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ABSTRACT: Neodymium-based permanent magnets are fundamental to
modern technologies, underpinning high-performance applications in
electronics, renewable energy, and advanced medical systems. Among
emerging neodymium compounds, neodymium nitride (NdN) has
attracted significant attention due to its unique electronic structure,
where strongly localized 4f orbitals and strong spin−orbit coupling are
anticipated to drive exceptional magnetic behavior. Here, we show
conclusive experimental evidence of orbital angular momentum-driven
ferromagnetic ordering and prominent magnetic anisotropy in epitaxial,
near-stoichiometric NdN thin films synthesized using ultrahigh vacuum
deposition techniques. Magnetization and X-ray magnetic circular
dichroism measurements reveal a dominant 4f orbital moment of 5.14
μB, contributing to a total magnetic moment of 2.43 μB per formula unit at 4 K, close to the first-principles density functional
theory calculated values. Complementary synchrotron-radiation photoelectron spectroscopy, along with the theoretical
calculations, uncovers occupied 4f states ∼6.4 eV below the Fermi level, contributing to the orbital-driven ferromagnetism in
NdN. Moreover, the high crystalline quality of the NdN films is further supported by the structural characterization and
vibrational properties. The intrinsic orbital angular momentum-driven magnetism of NdN positions it as a promising platform
for next-generation orbitronic devices beyond conventional spintronics.
KEYWORDS: orbital angular momentum, ferromagnetism, rare-earth nitrides, spin−orbit coupling, XMCD, SR-UPS,
first-principles calculations

INTRODUCTION
Neodymium permanent magnets are fundamental to modern
technology, delivering exceptional magnetic performance
essential for consumer electronics, renewable energy, and
medical imaging applications.1,2 Their remarkable strength
stems from the intricate interplay of neodymium’s localized 4f
electrons, crystal field effects, and strong spin−orbit coupling
(SOC), which collectively enhance magnetic moments and
coercivity.3−5 These materials also exhibit unique magnetic
properties with significant potential for spintronics and high-
performance magnetic devices.3,5−8 However, beyond conven-
tional NdFeB alloys, neodymium-based compounds such as
neodymium nitride (NdN) have emerged as promising
materials in recent years.5,7−9 As a member of the lanthanide
nitride family, NdN crystallizes in a cubic rock-salt structure

and demonstrates narrow bandgap semiconducting behavior.10

Unlike other rare-earth nitrides (RENs) such as SmN, EuN,
and YbN, where rare earths exhibit partial divalent character,
neodymium in NdN remains exclusively in the trivalent
oxidation state, imparting distinct electronic and magnetic
characteristics.3,11,12 However, despite its potential, the
development of NdN as the next generation magnetic and
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spintronic material has been hindered by challenges in
synthesizing high-quality, stoichiometric bulk crystals and
epitaxial thin films, primarily due to its extreme sensitivity to
oxidation and the formation of undesired hydroxides.13,14

Overcoming such growth challenges and understanding the
intricate details of the electronic structure and magnetic
ordering is crucial to unlocking NdN’s full potential for next-
generation applications.
In general, the magnetic properties of rare-earth pnictides

are strongly governed by the unique behavior of partially filled
4f orbitals, which fundamentally differ from the spin-
dominated magnetism in 3d transition metal com-
pounds.3,10,15−17 In conventional 3d ferromagnetic systems,
crystal field interactions from the surrounding ligands typically
suppress the angular momentum contribution of the 3d
orbitals. However, in RENs, the highly localized nature of 4f
electrons enables a significant orbital angular momentum
contribution, leading to unconventional ferromagnetic behav-
ior.18 This ferromagnetism mainly arises from two primary
sources - the orbital angular momentum associated with
electron motion around the nucleus and the spin angular
momentum, an intrinsic quantum property of electrons. The
inter-relationship of these contributions can be conceptualized,
as illustrated in Figure 1a, where the total magnetic moment
results from the combination of both orbital and spin
moments. In rare-earth elements, SOC allows the orbital
magnetic moment to remain significant even in the presence of
the crystal field, as shown in Figure 1b.18 According to Hund’s
rule, in heavy rare-earth elements, the spin and orbital
momentum are parallel (J = L + S), which amplifies the
total magnetic moment. In contrast, for light rare-earths like
Nd, the spin and orbital momentum align antiparallel (J = |L -
S|), so the orbital moment can oppose the spin moment,

resulting in a negative net magnetization.8,18,19 Such a notable
phenomenon deviates from conventional spin-only magnetism,
underscoring the complex magnetic nature of RENs and
raising the possibility of devices that utilize a new subfield of
orbitronics, where the presence of a large orbital magnetic
moment can be used to generate long-range orbital torques.20

Indeed, orbital angular momentum-driven ferromagnetic
ordering has been an intense topic of research for NdN and
SmN.8,19

