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A longstanding discrepancy between theoretical predictions and experimental observations on the high-

pressure structural transformations of lanthanum mononitride (LaN) has posed challenges for understanding
the behavior of heavy transition metal mononitrides. Here, we systematically investigate the structural evolution

of LaN under high pressure using first-principles calculations combined with angle-dispersive synchrotron X-ray

diffraction, identifying the phase transition sequence and corresponding phase boundaries. Analyses of energetics,
kinetic barriers, and lattice dynamics reveal distinct mechanisms driving these transitions. These results clarify

the structural stability of LaN and offer guidance for studying other heavy transition metal mononitrides with

complex electronic behavior under extreme conditions.
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1. Introduction. The lanthanide series, consisting of
elements with atomic numbers 57-71, from lanthanum
(La) to lutetium (Lu), has received considerable atten-
tion for their applications in advanced materials. ' As
the atomic number increases within the series, the 4f or-
bitals become progressively filled. Chemically, lanthanides
exhibit remarkable similarity due to their shared charac-
teristics, with only gradual variations, stemming from the
fact that distinctive 4f electron configurations are typically
not participating in chemical bonding. 5]

Lanthanide mononitrides exhibit exceptional mechan-
ical, electrical, optical, magnetic, and catalytic proper-
ties, which are highly sensitive to variations in external
pressure and temperature conditions. [6-13] However, deter-
mining the crystal symmetry and atomic arrangements of
lanthanide mononitrides from experimental X-ray diffrac-
tion (XRD) patterns is often challenging due to the weak
To address

these complexities, several effective theoretical methods for
14-17

scattering cross-section of nitrogen atoms.

structural predictions have been employed,[ ] enabling
the resolution of complex phases under extreme conditions.
Nevertheless, the presence of inevitable kinetic barriers be-
tween the high-pressure thermodynamic phases can result
in the hysteresis effect and structural coexistence, compli-
cating the phase transition sequence.** 2%l Consequently,
the structural evolution and phase transition mechanisms
of lanthanide mononitrides remain subjects of ongoing de-
bate.

As the first element in the lanthanide series, La pos-
sesses the simplest electronic structure within the group
due to the absence of 4f electrons. This unique character-
istic simplifies its electronic properties and makes La an
ideal model system for investigating the phase transition
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behaviors of lanthanide mononitrides under high-pressure
conditions.

To investigate the high-pressure phase transitions
and their underlying mechanisms, we have selected lan-
thanum mononitrides (LaN) as representative materi-
als for this study. At ambient conditions, LaN adopts
a NaCl-type (Fm3m) structure as its ground state. [24]

this phase is dynamically unstable at low
(25]

However,
temperatures, = transitioning to an Imm?2 phase via sym-
metry breaking. [26] Under compression, LaN has been the-
oretically predicted to undergo a phase transition from
Fm3m to Pm3m across a broad and inconsistent pres-
sure range of 25.3 to 169.0 GPa.l?” 3! Experimentally,
only a P4/nmm phase has been reported to be synthe-
sized at 22.8 GPa by angle-dispersive synchrotron XRD
measurement. ®? There has also been speculation regard-
ing the potential existence of a NiAs-type structure, anal-
ogous to the high-pressure polycrystalline BaO, although
this phase has not yet been experimentally observed. [*?]
Recent calculations suggest that the P4/nmm struc-
ture is dynamically unstable up to 70 GPa, [33] prompting
the search for more stable alternatives. The recently per-
formed structural prediction has proposed additional can-
didate phases, including an anti-ferroelectric orthorhombic
Pbem phase at about 20 GPa and a hexagonal P63/mmc
phase at about 10 GPa, resembling the NiAs-type struc-
ture in BaO. [ However, the P63/mmc phase is dynam-
ically unstable at 0K. Further structural optimizations
have led to the discovery of a novel P6s3mc structure,
which lacks spatial inversion symmetry and demonstrates
dynamic stability. ®3 These newly predicted structures ex-
hibit notable energy favorability over the P4/nmm phase.
Despite these theoretical advances, experimental vali-
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dation of these predicted phases remains limited. More-
over, inconsistencies between theoretical predictions and
experimental observations persist, particularly regarding
the sequence and stability of high-pressure phases. A sys-
tematic and comprehensive investigation is thus required
to resolve these discrepancies and establish a consistent un-
derstanding of their structural evolution under high pres-
sure.

