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Third time's the charm: intricate non-
centrosymmetric polymorphism in LnSiP3
(Ln = La and Ce) induced by distortions of
phosphorus square layers+

Georgiy Akopov, & 1P Justin Mark, @ 1*° Gayatri Viswanathan, @ 1>

Shannon J. Lee, ©2® Brennan C. McBride, @ Juyeon Won,*°

Frédéric A. Perras, @2 Alexander L. Paterson, 2 Bing Yuan,® Sabyasachi Sen, @ ¢
Adedoyin N. Adeyemi,® Feng Zhang,*® Cai-Zhuang Wang, &< Kai-Ming Ho,
Gordon J. Miller® and Kirill Kovnir%*a'b

Complex polymorphic relationships in the LnSiPs (Ln = La and Ce) family of compounds are reported. An
innovative synthetic method was developed to overcome differences in the reactivities of the rare-earth
metal and refractory silicon with phosphorus. Reactions of atomically mixed Ln + Si with P allowed for
selective control over the reaction outcomes resulting in targeted isolation of three new polymorphs of
LaSiPs and two polymorphs of CeSiPs. In situ X-ray diffraction studies revealed that the developed
method bypasses formation of the thermodynamic dead-end, the binary SiP. Careful re-determination of
the crystal structure ruled out the previously reported ordered centrosymmetric structure of CeSiPs and
showed that the main LnSiPs polymorphs crystallize in the non-centrosymmetric Pna2; and Aea?2 space
groups featuring distinct distortions of the regular P square net to yield either cis—trans 1D phosphorus
chains (Pna2;) or disordered-2D phosphorus layers (Aea2). The disordered 2D nature of the P layers in the
Aea? LaSiPs polymorph was confirmed by Raman spectroscopy. A unique centrosymmetric P2;/c poly-
morph was observed for LaSiPz and has a completely different crystal structure lacking P layers.
Consecutive polymorphic transformations at increasing temperatures for LaSiPs(Pna2, — P2,/c — Aea?2)
were derived from optimized synthetic profiles and confirmed by a combination of phonon computations
and experimental in situ and ex situ annealings. Crystal structures of the LaSiPz polymorphs were verified
via advanced solid state NMR analysis using >'P MAS and *'P{**°La} double resonance techniques. A com-
bination of phonon and electronic structure calculations, NMR T; relaxation times, UV/Vis/NIR spec-
troscopy, and resistivity measurements revealed that all the reported polymorphs are semiconductors
with resistivities and thermal conductivities strongly dependent on the degree of distortion of P square
layers in the crystal structure. Reported here, non-centrosymmetric LnSiPs polymorphs with tunable resis-
tivity and thermal conductivity provide a platform for the development of novel functional materials with a
wide range of applications.

nent to characterization techniques used: powder and single crystal X-ray diffrac-
tion, 11-BM synchrotron powder XRD, 17-BM in situ powder XRD, scanning elec-
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tElectronic supplementary information (ESI) available: Experimental details
including synthesis descriptions as well as methods, figures, and tables perti-
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tron microscopy, energy dispersive X-ray spectroscopy, Raman spectroscopy,
differential scanning calorimetry, DFT calculations, solid-state diffuse reflec-
tance spectroscopy, transport property measurements. CCDC 2051281 (LaSiPs-
Aea2), 2051282 (LaSiP;-P24/c), 2051283 (LaSiP;-Pna2;), 2051284 (CeSiP;-Aea2)
and 2051285 (CeSiP3-Pna2,). For ESI and crystallographic data in CIF or other
electronic format see DOI: 10.1039/d1dt00845¢
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Introduction

Various materials, including many main group elements,
exhibit polymorphism: the ability of a substance to crystallize
in different structures while having the same chemical compo-
sition. The most famous example of elemental polymorphism
is that of carbon. Graphite, a relatively soft allotrope of carbon,
crystallizes in a layered structure with good thermal and elec-
trical conductivities while diamond, the hardest naturally
occurring material, adopts a structure with a 3D tetrahedral
net of carbon atoms and is a wide bandgap insulator. Besides
carbon, examples of polymorphism are known for many
elements such as phosphorus (white, red, violet and black
forms) and boron (a-, f-, and high pressure y- and &-forms).

Selective control in the synthesis of specific polymorphs is
extremely important in chemistry, materials science, mineral-
ogy, and pharmaceutics as the underlying differences in the
crystal structures of polymorphs result in vastly different physi-
cal and electronic properties. In addition to elements, poly-
morphism is observed in simple binary compounds like boron
nitride (BN) which can exist in the cubic and hexagonal
form."® Hexagonal BN, the more stable form, is an interesting
2D material with a structure similar to that of graphite. It can
be used as a lubricant and is studied for its optical
properties."”* Cubic BN, the high-pressure and high-tempera-
ture form, however is second only to diamond in hardness
with a Vickers Hardness of 60-75 GPa.>>® Another recently
studied polymorphic binary is NiP,, in which the metallic
cubic form exhibits superior electrocatalytic properties for the
water splitting reaction than its semiconducting monoclinic
counterpart.”

Polymorphism is also present in ternary and multinary
phases; however, properties characterization is scarce because
the synthesis of single-phase samples becomes increasingly
challenging.®** One such example is a family of ternary metal-
silicon-phosphides CeSiP;. There are several reports regarding
the crystal structures of these phases, but there are significant
disagreements on the exact symmetry of the various
polymorphs.”®>™® Employing an innovative synthetic tech-
nique, we have been able to overcome solid-solid diffusion
barriers and achieve high selectivity in the bulk synthesis of
desired polymorphs for CeSiP; and the growth of its single
crystals for redetermination of crystal structures. Applying this
technique to the less-studied La-Si-P phase space resulted in
the discovery of three novel polymorphs. In the LaSiP; system,
the high- and low-temperature polymorphs are non-centro-
symmetric and structurally related while the intermediate-
temperature polymorph has a completely different centro-
symmetric crystal structure. The non-centrosymmetric poly-
morphs of LaSiP; and CeSiP; reported here crystallize in
similar structures which differ in the degree of distortion of
their planar square nets of P atoms. Structures containing
such square nets are of significance due to their potential for
topological properties. Unlike the title compounds, a vast
majority of materials containing topological square nets are
centrosymmetric.'®'” Breaking of the inversion symmetry
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results in spin-orbit coupling which splits the Fermi surface
by removing the spin degeneracy of electrons and potentially
changes the band structure topology.

