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ABSTRACT: Neodymium monoxide (NdO) is a metastable rare earth oxide
material with a unique electronic structure, which has potential applications
across various fields such as semiconductors, energy, catalysis, laser technology,
and advanced communications. Despite its promising attributes, the thermody-
namic properties of NdO remain unexplored. In this study, high pressure, high
temperature phases of neodymium monoxide (NdO, with a rocksalt structure)
and body-centered cubic (bcc) Nd metal were synthesized at 5 GPa and 1473 K.
X-ray photoelectron spectroscopy (XPS) measurements indicate that the Nd 3d
peak shifts to higher energy in NdO relative to Nd2O3, suggesting the possibility
of complex electronic states in NdO. Formation enthalpies for the reaction 1/
3Nd2O3 + 1/3bcc Nd = NdO obtained from high temperature solution
calorimetry in molten sodium molybdate and for the reaction dhcp Nd (metal) =
bcc Nd (metal) from differential scanning calorimetry are 25.98 ± 8.65 and 5.2
kJ/mol, respectively. Utilizing these enthalpy values, we calculated the pressure−temperature boundary for the reaction 1/3 bcc Nd +
1/3Nd2O3 = NdO, which has a negative P−T slope of −1.68× 10−4 GPa/K. These insights reveal the high pressure behavior of NdO
and neodymium metal, underscoring their potential utility in technological applications.

1. INTRODUCTION
The intricate electronic structure of lanthanide elements is
characterized by partially filled [Xe]4f 0−145d0−16s2 orbitals.
This configuration and the interactions among these electrons
produce unique electronic properties in lanthanide com-
pounds, such as dispersion, magnetism, and superconductivity,
which make them indispensable in various industrial sectors,
including the semiconductor industry, new energy technolo-
gies, and catalysis, laser, and advanced communication
fields.1−5

Under high pressure conditions, the interatomic distances in
materials usually decrease, leading to a significant increase in
electron overlap, enhancing interactions. Inner shell electrons
can then partially participate in bonding, competing with outer
shell electrons. Consequently, high temperature and high
pressure synthesis methods can be utilized to create
compounds, which are metastable at ambient conditions,
such as rare earth monoxides (REOs).6−9 REOs exhibit
distinct properties from the generally more stable rare earth
sesquioxides (RE2O3), primarily due to their unique electronic
structures.10 Most REOs crystallize in the cubic Fm-3m
rocksalt crystal structure. The relationship between the lattice
parameter a of rocksalt rare earth monoxides and variation of
the atomic radius of the rare earth cation is shown in Figure 1a.
The synthesis of REOs, with the exception of EuO, typically
requires high temperature and pressure or growth as thin
films.11

Bulk neodymium monoxide (NdO) has previously been
synthesized at 5 GPa and 1273 K23 and by dynamic
compression.24 NdO thin films have also been grown on
YAlO3 substrates.12,25 NdO films exhibit different properties
depending on their thickness. At 45 nm thickness, these
materials show ferromagnetic properties with a Curie temper-
atureTc of 19 K. With thickness reduced to 3 nm, resistivity
increases and Tc decreases. At 9 and 12 nm, NdO films exhibit
remanence and an anomalous Hall effect up to 40 K,
suggesting that a weak ferromagnetic phase exists above
Tc.

12,25 Variation of physical properties with thickness suggests
that the properties of bulk NdO may vary from those of thin
films, but systematic thermodynamic investigations into the
Nd−O system are notably absent.
In this study, we synthesized bulk NdO at high temperature

and pressure (1473 K and 5 GPa) and determined its
enthalpies of formation from elements and from metal and
oxide, using high temperature oxide melt solution calorimetry.
The bcc phase of Nd metal was also synthesized under the
same conditions (1473 K and 5 GPa) according to known
phase equilibria (see the phase diagram22 in Figure 1b), and its
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enthalpy of formation was measured using differential scanning
calorimetry (DSC). We used these data to calculate the P−T
boundary for the reaction 1/3 bcc Nd + 1/3Nd2O3 = NdO.
Our integrated approach illuminates the fundamental
thermodynamic properties of neodymium monoxide and
establishes a foundation for future research into the energetics
of rare earth materials under extreme conditions, opening the
door to the potential discovery of new phases and
technological applications.

