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An olivine-type orthothiophospate LiMnPS; has been synthesized
for the first time through building block approach by reacting
preformed ternary lithium thiophospate with MnCl,. Diffuse
reflectance measurements show an optical band gap of 2.36 eV
which is further confirmed by DFT calculations. Irreversible weak
ferromagnetic ordering and metamagnetism are verified through
priliminary magnetic measurements.

Transition metal oxy-phosphates are ubiquitous as they are
found in mineral kingdom and easily made in the laboratory.%
2A large number of oxy-phosphates especially ortho-
phosphates of transition metals have been synthesized in the
last couple of decades as these materials became potential
candidates for electrodes and solid-electrolytes in Li- and Na-
ion batteries.3> On the other hand, as of now there is no report
of any chalcophosphate mineral;® as they can only be accessed
through laboratory synthesis.”?! Synthetic chalco-phosphates
can form a myriad of chalcophosphate anions, [P,Q,]*, that
includes [PQ 3,89 11,13,14 [p, Q] 12. 17,18 [P, Q,]*,10 [P, Qo]+, 16
[P5sQ15]°7,%° [PsQ12]%,** 2° and many others. In most of these
chalco-phosphate building blocks P is formally in +5 oxidation
state except when P — P bond is present, where it is +4 as in
[P2Qg]*. These [P4Qy]*~ units can be stabilized with alkali ions or
with metals; transition or main-group metals. Several groups,
namely Kanatzidis,'% 3 18-20 Dorhout,* 16 Schleid,'* Bensch,!>
Lotsch’” and others,” & % 11 have extensively investigated
synthesis of new ternary and quaternary chalco-phosphates
either from elements or using binaries often in presence of
polychalcogenide or poly-chalcophosphate These
reactions involving rare-earth metals mainly led to ortho-

flux.

chalcophosphates!? 13. 14 15 or hexachalcohypodiphosphates?
17 often incorporating alkali ions. However, with 15t row
transition series it has rarely formed ortho-chalcophosphates
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because of the high prevalence of [P,Qg]* unit. To our
knowledge there are only a few examples of ortho-
thiophosphate structure in 15t row transition metal, KNiPS,,2
NaTi,(PSa)3,° NasCry(PSs)s,** and CusPS, 2%t There is a renewed
interest in the synthesis and crystal
especially in
materials with van der Waals gap (M,P,Qs, M =

growth of chalco-
(2D)
1t row

phosphates layered two-dimensional
transition metals) and non-vdW 2D materials with intercalated
alkali ions (A;MP,Sg, A = Li, K) for their magnetism and other
2D M,P>Qe
compositions are well-known cathode material?’ and there is a

exotic phenomena in low dimensions.?226
growing interest in chalco-phosphates as electrode materials.2%
30 |n this connection we asked ourselves why it is difficult to
synthesize ortho-thiophosphates of transition metals analogous
to well-known structure types in ortho-(oxy)phosphates for
example, olivine® and NASICON;® phases that have defined new
direction in electrode materials.* Strong covalent bonding of
chalco-phosphate moiety with transition metals can lead to
semiconducting solid with intermediate range band gap useful
for photovoltaics and presence of unfilled 3d electrons can give
rise to magnetic and redox (batteries) properties, while a
combination of both can have applications in spintronics and
magnetoelectrics.?22* Hence, if the rich structural diversity of
ortho-oxy phosphates is accessed in transition metal chalco-
phosphates, a plethora of new properties can be expected.

Therefore, we have directed our efforts to synthesize ortho-
thiophosphate of transition metals. We have employed an
building  block which
thiophosphate LisPS,; consisting a preformed PS,3~ tetrahedral

innovative approach in lithium
building unit is reacted with MnCl, in so-called solid state
metathesis reaction to create first ever olivine-type ortho-
thiophosphate with transition metal, LiMnPS,.

In this communication, we report the synthesis, crystal
structure, optical, preliminary magnetic properties along with
theoretical calculations within DFT framework to elucidate the
electronic band structure.

