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Although many new compounds have been recently predicted with the help of machine learning, the
successful experimental synthesis of these compounds remains challenging. Computational insights
about the thermodynamic stability and phase formation kinetics among the ground state and competing
metastable phases are highly desirable to rationalize and attempt to overcome synthesis challenges
experimentally. In this work, we explore synthetic challenges within ternary La—Si-P compounds
through feedback between experimental and computational studies. We discuss the experimental
challenges in forming three computationally predicted ternary phases (LasSiP, LasSiPs, and LaySiPs). To
understand the synthetic challenges, we performed molecular dynamics (MD) simulations using an
accurate and efficient artificial neural network machine learning (ANN-ML) interatomic potential. We
study the phase stability and formation kinetics of these ternary phases in relation to the reported and
synthesized La,SiP, phase. While the growth of the La,SiP, phase can be reproduced by our MD
simulation, our results indicate that the rapid formation of a Si-substituted LaP crystalline phase is
a major barrier to the synthesis of the predicted La,SiP, LasSiPs, and La,SiPs ternary compounds,
agreeing well with experimental observations. Our simulations also suggest that there is a narrow
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1. Introduction

Rapid advances in artificial intelligence/machine learning (AI/
ML) algorithms, information infrastructures, and data
sciences, as well as computer hardware/software offer prom-
ising opportunities to develop new, transformative strategies for
materials design, discovery, and synthesis."® ML techniques
have been demonstrated to be very successful in the rapid
screening of vast composition-structure spaces to select
promising candidates for first-principles calculations, greatly
accelerating the pace of new materials prediction and
discovery.'***

Currently, many computationally predicted new compounds
have not been experimentally realized, largely due to the lack of
prediction of their optimal synthetic conditions.'® Most
computational predictions are performed at 0 K, while experi-
mental syntheses are at finite temperatures. Knowledge about
temperature effects on the relative thermodynamic stabilities
among the predicted ground state structures and competing
stable and metastable structures is essential for optimizing
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temperature window in which the La;SiPs phase can be grown from the solid-liquid interface.

synthetic parameters. Moreover, as kinetics dominate during
experimental synthesis, it is vital to understand the temperature
dependence of stability and the phase formation and growth
kinetics. Hence, it is highly desirable to combine an effective
and timely computational-experimental feedback loop with AI/
ML to enable efficient predictive synthesis.

The fundamental thermodynamic energy landscape of multi-
element phase spaces and complex kinetics of crystal nucle-
ation and growth make predictive synthesis an outstanding
challenge. A full computational exploration of predictive
synthesis is not realistic at present. However, advances in
computational modeling/simulation and AI/ML provide
opportunities to make relevant estimates for a narrow subset of
parameters to guide experimental efforts. For example, under-
standing the potential decomposition pathways and products of
various synthesis conditions is useful in eliminating a signifi-
cant set of dead-end routes.”** Simulations can then guide
experimentalists through synthetic parameter selection and
protocol design to enhance the efficacy of synthesis. Such
efforts will greatly improve the synthetic predictability and
rational design of emergent materials.

While molecular dynamics (MD) simulation is a powerful
tool to study the thermodynamics and kinetics of real materials
at the atomic level, the bottleneck of such simulations is the
lack of accurate and efficient interatomic potentials for systems
of interest, especially those with 3 or more chemical elements.

This journal is © The Royal Society of Chemistry 2025
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Although ab initio MD can accurately describe interatomic
interactions, it is computationally expensive. Larger-size and/or
longer-time MD simulations can be carried out at low compu-
tational costs using empirical interatomic potentials in analytic
functional forms with fitted parameters, but it is difficult to
obtain accurate and transferable potentials for systems of 3+
elements. Recently, machine learning has emerged as a prom-
ising strategy to tackle challenges in constructing interatomic
potentials that balance the accuracy and efficiency require-
ments of MD simulations.'**° In this paper, we use ternary La-
Si-P compounds to demonstrate that reliable MD simulations
can be realized using an artificial neural network (ANN) ML
interatomic potential,** yielding a greater understanding of
synthetic challenges in complex chemical systems.

