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Spin and lattice dynamics in the van der Waals antiferromagnet MnPSe;
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Antiferromagnetic van der Waals family MPX; (M = Fe, Mn, Co, and Ni; X = S and Se) have attracted
significant research attention due to the possibility of realizing long-range magnetic order down to the monolayer
limit. Here, we perform inelastic neutron scattering measurements on single-crystal samples of MnPSe;, a
member of the MPX; family, to study the spin dynamics and determine the effective spin model. The excited
magnon bands are well characterized by a spin model, which includes a Heisenberg term with three intraplane
exchange parameters (J; = —0.73 meV, J, = —0.014 meV, J; = —0.43 meV) and one interplane parameter
(J. = —0.054 meV), and an easy-plane single-ion anisotropy term (D = —0.035 meV). Additionally, we observe
the intersection of the magnon and phonon bands but no anomalous spectral features induced by the formation
of magnon-phonon hybrid excitations at the intersecting region. We discuss possible reasons for the absence of

such hybrid excitations in MnPSes.

DOLI: 10.1103/PhysRevB.109.224411

I. INTRODUCTION

The successful exfoliation of monolayer graphene has
ushered in a new era of research in van der Waals (vdW)
materials [1]. Over the past two decades, extensive research
on atomic-thin vdW materials has led to the discovery of
a wealth of fascinating physical phenomena, as well as
tuning and controlling methods [2-5]. In recent years, the
realization of intrinsic two-dimensional (2D) magnetism has
established magnetic vdW materials as a promising plat-
form for both application and fundamental research [6-8].
According to the Mermin-Wagner theorem, enhanced fluc-
tuations will prevent the formation of long-range magnetic
order in an isotropic low-dimensional magnetic system (d <
3) [9]. Therefore, the key to achieving intrinsic 2D mag-
netism lies in the exfoliation of bulk magnetic vdW materials
with magnetic anisotropy down to the monolayer limit [6-8].
Presently, several classes of magnetic vdW materials have
demonstrated intrinsic 2D magnetism, including vdW fer-
romagnets such as Cr,Ge,Teq [7], FesGeTe, [10,11], and
CrX; (X =C(l, Br, I) [6,8], and vdW antiferromagnets like
MPX; (M = Fe, Mn, Co, Ni; X =S, Se) [12,13].

As an early-discovered antiferromagnetic vdW family
[14-17], MPX5 (M = Fe, Mn, Co, Ni; X = S Se) have been
extensively studied. Compounds in this family share the same
hexagonal monolayer structure [Fig. 1(a)]. Each [P2X6]*~ unit
is located in the center of nearby six M>* ions. These M>*
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ions connected to X atoms form a honeycomb structure, and
the atomic layers are weakly coupled through the vdW force.
Although these compounds all exhibit an antiferromagnetic
order, the magnetic ground state and effective spin model
vary significantly when varying the transition-metal ions M>*.
For example, MnPS; exhibits a Néel-type spin order and fits
well a Heisenberg model [16-22]. On the other hand, FePS;
and FePSe; exhibit a zigzag order and fit an Ising model
[12,16,17,23-26]. CoPS3 and NiPS3 also display a zigzag or-
der but are better described by an XY -like model [19,27-30].
This antiferromagnetic vdW class also provides a platform for
tuning the 2D magnetism through doping [31,32], pressure
[33,34], and strain [13], rendering these materials promising
application potentials. Moreover, research on the atomic-thin
sample reveals exotic physics, such as novel exciton behaviors
in NiPS3 [35,36] and magnon-phonon hybrid excitations, also
known as magnon polarons in FePSj3 [37,38] and FePSe; [39].

MnPSe; is a member of the MPX; class. It exhibits a
Néel-type antiferromagnetic order with a transition temper-
ature Ty = 74 &2 K [16]. Neutron diffraction studies have
confirmed a k = (0, 0, 0) propagation vector, with the spin
moments lying within the a-b plane when the compound
is in its antiferromagnetic phase [31,40]. Although the spin
ground state of MnPSe; has been determined, its effective
spin model remains unclear. While some studies suggest an
XY model [13,41], an inelastic neutron scattering (INS) in-
vestigation on powder samples leans towards a Heisenberg
model [42]. Due to the lack of quantitative and detailed infor-
mation on the momentum dependence of the spin dynamics,
it is challenging to determine the effective spin model based
on the results from powder samples. Therefore, detailed INS

