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We report experimental and theoretical studies on the magnetoelastic interactions in MnPSs.
Raman scattering response measured as a function of temperature shows a blue shift of the Raman
active modes at 120.2 and 155.1 cm ™', when the temperature is raised across the antiferromagnetic-
paramagnetic transition. Density functional theory (DFT) calculations have been performed to
estimate the effective exchange interactions and calculate the Raman active phonon modes. The
calculations lead to the conclusion that the peculiar behavior with temperature of the two low
energy phonon modes can be explained by the symmetry of their corresponding normal coordinates
which involve the virtual modification of the super-exchange angles associated with the leading

antiferromagnetic (AFM) interactions.

I. INTRODUCTION

The research dedicated to the so called two-
dimensional (2D) materials [1] has been lately expanded
to studies of a large class of layered magnetic materials
and their ultrathin crystals [2]. This, to great extent,
is stimulated by the search for novel effects in the mag-
netic ordering in the 2D limit and possible design of new
devices which take advantage of the spin degree of free-
dom. Relevant research efforts are, in particular, being
focused on antiferromagnetic transition-metal thiophos-
phates [3], with their representative example, the MnPS3
compound. Changes in the magnetic ordering are often
traced with Raman scattering, a technique which appears
to be especially well suited to study small size and ultra-
thin samples. The elementary excitations which are most
often probed with Raman scattering are phonon excita-
tions. Answering the question how and which phonon
modes appear to be sensitive to the magnetic order is
central for drawing conclusions on the applicability of
Raman scattering methods to study magnetic phase tran-
sitions.

In this paper we present a first-principle study of mag-
netoelastic interaction in MnPS3 antiferromagnets and
compare our theoretical expectations with the results
of temperature dependent Raman scattering measure-
ments performed on these crystals. The aim of our work
is to identify the phonon modes which are sensitive to
magnetic order and to enlighten the mechanism of the
phonon-spin coupling that is at the origin of this sensi-
tivity.
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Experimentally, we confirm [4] a robust sensitivity of
the Raman active phonon mode at 155.1 cm~! (at low
temperatures) to the antiferromagnetic to paramagnetic
transition in MnPS3 and clarify a similar property for the
other, but weaker, phonon mode observed at 120.2 cm™?.
These experimental observations are well accounted for
by our theoretical calculations.

This paper is organized as follows. In Sections II we
present the crystallographic structure of MnPS3 and the
details of the Raman experiments. In Section III we dis-
cuss the methods that we used for the calculation of the
effective exchange interactions and the phonons modes.
In Sections IV we present and discuss our Raman experi-
ments versus temperature and in Section V the results of
our calculations. Section VI is devoted to the discussion
and conclusion.

II. EXPERIMENTAL DETAILS
A. MnPS; structure

MnPS3 has a monoclinic structure, space group C2/m
with lattice parameters a = 6.077 A, b = 10.524 A, ¢
= 6.796 A, and B = 107.35° [6]. The atomic structure
is shown in Figures 1(a) and (b). There are 4 MnPS;
units in the monoclinic C2/m unit cell, giving a total of
20 atoms. The C-centring means that the unit cell is not
primitive because there are two equivalent positions, one
at (0, 0,0) and the other at (1/2, 1/2, 0). A primitive tri-
clinic unit cell containing 10 atoms and having the mini-
mal volume V = 1/2 abesin § can be constructed with,
for example, Bravais lattice vectors @y = (aZ — bj)/2,
ds = (a + by)/2, and d3 = ¢ (cos B & + sin 8 2).



FIG. 1. (a) Atomic structure of MnPS3. Mn atoms are represented in violet, S in yellow, and P in gray. (b) Detail of the Mn -
S bonds in the Mn-S-Mn sandwiches. The S; sulfur atoms are associated to the super-exchange path that controls the effective
magnetic interaction J. Similarly the S sulfur atoms are associated to the effective magnetic interaction Ji. (c) Detail of the
six intralayer effective exchange interactions considered in this work. The difference between J; and J2, J3 and Js, and J7 and
Jg is a consequence of the distortion of the honeycomb lattice. (d) Detail of the three interlayer effective exchange interactions
considered in this work. Atomic structures were drawn with VESTA [5].

In the paramagnetic phase all the Mn and P atoms
are equivalent by symmetry, while there are two kinds
of S atoms. The corresponding Wyckoff positions of the
C2/m cell are 4g, 4i, 4i, and 8j for the Mn, P, S1, and S2
atoms, respectively.

