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An innovative method of synthesis is reported for the large and diverse (RE)g(TM),(Tt),S14 (RE = rare-earth,
TM = transition metals, Tt = Si, Ge, and Sn) family of compounds (~1000 members, ~325 contain Si),
crystallizing in the noncentrosymmetric, chiral, and polar P63 space group. Traditional synthesis of such
phases involves the annealing of elements or binary sulfides at elevated temperatures. The atomic mixing
of refractory components technique, presented here, allows the synthesis of known members and vastly
expands the family to nearly the entire transition metal block, including 3d, 4d, and 5d TMs with
oxidation states ranging from 1+ to 4+. Arc-melting of the RE, TM, and tetrel elements of choice forms
an atomically-mixed precursor, which readily reacts with sulfur providing bulk powders and large single

crystals of the target quaternary sulfides. Detailed in situ and ex situ experiments show the mechanism of
Received 6th July 2021 formation, which invol ltiphase bi Ifide intermediates. Crystal struct d metal oxidati
Accepted 4th October 2021 ormation, which involves multiphase binary sulfide intermediates. Crystal structures and metal oxidation
states were corroborated by a combination of single crystal X-ray diffraction, elemental analysis, EPR,

DOI: 10.1039/d1sc03685h NMR, and SQUID magnetometry. The potential of Lag(TM),(Tt),S14 compounds for non-linear optical
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Introduction

One of the main challenges of solid-state synthesis is the reac-
tivity difference of the individual elements used as reactants."
This prevents or severely hinders the ability to form ternary and
multinary compounds in single-phase form. Target complex
multinary compounds are often accompanied by binary
admixtures or become a minor product themselves, thus
impeding property characterization. For example, synthesis
using phosphorus prevents the direct melting of the target
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applications was also demonstrated.

phase due to high vapor pressure of P. Moreover, annealing of
elements with phosphorus often produces stable binaries, e.g.,
AlP melting point is >2500 °C, which becomes the dead-end
point of a synthesis. Using metallic or salt fluxes allows the
synthesis of many complex phases, including those with volatile
components, but flux reactions depend on the solubility of the
reactants and might be compromised by an unintentional
incorporation of flux elements into the products.””

One way of alleviating this problem is to use premixed
reactants with similar reactivities that can be simultaneously
introduced into the reaction mixture thus ensuring a full
conversion to the product takes place. This can be achieved
through the atomic mixing of components to achieve homoge-
nous precursor reactants. We have demonstrated this approach
for several ternary metal pnictides, where a metal-tetrel
precursor (e.g., LaSi) was made by arc-melting and reacted with
a volatile pnictogen (P or As) at synthetic temperatures of 600
1050 °C, forming stoichiometric products such as: LaSiPs,°®
La,SiP,,” AuSiAs,® RuSi,P,, and IrSi;P;.°

This precursor approach can be extended to more complex
systems, combining several metals with vastly different melting
points to produce single-phase products. One such complex
system is a class of quaternary sulfides of type
(RE)s(TM),(Tt),Q14 (RE = rare-earth metal; TM = transition
metals; Tt = Si, Ge, and Sn; Q = S and Se) also referred as
(RE)3(TM),/2(Tt)Q,. While in the present manuscript we focus

© 2021 The Author(s). Published by the Royal Society of Chemistry
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only on transition metals, it should be noted that the role of the
transition metal can be fulfilled by several main group metals,
such as Li, Al, Sb, In, and Ga.**™*

(RE)6(TM),Si»S14 (x = 1 and 2) phases for several rare-earth
and transition metals were first mentioned in a 1969 paper by
Michelet and Flahaut, where the authors used a reaction of
binary sulfides at high temperatures (1350 °C).**** The majority
of later manuscripts focused on the crystal structures of Ge and
Sn analogues with TM = Mn-Cu where syntheses from
elements provide good yields of the target quaternary
sulfides.'*'7-¢

All (RE)s(TM),(Tt),Qq4 quaternary phases crystallize in the
polar, chiral, noncentrosymmetric space group P6; (no. 173).
With the ability of using rare-earth and transition metals, these
phases have potential for interesting magnetic, non-linear
optical, as well as piezoelectric properties. While several of the
aforementioned papers analyzed the magnetic properties of
selected (RE)¢(TM),(Tt),Q14, many other papers explored the
non-linear optical properties of similar compounds where the
transition metal was replaced with Ga or Li: LagGa(Ge/Ga)Sy,
(ref. 27) and SmgLi,Si,S14.2® The variety of all possible combi-
nations of rare-earth and transition metals, tetrels (Si, Ge, and
Sn), and chalcogenides (S and Se), gives rise to a remarkable
number of almost 2000 quaternary phases (not counting solid-
solutions), providing a broad avenue for property tuning and
allowing computational explorations via machine-learning
methods or high-throughput calculations. The exploration of
Si analogues has been limited due to the difficulty of synthesis
brought on by the relative inertness of Si, as compared to the
other tetrels. Reported transition metals forming the
(RE)6(TM),Si,S14 phases were mainly limited to late 1% row
(Mn-Cu) and Ag metals, significantly narrowing the potential
phase space. In the current work we show that the
(RE)6(TM),Si,S,4 system can be extended to include elements
from almost the entire transition metal block with our devel-
oped synthesis method utilizing atomically mixed precursors.
This method works for metals with a wide range of melting
temperatures: from 1064 °C for Au to 2233 °C for Hf. It is
important to reiterate that the reported here new compounds
can be produced by other synthetic methods, such as reaction of
elements or binary sulfides. Our control experiments show that
the yield and selectivity of such reactions depends on the nature
of the transition metal and require multiple regrindings and
annealings. We are reporting the use of atomically-mixed
precursors as a fast and facile alternative method to synthe-
size quaternary sulfides.