In the case of NdN, early investigations date back to the
1960s, when sintered powders and bulk polycrystals were
synthesized to explore their fundamental magnetic proper-
ties.15 Resistivity and specific heat measurements as a function
of temperature revealed a metallic-like positive temperature
coefficient of resistivity, characteristic of many RENs.21,22 Such
behavior was attributed to the nitrogen vacancies (VN) and
substitutional oxygen at N-site (ON) forming substoichio-
metric compositions, which commonly introduce heavy n-type
doping in III-nitrides.21 Optical absorption studies further
confirmed the semiconducting nature of stoichiometric NdN,
identifying a bandgap of ∼ 0.8 eV.23 Previously reported,
polycrystalline and powdered NdN exhibited a paramagnetic
to ferromagnetic transition at a Curie temperature (TC)
between 25 and 35 K.15,24−26 The measured saturation
ferromagnetic moment also varied from 1.8 μB to 3.1 μB per
formula unit, depending on sample quality and stoichiom-
etry.26,27 Neutron diffraction studies further revealed that,
unlike other neodymium pnictides (e.g., NdP, NdAs, NdSb),
which exhibit an antiferromagnetic ground state, NdN adopts a
simple ferromagnetic ordering, such as observed in gadolinium
nitride (GdN).28,29 However, unlike the ferromagnetism in
GdN, which solely emanates from the spin angular
momentum, the ferromagnetism in NdN is expected to be

Figure 1. Orbital angular moment-driven ferromagnetism in NdN thin films. (a) Schematic illustration of orbital angular momentum
resulting from electron motion around the nucleus and spin magnetic moment arising from the intrinsic quantum properties of electrons.
(b) Nitride rock-salt structure highlighting spin-driven and orbital-driven contributions to ferromagnetism (FM). In pnictides such as XN,
where X is a 3d transition metal, the magnetism arises primarily from the spin angular moment, as the orbital contribution is largely
quenched. In contrast, 4f rare-earth systems like NdN, both spin and orbital angular momentum contribute significantly to magnetism. (c)
Temperature-dependent field-cooled (FC) and zero-field-cooled (ZFC) out-of-plane magnetization of NdN at an applied field of 0.1 T. Inset
shows derivative of field-cooled magnetization highlighting a TC at ∼ 35 K. (d) Magnetization vs applied magnetic field measurement
showing hysteresis loops of an NdN thin film deposited on (0001) Al2O3 substrate at various temperatures. The diamagnetic background
from the substrate is subtracted for each temperature. The inset shows the temperature dependence of the coercive field. (e) X-ray
Absorption Spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) at the Nd-M5,4 edges, demonstrating an orbital-driven net
magnetic moment in NdN.
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mainly governed by the orbital angular momentum from the
partially filled 4f orbitals.18 Yet, all of these early studies on
NdN were conducted on samples with varying degrees of
oxygen contamination, oxidized surfaces, and nitrogen
deficiency, preventing a precise determination of the intrinsic
properties of the stoichiometric NdN. Notably, no reports
from this period described in detail the growth of epitaxial and
single-crystalline NdN thin films, which are crucial for device
applications.
Recent advancements in molecular beam epitaxy (MBE)-

deposited NdN have reignited research interest in this material,
particularly through the deposition of high-quality thin
films.8,22 While these films exhibited polycrystalline morphol-
ogy, they demonstrated an optical bandgap of ∼ 0.9 eV and a
reduced ferromagnetic moment of 1.0 μB, below the Hund’s
rule value of 3.27 μ per formula unit, due to strain.8 This
renewed exploration of NdN offers a fresh perspective on its
magnetism and electronic structure, potentially unlocking new
opportunities for integration into spintronic and orbitronic
device technologies. Moreover, determination of the electronic
structure of NdN, particularly its valence band, through
photoemission measurements is crucial not only for deepening
the understanding of its electronic properties but also for
providing essential insights into the origin of its magnetic
ordering. Therefore, motivated by the prospect of utilizing
NdN in practical devices, in this work, we develop epitaxial and
highly crystalline NdN thin films and study the intricate details
of its orbital angular momentum-driven magnetism and
electronic structure. With its large orbital angular momentum
contribution and magnetic anisotropy, NdN provides an ideal
platform for advancing orbitronics.

