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ABSTRACT: The metal thiophosphates (MTP), M,P,S,, are a versatile class of van der Waals 5
materials, which are notable for the possibility of tuning their magnetic properties with the
incorporation of different transition-metal cations. Further, they also offer opportunities to probe
the independent and synergistic role of the magnetically active cation sublattice when coupled to
P,Qg polyhedra. Herein, we report the structural, magnetic, and electronic properties of the series
of MTPs, Mn,Co,_,P,Ss (x = 0.25, 0.5, 1, 1.5, 1.75) synthesized by the P,S; flux method.
Structural and elemental analysis indicates a homogeneous stoichiometry in the Mn,Co, ,P,S4
compounds. We observe that a correlation is apparent between the intensities of specific Raman
modes and Raman shifts with respect to the alloying ratio between Mn and Co. Magnetic
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susceptibility measurements indicate that the alloyed systems adopt an ordered antiferromagnetic

(AFM) configuration with a dependence of the Néel temperature on the alloying ratio. A possible magnetic frustration behavior was
observed for the composition MnCoP,Ss due to magnetic moment compensation as the alloying ratio between Mn and Co
approaches parity. Interestingly, mixed oxidation states of the metal cation species are also observed in Mn,Co, ,P,S4 along with a
linear dependence of the work function on the alloying ratio of Mn and Co.

1.0. INTRODUCTION

The transition-metal chalcophosphates (MCPs, MM'P,Q;) are
layered systems characterized by ethane-like [P,Q]*" anions
where each phosphorus atom is coordinated by three
chalcogen atoms in a honeycomb lattice with metal cations
occupying 2/3 of the octahedral sites within the lattice."”
Unlike other layered systems such as MoQ,, these compounds
can incorporate a much higher degree of metal substitution as
long as the M and M’ valency adds to 4+. Thus, M and M’ can
both have a charge of 2+ resulting in an alloy such as
MnFeP,Sq, or M = 1 + and M’ = 3 + resulting in an alloy such
as LilnP,Ses* The MCPs have garnered significant interest
for their tunable optical, electronic, and magnetic properties
and have been studied extensively for applications in catalysis,
cathode materials in lithium batteries, and nanoelectronics.”™’
Particular attention has been paid to the magnetic properties of
the metal thiophosphates (MTPs, M,P,S¢), and extensive
studies have been conducted by incorporating magnetic
cations such as Mn, Fe, Co, and Ni into the [P,S4]*”
lattice."~"" In the bulk, all of these previously reported
monometallic MTPs have long-range antiferromagnetic
(AFM) order but with very different magnetic anisotropy
that is determined by the transition metal M and the layered
nature of the MTPs.'°~"” For example, the magnetic moments
of Fe,P,Ss and Mn,P,S, align predominantly perpendicular to
the basal plane, while the magnetic moments of both Ni,P,S4
and Co,P,S¢ align parallel to the basal plane.'”"” More
specifically, Co,P,S4 and Ni,P,S4 are anisotropic Heisenberg
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AFM systems with magnetic moments aligning along the basal
plane, predominantly along the a-axis.'”'" While Fe,P,S is a
strongly anisotropic Ising AFM system with all of its magnetic
moments aligning parallel to the out-of-plane direction (c*-
axis), Mn,P,S; is a weakly anisotropic Heisenberg AFM system
with its magnetic moments aligning almost parallel to the c*
axis with a small in-plane component.'”"*

Given the capability of M,P,S4 systems to incorporate these
different transition metals that directly impact the anisotropy
of the magnetism there is an interest in tuning this property by
chemical substitution. Comprehensive studies have been
conducted on Mn,_,Fe P,S,, where the magnetic moments
of both monometallic Mn,P,S¢ and Fe,P,S4 align perpendic-
ular to the basal plane, while in Mn,_Ni,P,S, the magnetic
moments of Ni are aligned parallel to the basal plane.'>'® A
significant impact on the magnetic susceptibility is observed as
a function of the alloying ratio between the metal cations in
each case. The effect of the alloying on the associated long-
range ordering temperatures, Tyg, for some of these
previously reported mixed MTPs are shown in Table
S1.>'>171 However, there is a distinct lack of comprehensive
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structural and magnetic studies including Co in mixed MTPs.
This is due to the challenging synthesis of Co-based MTPs due
to the formation of the parasitic phase of CoP,S,_,."” Chica et
al. have previously reported a rapid synthesis method using a
P,S; flux and studied the formation of supposedly phase-pure
Co,P,Ss as determined by pXRD." This opened up the way to
discover new bimetallic thiophosphates, which can incorporate
Co, FeCoP,S,, and MnCoP,S,."”

