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ABSTRACT: Lanthanide nitride (LnN) materials have garnered
significant interest in recent years due to their promising potential =
as heterogeneous catalysts for green ammonia synthesis under low B
temperature and pressure reaction conditions. Here, we report on ’
. . . o PSI
the synthesis of an extended series of lanthanide (Ln) nitride
powders (Ln = lanthanum, cerium, neodymium, samarium, PGS \‘>

gadolinium, terbium, dysprosium, erbium, lutetium) and their ‘Q’y‘)
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structural and vibrational properties. Polycrystalline powders were
fabricated using a ball milling mechanochemical process, and their
structural properties were assessed by X-ray diffraction (XRD) and
transmission electron microscopy (TEM). The experimental lattice
constants deduced from XRD and TEM were compared with
density functional theory-based calculated lattice constants using the Perdew—Burke—Ernzerhof exchange-correlation functional. We
show that the calculated lattice constants are within 1—1.5% of the experimental values for the majority of the LnN species—a
notable increase in accuracy over prior computational approaches. The frequencies of Raman scattering from the LO(I") phonon are
reported across the series and compare well with published thin-film data on a smaller selection of the series. As expected, there is a
linear relationship between the LO(I") phonon frequency and atomic number. Finally, we demonstrate that Raman spectroscopy can
be used to detect the presence of a nanoscale oxide layer on the surface of ErN powders.

1. INTRODUCTION utilizing metallic nitride catalysts,”® including LnN, could
allow for a less energy-intensive ammonia synthesis with a
lower carbon footprint.”' However, much of the experimental
research in this field, especially LnN powder fabrication and
characterization, is in its infancy. The propensity of LaN to
decompose in air forming oxide and hydroxides has prevented
in-depth characterization and led to ambiguous conclusions. >’

LnN, whose NaCl crystal structure places all constituent ions
at the centers of inversion symmetry, necessarily show no
conventional 1-phonon Raman spectra.'’ Earlier Raman
studies across the LnN series showed a moderately strong
and narrow line at a frequency in the 450—600 cm™' range,
depending on the lattice constant, which were suggested to be
activated by nitrogen vacancies, a common defect in the
LaN.">"? Interestingly recent studies show no nitrogen
vacancy dependence on the strength of the Raman signal."*

The 14 lanthanide (Ln) elements from La to Lu are the only
stable elements whose f-shells are filled to varying extents.
They have been used in a large number of high-tech
applications, such as wind turbines, electric vehicles, catalysis,
consumer displays and lighting systems, and thus have been
called The Vitamins of Modern Inalustry.1 Their mononitrides,
LnN, are among their simplest compounds, adopting the FCC
(NaCl) crystal structure. The semiconducting LnN have seen a
significantly strengthening interest in the past decade based
largely on their intrinsic ferromagnetic ground state. They thus
have inherent and unique complementary magnetic and
electronic properties that make them attractive for spintronics
activity.2’3

Previous studies have focused on thin films, the prototypical
architecture of a spintronics device, but there is a growing
interest in utilizing the LnN in alternative forms (e.g,, powders,

pellets and bulk materials).*~® This is especially crucial in the Received: September 26, 2024
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largest and most environmentally harmful chemical industries.
Computational and theoretical works have highlighted that the
promising new Mars-van Krevelen reaction mechanism
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The data are, however, similar to those reported many years
ago on semiconductors with the NaCl crystal structure
suggesting that it is an LO(I') vibration mediated by the
Frohlich interaction.”” This proposal is strengthened by the
appearance of Raman scattering at double the single LO(T")
vibration frequency, a 2-phonon scattering that is a feature of
the Frohlich-interaction scenario. In the present manuscript,
the LnN powders we study show the clear 1-phonon scattering
seen in thin films. However, 2-phonon scattering is weak at
best in the poor signal-to-noise ratio common for Raman
scattering from powder samples.'®

LnN have a propensity to react rapidly with oxygen and
moisture when exposed to air under ambient conditions. The
previous thin films used for Raman studies offer a relatively
easily- established crystalline structure and, if they are
adequately passivated, little opportunity for oxidation. The
geometry of the optical measurement can also be well
controlled, making comparative scattering strength studies
among various films relatively straightforward."”'*'” In
contrast, particle size distribution and compactness are
known to have significant confounding effects on Raman
signals of powders and are less controllable with regards to the
optical geometry used in the measurements.'® While this is
measured clearly by a weaker intensity signal on our powder
samples, we show in this report good correspondence when
compared with previously reported experimental values for
thin films, both in terms of phonon frequencies and signal
width.

