite value. We note that θ0(T ) for the
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FIG. 4. Temperature dependence (a) of the magnetic
anisotropy energy in each sample and (b)(d) of the cone angles
for the two different ϕ directions calculated from Eq. 4. The
vertical broken lines in (a) roughly indicate the temperatures
where Keff

u1 change their signs.

MA of Co2Y-hexaferrite was reported to exhibit similar
behavior [20].

The saturation magnetization extrapolated to 0 K
(M0), TC , TSR, and the values of Ku for each sample
are summarized in Table II. The films with higher TC
exhibit larger M0 values and lower TSR. Moreover, the
MA constants seem to be linearly correlated with TC , as
shown in Fig. 5. On the other hand, at approximately
room temperature, the sample with higher TC exhibits
stronger PMA, as shown in Fig. 4. According to a pre-
vious study [16], TC is higher for NCO films with less
anti-site disorder. In contrast, our experimental results
suggest that samples with lower TC have stronger ECMA
and higher TSR. Therefore, ECMA seems to be associ-
ated with samples with off-stoichiometric compositions
or anti-site distributions [16], which is consistent with
the fact that no sign of a non-collinear spin structure
was apparent even at 4.2 K in a stoichiometric powder
sample of NCO by neutron diffraction [1]. Although TSR

varies from sample to sample, the ECMA emerges at low
temperatures regardless of the sample preparation tech-
nique, indicating that ECMA generally emerges at low
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temperatures in tetragonally distorted NCO films.

TABLE II. Summary of the magnetic properties: saturation
magnetization extrapolated to 0 K (M0), magnetic anisotropy
constants, TC , and TSR.

Sample P100 S P10

M0 (µB/f.u.) 2.2 2.0 1.6
Ku1 (MJ/m3) −0.12 −0.53 −0.99
Ku2 (MJ/m3) 0.52 0.81 1.08

TC (K) ∼ 410 ∼ 350 ∼ 280
TSR (K) ∼ 10 ∼ 70 ∼ 200
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FIG. 5. Curie temperature for the two respective magnetic
anisotropy constants at 5 K of the three samples.

C. Electron theory

To understand the origin of the relatively large Ku2

component bearing ECMA, we performed a numerical
calculation to evaluate the MA of each ion present in
tetragonally distorted NCO within the framework of the
cluster model [21, 22]. Because of the presence of site-
distribution disorders, we performed the calculations for
eight different clusters using four ions, Co2+, Co3+, Ni2+,
and Ni3+, which occupy either the Td or Oh sites. Then,
we estimated the total MA by considering plausible site
distributions.

The electronic structure of the cluster was calculated
using a tight-binding model for the 3d- and 2p-orbitals of
the transition metal and oxygen ions, respectively, and by
including the spin-orbit interaction (SOI). We assumed
that the 3d-states of the Co and Ni ions are fully spin-
polarized, and that the ions have local moments. The
parameters of the inter-site p-d hopping between the 3d-
orbitals of a transition metal ion and the 2p-orbitals of
the oxygen ions were obtained from Harrison’s textbook
[23, 24]. The ground state energy was calculated by di-
agonalizing the Hamiltonian as a function of the mag-
netization direction. The lattice constant and Wyckoff
position of NCO were obtained from a previous report
[1]. The electron configurations and SOIs for each ion
are summarized in Table III.

TABLE III. Summary of electron configurations of the ions.

Ion Co2+ Co3+ Ni2+ Ni3+ O2−

Electron 3d7 3d6 3d8 3d7 2p6

SOI (meV) 20 30 30 30 —

In the calculation, we assumed that the Ni3+ ions oc-
cupying the Oh site are in a low-spin state of S = 1/2
[5]. We excluded the calculation of Co3+ in the Oh site
because of the low spin state of S = 0. To satisfy the
above conditions, the Coulomb potential U was set to be
0.05 eV for Ni in the Oh site, whereas the potential for
the others was U = 6.0 eV.