Motivated by these results, the P,S; flux is utilized to
synthesize new Co-based bimetallic MTPs. In this article, we
report on the synthesis and characterization of a series of
Mn,Co,_,P,S¢. Taking a top-down approach, pXRD and other
spectroscopic techniques including Raman spectroscopy,
scanning transmission electron microscopy energy-dispersive
spectroscopy (STEM-EDS), X-ray photoelectron spectroscopy
(XPS), and ultraviolet photoelectron spectroscopy (UPS) are
used to investigate the crystal structure of solid solutions of
Mn,Co,_,P,Ss. From the Raman spectroscopy, specific
phonon mode shifts and relative peak intensity variations
that depend on the alloying ratio of Mn/Co are observed in a
similar manner to a previous study on Fe,_,Co,P,Ss.*’ STEM-
EDS measurements of the alloyed samples indicate a
homogeneous distribution of both Mn and Co in all samples
analyzed. Magnetic susceptibility measurements were also
performed on powdered samples of Mn,Co,_.P,Ss. The two
most significant observations from these susceptibility
measurements are the significant shift in the long-range
ordering temperature, Tyg., as a dependence on the ratio of
Mn/Co and the possible discovery of impurity phases of
CoP,S,_, in the end member, Co,P,S,, that was not detected
by the other characterization methods. This emphasizes the
difficulties in synthesizing phase-pure Co-containing thiophos-
phate systems, and further study is necessary.

2.0. EXPERIMENTAL METHODS

2.1. Synthesis of Mn,Co,_,P,Ss. Chemical reagents: The
following reagents were used as they were received: manganese
powder (99.9%, Cerac), cobalt powder (99.8%, Cerac), and
phosphorus pentasulfide powder (99%, Sigma-Aldrich). The solvents
used were house-deionized (DI) water, anhydrous ethanol (Fisher
Chemical), and acetone (Fisher Chemical, 99.5%).

The compounds were synthesized using the reactive P,S; flux
method, which is described in the paper by Chica et al.'® The M (M/
M') to P,S¢ ratio was 2:3 and 1:1:3 for the monometallic and
bimetallic thiophosphates, respectively. In a nitrogen-filled glovebox,
metal and P,Sg powders were loaded into 12.7 mm OD and 10.5 mm
ID fused silica tubes with a total charge mass of 2 g. The amounts
used are tabulated in Table S2. The tubes were sealed with an oxy/
natural gas torch under the pressure of ~3 X 107> mbar. After sealing,
the tubes were mechanically agitated for 10 min to ensure mixing of
the reagents. The tubes were processed using a computer-controlled
tube furnace and the following heating profile was followed: heating
from room temperature to 540 °C in 10 h, annealing for 72 h at 540
°C, cooling to 250 °C in 12 h, and then the furnace was turned off to
continue cooling to room temperature. Warning: The removal of the
flux must be performed in a fume hood as this reaction releases H,S
gas. In a fume hood, the silica ampoule was opened and the ingot was
placed in a 20 mL scintillation vial with 10 mL of a 50/50 vol/vol
mixture of DI water and ethanol (50/50 H,O/EtOH) and heated to
~70 °C for 1 h. If any flux remained, the solution was decanted and
10 mL of 50/50 H,O/EtOH was added and heated for 1 h. After the
removal of the flux, the product was washed twice with DI water and
twice with acetone. The residual thiols were left to off-gas overnight.
The composition of all of the compounds was confirmed using
STEM-EDS (Table S3).

2.2. Magnetic Susceptibility Measurements. Magnetic
susceptibility measurements were carried out using a magnetic
property measurement system (Quantum Design MPMS). Both
field-cooled (FC) and zero-field-cooled (ZFC) magnetic susceptibility
measurements were made from 1.8 to 300 K with an applied magnetic
field of 1000 Oe. Curie—Weiss fits were conducted on the linear
region (>200 K to room temperature) of the inverse magnetic
susceptibility plots to determine the slope, C, and the Curie—Weiss
temperature, ©. The effective magnetic moment y ¢ is calculated from
this slope, where p g = v 8*C.

2.3. X-ray Photoelectron Spectroscopy (XPS) and Ultra-
violet Photoelectron Spectroscopy (UPS). The samples were
crushed in a mortar and pestle and then sonicated in ethanol. Next,
the samples were drop-cast on silicon wafers with 300 nm of SiO,
thermal oxide until a dense and uniform layer is formed. Room-
temperature XPS spectra were collected with Thermo Scientific
ESCALAB 250Xi. A 500 ym spot size from a monochromatic Al Ko
source was used, and the chamber pressure was kept at 1.5 X 107°
mbar during analysis. All spectra were calibrated relative to the carbon
peak at 284.8 eV. The background subtraction was done using the
Shirley method. Thermo Scientific ESCALAB 250Xi was also used for
UPS studies. The gas discharge lamp is employed with admitted He
gas (He I (21.2 eV) emission line). During UPS analysis, the pressure
inside the chamber was kept constant at 3 X 107 mbar.

2.4. DFT Simulations of Raman modes. All first-principles
calculations are based on density functional theory and were
performed using the Quantum ESPRESSO software package.*"*
The calculations utilize the generalized gradient approximations
(GGA) of Perdew—Burke—Ernzerhof (PBE).>*> To account for the
interlayer van der Waals forces, we implement the semiempirical
DFT-D2 of Grimme.”* A plane-wave cutoff of 80 Ry is used in all
calculations. For bulk calculations, the primitive unit cell is sampled
with a k-mesh of 6 X 3 X 5. The lattice parameters and atomic
positions are given by Ouvrard et al.;"* however, the atomic positions
are relaxed before proceeding with calculation of the phonon modes.