©2024 American Physical Society
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FIG. 1. (a) Top view of the hexagonal structure of MnPSejs in the a-b plane. Arrows indicate the magnetic moments on Mn atoms. Dashed
lines indicate the paths for the magnetic exchange interactions. (b) Schematic structures of the primitive cell of MnPSes. (c) Temperature
dependence of the magnetic susceptibility x (filled symbols, left axis) and the inverse magnetic susceptibility x ~' (open symbols, right axis)

with field applied parallel and perpendicular to the c-axis. Solid lines and the arrow denote the Curie-Weiss fit of x

~! and the Néel transition

temperature, respectively. (d) Temperature dependence of the specific heat C (circles, left axis) and the integrated intensity of (—1, 0, 1) Bragg
peak (squares, right axis). Error bars represent one standard deviation. The vertical dashed line indicates the Néel transition temperature. The

dashed curve through the integrated intensities is a guide to the eyes.

research on the single-crystal samples is desired to determine
the accurate effective spin model of MnPSes. In addition, a
Raman spectroscopy study reported the observation of cou-
pling between magnons and the optical phonons in MnPSes,
indicating the presence of magnon polarons [43]. Since neu-
tron spectroscopy can probe both magnons and phonons in
the momentum-energy space [44,45], it is an ideal method to
detect the possible magnon polarons.

In this work, we carry out INS experiment on single-crystal
samples of MnPSe;. We obtain clear magnon bands that ex-
hibit a quasi-2D nature. We find that an effective spin model

with three intraplane exchange parameters (J; = —0.73 meV,
J» = 0.014 meV, J; = —0.43 meV), one interplane parameter
(J. = —0.054 meV), and one easy-plane single-ion anisotropy

term (D = —0.035 meV) describes well the spin dynamics.
Additionally, we find that the quasi-2D magnon bands in-
tersect with a phonon band in the vicinity of (0, 0, 6), but
no evidence of magnon-phonon coupling and the subsequent
formation of magnon polarons has been detected. We discuss
possible reasons for why these are absent in MnPSe;.

II. EXPERIMENTAL DETAILS

The crystal structure of MnPSe; belongs to the space group
R3 (No. 148), which consisted of three hexagonal atomic
layers arranged in an ABC-type stacking within a unit cell,
as shown in Figs. 1(a) and 1(b). The lattice parameters are
a=b=6.387 A and ¢ = 19.996 A [16]. Single crystals of
MnPSe; were grown by the chemical vapor transport method
[41,46]. As-grown MnPSej; crystals appeared as thin wine-red
flakes and were easy to bend and cut. The typical size of the
single crystals was about 5 x 5 x 0.1 mm?>. Magnetization
and specific-heat measurements were conducted in a physi-
cal property measurement system (PPMS-9T) from Quantum
Design.

For the INS experiments, we glued 140 pieces of sin-
gle crystals onto aluminum plates using a trademarked
fluoropolymer CYTOP-M, with a total weight of 1.86 g.
The orientations of the crystals were determined using a
backscattering Laue x-ray diffractometer. The single crystals
were mounted on the rectangular aluminum plates, with the

[100] and [—120] axes aligned along the edge directions of the
aluminum plate. The coaligned sample had a mosaic spread of
2°.

The INS experiment was conducted on a time-of-flight
spectrometer 4SEASONS at the Materials and Life Science
Experimental Facility of the J-PARC Center in Japan [47].
We used a primary energy of E; = 14.00 meV and a chopper
frequency of 300 Hz to conduct the measurements, resulting
in an energy resolution of 0.6 meV at the elastic line. Thanks
to the multiple-E; mode equipped on 4SEASONS, we also
obtained data with other E;’s of 7.87, 10.29, and 20.19 meV,
with the respective energy resolution of 0.3, 0.4, and 0.9 meV
at the elastic positions [48]. We set the angle of the incident
neutron beam direction parallel to the c-axis to be zero. Scat-
tering data were collected by rotating the sample about the
[—120] direction in a step of 1° from —50° to 180° at 6 K, and
from 0° to 105° at 150 K. At both temperatures, we counted
15 min for each step. In addition, measurements were also
performed at seven other temperatures of 25, 35, 55, 70, 80,
and 120 K. At these temperatures, we fixed the angle to be 0°
and counted 1 h for this angle. Raw data were reduced and
analyzed using Utsusemi and Horace software [49,50]. The
wave vector Q was expressed as (H, K, L) reciprocal-lattice
unit (rlu) of (a*, b*, ¢*) = (47 //3a, 47 //3b, 27 /c). We
corrected the measured neutron scattering intensity by divid-
ing the square of the magnetic form factor |F(Q)|* of Mn>*
ions. The corrected data were further divided by the Bose
factor via x”(Q, w) = (1 — e "/%T)S(Q, w) to eliminate the
influence of the Bose statistics, where kg is the Boltzmann
factor. Theoretical simulations of the excitation spectra were
performed using the SPINW program [51].