In this work, we report an innovative synthetic method, fol-
lowed by detailed in situ X-ray diffraction studies of the syn-
thetic mechanism of LnSiP; which culminated in a high
degree of selective control in polymorphic transformations.
The structures of the P fragments were confirmed by advanced
31p/"¥%La solid state NMR spectroscopy. Detailed electronic
and phonon computations, heat and charge transport
measurements, and optical spectroscopy illuminated the semi-
conducting nature of the five new LnSiP; (Ln = La, Ce) com-
pounds which exhibit ultra-low thermal conductivities which
depend on the degree of the distortion of their P square nets.

Experimental methods

A detailed description of synthetic, characterization, and ana-
lysis methods are provided in ESLf Bulk powders of the
different polymorphs of LnSiP; (Ln = La and Ce) were prepared
using pre-arc-melted LaSi or CeSi precursors and phosphorus,
while crystal growth was achieved using a Sn flux synthesis
from either the elements or a pre-arc-melted precursor, as well
as a flux-free synthesis from a pre-arc-melted precursor.

HAZARD: The amount of P in any reaction container should be
kept to a minimum because at relatively high temperatures during
synthesis the resulting vapor pressure of P may be sufficient to
cause the sealed ampoule to shatter or explode!

Synthesized phases were analyzed by laboratory powder and
single crystal X-ray diffraction (PXRD and SCXRD); synchrotron
high-resolution and in situ PXRD at the 11-BM and 17-BM
beamlines at the Advanced Photon Source at Argonne National
Lab (APS ANL); *'P and "*°La solid state nuclear magnetic reso-
nance (NMR) spectroscopy; Raman spectroscopy; scanning
electron microscopy/energy dispersive spectroscopy (SEM/
EDS); and differential scanning calorimetry (DSC). Electronic
structure calculations using density functional theory (DFT)
were employed to examine the electronic properties and
dynamic stability of the synthesized phases. Transport pro-
perties were measured using a physical property measurement
system (PPMS) on high density pellets that were pressed using
spark plasma sintering (SPS). Optical bandgaps were measured
using a UV/Vis/NIR spectrophotometer.

Results and discussion
Crystal structure

CeSiP; was first reported in 1975 to crystallize in the Cm2a or
Cmma space groups.' In 1976, it was reported to have Pn2a (a
nonstandard setting of Prna2,) or Pnma space group symmetry,
and then redetermined several years later to crystallize in the
Pn2,a space group.'>'® No crystal structures were reported for
the La and Pr analogues, but formation of phases similar to
CeSiP; was identified by powder XRD."? The crystal structure

This journal is © The Royal Society of Chemistry 2021
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of a single ternary phase was already reported in the La-Si-P
phase space, LaSi,Ps.'® Here we report three new polymorphs
in this system. Two of the LaSiP; polymorphs exhibit related
non-centrosymmetric structures and crystallize in the primitive
and base-centered orthorhombic space groups Pna2; (No. 33)
and Aea2 (No. 41), respectively, while the third polymorph of
LaSiP; crystallizes in the distinctly different centrosymmetric
primitive monoclinic space group P2,/c (No. 14) (Fig. 1 and 2).
The non-centrosymmetric Pna2, and Aea2 polymorphs have
related structures with the primary difference being in their
planar phosphorus layers as well as the significant degree of

Phosphorus Layer

General View

View Article Online
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disorder in the Aea2 structure. Both crystal structures are com-
posed of the following layers stacked along the [010] direction:
La, double-tetrahedral [SiP,], La, and flat P layers. The double-
tetrahedral layers are composed of corner-sharing SiP, tetrahe-
dra and are surrounded above and below by nearly planar
square nets of La atoms. Within the La layers, the La-La dis-
tances exceed 4.00 A. Adjacent lanthanum layers are separated
by planar P nets, which can be considered distortions from an
ideal square net of P atoms.

In the Pna2, polymorph, the planar P layers contain 1D cis-
trans chains of P atoms along the [001] direction. P-P distances

SiP, and La/P Layers

. S— -
:j EQ)\ ELL }ZQ %}\“
Z Z Z w LCooooo
R
ML 4
Pna2, ‘\‘

° *—o *—o °

Fig. 1 Crystal structures of the two non-centrosymmetric polymorphs of LaSiPs: (top) high-temperature Aea2 and (bottom) low-temperature
Pna2,. For the P layers, PP bonds (lines connecting P atoms) are shown for distances in the range of 2.1-2.5 A. Element legend: La — green; Si

(atoms and tetrahedra) — blue; P — red (with partial occupancy).

General View

Tetrahedral Connectivity

Fig. 2 Crystal structure of the intermediate-temperature polymorph LaSiPs (P2;/c) showing a general view as well as SiP,4 tetrahedral connectivity.

Element legend: La — green; Si (atoms and tetrahedra) — blue; P — red.

This journal is © The Royal Society of Chemistry 2021
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within the chains are 2.26-2.30 A which are comparable to the
single covalent inter-phosphorus bonds found in many phos-
phides, while inter-phosphorus distances between neighboring
chains in the structure exceed 3.7 A, indicating no covalent
interactions.®>*'?* Similar distortions of square nets with hyper-
valent pnictides and chalcogenides into cis-trans 1D chains have
been predicted and experimentally observed, primarily for
heavier main group elements such as Sb and Te.'®*372¢