3.0. RESULTS AND DISCUSSION

A top-down approach is undertaken with the analysis of
Mn,Co,_,P,Ss, and the results are presented as follows. First,
powder X-ray diffraction (pXRD) is used to confirm the crystal
structure of the solid solutions of Mn,Co,_,P,S4 in the bulk
and is corroborated at the nanoscale with scanning trans-
mission electron microscopy (STEM). Next, Raman spectros-
copy is presented. A distinct correlation between the alloying
ratio of Mn to Co and specific features of each recorded
spectra is observed. This is followed by an analysis of the
magnetic susceptibility of these systems. A distinct anti-
ferromagnetic behavior is observed in all alloyed
Mn,Co, ,P,Ss as well as parasitic ferromagnetism due to
trace impurities at low temperatures. Finally, the oxidation
states of the ion species and the electronic structure of
Mn,Co,_,P,Ss are evaluated with X-ray photoelectron spec-
troscopy (XPS) and ultraviolet photoelectron spectroscopy
(UPS).

3.1. Powder X-ray Diffraction (PXRD). Previous reports
on both Mn,P,S4 and Co,P,S, indicate both systems crystallize
in the space group C2/m. As has been discussed in other
articles,"”*® the metal cations are encapsulated in a cage of
[P,S¢]*" anions."” Figure la shows the crystal structure of the
monometallic systems consists of 2/3 of the octahedral sites
occupied by either Mn** or Co*" cations with 1/3 of the sites
occupied by a phosphorus dimer. In this study, we focused on
the solid solubility of Mn in Co,P,Ss. PXRD confirms that
Mn,Co,_,P,Ss (x = 025 to 1.75) crystallizes into the
monoclinic space group C2/m. These solid solutions were
successfully obtained by annealing the compounds at 540 °C

https://doi.org/10.1021/acs.inorgchem.2c01116
Inorg. Chem. 2022, 61, 13719-13727


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01116/suppl_file/ic2c01116_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01116/suppl_file/ic2c01116_si_001.pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c01116?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

ARG
f:\,: = = =
(@) P v
7 ‘@ Mn,Co.
o } Mn P 2t Mn.,‘\C 'H A
Co > . > > g i"‘ozscc(" u}
Moy He oo || e
A R = 10 20 30 40 50 60 70 80
o P " 26(°)
¥ o¥e oo (©
Dt B =
%, X % X X g 756
Bt oBd o > wre N\
2 27.78°/\
E 27.86°/ |
26 27 28 29
26(°)

Figure 1. (a) Schematic of Mn,Co,_,P,Ss crystal structure. (b)
Powder X-ray diffraction (PXRD) of alloyed Mn,Co,_,P,Ss with
emphasized peaks corresponding to (00!)-planes. (c) Inset of pXRD
peak exhibiting distinct linear shifts to lower 26 as a result of the
incorporation of greater concentration of Mn in Mn,Co, ,P,S4 in
accordance with Vegard’s Law.

for 72 h. This temperature profile was changed to 540 from
580 °C as reported by Chica et al,'’ since in the Co-rich
phases, small amounts of CoP,S,_, were observed. At 540 °C,
we observed no impurity of the CoP,S,_, phase in the pXRD.
Attempts to grow large single crystals by increasing the
annealing times up to 72 h did not result in a significant
increase in crystal size.

Structural analysis of the phase purity of these solid solutions
has been carried out with pXRD (see SI Section 2.0). The
most distinct peaks correspond to the (00l) planes for all
alloyed Mn,Co,_,P,S¢ (x = 0, 0.25, 0.5, 1, 1.5, 1.75, 2.0) as
shown in Figure 1b. The diffraction pattern for each alloyed
system is normalized with respect to the (001) peak, the tallest
peak in all 7 diffractograms. With increasing amounts of Mn
introduced relative to Co, a distinct shift to lower 20 is
observed. To emphasize this behavior, the (002) peak for the 7
alloyed systems is shown in Figure 1c. A linear shift to lower 20
is clearly observed with increasing Mn concentration for (002).
The expected 26 for the (002) peak for Mn,P,S; and Co,P,S,
are 27.5 and 28.0°, respectively.” The measured 26 for the
(002) peak for Mn,P,S; and Co,P,S4 are 27.5 and 28.1°,
respectively. These values are fairly close to the expected values
and indicate this system’s adherence to Vegard's law. The
experimentally measured lattice parameters for
Mn,P,S4(Co,P,S¢) are a = 6.07 A(5.90 A), b = 10.52 A
(1022 A), c = 6.79 A (6.66 A) and  =107.35°(107.17°). The
obtained cell constants from powder XRD refinements can be
seen in Table 1. The refinements suggest a gradual increase in
volume with an increasing concentration of Mn. Furthermore,

the Rietveld refinements of select Mn,Co,_,P,Ss indicate
nearly all samples are homogeneous solid solutions in the bulk.
However, there may be some P,S, poly-chalcogenide impurity
phase present in the bulk MnCoP,S¢ diffraction pattern that is
likely a result of the P,S; flux and indicates that there may be
some variation in the presence of flux residue even after the
washing procedure even if the predominant product is the
desired Mn,Co,_,P,S¢ system (Figure S2). It is noted that
there is some variation in the relative intensity of peaks, but
this is due to variations in the orientation of different
powdered samples during measurement. The peaks corre-
sponding to the (00!) planes are still the most intense peaks as
they are the preferred orientation of these layered van der
Waals materials when crushed to powder to conduct PXRD
measurements.