RESULTS AND DISCUSSION
Epitaxial NdN thin films of thickness ∼ 95 nm are deposited
on (0001) Al2O3 and (111) MgO substrates with an ultrahigh
vacuum magnetron sputtering at a base pressure of 1 × 10−9

Torr and 800 °C substrate temperature. To protect the NdN
films from oxidizing, an AlN capping layer is deposited on the
films in situ at the same deposition conditions. AlN acts as an
oxidation-resistant material due to the formation of a thin
native Al2O3 coating on its surface, which prevents further
oxidation.30 Details of the growth and characterization
methods are presented in the methods and experimental
procedures section and Supporting Information (SI) Section 1.
The AlN-capped NdN film appears reddish black, due to its
relatively lower optical bandgap of 1.1 eV, as shown in Figure
S1 of the SI Section 2. Room-temperature Hall measurements
(performed with a 2 nm AlN capping layer) reveal an electron
mobility of 9.4 ± 1.0 cm2/V.s for NdN films deposited on
(0001) Al2O3 substrates. Additionally, a large n-type carrier
concentration of 1.4 × 1021 cm−3 is measured, mainly due to
the presence of substitutional oxygen impurities and a small
amount of VN as shown in Figures S16 and S15, respectively.
The primary source of oxygen incorporation in as-deposited
NdN thin films is contamination of the Nd target and residual
oxygen in the deposition chamber, as the film is capped with an
in situ deposited AlN layer to protect it from further oxidation
under atmospheric humidity. Moreover, the presence of a
small quantity of nitrogen vacancy in our NdN films cannot be
ruled out and its presence also leads to an n-type doping nature
in NdN (see Figure S15) similar to the ON. Such a large carrier
concentration results in a room-temperature resistivity of 4.5 ×

10−4 Ω.cm in NdN, indicating its degenerate semiconductor
behavior.
Field-cooled (FC) and zero-field-cooled (ZFC) magnet-

ization measurements as a function of temperature with 0.1 T
(see Figure 1c) out-of-plane applied magnetic field reveal a
gradual increase in the magnetic moment starting from ∼ 50 K
with a clear bifurcation between the ZFC and FC curves at ∼
35 K, marking the onset of the phase transition from
paramagnetic to ferromagnetic ordering. The temperature
derivative of the FC magnetization (see inset in Figure 1c)
additionally shows a prominent peak near 35 K, which
corresponds to the ferromagnetic Curie temperature (TC). The
measured TC of 35 K in NdN thin films agrees well with
previously reported values on powder specimens but is slightly
lower than the previous report on polycrystalline film.8,15 Since
VN typically increases the TC in RENs, the observed
magnetization and TC measurements suggest that our NdN
films are nearly stoichiometric and contain minimal VN.

31

Temperature-dependent magnetization (M) vs applied out-
of-plane magnetic field (H) measurements on (0001) Al2O3
substrate show characteristic hysteresis loops in NdN thin films
below the TC ∼ 35 K, confirming its robust ferromagnetic
behavior (see Figure 1d). Hysteresis loops at 10, 20, and 30 K
display distinct coercivity and remanent magnetization,
providing clear evidence of a long-range ferromagnetic
ordering. At 10 K, NdN thin films demonstrate a significant
coercive field of 1.24 T, a high remanent magnetization of 2.03
μB, and a saturation magnetization of 2.37 μB per formula unit.
Such out-of-plane magnetization is smaller than the ground
state theoretical free-ion moment of 3.27 μB, calculated from
the Hund’s rule as gJ μB J with J = 9/2 for Nd3+ ions, where gJ,
μB, and J represent the Lande ́ g-factor, Bohr magneton, and
total angular momentum of electrons, respectively. The out-of-
plane magnetization is similar to the previously reported value
of 2.15 μB per formula unit for powder NdN at 2 K and greater
than 0.95 μB per formula unit for the thin film at 5 K.8,15,22

Such a reduction in the saturation magnetic moment can be
attributed to several factors, including partial quenching of
orbital angular momentum by the crystal field, strong spin−
orbit coupling that mixes spin and orbital contributions,
residual strain in the thin film, and the presence of VN.

7,8,28,32

The inset of Figure 1d shows the temperature dependence of
the coercive field, which follows a typical ferromagnetic
behavior, decreasing with temperature and sharply dropping
above TC due to the thermal perturbations. The magnetic
measurement results of NdN on a (111) MgO substrate
appear similar, with an out-of-plane saturation magnetic
moment of 1.56 μB per formula unit and a TC of ∼ 38 K.
The magnetic data on the (111) MgO substrate are presented
in SI Section 4.
To determine the precise orbital and spin magnetic

moments contributions in NdN films, X-ray absorption
spectroscopy (XAS) and X-ray magnetic circular dichroism
(XMCD) measurements are performed at 4 K under an
applied magnetic field of 6 T perpendicular to the incoming
beam using total electron yield (TEY) mode with 3 nm AlN
capping layer (see Figure 1e and Section 3 in SI for details).33