III. RESULTS

A. Sample characterizations

We have conducted the magnetic susceptibility mea-
surements on a single crystal of MnPSe; with a 0.1-T
field applied for both in-plane and out-of-plane directions,
and the results are shown in Fig. 1(c). Upon cooling, we
observe little difference in the magnetic susceptibility
between the two directions in the paramagnetic phase
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(T > 120 K), similar to that in MnPS; as reported in
Refs. [19] and [41], indicating a weak magnetocrystalline
anisotropy in MnPSe;. We have also noted that in Ref. [41],
a large anisotropy over the entire temperature range was re-
ported for MnPSes;. We have measured several single crystals
that we grew, and all of them show similar results to those
in Fig. 1(c). As we will discuss in detail below, this weak
anisotropy is consistent with our neutron scattering results.
In the vicinity of 100 K, the susceptibility displays a broad
peak, which is a typical feature of low-dimensional magnetic
systems [19]. This peak is ascribed to the establishment of
short-range spin-spin correlations among the magnetic mo-
ments in the materials [19]. At lower temperatures, long-range
magnetic order occurs, as evidenced by the kink point around
70 K in the magnetic susceptibility curves [Fig. 1(c)]. This
magnetic phase transition at 7y = 70 K is further supported
by the A-type anomaly observed in the specific-heat measure-
ments and the onset of magnetic scattering intensities at the
magnetic Bragg peak (—1,0, 1) as observed in the neutron
scattering measurements [Fig. 1(d)]. Upon further cooling,
the in-plane susceptibility dramatically decreases, while the
out-of-plane susceptibility slightly increases [Fig. 1(c)]. Such
behaviors indicate that MnPSe; establishes a collinear antifer-
romagnetic order with the magnetic moments lying in the a-b
plane, which is consistent with previous neutron diffraction
results [16,42].

To quantitatively understand the magnetic susceptibility
results, we fit the data above 150 K using the Curie-Weiss
law, 1/x = (T + ©®)/C, where C and © are the Curie constant
and Curie-Weiss temperature, respectively [Fig. 1(c)]. The
extracted Curie constants are 4.72 and 4.75 emu K /mol Mn?*,
and the resulting effective magnetic moments of 6.14up5 and
6.16up for Hl||c and H L c, respectively. These results in-
dicate a high spin state of S =5/2 for Mn*" ions and a
Landé g factor of 2.08 with a negligible spin-orbit coupling in
this material. The fitted Curie-Weiss temperatures are ® =
—192.06 K and ®; = —203.10 K, respectively, demonstrat-
ing strong antiferromagnetic correlations in MnPSes.

B. Magnon spectra

Although the crystal structure of MnPSe; possesses a C3
axis, the Laue pattern shows a nearly Cgs symmetry, which
makes it difficult to distinguish two kinds of sample align-
ments rotated by 60°. Due to the C; axis, these two alignments
are equivalently connected by the mirror operation about
the a-b plane. Therefore, the data we have collected with a
nominal Q = (H, K, L) correspond to a superposition of the
actual signals at (H, K, L) and (H, K, —L), which we call
the “twinned” effect. This can be confirmed by comparing
the distribution of experimentally measured and theoretically
predicted magnetic Bragg peaks in the (H, 0, L) plane. Fig-
ure 2(a) shows the measured magnetic Bragg peaks in the
(H, 0, L) plane. Given that the spin moments in the sublattice
of each layer align parallel to those in the adjacent layers, and
the number of layers per unit cell being three, the magnetic
Bragg peaks are expected to be located at integer positions of
L with a periodicity of 3 rlu along the [001] direction, which
is indeed observed in Fig. 2(a). These peaks are symmetri-
cally distributed about the L = 0 line. Figure 2(b) shows the

(a) Exp, E=14 meV (®) I}I pattern

(0, 0, L) (rlu)

(yun qJe) Ajisusiu| pazijew.ioN

(0, 0, L) (rlu)

-1 0 1 -1 0 1

(H, 0, 0) (rlu) (H, 0, 0) (rlu)