3.2. High-Resolution Transmission Electron Micros-
copy (HRTEM) and Scanning Tunneling Electron
Microscopy with Energy-Dispersive Spectroscopy (S/
TEM-EDS). To further understand the structure and chemical
homogeneity of the alloyed system at different length scales,
scanning/transmission electron microscopy (S/TEM) analysis
(see Methods in SI Section 3.0) is conducted on exfoliated
Mn,Co,_,P,Ss (x = 0.25, 0.5, 1, 1.5, 1.75). Figure 2a presents a

Figure 2. (a) Representative bright-field TEM image of
Mn,sCo, P,S¢ exhibiting distinct layered structure with notable
terracing that occurs during exfoliation. (b) HRTEM image of
Mng;Co, sP,S¢ with inset diffraction pattern along [103]-axis (c*-
axis). (c) HAADF-STEM image of same flake with accompanying
EDS maps indicating the homogeneous distribution of Mn, Co, P, and
S at the given length scales.

representative bright-field TEM image of an Mng;Co, sP,Ss
flake, while an HRTEM image of the highlighted region along
the [103] zone axis (c*-axis) is shown in Figure 2b with its

Table 1. Cell Constants Obtained from Powder Refinement of Mn,Co,_,P,S¢ (x = 0—2)

compound a (A) b (A)
Mn,P,S 6.083 (3) 10.534 (2)
M, 75C0g25P2Ss 6.0834 (3) 10.534 (2)
M, <Coo<P,Ss 6.0200 (2) 104621 (2)
MnCoP,S¢ 5.9910 (2) 103720 (2)
Mg sCoy sP,Ss 59327 (4) 102922 (3)
Mni25C0; 7P S 5.9032 (3) 102192 (6)
Co,P,S¢ 5.906 (14) 102192 (6)

13721

c (4) J/ V(&)
6.801 (2) 107.461 (7) 415.74 (9)
6.8011 (2) 107.461 (7) 415.74 (2)
6.761 (1) 107.229 (2) 406.70 (1)
6.7372 (1) 107.090 (6) 399.98 (3)
6.692 (2) 107.110 (9) 390.38 (5)
6.6692 (1) 107.217 (3) 384.21 (4)
6.668 (16) 107.217 (5) 384.21(2)
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selected area diffraction pattern (SAED) as the inset. The
HRTEM image and SAED pattern reveal the single-crystalline
nature of the flake. The observed sixfold rotational symmetry
in the SAED pattern is due to the presence of 120° rotational
twin boundaries, which has been previously reported by Chen
et al. in Fe,Co, ,P,S¢ and Murayama et al. in Fe,P,Ss”
Diffraction patterns of Mn,P,Ss and Co,P,S¢ are simulated
using SingleCrystal”® to better illustrate this phenomenon;
120° (blue) and 240° (red) rotations of the diffraction pattern
are overlapped with the unrotated pattern (black) to represent
impact from the 120° rotational twin boundaries (Figure S4a);
the simulation result is consistent with the observed SAED
patterns with the consideration that the different cation sizes of
Mn and Co lead to different lattice parameters and the
resulting positions of diffraction spots. Figure 2c is the STEM
High-angle annular dark field (HAADF) image of the same
flake with the energy-dispersive spectrum (EDS) map for Co,
Mn, P, and S. The uniform distribution of the colors in the
map indicates the chemical homogeneity of the synthesized
compound and confirms that no secondary phases are formed
in the observed crystals at the given length scale. EDS maps for
the other alloyed Mn,Co,_.P,Ss (x = 025, 1, 1.5, 1.75)
systems in Figure S5 indicate a similar homogeneous
distribution of Mn, Co, P, and S at the given length scales.
Elemental compositions for nominally stoichiometric
Mn,Co,_,P,S¢ (x = 0.25, 0.5, 1, 1.5, 1.75) are evaluated and
shown in Table S3 with accompanying EDS spectra in Figure
S6. It is observed that all alloyed systems are of expected
composition. The HRTEM and EDS analysis results support
that Mn,Co,_,P,Ss (x = 025, 0.5, 1, 1.5, 1.75) can be
synthesized with high crystallinity and chemical homogeneity
using the P,S; flux method.

3.3. Raman Spectroscopy. The structural changes that
are observed due to alloying of Mn and Co in Mn,Co,_,P,S4
will alter the phonon contributions within the lattice.
Therefore, Raman spectroscopy plays a crucial role in
analyzing these atomic vibrations and is also a facile method
to confirm the alloying ratio of cation species within the
[P,S¢]*" anion lattice. Previous reports on MPS; phases with
C,, symmetry exhibit eight Raman peaks.””~*® However, there
has been some confusion in previous studies on assigning
phonon modes of these specific peaks in bulk samples.”*~** In
the bulk, the MPS; systems have C,, symmetry with Raman
modes described by 8 A; modes ad 7 B, modes.””** However,
the [P,S¢]*” anion unit, which describes the symmetry of a
monolayer of the MPS; phase, has Dsq szmmetry and is
described with 3 A}, modes and § E, modes. “35 However, as
discussed by Sun et al, the A; modes associated with the C;;,
symmetry group have the same symmetry properties as the A;,
modes in the D3y symmetry group and the pairs of A, and B,
modes in the Cy, group have similar symmetry properties to
that of E, in the D3y group.” In the context of this study,
which is on bulk samples, the associated Raman modes will be
considered with the C,, symmetry group.