By applying the sum-rule analysis to the XMCD data, the
orbital magnetic moment (lZ) and spin magnetic moment (sZ)
were quantitatively determined.34−36 These analysis yields a lZ
of −5.14 μB and a sZ of 2.98 μB, which sum up to a net
magnetic moment of −2.16 μB per formula unit, in good
agreement with density functional theory (DFT) calculated
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values of lZ of −5.53 μB and a sZ of 2.87 μB, resulting in a total
magnetic moment of −2.66 μB per formula unit. This value
closely matches the experimentally measured saturation
magnetization at 10 K, confirming that the orbital contribu-
tions primarily govern the magnetic properties of NdN. The
Nd-M5,4 edges in the XAS spectra correspond to electronic
transitions from the Nd-3d core levels to unoccupied 4f states.
The observed splitting of the M5 and M4 peaks is attributed to
the strong SOC within the Nd-3d core level. The XMCD
spectra exhibit a pronounced dichroic signal, particularly at the
M5,4 edge, which signifies the dominance of the orbital
component of the highly localized 4f electrons.
Along with the interesting ferromagnetic behavior, NdN thin

films exhibit a distinct magnetic anisotropy (see Figure 2a, 2b,

and 2c) that arises predominantly from the interaction of the
localized 4f electrons of Nd3+ ions with the crystal field
environment, a characteristic feature of RENs.37,38 The highly
localized 4f electrons interact strongly with the electrostatic
potential of the surrounding ions in the cubic crystal structure,
leading to a preferential alignment of the magnetic moments
along specific crystallographic directions.37 The NdN film
grown on (0001) Al2O3 exhibits a higher out-of-plane
magnetic moment per Nd atom than the in-plane moment.
In contrast, the film deposited on (111) MgO shows nearly
identical in-plane and out-of-plane moments (see Figures S3a
and S3b), highlighting the crucial role of epitaxy and
crystallographic orientation in governing the magnetic
anisotropy. On (0001) Al2O3, NdN grows with a single out-
of-plane (001) orientation but forms three twisted in-plane
rotational domains (see Figure 5b and Figure S9), aligning Nd
moments along the out-of-plane direction for all domains and
enhancing the perpendicular magnetization while the in-plane
magnetization is distributed across multiple rotational
domains, and vector averaging reduces the net in-plane
moment. On (111) MgO, the film shows a single growth

orientation and no rotational domains, yielding comparable in-
plane and out-of-plane moments. In addition, both the NdN
films deposited on (0001) Al2O3 and (111) MgO substrates
exhibit shape anisotropy that originates from the magnetostatic
(dipolar) interaction associated with the geometry (shape) of
the film with its characteristics like other magnetic thin films.
Thus, the substrate-dependent epitaxy dictates the observed
magnetic anisotropy also reported previously in Gd-substituted
SmN.39

Such magnetic anisotropy was not observed in previously
reported polycrystalline NdN films, as these mixed orientations
disrupt the uniform crystal field environment.8 This highlights
the critical role of epitaxial growth in determining the magnetic
properties of NdN thin films. The oblate shape of the Nd3+ 4f
electron cloud with slightly higher magnetic moment further
facilitates shape anisotropy,38 leads to an in-plane easy axis of
sputtered deposited NdN thin films on both (0001) Al2O3 and
(111) MgO substrates.
Additionally, the strong SOC in Nd enhances the

anisotropic behavior.38 In NdN, the spin and orbital angular
momentum are coupled to form a total angular momentum,
where the orbital contribution dominates the magnetic
moment. This dominance stems from the large unquenched
orbital angular moment value of Nd ions (Nd3+), as evidenced
by the larger magnetic moment in the out-of-plane direction
compared to the in-plane configuration at 10, 20, and 30 K
(Figures 2a-2c).17,40 In contrast, at 200 K (Figure 2d), thermal
fluctuation surpasses the exchange interaction, leading to the
disordering of magnetic moments and the transition to a
paramagnetic state. This is reflected in the overlapping
magnetization curves for in-plane and out-of-plane orientations
in the paramagnetic regime, indicating the absence of magnetic
anisotropy above TC. Such behavior distinguishes NdN from
3d transition metals, where the magnetic moment is
predominantly spin-driven, and highlights the unique interplay
of fundamental interactions in rare-earth materials. As a result,
such orbital-moment-driven ferromagnetism in NdN offers a
direct coupling to orbital currents, providing an efficient
pathway for orbital torque switching. This positions NdN as a
promising orbital Hall material (OHM) for next-generation
orbitronic devices, enabling ultrafast and energy-efficient
magnetization control. Furthermore, when integrated into
heterostructures with 2D materials,41,42 topological insulators,
or ferroelectrics, NdN has the potential to drive highly efficient
orbital torque-induced magnetization switching, opening new
opportunities for advanced device applications.
To understand the microscopic origin of NdN’s magnetism,

the valence band (VB) electronic structure is measured using
synchrotron-radiation ultraviolet photoelectron spectroscopy
(SR-UPS) with an incident photon energy of 145.7 eV after
complete removal of the AlN capping layer through Ar+ ion
sputtering at 1 keV. Figure 3a highlights the Nd-4f, Nd-5d, N-
2p, O-2p, N-2s, Nd-5p, O-2s, and Nd-5s states along with the
VB edge of NdN. The UPS spectrum is further compared with
the electronic density of states of both the pristine and oxygen-
doped NdN, calculated using the generalized-gradient
approximation (GGA) with Hubbard-U corrections to both
the Nd-5d and Nd-4f orbitals together.43,44 Comparison of the
calculated DOS with the measured VB spectrum reveals that
without the Hubbard-U correction, the Nd-4f states appear
near the Fermi edge (EF), and significantly overlap with the
Nd-5d and N-2p states near the VB maximum (see Figure 3bi),