Using atomically mixed precursors not only allows to
synthesize all the reported structures for TM>" and TM'* 1* row
metals (Mn-Cu), but also enables the synthesis of new
T™M*- and TM*"-containing (RE)s(TM),Si,S;, and further
expands the phase space to other 1% (Sc-Cr), 2™ (Zr, Ru-Ag),
and 3™ (Hf, Ir-Au) row transition metals for silicon, germa-
nium, and tin analogues.

Lowering of the reaction temperature to stabilize complex
metastable or stable compounds is a common goal for solid
state synthesis,>*****® such as formation of metastable forms of

RE oxychlorides via low-temperature pyrohydrolysis of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(NH4);REC1¢.* The mixing of the rare-earth and transition
metals in the silicide precursors is somewhat akin to eutectic
fluxes used in the Latturner group to make metal-rich inter-
metallics,** as well as flux syntheses of complex intermetallics
performed by other groups.>**>%

In situ powder X-ray diffraction study was used to elucidate
the mechanism of formation of such quaternaries. Detailed
structural characterization by single crystal X-ray diffraction
and *°Si and **Sc solid-state nuclear magnetic resonance (NMR)
and electron paramagnetic resonance (EPR) spectroscopies are
reported. Semiconducting nature of the produced materials was
confirmed by UV-Vis diffuse reflectance spectroscopy, and
selected examples of magnetic and non-linear optical properties
are provided.

Experimental methods

A detailed description of synthetic, characterization, and anal-
ysis methods are provided in ESIL.{ Bulk powders of the different
members of Lag(TM),(Tt),S14 (Tt = Si, Ge, Sn; x = 0.5-2) were
prepared using arc-melted metal-tetrel precursor and sulfur.
The addition of a potassium iodide (KI) salt flux resulted in mm-
long needle-like single crystals.

Synthesized phases were analyzed by laboratory powder and
single crystal X-ray diffraction (PXRD and SCXRD), synchrotron
in situ PXRD at the 17-BM beamline at the Advanced Photon
Source at Argonne National Lab (APS ANL), >°Si and **Sc solid-
state NMR spectroscopy and EPR spectroscopy; optical bandg-
aps were measured using a UV/Vis diffuse-reflectance spec-
troscopy. Non-linear optical properties (second harmonic
generation, SHG) were analyzed using a Q-switch laser setup
through Kurtz and Perry method, while LDT was evaluated
using a pulsed YAG laser. Magnetic properties were measured
using a superconducting quantum interference device (SQUID)
magnetometer, model MPMS XL-7, manufactured by Quantum
Design.

Results and discussion
Crystal structure

The quaternary Lag(TM),(Tt),S:4 phases crystallize in the polar,
chiral, noncentrosymmetric P6; space group, with the main
difference between the phases being the relative amounts of
transition metal in the structure (Fig. 1 and 2). The crystal
structure is composed of [LaS,] prisms, [(TM),Se] octahedra,
and [SiS,] tetrahedra. Face-sharing [LaS,]| prisms form spiral
columns, which wind around a channel of face-sharing
[(TM),Se] octahedra. Each spiral column of [LaS;] units is sur-
rounded by six [SiS,] units, also arranged in columns.

For Lag(TM),Si,S14 (Fig. 2), the metal content, x, depends on
the metal oxidation state (n) and is equal to 2/n, taking into
account charge balance, (La*")g(TM""),(Si**)5(S* )14. Thus, for
monovalent metals Cu, Ag, and Au, x = 2, and such metals are
located on the opposite trigonal faces of S¢ octahedra. For
previously reported divalent Mn-Ni, x = 1, which was confirmed
by our SCXRD experiments and elemental analyses. Such metals
are located in the center of S; octahedra and have site
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[LaS;] [(TM),S¢] Lag(TM),Si,S4

Fig. 1 Crystal structures of Lag(TM),Si>S14 (x = 0.5-2). The crystal structure is composed of face-sharing [LaS;] polyhedra arranged in a spiral
column (red), a chain of face-sharing S¢ octahedra (green) hosting transition metals and columns of [SiS,] tetrahedra (blue). TM occupancy and
position inside Sg octahedra is dependent on the nature of the metal. In the case of 1+ transition metals (Cu, Ag, and Au), the metals are located

[SiS,]

not in the center but on shared trigonal faces of the Sg octahedra.