As can be seen in Fig. 1(a), MnPSs is formed by the
stacking along the ¢ axis of PS-Mn-PS sandwiches. The
Mn atoms form a distorted honeycomb lattice and the S
atoms two distorted triangular lattices. The P atoms can
be described as forming P, dimers penetrating the Mn
hexagons (see Fig. 1(a)). Each Mn atom is octahedrally
coordinated to six S atoms which can be associated to
super-exchange paths between the Mn atoms (see Fig.
1(b) and the text below).

B. Raman scattering experiments

Raman scattering measurements were carried out
on single crystals of manganese phosphorus trisulphide
(MnPS3) using, as the excitation source, either a 515
nm line of a continuous wave laser diode or a 514.5 nm
line of a continuous wave Art laser. The crystals used
for experiments were either home-made (see Ref. [7] for

more details) or commercially available, both types of
specimens displaying essentially identical spectra. In ac-
cordance to earlier studies [4], the Raman scattering in
our samples has been found to be particularly efficient
when using the laser excitation wavelengths around 515
nm. The collected signal was dispersed through a 0.5 m
monochromator and detected by a CCD camera.

The temperature dependent Raman scattering re-
sponse was measured at zero magnetic field with the aid
of a continuous flow cryostat mounted on x-y motorized
positioners. The sample was placed on a cold finger of
the cryostat. The excitation light was focused by means
of a 50x long-working distance objective with a 0.5 nu-
merical aperture producing a spot of about 1 um and the
scattering signal was collected via the same objective.

Magneto-Raman scattering was measured in Faraday
and Voigt configurations using an optical-fiber-based ex-
perimental setup. The sample was mounted on top of
an x-y-z piezo-stage kept in gaseous helium at T= 4.2 K
and inserted into a magnet. The excitation light was cou-
pled to an optical fiber with a core of 5 um diameter and
focused on the sample by an aspheric lens (spot diame-
ter around 1 pum). The signal was collected by the same
lens, injected into a second optical fiber of 50 pm diam-



eter. In all experiments, the excitation power was kept
below 100 uW, to avoid the sample heating by the laser
beam. Multiple test measurements of the power depen-
dence of Raman scattering response have not shown any
changes in the shape of spectra in the range of excitation
powers up to 500 pW.

III. CALCULATION DETAILS

For the calculations we have used the QUANTUM
ESPRESSO [8] code based on density functional theory,
Optimized Norm-Conserving Vanderbilt (ONCV) pseu-
dopotentials and the PBE functional [9] with a plane-
wave and charge-density cutoff of 90 Ry and 200 Ry, re-
spectively. An electronic structure calculation with the
experimental atomic parameters [6] and a PBE functional
gives no gap for the ferromagnetic (FM) order and a gap
of 1.30 eV for the experimentally observed AFM order
to be compared with the experimentally reported gap of
2.96 eV [10].

Including an on-site Hubbard Ueg on the Mn atoms us-
ing the simplified method developed by Cococcioni and
de Gironcoli [11] increases the AFM gap up to a satura-
tion value of 2.60 eV when Ugg reaches 7 eV. The same
dependence of the electronic gap with the value of Uyg
has has been reported by other authors, who use either
Uet = 4 €V [12] or 5 eV [13, 14]. A value of Ueg = 5
eV (gap of 2.40 eV) has been used for the calculations of
the effective exchange interactions and vibrational modes
reported below.

The experimental lattice parameters and internal co-
ordinates [10] has been used to calculate the effective ex-
change interactions. As mentioned above, the non prim-
itive 1x1x1 base centered monoclinic cell contains 20
atoms. Double monoclinic super-cells (1x1x2, 1x2x1,
and 2x1x1) containing 40 atoms and 8 Mn have been
used to be able to separate the different exchange inter-
actions (see below). We have used a 8x4x2 Monkhorst-
Pack [15] grid for the first Brillouin zone sampling of the
40 atoms monoclinic 1x1x2 unit cell and adapted equiv-
alent samplings of 8x2x4 and 4x4x4 for the 1x2x1 and
2x1x1 unit cells.

The phonon modes have been calculated in the prim-
itive 10 atoms triclinic cell with the experimental lat-
tice parameters but fully relaxed internal coordinates un-
der the constraint of keeping the unit cell symmetry in-
variant. After relaxation, the calculation has been per-
formed using the frozen phonon procedure with a 8 x8x8
Monkhorst-Pack [15] grid for the first Brillouin zone sam-

pling.