In this study, we report on the synthesis of nine LnN
powders (Ln = La, Ce, Nd, Sm, Gd, Tb, Dy, Er, Lu) and their
structural/compositional characterization, followed by the
results from Raman spectroscopy—the most extensive study
on LnN powders to date. It is important to note that during
the fabrication and characterization measurements presented
in this report, the LnN powders were never exposed to air.
Cryogenic transmission electron microscopy (TEM), X-ray
diffraction analysis (XRD) and Raman spectroscopy were
applied using airtight sample holders to prevent any air
contamination—no passivating layer was used on the surface
of the LnN powders. We furthermore extend the study to ErN
powders that have undergone controlled partial oxidation.
Raman measurements undoubtedly show the presence of both
nitride and oxide forms in the partially oxidized powders,
supporting the core/shell-like structure observed by cryogenic
transmission electron microscopy. The conclusions include the
confirmation of the 1-phonon frequency for LnN in
polycrystalline powders and the ability of Raman spectroscopy
to identify a thin oxide layer of a few atomic layers on top of
the LnN powders.

2. RESULTS AND DISCUSSION

The high energy ball milling technique has been used to
synthesize LnN powders. Lanthanum (La), cerium (Ce),
neodymium (Nd), samarium (Sm), gadolinium (Gd), terbium
(Tb), dysprosium (Dy), erbium (Er) and lutetium (Lu)
metallic fillings were used as feedstock in the ball mill for
nitridation and size reduction inside a nitrogen glovebox. The
initial conditions for milling were chosen based on a literature
review of the nitridation of dysprosium and cerium during ball
milling and were adapted to make the process as efficient as
possible.’ Throughout the milling process, in a nitrogen
glovebox, as the Ln metallic filings deform and reduce in size
the new surfaces are exposed to N, in the jar forming LnN

powders due to the facile breaking of molecular nitrogen by Ln
metallic surfaces.”'”'® The ball milling process results in
particle size distribution of the LnN powder of 10 ym. GAN
and LuN thin films (100 nm thick) were used for comparison.
Details on the growth of those films can be found elsewhere.'

The XRD diffractograms of LnN powders are shown in
Figure 1. The powders are polycrystalline with only peaks
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Figure 1. XRD patterns of LnN powders (Ln = La, Ce, Nd, Sm, Gd,
Tb, Dy, Er, Lu) with Miller indices labeled.

corresponding to the LuN rock salt structure visible—no
strong signals from pure lanthanide metal or oxide phases are
observed. The relative peak intensities for all of the XRD
diffractograms agree with the expected peak intensities for
randomly oriented powder samples. The XRD data are also
consistent with high-quality polycrystalline LnN thin films
grown in ultrahigh vacuum systems.” The average crystallite
size was calculated for all samples, from the 111, 200, and 220
peaks, as these are the dominant peaks in all samples, returning
an average crystallite size ranging from 10 to 15 nm. The
deduced lattice constants (Figure 2), which decrease with
increasing 4f band occupancy of the lanthanide atoms, are
expected from the decrease of cation sizes across the
lanthanide series. The lattice parameters suggest near
stochiometric LnN powders with limited nitrogen vacancies,
at least for SmN, GdN and DyN.'*"”