The Aea2 structure of LaSiP; differs from the Pna2, version
in the apparent distortion of the P layer. Instead of ordered
cis-trans chains, the P layers in the Aea2 polymorph form dis-
ordered square nets which can be considered as superposition
of several possible distortions from the ideal square net
(Fig. 1). An ideal square net of P atoms would result in unrea-
sonably long P-P distances of approximately 3 A, while the
longest reported P-P distances in regular, undistorted P
square nets are 2.7 A.>”?® The P sites within this layer are split
into four different crystallographic positions with occupancies
ranging from 8% to 38%. The observed P layer site splitting in
the Aea2 structure results in a wide distribution of shorter
interatomic P-P distances ranging 2.0-2.9 A. While a single
covalent P-P bond is close to 2.2 A, significantly longer P-P
distances have been reported in metal phosphides.”’*”*® The
P net shown in Fig. 1 was plotted with reasonable P-P covalent
distances of 2.1-2.5 A. The view of this net may be altered if
longer P-P separation (2.5 A and 2.7 A) are included
(Fig. S19%). This disordered P layer may seem like a superposi-
tion of several cis-trans P chain running in different directions,
but spectroscopic Raman and NMR studies do not support
such a simplified description. The Aea2 phase also displays
disorder in the [SiP,] double-tetrahedral layer in which, in
addition to the sites found in Pna2,, the layer contains
additional split Si and P positions that account for approxi-
mately 5% of the atoms in the double-tetrahedral layer.

Layers of La atoms in these two non-centrosymmetric poly-
morphs are staggered along the [010] direction of the unit cell
in an ...ABBA... arrangement and are ‘held-in-place’ by the
rigid [SiP,] double-tetrahedral layers. The La layers in the two
polymorphs distinctly differ when looking along the [100]
direction: La atoms are flat in the Aea2 structure, but there is
mild corrugation in the Pna2, structure (Fig. S11a and bf). In
the Pna2, polymorph, the corner-connected tetrahedra of the
[SiP,] double-tetrahedral layers allow for little flexibility within
the La layers. To compensate for this rigidity and the ordered
P layer, the La atoms displace slightly above or below the
plane. However, in the Aea2 polymorph, the disordered P
layers and mildly disordered double-tetrahedral layers provide
enough degrees of freedom for the La atoms to sit completely
within the plane.

In both of these structures La is surrounded by 9 P atoms
(assuming the idealized P sites are used for the disordered
planar P nets in the Aea2 polymorph), but the local environ-
ments of La atoms differ slightly due to small displacements of
the La atoms in the Pna2, polymorph. The subscripts dtet and
plane are used to distinguish P atoms of the double tetrahedral
layer and planar phosphorus layer, respectively. La~Ppjane dis-
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tances range from 2.983(3)-3.299(3) A in the Pna2, structure and
2.87(1)-3.50(1) A in the Aea2 phase. The somewhat wider range
of distances observed in the Aea2 polymorph can be attributed
to the disorder within the P layers. However, when La—Pg dis-
tances from the [SiP,] double-tetrahedral layer are considered,
the distribution of interatomic distances is inversed: La—Pg¢
distances are 3.004(4)-3.120(1) A in the Aea2 polymorph, but
range from 2.955(4)-3.148(1) A in Pna2, structure.

The structure of the P layer in the Aea2 case could be
assumed to be an averaged superposition of several P-layers,
composed of P chains going in two orthogonal directions
instead of the disordered square net layer. If this assumption
is correct, the spectroscopic signatures of P-P layers are
expected to be similar for Pna2,; and Aea2 polymorphs.
However, the Raman spectra of these two polymorphs of
LaSiP; show a significant difference in the P-P stretching band
(Fig. S18%). For the Pna2,; LaSiP; polymorph, the band at
~320 cm™! corresponding to the P-P stretching in the 1D P
chains is broader than the bands below 200 cm™" corres-
ponding to vibrational modes associated with Si-P and La-P
bonds. The corresponding P-P stretching band for the Aea2
polymorph centered at ~323 cm™" is three times wider (full-
width-at-half-maximum FWHM ~50 cm™") than that in the
spectrum of the Pna2; polymorph (FWHM ~17 cm™'). Such
substantial broadening of this band for the Aea2 polymorph
rules out a simple picture of the P layer as a superposition of
locally ordered 1D P chains running in two orthogonal direc-
tions. The *'P solid state NMR spectra discussed below also
indicate significant differences between the structures of the
Pna2, and the Aea2 polymorphs.

The Pna2, structure of LaSiP; can be derived from the Aea2
structure by a klassengleiche transformation of index 2 that
splits the 85 Wyckoff positions in Aea2 into two distinct sets of
4a sites. In LnSiP; (Ln = La, Ce), this results in twice as many
sites for Ln, Si, and P in the lower symmetry Pna2, structure as
the Aea2 polymorph (Fig. S127).

Single crystals acquired from the initial synthesis of the
CeSiP; sample confirmed the previously reported structural
model with space group Pna2,," but the powder diffraction
pattern of this phase contained several unassigned peaks. This
result, in combination with the discovery of the three new
LaSiP; polymorphs, led to a more detailed synthetic investi-
gation resulting in the discovery of a new polymorph of CeSiP;
crystallizing in the Aea2 space group. The crystal structures of
the CeSiP; polymorphs are analogous to LaSiP; apart from the
P24/c polymorph, which exists for LaSiP; only. The Pna2,
phase of CeSiP; is completely ordered while the Aea2 phase
exhibits a higher degree of disorder in SiP, double tetrahedral
layer then the La analogue due to overall contraction of the
unit cell arising from the smaller size of the Ce cation,
although the P layer in Aea2 CeSiP; polymorph can be
described with only three split P sites.

