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Local spin structure in the layered van der Waals materials MnPS, Se;_,

Raju Baral,""[| Amanda V. Haglund,? Jue Liu," Alexander I. Kolesnikov," David Mandrus,?® and Stuart Calder"[f]

! Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA.
2Department of Materials Science and Engineering,
University of Tennessee, Knoxville, TN 37996, USA.

3 Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA.

Two-dimensional (2D) layered materials, whether in bulk form or reduced to just a single layer,
have potential applications in spintronics and capacity for advanced quantum phenomena. A pre-
requisite for harnessing these opportunities lies in gaining a comprehensive understanding of the
spin behavior in 2D materials. The low dimensionality motivates an understanding of the spin cor-
relations over a wide length scale, from local to long range order. In this context, we focus on the
magnetism in bulk MnPSes and MnPSs, 2D layered van der Waals antiferromagnetic semiconduc-
tors. These materials have similar honeycomb Mn layers and magnetic ordering temperatures, but
distinct spin orientations and exchange interactions. We utilize neutron scattering to gain deeper
insights into the local magnetic structures and spin correlations in the paramagnetic and ordered
phases by systematically investigating a MnPS;Ses—, (z = 0, 1, 1.5, 2, 3) series of powder samples
using total neutron scattering measurements. By employing magnetic pair distribution function
(mPDF) analysis, we unraveled the short-range magnetic correlations in these materials and ex-
plored how the non-magnetic anion S/Se mixing impacts the magnetic correlations. The results
reveal that the magnetism can be gradually tuned through alteration of the non-magnetic S/Se
content, which tunes the atomic structure. The change in magnetic structure is also accompanied
by a control of the magnetic correlation length within the 2D honeycomb layers. Complimentary
inelastic neutron scattering measurements allowed a quantification of the change in the magnetic
exchange interactions for the series and further highlighted the gradual evolution of spin interactions

in the series MnPS,Se3_.

I. INTRODUCTION

Reducing the dimensionality of a compound down to
topologically constrained layers can uncover new and in-
triguing behaviors that go beyond well-established clas-
sical understanding. A prime example is graphene, in
which a single layer is extracted from the weakly con-
nected van der Waals (VDW) bonded layers in graphite
[1]. Graphene and other 2D materials have undergone
significant interest stemming from their potential to ex-
hibit novel quantum effects, such as Dirac semi-metal
and quantum anomalous Hall insulating behavior [2, [3].
Interesting properties can be found in materials ranging
from the ideal two-dimensional (2D) monolayers to qausi-
2D materials with more complex bulk VDW-bonded
structures [4]. Developing functional spintronic materials
typically relies on harnessing magnetic and semiconduct-
ing properties, however, graphene lacks these phenom-
ena. As a result, 2D VDW materials that have intrin-
sic magnetism and semiconductivity with a honeycomb
arrangement are of interest. A prerequisite for develop-
ing functional magnetic materials and uncovering novel
quantum behavior in 2D materials lies in gaining a com-
prehensive understanding of the spin behavior over the
relevant length scales.

MnPS; and MnPSes are layered VDW antiferro-
magnetic materials that posses both magnetic and semi-
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conducting properties, with the magnetic ions adopt-
ing the same hexagonal motif as graphene. Although
each crystallizes in different space groups, MnPS3 in
C2/m and MnPSe3 in R3, they have nearly identical
Néel temperatures of 78 K for MnPS3 and 74 K for
MnPSe; [0, [6]. Both of these compositions contain an
equivalent fraction of magnetic ions (ns = 1/5) within
their unit cells and are S = 5/2 materials. Despite their
similar transition temperatures and magnetic ion con-
tent, intriguing distinctions become apparent in their
magnetic behavior. MnPSs has Heisenberg antiferro-
magnetic spins that point out of the hexagonal ab-plane
[7], while MnPSes displays XY anisotropy in its mag-
netic behavior with spins lying in the ab-plane [§]. The
crystal structures with spin directions are shown in Fig[l}

By altering the non-magnetic S and Se ion content
it is possible to chemically tune between MnPS; and
MnPSes; in the series MnPS,Ses_,. This provides a
way to explore and understand the evolution between
the two magnetic states. Stabilization of this series has
been shown for a wide concentration of x values for pow-
ders and single crystal samples [OHI2]. Based on bulk
characterizations, these studies have found indications of
a change in the magnetic ordering within the series as x
is altered. This motivates further investigation to probe
the microscopic spin states and magnetic exchange inter-
actions.