FIG. 2. (a) Measured magnetic Bragg peaks in the (H,0,L)
plane with the incident energy of E; = 14 meV for MnPSe;. The
energy is integrated over [—0.1, 0.1] meV. The lattice contributions
are eliminated by subtracting the data of 150 K. (b) Theoretically
calculated magnetic Bragg peaks in the (H, 0, L) plane according to
the untwinned case, termed the N pattern. (c) Reflection of the N
pattern about the L = 0 line, termed the R pattern. (d) Superposition
of the patterns in (b) and (c), termed the S pattern, representing the
magnetic Bragg scatterings from the twinned sample.

theoretically calculated distribution of the magnetic Bragg
peaks without taking into account the twinned effect. Dif-
ferent from the experimental results, the calculated pattern
does not show reflection symmetry about the L = 0O line but
instead exhibits centrosymmetry about the origin (0, 0, 0).
For clarity, we refer to this pattern as the N pattern, where
N stands for “normal.” In Fig. 2(c), we present the reflected
results of the N pattern about the L = O line, and we refer
to it as the R pattern. The comparable intensities observed
in the two sets of magnetic Bragg peaks in Fig. 2(a) suggest
that the single crystals contributing to the N and R patterns
are nearly equal. Therefore, we superpose these two patterns
in a 1:1 ratio, and we call it an S pattern. The results are
shown in Fig. 2(d). Obviously, the S pattern reproduces the
experimental results well, supporting the conjecture regarding
the sample twinning.

After clarifying the twinned issue of the sample alignment,
we now present the spin excitation spectra of MnPSe;. Fig-
ures 3(a) and 3(b) show the in-plane and out-of-plane spin
excitation spectra, respectively. The paths for the in-plane spin
excitation spectra are illustrated in the inset of Fig. 3(a). It
is found that the well-defined magnon excitations disperse
up from the zone center I point and propagate towards the
zone boundary, with the maximum occurring around 8.5 meV,
consistent with previous neutron scattering results from a
powder sample [42]. This profile closely resembles that of its
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FIG. 3. INS results of the magnetic excitation spectra at 6 K along the in-plane (a) and out-of-plane (b) directions. The data were obtained
with E; = 14 meV for (a), and E; = 7.87 meV for (b). In (a), the integration thickness of the other in-plane direction, orthogonal to the
high-symmetry path, is chosen to be £0.05 rlu, and the wave vectors L are integrated over [2.5, 3.5] rlu. In (b), the integration range for
the two orthogonal in-plane vectors is £0.05 rlu. (c),(d) Calculated in-plane and out-of-plane magnon dispersions using the linear spin-wave
theory (LSWT), respectively. The data points are extracted from the experimental spectra presented in (a) and (b). (e),(f) Calculated magnetic
excitation spectra, which are superposed with &L cases taking into account the twinning effect and instrumental resolutions. The inset in
(a) illustrates the high-symmetry paths of the in-plane excitation spectra.

sister compound MnPS3, which has an 11.5-meV bandwidth,
indicating remarkable intralayer exchange interactions [21]. It
is noteworthy that the magnons exhibit an onset of excitations
around 1.8 meV for L = 3 rlu [Fig. 3(a)]. However, this does
not indicate an excitation gap but is attributed to the out-of-
plane variations of the magnetic excitations, which mainly
modify the bottom of the magnon dispersions. This can be
visualized from the excitations along the [1, 0, L] direction as
plotted in Fig. 3(b). Note that the out-of-plane spectra show re-
markable broadening in momentum, which indicates the weak
correlations along L due to the two-dimensionality. Similar
to the elastic patterns shown in Fig. 2(a), these excitations
show an L = 3 rlu period. In the range of L = [—1, 1] rlu, two
winding bands can be recognized in the energy range of [1.9,
2.8] meV. As will be confirmed in the next section, these two
bands actually correspond to N and R bands due to the sample
twinning along the L direction. In addition, the spectral weight
is continuously distributed towards the magnetic Bragg peaks
at (1, 0, 1 4 3n) rlu. Although the detailed spectra below
0.3 meV are obscured by the strong and elongated signal of
the magnetic Bragg peaks, making it difficult to determine
whether there is an excitation gap, our data sets an upper
bound of the excitation gap of 0.3 meV. Moreover, a recent
study employing magnetospectroscopy reported the gap will
be less than 0.1 meV, if it does exist [52].