2. EXPERIMENTAL METHODS
2.1. High Pressure Synthesis. NdO was synthesized from

Nd metal powder (40 mesh, 99.6%, Thermo Scientific) and
Nd2O3 (Alfa Aesar, 99.9%) in stoichiometric proportions Nd:
Nd2O3 = 1:1. The mixture was placed in a BN capsule and
loaded with a graphite heater and molybdenum heating leads
into a 25/15 injection-molded octahedral 55 wt % MgO-spinel
pressure medium and compressed to 5 GPa over 10 h in a
mutianvil press. Once the target pressure was reached, the
sample was heated at 100 K/min to 1473−1573 K and held for
120 min, after which temperature was quenched by cutting
power to the heater. Synthesis of bcc Nd was similarly achieved

by packing dhcp-Nd metal (40 mesh, 99.6%, Thermo
Scientific) into a BN capsule and loading it with a graphite
heater and Mo leads into the MgO-spinel media and
compressing. Once the pressure reached 5 GPa, the assembly
was heated to 1473 K (50 K/min) and held for 30 min, after
which the temperature was quenched and the sample was
decompressed.

2.2. Powder X-Ray Diffraction. Powder X-ray diffraction
(PXRD) patterns were obtained using a Bruker D2 Phaser
diffractometer operated with Cu Kα radiation (λ = 1.54184 Å),
a 1.0 mm air scatter screen, and 0.6 mm divergence slit. Sample
powders were transferred to an airtight holder inside a
glovebox under a nitrogen atmosphere to collect their PXRD
patterns without exposure to air. Rietveld analyses of PXRD
data were performed using Topas-Academic V6 software.26

2.3. X-Ray Photoelectron Spectroscopy. X-ray photo-
electron spectroscopy (XPS) was employed to determine the
valence state of Nd in NdO. XPS analyses were performed
using a Kratos AXIS Supra+ with a monochromatic Al Kα ion
beam (beam energy = 1486.6 eV). Samples were mounted on
silicon wafers with carbon tape, and before testing, an argon jet
was applied to remove surface oxide. Nd2O3 data were also
measured as a reference.

Figure 1. (a) Lattice parameters for REO from thin film.12 −21 (b) Phase diagram of Nd metal (adapted with permission from D.A. Young, 197522)
at various temperatures and pressures.

Table 1. Thermodynamic Cycles Used to Calculate Formation Enthalpies from Nd and Nd2O3 ( Hf,nn) or Nd Elements (
Hf,ne) of NdO
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2.4. Differential Scanning Calorimetry. A Setaram
SenSys calorimeter connected to the vacuum system of a
Micromeritics ASAP 2020 gas adsorption instrument was used
to conduct DSC in a low-pressure (∼1.3 × 10−6 bar)
environment. A 42.4 mg pellet of bcc Nd was degassed and
heated at 10 K/min to 823 K. To prevent oxidation to Nd2O3,
the vacuum was maintained during heating and cooling of the
sample. PXRD data (Figure S3b) were collected before and
after the DSC experiments and analyzed to ensure that no
oxidation had occurred and to determine changes in the
structure of the Nd metal.
2.5. High Temperature Oxide Melt Solution Calorim-

etry. High temperature oxide melt solution calorimetry
experiments were carried out using a Setaram AlexSys twin
microcalorimeter, for which the methodology has been
described previously.27 The calorimeter was calibrated using
high purity benzoic acid (C7H6O2, Sigma). Pressed oxide
sample pellets (∼3 mg) were dropped from ambient
temperature into molten sodium molybdate (3Na2O·4MoO3)
solvent contained in a silica glass crucible at 1073 K in the
calorimeter. NdO was pelletized in a glovebox and transported
to the calorimeter in a closed centrifuge tube under N2,
limiting contact with laboratory air to the few seconds required
to drop the sample into the calorimeter. The calorimeter was
flushed with O2 gas at 80 mL min−1, and oxygen was bubbled
through the solvent at 40 mL min−1 to aid dissolution,
maintain an oxidizing atmosphere, and prevent the develop-
ment of localized saturation regions within the solvent. The
product was a dilute solution of Nd2O3 in the molten sodium
molybdate solvent, which provided a well-defined final state for
thermodynamic calculations, as shown in the thermodynamic
cycle in Table 1. The measurement was repeated at least eight
times on each sample.
2.6. Safety Statement. No uncommon hazards are noted

in this work.

3. RESULTS AND DISCUSSION
3.1. Sample. The NdO sample recovered from high

pressure was a gold-colored cylindrical pellet with a diameter
of 5 mm, a height of 2 mm, and a mass of 0.7 g. The gold color
is consistent with previous investigations.23,28 The Nd metal
sample retrieved from high pressure, approximately 5 mm in
diameter and 2 mm in height with a mass of about 0.9 g,
displayed a gold hue after its surface, coated with BN, was
polished away with sandpaper.
3.2. Crystal Structures of NdO and High Pressure Nd.