The La-Si-P phase space is relatively sparse, with only 5
experimentally reported phases: LaSi,Ps, La,SiP,, and 3 poly-
morphs of LaSiP; (ref. 42-44). All five of these compounds are
semiconductors featuring [SiP,] tetrahedral units and homo-
nuclear P bonding ranging from P-P dumbbells to one-
dimensional (1D) P chains to two-dimensional (2D) disor-
dered nets. Noncentrosymmetric LaSi,Ps and Pna2,; LaSiP; are
potential infrared (IR) nonlinear optical (NLO) materials,** and
both LaSiP; layered phases (Pna2; and Aea2) exhibit low thermal
conductivities, a key trait in candidate thermoelectric mate-
rials.*® Thus, ternary La-Si-P compounds hold promise in
energy-related applications and have prompted further
computational investigations in this complex phase space.
Recently, La-rich ternary phases La,SiP and La;SiP; were pre-
dicted by ML-guided first principles calculation studies to be
low-energy metastable phases.” ML-guided exploration of P-
rich La-Si-P ternary compounds also revealed 16 stable and
metastable compounds, including stable La,SiP;.** In this
paper, we address the synthetic difficulties in realizing these
predicted materials. We perform MD simulations to study the
phase stability and formation of predicted novel ternaries,
La,SiP, LasSiP;, and La,SiP;,""* using an accurate and efficient
ANN-ML interatomic potential developed by us.** For compar-
ison, we also study La,SiP,, which was recently synthesized by
our experimental group.*” These simulations, coupled with
experimental synthesis feedback, provide valuable information
for understanding the inherent challenges in the synthesis of
La-Si-P ternary compounds.

2. Experimental synthesis challenges

There are inherent challenges to the high-temperature solid
state synthesis of La-Si-P phases. A direct reaction of the
refractory elements, La and Si, with volatile and reactive red P
promotes the formation of thermodynamic dead-ends, LaP and
SiP, rather than the target phase.** However, employing an arc
melted La-Si precursor in lieu of elements can aid in over-
coming some synthetic barriers. Atomic mixing of the refractory
elements allows them to be introduced into the reaction
medium simultaneously with P in close spatial and temporal
proximity. These LaSi + P reactions encourage prompt forma-
tion of ternary compounds upon heating and minimize binary
admixtures. Another method to promote the reactivity of the
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elements is to employ a flux with a lower melting temperature,
as demonstrated for the synthesis of LaSi,Ps in Sn and NaCl
fluxes.**** Yet, despite these synthetic tricks, the synthesis of
ternary La-Si-P compounds at elevated temperatures (>1450 K)
remains arduous due to reaction container limitations.

It should also be noted that while the chemical potential of P
provides an advantage in the exploration and discovery of P-rich
ternary compounds,™ P reactivity also brings about additional
challenges. At sufficient temperatures, reaction contents may
reach a melt which can further attack the reaction vessel,
resulting in unwanted admixtures and potentially damaging the
container. Additionally, most solid-state reactions are con-
ducted in silica ampoules that begin to deform at 7'~ 1500 K, so
synthesis at high temperatures is not trivial. Metal ampoules,
such as Nb or Ta containers, are often used as an alternative to
silica but these metals react with P at elevated temperatures to
form Nb or Ta metal phosphides. A future avenue for the
synthesis of La-Si-P phases at high temperature may be to
employ carbon crucibles, but these containers still need to be
sealed in a secondary silica jacket. Anticipating these synthetic
hurdles, we use the La-Si-P phase space as a model for exper-
imental-computational feedback to explore competition
between phase stability and phase selection kinetics of complex
ternary compounds.

The crystal structures of the low-energy ML-predicted La,SiP
(further indicated by the short notation 211), La;SiP; (513), and
La,SiP; (213) compounds'**® and experimentally synthesized
La,SiP, (214) phase** are shown in Fig. 1. In the La-rich 211 and

(b) 513

Fig.1 The crystal structures of the 211, 513, 213, and 214 phases. In (a)
211 and (b) 513, [P@Lag] octahedra are shown in pink and [Si@Lagl
trigonal prisms are shown in cyan. In (c) 213 and (d) 214, [SiP,4] tetra-
hedra are shown in blue. [La@P;] polyhedra in (c) 213 are shown in
yellow, while [La@Pg] or [La@SiPg] polyhedra in (d) 214 are shown in
green. Note that in 211 and 513 crystals, the [P@Lag] octahedra is the
same building block of binary LaP. The half of [La@P;] polyhedra in 213
has a pyramid structure (shown by pink bonds of P-P at the top of
figure (c) as an example), which is just a half building block of the LaP
crystal, while there is no octahedra-like motif in the 214 crystal. These
LaP motifs in 211, 513, and 213 crystals are responsible for the rapid
growth of the LaP phase during the crystal growth process, which will
be demonstrated in the following MD simulations.
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513 compounds, [P@Lag] octahedra connect via edges and
share corners with [Si@Lag] trigonal prisms. However, in the P-
rich compounds, neither of these motifs is observed; instead,
[SiP,] tetrahedra are present. In La,SiP;, these tetrahedra share
corners to form 1D chains propagating down the [010] direction
with [La@P] polyhedra filling space between these chains. In
La,SiP,, additional P atoms are accommodated as P-P dumb-
bells connecting the [SiP,] tetrahedra together in 1D chains
along [001], and interstitial La atoms are coordinated by 9P
atoms, [La@Py), or Si + 8P atoms, [La@SiPg]. The phonons of
these ternary compounds have been studied by first principles
calculations."*** These compounds were shown to be dynami-
cally stable without imaginary phonon modes being observed.
The relative stability of the predicted 213 phase against the
experimentally known 214, 113, and 126 phases as a function of
temperature, including the contributions of vibrational entropy
to the free energy, has been given in our previous paper.*

