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Abstract
Two-dimensional TMPS3 antiferromagnets, transition metal (TM) = Mn, Fe, Ni, are studied
by high-energy x-ray diffraction and atomic pair distribution analysis over a broad temperature
range. Results show that the compounds exhibit common average but distinct local atomic
structure, including distinct distortions of the constituent TM–S octahedra, magnitude and
direction of atomic displacements, TM–TM distances and TM–S–TM bond angles. The
differences in the local structure may be rationalized in terms of the Pauling’s rule for the
critical ratio of TM2+ cation and S2− anion radii for octahedral coordination. We argue that the
observed differences in the local structure are behind the differences in the antiferromagnetic
properties of TMPS3 compounds, including different magnetic anisotropy and Neel
temperature.
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1. Introduction

Layered transition metal (TM) thiophosphates TMPS3, where
TM = Mn, Fe and Ni, have received much interest recently
because of their unique magnetic properties, offering promise
for practical applications [1–7]. The properties arise from the
specific crystal structure, where layers of TM–S6 octahedra are
separated by a van der Waals gap and TM atoms in the layers
form a honeycomb lattice, as shown in figure 1. The first, sec-
ond and even third neighbor TM–TM distances appear shorter
than the interlayer separation, thereby weakening the magnetic

∗ Author to whom any correspondence should be addressed.

layer–layer interactions and rendering the compounds 2D
magnets [8–10]. In particular, MnPS3, FePS3 and NiPS3 all
appear antiferromagnetic at low temperature, where the mag-
netic moment is due to TM2+ ions and the Neel temperature,
TN, is 78, 123 and 155 K, respectively [12–14]. The spin order-
ing pattern in the different 2D TMPS3 magnets is, however,
different. In MnPS3, Mn2+ spins are antiferromagnetically
coupled with their first neighbors and oriented perpendicularly
to the layers. The magnetic susceptibility is largely isotropic
and the material appears a good example of a Heisenberg-type
antiferromagnet. In FePS3, first neighbor Fe2+ spins are fer-
romagnetically coupled forming parallel zig-zag chains that
run in the layers and are antiferromagnetically coupled to each
other. The Fe2+ spins are oriented perpendicularly to the layers
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and the magnetic susceptibly is highly anisotropic, rendering
the material a good example of an Ising-type antiferromag-
net. Similarly to Fe2+ spins in FePS3, Ni2+ spins in NiPS3

form ferromagnetic zig-zag chains that run parallel to each
other in the layers of Ni–S6 octahedra and are antiferromag-
netically coupled to each other. Contrary to the case of FePS3

and MnPS3, however, Ni2+ spins lie in the layers, rendering the
material a good example of a Heisenberg antiferromagnet with
xy anisotropy [15–21]. Given the similarity in the electronic
structure of Mn, Fe and Ni species and common crystal struc-
ture, the observed differences in the antiferromagnetic prop-
erties of TM thiophosphates remains puzzling. Experiments
and theory have suggested that the difference may be due
to the presence of distinct local structural distortions [8, 13,
21, 24] but this hypothesis has remained largely unexplored.
We use a technique that goes beyond traditional crystallogra-
phy [25–28] to study the local crystal structure of 2D TMPS3

magnets (TM = Fe, Fe, Ni) over a broad temperature range
where their magnetic properties change markedly. We find that
the compounds do exhibit distinct lattice distortions, includ-
ing distinct distortions of building TM–S6 octahedral units,
and that the observed differences in their antiferromagnetic
properties may be rationalized in terms of the far-reaching
concept of structural stability introduced by Pauling and
expressed in terms of the ratio of ionic radii of TM and S ions.
Our results reveal clearly the presence of a strong relationship
between the local structure and properties of 2D magnets and
exemplify an efficient experimental approach to study it in fine
details.