In this work, we present total neutron scattering and
inelastic neutron scattering measurements to achieve
a comprehensive picture of the long-range and short-
range correlations and exchange interactions in the series
MnPS,Ses_, (x =0, 1, 1.5, 2, 3). Using magnetic pair
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FIG.1. The total neutron PDF (including both magnetic and nuclear scattering) and isolated magnetic PDF of (a) MnPSes and
(b) MnPSs at 15 K. The blue symbols and red curve represent the experimental total PDF data and total PDF fit, respectively.
The gray and black curves represent the isolated magnetic PDF data and magnetic PDF fit (vertically offset for clarity). The
green curve represents the overall fit residual. (c) Crystal structure of MnPSes with Mn spins pointing in ab-plane (space
group=R3). (d) Crystal structure of MnPS3 with Mn spins pointing out of the ab-plane (space group=C2/m). The hexagonal

motif of the Mn ions for (e) MnPSes and (f) MnPSs .
atoms respectively.

distribution function (mPDF) analysis of total neutron
scattering data, we present the real-space visualization
of local spin-spin correlations in the paramagnetic state.
The neutron scattering data reveals signatures of short-
range magnetic correlations well above the Néel tempera-
ture for MnPS3 and we modeled this with mPDF analysis
to extract the short- and long-range spin states. As the S
content increases towards MnPSes the quasi-2D behavior
is reduced, as shown by the decrease in the magnetic cor-
relation length. This behavior is confirmed by inelastic
neutron scattering measurements that show an increase
in the interlayer exchange interactions as the Se content
increases. We show that control of the non-magnetic S
and Se content provides a sensitive mechanism to tune
the magnetic spin direction between in-plane and out-
of-plane through alteration of the crystal structure and
small modifications in the Mn-Mn distances. This sug-
gests routes beyond chemical pressure, such as strain,
could provide promising routes to tune the magnetism in
layered materials. Moreover the methodology employed
of mPDF, that can access various spin length scales over
a wide temperature range, is shown to be well suited to
2D VDW materials that can intrinsically contain com-
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peting dimensionality of spin ordering.

II. EXPERIMENTAL METHODS
A. Sample synthesis

Polycrystalline samples of MnPSes and MnPS; were
synthesized following the standard solid-state reac-
tion method as described in Ref. [8]. The samples
MnPSSe;, MnPS; 55e1.5, and MnPS,Se were similarly
synthesized using the identical method with suitable pre-
cursor materials. Confirmation of sample quality was
accomplished through laboratory X-ray diffraction anal-
ysis.

B. Neutron total scattering

Neutron total scattering experiments were conducted
on both the Nano Scale-Ordered Material Diffractome-
ter (NOMAD) and the HB-2A powder diffractometer.
NOMAD is a dedicated total scattering instrument for



PDF analysis. The HB-2A powder diffraction instru-
ment is traditionally utilized for reciprocal space anal-
ysis at low @, however here we use a short wavelength
to access higher @ and perform total scattering mea-
surements and PDF analysis. With the capabilities to
measure samples at millikelvin temperatures and apply
magnetic fields HB-2A can provide unique conditions for
magnetic PDF analysis for a broad range of quantum
material research.

For both the HB-2A and NOMAD data the atomic
PDF fits were performed using PDFgui [I3] and the mag-
netic PDF fits were obtained using diffpy.mpdf [14], a
Python package designed for magnetic PDF calculations
and fitting.

1. NOMAD

Measurements on MnPSes and MnPS3 were conducted
at NOMAD, located at the Spallation Neutron Source
(SNS), Oak Ridge National Laboratory (ORNL) [15].
These polycrystalline samples (MnPSes and MnPSj)
were loaded into 6 mm vanadium cans in a helium glove
box. Total scattering patterns were collected in a helium
cryostat over a range of temperatures from 15 K to 300
K. The collected data was reduced and Fourier trans-
formed with a Qumax value of 20 A=1, employing auto-
matic data reduction scripts at NOMAD [I6]. The choice
of Qmax value is critical. A high Qumax value can signif-
icantly improve the resolution in real space, but it also
introduces statistical noise and artifacts. Consequently,
a Qmax value of 20 A~ was strategically selected to op-
timize the balance between achieving high resolution and
minimizing noise artifacts.