The P2,/c polymorph was only observed for LaSiP; and all
attempts to synthesize this polymorph for Ce resulted in for-
mation of either the Pna2, or Aea2 phases. The crystal struc-
ture of P2,/c LaSiP; is composed of only two types of layers -

This journal is © The Royal Society of Chemistry 2021
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alternating La and [Si,Ps] double tetrahedral layers (with
differing inter-connectivity from the other polymorphs) in
which the shortest La-P distances are 2.9892(8) A. SiP, tetrahe-
dra share edges to form Si,Ps units with Si-P distances of
2.186(1)-2.321(1) A. These units are interconnected via P-P
bonds of 2.197(2) A and 2.217(2) A propagating along the [100]
and [001] directions, respectively, to form the [Si,Ps] layers.
Inter-phosphorus bonds that connect neighboring tetrahedra
have also been observed in the polymorphs of Ba,SiP, and
La,SiP, »??%?° In particular, tetragonal AE,SiP, (AE = Sr, Eu,
Ba) involves single tetrahedra bonded by P-P bonds to form a
3D framework,®*?° while orthorhombic Ba,SiP, and La,SiP,
contain chains of single SiP, tetrahedra bonded through P-P
bonds to neighboring tetrahedra.”?® With the compounds
reported here, as well as LaSi,Ps and La,SiP4,>° 3 out of 5 com-
pounds in the La-Si-P phase space are non-centrosymmetric
(NCS). This high abundance of NCS structures in a single
system is not observed in binary metal pnictides or silicides,
where the amount of NCS compounds is less than 10%.
However, silicide-pnictides of alkaline-earth metals exhibit
similar high abundance of NCS structures such as Mg-Si-As (2
out of 3 are NCS)***° and Ba-Si-P (3 out of 5 are
NCS).%219203132 WWe hypothesize that the ability of Si-P and
Si-As substructures to provide flexible coordination environ-
ments to electropositive metals, due to multiple binding
modes and localized electron lone-pairs on pnictogen atoms,
is crucial for generation of such NCS structures in metal-
tetrel-pnictide systems.

Synthesis

Bulk powder samples of LnSiP; were prepared using precursor
metal silicides (Fig. S1f) and stoichiometric molar quantities
of phosphorus, LnSi:3P, with no flux and with the dwell times
and temperature profiles summarized in Table 1. The main
synthetic challenge comes from the high difference in reactiv-
ities between Ln, Si, and P due to high melting point of silicon
(1410 °C) compared to the melting point of the lanthanides
(La: 920 °C; Ce: 800 °C) and phosphorus sublimation tempera-
ture (400-600 °C). Traditional solid-state reactions of the
elements, Ln + Si + 3P, at elevated temperatures did not yield
ternary phases but, instead, resulted in preferential formation
of LnP and SiP binaries, which do not react with one another
due to slow solid-solid diffusion.

To make silicon more reactive, it was first arc melted with Ln
to form the binary compound LnSi. Arc-melted precursors

Table 1 Optimized synthetic conditions (maximum temperature/dwell
time) for the different polymorphs of LnSiPs (Ln = La and Ce) resulting in
highest yield of targeted products. All reactions were conducted with a
12 h heating to maximum temperature and a 10 h cooling to room
temperature

Polymorph LaSiP; CeSiP;

Aea2 1050 °C/0 h 1050 °C/0 h
P24/c 900 °C/240 h N/A

Pna2, 750 °C/240 h 900 °C/240 h

This journal is © The Royal Society of Chemistry 2021
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chosen in this study, have higher temperature stability than Si
with melting points of 1620-1630 °C. Nevertheless, such precur-
sors react with P at temperatures as low as 650 °C (Fig. 3). We
hypothesize that the main advantage of the LnSi precursors is
the spatial proximity of Zn and Si atoms which may facilitate for-
mation of ternary phase rather than a mixture of two separate
binaries due to minimized diffusion limitations. As shown
below by in situ studies a reaction of LnSi with phosphorus vapor
directly forms a ternary phase and bypass formation of SiP.

In situ synchrotron PXRD experiments shed light on the for-
mation mechanism of LnSiP;. Fig. 3 shows the results of an
in situ study of LaSiP; formation from the LaSi precursor and
phosphorus in a 1: 3 molar ratio. The LaSi precursor (Fig. S17)
was prepared by arc-melting La and Si in a 1:1.05 molar ratio,
and the excess of Si accounts for the minor presence of La,Sis
in the starting materials. The low temperature polymorph
(Pna2,) together with LaP forms above 650 °C via direct conver-
sion of lanthanum silicide into a lanthanum silicon phos-
phide, no intermediate silicon-containing phases were
detected with temperature resolution of ~1 °C. This is contrast
with reaction of elements (La + Si + 3P) where SiP binary is
observed in reaction products of all reactions carried at
different temperatures, 750-1100 °C.

As the temperature increases further, a transformation to
the high temperature polymorph (4ea2) can be observed above
760 °C. No further transformations upon cooling were
observed and, as a result, the cooling rate for this non-flux
reaction is not crucial for synthesis. The P2,/c LaSiP; poly-
morph is not observed during this short ~2 h synchrotron
experiment, which is in line with ex situ experiments that
suggest optimal synthesis of this phase requires long anneal-
ing times. The CeSiP; system behaves in a similar manner to
LaSiP;, as shown in Fig. S2, whereby a CeSi precursor reacts
with phosphorus to form the ternary polymorphs at tempera-
tures above 730 °C. In situ experiments resulted in the for-
mation of LaP and CeP in addition to the ternary phases due
to the fast rate of these reactions compared to bulk synthesis
and the possibility of being off-stoichiometry due to sample
loading in a capillary. In the laboratory ex situ syntheses where
proper mixing of correct ratio of LaSi precursor and P was
achieved the LaP admixture was minimized (Fig. 4).

Selective ex situ synthesis of clean bulk powders requires
that the appropriate temperature and dwell time profiles be
followed (Fig. 4 and Table 1). The high-temperature Aea2 poly-
morph readily forms above 1000 °C and requires no dwell
time. High resolution synchrotron powder data for LaSiP;
clearly shows that despite similarities between the crystal
structures of the Aea2 and Pna2,; polymorphs, the phases
possess clearly distinguishable powder patterns (Fig. S3A
and BY). The low-temperature Pna2,; polymorphs for both rare
earth metals require significantly longer synthesis time due to
a lower temperature of formation (Fig. 4). The third poly-
morph, monoclinic P2,/c, can be prepared by annealing LaSi
and phosphorus at 900 °C over 240 hours (Fig. S41). Further
annealing of P2,/c product at a higher temperature resulted in
formation of mainly the Aea2 polymorph. Long time annealing

Dalton Trans., 2021, 50, 6463-6476 | 6467
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Aea?2

— LaSiP; (4dea2) + LaP

LaSiP; (Pna2,) + LaP

Temperature (°C)