2. Experiment

High-quality TMPS3 crystals were provided by 2D semi-
conductors [29]. They were subjected to x-ray-diffraction
(XRD) experiments using synchrotron x-rays with energy of
105.7 keV (λ= 0.1173 Å). Scattered intensities were recorded
using a 2D amorphous Si detector in Debye–Scherrer geome-
try. The detector was positioned 300 mm away from the sample
to reach high-q values necessary for atomic pair distribution
function (PDF) analysis, where the wave vector q is defined as
q = 4π sin(θ)/λ and θ is the Bragg angle. Here it may be added
that, due to the azimuthal integration of the Debye–Scherrer
rings, the use of a 2D detector helps not only optimize the
data collection time and improve the statistical accuracy of
the XRD data but also minimize effects of preferred orien-
tation on the data [28, 30, 31], which may occur in diffrac-
tion studies on layered materials such as TMPS3. Data in a
broad temperature range from 90 to 320 K were collected using
Oxford Cryostream 700+ device to control the temperature
of the samples. For NiPS3 and FePS3, it includes the para to
antiferromagnetic phase transition [11]. For MnPS3 it allows
to study the evolution of short-range magnetic correlations
observed in the paramagnetic regime down to TN [13]. Experi-
mental diffraction patterns are summarized in figure 2. Patterns
for the different samples are similar, reflecting their common
crystal structure type. Positions of corresponding Bragg peaks
in the patterns are seen to shift to higher wave vectors with
increasing the atomic number, Z, of TM species from Mn(Z =

25) to Fe(Z = 26) and then to Ni(Z = 28). The shift reflects the
significant difference in the size of Mn2+ (rMn = 0.83 Å), Fe2+

(rFe = 0.78 Å) and Ni2+ (rNi = 0.69 Å) ions for octahedral
coordination [32] and leads to a systematic decrease in the lat-
tice parameters of TMPS3 with Z [11, 24]. It has been also been
found that the temperature evolution of the lattice parameters
becomes nonlinear in the vicinity of TN [18, 33]. No particular
local structure changes relevant to the observed differences in
the antiferromagnetic order in TMPS3 compounds, however,
has been reported so far.

To obtain more detailed information about the local crystal
structure, we considered the experimental XRD patterns in
real space in terms of atomic PDFs. The PDFs were derived
from the patterns using well-established procedures [34].
The PDFs are shown over an extended range of real-space
distances in figures S1, S2, and S3 in supplemental material
(https://stacks.iop.org/JPCM/34/175404/mmedia) [35] and
appear mapped onto each other in figure 3. The PDFs exhibit
well-defined peaks reflecting the presence of well-defined
local atomic arrangement in 2D TMPS3 magnets (TM = Mn,
Fe, Ni).

Experimental data for the magnetic susceptibility are shown
in figure 4. Data were obtained on a Standard Physical Property
Measuring system instrument from Quantum Design using the
vibrating sample magnetometer mode of operation and are
fully consistent with results reported in other studies [11]. As
can be seen in the figure, the susceptibility for MnPS3 shows
a broad maximum at about 120 K that can be associated with
short-range spin–spin correlations [13]. The Neel temperature,
defined as the temperature at which the slope of the suscepti-
bility vs temperature curve is maximum, is 78 K. Upon cool-
ing the sample, the susceptibility for FePS3 exhibits a well-
defined peak at about 150 K followed by a sharp downturn at
TN = 123 K. A characteristic feature of the susceptibility for
NiPS3 is the presence of a broad maximum at about 250 K.
Below this temperature the material becomes an antiferromag-
net at TN = 155 K. The high-temperature behavior of the sus-
ceptibility curves for TMPS3 compounds is as expected for
paramagnets.

3. Results and discussion

3.1. Average crystal structure

As shown in prior studies [9, 15], TMPS3 compounds adopt
a crystal structure with average monoclinic symmetry (S.G.
C12/m1). To ascertain the crystal structure of studied samples,
experimental XRD patterns were subjected to Rietveld anal-
ysis. Exemplary Rietveld fits are shown in figure 5. Refined
structure parameters are summarized in tables S1–S3 in sup-
plemental material [35]. The fits are of a very good quality
indicating that the samples are single phase and no texture
effects are present in the XRD data.

3.2. Local crystal structure from analysis of atomic PDFs

The packing of TM and S atomic planes in individual TMPS3

layers, including TM–S and TM–TM bonding distances, type
of TM–S coordination polyhedra, including their perfection,
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Figure 1. Side (left) and top (right) view of the crystal structure of vdW TMPS3 compounds (TM = Mn, FE, Ni). They can be looked at as
layered TMS2 dichalcogenides, in which one third of TM atoms are replaced by P–P pairs. The replacement takes place in an ordered
manner, resulting in the appearing of a honeycomb lattice of edge-sharing TM–S6 octahedra (brown). Thus P–P pairs appear bonded to six
S atoms to form ethane-like (P2S6)4− units, where each P atom is tetrahedrally coordinated by three S atoms, and each S atom is bonded to
one P atoms and two TM atoms. The layers are held together by weak van der Waals forces. TM, P and S atoms are in brown, black and
yellow, respectively. First neighbor P–P, P–S, TM–TM, TM–S and S–S distances are shown as a black, gray, red, green and blue line,
respectively. Arrows show the direction of the unit cell vectors of the underlying monoclinic lattice.