2. HB-2A

Neutron total scattering patterns of the doped sam-
ples (MnPSSes, MnPS; 5Se; 5, and MnPS;Se) were col-
lected on the HB-2A powder diffractometer at the High
Flux Isotope Reactor (HFIR) at ORNL[I7]. A verti-
cally focusing germanium monochromator was used to
select the wavelength of 1.12 A from the Ge(117) reflec-
tion. Approximately 5 grams of each sample were loaded
into a vanadium sample holder inside a helium glove box.
The total neutron scattering data for the doped samples
were collected at temperatures of 15, 70, 125 and 300 K,
with a collection time of four hours for each tempera-
ture point. The collected data were normalized using a
vanadium standard measurement. The detector position
and the wavelength of the neutron beam were calibrated
with a Si measurement. Since HB-2A does not typi-
cally serve as a total scattering instrument, we processed
the data further by performing a Fourier-transform using
PDFgetN3 [I8] with a Quax value of 10 A=! to produce
the PDF data.

C. Inelastic neutron scattering

Inelastic neutron scattering (INS) measurements were
conducted on MnPSSes, MnPS; 5Se; 5, and MnPS,Se
using the Time-of-Flight Direct Geometry Spectrometer
Sequoia [I9] at the SNS, ORNL. An identical set-up was
used compared to previous measurements on MnPSes
and MnPSs3 [8]. The samples were loaded into a cylin-
drical aluminum can with a diameter of 1 cm and INS
spectra were measured using the three-sample changer
within a closed-cycle refrigerator. Data were collected at
incident energies of F; = 20 meV and E; = 8 meV, both
in high-resolution mode. For E; = 20 meV, the Fermi
chopper operated at a frequency of 240 Hz, with a Tj
chopper frequency of 60 Hz, resulting in an energy reso-
lution of 0.48 meV at the elastic line. Similarly, for E;
= 8 meV, the Fermi chopper frequency was 120 Hz, and
the Ty chopper operated at 30 Hz, providing an energy
resolution of 0.18 meV at the elastic line. The energy
resolution was determined through DGS resolution, con-
firmed by analyzing cuts of the elastic line within the
data. Momentum resolution (@) was derived by fitting
the resolution of the Bragg peaks at the elastic line. Mea-
surements were taken over six hours at temperatures of
200 K, 100 K, 70 K, and 15 K.

The collected neutron data underwent reduction using
Mantid [20]. The data were adjusted for the Bose ther-
mal population factor. Initial data reduction and viewing
were carried out using the DAVE software [21]. Modeling
of the data was performed using SpinW [22].

III. RESULTS AND DISCUSSION

A. Atomic and magnetic PDF analysis of
MnPSes; and MnPS3

We begin with neutron total scattering measurements
on MnPSe; and MnPS3, with a focus on probing the
spin ordering over a wide temperature range through the
magnetic ordering transtions. This is achieved through
atomic and magnetic PDF analysis of the neutron scat-
tering data, which allows for the same analysis method-
ology to be applied in both the long range ordered phase
and short range paramagnetic phase. Fig. [I[a)-(b) shows
the results at 15 K for MnPSes and MnPS3. The total
scattering data include both atomic and magnetic scat-
tering, which need to be disentangled. To isolate the
magnetic data we employed an iterative fitting approach.
Initially, we used the known atomic structure to perform
the atomic PDF fit [8]. Then, we subtracted the calcu-
lated atomic PDF from the total PDF data to obtain the
residual. This residual contains a magnetic signal which
was used for the initial magnetic PDF refinement. Fol-
lowing this, we refined the atomic PDF again, but this
time using the total PDF data minus the best-fit mag-
netic PDF signal for the atomic PDF input. The refined
parameters in the first iteration served as starting points
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Temperature series of the isolated magnetic PDF data and fits for MnPSes (left) and MnPS3 (right). The colored

curves are the magnetic PDF data and the black curve represents the magnetic PDF fit (vertically offset for clarity). The
long-range ordering transition temperature (7x) is shown by the blue horizontal dashed line.

for the second iteration. We repeated this process for a
third iteration, starting with the total PDF data minus
the best-fit atomic PDF pattern from the second itera-
tion, using the refined parameters from the second iter-
ation. Finally, a third magnetic PDF fit was conducted.
The detailed procedure of the iterative fitting approach
of atomic and magnetic PDF is further discussed in the
Supplementary section of Ref.[23].