occupancies of 50%, indicating that statistically half of the
octahedra are vacant. For early 1°* row metals (Sc, Ti, and Cr), as
well as for Rh and Ir, x = 0.67, indicating a 3+ oxidation state.
This oxidation state was reported for similar compounds with
main group elements Al, Sb, and In,'**"** but was not reported
for transition metals. Finally, for Zr, Hf, and Pt, x = 0.5 and
suggests a 4+ oxidation state. Both 3+ and 4+ metals are also
located in the center of Sg octahedra, but with only 1/3 or 1/4 of
octahedra hosting a transition metal. The low site occupancy of
transition metal results in split positions for S atoms, forming
empty expanded and filled contracted (TM)Ss octahedra.
Fig. S1f shows the correlation between the unit cell parameters,
volume, and ionic radii of the transition metal.

The structure of LagAu,Si,S;4 is similar to that of the Cu
analogue, where the [AuS;] trigonal planar units occupy the
faces of face-sharing octahedra. The Au-Au distance in this

structure is 2.913 A indicating the possibility for aurophilic
interactions.**% The Au-S distances are 2.424 A, which is
significantly longer than Au-S bonds in Au,S - 2.17 A.*® In the
majority of multinary sulfides, the Au-S distance is ~2.30 A, but
in some cases longer distances of 2.35-2.37 were reported.>**®
Replacing monovalent Au with monovalent Li results in Lag-
Li,Si,S14, where Li* occupies the centers of the octahedra (LiSe)
instead of on the faces (AuS;), due to the size difference between
Li and Au.*®%¢

For Lag(TM),Si,S14 (TM = Mn, Fe, Co, and Ni), the transition
metal content is 50% of the 2-fold site, and [(TM)Se] octahedra
are almost regular with TM-S distances of 2.64-2.66 A (Mn),
2.61-2.62 A (Fe), 2.61-2.63 A (Co), and 2.590-2.593 A (Ni).

For Lag(TM),Si,S14 (TM = Sc, Ti, and Cr), the transition metal
content is 33% of the 2-fold site. This partial occupancy leads to
split S sites, where the empty S¢ octahedra are substantially

- x ~ 2.00, (TM)*!
-x ~ 1.00, (TM)*>
-x ~0.67, (TM)"
-x ~0.50, (TM)**

(Lay(TM)SiS;)

Lag(TM),Si,S 4

L' ] C
a L
b ‘go=— b

a

Fig.2 Summary of transition metal oxidation states and occupancies for Lag(TM),Si>S14 (TM = most transition metals). Monovalent metals (x = 2)
occupy the trigonal faces of the octahedra (a); for x = 1-0.5, the metals occupy the centers of the octahedra (b). For metals in red, we were
unable to grow single crystals, therefore the oxidation state is attributed according to EDS data. For Ag literature data was used.*® For metals with
(*) bulk phase/single crystal growth failed for La—TM-Si—S composition, but there is indication of formation of the target quaternary phase with
either other rare-earth metals or other tetrels. (**) For Re quaternary phase formation failed for all attempts with Si, Ge and Sn.

14720 | Chem. Sci,, 2021, 12, 14718-14730 © 2021 The Author(s). Published by the Royal Society of Chemistry
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expanded by ~30% (Table S8f). The 3+ oxidation states for
those metals were confirmed with EPR and NMR measurements
(vide infra). Sc-S, Cr-S, and Ti-S interatomic distances in the
quaternary sulfides (2.60-2.61 A, 2.54-2.55 A, and 2.56-2.57 A,
respectively) are longer than those in the corresponding binary
sulfides (Table 1). However, similar long distances were re-
ported for U,Ti™'Ss.

LagVy 77515514 is a special case, where the metal content is
neither the expected x = 0.67 nor 1. This V content was repro-
duced in several SCXRD experiments, while EDS elemental
analysis provides V content as 0.69(4) (Table S4t). For both V
neighbors, Ti and Cr, the metal content from single crystal
diffraction experiments and EDS were close to expected 0.67.
This may suggest that V exhibits mixed oxidation states, but
such hypothesis needs further spectroscopic verification.
Unfortunately, we were not able resolve the vanadium ion signal
in EPR down to 6 K. The V-S distances are 2.55 A, consistent
with V-S distances reported for polymorphs of V,GeSg (Table 1).

LacRhy ¢,S1,S14 is another example of the transition metal in
3+ oxidation state, which leads to a d® electron configuration,
low-spin, as evident by solid state NMR experiments. The Rh-S
distances in the quaternary phase, 2.53-2.54 A, are longer than
ones in Rh,S; but comparable to the Rh-S distances in ternary
Rh sulfides (Table 1).

For Lag(TM),Si,S14 (TM = Zr, Hf, and Pt), the transition
metal content is 25%, meaning only a quarter of octahedra are
occupied again leading to split S sites. The TM-S distances in
the quaternaries are 2.62-2.64 A (Zr and Hf) and 2.56-2.58 A
(Pt). These distances are longer than the corresponding metal-
sulfur distances in (TM)S, sulfides and are comparable to
distances in (TM)S; and some multinary sulfides (Table 1).