Figure 2. Low-angle part of experimental high-energy XRD
patterns for TMPS3 compounds (TM = Mn, Fe, Ni) obtained during
their cooling from 320 K (red line) to 90 K (blue line). The patterns
show sharp Bragg peaks whose shape and position change little with
decreasing temperature.

and character of ethane-like (P2S6)4− units, which coordinate
each TM ion (see figure 1) and thus participate in spin–spin
exchange interactions, have a profound effect on the electronic
properties of TMPS3 compounds, including the emergence of
antiferromagnetic order. Information for some of these struc-
tural parameters can be obtained directly from the experimen-
tal PDFs without any assumptions for the compound’s crystal
structure.

In particular, the shortest interatomic distances in 2D
TMPS3 magnets are P–S bonding distances (gray bar in
figure 1) in (P2S6)4− units. The distances appear as a well-
defined but asymmetric first PDF peak, where its major
higher-r and weaker low-r components are centered at about
2.05 and 1.98 Å, respectively (see figure 3). Considering that,
typically, P–S single and P–S double bonds appear at 2.10

and 1.92 Å, respectively, the P–S bonds in the studied com-
pounds appear to have a strong covalent character. This is not
a surprise given the electronegativity, EN, difference between
S(EN = 2.58) and P(EN = 2.19) species is rather small.
The peak does not change its position and shape with decreas-
ing temperature significantly, reflecting the expected rigidity
of P–S bonds. Considering literature data for the ionic radii
of S2− and TM2+ species [32], the second, well-resolved PDF
peak can be ascribed to TM–S bonding distances (green bar
in figure 1) in TM–S6 octahedra. It appears positioned at
2.61, 2.54 and 2.45 Å for TM = Mn, Fe and Ni, respectively,
consistent with the well-known differences in their atomic
radii. The peak is seen to sharpen significantly with decreas-
ing temperature, indicating diminished positional disorder of
TM and S atoms in TM–S6 octahedra. Here it is to be noted
that the experimental TM–S distances appear shorter than the
sum of ideal S2− (rS = 1.84 Å) and TM2+ radii, that would
be 2.67 Å (vs experimental 2.61 Å), 2.62 Å (vs experimen-
tal 2.54 Å) and 2.53 Å (vs experimental 2.45 Å) for Mn, Fe
and Ni, respectively. Then, an effective radius of S2− ions in
the studied TMPS3 compounds can be computed as a differ-
ence of the experimental TM–S bonding distance and well-
known ionic radius of the respective TM2+ species. The so-
computed effective S2− ionic radius in 2D TMPS3 magnets is
(2.61 Å − 0.83 Å =) 1.78 Å, (2.54 Å − 0.78 Å =) 1.76 Å
and (2.45 Å − 0.69 Å =) 1.76 Å for TM = Mn, Fe and Ni,
respectively. The ionicity of TM2+–S2− bond can be com-
puted as a ratio of the effective and ideal S2− radii. It appears
to be 0.967, 0.956 and 0.956 for MnPS3, FePS3 and NiPS3,
respectively, indicating that the TM–S bonds in 2D TMPS3

magnets are not entirely ionic in character. The higher ionicity
of Mn2+–S2− bond in comparison to Fe2+–S2− and Ni2+–S2−

bonds reflects the larger difference in the electronegativity
of S and Mn species in comparison to Fe(EN = 1.83) and
Ni(EN = 1.91) species. The PDF peaks positioned between
3 and 4.5 Å largely reflect first neighbor S–S (blue bar in
figure 1) and TM–TM (red bar in figure 1) distances and sec-
ond neighbor TM–S distances. The peaks are seen to change in
both position and shape, indicating that the S and TM sublat-
tices in TMPS3 2D magnets evolve significantly with decreas-
ing temperature. More information about the evolution was
obtained by model fits to the experimental PDFs.
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Figure 3. Low-r part of experimental atomic PDFs for TMPS3
compounds (black line), highlighting the evolution of local atomic
structure with decreasing temperature from 320 K (red line) to 90 K
(blue line). Peaks are labeled with the respective atomic pair
distances. Data for TM = Mn, Fe and Ni are shown in the top,
middle and lower panel, respectively.