Figure 2. In-plane and out-of-plane magnetic anisotropy of NdN
thin film at different temperatures. Magnetic field (H) dependence
of magnetization (M) for NdN thin films measured at temper-
atures of (a) 10 K, (b) 20 K, (c) 30 K, and (d) 200 K. Below the
Curie temperature (TC) (10 to 30 K), a clear magnetic anisotropy
is observed, where the out-of-plane magnetization exhibits a
significantly higher magnetic moment compared to the in-plane
configuration. In contrast, at 200 K, above TC, both in-plane and
out-of-plane magnetization curves overlap, indicating a transition
to the paramagnetic phase. The out-of-plane magnetization results
from Figure 1d are included here to better represent magnetic
anisotropy.
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underscoring the limitations of standard DFT in accurately
capturing strong correlation effects of 4f electrons.
The small peak in the SR-UPS spectrum with binding energy

of ∼ 2.6 eV corresponds to the N-2p states, as shown in Figure
3bii. Considering the strong correlation of 4f and 5d orbitals
through Hubbard-U correction of 5 eV in Nd-5d and 6.6 eV in
Nd-4f states, the occupied 4f states are positioned at ∼ 6.4 eV
below the EF, in good agreement with the intense peak of SR-
UPS data as shown in Figure 3bii. However, as rare earths are
prone to oxidation, a small amount of oxygen impurity could
be present in the film. As a result, the electronic density of
states (DOS) is further calculated, including a small amount
(∼ 3.1%) of substitutional ON, revealing their n-type doping
nature with EF inside the conduction band and the position of
O-2p states at ∼ 4.7 eV below EF. This matches well with the
second observed peak in the SR-UPS spectrum, as shown in
Figure 3biii, broadening the experimental VB spectrum. The
position of O-2p does not shift significantly with increasing
oxygen concentration, as shown in Figure S16. However, the
thermal and instrumental broadening also contribute to the
overall broadening of the experimental VB and corresponding
orbitals as compared to the DFT-calculated, quite sharp
projected DOS. Furthermore, the VN point defect states appear
inside the bandgap with n-type doping behavior, as shown in
Section 8 of the SI. A detailed assessment of the doping nature
of ON and VN in NdN, whether they act as shallow or deep
defects, using charged defect formation energy calculations is
yet to be performed and will be addressed in our future work.
X-ray photoelectron spectroscopy (XPS) using monochro-

matic Al Kα radiation is further employed to determine the
chemical states of Nd and N in the thin films. Before XPS
measurement, the 5 nm AlN capping layer was removed via
Ar+ ion sputtering at 1 keV to ensure accurate surface
composition analysis. The binding energy (BE) positions are
calibrated using the C-1s peak at 284.8 eV as a reference.45 The

XPS core-level spectra were deconvoluted into subpeaks using
the Voigt function to identify contributions from different
chemical states. The Nd-3d core level exhibits a characteristic
spin−orbit splitting into the 3d5/2 and 3d3/2 components. Each
of these components was further deconvoluted into two
subpeaks. The 3d5/2 subpeaks were observed at 981.3 and
985.5 eV, corresponding to Nd−N and Nd−Ox−Ny species,
respectively. Similarly, the 3d3/2 subpeaks were positioned at
1003.7 and 1007.8 eV.45,46

Since no literature is available for the precise Nd-3d binding
energy in NdN, the observed peaks at 981.3 eV (3d5/2) and
1003.7 eV (3d3/2) are attributed to Nd bonded with nitrogen.
The higher binding energy peaks at 985.5 and 1007.8 eV are
assigned to oxynitride contributions, consistent with previous
reports having an oxynitride peak at the higher BE side of Er-
4d in ErN and other nitrides.47,48 The higher atomic number of
Nd (Z = 60) leads to strong SOC, resulting in a separation of
22.4 eV between 3d5/2 and 3d3/2, further consistent with the
separation of the Nd-M5,4 edge in XAS (see Figure 1e).
Additionally, Auger O-KLL peaks were detected at 977.2,
999.7, and 1013.3 eV, indicating electron transfer from oxygen
to the Nd-4f orbitals, further supporting the presence of Nd−
O bonds as shown in Figure 3c.45,46 The satellite peak
observed at 991.9 eV does not overlap significantly with the
main 3d core levels.49 The N-1s core level spectrum was
deconvoluted into three subpeaks located at 395.6, 396.7, and
398.5 eV, attributed to Nd−N, C−N, and Nd−Nx−Oy
bonding environments, respectively, as shown in Figure
3d.47,48 The presence of native oxygen and carbon in NdN
results from impurities in the source materials and the
background impurities inside the deposition chamber.
The electronic structure of NdN is calculated by considering

the strong correlation effect of both 4f and 5d orbitals of Nd
using Hubbard-U corrections on both orbitals simultaneously,
as implemented in the recent version of the Quantum