Pd appears to be another special case, the metal stays in the
2+ oxidation state, as implicated by the composition deter-
mined via both SCXRD refinement and EDS data (Table S47}). A
substantial distortion of the octahedra occurs resulting in local
square-planar coordination of Pd with two additional very
distinct apical S atoms. This distortion causes the space group
to change from hexagonal to monoclinic chiral and polar P2;.
The growth of high quality LasPdSi,S,, crystals was not possible
due to extensive twinning issues; a full structural refinement of
this phase will be published elsewhere.

Table 1 Reported values of metal-sulfur bond lengths for select
binary and ternary sulfides

Metal sulfide dM-S) (A) Ref. Metal sulfide d(M-S)(A) Ref.

Sc,S; 2.57-2.59 57  ZrSiS 2.65-2.83 58
Ti's, 2.42 59 Rh,S; 2.31-2.40 60
Ti,™s, 2.41-2.48 61 BiRhS 2.45 62
LiTiS, 2.48 63  CogRhSg 2.50 64
U,Ti"ss 2.61-2.85 65 HIfS, 2.55 66
V,GeSg (F43m)  2.29-2.55 67  HIfS; 2.59-2.69 68
V,GeSg (Imm2) 2.19-2.82 69  HfSiS 2.65-2.77 58
Cr,S; 2.37-2.44 70  PtS, 2.34 71
718, 2.57 72 PtCuAsS, 2.48-2.66 73
ZrS; 2.60-2.72 68  Au,S 2.17 53

© 2021 The Author(s). Published by the Royal Society of Chemistry
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For TM = Ru and Ir, we were unable to grow crystals suitable
for SCXRD analysis. Oxidation state was assigned only based on
the composition determined by EDS. Similarly, to V, the Ru
analogue may be present in a mixed 2+/3+ oxidation state
because the metal content is in between 0.67 and 1.0 (Table
S4t). Lastly, for the Ir analogue, the transition metal seems to be
in a 3+ state similar to Rh case. Low-spin d® electronic config-
uration of Ir was indirectly confirmed by SQUID magnetometry
data showing the Ir analogue to be diamagnetic.

For the position inside the S¢ octahedron, the metal atom
should be of an appropriate size. Metal radius mismatch might
explain why it is challenging to make Lag(TM),Si,S;4 with TM =
Nb, Ta, Mo, W, or Re. Using a combination of Shannon's metal
ionic radii for octahedral environments™ and an estimation of
the same radii using average TM-S bond distances and the ionic
radius of S*~ (Table S8AT), we have come up with the metal ionic
radius range, 0.63-0.83 A, necessary to accommodate the (TM)
Se octahedra for Lag(TM),Si,S;4 analogues. Furthermore, using
this range we can predict that the unexplored TM's should be
accommodated in the structure as following (bolded most
favorable case): Nb (3+, 4+ or 5+), Mo (3+ or 4+), Ta (3+, 4+ and
5+), W (4+ or 5+), Re (4+), and Os (4+) (Table S8Bt). Our limited
PXRD and EDS data suggest that these transition metals can be
incorporated into the structure of (RE)¢(TM),Si,S14 for smaller
rare-earth metals (RE = Gd and Tb).

Synthesis

Bulk powders of (RE)g(TM),(Tt),S14 (RE = Sc, Y and La, TM =
groups 3-11 (excluding Tc and Os); Tt = Si, Ge, and Sn) were
prepared using the pre-arc-melted rare-earth transition metal
tetrelide precursor and appropriate stoichiometric quantities of
sulfur without flux, with dwell times of 72-120 hours at
a maximum dwell temperature of 900 °C to 1050 °C, depending
on the transition metal and tetrel used. Table S27 lists all the
precursors used and the phases present in the brittle fraction of
each precursor. Tables S3A-C and Fig. S3A-Etf contain the
phase compositions for all reactions with La, Y, and Sc; different
TMs; different tetrels (Si, Ge, and Sn); and S. Additionally, Te-
containing samples were made to probe the possibility to
form analogues quaternary phases with the heaviest stable
chalcogen.

(RE)s(TM),(Tt),Q14 quaternary system is extensively studied
for germanium-selenium analogues, because those phases for
the most part can be synthesized from elements.>"?>?%227,2873
For Si-containing systems, the typical synthesis from elements
at a temperature of ~1000 °C resulted in poor yield of the
quaternary compounds as products are dominated by binary
and ternary sulfides. Some quaternary phases have been
synthesized using binary sulfides at elevated temperatures;*
however, this synthesis is limited by the availability of binary
metal sulfides.

Metal silicide precursors have two major advantages: (i) it is
possible to achieve atomic mixing of the refractory constituents;
and (ii) both the reactive metal and less reactive silicon are
simultaneously introduced into the reaction mixture upon
reaction of the precursor with sulfur at relatively low

Chem. Sci., 2021, 12,14718-14730 | 14721
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temperatures. Both advantages are demonstrated in the in situ
and ex situ PXRD (Fig. 3 and S2), which emphasizes the absence
of unreacted Si species throughout the reaction.