C. Effective spin model

To capture the observed features of the well-defined
magnons and determine the effective spin model, we employ
the following spin Hamiltonian to model our data, considering

the easy-plane magnetic order:

H=-> 1788 — Y Di(s)". (1
(iJ) (i)

Here, S; is the spin operator of a Mn?* ion at the site r;
with a magnitude of 5/2, J;; is the exchange interaction
connecting two Mn?t ions at sites r; and rj, and D; is the
single-ion anisotropy of Mn?* ions. We take three intralayer
exchange interactions (nearest-neighbor interaction J;, next-
nearest-neighbor interaction J,, and third-nearest-neighbor
interaction J3) and one interlayer exchange interaction (J,)
into consideration in the parametrization. A detailed config-
uration of these interactions is given in Figs. 1(a) and 1(b).
We use the SPINW package to model our data with the linear
spin-wave theory (LSWT) [51,53]. In this approach, a stan-
dard Holstein-Primakoff transformation is applied to Eq. (5)
to get a 12 x 12 matrix that characterizes the spin dynamics
of MnPSes. The dispersion relation Aw(Q) is obtained by a
Bogoliubov transformation on the 12 x 12 matrix.

To determine the specific exchange parameters J; ; and
single-ion anisotropy D;, we first make constant-Q cuts
through the excitation spectra in Figs. 3(a) and 3(b) at var-
ious momenta and fit these cuts with Gaussian line shapes
to extract the magnon energies. By doing so, we can obtain
the magnon dispersion. Subsequently, we fit the extracted
dispersion relation with a theoretical Zw(Q) function. In this
procedure, we restrict D; to be negative to remain consistent
with the easy-plane anisotropy, revealed by the easy-plane
magnetic order and negligible excitation gap [52]. The refined
exchange parameters are presented in the first row of Table I,
where the additional parameter x2 evaluates the goodness of
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TABLE I. The fitting exchange parameters obtained from the current work on single-crystal samples and reported results from powder
samples in Ref. [42]. Errors represent one standard deviation. The goodness of fit is represented by the value of x2, where a value closer to 1

indicates a better fit.

Paper Model Ji (meV) J> (meV) J; (meV) J. (meV) D (meV) 1) x2
Current work  Heisenberg + D —0.73 £0.03 —0.014 £0.005 —-0.43 £0.04 —0.054 +0.005 —0.035 %+ 0.004 1.5
Current work  Heisenberg —-0.74 £0.03 —-0.017£0.005 —-0.41+£0.05 —0.075 4 0.004 24
Ref. [42] Heisenberg —-0.9 —0.06 —0.38 —0.062 3.8
Current work  XXZ —-0.73 —0.014 —-0.43 —0.054 0.981

fit in the SPINW program. Some extracted experimental points
and the calculated dispersions with the refined parameters are
plotted in Figs. 3(c) and 3(d). The calculated dispersions fit the
extracted experimental points quite well. With the involved
magnetic parameters, the calculations give six magnon bands,
consistent with the six magnetic ions in a unit cell. These six
bands can be divided into three groups, denoted by red, blue,
and black in Figs. 3(c) and 3(d). Each group consists of one
acoustic and one optical branch. These three dispersion groups
have the same shape, but are shifted by AL = 1 rlu from each
other along the [001] direction, which can be visualized from
Fig. 3(d).

To directly compare the intensities with the experimental
results, we calculate the dynamical spin-spin correlation func-
tion [44,45],

5°(Q, w) =

Z e'en / (Se S/ @))e ™ dr.  (2)
S8 (Q, w) is related to the scattering cross section as

o [F(Q)[ Z( wp — Q“Q§ﬁ>5“ﬂ<g 3)

which is directly measured in INS experiments. The calcu-
lated results of S*#(Q, ) show that only the two bands in
the red group possess significant spectral weight, while the
remaining two groups are invisible in principle. However, due
to the twinning effect as discussed above, there actually exist
two groups of excitation spectra symmetrized about L = 0
that possess scattering intensities, as shown in Fig. 3(b). To
reproduce the magnetic excitation spectra observed in the
twinned sample, we convolute the instrumental resolution
with the calculated $*#(Q, ) and superpose the N and R pat-
terns of the excitations, which mainly affect the out-of-plane
excitations. The final calculated magnon spectra of MnPSe;
are presented in Figs. 3(e) and 3(f). For the in-plane direc-
tion, the calculated excitation spectra successfully capture the
shape of the measured spectra. In addition, the dynamical
spin structure factor along I'; to M, is significantly smaller
than that along I'; to M, in the calculated spectra, which
is in excellent agreement with the experimental observations
shown in Fig. 3(a). Note that the calculated spectra exhibit
weaker intensity at the top of the magnon band compared
to the measured one. This discrepancy should stem from
the mismatch between the resolution function and magnon
dispersion in the INS experiment, which is not considered
in the calculations. In terms of the out-of-plane spectra, our
calculations successfully capture the major features of the ex-
perimental spectra, especially the two winding bands around

2g

dQdw

the band top. On the other hand, to reproduce the broadening
of the measured spectra along the L direction, one may need
to take into account the two-dimensionality. These successful
reproductions of the experimental data further validate the
accuracy and reliability of our approach in characterizing the
spin dynamics of MnPSe;.