In this study, we combined synchrotron angle-
dispersive XRD experiments with first-principles calcu-
lations to resolve the long-standing controversy over the
high-pressure phase transition sequence of LaN. By sys-
tematically analyzing the experimental XRD data along-
side calculated enthalpies, transition barriers, and phonon
dispersion, we identified three distinct phases of Fm3m,
P6smc, and Pbem structures that emerge sequentially
with increasing pressure. This comprehensive investiga-
tion clarifies the structural evolution of LaN and offers
a framework for exploring analogous phase transitions in
other lanthanide mononitrides.

2. Method. High-pressure angle-dispersive XRD ex-
periments were conducted at room temperature using a
synchrotron X-ray source (A = 0.4859 A) at the B2 High-
Pressure Station of the Cornell High Energy Synchrotron
Source. A Mao-Bell-type diamond anvil cell equipped with
400 pm culet diamond anvils was utilized to pre-indent
a T-301 stainless steel gasket to a central thickness of
50 um. A 120 pm diameter hole was drilled at the cen-
ter of the gasket to create the sample chamber. Commer-
cially available LaN powder (Alfa Products, 99.999% pu-
rity) was loaded into the chamber with silicone oil serving
as the pressure-transmitting medium. Pressure was deter-
mined based on the frequency shift of the ruby R1 fluores-
cence line.®¥ Diffraction patterns were recorded using a
MARI165 image plate, with an average acquisition time
of 300s. The two-dimensional XRD diffraction images
were integrated using FIT2D software, which produces
patterns of intensity versus diffraction angle 26. (35,36] Rj-
etveld profile matching and refinement were performed us-
ing the GSAS+EXPGUI programs. ®7? First-principles
calculations were performed within the framework of den-
sity functional theory using the Vienna ab initio simula-
tion package (VASP).[5%4% The Perdew-Burke-Ernzerhof
functional within the generalized gradient approximation
was employed to describe electron exchange-correlation
effects. ] The projector-augmented wave method was
employed to treat the electron—ion interaction with the
5s25p°5d'6s? and 2s%2p® configured as the valence elec-
trons for La and N atoms, respectively. A plane-wave en-
ergy cutoff of 700 eV was adopted for all calculations. The
geometry optimization and atomic relaxation were con-
ducted using the conjugate gradient algorithm, with con-
vergence thresholds set to 1x107% eV /atom for energy and
1 x 1073 eV/A for residual forces. Brillouin zone sampling
was performed using the Monkhorst-Pack scheme with a
grid spacing of 27 x 0.02 A7, Structural predictions for
LaN were performed using the CALYPSO crystal struc-
ture analysis method based on particle swarm optimization
in the 0—-100 GPa range. [12:42] Fach structural search was

performed with a population size of 20 and evolved over
2040 generations. In each generation, 60% of the candi-
date structures were generated using the discrete particle
swarm optimization method. Enthalpy was employed as
the fitness function to guide the search toward thermo-
dynamically favorable configurations. Lattice matching of
initial and final phase transition structures was performed
using the CSM (crystal-structure matches) method, ac-
commodating up to 8 supercells. [43] The generalized solid-
state nudged elastic band (G-SSNEB) method was applied
to compute the transition states between initial and final

N
structures. [*447]

Phonon dispersion relations were com-
puted using the finite displacement method implemented
in the PHONOPY package. Supercell sizes of 4 x 4 x 4
(128 atoms), 3x3x 3 (108 atoms), 3x3x 3 (108 atoms), and
4 x 2 x 2 (128 atoms) were employed for phases of Fm3m,
Imm2, P63/mc, and Pbem, respectively. (461 The ab initio
molecular dynamics (AIMD) simulations were performed
under the NVT ensemble and combined with temperature-
dependent effective potentials (TDEP) ™7 were employed
to assess dynamic stability in a 4 x 4 x 4 (128 atoms) su-
percell for 12 ps with a timestep of 1.0fs at 300 K.