In situ synchrotron PXRD experiments at 17-BM at APS were
conducted to study formation of the LagRh, 6,S1,S14. The reac-
tion capillary was loaded with an arc-melted “LagRh, ;Si,”
precursor and sulfur in a 1 : 14 molar ratio. The precursor reacts
shortly after sulfur has melted with the formation of lanthanum
and silicon sulfides at temperatures lower than 200 °C (Fig. 3).
As the temperature increases to above 540 °C, rhodium sulfide
forms. Due to the initial mixing of metals and Si, we hypothe-
size that the formed binary sulfides are also properly mixed and
not spatially segregated. At above 760 °C, three binary sulfides
react to form the target quaternary metal sulfide. The sample
remains unchanged on cooling with only excess sulfur precip-
itating back into a solid, which indicates that the phase
formation happens upon heating of the reaction mixture.

Similar conclusions can be drawn when analyzing ex situ
PXRD data for LagCoSi,S;, sample (Fig. S2t) by reacting the
precursor metal silicide and sulfur, then dwelling the mixture at
variable temperatures. It should be noted that this method does
not allow to determine whether intermediate phases form upon
heating. Here we can again see the formation of binary sulfides
upon the decomposition of the precursor and the formation of
a quaternary phase at ~750 °C.

To test how synthesis using an arc-melted precursor
compares to traditional synthesis from elements and binary
sulfides, we performed control syntheses of quaternary phases
with TM = Ti and Rh. Using the same reaction temperature and
duration, syntheses were performed starting from either the
mixtures of elements or mixture of pre-synthesized binary
sulfides. In the case of TM = Ti, both control syntheses resulted
in the formation of the target quaternary phase with different
amounts of admixtures (Fig. S3Ff). However, in the case of TM
= Rh, both syntheses resulted in non-homogeneous samples
where the target quaternary phase was only a minor byproduct.
Multiple regrindings and annealings might be required to form

T(C)
Finish
30

cooling

1000

761

540

heating

181

Start

Fig. 3
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the target quaternary phases in high yields when starting from
elements or binary sulfides.

Fig. 4 shows several representative PXRD patterns for the
quaternaries for Co, Rh, Ir, Cu, Ag, and Au. Changing the
precursor composition from Lag(TM)Si, to Lag(TM)g67Si, for
TM = Rh and Ir resulted in the elimination of binary transition
metal sulfides from the products, thus confirming the corre-
sponding occupancy of the transition metal. Using this method,
we were able to reproduce the reported quaternary phases with
Mn, Fe, Co, Ni, Cu, and Ag. Moreover, we were able to expand
this family of compounds to other 1% (Sc, Ti, V, and Cr), 2™ (Zr,
Ru, Rh, and Pd) and 3™ (Hf, Ir, Pt, and Au) row transition metals
(Table S3A and Fig. S3A-ET). For certain cases, the precursors
with Ge or Sn (e.g., LagMnGe,S;, and LagMnSn,S,,) resulted in
the formation of cleaner samples than in the case of Si,
presumably due to the increased brittleness of the precursors
(Table S2+) which ensures better mixing of the precursor with S.
In other cases, quaternaries with Ge or Sn failed to form, which
could be explained by the elevated maximum dwell temperature
used and could be alleviated by synthesis at lower temperatures.
A notable exception is Re, which failed to be incorporated into
the quaternary structure for all 3 tetrel cases: Si, Ge, and Sn
(Table S3A and Fig. S3B¥).

For La-Ge-S and La-Sn-S, there exist ternary phases
(LagTt, 5S14)7 crystallizing in the same space group P6;. Thus,
La-TM-{Ge,Sn}-S quaternary compounds require elemental
analysis to confirm the presence of the transition metal. On the
other hand, for La-Si-S, the ternary phase La,SiSs (ref. 76)
crystallizes in a different crystal structure with the P2,/c space
group and has a distinctly different PXRD pattern, showing
further proof of target quaternary phase formation (Fig. 5).

The synthetic method reported here has an important limi-
tation - the increased ductility of the arc-melted precursor. The
precursor is not a single compound but a mixture of La and
transition metal silicides and, in some cases, elemental tran-
sition metal. Phase segregation and formation of non-brittle
phases prevent obtaining a powdered precursor with the

LagRhy ;81,54 (P63)

LagRh ;81,84 + Sg + La,S;

| La,S; + Rh,S; + SiS,

La,S; + La;Rh + SiS,

La;Rh + LasSi; + La,S; + SiS,
} La;Rh + LasSi; + Sg

In situ PXRD patterns showing LagRhg 67Si>S14 phase formation collected at the 17-BM beamline at Argonne National Lab. The pre-arc-

melted "LagRho 7Si>" and S reactants form LagRhg 675i-514 (P63) at ~760 °C. Synchrotron X-ray wavelength A = 0.24145 A.
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Fig. 4 PXRD patterns showing phase formation for Lag(TM),SiS14 (TM =