3.3. Local crystal structure from modeling of atomic PDFs

Experimental atomic PDFs were fit with a structure model
featuring a monoclinic (S.G. C12/m1) unit cell suggested by
prior structure studies [9, 37] and found successful in explain-
ing the experimental XRD data. Here it may be noted that, as
explained in [9], the monoclinicity of TMPS3 compounds is

Figure 4. Magnetic susceptibility for TMPS3 compounds
(TM = Mn, Fe, Ni) as a function of temperature. The data are fully
consistent with results of prior studies [11], indicating the good
quality of the samples studied here. As discussed in [11, 17, 24], in
general, magnetic data for TMPS3 compounds are consistent with
expected magnetic moments for TM2+ ions.

due to the substitution of one third of TM atoms in the nomi-
nally hexagonal TMS2 layers with P–P pairs (see figure 1) and
related local lattice distortion. Exemplary results from PDF fits
are shown in figure 6. The fits are of a very good quality, con-
firming that both the local and average crystals structure of
2D TMPS3 magnets is monoclinic. Refined monoclinic lattice
parameters and angle are shown in figure 7. Refined thermal
factors are shown in figure 8. PDF fits based on a trigonal
(S.G. P-31m) crystal structure were also attempted because
prior spectroscopy studies have suggested that both thin sheets
and bulk NiPS3 may exhibit it [38]. Exemplary results from the
fits are shown in figure 9. The fits appeared inferior in compar-
ison to fits based on a monoclinic structure (compare data in
figures 6 and 9), confirming that, similarly to bulk MnPS3 and
FePS3, bulk NiPS3 is monoclinic.

As can be seen in figure 7, for all TMPS3 studied here,
the c lattice parameter, which reflects the vdW gap between
TMPS3 layers, diminish uniformly with decreasing tempera-
ture. This, however, is not the case with the a and b lattice
parameters. For MnPS3, they are seen to evolve non-linearly
with decreasing temperature, exhibiting a change in the slope
of the temperature evolution at 120 K. The monoclinic angle
behaves in a similar way. The observation indicates the pres-
ence of significant distortions in the layers. Because magnetic
properties of TMPS3 compounds arise largely from intralayer
spin–spin interactions, the observed layer distortions may be
expected to affect them significantly. Indeed neutron diffrac-
tion and Raman studies have identified the presence of signif-
icant short-range spin–spin fluctuations and a related single-
ion anisotropy antiferromagnetic phase transition in MnPS3 at
approximately 120 K [13]. The temperature evolution of the
a and b lattice parameters for FePS3 and NiPS3 is also not
quite linear. It is seen to change its slope at about 123 and
155 K, respectively, where the para-to-antiferromagnetic tran-
sition in these compounds takes place. The same pertains to
the respective monoclinic angle.
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Figure 5. Rietveld fits to XRD patterns for TMPS3 compounds (TM = Mn, Fe, Ni) collected at 90 K. The fits approach the experimental
data very well (agreement factor Rwp ∼ 6%), confirming that the compounds are single phase and possible texture effects on the
experimental XRD are insignificant, if any.

As can be seen in figure 8, in-plane and out-of-plane ther-
mal factors for TM, P and S atoms also evolve non-linearly
with temperature. As defined, they include trivial, random-
type atomic displacements due to thermal excitations and sys-
tematic local lattice distortions. The former would gradually
disappear with diminishing temperature while the latter would

not necessarily exhibit such a trend. Inspection of the data in
figure 8 indicates that, in line with results of prior studies [39],
the atomic displacements in 2D TMPS3 magnets appear sig-
nificant and highly anisotropic. In particular, for MnPS3, the
out-of-plane displacements of Mn atoms are twice as large as
the in-plane displacements. The displacements of P atoms in

5



J. Phys.: Condens. Matter 34 (2022) 175404 V Petkov and Y Ren

Figure 6. Fits (red line) to experimental (symbols) atomic PDFs for
TMPS3 compounds (TM = Mn, Fe, Ni). The fits are based on a
monoclinic (S.G. C2/m) structure model. The low (2–25 Å) and
high-r (25–50 Å) parts of the data are given on different scales for
clarity. The residual difference (blue line) is shifted by subtracting a
constant factor. The top, middle and lower panel present data for
MnPS3, FePS3 and NiPS3, respectively. Data in (a) and (b) are
obtained at 320 K and data in (c) and (d) are obtained at 90 K. The
goodness-of-fit indicator, Rw, is given for each fit. Here is to be
noted that the goodness-of-fit factors resulting from PDF fits appear
larger (10%–15%) than those achieved in Rietveld fits to XRD
patterns (5%–10%). This is because PDFs fits account for both the
diffuse and Bragg-like components of the diffraction patterns while
Rietveld fits are sensitive to the latter alone. Note that the PDF data
range from 2 to 50 Å includes four unit cells of TMPS3 compounds,
i.e., largely, it is sensitive to their local atomic structure.