To corroborate ML-guided predictions, we previously
attempted the synthesis of the predicted La-rich compounds,
La,SiP and LasSiP;."* Despite our attempts to vary synthetic
parameters (elemental vs. precursor starting materials, and
reaction temperatures ranging from 773-1273 K), all experi-
ments resulted in the formation of the stable binary LaP and
unreacted Si. Because the synthesis of La-rich ternary phases
was challenging, we instead focused our synthetic efforts on the
P-rich compounds, hypothesizing that the chemical potential of
P may help promote phase formation. We attempted several
syntheses targeting the formation of La,SiP; using arc-melted
La-Si precursors, CsCl salt flux, and by varying synthesis
temperature in the range of 1073-1423 K (Table S1). We were
unsuccessful in forming the predicted La,SiP; phase as revealed
by powder X-ray diffraction (PXRD). However, these synthetic
trials led to two significant observations: (i) LaP was present in
all reactions, mostly as a stable major product, alluding that it is
a barrier to the synthesis of ternary La-Si-P phases, and (ii)
most reactions produced the known ternary phases Aea2 LaSiP;
or La,SiP, rather than La,SiP;. The reported melting point of
Aea2 LaSiP; is ~1308 K,* and this phase was present as a minor
product in reactions conducted at 1073 K. However, by raising
the reaction temperature to 1273 K while maintaining the same
duration, unindexed diffraction peaks appeared that did not
correspond to any known binaries and ternaries or predicted
La-Si-P ternaries (Fig. S1(a) and S2(a)). Reactions conducted at
1273 K or 1423 K for longer durations yielded La,Si,O-, indi-
cating a partial reaction of the melt with the silica ampoule, and
some La,SiP, or unindexed peaks (Fig. S2(a)). Overall, this series
of experiments revealed that melting La-Si-P phases may be
a way to access new ternary phases in this system.

3. Melting temperature and its
potential effects on synthesis

To better understand the results from the aforementioned
synthetic attempts, we evaluate the thermal stabilities and

melting temperatures of the predicted low-energy La,SiP,
LasSiP3;, and La,SiP; and experimentally synthesized La,SiP,
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(ref. 42) phases by MD simulations using the developed ANN-
ML La-Si-P interatomic potential. The performance of ANN-
ML potential on crystal growth and melting can be found in
Fig. S3. For more information about the ANN-ML interatomic
potential used in the present MD simulations, we refer readers
to ref. 41.

The MD simulations are performed using the LAMMPS
package.*® The initial simulation boxes are crystalline supercells
containing 4608, 5184, 5184, and 6860 atoms for the 211, 513,
213, and 214 phases, respectively. An isothermal-isobaric (NPT)
ensemble and a Nose-Hoover thermostat are used in the
simulations.””** The MD time step for the simulation is 2.5 fs.
The four crystalline phases are first heated to 300 K for 500 ps,
then continuously heated up to 3600 K or 2600 K, respectively,
at a rate of 10"> K s~ . After thermalizing at high temperature,
cooling simulations from the liquids are also performed with
a continued cooling rate of 10'* K s~ *. Fig. 2 shows the evolution
of the instantaneous potential energy (E — 3kgT) as a function of
temperature upon heating and cooling for the 4 systems. We see
a clear jump in the potential energy around 2300 K, 2200 K,
1900 K, and 1600 K, respectively, for the La,SiP, LasSiP;,
La,SiP3, and La,SiP, phases, indicating crystal-liquid transi-
tions are occuring. Snapshot structures of the simulation cell
before and after melting are given as insets in Fig. 2 to illustrate
changes in the atomic structures. We expect the temperatures
where the potential energies rapidly increase should be well
above the melting temperatures due to the finite system size
and simulation time used. We then estimate the melting
temperature 7T,, of each La-Si-P phase by checking the
temperature where the potential energy (E — 3kpT) starts to
deviate from the linear temperature-dependence upon heating
and cooling as shown in Fig. 2. The simulation results show the
T, estimated from heating and cooling in this way are very close
with each other. The average T, from heating and cooling
simulations estimated in this manner also agree well with that
obtained by solid/liquid coexistence method show below.
Therefore, the temperature where the potential energy starts to
deviate from the linear temperature-dependence upon both
heating and cooling is a good indicator of the melting point. By
comparison, the temperatures where the potential energies
exhibit a rapid increase during the heating process are several
hundred Kelvin (300-500 K) above the melting point of these
compounds. Nevertheless, it is reasonable to believe that these
compounds, if they can be synthesized, are stable at high
temperatures of at least 1200 K.