The analysis was performed on a temperature grid
ranging from 15 K to 300 K and the atomic and mag-
netic PDF patterns were calculated over a real space fit-
ting range of 1.5 - 20 A. For MnPSes the low goodness
of fit, R,, = 0.0742, is evident from the small, featureless
fit residual illustrated by the green curve at the bottom
of the panel. When allowed to freely refine, the lowest
R,, occurs when the spins are at an angle of 70° with
the c-axis, however using the previously reported value
of 90°, where the spins are fixed to the ab-plane, produces
a nearly identical fit [8]. Fig. [[fb) shows the atomic and
magnetic PDF results for MnPSs, with R,, = 0.139. The
optimal magnetic fit occurs when the spins are aligned

at an angle of 14.17 £ 2.09° with c-axis, which is com-
parable to previous studies [7].

We performed a series of atomic and magnetic PDF
fits for various temperatures ranging from 15 to 300 K
for both compositions. Fig. [2] shows the temperature se-
ries of the magnetic PDF fits for MnPSe; and MnPS;.
For MnPSes short range magnetic order persists above
the Néel temperature (Tx= 74 K), up to 100 K and then
decreases significantly beyond 100 K becoming almost
unobservable at 200 K. Conversely in the case of MnPSs,
we observed a strong magnetic PDF signal well above
the Néel temperature ( Tn= 78 K), with this local or-
der magnetic signal persisting up to 300 K, which is the
maximum temperature that the data were collected.

The mPDF analysis allows for a quantitative extrac-
tion of the magnetic correlation length and the ordered
moment over a defined real space range. The ordered
moment in the fitting range 1.5 - 20 A as a function
of temperature for MnPSe; and MnPSs; are shown in
Fig. a). In the long range ordered regime the ordered
moment begins to decrease exponentially as the sample
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(a) Magnetic moments as a function of temperature for MnPSes and MnPSs, evaluated within a fitting range from

1.5 to 20 A. The red and blue symbols represent the ordered moment for MnPSe; and MnPS3, respectively. (b) Variation of
the correlation length with temperature in the paramagnetic regime for MnPSes and MnPS3, based on isotropic fits in the
range of 1.5 to 20 A. (c) Best fit correlation lengths in the ab-plane (blue squares) and along the c-axis (orange triangles) as a
function of temperature in a paramagnetic regime for MnPS3using an anisotropic model. The error bars denote the standard

deviation of the best-fit parameter values.
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FIG. 4. Power law fit to the integrated intensity of a magnetic Bragg peak in the range Q = 2.68 to 2.73 A™! for (a) MnPSSes,

(b) MnPS; 58e1.5 and (c) MnPS;Se.

temperature is increased towards the Néel temperature
in both cases. With a further increase in temperature
above the Néel temperature, the ordered moment further
decreases. For MnPSes the ordered moment approaches
zero for temperatures of 150 K and above. For MnPS3,
however, while the ordered moment also decreases above
the Néel temperature it attains a substantial moment of
1.7up at 300 K, 1/3 of the total moment for Mn. The
correlation length above the transition for both compo-
sitions, MnPS3 and MnPSegs, is illustrated in Fig. b).
Below the transition temperature long-range order is es-
tablished with an infinite correlation length. But above
the transition with increasing temperature, the correla-
tion length decreases for both compositions. MnPSes has

an uncorrelated moment at 150K, whereas the correla-
tions persist in MnPS3 to 300 K.