MnPS3 show a similar trend. For S(1) atoms, which are sand-
wiched between the chains of Mn atoms as shown in figure 10,
the situation is reversed. In-plane and out-of-plane displace-
ments of S(2) are comparable in magnitude at room tempera-
ture alone. Below 150 K, however, the latter increase steeply,
indicating increased atomic positional disorder, whereas the

Figure 7. Change in the monoclinic lattice parameters a (red), b
(black) and c (blue) for TMPS3 compounds as a function of
temperature (TM = Mn, Fe, Nj). Change in the monoclinic angle β
is also shown (empty triangles for Fe, full triangles for Ni and
circles for Mn). Data are obtained by fits to atomic PDFs. Black
arrows indicate the magnetic phase transition temperature, TN, for
FePS3 and NiPS3 determined from magnetic susceptibility data (see
figure 4). Magenta arrow indicates the onset of short-range order
magnetic fluctuations and single-ion anisotropy related phase
transition in MnPS3 observed by neutron diffraction and Raman
spectroscopy [13]. Broken lines are a guide to the eye. Error bars are
given for each data set.

former keep diminishing gradually. The in-plane displace-
ments for Mn, P and S(1) show a similar upturn when temper-
ature approaches 120 K upon cooling, confirming that, largely,
the temperature driven structure changes in MnPS3 take place
in the ab planes.

The in-plane displacements for Fe atoms in FePS3 are much
smaller than those for Mn atoms in MnPS3 whereas the out-of-
plane ones are comparable. The displacements of P atoms in
MnPS3 and FePS3 also appear comparable. The displacements
of S(1) and S(2) atoms in the latter, however, appear smaller
in comparison to the former.

Contrary to the case of MnPS3 and FePS3, in NiPS3, both
in and out-of-plane displacements of TM(Ni), P, and S(1)
species from their average positions in the crystal lattice appear
similar in magnitude. The exception is S(2) species, which
are seen to undergo markedly large out-of-plane displace-
ments from room temperature down to 90 K. Overall, not only
TMPS3 compounds exhibit systematic and highly anisotropic
lattice distortions with diminishing temperature, as measured
by the large anisotropy of atomic displacements, but also the

6
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Figure 8. Change in the out-of-plane (left; open symbols) and in-plane (right, closed symbols) displacements of TM, P, S(1) and S(2) atoms
in TMPS3 compounds as a function of temperature, where TM = Mn (red), Fe(black) and Ni (blue) Data are obtained by fits to atomic
PDFs. Broken lines are a guide to the eye. The inequivalent S(1) and S(2) atoms in the crystal structure of TMPS3 compounds are shown in
figure 10. Error bars are given for each data set.

Figure 9. Fits (red line) to experimental (symbols) atomic PDFs for
NiPS3 obtained at 320 K (upper panel) and 90 K (lower panel). The
fits are based on a trigonal (S.G. P-31m) structure model. The low
(a), (c) and high-r (b), (d) parts of the data are given on different
scales for clarity. The residual difference (blue line) is shifted by
subtracting a constant factor. The goodness-of-fit indicator, Rw, is
given for each fit.

magnitude of these distortions depends on the type of TM
species.

3.4. Origin of anisotropic lattice distortions in TMPS3

compounds

To understand the reason behind the observed anisotropy of
local lattice distortions, we considered the TMPS3 crystal
structure in terms of closed packed layers of large spherical S
anions with small TM cations occupying interstices between
the anions. In such a consideration, introduced by Pauling