LiMnPS; has been synthesized from solid-state metathesis
route using y-LisPS; and MnCl, in sealed evacuated quartz tube

at 500 °C (for details, see ESI).

y-LisPSs + MnCl, = LiMnPS, + 2Licl
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Pale yellow color crystals (Figure S1, ESI) were obtained after
breaking the ampoule inside an argon-filled glove box. Crystal
structure was determined from single-crystal X-ray diffraction.
Crystal data and final refinement parameters are summarized
in Table 1 and other crystallographic details are given in ESI
(Tables S1 - S3). The laboratory powder X-ray diffraction (PXRD)
pattern confirmed the phase purity of the bulk sample (Figure
S2, ESI). The PXRD of y—Li3PS,; and the air exposed (>24 hours)
sample of LiMnPS, are provided in ESI (Figures S3 and S4, ESI).
The PXRD of LiMnPS, after air exposure did not show any
change indicating good air stability. EDS elemental analysis
(Figure S5, ESI) performed on as-synthesized crystals is in good
agreement  with the crystallographic composition
(Mn1,04P1,02S4).

Table 1. Crystal data and refinement parameters for LIMnPS,.

Empirical formula LiMnPS,
Temperature 300(2) K
Crystal system Orthorhombic
Space group Pnma

a=12.540(3) A
b=7.654(2) A
c=5.834(2) A

Unit cell dimensions

Volume 560.0(2) A3

z 4
Goodness-of-fit on F? 1.112

Final R indices [I1>20(1)] R;=0.0330
R indices (all data) WR; = 0.0852

LiMnPS, crystallizes in olivine structure type in Pnma space
group. The asymmetric unit of LIMnPS, consists of one Mn (4b,
Wyckoff site), one P (4c), one Li (4c) and three S (S1 in 8a, S2
and S3 in 4c) sites yielding a composition of LigsMngsPosS,
(Figure 1a). If an empirical formula of LiMnPS, is used, then four
such units (Z = 4) will be present in the unit cell. The structure
of LiMnPS, can be described as hcp array of S atoms in which
half of the octahedral sites in alternate layers are filled with Mn
and Li atoms, respectively, while one-eighth of the tetrahedral
holes are filled with P atoms. Such filling up of holes by Mn and
P creates a situation where edge-shared MnSg octahedra form
infinite chains parallel to the b-axis, which are further stitched
together by PS, tetrahedral units forming layers perpendicular
to ag-axis. The interlayer space is filled by Li ions (Figure 1b).

The structure of LiMnPS, belongs to olivine-Mg,SiO,4 structure
type,3! where Li and Mn replaces two crystallographically
distinct Mg ions in 4a and 4c sites, respectively, and SiO4 unit is
replaced by PS, unit. However, there is a slight difference in the
positions with  the
(oxy)phosphate analogue, olivine-LiMnPO, or in general,
olivine-LiMPO,4 (M = Mn, Fe, Co, and Ni), all of which are well-
In the
thiophosphate analogue, the position of transition metal and

atomic when compared ortho-

known cathode materials for Li-ion batteries.3 *
lithium ion are interchanged when compared to LiMnPO, i.e. in
oxy-phosphate 4c Wyckoff site is occupied by Mn ion whereas
the same site is occupied by Li ion in the thiophosphate. Such
switching of Li and Mn positions makes LiMnPS,; a layered
material meaning covalent connectivity between PS; and MnSg
extends only in 2-dimensions and such layers are held together
via predominantly ionic forces by intervening Li-ions. On the

2| J. Name., 2012, 00, 1-3

other hand, LiIMnPQ,4 has three-dimensional structure with one-
dimensional channels filled with Li-ions. Hence, LiMnPS, can be
considered as the first example of chalco-phosphate olivine

Mn1

Figure 1. (a) Asymmetric unit of LiMnPS,; (b) Layers formed by
parallel chains of MnSg edge sharing octahedra connected by PS,
tetrahedra separated by interlayer octahedrally coordinated Li ions.

analogue of the well investigated LiMnPQ,.