IV. EXPERIMENTAL RESULTS

The representative Raman scattering spectra of our
MnPS; crystals, measured at low (5 K) temperature in
the range of 100 to 650 cm~' from the laser line, are

presented in Fig. 2. A number of relatively sharp Raman
scattering peaks, labeled X1 ... X8 are observed, in fair
agreement with previously reported observations of the
specific phonon modes in MnPSs crystals [4, 16-19].
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FIG. 2. Characteristic Raman scattering spectrum of the

MnPSs3 crystal, measured under 514 nm laser line excitation,
at low temperature (T' = 5 K) in a wide spectral range 100
to 650 cm™! from the laser line. The spectrum shown in
the upper (a) panel is expanded in vertical direction in the
bottom (b) panel to better visualize the less intense Raman-
scattering modes. The observed narrow X1 ... X8 Raman
scattering peaks are due to phonons whereas a broad X’ fea-
ture with the high energy onset at 183.3 cm ™! is of different
origin.

The temperature evolution of all but the X1 and X2
peaks is rather smooth. Indeed, a conventional red shift
and broadening of X3 ... X8 phonon modes is observed
upon increase of temperature (see Supplementary Mate-
rial Figures S1 and S2). In contrast, the X1 and X2
Raman scattering peaks appear to be sensitive to the
magnetic ordering in our crystals. These peaks display a
singular behavior around the expected, critical Néel tem-
perature, Ty = 78 K, for the antiferromagnetic to para-
magnetic transition in MnPSs compound [20]. This is il-
lustrated in Fig. 3. As can be seen, the center positions of
the X1 and X2 Raman scattering peaks display an abrupt
blue shift in close vicinity of Ty. In agreement with pre-
vious reports [4, 19], the observed blue shift amounts 5
cm™! in the case of the X2 mode and we report here a
similar behavior but with a smaller blue shift of about 2
em~! for the X1 Raman scattering peak (see Fig. 3(b)
and (c)). More details on temperature evolution of X1
and X2 peaks as well as of all other X3 ... X8 peaks are
shown in the Supplementary Material’s Figures S1 to S3.
Here we note that the X2 peak is relatively intense and
well pronounced in the spectra measured in the whole
temperature range, though it appears to be significantly
broadened (by a factor of 4) around T (the maximum
in the X2 line-width is observed at temperature of 65



250

~
o8]
—

200

150

100

Temperature (K)

50

120 140 160
Raman shift (cm™)

0 50 100 150 200 250
122 T T T 1

X2 Raman shift (cm™) X1 Raman shift (cm™)

157 -
156 |- .
T,~78K
155 |aes N -
1 1 1 1
180 200 0 50 100 150 200 250

Temperature (K)

FIG. 3. a) False-color map of Raman scattering response (logarithmic scale for the intensity) together with a few characteristic
spectra measured as a function of temperature and focused on the spectral region encompassing the X1 and X2 phonon modes
which are sensitive to the magnetic order in MnPS3 crystals. Temperature evolution of central positions of the (a) X1 and
(b) X2 peaks, as extracted from fitting the shapes of these peaks with Lorentzian functions. Tn denotes the critical Néel
temperature for the antiferromagnetic to paramagnetic transition in MnPSs.

K, slightly below T). The X1 peak is relatively weak.
It does not display any obvious broadening around T
but displays a relatively abrupt broadening (by a factor
of 2) at T ~ 110 K. The intensity of X1 peak initially
weakens but significantly increases when temperature is
raised above 100 K.

It is interesting to note that, as illustrated in Fig. 4,
both X1 and X2 peaks are not sensitive to the applied
magnetic field. As already perceived in a recent work [4]
the low temperature Raman scattering spectra of MnPS3
crystals show an additional weak but intriguing feature
at energies slightly above the X2 phonon peak. This
additional feature marked as X’ in Fig. 2(b), might be
seen as a continuous-like spectrum with a peak-like, high-
energy onset around 183.3 cm™! at low temperatures. A
weak, Raman scattering feature centered at 185 cm ™! has
been previously observed in MnPS3 compounds studied
at room temperature [16], though it is not observed in
our experiments. Instead, as shown in Fig. 5, our Ra-
man scattering studies performed with longer accumula-
tion time and fine temperature intervals, show that the
X’ feature exhibits a characteristic narrowing effect (red
shift of the high energy onset) upon the increase of tem-
perature. It merges with the X2 phonon peak at temper-
atures around T and it is not observed in the spectra
measured above Ty.