We conducted additional magnetic PDF fits for
MnPS;3 above Ty over a fitting range 1.5 - 20 A to
capture the anisotropic magnetic correlations to further
understand the persistence of local order. We imple-
mented a model that distinguishes between correlation
lengths in the ab-plane and along the c-axis. Our anal-
ysis reveals that the in-plane correlation (£,;) length is
approximately 15 times longer than out of plane correla-
tion length (&) for all temperatures above Tx( see Fig.
(¢)). This highlights that bulk MnPS3 well approxi-
mates a 2D magnet. Undertaking the same anisotropic
procedure for MnPSes did not produce a clear distinction



TABLE I. Ordered magnetic moment (m), spin-angle (0) with
c-axis, and Néel temperatures of MnPS;Ses_, (z =0, 1, 1.5,
2, 3) at 15 K. The spin-angle for MnPS3; was fixed to 90

degrees, as described in the text.

Samples m (uB) 0 (degree) T~ (K)
MnPSs3 4.884 4+ 0.036| 14.17 £ 2.091 | 78 Ref. [5]
MnPS>Se 4.313 £+ 0.186|20.076 + 5.382|75.31 + 0.63
MnPS; 58e1.5[4.370 + 0.132(55.260 + 3.534|75.82 + 1.35
MnPSSes 4.470 £ 0.109|58.039 + 2.529|75.42 + 0.65
MnPSes 4.666 %+ 0.149 90 74 Ref. [6]

between the ab-plane and c-axis, within error. This in-
dicates that the magnetism in MnPSes is closer to three
dimensional, despite the presence of a van der Waals gap
between the layers.

Magnetic PDF measurements are not yet widely ap-
plied to 2D layered materials, but they can offer detailed
insights. The results here show that MnPSs displays pro-
nounced short-range magnetic correlations within the 2D
layers well above the long range transition temperature,
while this behavior is not found in MnPSesz. This can be
observed on a qualitative level from neutron diffraction
data in reciprocal space, however mPDF analysis allows
for a quantitative description in real space that can be
applied to various ordering length scales both above and
below the Néel temperature.

B. Magnetic PDF analysis of MnPSSe,
MnPS; 5Se1.5, and MnPS;Se

To gain further insight into the distinct behavior of
MnPSe; and MnPSj3, we conducted atomic and mag-
netic PDF analysis on samples with controlled S/Se con-
tent of MnPSSes, MnPS; 5Seq 5, and MnPS,Se to tune
and investigate the behavior between the two materi-
als. The same analysis procedure was applied to these
samples as was used for MnPSesz and MnPSj3, however
the measurements were conducted on different neutron
scattering instruments. Data was collected at 15, 70,
125 and 300 K. The atomic and magnetic PDF cal-
culations for MnPSSe;, MnPS; 5Se; 5 were performed
over the same fitting range of 1.5 - 20 A for MnPSSe,
and MnPS; 5S5e; 5, while for MnPSsSe, a different fitting
range of 1.5 - 15 A was selected. The variation of the
fitting range on MnPSsSe was due to a notable degrada-
tion in the quality of the fit beyond 15 A. There could be
several factors for this, such as increased stacking faults
or in-plane disorder from the site mixing that lead to this
behavior.

To obtain the magnetic ordering temperature of
MnPSSe;, MnPS; 5Se15, and MnPS,Se we performed
neutron diffraction measurements from 25 to 125 K and
obtained the integrated intensity of a magnetic reflection,
as shown in Fig.[d] Fitting this to a power law shows that
the ordering temperature of MnPSSes, MnPS; 5Se; 5,
and MnPS,Se all occur within error around the same

temperature of 75 K (see table [I), which is in between
the ordering temperatures of 74 K for MnPSes and 78 K
for MnPSs.

The same iterative fitting approach was used to refine
the atomic and magnetic PDF patterns as described in
subsection [[ITA] Fig. [§] shows the total PDF and isolated
magnetic PDF analysis patterns for all MnPS,Ses_, (z
=0, 1, 1.5, 2, 3) compositions at 15 K. The best fit
atomic and magnetic models for MnPSSe;, MnPS; 55e; 5
were obtained using the space group R3 which is con-
sistent with the space group of MnPSes. Similarly, the
best atomic and magnetic fits for MnPSsSe) were ob-
served using the space group C2/m, which corresponds
to the space group for MnPSs. Attempts to use alterna-
tive space groups did not produce improved fits for any
compound. On comparing the mPDF patterns of all the
compositions of x = 0, 1, 1.5, 2, 3, it is observed that
the real-space magnetic intensity slowly increases with
x-content, suggesting an alteration of the magnetic or-
der. Performing the mPDF fits to the isolated magnetic
data reveals a gradual increase of the spin angle with
alteration of the x content in MnPS,Ses .. Fig. (f)
represents the variation of spin angle with x-content at
15 K. Table[llshows the variation of calculated order mo-
ment and the spin angle of MnPS,Ses_, (x =0, 1, 1.5,
2, 3) at 15 K. As discussed in section the spin an-
gle for MnPSe3 was indistinguishable between 70 degrees
and the previously reported value of 90 degrees, as such
90 degrees is presented here.