= LaSl + Lazsi3 + P

Fig. 3 In situ PXRD patterns showing phase formation in the LaSiPs system collected at the 17-BM beamline at Argonne National Lab. The pre-arc-
melted LaSi and P reactants form LaSiPs (Pna2;) at ~650 °C followed by a transformation to LaSiPs (Aea2) above 760 °C. Synchrotron X-ray wave-
length 2 = 0.24158 A,

| LaSiP,(Aea2) J
- A Ul_—jmk_A_lbbw-fu_A_A_—*-A_f\—&

71 LaSi+ 3P (1050 C/0 hrs)

*

T CeSi+3P(1OSOC/0hrs)ﬁA

| . ’\ T ey
| LasiP(Pna2,) . l I
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LaSi + 3P (750 C / 240 hrs)

CeSi + 3P (900 C /240 hrs)
A
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20(°)

Diffraction Intensity (counts)

Fig. 4 PXRD patterns showing phase formation and polymorphism for LnSiPs (Ln = La and Ce). Aea2 polymorphs for both lanthanides were syn-
thesized at 1050 °C with no dwell time, while the Pna2, phases were synthesized at 750 and 900 °C for La and Ce, respectively, with a dwell time of
240 h. Patterns in black are calculated from the single crystal structural models; patterns in color are experimental. (*) denotes peaks corresponding
to LaP and CeP phases.

of the Aea2 polymorph at temperatures above 1000 °C resulted CeSiP; polymorphs can be prepared in a similar manner
in the decomposition of LaSiP; and formation of yet another starting from CeSi, although CeP becomes a prominent sec-
ternary compound, La,SiP,.>° This indicated metastable ondary phase (Fig. 4). Our screening of the other rare-earth
nature of the Aea2 LaSiP; polymorph. elements shows that the LnSiP; ternary phase forms for Pr and
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Nd, although LnP binary become major phase, while the
formation of LnSiP; was not observed for Sm and Gd with
the synthesis resulting in a mixture of binary phosphides
(Fig. S57).

Both in situ and ex situ annealing experiments show that
the low temperature polymorphs of LnSiP; can be trans-
formed into the high temperature ones by reannealing the
samples at a higher temperature. Fig. 5 shows the 17-BM
diffraction experiment for a transformation of CeSiP; from
Pna2, to Aea2 at temperatures above 980 °C. Similar experi-
ments can be conducted on a larger scale; for example, the
ex situ reannealing of a Pna2, LaSiP; sample at 1000 °C
transforms it to the high temperature Aea2 polymorph
(Fig. S67).

DSC

Differential scanning calorimetry experiments were hampered
by the reaction of the LaSiP; melt with the silica DSC
ampoule, resulting in the formation of La,Si,0; (Fig. S71). An
endothermic event, which may correspond to melting of
LaSiP;, was observed at 1035 °C. For the CeSiP; sample, which
contained a mixture of the Pna2; and Aea2 polymorphs, events
corresponding to typical congruently melting and crystalliza-
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tion were observed at 1033 °C and 1011 °C, correspondingly.
PXRD confirms the presence of only the high-temperature
Aea2 polymorph after the DSC experiment (Fig. S71 bottom).
This agrees with synthetic results in which long time anneal-
ing at low temperatures were required to stabilize the Pna2,

polymorph.
SEM/EDS

Backscattered electron images (Fig. S81) for all three poly-
morphs of LaSiP; confirm the samples to be majority ternary
metal silicon phosphide. Further EDS analysis gave average
compositions (normalized to 1 La atom) of Lay ¢Si1.11(3)P2.05(6)
(Aea2), L31.003i1.02(2)P2.87[9) for (Pna2,), and La1.003i1.04(7)P2.71(9)
(P24/c) which are in good agreement with the nominal compo-
sition, LaSiP;.

Electronic structure calculations

Vienna Ab initio Simulation Package (VASP) was used to calcu-
late energy-optimized structures of the various LaSiP; poly-
morphs. Complete relaxation of the unit cell and atomic posi-
tions of the P2,/c and Pna2, polymorphs did not result in any
significant distortions or changes to the crystal structure. Both
polymorphs are predicted to be semiconductors with band-

Aea?

Ao

CeSiP; (4ea2)

CeSiP; (Pna2,) +
CeSiP; (dea2)

CeSiP; (Pna2,)

Pna2,

Fig. 5 In situ PXRD patterns showing phase transformation in the CeSiP3 system collected at the 17-BM beamline at Argonne National Lab. CeSiP3
(Pna2,) transforms into CeSiPs (Aea2) above 980 °C. Synchrotron X-ray wavelength 4 = 0.24153 A.
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Fig. 6 Calculated DOS for three polymorphs of LaSiPs after complete structure relaxation using VASP: P2,/c (left), Pna2; (middle), Aea2 (right). For
the latter polymorph, the fully relaxed P layer model shown in Fig. S13ct was used. The total DOS is shown by the black line and partial DOS curves
are shown for La (green), Si (blue), and P (red and gray filled). The P states are divided into contributions from the [SiP,] double-tetrahedral layer
(red) and the P layer (gray filled) for the Pna2; and Aea2 polymorphs. The Fermi level, indicated by the dashed black line, is the reference energy.

gaps of 0.7 eV (P24/c) and 0.5 eV (Pna2,) (Fig. 6). Near the
Fermi level, P states contribute most to the valence band with
a visible contribution from La states. The contribution from Si
states is similar to that of La states in the valence band at 2-3
eV below the Fermi level but tapers off when approaching the
top of the valence band. La states dominate the lower regions
of the conduction band with minor Si and P contributions.

The overall shape of the DOS for monoclinic LaSiP;
resembles that of La,SiP,.>° La-P orbital mixing in the upper
region of the valence band is notable and is expected to
strongly influence charge transport properties. For example, re-
placement of Ba with La in the clathrate La,BasCu;6P3, with
similar La/P orbital mixing resulted in a an order of magnitude
increase in hole mobility.** Unfortunately, attempts to study
the transport properties of monoclinic LaSiP; were hampered
by the inability to sinter a dense sample. Based on the compu-
tational results, a Zintl-type formulation can be proposed for
this semiconducting phase. La adopts a formal charge of +3
and Si is assigned 0 because it is four-bonded to P atoms. The
two types of P atoms are each assigned as —1 because they are
two-bonded. One type of P bridges two Si atoms while the
other type bonds to Si and another P atom. An alternative,
completely ionic formulation La*'Si*"(P*7),(P*"), differentiates
these two P sites from those that form P-P bonds (2—) and
those that bond only to Si (3—).