The X’ feature is likely of a magnetic origin, and
the first guess would be that it is a due to a coupled
phonon (X2)-spin-wave (magnon) excitation. Such cou-

pling would be favored for k ~ 0 spin-wave modes whose
energy as measured by the spin gap in the magnon dis-
persion relation [7, 21] is only a few cm™! (~ 0.5 meV ~
4.03 cm~'). This is in contradiction to the rather large
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FIG. 4. Evolution of the X2 and X’ peaks with an ap-
plied magnetic field oriented perpendicular (left) and parallel
(right) to the reciprocal lattice vector ¢*. The experiment was
performed at 5 K.



extension (~ 20 cm™!) of the X’ feature as measured
at low temperatures (see Fig. 5). The above hypothesis
can also be ruled out by our experiments performed as
a function of the magnetic field (see Fig. 4) in which we
do not observe any magnetic-field-induced change in the
form of the X’ feature. Very likely, and in accordance
with the recent report [4], the X’ feature is due to two-
magnon excitations. Indeed, as deduced from neutron
scattering studies [7] the (single) magnon excitations at
the Brillouin zone boundary saturate at energies ~ 11.5
meV ~ 92 cm ™!, thus the two-magnon density of states
is expected to peak at around 184 cm™!, in accordance
to the energy position of the onset of the X’ feature mea-
sured at low temperatures. Notably, the magnon dis-
persion in the long-wavevector limit, i.e., close to the
zone-boundary, may persist in the paramagnetic phase
(above Tx) but the Raman scattering response due to
two-magnon excitations can be modified at the antiferro-
magnetic or paraferromagnetic phase transistion [22, 23].
Nevertheless, it remains surprising that our experiments
do not show any trace of these two-magnon excitations
at temperatures above Ty [22, 23].

Temperature (K)

140 160 180 200
Raman shift (cm?)

FIG. 5. False-color map of Raman scattering response (log-
arithmic scale for the intensity), together with few selected
spectra, measured with long acquisition times and fine tem-
perature interval of 2 K in the spectral region 100 to 200 cm™*
and temperature range from 5 K to 100 K. The presented
data emphasize a characteristic ”narrowing” of the X’ feature
with temperature (red shift of its high energy onset), which
eventually merges with the X2 phonon mode at Tn. This
behavior suggests that the X’ feature is due to spin (possi-
bly two-magnon) excitations in the antiferromagnetic phase
of MnPSs.

V. CALCULATION RESULTS
A. The magnetic Hamiltonian

To understand the possible link between the vibra-
tional modes and the magnetic order in MnPS3 one needs
to determine the model magnetic Hamiltonian of the in-
teracting Mn?* ions.

If one considers that these ions are in a 3d® electronic
configuration corresponding to a high spin 65 (S = 5/2,
L = 0) ground state [20], the effect of the spin-orbit
coupling would be negligible [24]. The observation of
a highly isotropic magnetic susceptibility above T\ sus-
tains this idea [7, 24-27] and suggests that the effective
exchange interactions J;; between the magnetic centers
are isotropic in nature.

Nevertheless, the AFM order below T is anisotropic.
It was first reported with the Mn spin moments pointing
along the reciprocal lattice vector c¢*, i.e., perpendicular
to the honeycomb lattice in the ab plane [7, 20, 25, 26, 28]
but later on, a more careful analysis of the neutron
diffraction data has shown a small tilt (~ 8°) of the Mn?*
magnetic moments with respect to ¢* [29]. Two posible
energetic contributions can be proposed to explain the
anisotropic order, the dipolar interactions between the
magnetic moments or a single ion anisotropy arising from
a non negligible spin-orbit coupling. Theoretical analy-
sis [30-33] and recent magnon band measurements [21]
suggest that the dipolar interaction would be the lead-
ing source of anisotropy responsible of the observed long-
range order. While other experimental results (electron
spin resonance [25, 34], critical behavior [20, 35], and the
observation of a non negligible orbital contribution to the
total magnetic moment [26, 28]), support the idea that
the single ion anisotropy is also playing an important
role.

In conclusion the full magnetic Hamiltonian should
contain a spin-independent contribution Hy, a rotational
invariant Heisenberg part Hyi, a dipolar term Hg;p, and

a single ion anisotropy contribution Hiey, :

I{I = ﬁo + HHei + I:Idip + gion (1)
Huei = Y Ji; Si - S (2)
i>j

Hion =D Z (Sl . ﬁ)2 (4)

where J;; are the magnetic couplings, S; and Sj are the
S = % spin operators localized on the Mn atoms at site

i and j, respectively, m; = gup S; and m; = gup S;



the corresponding spin only magnetic moments, and n
the direction of the single ion easy axis. Notice that our
Heisenberg interaction is defined as J S; - S;, similar to
Le Flem et al [36], Sivadas et al [13], and Chittari et al
[12], while other authors use —2J S; - S; [7, 24-27].