Co, Rh, Ir, Cu, Ag, and Au). Precursors for Rh and Ir were optimized to

contain x = 0.67 equivalents of the transition metal, which produce single-phase samples. Top and bottom patterns in black and grey (Co and Au)
are calculated from SCXRD structures. Peaks corresponding to LaS, secondary phase are indicated by (¥).

desired stoichiometry. In the cases of TM =V, Zr, Nb, Mo, Hf],
and Ta, a reaction of the pre-arc-melted LagTM,Si, with sulfur
resulted in the formation of a mixture of La,SiSs (P2,/c) ternary
compound and binary sulfides. This is mainly pronounced for
La and could be alleviated by using a different lanthanide, Ce-
Er (except for Pm and Eu). Another way to overcome this limi-
tation is to arc-melt two separate binary silicides of La and TM,
and then mix them together. This ensures the brittle nature of
the precursors, which can facilitate further reaction. Thus,
synthesis using a mixture of LasSi; and TM-Si precursors
resulted in the formation of the Lag(TM),Si,S14 quaternary
phase for TM =V, Zr, and Hf. Fig. 5 shows the formation of the
LaeVy 7Si,S14 phase from LasSi; and V;Siz precursors. Using
“LagVSi,” as a precursor resulted in the formation of a majority
La,SiSs phase. The successful formation of quaternary targets
from binary silicides indicated that the mixing of metals and Si

is more important than the mixing of transition and rare-earth
metals. It should be noted that using a mixture of individual
metal silicide precursors results in a non-stoichiometric
amount of silicon and cannot be used to make single phase
bulk powders, however, it is suitable to grow large single crystals
of such compositions.

In order to grow single crystals of the reported and novel
Lag(TM),Si,S14 compounds, potassium iodide (KI) flux.>**** was
used in a 1 : 30 mass ratio for (precursor + sulfur) to KI using
a similar temperature profile as for bulk powder synthesis.
Depending on the transition metal and tetrel, different sizes of
crystals were observed, ranging from thin hexagonal needles (1-
3 mm in length) to bulky short hexagonal rods (~1 x 1 mm?” in
cross section) (Fig. 6 and S771).

Yttrium and scandium were probed for their ability to form
quaternary phases targeting Y¢(TM),Si»S14 and Sce(TM),Si»S14

La,SiS; - SC
z
2] .
§ LagVSi, + 14S La,SiS; + LaS,
=]
=
=
8 . .
= LagSi; + VgSi; + 145 LagVo77812814 + Sg(min) + LaSxmin)
=)
g
S
Z
l JJ‘ LagV 778,814~ SC
W VYl J\ Jd
5 10 15 20 25 30 35 40 45 50 55 60

20 ()

Fig.5 PXRD patterns showing phase formation for LagV 7Si2S14: red pattern corresponds to products of the reaction of the arc-melted “LagVSiz”
precursor and S, while blue pattern corresponds to products of reaction of LasSis, VsSis, and sulfur. Both reactions were run at the same
temperature profile in the same furnace. Using a ternary precursor in this case resulted in the formation of majority ternary sulfide, La,SiSs (P2,/
¢),”® while using two binary precursors resulted in the formation of a target hexagonal (P63) quaternary structure. Patterns in black (ICSD 240952
(ref. 19)) and grey are calculated from single crystal structural data. Peaks corresponding to LaS, secondary phase are indicated by (*).
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Fig. 6 Optical images of select crystals for Lag(TM),Si»S14 (TM =V (left), Pt (middle), and Au (right)). Each cell on the graph paperis 1 x 1 mm.

compositions using the precursor synthesis (Table S3B and
Fig. S3Ef). We were able to form several target quaternary
phases with yttrium, however, the same synthetic conditions
with scandium did not yield any quaternary phases, with most
of the products being binary sulfides. Scandium is a metal
which can act in both transition and rare-earth metal roles.”
For example, in metal borides, scandium can both form AlB,-
and UBy,-type structures, ScB, and ScBy,,”® acting as a transition
metal, as well as ScCrB, and Sc,ReBg,”® acting as a rare-earth
metal. Probing this hypothesis, it was found that indeed Sc
acts as a 3+ transition metal in this case and we successfully
synthesized LagScy 6,515,514 and LaeScy 67Ge,S14.

Selenium analogues of the target quaternary phases are
heavily studied in literature,'”'*23272%7580 and we attempted to
explore whether tellurium can form similar phases. Unfortu-
nately, in all cases using the same precursors and tellurium
resulted in the formation of binary or ternary tellurides at
various synthetic temperatures (750, 900 and 1050 °C) (Table
S3CH).

SEM/EDS. Energy dispersive X-ray spectroscopy (EDS) was
used to validate the transition metal content for the quaternary
phases. Backscattered electron images for some of the crystals
of the quaternary compositions can be seen in Fig. S6,1 showing
the predominant morphology of hexagonal rods. The EDS
results are summarized in Table S47 and are in good agreement
with the SCXRD determined compositions (Table S17).