6470 | Dalton Trans., 2021, 50, 6463-6476

In the relaxed structure of Pna2, LaSiP; the cis-trans P
chains are preserved with reasonable interatomic distances
(blue and black lines in Fig. S13at). However, unlike the P2,/c
structure, Pna2, LaSiP; has P atoms in two distinct types of
layers, ie., [SiP,] double-tetrahedral and planar pnictogen
layers. The partial DOS curves reveal that P states in the
double-tetrahedral layer primarily contribute to the valence
band, especially intensifying at 0.5-3.0 eV below the Fermi
level, while P states in the pnictogen layer contribute almost
consistently throughout the valence and conduction bands.
This broad dispersion of pnictogen states has been observed
in the partial DOS for ZrSiS-type YbPS which also features a
pnictogen layer of P atoms.>* Again, Zintl-type and purely ionic
formulations can be constructed for Pna2, LaSiP;:
LaS+Si0(Pdtet2_PdtetO)(Pplanel_) or L33+Si4+(Pdtets_)Z(Pplanel_)-
Here, the P atoms of the double tetrahedral layer (Pqc) are
bonded to either a single Si or used to corner-connect three
SiP, tetrahedra. The semiconducting nature of this phase is
supported by resistivity and diffuse reflectance measurements
(vide infra).

Both the P2,/c and Pna2,; polymorphs of LaSiP; show no
computed imaginary phonon modes (Fig. S151) indicating
these two structures are dynamically stable. Fig. S16% gives the
free energy difference between these two polymorphs as a
function of the temperature. At T' = 0, the free energy of the

This journal is © The Royal Society of Chemistry 2021
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P24/c polymorph is only 2.5 meV per atom higher than that of
1
the Pna2, polymorph, with the zero-point energy <EZ ha)nk>
nk

included. Calculations predict a phase transformation from
the Pna2, to the P2,/c polymorph at T = 374 K. This transition
temperature is lower than that observed experimentally
suggesting a high kinetic barrier could exist between these two
polymorphs.

The crystallographic disorder in the phosphorus layer of
the Aea2 polymorph poses significant challenges from a com-
putational perspective. Several ordered models constrained
under the space group Aea2 were constructed to examine the
possible electronic behavior of this phase as described in the
ESL{ The fully relaxed model retains the Aea2 symmetry with
reasonable unit cell lattice parameters (a = 5.9046 A, b =
25.5768 A, ¢ = 5.7885 A). However, a significant distortion of
the flat pnictogen layer results in the formation of isolated
P, dumbbells along the a-direction in a ladder-type substruc-
ture; this substructure is known to form as a result of a
Peierls distortion in 2D square pnictogen sheets.”® Phonon
calculations show instability of this fully relaxed model of
the Aea2 polymorph because of imaginary modes (Fig. S157).
The total energy at T = 0 for this model (—6.000 eV per atom)
is significantly higher than that of the P2,/c (—6.042 eV per
atom) and Pna2, (—6.045 eV per atom) polymorphs. These
results demonstrate that Aea2 model with dumbbell-like P,
dimers is an unrealistic oversimplification of the observed
crystal structure, in agreement with the diffraction and spectro-
scopic experimental observations that P atoms form a more
complex network in the Aea2 polymorph. The DOS for the fully
relaxed Aea2 model (Fig. 6) does not yield a bandgap which
opposes the semiconducting behavior of this polymorph indi-
cated by NMR T, relaxation times, as well as resistivity and
diffuse reflectance measurements. All other considered
Aea2 models also resulted in a metallic DOS (Fig. S147). To
fully explore the crystal structure of the Aea2 polymorph,
further studies such as molecular dynamics simulations and
high-resolution electron microscopy are required. The latter has
been crucial in identifying the superstructure of complex poly-
tellurides such as K,;3;Bay¢sAsTe,, AMRETe,, ALn;Teg, and
RETe; which were initially assumed to have much smaller unit
35738 These systems have been shown to undergo lattice
distortions driven by electronic structure instead of maintaining
a perfect square net of tellurium atoms; the result is the for-
mation and unique sequencing of various oligomeric units that
can be identified using electron microscopy techniques.*

Assuming the same ionic electron-counting scheme used
for the other LaSiP; polymorphs, we can devise an electron-
balanced Zintl formalism for the Aea2 polymorph of LaSiP;.
The assignments for La, Si, and P atoms of the double-tetra-
hedral layer are identical to the Pna2, polymorph. To maintain
the electron-balanced composition, the disordered pnictogen
layer must have an oxidation state of —1 yielding a Zintl compo-
sition of L33+Si4+(Pdtet3_)ZPplane1_ or L33+(Sipz]dtet2_Pplane1_ as
described for the Pna2, polymorph. However, if we assume the

cells.
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formation of P, dumbbells as predicted in calculations, we arrive
at oxidation states of —2 for the P atoms in the pnictogen layer.

Summarizing the results of phonon calculations, optimized
synthetic profiles, as well as ex situ and in situ annealings, the
following thermal stability of the three polymorphs of LaSiP;
can be deduced: Pna2, — P2,/c — Aea2. 1t is peculiar that the
low-temperature and high-temperature polymorphs in this
sequence are closely related in structure, while the intermedi-
ate polymorph has a completely different arrangement of
chemical bonds. While the intermediate polymorph can be
bypassed in fast in situ experiments (going directly from Pna2,
to Aea2), ex situ annealings performed for several days clearly
show formation of the P2,/c polymorph at 900 °C. For CeSiP3,
the polymorphic relations are simplified by absence of the
P24/c polymorph: Pna2, — Aea2.