3. Results and Discussion. We performed a compre-
hensive structural search for LaN under high-pressure con-
ditions, utilizing the CALYPSO method in conjunction
with first-principles calculation. This approach enables the
prediction of thermodynamically stable and metastable
structures based solely on the chemical composition, and
its significant reliability and efficiency have been well es-
tablished in previous studies. **°% At 0K and 0 GPa, the
Imm2 phase is found to be more stable than the conven-
tional F'm3m phase, with a lower enthalpy of 14.6 meV
As pressure increases, LaN under-
goes a sequence of phase transitions. The first transi-
tion occurs at 11.0 GPa from the Imm2 phase to the

as shown in Fig. 1.
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Fig. 1. Calculated enthalpy differences of the Fm3m,

Imm2, P6z3mc, Pbcm, and Pm3m phases of LaN relative
to the P4/nmm phase as a function of pressure, based on
first-principles calculations at 0 K. The inset shows a focused
comparison of the enthalpy differences for the Pbecm and
Pm3m phases, also referenced to the P4/nmm phase, em-
phasizing their near-degenerate stability at high pressures.
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Imm?2

Fig. 2. The structural diagrams of identified phases of the

(a) Fm3m, (b) Imm2, (c) P6smc, (d) Pbcm, (e) P4/nmm,

and (f) Pm3m structures.
P63smc phase, followed by a second transition to the or-
thorhombic Pbem phase at 20.7 GPa (see Fig. 1). Above
50 GPa, the enthalpy difference between the P4/nmm
and the Pbcm structures becomes negligible as shown in
Fig. 1. The transition to the Pm3m phase appears only
at very high pressures, around 161.1 GPa shown in the
inset of Fig. 1, emphasizing the complex and multi-stage
phase transition behavior of LaN under extreme condi-
tions. These findings are in close agreement with the previ-
ously theoretical studies, [26,33] providing further validation
for the proposed phase transition sequence. To provide
a clear and comprehensive view of the structural evolu-
tion of LaN under varying pressure conditions, the crystal
structures of these phases, along with their respective lat-
tice parameters and Wyckoff positions, are presented in
Figs. 2(a)—2(f) and summarized in Table 1.

To assess the dynamical stability of LaN, we performed
phonon dispersion calculations for each phase within their
respective stable pressure ranges [Figs. 3(a)—-3(d)]. The ab-
sence of imaginary frequencies in the phonon dispersion for

the Imm2, P6s3mc, and Pbcm phases confirms that these
phases remain dynamically stable with respect to small
perturbations and maintain their structural integrity un-
der the applied compressive conditions. In contrast, the
Fm3m structure, which is traditionally regarded as sta-
ble under ambient conditions, exhibits significant imagi-
nary frequencies at high-symmetry points, specifically at
M (0.5, 0, 0.5) and I" (0, 0, 0).
stability provides valuable insight into the phase transi-
tion process at various temperature and pressure condi-

This dynamical in-

tions for LaN. To further explore this behavior, we em-
ployed the TDEP method combined with AIMD simu-
lations to calculate the phonon dispersion at 300 K. [47]
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Fig. 3. Phonon dispersion curves of LaN for various struc-
tural phases under selected pressure conditions. (a) The
Fm3m phase at 0 GPa, where the dashed lines represent
calculations at 0 K and solid lines correspond to results at
300 K obtained via the TDEP method, showing temperature-
induced dynamical stabilization. (b) The Imm2 phase at
0 GPa, exhibiting no imaginary frequencies and indicating
dynamical stability at ambient conditions. (c) The P6smc
phase at 20 GPa. (d) The Pbem phase at 30 GPa. Both (c)
and (d) also show dynamically stable phonon modes.

Table 1. The lattice parameters and Wyckoff positions for the Fm3m phase at 1.2 GPa, Imm2 phase at 0 GPa, P6smc
phase at 19.8 GPa, Pbcm phase at 32.3 GPa, P4/nmm phase at 60.0 GPa, and Pm3m phase at 161.1 GPa, respectively.