Considering our implemented metathesis synthesis method, it
is worth comparing the structure of starting material, y-LisPS, or
its polymorph, B-LisPS; with LiMnPS,. y-LizPS; is the room
temperature polymorph, which on heating undergoes phase
transition to superionic phase [-LisPS,.32 It is to be noted here
that B-LisPS, is very close to olivine, out of the three Li-sites one
of the Li occupies an octahedral site (4b) same as Li in LIMnPO,.
However, it has two additional Li-sites which are tetrahedral
and not filled in olivine. On close inspection it is found that
LiMnPS; can be topotactically generated from the high
temperature polymorph B-LisPS;. The Figure 2 shows the
structural comparison of B-LisPS;, LiMnPS,;, and LiMnPO,.
During the solid-state metathetic reaction with MnCl,, the
starting reaction precursor, y-LisPS,;, transforms to [-LisPS,
above 200 °C and octahedral Li(Li2) is substituted by Mn
followed by a change in coordination of Lil from tetrahedral to
octahedral coordination leading to the formation of LiMnPS,
with the elimination of tetrahedral Li(Li3) site as one Mn?2* will
compensate charges for two Li* ions. This is the innovativeness
of our building block approach which enabled retention of the
building block, ortho-thiophosphate unit, and led to the
discovery of olivine phase, LIMnPS,.

(b) LiMnPS,

(a) P LisPS,

(C) LanPO4
“1

Figure 2. Comparing the crystal structures of (a) B — LisPSs; (b)

LiMnPS;;(c) LIMnPO,.
The traditional solid-state synthesis using elements in chalco-
phosphate flux is perceived as the most viable way to synthesize
transition metal thiophosphates.1% 26 Metathesis reactions have
also been employed in some cases, for example, reaction
between LisP,Ss and Ni?* salt in agueous medium yielded poorly
crystalline Ni,P,Sg;33 a mixed metal seleno-phosphate,

This journal is © The Royal Society of Chemistry 20xx
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M*IM*3P,Seg¢ has been synthesized by reacting M*1Cl and M*3Cl;
with Mg,P,Se.3% 3> Metathesis reactions offer advantage over
typical solid state reactions using elements or flux in terms of
lower reaction temperatures, better control over the product
formation and often allows rational design when the reaction is
topotactic.3¢ The formation enthalpy of the salt byproduct in
metathesis reactions drive the reaction in forward direction.
This is the first report of metathesis reaction with a preformed
S43~ building unit with transition metal chloride salt. This novel
synthetic route can give access to new materials which
otherwise may not have been discovered through traditional
solid-state elemental or flux-based reactions.
From the charge neutral formula, LiMnPS,, it can be expected
to have semiconductor-like band gap. Accordingly, the optical
band gap is found to be 2.36 eV from the diffuse reflectance
spectra as shown in Fig 3a (details in ESI). The optical band gap
of y-Li3PS, is found to be 3.8 eV (Figure S6, ESI), therefore, the
topotactic insertion of Mn for Li ion in LisPS, reduces the band
gap by ~1.5 eV. Weak spin-forbidden d-d transitions due to high
spin Mn(Il) can be seen before the steep jump due to band gap
(Figure 3b). To understand the origin of this band gap
narrowing, we performed spin polarized band structure
calculations on experimentally determined structure using
density functional theory (DFT) as implemented in VASP.
Further details of DFT calculations are given in ESI. The
calculated band gap of 2.3 eV using HSE06 hybrid functional
(Figure 3c) is in very good agreement with the experimentally
obtained band gap of 2.36 eV. The projected density of states
for LiMnPS, calculated using HSEO6 hybrid functional is shown
in Figure 3c (Figure S7, ESI). The top of the valence band has the
contribution mainly from S p states and Mn d states, whereas
the bottom of the conduction band has major contribution from
S p and P s states. Contribution of Li ions is almost negligible
near the Fermi level. Figure 3d shows the electronic band

(a) .

Wave length (nm)
1000 800 600

(b) 1200

F(r) (arb. units)

10 15 20 25 30
Energy (eV)

Energy (eV)

(c)

PDOS
E-E, (eV)

SYIXS T ZTRZUR
High symmetry points

E-éf (eV)

structure along the high symmetry points in the Brillouin zone

of orthorhombic lattice. The valence band maximum occurs at I’
Figure 3. (a) Diffuse reflectance plot of LiMnPS, (b) Spin
forbidden weak d — d transitions; (c) Partial density of states of
LiMnPS,; (d) Band structure of LiMnPS,.
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point and the conduction band minimum occurs close to Z point
of the Brillouin zone confirming that LiMnPS,is an indirect band
gap material. The indirect nature of the band gap agrees well
with the experimental DRS measurements.