31p and *'P{"*’La} solid state NMR

Solid-state *'P NMR spectroscopy was applied to distinguish
the different phosphorus environments present in the
different LaSiP; polymoprhs. Despite the use of fast-magic-
angle-spinning (fast-MAS, v, = 36 kHz), sideband overlap was a
challenge due to the wide spectral bandwidths and large
chemical shift anisotropy found in these samples. As such,
magic-angle-turning (MAT),***" using the 5r sequence,’” was
applied to separate the anisotropic and isotropic components
of the chemical shift tensors and obtain purely isotropic *'P
NMR spectra.

We first describe the results obtained for the Pna2; poly-
morph (structure with labeled P atoms is given in Fig. S97).
In the *'P MAS spectrum of LaSiP; Pna2,, there are a large
number of resonances, in agreement with the six sites found
in its crystal structure (Fig. 7a(i)). The spectrum is somewhat
simplified with the use of MAT where we are able to further
identify the six isotropic resonances (see Table S2}). To
assign them, we performed gauge-including projector aug-
mented-wave (GIPAW) density functional theory (DFT) calcu-
lations of the *'P magnetic shielding tensors which were later
converted to chemical shifts using the shielding calculated
for GaP as a secondary reference (see ESI} for details).
Notably, these calculations predicted that the P2 and P4 sites,
which terminate the SiP, tetrahedral layers and are co-
ordinated by La atoms, would have the greatest chemical shift
anisotropy (Table S2}) which is in agreement with their
assignment to the higher frequency resonances that have the
most intense spinning sidebands.

The general placement of the resonances is only in moder-
ate agreement with the experimental chemical shifts. There
are three most likely causes for the disagreement: the relatively
simple consideration of relativistic effects in our calculations,
the known deficiency of PBE in describing empty La 4f
orbitals,**** and the sensitivity to slight changes in the energy
levels of the conduction bands, which shares the same root
cause as the band gap problem, vide supra.*> The first two
causes, in particular, are expected to significantly affect the
calculated shieldings of phosphorus atoms surrounded by
lanthanum. As such, we turned to the measurement of inter-
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Fig. 7 Solid-state 3'P NMR data acquired for the (a) Pna2,, (b) Aea2, (c) and P2;/c polymorphs of LaSiPs. The top traces show overlays of the *'P
MAS spectra, acquired with a rotor-synchronized echo experiment, and the projections of the isotropic dimensions of a 2D MAT experiment, also
shown in (i). GIPAW-DFT-predicted 3'P chemical shifts are also marked in green above the spectra in (a) and (c). A DQ/SQ spectrum could be
acquired for the Pna2, polymorph (i) using the BaBa recoupling scheme. The bottom plots show the initial rise of **P{***La} TRAPDOR experiments
and their corresponding assignments to the different crystallographic crystal sites. * in (c)(i) denotes LaP impurity.

nuclear proximities to verify these assignments. Using the
back-to-back (BaBa)'® homonuclear double-quantum dipolar
recoupling sequence, we were able to obtain a *'P double-
quantum-single-quantum (DQ/SQ) correlation spectrum,
Fig. 7a(ii), which showed only a single correlation between the
sites at —12 and 5 ppm. Based on the DFT results, these sites
would correspond to the P3 and P7 sites, respectively, which
are found in the phosphorus chains originating from Peierls
distortion of the square P layer. As these sites form the only
direct P-P bonds, the DQ/SQ spectrum confirms their
assignments.

We then probed *'P-'*°La proximities using a transfer of
population double-resonance (TRAPDOR)*”*® experiment to
differentiate the sites from the La-rich and Si-rich layers. This
experiment requires the acquisition of echo datasets as a func-
tion of the echo delay both with and without the inclusion of
9La irradiation. Irradiation at the *°La Larmor frequency led
to the recoupling of *'P-"*°La dipolar interactions and an
attenuation of the echo signal. Data are commonly shown with
the difference in intensity between these two experiments nor-
malized to the regular echo intensity (AS/S,), Fig. 7a(iii). The
initial dephasing is well described by a parabola, with the
second-order rate constant being proportional to the sum-

squared dipolar couplings (XRpp’) between the two
nuclides.*>* We observed that the higher frequency reso-
nances dephased significantly faster (0.497 ms™> and

0.449 ms™?) than the lower frequency resonances (0.129 ms™>

6472 | Dalton Trans., 2021, 50, 6463-6476

and 0.089 ms™?), with the P3 and P7 sites dephasing at inter-
mediate rates of 0.239 ms™> and 0.267 ms~". This is in good
agreement with the ZRDDZ values for the three environments
(250973 s72, 56950 s>, and 186449 s ?), confirming the
GIPAW-DFT assignments of the phosphorus sites from the La-
rich layer (P2 and P4) to the higher frequency resonances and
those from the Si-rich layer (P5 and P1) to the lower frequency
resonances.

The *'P MAS and MAT spectra for the Aea2 polymorph
(Fig. 7b) featured considerable overlap and far greater chemi-
cal shift anisotropy, in agreement with this polymorph’s
highly disordered structure (structure with labeled P atoms
is given in Fig. S9f). Only two environments are resolved in
the MAT projection, centered around —175 and 46 ppm.
The peak at 46 ppm, however, does have an uneven line-
shape suggesting the presence of multiple resonances.
Unfortunately, the *'P signals dephased too rapidly to enable
acquisition of a *'P DQ/SQ correlation spectrum, which would
have confirmed the location of the terminal site in SiP, layer,
P2. The *'P{"*’La} TRAPDOR experiment was nevertheless suc-
cessful and showed the two resonances dephasing at rates of
0.405 ms™> and 0.094 ms~>, Fig. 7b(ii), thus identifying the
resonance at the higher chemical shift to the La-rich layer, in
agreement with that observed in the Pna2; polymorph. A
closer inspection of the TRAPDOR spectra revealed that the
higher frequency maximum, centered at 46 ppm, dephased
significantly faster than the shoulder around —17 ppm (most

This journal is © The Royal Society of Chemistry 2021
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clearly seen in the echo spectrum, Fig. 7b), suggesting that
this shoulder belongs to the phosphorus layer sites, P2, in
good agreement with their chemical shift in the Pna2, poly-
morph. Note that the similarity of the *'P chemical shifts from
the phosphorus layers in both the Prna2, and Aea2 polymorphs
strongly suggests that the Aea2 polymorph also features infi-
nite P fragments as opposed to the isolated P, dumbbells
resulting from the DFT optimizations.