The results of the mPDF analysis in Fig. [5|show that a
gradual change in the non-magnetic S/Se content is a pa-
rameter that can be used to directly control the magnetic
spin direction. The underlying change in this process is
to the crystal structure through chemical pressure as the
different sized anions are altered. Fig. g) shows the
variation of nearest neighbor Mn-Mn and Mn-S/Se dis-
tances with z-content for MnPS,Sesz_, at 15 K. With
progressive doping, both nearest neighbor Mn-Mn and
Mn-S/Se distances decreases gradually with z-content.
The decrease in the nearest neighbor Mn-Mn distance
would be expected to lead to an increase in magnetic
exchange interactions in the ab-plane. In addition, the
change in Mn-S/Se distance will alter the crystal field
environment and local anisotropy of the magnetic ion.

IV. INELASTIC NEUTRON SCATTERING

To investigate the influence of altering the non-
magnetic S and Se content on the magnetic exchange
interactions in the series MnPS,Ses_, further we per-
formed INS measurements on the powder samples. Mea-
surements of the undoped compounds MnPSes and
MnPS3 have been previously performed to extract the
exchange interactions [8, [24], these values are shown
in Table. [[1 Comparing the values shows that MnPS3
has stronger in-plane interactions, however the inter-
layer interactions are an order of magnitude smaller than
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magnetic PDF data, magnetic PDF fit, and overall fit residual. (f) Variation of spin angle (theta) with z-content for the series
MnPS,Ses_, at 15 K temperature. (g) Variation of nearest neighbor Mn-Mn and Mn-S/Se distances (dnn) with z-content at

15 K for MnPS_.Sez_.

MnPSes. This places the bulk MnPS3 compound closer
to the ideal 2D limit. This behavior was observed in the
mPDF analysis reported above. In addition MnPS3 has
spin anisotropy, as evidenced by a measurable spin-gap in
INS [24], which was modeled with single-ion anisotropy.
No such spin-gap was observed in MnPSez. Given these
difference in the exchange interactions, it is somewhat
surprising that MnPS3 and MnPSes order within a few
degrees K of each other. The stronger (weaker) ab-plane
interactions and weaker (stronger) interlayer interactions
for MnPSs (MnPSes) appear to lead to a balance that
results in similar ordering temperatures. How these in-
teractions change in-between the two parent compounds
is the focus of the INS measurements on MnPS,Ses_,
(x=1,1.5,2).

The INS data for the full series MnPS3, MnPS,Se,
MnPS; 5Se1.5, MnPSSe;, MnPSes are shown in Fig. @
An evolution is observed in the magnetic excitation spec-
tra as the non-magnetic S and Se ion contents are al-
tered. MnPS3 has the widest energy bandwidth, indi-
cating stronger magnetic exchange interactions, and this
gradually reduces as S is replaced with Se. In addition,
there is an evolution in the low energy scattering, with
the reported spin-gap in MnPS3 reducing and then be-
coming unobservable. This is replaced with low energy
scattering revealing appreciable interlayer exchange in-

teractions, as observed most strongly in MnPSes.

To extract quantitative information on MnPS,Se,
MnPS; 5Se; 5 and MnPSSe; we follow a similar modeling
process as that performed in Ref. [8]. We use linear spin
wave theory with a model based on a 2D Hamiltonian on
a honeycomb lattice,

i#] (i5)

that included Jy4p, Joqp and Jsqp intralayer exchange
interactions, as well as the full spin (S=5/2). Note the
exchange interactions have been reported to be consistent
with parameters in the literature and allow comparisons
between MnPSes and MnPS; [24H27]. Alternative nota-
tion related by J/2 is used for MnPS3 in Ref. [28§].