We also calculate the melting temperatures of the 211, 513,
213, and 214 La-Si-P ternary phases using the solid-liquid
phases coexistence method by MD simulations.” First, the
supercells in the whole simulation boxes containing 3136, 3024,
4608, and 3584 atoms, respectively, for the 211, 513, 213, and
214 phases are performed with NPT ensemble simulations at
temperatures below the melting points identified in Fig. 2.
Then, the atoms in the right half of box are heated up to high
temperature to ensure they are totally melted into a liquid state,
while the atoms in the left half are fixed. After the atoms in the
liquid half are cooled down to the initial temperature, the atoms
in the whole box are simulated with NPT ensemble for a short

This journal is © The Royal Society of Chemistry 2025
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Fig.2 The potential energy £ — 3kgT as a function of temperature for (a) La,SiP, (b) LasSiPs, (c) La,SiPs, and (d) La,SiP4 phases upon heating the
crystalline phases (red) and cooling the liquid state (blue) in MD simulations using the ANN-ML interatomic potential from ref. 41. The insets are
snapshot atomistic structures before and after melting during heating. The blue and red lines are linear fittings of £ — 3kgT in the low and high
temperature regions, respectively. The two vertical dashed lines show the temperatures where the potential energy starts to deviate from its
linear temperature-dependence upon heating and cooling, respectively.

time ~10 ps to equilibrate the solid/liquid interface. Then, the For the 211 and 513 phases, we observe precipitation of a LaP
MD simulations are switched to a NVE ensemble to search for binary phase, which is sandwiched between the parent (211 or
the coexistence of crystalline and liquid phases by adjusting the 513) solid and liquid phases. The LaP phase precipitated from
total energy of the systems through scaling the velocities of the both the 211 and 513 liquids contains some Si atoms. The three
atoms. When the coexistence of crystalline and liquid phases is  phases (solid, liquid, and LaP) coexist during the MD simula-
reached, the melting temperatures can be determined by aver- tion times of ~0.9 and 0.6 ns respectively, and at similar
aging the kinetic energy of the system over a sufficient time in  temperatures, 1900 & 30 K and 1930 =+ 30 K respectively, for the
the MD simulation. The simulation results are shown in Fig. 3. 211 and 513 phases as shown in Fig. 3(a) and (b). The

(a) 211 (t=0.9ns) (b) 513 (t=0.6ns)

g_ ) 2N e
’ T =(1900430)K I_. b

(c) 213 (t=1.8ns) (d) 214 (t=4ns)

I—» T, = (1340420)K To = (1200420)K

Fig. 3 Crystal/liquid coexistence MD simulations for the (a) 211, (b) 513, (c) 213, and (d) 214 phases. The liquid regions are highlighted by the red
dashed lines. While the 213 and 214 solid phases are in direct contact with their liquids, the LaP crystalline phase (highlighted by the blue lines)
grows from the 211 and 513 liquids and separates the solid phases from the remaining liquid. Note that the precipitated LaP phases contain some
Si atoms.
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coexistence of the 213 and 214 phases with their corresponding
liquids is also shown in Fig. 3(c) and (d), from which the
melting temperatures are calculated to be 1340 £ 20 K and 1200
=+ 20 K, respectively. More information about the crystal/liquid
coexistence simulations is available in the SI (Fig. S4-S6).