Figure 3. Experimental valence band profile and core level XPS spectra of NdN thin film. (a) Synchrotron-radiation ultraviolet photoelectron
spectroscopy (SR-UPS) measurement of a NdN thin film after removing the top 10 nm AlN capping layer, revealing the valence band
electronic structure. (b) The valence band electronic structure highlights the position of Nd-4f and O-2p inside the valence band, along with
the hybridized Nd-5d and N-2p states. The vertical dotted line represents the valence band edge. Electronic density of states (DOS) of NdN
for both with and without U correction are presented. Hubbard-U values of 6.6 and 5.0 eV were applied to the Nd-4f and Nd-5d orbitals,
respectively. Additional calculations for oxygen-doped NdN with a U value of 7 eV for Nd-5d states, and considering Nd-4f as core electrons,
showing the O-2p position inside the valence band. The Fermi level is set to zero, and the calculated valence band edge aligns well with the
experimental SR-UPS spectra. c) The XPS core-level spectra of the NdN thin film, showing Nd-3d3/2 and 3d5/2 peaks along with the oxygen
Auger peaks. d) The XPS core-level spectrum corresponding to the N-1s state, showing a prominent Nd−N bond.
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ESPRESSO package.50 A Hubbard-U value of 5.0 eV for Nd-
5d and 6.6 eV for Nd-4f states leads to a direct X-X band gap
(EgX − X) of 0.91 eV and an indirect Γ-X band gap (EgΓ − X) of
0.24 eV for the up-spin channel. For the down-spin channel,
such gaps are found to be 1.56 and 1.49 eV, respectively.
Consequently, the average direct and indirect band gaps of
NdN are calculated to be 1.23 and 0.86 eV, respectively,
closely matching the experimental direct band gap in the room-
temperature paramagnetic state (see Figure 5d).27 Under the
cubic crystal field, the 4f orbital splits into two 3-fold
degenerate states, t2u and t1u, and a nondegenerate a2u
state.18 In the up-spin configuration, a hybridization occurs
between the unoccupied a2u 4f states and 5d states of Nd near
the conduction band minima at X (see Figure 4a), leading to
the 4f electron-dominated large anomalous Hall effect in NdN,
as observed previously.18,51 However, such hybridization is
weak for the down-spin channel, as shown in Figure 4a. The
charge density plot of the conduction band minima (CBM)
and valence band maxima (VBM) reveals Nd-5dxy contribution
at CBM and N-2p contribution in VBM.
The electronic DOS shows a spin-splitting between the

occupied and unoccupied Nd-4f states, with the occupied 4f
orbitals deep inside the valence band contributing to the
magnetic moment of NdN (see Figure 4b). The projected
density of states for the up-spin channel further confirms the
hybridization between Nd-5d (pink color) and unoccupied
Nd-4f (blue color) states near the CBM, along with a
dominating N-2p (violet color) contribution in the valence
band. A small contribution from Nd-6s (green color) is present
inside the conduction band at the Γ-point, as shown in Figure
4c. Furthermore, SOC is included to determine the orbital and

spin magnetic moments using the Vienna Ab initio Simulation
Package (VASP),52 resulting in a 4f orbital moment of −5.53
μB and corresponding spin moment of 2.87 μB, leading to a
total ferromagnetic moment value of −2.66 μB per formula
unit, in good agreement with the experimental XMCD data
and previous theoretical study (see Section 8 in SI for more
details).18 However, the oxygen impurities present in the film
would not significantly impact NdN’s magnetic properties
since the magnetic moments in NdN arise solely from Nd3+
ions and the O-2p orbitals are fully occupied in the O2− state
with zero magnetic moment. As a result, a small oxygen
incorporation in terms of substitutional oxygen in nitrogen
sites is unlikely to alter the magnetic properties of NdN.
The polar dielectric nature of NdN is further reflected in the

calculated phonon dispersion spectrum (see Figure 4d), which
exhibits a longitudinal and transverse optical phonon mode
splitting at the Γ-point, highlighting the presence of Fröhlich
interaction.53−55 The highest LO phonon frequency at the Γ-
point is ∼ 59 meV, which agrees well with the experimental
Raman spectrum (see Section 9 of the SI) and previous
literature.9 However, no cation-vacancy-related peaks are
observed in our sputtered-deposited NdN film, as observed
in the recent report on ion-grown NdN films (see SI Section 9
and Figure S20).56 A comparison of LO phonon with other
rare-earth nitrides and similar rocksalt ScN is shown in Figure
S21. Further, DFPT calculation shows that NdN exhibits an
electronic dielectric constant (ε∞) of 8.58 and the Born
effective charge (Z*) of ± 3.89e for the Nd and N atoms,
respectively.57

