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Itinerant ferromagnetism in rocksalt NdO epitaxial thin films
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Rocksalt NdO (001) epitaxial thin films were synthesized. Contrary to paramagnetic NdO bulk polycrystal
in previous studies, NdO epitaxial thin films showed ferromagnetism with a Curie temperature of 19.1 ± 1.8 K,
originating from dominant direct Nd−Nd exchange interaction owing to the small intercationic distance. In
addition, negative magnetoresistance and an anomalous Hall effect were observed.
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I. INTRODUCTION

Lanthanoid compounds exhibit diverse electrical and mag-
netic properties owing to their 4 f electrons interacting with
itinerant electrons [1–3]. Among lanthanoid ions, stable
neodymium trivalent ion shows strong magnetic anisotropy
and orbital dominant magnetization because of partially filled
4 f 3 orbitals [4,5]. These features result in remarkable mag-
netic properties such as a maximum energy product of Nd-
Fe-B magnets [6] and the anomalous Hall effect (AHE) in
Nd2Mo2O7 with geometrically frustrated pyrochlore struc-
ture [7]. Neodymium monochalcogenides and monopnictides,
NdChs except NdO (Ch = S, Se, Te) [8] and NdPns (Pn = N,
P, As, Sb) [9], have long been investigated because their
simple rocksalt structure was suitable to model the magnetic
interactions (Fig. 1). While NdPns with Nd3+ ions are insula-
tive to semimetallic electrical conduction depending on p − f
coupling strength [10–12], NdChs exhibit metallic conduction
because of 5d1 itinerant electrons in Nd2+ ion [8,13]. By
contrast, magnetism in both NdXs (X = Ch, Pn) is governed
by intercationic distance between Nd ions, depending on
anion size. In analogy with EuChs [1], possible magnetic in-
teractions among the Nd ions are ferromagnetic direct interac-
tion, antiferromagnetic superexchange interaction, and long-
range Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction.
The nearest-neighbor ferromagnetic exchange interaction in-
creases with decreasing the intercationic distance, whereas the
next-nearest-neighbor antiferromagnetic interaction is almost
independent of the distance [1,14]. As a result, NdPns are
antiferromagnetic from NdSb to NdP through NdAs, with
reduced Néel temperature with decreasing anionic size [9,15],
and turns out to be ferromagnetic for NdN with rather high
Curie temperature [12] (Fig. 1). NdChs show a similar ten-
dency from NdTe to NdS through NdSe [8,16] (Fig. 1). In
NdS, noncollinear magnetic structure was observed, probably
because of RKKY interaction mediated by the 5d1 itinerant
electrons in Nd2+ ion [13,17]. Therefore, ferromagnetism is
expected in NdO with a small lattice constant as a result
of the competitive three exchange interactions. However,
paramagnetism with metallic electrical conduction was re-
ported in bulk NdO polycrystals nearly 40 years ago without

subsequent studies [18,19]. This discrepancy could be most
likely due to sample oxidization from the thermodynamically
unstable NdO to very stable Nd2O3 in air [20]. In this study,
we synthesized single-crystalline NdO epitaxial thin films and
investigated their electrical and magnetic properties. The NdO
epitaxial thin film was metallic as reported but showed ferro-
magnetism below the Curie temperature TC = 19.1 ± 1.8 K,
being consistent with the chemical trend of NdXs (Fig. 1).

II. EXPERIMENT

NdO epitaxial thin films were grown on YAlO3 (110)
substrates (pseudocubic a = 5.22 Å with lattice mismatch =
−4.5%) at 250 °C with the pulsed laser deposition method
under similar conditions as previous studies of rare-earth
monoxides [21–23]. A Nd metal target was irradiated with
a KrF excimer laser (λ = 248 nm) with oxygen pressures up
to 3.0 × 10−8 Torr in an ultrahigh vacuum chamber. NdO
thin films (typically 40 nm thick) were in situ capped with
an ∼5-nm-thick amorphous AlOx layer to prevent oxidation.
Crystal structure and film orientation were analyzed by an
x-ray diffractometer equipped with a four-axis diffractome-
ter (Bruker AXS D8 Discover). The electrical resistivity ρ,
carrier density, and mobility of Hall-bar patterned samples
were measured by the four-probe and Hall effect measure-
ments with a physical property measurement system (Quan-
tum Design Model 6000). The magnetization measurements
were performed by a superconducting quantum interference
device magnetometer (Quantum Design, MPMS2) in which
the diamagnetic signal of the YAlO3 substrate and AlOx layer
was subtracted.

III. RESULTS AND DISCUSSION

From the x-ray diffraction θ − 2θ pattern, only NdO
00l diffractions were observed without any secondary phase
[Fig. 2(a)]. The FWHM of the rocking curve taken at the
002 peak maximum was 0.870°. The reciprocal space map
represented the epitaxial relationship between the NdO film
and YAlO3 substrate as (001) NdO [110] // (110) YAlO3

[001]. The lattice constants calculated from the two peaks
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FIG. 1. Magnetic transition temperatures of NdPns and NdChs.
Blue and red shaded areas correspond to ferromagnetic and antifer-
romagnetic phases, respectively. Inset shows the rocksalt structure of
NdXs.

FIG. 2. (a) X-ray diffraction θ − 2θ pattern and (b) reciprocal
space map at around 224 diffraction for NdO (001) epitaxial thin
film on YAlO3 (110) substrate.