We lastly studied the monoclinic polymorph that crystalizes
in the P2,/c space group (structure with labeled P atoms is
given in Fig. S107). This polymorph featured two main reso-
nances, namely a sharp resonance at —172 ppm and a broader
one at 42 ppm (Fig. 7c). Additional resonances correspond to
impurities present in the sample. GIPAW DFT calculations pre-
dicted that the P2 site from the La-rich layer would again res-
onate at the higher chemical shift while the P3 and P4 sites
would have nearly identical lower frequency chemical shifts.
These assignments were confirmed by the *'P{**°La}
TRAPDOR measurement which showed the fastest dephasing
for the 42 ppm resonance (Fig. 7c(iii)). The room-temperature
spin-lattice-T; relaxation times for the three polymorphs were
of 2.2 s for all sites in Aea2, 4.1 and 3.4 s for high and low fre-
quency signals in P2,/c; and 26.5, 11.1 and 39.2 s for the three
regions from high to low frequency in Pna2, (Table S2 and
Fig. S9, 107). The magnitude of T; relaxation times suggest all
three polymorphs are semiconductors.

Transport properties

Measurements of the resistivities and thermal conductivities
of the LnSiP; (Ln = La and Ce) phases were performed on
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highly compacted polycrystalline sintered samples (Fig. 8). All
four phases exhibit a semiconducting behavior with resistivity
increasing with decreasing temperature. This agrees with T
relaxation times from solid-state NMR studies of LaSiP; poly-
morphs (Table S2t), thus disproving the computational predic-
tion of metallic behavior in Aea2. Diffuse reflectance measure-
ments further support the semiconducting nature of the
LaSiP; polymorphs with both non-centrosymmetric poly-
morphs having similar direct bandgaps of 0.97(1) eV (Pna2,)
and 0.96(1) eV (4ea2), while the significantly different crystal
structure of the monoclinic polymorph (P2,/c) results in larger
bandgap of 1.23(1) eV (Fig. 8). Below 150 K for LaSiP; (4ea2)
and both CeSiP; samples, and below 325 K for LaSiP; (Pna2,)
sample, resistivity measurements become unreliable (cross-
section and cooling/heating rate dependent) and such data are
not shown. Based on computations and the smaller NMR
relaxation times for the LaSiP; Aea2 polymorph as compared
to Pna2; polymorph, one can expect that the Aea2 phases have
higher carrier concentrations. Indeed, for both rare-earth
metals studied, either La or Ce, the resistivity of the completely
ordered Pna2, polymorph is higher than that for the dis-
ordered Aea2 forms (Fig. 8).

For the thermal conductivities, we expect the disordered
nature of P layers coupled with additional minor disorder in
the Si-P layer to reduce the thermal conductivity for Aea2 poly-
morphs. This was indeed observed with both Pna2, poly-
morphs having higher thermal conductivities than the Aea2
polymorphs (Fig. 8). Moreover, the disorder present in the P
layers in Aea2 polymorphs resulted in glass-like behavior of the
thermal conductivity with gradual increase of the thermal con-
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(Top) Transport properties of LnSiPs (Ln = La and Ce) for Pna2; and Aea2 polymorphs: (left) electrical resistivity (right) and thermal conduc-

tivity. (Bottom) Tauc plots for the direct transitions for all three LaSiPz polymorphs.
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ductivity over a wide temperature range. Overall, the studied
phases exhibit quite low thermal conductivity for the crystal-
line samples in the range of 0.4-1.6 W m™' K" at room temp-
erature. Complex non-centrosymmetric semiconductors with
high thermal stability and low thermal conductivity might be a
useful platform for the development of thermoelectric
materials assuming the carrier concentration is tunable.
Studies of various aliovalent substitutions to modify the
carrier concentrations of these phases are currently underway.

Conclusions

The synthesis and characterization of five LnSiP; compounds
(Ln = La and Ce) are presented: Pna2,, Aea2, and P24/c poly-
morphs for LaSiP;; and Pna2, and Aea2 polymorphs for
CeSiP;. The synthesis of these phases involved a novel method
of atomically mixing the refractory components (Ln + Si) via
arc-melting and then reacting the precursor with elemental P.
In situ studies reveal that the main advantage of this method is
direct conversion of LnSi to ternary LnSiP; phase, bypassing
the formation of SiP - a common by-product of the reaction
from the elements. This study emphasizes the value of the pro-
posed synthetic method as it allows to overcome solid-solid
diffusion and reactivity limitations. The developed synthetic
method is widely applicable for systems with conflicting reac-
tivities of the components.

The structures of the Pna2,; and Aea2 polymorphs are
similar with alternating layers of lanthanide, [SiP,] double
tetrahedral, and phosphorus layers (2D distorted square nets
of P for Aea2 and 1D cis-trans chains of P for Pna2,). The P
local environments were confirmed using Raman spectroscopy
and advanced solid-state  NMR methods, including the
measurement of *'P-*'P and *'P-"*°La proximities. Electronic
DOS calculations predicted semiconducting behavior for the
P2,/c and Pna2, polymorphs, and phonon DOS calculations
supported that these two polymorphs are dynamically stable
with a predicted and experimentally-verified phase transform-
ation from the Pna2, to the P2,/c polymorph. Several compu-
tational models were constructed to study the disordered Aea2
polymorph but did not accurately depict the semiconducting
behavior observed from properties. Transport properties
measurements and diffuse reflectance spectroscopy showed
the Pna2, and Aea2 polymorphs for both La and Ce are semi-
conductors with bandgaps of less than 1 eV. Ultra-low thermal
conductivities at room temperature were observed for the Aea2
polymorphs which feature highly disordered P layers. Studies
of the tunability of non-centrosymmetric P layers for further
studies of the topological and electronic properties of these
complex materials is currently underway.
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