Finally, structural characterization with symmetric 2θ-ω
high-resolution X-ray diffractogram (HRXRD) exhibits a single

Figure 4. First-principles DFT+U calculated electronic structure and lattice dynamics of bulk NdN. (a) Electronic band structure of NdN
calculated using GGA+U formalism with Hubbard-U values of 5.0 eV for Nd-5d and 6.6 eV for Nd-4f orbitals, showing the spin-resolved
bands for up-spin (solid red) and down-spin (dashed blue) channels. The integrated local density of states from CBM to CBM + 100 meV
and VBM to VBM − 100 meV are shown on the right-hand side, top and bottom, respectively. (b) Total DOS of NdN displaying clear spin
polarization, with a distinct splitting between occupied and unoccupied 4f states, contributing to NdN’s ferromagnetism. (c) Orbital-
projected band structure and partial DOS for the up-spin channel of NdN, revealing hybridization between Nd-5d (pink), unoccupied Nd-4f
(blue) near the X-point. The VB is majorly dominated by N-2p states, and a small Nd-6s contribution is present inside the CB at Γ. (d)
Phonon dispersion of NdN, showing the splitting of longitudinal and transverse optical phonon modes (LO-TO) at the Γ-point, indicating
NdN’s polar dielectric behavior. The corresponding phonon density of states is shown on the right-hand side.
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(002) oriented growth of NdN thin film on (0001) Al2O3
substrate (see Figure 5a) with an out-of-plane epitaxial

relationship of (001) [001] NdN || (0001) [0001] Al2O3.
From the 2θ-peak position, an out-of-plane lattice constant of
5.14Å is determined, which matches well with previous
literature reports.8 Although the out-of-plane epitaxy is clear
from the 2θ-ω scan, the in-plane epitaxial relationship is
slightly complicated. The pole-figure measurement corre-
sponding to the NdN (111) diffraction plane exhibits 12
equally spaced diffraction spots of comparable intensity (see
Figure 5b). This further confirms the presence of three twisted
4-fold symmetric rotational domains of the NdN (001) base-
plane (see Figure S9 in Supporting Information) with three in-
plane epitaxial relationships individual to each grain. This type
of 4-fold-on-6-fold symmetric heteroepitaxy was also pre-
viously observed in another REN SmN deposited on hexagonal
AlN at an elevated growth temperature.58 Additionally, the
presence of a slight axiotaxy nature can be inferred from the
pole figure,59 indicating a degree of texture and mosaicity in
the film, consistent with the higher full-width-at-half-maxima
(fwhm) in the rocking curve of the (002) plane, see Section 7
in SI and Figure S11.
X-ray reflectivity (XRR) measurements show the Kiessig

fringes, verifying layer coherency as shown in Figure 5c. Fitting
of the XRR data provides a film thickness of ∼ 94.5 nm, with
an additional AlN capping layer thickness of 20 nm, and a
surface roughness of approximately 1 nm. The obtained mass
density of NdN from XRR analysis is 7.674 g/cm3, in good
agreement with the theoretical value of 7.67 g/cm3. It suggests
the suppression of nitrogen vacancy in the film, thus forming a
near-stoichiometric NdN layer.
A direct optical bandgap of 1.1 eV was determined from the

Tauc plot at room temperature in the paramagnetic phase

(Figure 5d). This value is slightly higher than previously
reported values (0.9−1.0 eV). The observed increase can be
attributed to the Moss−Burstein effect, resulting from higher
electron concentrations in our films compared to earlier
studies.8 In agreement with this, our theoretical calculations
show the direct bandgap increasing from 0.82 eV in pristine
NdN to 1.21 eV for both ∼ 3.1% oxygen-doped and ∼ 3.1%
nitrogen-vacancy incorporated NdN, with the Fermi level lying
inside the conduction band (Figures S18 and S15).

CONCLUSIONS
We report the conclusive experimental demonstration of
orbital angular momentum-driven ferromagnetic ordering and
magnetic anisotropy in epitaxial NdN thin films. Compared to
the spin-dominated ferromagnetism typical of 3d transition
metal systems, magnetism in NdN originates from highly
localized 4f electrons, yielding a substantial orbital magnetic
moment of 5.14 μB and a total moment of 2.37 μB per formula
unit, which is slightly below the theoretical limit. Synchrotron-
radiation photoelectron spectroscopy further reveals the
position of the 4f orbitals and provides detailed insights into
the valence band structure. First-principles DFT calculations
further corroborate these findings, consistently capturing both
magnetic and electronic behavior. With its significant orbital
contribution, strong spin−orbit coupling, and tunable
ferromagnetic properties, NdN emerges as a promising
platform for new generation orbitronics, enabling novel
strategies to manipulate orbital currents for quantum
information technologies, advanced data storage devices, and
spintronics applications.