The MD simulation results reveal that 211 and 513 phases
exhibit high melting temperatures above 1900 K. The high
melting points of these compounds may make them difficult to
synthesize under the current experimental conditions, given the
potential reactivity of the La-Si-P melt and reaction container
limitations. However, these phases could be accessed by other
means, such as arc-melting. The predicted melting tempera-
ture, Ty, for LaP from our simulation** is ~2690 K, well beyond
the temperature range accessible by standard solid state
furnace reactions and the stability range of silica ampoules. It is
possible LaP could be activated by heating above the melting
point of the 211 phase, Ty, ~ 1900 K (Fig. 3). To probe this
hypothesis, we first attempted to synthesize La,SiP via arc
melting (Table S2). A pre-reacted sample with nominal
composition “La,SiP” (containing LaP and a mixture of LaSi,
LasSiy, and La,Siz) was arc-melted and the melted ingot was
characterized by PXRD, revealing the presence of LaP, LaSi, and
minor LaSi,. Scanning electron microscopy (SEM) studies with
energy-dispersive X-ray spectroscopy (EDS) elemental analysis
also indicated the presence of minor amounts of a ternary La-
Si-P phases in that sample. Poor homogenization of the pre-
reacted sample and the inability to form 211 by arc melting
may be due to the non-conductive nature of LaP. As such, we
varied the ratio of LaSi: LaP by combining the LaSi precursor
and LaP powder in a 0.8:0.2 ratio to ensure the conductive
binary silicide was the majority phase. According to PXRD, this
reaction produced binary phases only, with La,Si; being the
most prominent. Similar to the first arc-melted sample, SEM/
EDS analysis identified only minor ternary La-Si-P phases
present.

In contrast to the 211 and 513 phases, the melting temper-
ature of the 213 and 214 phases are significantly lower.
Compared to available experimental data for the melting
temperatures of La-Si-P ternary compounds,** the ANN-ML
potential used in the present MD simulations systematically
underestimates the melting temperature of LaSiP; and La,SiP,
by about 10%. We note that the melting point for Si calculated
by GGA-DFT* is also about 10% lower than the experimental
value. The melting point underestimation by our ANN-ML
potential could be partially attributed to the training data,
which are generated by GGA-DFT calculations. It is likely that
the melting points for other ternary La-Si-P phases predicted by
the ANN-ML potential are also about 10% smaller than their
actual values. The predicted melting temperature for the 214
phase is about 1200 K from the simulation while the experi-
mental value is ~1330 K. According to this scaling, the experi-
mental T, of the newly predicted La,SiP; phase should be about
1490 K. Employing arc-melted precursors and/or CsCl salt flux
in experimental syntheses partially helped in overcoming
synthetic barriers to form reported ternary La-Si-P compounds,
albeit not the target La,SiP; phase, as well as minor unidenti-
fied La-Si-P phases (Table S1). However, the primary hurdle in
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phase formation appears to be the presence of LaP as a major,
stable product. The lower predicted melting temperatures for
213 and 214 phases indicate they may be more accessible by
traditional synthetic methods. There is a ~150 K temperature
window between the predicted melting points of 214 and 213
(Fig. 3), which suggests it may be possible to transform one
ternary phase to another and subsequently isolate 213. Based on
the experimental T,, = 1330 K for La,SiP, (ref. 41) determined
by differential scanning calorimetry (DSC), we probed this
hypothesis by heating a sample containing (LaP + La,SiP,) to
1373 K for 5 days and then quenching it in air from high
temperatures. This process yielded LaP, minor amounts of
La,Si,0, as well as a new crystalline phase (or phases) as
indicated by the presence of unindexed diffraction peaks (Table
S3 and Fig. S2(a)). Semi-quantitative elemental analysis by SEM/
EDS revealed some possible ternary compositions (normalized
to 1 La): LaSiy 7(2)P1.1(1) and LaSig 29(6)Po.06(7) along with Si-doped
LaP (Fig. S2(b) and (c)), indicating there may be additional
unreported ternary La-Si-P phases. Attempts to improve the
crystallinity of and isolate the unknown phase(s) are underway.

We attempted to resolve the identity of the unknown pha-
ses(s) through computational modeling and simulations. We
performed adaptive genetic algorithm (AGA) searches®** for
low-energy structures with La;SiP; (LaSio33P) and La,SiP,
(LaSip5P) compositions. We obtained a metastable La,SiP,
structure with a formation energy 67 meV per atom above the
convex hull (Fig. S7). This structure features LaP slabs
composed of [P@Lag] octahedra that are connected via Si-Si
bonds between [P@La,Si,| distorted octahedra. The most
intense reflections in the simulated XRD pattern of La,SiP,
match some of the unindexed diffraction peaks observed in
experiments (Fig. S7(c)). We also constructed some LaSig 5P
and LaSiy 3;P hypothetical structures by randomly inserting Si
atoms into the interstitial sites of the LaP lattice, then per-
forming structural relaxations to obtain optimized crystal
structures. As shown in Fig. S8, the simulated PXRD patterns for
these model structures are similar to that of pristine LaP with
some additional diffraction peaks, much like the products
observed in our experiments. These simulations suggest that
the experimentally-observed ternary La-Si-P phase(s) may be
structurally-related to LaP and the Si-substituted compounds
shown in Fig. S7 and S8.