The observed Raman modes are attributed to the vibration
of the P and S anion cage relative to the cation species and all
changes will be observed in changes in the Raman spectra
features (see Methods in SI Section 4.0). Peaks at wave-
numbers below 150 cm™ are associated with cation vibrations
while modes above this wavenumber cutoff are dominated by
the P—P dimer or [P,S¢]*" anion units.”"****** Figure 3a
shows normalized Raman spectra of bulk samples for
Mn,Co,_,P,S from S0 to 650 cm™. The reference Raman
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Figure 3. (a) Normalized Raman spectra for all alloyed Mn,Co,P,S;
alloys systems with Mn,P,S, reference. Peaks are labeled with the p&
notation to indicate the presence of a peak. P, p@) pB) pO) and
p? correspond to Ag, Bg modes. While P®, P® and p® correspond
to solely A, modes. Orange lines are drawn through the four most
unambiguous peaks and labeled with a black square or red circle,
respectively. (b) Intensity ratio of P©)/P® and P®/P® a5 a function
of the alloying ratio between Co and Mn. (c) Raman blueshifts and
redshifts of peaks at wavenumbers ~152, ~244, ~276, and ~384
cm™. Peaks composed solely of A, modes blue-shift, while modes
composed of A, B, modes red-shift as the ratio of Mn:Co increases.

spectra for Co,P,S4 and Mn,P,S4 matches well with reported
values®"** and its synthesis process is detailed in an earlier
publication by Chica et al.'” A notable change in the ratio of
two pairs of the most unambiguous peaks is observed at:
P(4)(Ag) mode ~245 cm™ and P(S)(Ag, B,) mode at ~272
cm™! and at P(6)(Ag) mode ~380 cm™'and P(Z)(Ag, B,) mode
~150 cm™'. As we have previously reported in the
Fe,_,Co,P,S, system”’ the variation in the intensity of these
two pairs of peaks is strongly correlated with the alloying ratio
between the cation species as is shown in Figure 3b. In a
similar trend with the Fe,_,Co,P,S system, as the Co content
of the sample is reduced the intensitgr ratio P®/P® s also
reduced while the intensity ratio P©@/P® s increased in a
linear manner. This relationship between the intensity ratios of
these specific Raman modes can be used to identify specific
alloying ratios in the thiophosphate systems.

Furthermore, a distinct shift of the wavenumber is observed
for these four prominent Raman modes that is dependent on
the alloging ratio as well. A redshift is observed for P(z)(Ag, B,)
and PG (Ag, Bg) while a blueshift is observed for P(4)(Ag) and
P(é)(Ag) with increasing concentration of Mn as presented in
Figure 3c. However, it is observed that an exception to this
trend is apparent for P(Z)(Ag, E,) in Mn,P,Ss where a distinct
shift to a higher wavenumber is observed. The effect of alloying
on the wavenumber shift of Raman modes has been previously
reported in alloyed Mo,_,W,S,.>”** Chen et al. have observed
a distinct blueshift for the out-of-plane A;” mode, a blueshift in
the in-plane WS,-like E' mode, and a redshift in the in-plane
MoS,-like E’ mode as the W content is increased.’” As there is
a separation of approximately 25 cm™" between these two E’
modes, it is straightforward to identify each peak and observe
the blueshifts and redshifts as the alloying ratio between Mo
and W is varied. In the case of Co,P,S4 and Mn,P,S,, the four
most prominent peaks of interest are separated by, at most, 6

m~'.”"** Thus, when Mn and Co are alloyed together in
Mn,Co,_,P,S, it becomes much more difficult to deconvolute
the contributions from Mn,P,S¢-like A, and B, modes and
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Co,P,S¢like A; and B, modes, as it is expected that there will
be redshifts and blueshifts for each respective mode.

To gain greater insight into the contributions of the metal
cations and the [P,S¢]*” anion unit, first-principles DFT
calculations were conducted on the bulk layered system of
Mn,P,Ss. As previously stated, many theoretical studies on
Mn,P,S¢ have considered the layers as decoupled.’® While
the full-layered system supports C,, symmetry, if we consider
only a single layer, the symmetry is raised to Ds.’® To
replicate the system as genuinely as possible, we consider the
full-layered system in our simulation. As such, we find no E,
modes, only A, and B, modes. The resulting modes at the y
location are shown in Figure S7. Karagar et al. have reported
on phonon dispersion simulations on Fe,P,S4 and the resulting
modes are comparable.”” The four most prominent peaks of
interest are at ~153, ~244, ~273, and 382 cm ™. If we are to
consider the peak ~153 cm™ as Ay By, it is close to the
average of the two nearby simulated peaks, 144.4 cm™ (By)
and 170.3 cm™" (A,). Next, if we are to consider the peak
~244 cm™ as A,, the two closest simulated modes are at 244.1
em™ (B,) and 249.8 cm™ (A,), which indicates the limitation
of the accuracy of our simulated model, which is not
unexpected for modes to be off expected values by up to 10
cm™". Third, the peak near ~273 cm™ is expected to be A, B,
and has two closest simulated peaks at 271.8 cm™' (A,) and
273.1 cm™ (B,). Finally, the peak close to 382 cm™!, which is
expected to be an mode, does indeed have a simulated
mode nearby at 387.3 cm™!. However, further investigations
will be necessary to quantify the contributions of the Co,P,S4-
like and Mn,P,Ss-like Raman modes. Nevertheless, these
alloying-based Raman shifts are also useful in identifying and
quantifying the Mn/Co ratio in the mixed metal
Mn,Co,_,P,S4 system.