Lattice constants calculated for stoichioemetric LnN using
density functional theory are also presented in Figure 2, as well
as experimental values from the literature.” Lattice constant
calculations were performed using density functional theory as
implemented in the Vienna ab initio Simulation Package
(VASP).”>*" The PBE exchange-correlation functional was
used, and the valence electrons were represented using a plane
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Figure 2. Lattice constants of LnN powders versus atomic number 3 : ' ' l ErNJ

alongside calculated lattice constants using the PBE exchange-
correlation functional and previously reported experimental values
for thin films and bulks from F. Natali et al.*

wave basis set with an energy cutoff of 400 eV.*” The core
electrons were represented using the projector-augmented
wave method.”> For N, La, and Ce, regular projector-
augmented wave potentials were used, while for the rest of
the rare earth species, we chose to use the projector-
augmented wave potential which keeps the 4f electrons frozen
in the core. This fixes the formal valency of these rare earth
species to 3. A Monkhorst—Pack k-point sampling of 8 X 8 X 8
was used for all calculations. The self-consistent electron
density was determined by iterative diagonalization of the
Kohn—Sham Hamiltonian, with the Kohn—Sham states
smeared according to a Fermi—Dirac distribution with a
smearing parameter of kzT = 0.1 eV, and energies extrapolated
to ¢ = 0. The van der Waals interactions were described using
the D3 scheme.”* Optimal lattice constants were found by
calculating the total energy of a series of systems with changing
lattice constants and taking the lattice constant that gives the
minimum total energy. The calculated lattice constants are
within 1—1.5% of the experimental values for the majority of
the LnN species. This is a notable increase in accuracy over
prior calculated values, where the LSDA+U method over-
estimated lattice constants by around 1 to 3%° and an all-
electron method underestimated lattice constants by around 5
to 7%.”° This suggests that using the f-in-core potentials
approach to calculating LnN systems may have great utility for
describing their structure.

Raman spectroscopy was performed at ambient temper-
atures using a Jobin-Yvon LabRam HR employing laser
excitation wavelengths of 457, 514.5, and 633 nm. All spectra
were taken with 1 mW power to limit heating the powder
under the laser illumination. The spectral resolution was ~1
cm™!, significantly finer than the spectral features being
investigated. Figure 3 shows the main Raman peaks for the
LnN powders studied, omitting the CeN data which were too
weak to resolve clearly. Note that the data in Figure 3 have
been normalized to range from zero to one. They show
remarkable concordance with data on thin films, clearly
indicating that the powders comprise predominantly LnN. As
expected we see a clear shift in the phonon frequency across
the series.'” There is also a noticeable difference in signal-to-
noise ratio and peak intensity but no clear pattern except to

P‘\‘—’/Q
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Figure 3. Raman spectra of LnN powders (Ln La, Nd, Sm, Gd, Tb,
Dy, Er, Lu) excited at S14.5 nm.

note that LaN (empty 4f shell) and LuN (full 4f shell) have the
strongest peaks and largest signal-to-noise ratio. It is also
important to note that the peak width and position were
similar for all three excitation wavelengths, and while the
background intensity differs, the LuN peak is of similar
absolute intensity for all three excitation wavelengths (not
shown). The LO(T") frequency implied by the results is shown
in Figure 4(a) as a function of the atomic number, compared
with thin-film data.'” In agreement with those data, there is a
linear relationship between phonon frequency and atomic
number and an inverse relationship with lattice constant.'” The
1-phonon frequency and peak width were calculated assuming
a linear background in several sample locations and averaged
over all three excitation wavelengths. We report the following
1-phonon frequencies for the first time: LaN (473 + 4 cm ™),
NdN (494 + 8 cm™"), and TbN (537 + 8 cm ™). Although the
intensity of the peak varies greatly, the width is similar across
the series (not shown). Again there is surprisingly good
correspondence when compared with thin films.">"®

Clear two-LO(I") scattering has been reported in thin
films.'>">"” Among our powders it is only ErN and LuN that
show such a 2LO(I") feature, as seen in Figure 4(b). GdN,
TbN, and DyN powders do not have clearly resolved higher
frequency features. Interestingly, the three lightest LnN for
which we have data (LaN, NdN, and SmN) do not show a
2LO(I") peak but surprisingly do have prominent peaks (see
Figure 4(b)) at a frequency ~190 cm™" higher. Suggestively,
data from GdN and LuN thin films that have been grown in
activated nitrogen from a Kaufman ion source show a similar
peak above 2LO(I')—peak frequencies that have also been
plotted in Figure 4(b). These features are likely related to
defects introduced by the ions from the Kaufman source,
though we currently have no good model to explain their
physical origin.
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Figure 4. (a) Lo(T") frequencies for LnN powders with previously
reported experimental values for thin films reported by S. Granville et
al.'® versus atomic number. (b) Higher phonon frequencies versus
atomic number compared with both 2LO(I") from our data and thin
film data from K. Van Koughnet et al.'®