[40, 41], the cations would appear surrounded by anions form-
ing polyhedra, where the ratio of cation to anion radii, r+/r−,
determines the shape and stability of the latter. In particular,
the so-called ideal radius ratio for which the cation (TM2+)
would be in an optimal contact with the nearby anions (S2−)
and, hence, the resulting TM–S6 octahedra in TMPS3 com-
pounds would be stable and undistorted, is 0.414 [40]. When
the ratio is greater than 0.414, the six S2− ions would be
pushed further from each other so that their mutual repulsion
is reduced, resulting in a distortion of the TM–S6 octahedra.
When the radius ratio is less than 0.414, two S2− ions would
tend to depart and the remaining four to rearrange to opti-
mize TM2+–S2− bonds. This would also result in a local lat-
tice distortion, whose type, however, would be different from
that observed when r+/r− > 0.414 [36, 40, 41]. The critical
r+/r− radius ratio for 2D TMPS3 magnets, computed from
the TM2+ and effective S−2 radii listed above, are shown in
figure 11. Also shown in the figure are the ratio of the refined
b and a parameters of the monoclinic lattice, indicative of the
distortions in the TMPS3 layers, including TM–S6 octahedra,
and monoclinic angle β, indicative of the distortions in the
TMPS3 layer packing sequence. Note that the ideal b/a ratio is√

3= 1.732 and the idealβ is 107.16◦ [9]. As can be seen in the
figure, the coordination polyhedra and layer packing in TMPS3

2D magnets are not quite perfect and the deviation from per-
fectness is different for the different compounds. That is, fol-
lowing Pauling’s rules, octahedra in MnPS3 and FePS3 appear
expanded while those in NiPS3 appear flattened, leading to a
distribution of TM–S bonding distances in the respective com-
pounds. In particular, from the refined structure models, it can
be computed that first neighbor Mn–S distances in MnPS3

appear as two long (2.65 Å) and four short (2.62 Å) bonds.

7



J. Phys.: Condens. Matter 34 (2022) 175404 V Petkov and Y Ren

Figure 10. Fragment from TMPS3 compounds, where zig-zag
chains of TM atoms (TM = Mn, Fe, Ni) run in parallel to the a axis
of the monoclinic lattice and P atoms (black) are coordinated by two
types of sulfur atoms, referred to in the text as S(1) and S(2) atoms.
In particular, S(1) atoms, given in red, appear sandwiched between
the zig-zag chains and S(2) atoms, given in yellow, are positioned
above and below the chains. The preferred direction of atomic
displacements experienced by the two inequivalent S atoms is
different in each compound. The amplitude of the displacements of
TM and P atoms in the different compounds is also different. All
atoms are represented by their ‘thermal ellipsoids’ derived by fits to
atomic PDFs obtained at 90 K, where thermal excitations are
significantly quenched in comparison to room T . Therefore, the
ellipsoids are representative of positional disorder of the respective
atoms. The ellipsoids are rather anisotropic, reflecting the local
anisotropy in the distortion of constituent octahedra in TMPS3
compounds, as measured by the deviation of the respective r+/r−

value from the ideal for octahedral coordination.

In FePS3, Fe–S bonds are also grouped into two long (2.55 Å)
and four short (2.53 Å) bonds, where the difference between
the former and latter is smaller in comparison to MnPS3. By
contrast, Ni–S bonds in NiPS2 appear grouped into two long
(2.50 Å), two medium (2.46 Å) and two short bonds (2.42 Å).
Implications on the magnetic properties are discussed below.

3.5. Local structure—antiferromagnetic properties
relationship for TMPS3 compounds

The type of magnetic order in TMPS3 compounds is deter-
mined by the filling of the d orbitals of TM ions, magnitude
and sign of interactions between the spins of first, second and
third TM–TM neighbors, labeled as J1, J2 and J3 in figure 12,
and magnetic anisotropy. The interactions could have a direct
and indirect component and the anisotropy is strongly influ-
enced by the monoclinic distortion of the crystal lattice [11,
17]. Direct interactions would contribute to the sign and mag-
nitude of J1 alone and are known to depend on first neigh-
bor TM–TM distances. Theoretical studies [41] have indi-
cated that the direct exchange would be antiferromagnetic for
MnPS3, ferromagnetic for FePS3 and nonexistent for NiPS3

because the relevant to magnetism t2g orbitals are filled for

Figure 11. (a) Antiferromagnetic Neel temperature TN for TMPS3
compounds, where TM = Mn, Fe and Ni. (b) Distances between
TM atoms forming chains (red bars) and TM atoms from different
chains (blue bars) shown in figure 12. (c) TM–S–TM angles Φ′