D. Magnon-phonon intersection

In addition to magnons, our INS experiment also allows
us to probe phonons. This capability enables us to examine
whether there exist magnon polarons induced by the coupling
between magnons and phonons in MnPSes, as proposed in
its sister compounds FePS3 and FePSe; [37-39]. Direct spec-
troscopic evidence of magnon polarons is the gap opening at
the nominal intersection of the original magnon and phonon
bands, accompanied by the mixing and interconversion of
magnonic and phononic characters [37-39,54—60]. Therefore,
the key to addressing this issue lies in identifying the region
where magnons and phonons intersect with each other. Fig-
ure 4(a) shows the constant-energy (E) contour around 5 meV
in the (H, 0, L) plane. Two rodlike excitations of magnons are
clearly observed with negligible L dependence, which reflects
the quasi-2D nature of magnetic excitations due to the weak
interlayer exchange interaction. Additionally, the oval-like
excitations centered at (0, 0, 6) are also visible, intersecting
with the rodlike excitations in regions with L around 4.7 and
7.3 rlu, as marked by the dashed lines in Fig. 4(a). These two
L’s are symmetric about L = 6.0 rlu. We attribute these dis-
tinct excitations with a 3D nature to a phonon mode. Notably,
the intensities of the rodlike excitations remain constant with
increasing L, while those of the oval-like excitations increase
[Fig. 4(a)]. Such behaviors are consistent with the charac-
teristics of the magnetic form-factor-corrected magnons and
phonons, respectively.

To examine the intersection of the magnon and phonon
dispersions, we select the region with L = 4.7 rlu, where the
scattering intensities of magnons and phonons are comparable
[Fig. 4(a)], and we plot the excitation spectra along the [100]
direction in Fig. 4(b). In this plot, two distinct dispersions
can be clearly identified within the same momentum-energy
window: a V-shaped magnon dispersion starting from 3 meV,
and a W-shaped phonon dispersion distributed above 4.3 meV.
The magnon and phonon dispersions appear to intersect
at about H = £0.15 rlu. However, within the instrumen-
tal resolution, there are no apparent gap openings at these
intersections. To verify whether the magnon and phonon dis-
persions are distorted or renormalized due to the possible
magnon-phonon coupling [37-39,54-60], we investigate the
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FIG. 4. (a) Constant-E contour at 5 meV in the (H, 0, L) plane, obtained with E; = 10.29 meV. The integration thickness of the energy
is 0.5 meV. Lines and the oval denote magnon excitations and phonon excitations, respectively. The dashed lines indicate the L positions
where the magnon and phonon dispersions intersect with each other. (b) The overlapped magnon and phonon excitations at 6 K presented in
the same momentum-energy window with L = 4.7 meV. Triangles and squares denote magnon and phonon dispersions extracted from (c) and
(d), respectively. (c),(d) The individual magnon and phonon spectra, obtained with L = 1.7 rlu at 6 K and L = 7.3 rlu at 150 K, respectively.
The integration thicknesses of the [—120] and [001] directions are £0.1 and %0.15 rlu, respectively.

individual magnon and phonon dispersions in Figs. 4(c) and
4(d), respectively. By deceasing L, we effectively suppress
the scattering intensities of phonons, and we plot the pure
magnons at a symmetrically equivalent position of L = 1.7 =
4.7 — 3.0rlu at 6 K in Fig. 4(c). On the other hand, by increas-
ing the temperature to 150 K, well above the Ty, we obtain
pure phonons at a higher intersection position with L = 7.3
rlu in Fig. 4(d). The momentum-energy relationships of the
individual magnons [Fig. 4(c)] and phonons [Fig. 4(d)] are ex-
tracted by doing either constant-Q or constant-E cuts through
the excitation spectra. These extracted points are plotted
over the spectra, with triangles and squares representing pure
magnons and phonons, respectively, as shown in Fig. 4(b). It is
found that the extracted magnon and phonon bands match the
overlapped magnon and phonon dispersions well, suggesting
that there is no normalization between magnons and phonons.
In other words, we find no obvious evidence of magnon
polarons in MnPSe;3.