The top of the band for MnPS3 and MnPSes are
sharp and resolution limited for the E;=20 meV mea-
surements. There is some broadening for the MnPS5Se,
MnPS; 5Se; 5 and MnPSSes. This can be attributed to
a level of structural disorder introduced in the S and Se
mixed compounds which would damping the excitations,
as often observed in doped samples. This was accounted
for in the modeling by broadening the energy resolution
for the z = 1,1.5,2 analysis. A series of 1D cuts were
taken at constant Q and constant E during the fitting
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(b) MnPS2Se, (c) MnPS; 5Se1.5, (d) MnPSSe; and (e) MnPSes. (f)-(j) Best fit models using linear spin wave theory. Data
collected with E;=8 meV for (k) MnPSs, (1) MnPS2Se, (m) MnPS:5Se1.5, (n) MnPSSes and (o) MnPSes. (p)-(t) Best fit

models using linear spin wave theory.

process. To restrict the number of variables to allow for
the extraction of a minimal model the Ji4p, Joqp and
J3ap interactions for MnPSes and MnPSs where used as
starting values. A scale factor was applied to model the
top of the band of magnetic excitations. These values
were then fixed and the interlayer interaction (J.) and
anisotropy in the form of STA were altered in the sub-
sequent modeling. The determined values are shown in
Table. [T and the comparison of experimental data and
model are shown in Fig. [f]

The data and modeling shows a consistent trend of
reducing the in-plane interactions and increasing the in-
terlayer interactions as the S content is diluted with Se.
This trend in exchange interactions and magnetic exci-
tation spectra gradually altering agrees with the gradual
switching of spins from in-plane (MnPSes) to almost fully
along the c-axis in (MnPS3) with altering S/Se content
as found in the mPDF analysis.

V. CONCLUSION

In summary, the magnetic behavior of a series of 2D
layered van der Waals materials MnPS,Ses_, (z = 0, 1,
1.5, 2, 3) were investigated through atomic and magnetic

TABLE II. Exchange interactions from modeling the INS data
with linear spin wave theory. All values are in meV.

MnPSs3| MnPS2Se|MnPS; 55e1.5 | MnPSSes | MnPSes

Ref. [24] Ref. [
Jiab 0.77 0.716 0.529 0.501 0.45
Joab 0.07 0.065 0.035 0.033 0.03
J3ab 0.18 0.167 0.218 0.207 0.19
Je | -0.0038 - 0.019(4)| 0.025(3)| 0.031
STA | 0.0086]0.0045(15) - - -

PDF analysis and inelastic neutron scattering. The mag-
netic ordering temperature was found to remain within
a few Kelvin (74 K - 78 K) for the whole series, how-
ever the spin direction, correlation length and exchange
interactions evolve over a wide range as x is tuned.

The mPDF signal was isolated from the total scat-
tering data to follow the magnetic behavior over a wide
range of temperature and x composition. The mPDF
results revealed short-range antiferromagnetic correla-
tions in the paramagnetic regime. MnPS3 was found to
have a significantly longer correlation length compared to
MnPSes, with short range order in the 2D layers existing
up to room temperature. A progressive increase in Se-



doping leads to a notable shift in spin orientation from
out-of-plane to in-plane. This is found to occur gradually
with x concentration.

The exchange interactions were parameterized by a
minimal model antiferromagnetic Heisenberg Hamilto-
nian on the honeycomb lattice. These showed a gradual
change in the in-plane interactions, which were largest
for MnPS3 and decreased with increasing x. Conversely
the interlayer interactions are largest for MnPSes and
increase with x.

The change in the magnetism in MnPS,Se;_, (z =0,
1, 1.5, 2, 3) was induced by altering the non-magnetic
S/Se ions which alters the chemical pressure, therefore
structural control is central to the magnetic behavior.
This highlights the ability to design and tune the mag-
netism in the 2D layers of MnPS,Se3_, by not only con-
trolling the x, but also through other perturbations in-
cluding strain and pressure. More generally this investi-
gation shows how the application of real space analysis
of neutron data with mPDF can provide insights into
2D layered van der Waals materials where understand-
ing local and long range ordering over a wide range of
temperature of structural composition is often of inter-

est.
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