3.4. Magnetic Susceptibility Measurements. Figure 4
shows the magnetic behavior as a function of temperature for
the alloyed Mn,Co,_,P,S4 system with Mn,P,S, included as a
reference. All measurements are conducted with a magnetic
field of 1000 Oe. Nearly all of the alloyed Mn,Co,_,P,S4
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Figure 4. Field-cooled (FC) magnetic susceptibility curves of alloyed
systems of Mn,Co, P,S¢ with H = 1000 Oe. In all magnetic
susceptibility curves, the characteristic transition from the para-
magnetic regime to antiferromagnetic regime is observed. The
expected reduction in the Néel temperature as Mn and Co approaches
parity with one another is also observed.

systems exhibit an overall similar behavior with the exception
of MnCoP,S, where the Mn:Co ratio is 1:1. The first feature of
note is a broad maximum temperature, Ty, which is
attributed to low-dimensional spin correlations in these layered
chalcogen systems.'"”'>'® The second feature of note is an
inflection point at a lower temperature, Ty, that indicates a
phase transition to a long-range antiferromagnetic state.'>'°
The Neéel temperature, Ty, is defined as the peak in the
derivative of the magnetic susceptibility with respect to
temperature, dx/dT (Figure $8).'”'® Figure 4 shows both
the Ty, and Ty for all of the alloyed samples and Mn,P,S,.
It is of interest to note that both the Ty, and Ty, of Mn,P,S¢
are in accordance with previously reported values.'”'*** With
the introduction of Co into the alloyed system, Ty, and Tyzq
decrease until Mn, ;Co,P,S¢ where a minimum Ty, = 36 K
is reached before increasing with further Co alloying. This is
compared to other previously reported M,\M',_.P,Ss (Table
S1) such Mn,_,Fe P,S¢ and Mn,_,Ni, P,S., where a minimum
Tneel is reached with a greater degree of alloying at x = ~1.0. It
must be stated that in these previous studies, the composition
at x = 1.0 does have a broad maximum at Ty, while in
MnCoP,S,, the broad maximum at Ty, is completely
suppressed. This will likely have an impact on the determined
Tnee of MnCoP,S¢. Bai et al. have previously observed the
suppression of the broad maximum in exfoliated Mn,P,S¢ and
attributed this behavior to the spins on Mn’* aligning off
antiparallel to one another and forming a perturbation state
with a net nonzero magnetization and a weak ferromagnetic
interaction.”” In the case of MnCoP,Sy, it may be the case that
a similar perturbation state is induced in the bulk through
alloying with Co but further measurements and analysis must
be done. Another feature of note is the rapid rise in the
magnetic susceptibility at a temperature below Ty, at T < 30
K in all of the alloyed systems which is a likely indication of
parasitic ferromagnetism. In previous magnetic susceptibility
studies of metal thiophosphate systems, authors have
attributed this increase in the magnetic susceptibility to the
presence of minor impurities present in the sample.'”** From
M vs H measurements at 2 and 150 K for MnCoP,S,, it can be
seen that when above the ordering temperature, the M vs H
behavior is linear, while below 2 K, the M vs H behavior is S-
shaped and is indicative of weak ferromagnetism (Figure S9).
Thus, this increase in the magnetic susceptibility may likely be
due to the presence of trace ferromagnetic impurities, which
may have formed through the presence of P,S, residue from
the flux as discussed in Section 3.1.

A final observation of note is in the difference of the Co,P,S;
magnetic susceptibility behavior from previous reports (Figure
$8).'%%* Co,P,S¢ should exhibit a broad maximum and Ty
indicated by the sharp peak in the plot of dx/dT, both of which
are not present (Figure S8). The magnetic susceptibility is also
observed to rapidly increase as a function of temperature as the
temperature is lowered to 2 K. The rapid increase in the
susceptibility is indicative of a weak ferromagnetism.
Furthermore, the magnetic susceptibility is an order of
magnitude higher than the other measured samples. A possible
explanation for this is the formation of the impurity phase
CoP,S,_,, which exhibits ferromagnetic behavior.”” This is
intriguing as this impurity phase was not observed through the
bulk structural characterization by PXRD (Figure S2c) or
Raman. This highlights the difficulty in stabilizing phase-pure
Co,P,Ss.

https://doi.org/10.1021/acs.inorgchem.2c01116
Inorg. Chem. 2022, 61, 13719-13727


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01116/suppl_file/ic2c01116_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01116/suppl_file/ic2c01116_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01116/suppl_file/ic2c01116_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01116/suppl_file/ic2c01116_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01116/suppl_file/ic2c01116_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01116/suppl_file/ic2c01116_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01116/suppl_file/ic2c01116_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01116/suppl_file/ic2c01116_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01116/suppl_file/ic2c01116_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01116?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01116?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01116?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01116?fig=fig4&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c01116?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