IV. DISCUSSIONS
A. Easy-plane anisotropy

We observe clear magnon dispersions in MnPSe; through
INS experiments. To determine the effective spin model, we
employ a Hamiltonian including a Heisenberg term and an
easy-plane single-ion anisotropy (D) term to fit our INS data.
Our theoretical fit gives a weak easy-plane anisotropy with
a value of —0.035 meV. To estimate the significance of the
easy-plane anisotropy and address the controversy regarding
the effective spin model of MnPSe; [13,41,42], we fit the ex-
perimental data with the Heisenberg term only. The exchange
parameters given by the optimal fitting are presented in the
second row of Table 1. The goodness of fit x? is 2.4, which
is larger than that with the D term. Table I also lists the
exchange parameters in a Heisenberg model from a previous
INS measurement on powder samples [42]. It should be noted
that since the definition of the spin Hamiltonian differs by a
factor of 2, the parameters obtained from Ref. [42] are mul-
tiplied by 2 to maintain consistency with our definition. We

attempt to fit our data with their parameters, and the resulting
value of X2 is 3.8, also larger than the value with a D term.
Obviously, including the D term yields a better fitting. More
importantly, the presence or absence of the D term results
in qualitatively different magnon spectra. Figures 5(a) and
5(b) show the calculated magnon spectra with and without
the D term, respectively. The twinning effect is not taken
into consideration for brevity. The calculated spectra with the
D term exhibit two magnon bands, including one acoustic
and one optical branch as described previously, while the
spectra without the D term only exhibit one magnon band
dispersing from O to 3 meV, which makes it deviate from the
measured spectra shown in Fig. 3(b). To further illustrate this,
we extract the measured energy distribution of the intensity at
0 = (1,0, —3/2) and plot it in Fig. 5(c), which clearly shows
two peaks at about 1.1 and 2.3 meV. Then, we fit the measured
distribution with the Heisenberg + D model and the Heisen-
berg model, respectively. It is apparent that the Heisenberg +
D model successfully captures the two-peak feature, while the
Heisenberg model fails to characterize the peak at 2.3 meV.
Therefore, we believe that the easy-plane anisotropy, though
weak, must be included to properly describe the spin dynam-
ics of MnPSe;. The inclusion of this term is also consistent
with the easy-plane magnetic order [13,40,41].

B. Connection with the XXZ model

To take the easy-plane anisotropy into consideration, we
can also adopt the following X XZ model:

H==>"J;(SiS}+S/S] + 8, Si5%). 4)
(i,J)

Here, the easy-plane anisotropic nature can be guaranteed
by restricting the anisotropy factor §; ; to be smaller than 1.
Nevertheless, within the framework of LSWT, a Heisenberg
+ D model is equivalent to such an XXZ model in character-
izing the spin dynamics [26,53]. The impact of all anisotropy
factors §; ; in the XXZ model can be equivalently displayed
by the D term in the Heisenberg + D model. In the case of
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FIG. 5. (a),(b) Calculated magnon spectra with and without the
D term, respectively. (c) Comparison between the measured energy
distribution of the spectral weight with the calculations with and
without the D term at Q = (1, 0, —3/2).

MnPSes, these two models can be linked by

C3(1 =8 +3(1 — &) + 3(1 — 83)J5 + (1 — 8.)J.
— . .

D

&)

Here, §; with {i = 1, 2, 3, ¢} corresponds to the anisotropy fac-
tor of the bond that we are concerned with in the Heisenberg +
D model. If we only consider a global anisotropy factor §, that
is, §; = 8, = 83 = 8. = 8, our refined D term with the value
of —0.035 meV gives rise to an anisotropy factor § = 0.981
(Table I). The corresponding parameters of the XXZ model
are listed in the fourth row of Table I. At present, we believe
the Heisenberg + D or the equivalent XXZ model within
the framework of LWST can already describe the magnetic
excitation spectra well, but to further determine which one
describes the spin dynamics of MnPSes; more precisely, one
has to process the higher-order term beyond LSWT [53] or
calculate the exchange parameters with first principles [29].