4. Crystallization at the solid-liquid
interfaces

To gain more insight into the growth kinetics of the low-energy
La-Si-P ternary phases, MD simulations were performed to
investigate the growth of the crystalline phases at solid-liquid
interfaces (SLI) for the four ternary La-Si-P compounds of
interest. The SLI MD simulations are performed using rectan-
gular boxes along certain crystallographic directions. The boxes
contain 3136, 3024, 4608, and 3584 atoms, respectively, for the
211, 513, 213, and 214 phases - the same as those in the crystal/
liquid coexistence MD simulations described above. To prepare
the initial SLI configuration, we first run MD simulations for the

This journal is © The Royal Society of Chemistry 2025
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crystalline La-Si-P structures at a given temperature T below the
melting temperatures. Then, half of the atoms in the simulation
box are kept fixed at a snapshot configuration, while another
half of the atoms in the simulation box are heated (at a rate of
10" K s~ ') well above the melting point for 10 ps to ensure the
atoms in this section are completely in a liquid state. Then, the
atoms in the liquid are cooled down (at a rate of 10'* K s ') to
the given temperature T. Thus, an initial configuration of SLI
with crystalline structure on the left and liquid on the right at
a given T is prepared. Starting from the initial configuration of
the SLI, MD simulations are performed at a constant tempera-
ture T and constant pressure (with pressure perpendicular to
the interface) of 0 kbar to study the growth of the crystal from
the SLI.

4.1. La,SiP and La;SiP; phases

MD simulations of crystallization at the SLI were performed at
temperatures of 7= 1520 K for the 211 phase and 7= 1544 K for
the 513 phase (which are about 0.80 of their melting tempera-
ture, T,,) using an NPT ensemble. The potential energies
decrease with simulation time as shown in Fig. 4(a) and (b),
suggesting continued crystallization from the interfaces. For the
211 phase, the potential energy decreases rapidly from 0-2 ns
and around 6 ns, indicating rapid crystallization around these
two intervals. For the 513 phase, the potential energy decreases
rapidly in the first 2 ns and fluctuates near a constant value
during the next 28 ns of simulation, suggesting very quick
crystallization in this system. These crystallization behaviors
are also confirmed by the snapshots of the atomic structures at
different simulation times (Fig. 4(c) and (d)). However, the
grown crystalline phases are mostly the binary LaP phase, as
determined by comparison of the pair correlation functions of
the grown structures to that LaP phase at the same temperature
(see Fig. 4(e) and (g) for region (i) and (iii) respectively). The
rapid growth of the LaP phase from the 211 and 513 interfaces
are due to presence of [P@Lag] octahedra (Fig. 1), which is also
the main motif of the LaP phase. It is interesting to see some of
the 211 phase (the as-grown crystal in region (ii), where the g(7)
is shown in Fig. 4(f)) forms between the grown LaP phase,
presumably due to the richer La and Si compositions in the
remaining liquid after the quick formation of LaP in the first 2
ns. The potential energy drop around the 6 ns is correlated with
the formation of the 211 phase from the remaining liquid
(highlighted by the red dashed line in Fig. 4(c)). These simula-
tion results suggest that the 211 phase would be synthesizable
starting with La- and Si-rich compositions. The persistence of
some liquid (highlighted by the red dashed line in Fig. 4(d)) in
the simulation of 513 phase would also be due to a richer La
composition in the remaining liquid.

It is also interesting to note that the LaP phase grown from
both the 211 and 513 interfaces are well-ordered with partial
substitution of P by Si. In the 211 phase simulations, the grown
LaP phase has 40% of P being substituted by Si, while only
about 10% of P is substituted in the LaP phase grown from the
513 liquid (Fig. 4). This difference is attributed to the different
Si content (25% vs. 11%) in the parent liquid. Substitution of Si

This journal is © The Royal Society of Chemistry 2025
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in the LaP matrix was also confirmed experimentally by SEM/
EDS on selected samples, ranging from ~10% to ~50%
(Fig. S1 and S2). More details about the Si atomic positions in
the grown LaP phase from the 211 SLI can be found in the SI
(Fig. S9). These crystallization simulation studies provide
further explanation for the observed experimental results
wherein Si-substituted LaP was the major phase formed in the
arc-melting experiments (Table S2). As arc-melting involves
rapid heating and cooling rates at high temperatures, crystal-
lization of thermodynamically stabilized products may be
favored.