Rietveld refinement results for NdO are presented in Figure 2,
with the inset showing the crystal structure.29 NdO exhibits a
conventional rocksalt ( fcc, Fm-3m) atomic arrangement where
Nd atoms are located at the 4a position while O atoms occupy
the 4b position. Each Nd atom is bonded to six neighboring O
atoms, resulting in the formation of a NdO6 octahedral
structure. The structural model is provided in Table 2. Cation
occupation was fixed according to the nominal composition
during the refinements. The Nd−O bond length is
2.50345(11) Å, which is comparable to the previously reported
⟨Nd−O⟩ distance of 2.497(3) Å for NdO.23

PXRD data (Figure S1) for bulk bcc Nd were well-indexed to
the cubic Im-3m space group with lattice constant a = 4.130(5)
Å, with minor shifts in peak positions, likely due to the uneven
surface morphology of the bulk material. The lattice constant is
consistent with that of the previously reported high temper-
ature bcc phase.30 Our high pressure bcc Nd metal transformed

back into the hexagonal ambient pressure phase (P63/mmc) on
grinding, so it was pressed into a sheet for the PXRD
measurement.

3.3. X-Ray Photoelectron Spectroscopy. Surface
chemical characteristics of NdO and Nd2O3 powder samples
were investigated with survey level and high resolution XPS
spectra, depicted in Figures 3 and S2. The survey scans (Figure
3a) predominantly show the presence of Nd 3d, O 1s, and C 1s
peaks, corresponding to the neodymium and oxygen species in
NdO and Nd2O3 on carbon mounting tape. Additionally, a
smaller C 1s peak (Figure S2a) is present near the primary
peak at 284.4 eV, which is attributable to surface carbon
contaminants and CO2.

31

The Nd 3d spectrum (Figure 3b) exhibits two distinct spin
orbit components for Nd 3d3/2 and Nd 3d5/2, with binding
energy (BE) values of 1003.5 and 980.7 eV, respectively, for
NdO, and values of 1002.288 and 979.474 eV for Nd2O3,
respectively. Notably, the NdO peaks demonstrate a shift
toward higher energy (by 1.2 eV) compared to that of Nd2O3.
This shift is due to alterations in crystal grain structures and
the differing local environments of the Nd ions between the
two materials. In contrast, the corresponding O 1s XPS spectra
for NdO and Nd2O3 exhibit marked differences as shown in
Figure S2b. In the NdO sample, a broad O 1s peak separates
into two distinct peaks at 529.4 and 527.1 eV. The lower and
higher peaks correspond to the oxygen in NdO and adsorbed
OH groups or vacancies, respectively.33 In the case of Nd2O3,
the principal peak at 529.3 eV results from the lattice oxygen in
Nd2O3, accompanied by minor peaks at 530.45 and 526.07 eV,

Figure 2. Rietveld refinement of the PXRD data for NdO. The red
circles represent the observed data, the green line is the calculated fit,
and the blue line is the difference between the data and the fit. Black
and green stick patterns represent the peak positions of NdO and BN,
respectively. The inset on the left is the NdO rocksalt structure
diagram from Vesta,29 with blue spheres representing Nd atoms and
red spheres representing oxygen atoms. The inset on the right shows
the recovered NdO pellet (golden) partially covered with a BN
crucible (gray), the diameter of NdO is 0.5 mm, and the weight is 0.7
g.

Table 2. Refined Structural Parameters in NdO from PXRD
Collected at Room Temperaturea

atom site x y z B (Å2)

Nd 4a 0 0 0 0.6(2)
O 4b 0.5 0.5 0.5 0.6(2)

aCubic, space group Fm-3m (no. 225), a = 5.0069(2) Å, V =
125.52(1) Å3, Z = 4, Rwp = 3.52%, and Rp = 3.44%.
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attributable to the hygroscopic behavior of Nd2O3.
34,35 The

binding energy of the Nd cation in NdO as determined by XPS
is significantly different from that of Nd3+ in Nd2O3. This
suggests that the valence state of Nd is more complex in NdO
than in the sesquioxide phase, and more work is needed to
understand its electronic properties.36