To further evaluate the impact of alloying on the magnetic
susceptibility of the alloyed Mn,Co,_,P,Ss, the field-cooled
(FC) and zero-field-cooled (ZFC) susceptibility measurements
are compared (Figure S10). In all alloyed Mn,Co,_,P,S, no
significant difference between the ZFC and FC is observed at
any temperature. This indicates that spin glass-like behavior is
unlikely to occur in Mn,Co,_,P,S¢ at any composition. To give
perspective, it has been previously reported by Rao et al. that
Fe,_,Ni P,S; behaves in a similar manner where there is no
difference between the FC and ZFC magnetic susceptibility
curves below the ordering temperature.13 In contrast,
Masubuchi et al. have reported that spin frustration is apparent
in specific compositions of Mn,_,Fe P,S;, where there is a
distinct deviation between the FC and ZFC curves below the
order temperature.'” The extent of this frustration is evaluated
with the frustration parameter, defined as f = 1@¢yl/Ty, as
reported by Balent (Table S4).*' The Curie—Weiss constant,
Ocw, is determined by fitting the linear paramagnetic region of
the inverse susceptibility curves at T > 200 K (Figure S11).
According to Balent, a frustration parameter, f, that is greater
than 5—10 indicates a strong suppression of ordering due to
spin frustration while most unfrustrated materials have values f
=2-5."" From Table S4, Mn, ;Co, sP,S¢ has the largest f = 5.2,
while the other samples have f = 2—3. This indicates that the
frustration in Mn,Co,_,P,S; is relatively low and that there is
an overall antiferromagnetic ordering present.

From Figure 5, it also can be seen that there is a distinct
dependence on the alloying ratio of Mn:Co and the behavior
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Figure 5. Plot of the Curie—Weiss temperature as a function of
composition in Mn,Co,_,P,Ss. With the addition of a greater
concentration of Co relative to Mn, the Curie—Weiss temperature
increases until it reaches a maximum when Mn and Co are at parity
and then decreases with further addition of Co.

of the magnetic susceptibility. With the introduction of Co
relative to Mn, the Curie—Weiss constant increases until it
peaks at MnCoP,Ss and then decreases once again. A similar
behavior in the Curie—Weiss constant has been previously
reported by Chandrasekharan et al. who observed a
suppression of AFM character in Mn,Zn, P,S¢ when a
greater concentration of Zn is introduced relative to Mn.*
Monometallic Zn,P,S¢ is a nonmagnetic system, so by alloying
a greater concentration of Zn into Mn,Zn,_,P,S,, the long-
range antiferromagnetic ordering is diluted.*” In the case of
Mn,Co,_,P,Ss both Mn,P,S¢ and Co,P,S4 are antiferromag-
netic but of different magnetic anisotropy so when the ratio of
Mn/Co approaches 1:1, a greater amount of compensation
between Mn and Co will contribute to the dilution of the
magnitude of the antiferromagnetic ordering but will require
further investigations outside the scope of this paper.

3.5. X-ray Photoelectron (XPS) and Ultraviolet Photo-
electron Spectroscopy (UPS). Changes in the composition

of Mn and Co in these alloyed systems can potentially alter the
electrical properties and charge states of constituent cations. X-
ray photoelectron spectroscopy (XPS) is vital to observe these
changes at the atomic scale. XPS is conducted under UHV
(refer to Methods in Section 2.3) using an Al Ka source. As is
the case with our previous study on FexCoz_xPZS@ZO the
expected charge state of the Mn and Co cations is 2+, which
charge balances the [P,S4]*" units. Figure 6a shows the XPS
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Figure 6. (a) XPS spectra for Mn and Co with 2p;,, and 2p, , states
indicated. (b) UPS spectra and line fits to determine E,. for
MnCoP,S;. (c) Extracted work function difference of the alloyed
Mn,Co,_,P,S¢ systems.

spectra for the mix-metal-alloyed compounds and indicates
each sample’s respective Mn and Co oxidation states. The
2p3/, and 2p;/, at 640 and 652 eV correspond to the Mn 2p
states” while 781 and 795 €V correspond to the Co 2p
states.”* ™ The states at 640 and 781.1 eV correspond to the
Mn?* and Co*" in the octahedral sites.***” Upon introduction
of Mn into Co,P,Ss, an inverse dependence between the
intensity of the Mn and Co 2p states is observed, which further
confirms the linear trend in the nominal stoichiometry of these
alloyed systems. The fitting of the Mn 2p and Co 2p XPS
spectra as shown in Figure S12 indicates the presence of shake-
up satellite peaks as well as the expected 2p;/, and 2p, /, peaks.
Interestingly, it is observed that there is a doublet splitting in
the Mn 2p;/, and 2p,;, peaks and the Co 2p;,, and 2p,,,
peaks. This doublet splitting in Mn 2p;, has been previously
observed in Mn,P,S; by Shifa et al** and Wang et al*® Wang
et al. further observed doublet splitting in Mn 2p, /, as well as
doublet splitting in Co 2p;, and Co 2p; ,.** The existence of
this doublet splitting in both Mn 2p and Co 2p peaks is
attributed to oxidation states of Mn>*, Mn**, Co**, and Co*,
respectively.’® The observation of Mn** and Co** oxidation
states is attributed to surface oxidation that will likely be
present after liquid exfoliation and drop-casting. As is
previously discussed, the TEM SAED analysis of the alloyed
Mn,Co,_,P,S; indicates that all samples analyzed were of the
same symmetry as monometallic Mn,P,Ss or Co,P,Ss when
viewed along the out-of-plane direction and will be of similar
structure. Therefore, in the bulk, M*>* cannot charge balance
with the [P,S¢]*™ anion unit, and Mn and Co will be in a 2+
oxidation state.