4.2. La,SiP; and La,SiP, phases

MD simulations of the crystallization at the La,SiP; solid-liquid
interface were performed at a temperature 7 = 1187 K (which is
about 0.89 of the melting 7) using an NPT ensemble. The
Fig. 5(a) shows the potential energy per atom as a function of
simulation time. The potential energy exhibits a quick drop in
several steps (around 1, 5, and 15 ns), suggesting that crystal-
lization taking place in steps. It is interesting to see both 213
and LaP grown after 15 ns of simulation (indicated by (ii) and (i)
in the plots). The crystallization snapshots at different simula-
tion times are given in Fig. 5(c). We verify that the grown crys-
talline phases are LaP and 213 by comparing the pair
correlation functions of the as-grown structure at the same
temperature, as shown in the Fig. 5(e) and (f). We note that,
when the simulations are performed at a temperature of 1225 K,
only the growth of the 213 phase is observed as shown in
Fig. S10(b). However, simulations at other temperatures (1200
K, 1250 K, and 1275 K) show that both LaP and 213 phases grow
at the 213/liquid interface (see Fig. S10(a), (c), and (d)). These
results can explain why LaP phase is constantly obtained in the
experimental synthesis attempts discussed above. There may be
a narrow temperature window of about 75 K where the 213 can
grow above the melting point of 214 phase. However, realizing
such a narrow temperature window in experimental synthesis
would be a challenge. In comparison, the growth of the 214
phase at T = 1050 K (which is about 0.88 of melting T;,,) takes
about 30 ns of the MD simulations to complete over the simu-
lation cell, as shown in Fig. 5(b) and (d). The pair correlation
function of the as-grown structure confirms that it is indeed the
214 phase (see Fig. 5(g)). The simulated growth of the 214 phase,
without interference by the LaP phase, also agrees with our
experimental results.

5. Summary

In this paper, we explore synthetic challenges of La-Si-P ternary
compounds through feedback between experiments and
computational simulations. Varying experimental attempts,
including arc-melting and high-temperature quenching, failed
to produce the predicted La,SiP, LasSiP;, and La,SiP;
compounds. Instead, the results of these syntheses showed that
LaP was present in all reactions, mostly as a stable major
product. This revealed that the LaP phase is indeed a significant
barrier to the synthesis of ternary La-Si-P phases.

J. Mater. Chem. A, 2025, 13, 39982-39991 | 39987


https://doi.org/10.1039/d5ta05069c

Published on 22 October 2025. Downloaded on 4/8/2026 6:23:15 PM.

Journal of Materials Chemistry A

-5.96;
-5.98

-6.00.
-6.02.
-6.04
-6.06
-6.08
-610.

(a) 211 crystal growth

1520K
/T, ~08

Potential energy (eV/atom)

(c) 211/liquid interface

Ons
25
]
sS30% 53 6ns
e 4
G &0
40 < >0
»»o:j >
SR ETET Fw:r
-0, 9
_691’1 -9 K054 3
FRHLHREE RIS
$365 SR ST LOTE SOLBTIIE T 12ns
5049 Lo Sa vy
308 X0, K (PSS b -4
(©-3-9 20~ 0- ) 3-3-0)
OF 6 3 S h g
pai sl
5 5
4 (e)As-grown crystal in (i) 4
3 — Perfect LaP crystal 3
%2 — As-grown crystal in (i) %2

r(A)

(f) As-grown crystal in (ii)

View Article Online

Paper
€ 600/ ‘ ‘ ‘ ‘
=} SEE
g -6.02. (b) 513 crystal growth
L _6.04
> f
g —6.06 1544K
© —6.08 TT,~08
s
5
[e}
o

0 5 10 15 20 25 30
t(ns)

(d) 513/liquid interface

Ons

2ns

2% 30ns

5
4+ (9)As-grown crystal in (iii)

— Perfect 211 crystal 3 — Perfect LaP crystal
2

— As-grown crystal in (ii) % — As-grown crystal in (iii)

r ) r (A

Fig.4 MD simulation of crystal growth for (a) La,SiP and (b) LasSiPs phases at the crystal/liquid interface at T= 1520 K (211) and T = 1544 K (513).
Figure (c) shows, in the 211/liquid MD simulation, 12 LaP crystal layers (yellow region) grown at two interfaces in the first 6 ns simulation time. In
the as-grown LaP layers, about 40% P sites are substituted by Si atoms, and some Si atoms also occupy interstitial sites. The composition of the
liquid (highlighted by red dashed lines) is La,Si; g4Po.16. This liquid crystallizes into a part of the 211 structure beginning around 6 ns of simulation
time. The blue region (i) shows the whole 211 crystal structure, where the composition is La,Si; 3Pg 7, suggesting that the P atoms are substituted
by Si atoms when 211 crystal grows. Similarly, figure the (d) shows the as-grown crystal in the 513/liquid simulation also adopts the LaP structure
with some P atoms substituted by Si atoms. Comparison of the total pair-correlation functions between the perfect and as-grown crystals are

shown in figures (e-g).