3.4. Thermochemistry. NdO High temperature oxide
melt solution calorimetry experiments were conducted to
determine the enthalpy of formation of NdO from elements
and from bcc Nd plus hexagonal37,38 Nd2O3. The thermody-
namic cycle shown in Table 1 was used to determine enthalpy
of formation values from the calorimetric data. The enthalpy of
formation for the reaction of ambient phase bcc Nd metal with
Nd2O3 ( Hf,nm) is 25.98 ± 8.65 kJ/mol, and the enthalpy of
formation from elements with ambient phase dhcp Nd metal
and O2 ( Hf,ne) is −574.23 ± 9.95 kJ/mol. Thus, as expected,
NdO synthesized at 5 GPa and 1473 K is energetically
metastable with respect to a mixture of bcc Nd and Nd2O3 at
ambient pressure, but it is energetically stable with respect to
elements.
We calculated the Gibbs free energy of the reaction 1/3 bcc

Nd + 1/3Nd2O3 = NdO using the synthesis pressure of 5 GPa
and the change in molar volume obtained through Rietveld
refinement. This allowed us to calculate the P−T boundary for
the reaction (Figure 4).
The lowest P−T condition at which NdO was observed in

PXRD was 5 GPa and 1473 K as shown in Table S1, and if
these conditions approximate a point on the equilibrium
boundary, the Gibbs energy can be represented by

= + =G H T S P V 0(P,T)
T T (1)

=H T S P VT T (2)

Assuming a constant volume change, the change in molar
volume for the phase boundary can be expressed as

= +V V V V( )/3bccNdO Nd metal Nd O2 3 (3)

Using the molar volumes of NdO, Nd2O3, and bcc Nd,
which are 18.93 cm3/mol, 46.00 cm3/mol, and 21.21 cm3/mol,

respectively, and which represent the phases in the reaction
which is occurring (see the phase diagram in Figure 1), the
calculated volume change is −3.47 cm3/mol. Assuming that
the changes in volume, enthalpy, and heat capacity are
constant as in previous work,28 we can determine the entropy
change using the Gibbs energy of the reaction GT, the
enthalpy of formation from bcc Nd and Nd2O3, and the P−T
point at 5 GPa and 1473 K. By eq 2, the Gibbs energy of the
reaction is given by

=H T S 17.35 kJ/molT T (4)

which results in a positive entropy change of ST = 5.85 J/
(mol K). By plotting a line with the Clapeyron slope ΔS/ΔV =
dP/dT = −1.68 × 10−4 GPa/K, we can calculate the P−T
reaction boundary:

= × × +i
k
jjj y

{
zzzP T T( ) 1.68 10

GPa
K

5.25 (GPa)4

(5)

This negative P−T slope indicates that the required
synthesis temperature decreases as pressure increases. The

Figure 3. (a) XPS wide survey spectra for NdO (top) and Nd2O3 (bottom). (b) High resolution XPS spectra of local energies around Nd 3d peaks
for NdO and Nd2O3. The XPS spectra were deconvolved to main peaks and satellite peaks indicated by different colors, reflecting the different
binding energies associated with the two materials.32

Figure 4. Pressure−temperature boundary for the reaction 1/3 bcc
Nd + 1/3Nd2O3 = NdO. The red circles represent the experimental
synthesis conditions for 1/3 bcc Nd + 1/3Nd2O3 = NdO, at which any
NdO was formed (see Table S1).
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slope is sufficiently small that stability of NdO at ambient
pressure would require unreasonably high temperatures and
NdO is most likely metastable up to its melting temperature.
NdO and YO are both metastable monoxides synthesized

under high pressure. For YO, the energetics of formation from
the reaction of metal and sesquioxide are supported by
theoretical calculations using density functional theory and
molecular dynamics.28 For NdO, such calculations, which
involve f electrons and include complex electronic and
magnetic phenomena, are intrinsically more difficult and will
be the subject of future study.

4. CONCLUSIONS
We have successfully synthesized NdO and bcc Nd metal in
conditions of 5 GPa and 1473 K. Additionally, the
determination of the formation enthalpies for NdO and bcc
Nd metal, at 25.98 ± 8.65 and 5.16 kJ/mol respectively, using
drop solution calorimetric methods and DSC, provides
valuable thermodynamic data for future work on rare earth
materials. Our XPS data for NdO suggest a valence state for
Nd, which is more complex than previously reported. The
construction of the P−T boundary for the reaction 1/3 bcc Nd
+ 1/3Nd2O3 = NdO offers insight into the high pressure, high
temperature formation of NdO. Our study establishes a
foundational framework for the future synthesis of rare earth
monoxides and their thermodynamic analysis, thereby
facilitating advances in materials science research and
applications.
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