(black bars) and Φ′′ (blue bars) shown in figure 12. (d) Monoclinic
angle β computed as cos−1(−a/3c), where a and c are the
parameters of monoclinic lattice for TMPS3, (e) ratio of the b and a
parameters of the monoclinic lattice. (f) Cation to anion radius ratio,
r+/r−, in TMPS3 compounds obtained as described in the text. Here
the magenta bar indicates the ideal for octahedral coordination
r+/r− value of 0.419. The magenta bar in (e) indicates the ideal
value for b/a of

√
3 (=1.732) explained in reference [9]. The

magenta bar in (f) indicates the ideal monoclinic angle of 107.16◦

also explained in reference [9]. Area shaded in light brown color
highlights data for MnPS3 and FePS3, where r+/r−, b/a and β are
larger than the ideal values, octahedra are expanded, atomic
displacements of TM atoms centering the octahedra are significant
(see figures 7, 8 and 10) and spins are perpendicular to the (ab)
plane of the monoclinic lattice. Area shaded in light blue color
highlights data for NiPS3, where r+/r−, b/a and β are smaller than
the ideal values, octahedra are flattened and twisted, atomic
displacements of Ni atoms centering the octahedra are reduced in
comparison to both MnPS3 and FePS3 (see figures 7 and 9) and
spins lie in the (ab) plane of the monoclinic lattice. Structure data in
(b)–(f) are derived from fits to PDF data obtained at 90 K.

Ni2+ ions. Indirect interactions are superexchange in charac-
ter and mediated by S atoms on the vertices of edge-sharing
octahedra centered by TM atoms. They would contribute to
all J1, J2 and J3. As found by experiment [11, 14, 16] and
predicted by Goodenough–Kanamori rules [42–44], MnPS3

has a nearest-neighbor exchange that is negative (J1 < 0).
That exchange interaction is positive (J1 > 0), i.e. ferromag-
netic, for FePS3 and NiPS3. Notably, the strength of this inter-
action is known to depend on the TM–S–TM bond angles.
Data for the first neighbor TM–TM distances, TM–S–TM
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bond angles and Neel temperature TN for TMPS3 2D mag-
nets are shown in figure 11. As can be seen in the figure,
the relatively large in size Mn atoms induce significant local
lattice distortions, as measured by the relatively large devia-
tion of r+/r−, b/a and β from the ideal values. In addition,
Mn–S–Mn bond angles appear smaller and Mn–Mn distances
appear longer than TM–S–TM bond angles and TM–TM dis-
tances in FePS3 and NiPS3, respectively, eventually leading
to diminished exchange interactions and TN (78 K). On the
other hand, Ni–S–Ni bond angles appear closer to 90◦ and
Ni–Ni distances appear shorter in comparison to TM–S–TM
angles and TM–TM distances in FePS3 and MnPS3, respec-
tively, eventually leading to increased exchange interactions
and TN (155 K). First neighbor Fe–Fe distances, Fe–S–Fe
bond angles and TN (123 K) in FePS3 appear in between
TM–S–TM angles, TM–TM separation and TN for MnPS3

and NiPS3. Furthermore, as shown by theoretical investiga-
tions relevant to van der Waals TM dichalcogenides [45, 46],
different in type deformations of TM–S octahedra may ren-
der the magnetic anisotropy in the respective compounds dif-
ferent. This may explain why the spin patterns in antiferro-
magnetic NiPS3, where the octahedra are flattened, and that
in antiferromagnetic FePS3 and MnPS3, where the octahe-
dra are expanded, are different. In particular, spins in the
former lie in the ab plane whereas those in the latter are orthog-
onal to it. When TM–S6 octahedra are very significantly dis-
torted, i.e. when the r+/r ratio is very different from the ideal
value, though present, the magnetic anisotropy may appear less
well defined. Accordingly, the spin pattern may also appear
strongly influenced by dipole–dipole interactions, which is
the case of Heisenberg antiferromagnet MnPS3 [22]. Further
theoretical studies accounting for the different distortions of
TM–S6 octahedra in different 2D TMPS3 2D magnets are
necessary to clarify this point.

Rendition of the honeycomb lattice of TM species with
the exchange interaction between their spins, including
TM–S–TM bond angles relevant to the magnitude and sign of
the interactions, is shown in figure 12. Results from PDF
fits show that, for all 2D TMPS3 antiferromagnets studied
here, the first neighbor TM–TM distances (red arrows in
figure 12) and TM–S–TM bond angles (Φ′ in figure 12) along
the zig-zag chains of TM atoms are different from those involv-
ing TM atoms from different chains (blue arrows and Φ′′ in
figure 12). Such differences could affect the magnetic proper-
ties noticeably, as predicted by DFT and found in the case of
FePS3 [23, 24].