Figure 6 (a) and (b) show the angle-dependent energy
of the magnetic moment (∆E) at the Td and Oh sites, re-
spectively. The preferential spin direction of Co3+ at the
Td site is parallel to the c-axis, which is consistent with
previous tight-binding calculations [13]. On the other
hand, those of Co2+ at the Oh site and Ni2+ at the Td
site are preferentially orientated in the ab-plane. ∆E(θ)
of Ni3+ at the Td site has a large Ku2 with a minimum
of approximately 45 and 135 degree; therefore, it could
be the origin of the ECMA.
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FIG. 6. Calculated dependence of the magnetic moment on
the angle ∆E(θ) at (a) Td, and (b) Oh sites. (c) Calculated
total anisotropy based on the adapted cation distribution in
Table IV.

Next, we attempted to deduce the total MA by con-
sidering the site distribution. Because the positive Ku2

possibly originates from Ni3+ at the Td site, we need to
introduce the anti-site disorders of Ni3+ at the Td sites in
our calculation. In fact, according to recent experimen-
tal research [16], approximately 10-20% of the anti-site
disorders are present at the Td site in the NCO films re-
gardless of the growth conditions. To estimate the total
∆E(θ), we assumed the cation distributions listed in Ta-
ble IV. The distribution satisfies the assumption that
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the ratio of atoms is Ni : Co : O = 1 : 2 : 4, and the total
valence becomes zero.

TABLE IV. Assumed cation distribution of ions for total MA
calculation.

Site Td Oh
Ion Co2+ Co3+ Ni3+ Co3+ Ni2+ Ni3+

S 3/2 2 3/2 0 1 1/2
Occupancy 0.85 0.0 0.15 1.15 0.15 0.70

Figure 6 (c) shows the results of the calculation of the
total MA that takes into account the cation distribution
in Table IV. By fitting the total ∆E(θ) using Eq. (1),
we obtain Ku1 = −1.34 MJ/m3 (−0.56 meV/f.u.), and
Ku2 = 1.42 MJ/m3(0.59 meV/f.u.). Because Keff

u1 < 0
and Ku2 > 0, the calculated result qualitatively repro-
duces the ECMA. Note that both Ku1 = Keff

u1 +µ0M
2
0 /2

and Ku2 are in relatively good agreement with the exper-
imentally obtained values, and especially closely approx-
imate those for Sample P10, as in Table II. According to
the site/ion dependencies of ∆E shown in Fig. 6 (a) and
(b), the small amount of Ni3+ that occupies the Td site
is a key component responsible for the ECMA.

IV. CONCLUSION

We investigated the lattice distortions and magnetic
properties of epitaxial NCO films grown on MAO(001)
substrates by magnetron sputtering and PLD. Although
the NCO films exhibited PMA at room temperature, the
magneto-torque experiments revealed that the NCO films
exhibited ECMA below TSR, regardless of the prepara-
tion technique. The observed spin reorientation seemed
to occur continuously at TSR, and the cone angle in-
creased with decreasing temperature. TSR and TC are
strongly dependent on the conditions under which the
film was grown, suggesting that these conditions affect
the distribution of the different cations. The proposed
electron theory based on the cluster model successfully
explains the origin of the ECMA, which is attributed to

the Ni3+ that occupy the Td site. The results of both
the experimental and cluster model calculations suggest
that the ECMA is the result of the cation anti-site distri-
bution of Ni3+ associated with the growth conditions of
the thin film. Although we succeeded in reproducing the
ECMA within the framework of the cluster model calcu-
lation, the reason for the change in the sign of Ku1 at TSR

remains to be solved. The mechanism of the spin reori-
entation transition could be related to the mixed-valence
nature of NCO. We note that the differences among sam-
ples in the magnetic properties cannot be comprehen-
sively explained by only the cation distribution. Other
defects such as oxygen deficiency could be a crucial factor
to determine the magnetic properties of the NCO films.
The role of oxygen deficiency in NCO is an important
issue to control the magnetic properties and therefore is
a question to be clarified next.
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