FIG. 3. (a) Temperature dependence of magnetization for NdO
epitaxial thin film at 0.05 T (FC: red; ZFC: blue). Inset shows tem-
perature dependence of inverse susceptibility. (b) Magnetic field de-
pendence of magnetization at different temperatures from 2 to 100 K.
Magnetic field was applied to the out-of-plane [001] direction in
these measurements.

of the NdO epitaxial thin films, probably caused by different
degrees of lattice strains, were a = 5.08 Å, c = 5.05 Å and
a = 5.14 Å, c = 5.16 Å, respectively [Fig. 2(b)], being close
to 4.994 ± 0.005 Å of bulk polycrystal [24]. Thinner films
possessed a nonsplit 002 peak, but their influence on physi-
cal properties were not observed (see Supplemental Material
[25]).

Figure 3(a) shows the temperature T dependence of mag-
netization for the NdO epitaxial thin film. The magnetization
in field cooling (FC) significantly increased with decreasing
temperature, deviating from that in zero field cooling (ZFC)
below 25 K [26]. The Kouvel-Fischer plot indicated TC of 19.1
± 1.8 K (Fig. S4) [25]. Magnetic hysteresis was also observed
below TC in magnetization measurements [Fig. 3(b)]. The
coercive field of 5000 Oe at 5 K was much higher than that of
about 100 Oe for EuO (001) epitaxial thin films at 5 K [27,28],
reflecting larger spin-orbit coupling of the 4 f 3 electron system
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FIG. 4. (a) Temperature dependence of resistivity for NdO epi-
taxial thin film at various magnetic fields. Inset shows overall view
of 2–300 K. (b) Magnetic field dependence of anomalous Hall
conductivity at different temperatures from 2 to 50 K. The magnetic
field was applied to the out-of-plane [001] direction.

in Nd ion compared to the 4 f 7 electron system in Eu ion
[4,29]. Taking into account that only NdN is ferromagnetic
among NdPns, ferromagnetism in NdO suggests that direct
ferromagnetic exchange interaction among Nd ions was dom-
inant due to small oxide ions.

Magnetic parameters evaluated from the Curie-Weiss
(CW) fitting above 30 K were the effective magnetic moment
meff = 2.93 μB and the Curie-Weiss temperature θCW = 18 K
[inset of Fig. 3(a)]. The former was close to ideal meff =
3.62 μB for a free Nd3+ ion with the tenfold degenerate J =
9/2 (L = 6, S = 3/2) ground state. On the other hand, the
saturation magnetization observed in the magnetization curve
was 1.1μB at 2 K, which is about 1/3 of the ideal meff . Such

a reduced magnetic moment was also reported for NdN thin
film, attributed to crystal field splitting of the original ground
state by symmetry lowering [12]. The ground-state multiplet
of Nd ion in NdO is expected to split into a doublet �6 and
two quartets �8 under octahedral crystal fields as in the case
of NdN, NdS, and NdSe [13,30]. Such a splitting is likely neg-
ligible at high temperature due to thermal energy but could be
discernible at low temperature, resulting in preferential popu-
lation at the lower-lying state concomitant with reduced mag-
netic moment. Indeed, meff was strongly reduced to about 1 μB

under weak tetragonal lattice distortion of 0.2% in case of
NdN thin film [12]. Considering a tetragonal distortion greater
than 0.5% in the NdO epitaxial thin films, the small meff at low
temperature could be attributed to such crystal field splitting.

T dependence of resistivity ρ showed a metallic (dρ/dT >

0) behavior [Figs. 4(a) and 4(b)], as reported for bulk samples
[18]. The carrier density and mobility at 300 K were 1.1 ×
1023 cm−3 and 0.77 cm2 V−1 s−1, respectively. The measured
carrier density was higher than the theoretical value of 3.02 ×
1022 cm−3 under the assumption that each Nd ion provides
one 5d1 itinerant electron, where the former could be pos-
sibly overestimated by the presence of paramagnetic AHE
[31,32]. The resistivity showed nearly T-linear behavior for
20–300 K, followed by a sharp decrease below TC similar to
doped EuO [28], indicating significant 4 f − 5d coupling in
NdO. Since the anomalous Hall conductivity σAHE is a good
measure of M [33], σAHE was calculated from the equation
σAHE = ρAHE/(ρ2 + ρAHE

2), where ρAHE is anomalous Hall
resistivity. AHE below TC showed clear hysteresis curves
[Fig. 4(b)], similar to the magnetization curves [Fig. 3(b)].
The temperature dependence of the coercive field, defined
as the half width of the hysteresis curve, for σAHE showed
good coincidence with that for the magnetization, as shown
in Fig. S5 of the Supplemental Material [25], indicating that
ferromagnetism is the main origin for the AHE.

IV. SUMMARY

NdO epitaxial thin films were successfully synthesized.
The temperature dependence of resistivity and magnetiza-
tion indicated itinerant ferromagnetism of NdO below TC =
19.1 ± 1.8 K, reflecting the dominant ferromagnetic direct
exchange interaction as a result of the small oxygen ionic
radius. Magnetization was significantly reduced from the ideal
value, probably due to symmetry lowering similar to the case
of NdN. The negative magnetoresistance and distinct AHE
suggested the strong 4 f − 5d coupling.
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