METHODS AND EXPERIMENTAL PROCEDURES
Thin Film Growth. NdN thin films, protected by an AlN capping

layer, are deposited on 1 cm × 1 cm (0001)-oriented Al2O3 and
(111)-oriented MgO substrates using reactive DC magnetron
sputtering (PVD Products, Inc.) within an ultrahigh vacuum
sputtering chamber with a base pressure of 1 × 10d

−9 Torr. Before
deposition, the substrates underwent ultrasonic cleaning in acetone
and methanol for 8 min each. The Nd sputtering target, with a purity
of 99.9% and dimensions of 2 in. in diameter and 0.25 in. in thickness,
was presputtered for several hours to eliminate surface contaminations
and oxide layers. During the film growth, Ar:N2 gas mixture was
maintained at a flow ratio of 9:2 standard cubic centimeters per
minute (SCCM), and the chamber pressure was stabilized at 5 mTorr.
The deposition was performed at a constant power of 100 W, with the
substrate temperature of 800 °C. The AlN capping layer was
deposited using a high-purity (99.999%) Al target under the same
growth conditions.
Measurements & Characterizations. Magnetic measurements

were performed using a SQUID-based MPMS (Quantum Design,
USA), recording hysteresis loops up to 7 T in the 10−300 K range.
XMCD spectra at the Nd−M5,4 edges and N−K edge were measured
in the TEY mode at 4 K under a 6 T field at the BOREAS beamline,
ALBA Synchrotron (Spain), using a grazing incidence setup with a
20° sample angle and varying beam helicity. UPS measurements were
carried out at the BL-10 beamline, Indus-2 (RRCAT, India), after
removing the AlN capping layer via 1 keV Ar+ sputtering for 60 min.
Valence band spectra were recorded at room temperature using an
incident energy of 145.7 eV and calibrated with Au foil, maintaining a
vacuum of ∼9 × 10−11 mbar. HRXRD was carried out using a Rigaku
SmartLab diffractometer (Cu−Kα, λ=1.54 Å) with parallel beam
optics. Pole figure measurements were performed in Bragg−Brentano
mode by varying χ from 0−75°, and XRR fitting was done using
Parratt formalism in SmartLab software.
Detailed Computational Methodology. The first principle

DFT calculation implemented in the Quantum ESPRESSO and VASP

Figure 5. The structural and optical characterization of as-
deposited epitaxial NdN thin film on (0001) Al2O3 substrate. (a)
X-ray diffractogram of NdN thin film suggests epitaxial growth of a
single (002) orientation on single-crystalline (0001) Al2O3
substrates. The diffraction peak from the ∼ 30 nm AlN capping
layer is also observed. (b) Pole-figure measurement of NdN
corresponding to (111) reflection shows 12 equally spaced peaks,
highlighting the three twisted 4-fold symmetric domains growth.
(c) X-ray reflectivity (XRR) data and corresponding data fitting
shows a NdN film thickness of 94.5 nm. (d) Tauc plot for NdN
showing a direct optical bandgap of 1.1 eV. The inset shows the
absorption coefficient (α) as a function of photon energy for the
NdN thin film.
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software was used for electronic band structure, DOS, and phonon
dispersion calculations. Both GGA and HSE06 hybrid functionals are
used with the PAW pseudopotentials for Nd and N atoms.60,61 The
plane-wave basis cutoff energy was set to 140 eV in Quantum
ESPRESSO. The Γ-centered Brillouin zone was sampled using an 8 ×
8 × 8 k-point mesh for the HSE calculations and a 16 × 16 × 16 k-
point mesh for the GGA calculations, based on a 2-atom primitive
unit cell of NdN. The nonlocal Hartree−Fock exchange mixing
parameter in the HSE calculation was set to 0.35 to obtain a band gap
close to the experimental value. The phonon dispersion of NdN was
calculated using the finite displacement method, as implemented in
the Phonopy code.62 A 2 × 2 × 2 supercell containing 64 atoms was
used in this calculation. The PBE parametrized GGA exchange-
correlation functional was used with a plane-wave energy cutoff of 600
eV. The PAW pseudopotential with Nd-4f electrons as core was used
for the phonon calculation, as accurately capturing the room-
temperature electronic bandgap of NdN is not possible in VASP by
considering both 5d and 4f orbitals of Nd in the pseudopotential
while applying the Hubbard-U correction to only one of those
orbitals. As a result, a Hubbard-U correction of 7.0 eV was applied to
the Nd-5d states to account for strong electronic correlations and
bandgap correction close to the experimental value. The PAW
pseudopotential with Nd-4f electrons as core was used for the phonon
calculation. A Hubbard-U correction of 7.0 eV was applied to the Nd-
5d states to account for strong electronic correlations and bandgap
correction. The Brillouin zone integration was performed using a Γ-
centered 8 × 8 × 8 k-point mesh.
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