Ultraviolet photoelectron spectroscopy (UPS) is used to
further explore the electronic structure of Mn,Co,_,P,Ss. The
UPS spectrum for MnCoP,S¢ is shown in Figure 6b. All UPS
spectra are shown in Figure S14. The work function of each
bimetallic Mn,Co,_,P,S¢ system is determined by the
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equation: ® = hv — (Equor — Eg).*® Linear fits to determine
the binding energy cutoff (E ) are shown in Figure 6b and
Figure S14."%" Figure 6¢ shows a relation between the derived
work function and the concentration of Mn in Mn,Co,_,P,S,.
A linear reduction in the work function from 5.63 to 5.35 eV is
observed as a function of Mn concentration from
Mny,5Co, 7sP,Ss to Mn, 75CoysP,S4. A likely explanation for
this distinct shift is due to the difference in electronegativity
between Mn and Co.*” Shifa et al. have previously reported on
the work functions of Mn,P,S4 and Mn,P,Se4 in which they
found Mn,P,S4 to have a higher work function due to the
inherently higher electronegativity of S compared to Se.* As
Mn has a lower electronegativity, the higher concentration of
Mn in Mn,Co, ,P,Ss will decrease the overall binding energy
and resulting work function.

4.0. Summary and Conclusions. We have conducted a
comprehensive structural, electronic, and magnetic analysis of
the bimetallic metal thiophosphate, Mn,Co,_,P,S¢. Bimetallic
Mn,Co,_,P,S¢ is synthesized using our recently developed
P,S; flux method to stabilize the Co cation in the alloyed solid
solutions. Both elemental and structural analyses confirm a
homogeneous distribution of both Mn and Co over the given
length scales of several hundreds of nanometers laterally and
through multilayer thicknesses. However, it must be noted that
some P,S, impurity phases were found in a minority of the bulk
ingots of synthesized samples (MnCoP,S,) due to residuals
from the P,S; flux even if the majority of product is the alloyed
Mn,Co,_,P,Ss. Phonon mode fingerprints with both intensity
and Raman shifts of the four most prominent Raman peaks, 2
Ag and 2 Ag + B, are observed. Similar to the previously
studied Fe,Co,_,P,S¢ system, decreasing the Co concentration
saw a decrease in the P(4)(~240 cm_l)/P(s)(NZSO cm™!) ratio
and an increase in the P®(~380 cm™)/P®(~150 cm™)
ratio.

Magnetic susceptibility measurements indicate that all
studied alloys of Mn,Co,_,P,S¢ adopt an antiferromagnetic
ordering with a Néel temperature dependent on the alloying
ratio of Mn and Co, where Mn, ;Co, ;P,S4 exhibited the lowest
Neéel temperature. A broad maximum and associated Ty, is
observed for nearly all alloyed Mn,Co,_,P,Ss except
MnCoP,S4 where this broad maximum is completely sup-
pressed. These broad maxima in the magnetic susceptibility
curves are due to local spin ordering. Magnetic frustration is
unlikely to occur in the alloyed Mn,Co,_,P,S4 as indicated by
the small frustration parameter f. A notable increase in the
magnetic susceptibility is observed at T < 30 K, below the
paramagnetic-to-antiferromagnetic transition temperature,
Tneep that is attributed to the minute presence of impurities.
It is interesting to note that specifically for Co,P,S¢ that the
presence of higher amounts of Co(P,S,), may be apparent that
was not detected by either PXRD or Raman, further
demonstrating the difficulty in isolating phase-pure Co,P,Sq.
In support of both the Raman and magnetic susceptibility
findings, the overall XPS signal intensity of all of the studied
alloys of Mn,Co,_,P,Ss follows a linear trend in accordance
with the nominal stoichiometry of all alloyed systems. The
presence of doublet splitting in the Mn and Co 2p, ;, and 2p;,
peaks suggests the presence of mixed states of Mn**/Mn*" and
Co**/Co®". Furthermore, the correlation between the alloying
ratio of Mn to Co and its work function is established. With an
increasing ratio of Mn:Co, the work function of the resulting
alloy will decrease, likely due to the lower electronegativity of
Mn relative to Co. This work has provided a structural,

13725

magnetic, and electronic analysis of the Mn,Co, ,P,S¢ series
and will provide additional insight into engineering chalco-
phosphates for specific applications. We also hope that this
work will stimulate other further studies into layered magnetic
structures and alloyed chalcophosphate systems.
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