Local structure features can also explain recently observed
unusual electronic properties of TMPS3 compounds. In par-
ticular, analysis of the PDF refined structure models reveals
a peculiar evolution of P–P bond, whose length is commen-
surate with the thickness of TMPS3 layers, with temperature.
For MnPS3, it diminishes from 2.394 Å at 320 K to 2.295 Å
at 90 K. For FePS3, it diminishes from 2.228 Å at 320 K to
2.212 Å at 90 K. For NiPS3, likely due to the inherent flat-
tening of constituent octahedra and built from them layers, it
does not change much with temperature, remaining close to
2.126 Å over the temperature region studied here. Not sur-
prisingly, contrary to the case of MnPS3 and FePS3, a P–P

Figure 12. TM and S atom sublattices in TMPS3 compounds
projected onto the (ab) plane of the monoclinic lattice. First, second
and third TM–TM neighbor exchange interactions are given as J1,
J2 and J3, respectively. First TM–TM exchange interactions
between atoms forming zig-zag chains that run along the a axis of
the monoclinic lattice are highlighted in red. First TM–TM
exchange interactions between atoms from nearby parallel chains
are highlighted in blue. TM–S–TM bond angles associated with the
former and latter are marked as Φ′ and Φ′′, respectively. Solid black
lines highlight the honeycomb lattice of TM atoms and broken lines
denote first neighbor TM–S distances. TM and S atoms are given as
brown and yellow circles, respectively. Note that S atoms are
positioned above and below the plane of TM atoms and though Φ′

and Φ′′ appear larger than 90◦ their values are actually close to 85◦.

stretch mode does not appear in the near-field infrared spec-
tra for NiPS3 [38]. Lastly, analysis of PDF refined structure
models indicates that short P–S bonds (1.98 Å) involve S(1)
atoms (red in figure 10) sandwiched between zig-zag chains of
TM atoms while long P–S bond (2.08 Å) involve S(2) atoms
positioned along the chains (yellow in figure 10). The dif-
ferent charge density distribution in the inequivalent P–S(1)
short and P–S(2) long bonds would lead to the emergence of
stripes with different charge density running in parallel to the
chains of TM atoms. As discussed in reference [47], the emerg-
ing of such stripes goes hand in hand with the appearing of
spin–orbit-entangled excitons in NiPS3.

4. Conclusion

On average, 2D TMPS3 magnets exhibit a common monoclinic
crystal structure. Locally, however, they exhibit distinct lat-
tice distortions that affect their antiferromagnetic properties
significantly. The distortions may be rationalized in terms of
the Pauling’s rule for the critical ratio of the radii of TM2+

and S2− ions. In particular, due to the small size of TM(Ni2+)
cation in NiPS3, TM–S bonds are relatively short, TM–S–TM
angles approach 90◦ and r+/r− ratio is smaller than the criti-
cal for octahedral coordination. Accordingly, flattened TM–S6

octahedra accommodate TM spins lying in the ab plane, ren-
dering the material a xy-type antiferromagnet, and TN is as
high as 155 K. Due to the increased size of TM(Fe2+) cation in
FePS3, the length of TM–S bonds and deviation of TM–S–TM
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angle from 90◦ appear increased in comparison to NiPS3. Fur-
thermore, the r+/r ratio is larger than the critical for octahe-
dral coordination. Accordingly, TM spins in expanded TM–S6

octahedra are orthogonal to the ab plane, rendering the mate-
rial an Ising-type antiferromagnet, and TN appears diminished
to 123 K. Due to the further increased size of TM(Mn2+)
cation in MnPS3, TM–S bonds, deviation of TM–S–TM angle
from 90◦ and r+/r− ratio are further increased in compar-
ison to FePS3. Accordingly, Mn spins in further expanded
Mn–S6 octahedra are less restrained to rotate about the ab
plane in comparison to Fe spins in FePS3, rendering the mate-
rial a Heisenberg-type antiferromagnet, and TN appears further
diminished to 78 K. Given the strong correlation between the
antiferromagnetic properties and local structural distortions in
van der Waals TMPS3 compounds, efforts to tune the proper-
ties of 2D magnets by rational design guided by simple but
fundamental principles obeyed by physical systems such as
Pauling’s rules appear worthwhile.
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