The above presented evidence all indicate that the powders
studied contain particles of LnN. In order to investigate the
feasibility of using Raman spectroscopy to detect small changes
to the surface of the powders, Raman spectra of ErN powders
were compared to partially oxidized ErN (PO-ErN) powders
in Figure 5. In the PO-ErN spectra we see the ErN peak is

ErN Powde'rs

(@)

PO-ErN Powders 7

Intensity (a.u.)

: (b)

L " i i i L L
200 300 400 500 600 700
Wavenumber (cm-')

Figure S. (a) Raman spectrum of ErN powders and (b) partially
oxidized ErN (PO-ErN) excited at 514.5 nm. The vertical dashed
lines correspond to reported Er,O, lines by N. Dilawar et al.”’

present along with a number of other features similar to
previously reported phonon frequencies (vertical lines) for
Er,0,.”” Vibrational bands for lanthanide oxides tend to be
significantly stronger than those reported for nitrides, so the
dwarfing of the ErN peak by the Er,O; peaks is expected.
However, in the partially oxidized sample there is still
significantly more nitride than oxide resulting in the nitride
peak still being visible. The differences seen between the
spectra in Figure 5 indicate that Raman spectroscopy detected

Figure 6. (a) HRTEM image of ErN particles showing lattice fringe
spacing of 2.81 A, corresponding to the FCC d ,; lattice plane of
ErN. (b) HRTEM of a partially oxidized ErN particle, showing a core
(ErN)—shell (Er,0O4) structure.

a lattice spacing of 2.81 A corresponding to the FCC d,y,
lattice plane of ErN. The ErN nature of the powder is also
confirmed by the spatial frequencies determined from a fast
Fourier transform (FFT) (not shown), returning a lattice
constant of a = 4.85 + 0.06 A. This is within the experimental
error margin of the expected lattice constant for FCC ErN in
the literature and is similar to the lattice parameters inferred
from XRD on the ErN powders (see Figure 1). In contrast, the
high-resolution TEM of partially oxidized ErN shows a
different structure in Figure 6. The dashed lines indicate the
boundary between a core and a shell. One boundary is on the
111 plane, and the other is on the 002 plane. Considering first
the 111 facet, the planes in the shell have a spacing of 3.43 A
which corresponds to the Er,O; dy;_j lattice plane indicating
an orientation relationship of 111//01—10. For the shell
boundary on the cubic 002 plane, the shell has an observed
lattice constant of 2.7 A which corresponds to the Er,O5 dy;_y;
plane.

3. CONCLUSION

In conclusion, nine lanthanide nitride powders were
synthesized using ball milling and investigated by XRD,
TEM, and Raman spectroscopy. Three 1-phonon frequencies
of LnN are reported for the first time, and five are compared
with previously reported results for thin films confirming
remarkable similarity despite their uncontrolled geometry. We
show that there is a directly proportional relationship between
the LO(I") phonon (1-phonon), frequency, and atomic
number and an inversely proportional relationship with lattice
constant governed by the inverse square of the Ln—N bond
length. The two heaviest LnN (ErN and LuN) show a single 2-
phonon peak at twice the frequency of the 1-phonon peak.
Interestingly, some LnN do not show a 2-phonon peak but
have a prominent peak at a higher frequency (~190 cm™
higher than twice the 1-phonon peak) that can also be seen in
thin films—its origin is still puzzling. Finally, as a case study,
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partially oxidized and unoxidized erbium nitride powders were
compared. While XRD detected no difference in the samples,
Raman spectra and TEM consistently revealed strong evidence
of a thin surface layer of erbium oxide in the partially oxidized
sample, highlighting the powerful sensitivity of Raman
spectroscopy to detect small concentrations and fine surface
structure. Our results underscore that high quality powders of
lanthanide nitride can be obtained by a simple mechanical
synthesis route, opening a new range of potential applications
for these materials, including green ammonia synthesis.
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