C. Magnetic excitations in MPX; compounds

Now, we would like to briefly review the magnetic
excitations of the MPX3; (M = Fe, Mn, Co, Ni; X =S, Se)
compounds taking into account our results. The magnetic ex-
citation spectra of FePS; and FePSe; exhibit similar magnon
dispersions with large bandwidth (20 meV) and excitation
gap (~15 meV) [25,26]. This gap demonstrates the presence
of a large easy-axis anisotropy and Ising nature of the spin
model [25,26]. INS experiments on CoPS; observed four
clear spin-wave branches with a bandwidth of ~18 meV
and a large energy gap (214 meV), which can be well
described by a model with a Heisenberg term and biaxial
single-ion anisotropy [27,28]. Moreover, it is found that the
dominating exchange interaction is the third-neighbor (3NN)
antiferromagnetic interaction [27]. In the case of NiPSj, INS
experiments reported a wide magnetic excitation (245 meV)
with a ~1.3 meV excitation gap [29]. The LSWT fit also man-
ifests a dominating 3NN exchange interaction, which stems
from the large 3NN e,-¢, hopping integrals confirmed by ab
initio density functional theory calculations [29]. As we can
see, MnPSe; and MnPS; are the two compounds that have
the narrowest magnon bandwidth (~8.5 and ~11.3 meV [21])
and the smallest excitation gap (less than ~0.1 meV [52]
and ~0.5 meV [21]) in the MPX; material family. The weak
spin-orbit coupling of Mn*" ions is potentially responsible for
the weak exchange interaction and magnetic anisotropy. Note
that Mn*" ions possess a half-filled 3d shell, resulting in a
quenched L = 0 orbital moment.

D. Absence of magnon polarons

In addition to the clear magnon dispersions, we also
observe the intersections between magnon and phonon dis-
persions. However, no obvious evidence of gap opening and
hybridization between the two excitations has been identified
in Fig. 4. This suggests that there is negligible magnon-
phonon coupling in MnPSes, in contrast to the case in its sister
compounds FePS; and FePSe; [37-39]. Since the magnetic
interactions depend on the relative ion positions, magnon-
phonon coupling can arise due to the lattice vibrations. There
are various mechanisms with which magnon-phonon coupling
can support magnon polarons, including magnetic dipolar
interaction [54], magnetoelastic coupling [37,58-62], and
Dzyaloshinskii-Moriya (DM) interactions [55,63,64]. While
the strength of magnetic dipolar interaction is usually small
compared to other interactions [65], its contribution is ex-
pected to be negligible in MnPSe;. On the other hand,
magnetic anisotropy plays a crucial role in magnetoelastic
coupling [37,58-62]. However, in the case of MnPSes, the
magnetic anisotropy appears to be very weak, as inferred
from the results of magnetic susceptibility [Fig. 1(a)] and
the excitation spectra [Fig. 3(b)]. Therefore, the mechanism
of magnetoelastic coupling is not applicable in MnPSes.
Additionally, the weak spin-orbit coupling results in the in-
significance of the antisymmetric DM interaction in MnPSes,
making the DM mechanism insufficient to open a gap between
magnon and phonon dispersions and generate the magnon
polarons.

While our INS measurements do not directly detect
magnon-phonon coupling or magnon polarons between
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one-magnon excitations and phonons, previous temperature-
dependent magneto-Raman spectroscopy measurements have
reported the presence of hybrid excitations involving two-
magnon modes and optical phonon modes in MnPSe; [43].
This hybridization arises from the exchange striction effect,
where the normal mode motion of the optical phonon mode
modifies the distance between the nearest-neighbor and third-
nearest-neighbor Mn?* ions and affects the superexchange
interactions J; and J3 [43,66]. As the two-magnon modes
and optical phonon modes overlap at the energy of about
16.2 meV, their coherent resonance induces the hybridiza-
tion in MnPSes;. However, due to the weak intensity of the
two-magnon excitation for a spin-5/2 system [67], our INS
measurements do not capture the two-magnon modes, which
should appear as a weak continuum-like excitation above the
one-magnon dispersion in the INS spectra [67-70]. Conse-
quently, the hybrid excitations of the two-magnon and phonon
modes are not observed.

V. CONCLUSIONS

We conduct comprehensive INS measurements on single-
crystal samples of MnPSes to study the spin dynamics and
determine the effective spin model. Clear magnon bands are
observed in our INS experiment. The excited magnon bands
can be well described by an effective spin Hamiltonian with

three intraplane exchange parameters (J; = —0.73 meV, J, =
—0.014 meV, J3 = —0.43 meV), one interplane parameter
(J. = —0.054 meV), and an easy-plane single-ion anisotropy
(D = —0.035 meV). This model is equivalent to an XXZ
model with a global anisotropy factor § = 0.981 in the frame-
work of LSWT. Furthermore, we observe that a quasi-2D
magnon mode intersects with a phonon mode which disperses
from (0,0,6) rlu in the Brillouin zone. Nevertheless, none of
the anomalous spectral features induced by magnon polarons
have been identified in the intersection region, which we at-
tribute to the weak spin-orbit coupling due to the quenched
orbital momentum of Mn>*.
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