298i and **Sc solid state NMR. Of the elements incorporated
in these ternary phases, *°Si and **Sc have the most favorable
NMR properties and enable the study of the silicon and tran-
sition metal sites in the diamagnetic quaternary phases. In
particular, NMR should enable the detection of potential
amorphous phases or byproducts that are difficult to observe via
X-ray diffraction, as well as reveal any positional disorder that
may have been missed in the crystal structure refinement. Such
potential disorder includes either Si mixing with TM in the
octahedral site, as was reported for other lanthanides
RE(Si"™),(Si).5514;%* or partial mixing of Sc with La.

We were able to detect the *°Si NMR resonance in
LagCu,SiS14, LagAZ,SizS14, LacAu,SiSq4, LagRhSiSq14, and
LagSc 6751514 with the use of low-temperature (100 K) magic
angle spinning (MAS) for sensitivity enhancement. We were
unsuccessful in detecting the ?°Si resonance in LagTig.6,S1,514
and Laglr, ¢,Si,S14, presumably due to either long longitudinal
relaxation times, broad linewidths, or the paramagnetic nature

14724 | Chem. Sci, 2021, 12, 14718-14730

of Ti-containing compound. Our attempts to apply pulse cool-
ing dynamic nuclear polarization (DNP) to increase sensitivity
were unsuccessful, perhaps due to the lower spin density in
these materials when compared to prior literature reports.** All
?9Si chemical shifts fall in a narrow range from 0.4 to 7.7 ppm,
in agreement with those of SiS, tetrahedra,* and were sensitive
to the identity of the transition metal, despite its remote loca-
tion relative to the silicon. In the Lag(TM),Si,S14 series, where
TM = Cu, Ag, Au, a steady increase in the 298i chemical shift was
observed with the increasing atomic number of the metal. The
increase could be reproduced using gauge-including projector-
augmented-wave (GIPAW)**# density-functional theory (DFT)
calculations, however the increase was slightly overestimated.
This difference may be caused by a lack of spin-orbit relativistic
effects in the calculations, which are expected to be important
in the case of Au.*® The experimental and DFT-calculated °Si
chemical shifts are listed in Table S5 and the spectra are
depicted in Fig. 7b. In all cases only a single resonance was
observed indicating that there is little, if any, positional
disorder at Si in the studied materials, i.e. no TM/Si mixing.
4Sc MAS NMR spectra were acquired for the LagScy 651,514
and LagScy 6;Ge,S14 compounds and are depicted in Fig. 7a. In
both materials a sharp resonance was observed for the quater-
nary phase along with the signal from a LaScS; impurity.
Importantly, the fact that only a single site was observed
confirms that Sc does not occupy the rare-earth metal site of the
crystal structure. The electric field gradient (EFG) tensor
parameter at the Sc center could not be determined using
lineshape analysis, however we were able to apply the two-
dimensional one-pulse (TOP) method®” to separate the signals
from the central transition (m = 1/2 to —1/2) and inner satellite
transitions (m = 3/2 to 1/2 and —1/2 to —3/2) and determine the
isotropic chemical shifts and quadrupolar products (Pg) of the
%S¢ sites through the transitions' differing second-order
quadrupole shifts (more details are given in the ESIf). Those
parameters are tabulated in Table S6.7 The obtained EFG tensor
parameters were in good agreement with those predicted using
the GIPAW DFT calculations. There were no large differences in
either the **Sc chemical shift or P, values measured for
LaeSco6751,S14 and LagScy ¢,Ge,S14, again likely due to the
remote position of the tetrel relative to the transition metal site.
EPR. Electron paramagnetic resonance (EPR) analysis was
performed on select Lag(TM),Si,S14 (TM = Ti, V, and Cr) to
confirm the oxidation state of the transition metal (Fig. S87).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 “*°Sc (a) and 295i (b) MAS NMR spectra of Lag(TM),Si>S14 and LagSco.67GexS14 With metals indicated on the figure next to each spectrum. In
(a), insets are used to show the centerbands of the central transition (CT, black) and inner satellite transition (ST, red).

EPR data showed the metal ions to be Ti** and Cr** with g values
of 2.01246 and 1.99336,*** respectively, which is in good
agreement with SCXRD (Table S1At) and EDS data (Table S47).
This further shows that Ti has 3+ oxidation states while its
neighbors in group 4 (Zr and Hf) have 4+ oxidation states
(Tables S1B and S47). In the case of V, the EPR spectrum at 6 K
did not have adequate signal-to-noise ratio for a proper
assignment.®**

Optical properties. All the studied quaternary phases are
colored semiconductors with band gaps of 1.5-2.6 eV (Ti-Au) as
analyzed by diffuse reflectance UV-vis spectroscopy (Fig. S4 and
S57). Furthermore, since all these quaternaries crystallize in the
polar, chiral, noncentrosymmetric P6; space group, they are
good candidates for second-harmonic generation (SHG).*>** We
performed preliminary tests for group 9 and 11 metal-Si
compounds (Fig. 8 and Table S7t) which show that the SHG
response depends on the nature of the transition metal indi-
cating promise of this large group of nearly 2000 transition

- 140

SHG Intensity (mV)
LDT (MW/cm?)