Magnetic Properties

Temperature dependence of magnetic susceptibility and
inverse susceptibility of LIMnPS, measured at an applied field of
1T from 3.2K to room temperature are given in Figure 4a. The
molar magnetic susceptibility (yM) increases asymptotically and
reaches a maximum at 28 K and after that there is a sharp fall of
M indicating onset of antiferromagnetic ordering below 28K.
The temperature dependence of the inverse magnetic
susceptibility, ;(1\71(1'), shows linear behavior between 150-300K
which can be fitted with Curie-Weiss law yielding a Curie
constant of 4.045 emu.K.mol™! and a Weiss constant (8,) of —
52.29 K, respectively. Large negative, 8,, value indicates strong
antiferromagnetic interactions between adjacent Mn(ll) ions.
The experimental magnetic moment per Mn derived from Curie
constant is 5.69 1B, which is close to the spin only magnetic
moment 5.92 Ug for high spin Mn?*with five unpaired electrons.
To understand the nature of antiferromagnetic transition, dc
magnetization measurements were performed under field
cooled (FC) and zero field cooled (ZFC) conditions under low
applied field of 0.1T (Figure 4b). The FC and ZFC magnetic
susceptibilities show an obvious divergence below 24 K, which
could be due to irreversible weak ferromagnetic transition
resulting from spin canting. The presence of weak
ferromagnetic transition at lower applied fields and
disappearance at higher applied field indicates field-induced
metamagnetic transition. Variable field isothermal
magnetization measured at 300K shows sluggish increase in the

(a) 0.045 oo (C) 014
= 0.040] R A
I C 4
E 0.0354 s 0.12 —a—ZFC
o r70 5 = —o—FC
© 0.0304 (60 & = 0.104 ‘\
E E  Tyoel PR
5 0025 lso 5  Z o008y
£ 0.0201 0§ = o006l
: =
0.015] [30 oF
= N Nz 0.041
0.0104 F20
0 50 100 150 200 250 300 0.02 P
0 10 20 30 40 50
(b) - (d) -
0.4+
0.4f = 5K
e b5k s 0.3+
s 300k iz 02
= 03r <z
gc_ é@ oo rsoH & )50 1 00'1
= 02b = 2 o : ‘
Z 5 4 2 2 4
= ) = o H(T)
Figuré 4. (a) y# endent molg#and.dnverse molar
magngble Btibi ity of LiMrPS, acquir, d at an’dpplied field of
1T; (b) Is‘bthérm%_l M—H écarfs at 5 and-300 K (F ZFC—FC curves

at 100 Oe; (d) Magnetization vs. field variation hysteresis loop.
Inset shows an enlargement view of the remanent magnetization
around the zero-field strength.

magnetization to 0.11NB whereas at 3K magnetization
gradually increases to 0.25 N, after that a steep rise from 0.25
to 0.38 NB between 3.75 and 5T, respectively (Figure 4c),
indicating a field-induced metamagnetic transition from
but
detectable hysteresis loop (inset, Figure 4d) was also observed.

antiferromagnetic to ferromagnetic state. A small

J. Name., 2013, 00, 1-3 | 3
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Metamagnetism has been observed in many compounds
containing Mn(ll) chains with various bridging networks.37-3°
Because of the presence of the inversion centers between the
adjacent Mn(ll) ions, rules out the occurrence of antisymmetric
interactions, however, at much lower temperatures, slight
distortion in the crystal structure could cause spins to be tilted
away from the antiparallel
ferromagnetic ordering.

In summary, we reported a new quaternary sulfide, LIMnPS,,
with olivine structure synthesized for the first time through
solid-state metathesis route using preformed LisPS; and MnCl,.
Parallel chains of edge shared MnSg connected by PS,
tetrahedral units form 2D layers, where the interlayer space is
occupied by Li ions. LiMnPS, possess an indirect band gap of
2.36 eV which is further confirmed by HSEO6 calculations.
Preliminary magnetic measurements confirm the field induced
metamagnetic transition resulting from spin canting. This work
emphasizes that chalco-analogues of oxy-(ortho)phosphate
structures can be accessed through solid-state metathesis route
by employing building block approach.

arrangement causing weak
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