Using an ANN-ML interatomic potential for La-Si-P
ternaries, we performed MD simulations to investigate the
thermal stabilities and melting points of the La,SiP, LasSiP;,
and La,SiP; compounds, as well as known binary LaP and
ternary La,SiP, phases. Our simulations show that the binary
LaP phase is very stable with a melting temperature of 2690 K.
All four ternary La-Si-P phases are also thermodynamically
stable upon heating above 1200 K. The melting point of the
La,SiP, phase is the lowest among the studied phases. From the
crystal/liquid coexistence MD simulations, the melting
temperature of the La,SiP, phase is calculated to be about 1200
K, which is about 10% lower than the experimental value. The
agreement of the melting temperature of this ternary
compound between the simulation and experiment is reason-
ably good, considering that the melting temperature is not
explicitly included in the interatomic potential training.** As the
ANN-ML potential MD simulations revealed a ~150 K temper-
ature window between the predicted melting points of the 214

39988 | J Mater. Chem. A, 2025, 13, 39982-39991

and 213 phases, we aimed to synthetically transform the 214
phase to the 213 phase by annealing a sample containing
La,SiP, to 1373 K (above the melting point of 214). The process
yielded LaP, minor amounts of La,Si,O, as well as a new crys-
talline phase (or phases) as indicated by the presence of unin-
dexed diffraction peaks.

The accuracy and efficiency of the ANN-ML interatomic
potential for La-Si-P ternaries enabled us to perform MD
simulations to study the growth kinetics of the crystalline
phases at the solid-liquid interfaces for La,SiP, LasSiP;, La,SiP;
and La,SiP,. In the 211/513 crystal growth simulations, MD
studies correctly identify that the formation of Si-substituted
LaP is a major kinetic barrier to ternary formation, which was
consistent with experimental observations. Our simulations
also suggest that the 211 phase could be formed under La- and
Si-rich conditions. In the 214/213 crystal growth simulations,
while the 213 liquid was easily transformed into Si-substituted
LaP, growth of 214 was obtained below the melting

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 MD simulation of crystal growth of (a) La,SiPz and (b) La,SiP4 phases at the crystal/liquid interface at T = 1187 K (213) and T = 1050 K (214).
Figure (c) shows both LaP and 213 grow at the 213/liquid interface (indicated by (i) and (ii) in the plots). In the as-grown LaP structure, some P
atoms are substituted by Si atoms, similar to the 211/liquid and 513/liquid simulations. Figure (d) shows 214 growing at the 214/liquid interface
without interference by the LaP phase. Comparison of the total pair-correlation functions between the perfect and as-grown crystals are shown

in figure (e-g).

temperature. This result also explains that, while the 214 phase
can be made experimentally, strong competition from the LaP
phase is a major barrier to synthesizing the 213 phase. Although
the simulations indicate that there is a narrow temperature
window below melting to facilitate the growth of 213 phase,
realizing such a narrow temperature window in experimental
synthesis would be difficult.

Although DFT calculations suggest that the 211, 513 and 213
phases have favorable formation energy, the convex hull was
calculated at 0 K and the stability of these phases might be
altered significantly at high temperatures. The experimental
synthetic approach was semi-successful for the studied La-Si-P
system, given the challenges related to highly reactive La in the
melt and high P vapor pressure which inhibited certain
synthetic endeavors. The proposed methodology should be
more applicable for systems requiring less extreme synthetic
temperatures, i.e. Ty, < 1000 K, and/or for systems lacking such
volatile components, such as borides and silicides. The melting
temperatures of the predicted 211, 513 and 213 phases are all
well above 1300 K, especially for the La-rich compositions, so
experimental challenges are expected. Our MD simulations

This journal is © The Royal Society of Chemistry 2025

using an ANN-ML interatomic potential provided valuable
information and insights to understand the observed experi-
mental synthesis challenges and also suggested some other
potential avenues for synthesis in future investigations. A
comprehensive phase diagram establishing the relative stability
of competing solid and liquid phases under varying conditions
(such as chemical compositions and temperatures, pressures)
would be critical for determining the synthesis pathways for
complex materials. Unfortunately, to the best of our knowledge,
no such ternary phase diagram for the La-Si-P system is
currently available. Constructing a comprehensive and reliable
ternary phase diagram computationally remains challenging
and intensive, primarily due to the need for precise free energy
calculations for both liquid and solid phases across vast
chemical and thermal ranges. This area warrants further study,
given that phase diagrams are foundational for guiding the
synthesis of complex materials.
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