AgGaS, Co Rh Ir Cu Ag Au
250eV 1.85eV 2.01eV 218eV 2.60eV 2.25eV 2.36eV
Phase

Fig. 8 Second harmonic generation (SHG-red) and laser damage
threshold (LDT-blue) data for Lag(TM),Si>S14 (red and blue) and AgGas,
standard (black). TM = Co (x = 1.0); Rhand Ir (x = 0.67); Cu, Ag, and Au
(x = 2.0). Particle size = 38.5-54 microns. Corresponding bandgaps
(eV) are given below.

© 2021 The Author(s). Published by the Royal Society of Chemistry

metal compounds for non-linear applications. We have also
measured the laser-damage thresholds (LDTs) of the title
compounds, generally increasing with the size of a material's
band gap. For phases with Si, the results show that LagCu,Si,S14
exhibits the highest LDT from the set, which is about 5.0 times
that of AgGas,. The other quaternary phases exhibit compara-
tive LDTs with that of AgGaS, (Fig. 8). Quaternary Rh and Ir
sulfides have SHG signals comparable to that for the AgGaS,
standard at smallest measured particle size. While majority of
Lag(TM),Si,S14 phases studied here show no phase matching,
LagCu,Ge,Sy4 exhibits not only phase matchability but also SHG
values comparable to the AgGaS, standard (Table S7f). The
obtained non-linear optical properties are comparable to other
TM-free studied analogues in this family, x0.5-1.8 SHG and
x2.5-6 LDT as compared to those for AgGaS,: LagLi,Ge,S4,
LagLi,Sn,Si4,°® SMeLisSisS14,2® LaegSbg 66512514, LagGa,GeS4,>”
and LagIn,GeSy4;>” as well as other sulfides (Li,ZnGeS,,” Li,-
MnGeS,,”® Na,Hg;M,S; (ref. 97)) and pnictides (RuSiyP, and
IrSi;P3,° MgSiAs,,’ Ba,Si;Ps,” and MnSiP, (ref. 100)). A diversity
in the nature, content, and oxidation state of transition metal,
and ability to modify unit cell volume by tuning RE, Tt, and
chalcogen provides ample opportunities for properties tuning.

Magnetic properties. For the non-magnetic RE = La,
magnetic properties are defined by the transition metal. The
magnetic susceptibility data for LagV, 77Si,S14 shows para-
magnetic behavior (Fig. 9 and S9t), expected for open-shell
configurations including V** and potential mixed V**** oxida-
tion states. However, low concentration of V ions in the
compound makes verification of the valence configuration by
Curie-Weiss fit challenging. On the other hand, the data for
Laglry 6,Si,S14 shows diamagnetic behavior, suggesting a low-
spin 3+ oxidation state for Ir (d°). A weak paramagnetic signal
responsible for the upturn in x(7) below 50 K is, likely, extrinsic
to the Laglry ¢,Si,S14 compound. The isothermal field depen-
dence of the magnetization at 2 K (Fig. S91) further shows
paramagnetic behavior for the V analogue and diamagnetic for
the Ir one. AC susceptibility measurements did not detect any
superconductivity in the studied compounds. Replacing La with
magnetic rare-earth metal resulted in diverse magnetic prop-
erties due to the presence of two magnetic sublattices, RE and

Chem. Sci., 2021, 12, 14718-14730 | 14725
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Fig. 9 Temperature-dependent magnetic susceptibility data for
Laglro.67Si2S14 (blue) and LagVo 77Si>S14 (red), collected at an applied
field of 20 kOe between 2 and 300 K.

TM. Detailed analyses of the complex magnetic behavior of Pr,
Sm, Gd, Tb, Dy, Ho, and Er compounds will be reported in due
course.

Conclusions

In this work we have demonstrated a facile method to synthe-
size multimetallic sulfides apart from traditional synthesis from
elements or binary chalcogenides. The developed synthetic
method of using precursors with atomically-mixed refractory
components produces a range of known and new
RE¢(TM),(Tt),S14 phases crystallizing in the polar and chiral P6;
space group. This method is especially useful for underexplored
analogues with Tt = Si. Our synthetic method allows for the
substantial expansion of the REs(TM),(Tt),S;4 family to almost
the entire transition metal block, providing a large family of
semiconductors with tunable bandgaps and electronic config-
urations. In many cases, single-phase products were obtained
without any extensive optimization of the synthetic conditions.
Moreover, we have demonstrated the ability to grow large single
crystals of certain systems where phase-pure samples are not
available.

Together with the previous results in the synthesis of phos-
phides and arsenides, this method of atomic mixing of refrac-
tory components seems to be applicable for synthesis of
complex multinary compounds containing volatile and reactive
components, such as pnictogens or chalcogens. This method
has potential to be used for the synthesis of solid solutions and
high-entropy pnictides and chalcogenides where the proper
mixing of multiple metals is a prerequisite. The brittleness and
composition uniformity of the arc-melted precursor pose
certain limitations for the proposed synthetic method.
However, these limitations can be bypassed by using mixtures
of individual silicides, as exemplified with the V-, Zr-, and Hf-
containing RE¢(TM),(Tt),S14-

14726 | Chem. Sci, 2021, 12, 14718-14730
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