Theory Experiments
Phase Lattice constants (A) Atom Wyckoff positions Lattice constants (A)
Fm3m o = 5.986 La 4a (0.500, 0.500, 0.500) o = 5.269
N 4b (0.000, 0.000, 0.000)
@=5.175 La 2a (0.500, 0.500, 0.482)
Imm?2 b=3.818
N 2¢ (0.000, 0.000, 0.900)
c=3.817
a = 3.442 La 2b (0.333, 0.667, 0.216) a = 3.442
P6smc
c=6.124 N 2a (0.000, 0.000, 0.000) c=6.132
Phem Z = ;’;Zg La 4d (0.832, 0.035, 0.250) : = g’;gg
T N 4¢ (0.556, 0.075, 0.500) -
c=5.910 c=5.884
P4/nmm a = 4.062 La 2¢ (0.500, 0.000, 0.858)
c=3.028 N 2b (0.500, 0.500, 0.500)
Pm3m o = 2.694 La la (0.000, 0.000, 0.000)
N 16 (0.500, 0.500, 0.500)
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These simulations, which are essential for exploring the
temperature effects on phonon behavior, revealed the ab-
sence of imaginary frequencies at both the M and I" points
in the F'm3m structure at elevated temperatures. The
current results indicate that the Fm3m phase exhibits dy-
namic stability under thermal conditions, which validates
previous research suggesting the potential stability of the
Fm3m phase at higher temperatures. ?%! Our findings pro-
vide evidence for the potential temperature-induced struc-
tural transformation from the Imm2 phase to the Fm3m
phase in LaN, emphasizing the importance of thermal ef-
fects in driving phase transitions. This structural trans-
formation could be accompanied by a symmetry-breaking
mechanism, particularly under high-temperature condi-
tions. This insight may have broader implications for un-
derstanding the behavior of other materials with NaCl-
type crystal prototypes, such as SnTe, where thermal ef-
fects could play a significant role in symmetry-breaking
transitions. ['*]

To validate the
dispersive synchrotron XRD experiments were conducted
under high-pressure conditions. The XRD patterns of LaN
up to 40.6 GPa are shown in Fig. 4. A new diffraction peak

theoretical predictions, angle-
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Fig. 4. The XRD patterns of LaN collected during compres-
sion and subsequent decompression (from bottom to top).
With increasing pressure, new diffraction peaks emerge, indi-
cating phase transitions from the initial Fm3m structure to
intermediate and high-pressure phases. Upon decompression
to ambient pressure, the diffraction pattern reverts to that
of the initial phase, suggesting that the structural transi-
tions are reversible. All measurements were performed using
synchrotron radiation with a wavelength of A\ = 0.4859 A.

at 10.4° appeared distinctly at 19.8 GPa, marking the on-
set of an intermediate phase.
23.3 GPa, this peak becomes more pronounced, while the
peaks at 9.5°, 11.0°, and 15.5° diminish in intensity, and
a new peak at 9.2° emerges. The peak at 10.4° also began

As pressure increases to

to broaden, indicating the transition from the interme-
diate phase to the high-pressure phase at 23.3 GPa. Af-
ter reaching 32.3 GPa, the XRD patterns showed no fur-
ther prominent changes, which suggests the phase transi-
tion was complete. Our experimental XRD measurements
demonstrate that upon rapid decompression, the diffrac-
tion pattern of LaN reverts to that of the original struc-
ture, indicating that the high pressure-induced phase tran-
sitions are reversible. This observation suggests that, de-
spite the presence of kinetic barriers during compression,
the energy landscape permits the system to return to its
initial phase once the pressure is released. The reversibility
of the transition also implies that no irreversible structural
reconstruction or chemical reaction occurs under the pres-
sure conditions employed.

To determine the crystal structure of LaN, we refined
the experimental patterns and simulated the XRD results

el
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Fig. 5. Comparison of experimental and simulated XRD
patterns at selected pressures: (a) 1.2 GPa, showing the
Fm3m phase; (b) 19.8 GPa, corresponding to the emergence
of the intermediate P63mc phase; (c) 23.3 GPa, indicating
the coexistence of the P63mc and the Pbcm phases; and
(d) 32.3 GPa, where the high-pressure Pbcm phase becomes
dominant. The good agreement between simulation and ex-
periment supports the proposed phase transition sequence.
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based on the predicted structures, as shown in Figs. 5(a)—
5(d). At 1.2 GPa [Fig. 5(a)], the Fm3m phase closely cor-
relates with the experimental XRD diffraction pattern. In
contrast, the I'mm2 structure, while sharing a primary
peak at 9.1° and 18.2° like the F'm3m phase, exhibits ad-
ditional split peaks at 10.4°, 10.8°, 14.7°, 15.0°, 17.3°,
and 17.8°, respectively. The F'm3m phase, representing
a face-centered cubic structure, maintains high symme-
try, whereas the Imm2 phase results from a symmetry
reduction, leading to more diffraction peaks. This bro-
ken symmetry is a crucial factor contributing to the ob-
served differences in the diffraction pattern. At a pressure
of 19.8 GPa [Fig.5(b)], the peak at 10.4° in the experi-
mental data matches the diffraction pattern characteris-
tic of the P63mc phase, confirming it as an intermediate
phase in the LaN transition. At 23.3 GPa [Fig.5(c)], a new
peak at 12.6° marks the initiation of high-pressure phase
formation. Additionally, the presence of peaks at 9.6°,
10.5°, 11.1°, 13.1°, 16.3°, and 18.8° indicates that both
the low-pressure and intermediate phases coexist within
the system at this pressure. These observations highlight
the presence of phase coexistence under these conditions.
As the pressure increases to 32.3 GPa [Fig. 5(d)], the peaks
at 8.8°, 10.5°, 12.9°, 13.3°, and 17.3° intensify, signify-
ing that the system is predominantly characterized by the
Pbem phase. At this stage, the low-pressure and inter-
mediate phases completely disappear, marking the com-
pletion of the phase transition. Our experimental findings
demonstrate that LaN undergoes a phase transition se-
quence under high pressure, transitioning from Fm3m to
P6smc, and then to Pbecm, with phase transition points
observed at 19.8 GPa and 23.3 GPa, respectively. The ex-
perimental lattice parameters for the Fm3m, P63mc, and
Pbem phases at 1.2 GPa, 19.8 GPa, and 32.3 GPa are listed
in Table 1, in good agreement with our theoretical results.

After determining the sequence of phase transitions of
LaN under high pressure, we further investigated the un-
derlying mechanisms driving each transition. Kinetic bar-
riers and thermodynamic energetics describe two funda-
mentally different aspects of phase transitions or chemical
transformations. Kinetic barriers determine the rate and
feasibility of a phase transition, while thermodynamic en-
ergetics dictate whether the transition is energetically fa-
vorable. To this end, we employed the G-SSNEB calcula-
tions to analyze the enthalpy barriers associated with these
phase transitions. This method can be used to study phase
transformations, in which cell degrees of freedom and not
just internal degrees of freedom are necessary. For ex-
ample, martensitic transformation is the most distinctive
type of solid-state transformation among various types; the
G-SSNEB method has revealed new insights into the in-
tricate mechanisms governing this transformation. [#4:4%:56]
Initially, the CSM method was used to match the struc-
tural characteristics of the initial and final states, ensur-
ing that the transition pathways were properly mapped.
Such a description fully exploits the translational and ro-
tational symmetries and is independent of the choice of

[43]

supercells. To optimize the matching process, we uti-

lized a maximum of 8 supercells, which led to the discovery
of over 12000 potential matching patterns. From this large
pool, the most plausible structures were selected for fur-
ther G-SSNEB calculations. The results are presented in
Figs. 6(a)-6(c).

We first investigated the enthalpy barrier associated
with the transformation from the Fm3m phase to the
I'mm?2 phase at 0 GPa [Fig.6(a)]. Our findings revealed
that the enthalpy difference between these two phases is
minimal, with an enthalpy difference of only 14.6 meV. In-
terestingly, there is no enthalpy barrier between the two
structures. This suggests that the Fm3m phase can tran-
sition spontaneously to the Imm?2 phase at low tempera-
ture and ambient pressure conditions. The absent enthalpy
barrier between these two phases implies that the transi-
tion is energetically favorable, which can occur without the
need for external perturbation. Subsequently, we explored
the enthalpy barriers for the transition from the Imm2 to
the P63mc phase at pressures of 11.0, 15.0, and 19.8 GPa
[Fig. 6(b)]. At 11.0 GPa, we observed a relatively high en-
thalpy barrier of 70.6 meV. The enthalpy barrier from the
Imm?2 to the P63mc phase shows minimal variation with
increasing pressure. Although thermodynamic stability is
typically evaluated based on enthalpy differences between
competing phases, the actual occurrence of a phase tran-
sition is also governed by the kinetic barrier that must
be overcome along the transition pathway. In the current
case of LaN, while the Imm?2 to the P6smc transition
is thermodynamically favorable at elevated pressures, the
relatively high enthalpy barrier (~ 70.6 meV at 11.0 GPa)
hinders the transformation, resulting in a delayed phase
transition and hysteresis as observed in our experiments.
By elucidating the underlying enthalpy barriers and struc-
tural transformations, it highlights the intricate mecha-
nisms that govern the delayed response of the material to
changing external pressure conditions. This analysis offers
a detailed atomic-scale explanation for the hysteresis effect
observed during the phase transition process, which may
be observed in a wider variety of materials. !

Then we investigated the enthalpy barriers for the
transition from the P63mc to the Pbem structure
[Fig.6(c)]. Here, the results revealed remarkably low en-
thalpy barriers, with values of less than 1.0 meV at pres-
sures of 20.7 GPa, 22.0 GPa, and 23.3 GPa. These results
indicate that the transition between the P63mc and the
Pbcem phases is highly favorable at these pressures, with
the transition being nearly thermodynamically instanta-
neous under these conditions. This is in line with our
experimental studies suggesting that the P6smc phase
can indeed be easily synthesized from the Pbcm struc-
ture and further supports the notion that phase transi-
tions between these two phases occur with minimal ener-
getic cost. Figures 6(d)—6(f) illustrate the three distinct
phase transition pathways observed during the G-SSNEB
calculations. *4*° These findings align with our enthalpy
barrier analysis, where a significant enthalpy barrier of
70.6 meV is observed for the transition from the P63mc
phase to the Pbcm phase, signifying a more complex and
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Fig. 6. The G-SSNEB calculations of enthalpy barriers for the structural transitions: (a) the Fm3m to the Imm2
at 0 GPa; (b) the Imm2 to the P63mc at 11.0, 15.0, and 19.8 GPa; (c) the P63mc to the Pbem at 20.7, 22.0, and
23.3 GPa. (d)—(f) Minimum enthalpy pathways correspond to each transition.

energetically demanding phase transition. In contrast, the
transitions from the Fm3m to the Imm2 (14.6 meV) and
from the P6smc to the Pbem (less than 1.0meV) ex-
hibit much lower enthalpy barriers, reflecting a simpler and
more straightforward phase transition process. This varia-
tion in enthalpy barriers highlights the differing complex-
ities and thermodynamic characteristics associated with
each phase transition. These results further contribute to
our understanding of the phase transition mechanisms in
LaN under high pressure, showing that while some tran-
sitions are energetically favorable and occur with minimal
resistance, others require significant enthalpy input and
are more complex in nature. The variation in enthalpy
barriers highlights the complexity of high-pressure phase
transitions and provides a framework for understanding
similar transformations in materials with competing struc-
tural phases.

4. Conclusions.
principles calculations with high-pressure synchrotron

In this study, we combined first-

XRD experiments to resolve the long-standing contro-
versy over the phase transition sequence and mechanism
of LaN. Our results demonstrate that the I'mm2 struc-

ture exhibits thermodynamic stability at 0 GPa and 0K,
and the low enthalpy barrier between the Imm2 and the
Fm3m phases supports the previously proposed possibil-
ity of a temperature-induced phase transition. Experi-
mentally, LaN undergoes the following sequence of high-
pressure phase transitions: the Fm3m to the P63mc to
the Pbem, with transition pressures occurring at 19.8 GPa
and 23.3 GPa, respectively. The hysteresis in the transi-
tion from the Fm3m to the P63mc is primarily attributed
to a significant enthalpy barrier, which hinders the trans-
formation under certain pressure conditions. Our study
further elucidates the intricate phase transition behavior
of LaN under extreme pressures and offers valuable in-
sights into the underlying mechanisms that govern these
transitions. These findings provide a comprehensive un-
derstanding of LaN’s structural transitions and establish
a foundation for studying similar behaviors in other lan-
thanide mononitrides under high pressure.
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