B. Effective exchange interactions

The full analysis of the magnetic Hamiltonian will be
discussed in a forthcoming paper. To understand the link
between the vibrational and magnetic properties we will
only focus here on the rotational invariant Heisenberg
contribution Hpye;.

We have classified the effective exchange interactions
according to the Mn-Mn distances and we have calcu-
lated 9 different interactions up to interaction distances
of 7.647 A (see Table T and Figures 1(c) and (d)). Tt

duvnm [A] - Type  Ji [K] Ji[K]
Ji 3.500 intralayer 12.9 19.2 [36] 18.0 [25] 18.2 [24]
Jo 3.523 intralayer 12.5 16.2 [24] 17.9 [7] 18.3 [13]
J3 6.076 intralayer 0.6 1.6 [7] 0.9 [13]
Ja 6.077  intralayer 0.1
Js 6.791 interlayer 0.2 -0.04 [7]
Je 6.796 interlayer 0.5
J7 7.000 intralayer 5.5 4.2 7] 5.3 [13]
Js 7.025 intralayer 5.0
Jy 7.648 interlayer 0.1

TABLE 1. Effective exchange interactions. The nine inter-
actions calculated in this work between the Mn atoms ob-
tained using density functional theory are listed in the first
column. The Mn-Mn distances appear in the second column.
The third column gives the interaction type, either, intra or
interlayer. In the fourth column, the effective interactions
are given in units of K. A positive value is associated to an
antiferromagnetic interaction (see text and Eq. (2) for the
definition of the exchange interactions used in this work). In
the last column we show some reported values of the corre-
sponding interactions considering the system as having a 2D
undistorted honeycomb lattice. The leading exchange inter-
actions are in-plane and correspond to the first Ji (J1, J2)
and third J3 (J7, Js) neighbors interactions of the undistorted
honeycomb lattice. Interestingly, in this system, the in-plane
second neighbor interactions J2 (J3, J4) is almost negligible.

is important to note that the distinction made here be-
tween the six (three pairs) of intralayer interactions is
a consequence of the small distortion of the 2D honey-
comb lattice. Indeed, J; and Js can be associated to a
single intralayer first neighbors interaction in an undis-

torted honeycomb lattice [J;, J3 and Jy to a single sec-
ond neighbors interaction J5, and J7 and Jg to a third
neighbors interaction J3. Concerning the interlayer in-
teractions, Jg is the one strictly parallel to the c axis that
can be associated to the single interlayer interaction J’
considered by other authors.

The calculations of the exchange interactions were per-
formed using a broken-symmetry formalism, i.e., by map-
ping total energies corresponding to various collinear
spin arrangements within a supercell onto a Heisenberg
Hamiltonian [37-42]. Different supercells were needed to
distinguish the exchange interactions between two differ-
ent Mn atoms which are connected by translation sym-
metry. For example, the 40 atoms 2x1x1 unit cell, whose
total energy can be written as :

5 2
BV = By 4 (5) [ar (Jy + Js) + az (Jo + J7)
+az Js+ag (Jy+ Js) +as Jg+8 Jg]

neither allow the calculation of Jgy nor the separation of
J1 and Js; Jo and J7; and J4 and Jg. Similar limitations
arise with the 40 atoms 1x2x1 and 1x1x2 unit cells,
whose total energies are :

5 2
B2 — B+ (5) [b1 J1 4+ bo (Jo + J7 +2J3)

+ b3 J3+8 Jy+ b5 J5 + bg (J6+Jg)]

and

5\ 2
B2 = Ey + (5) [81 (Jl + J5) + co (Jz + 2]5;)
+c3 Js+8 Jy+8 Jg+cr Jr+8 Jg]

The coefficients a;, b;, and c; depend on the spin ar-
rangements of the Mn atoms. As every double supercell
contains 8 Mn atoms there are a total of 256 distinct
spin configurations. However, on taking crystal and spin
reversal symmetries into account this number can be re-
duced to 22, 28, and 25 for the 2x1x1, 1x2x1, and
1x1x2 supercells respectively.

The application of a least-squares minimization pro-
cedure to the three supercells allows us to calculate the
nine exchange interactions. A summary of the calculated
values is shown in Table I. There are four leading inter-
actions (J1, J2, J7 and Jg), which are all positive (AFM).
They do not lead to frustration and they are compatible
with the experimentally observed AFM order at low T
[25]. As mentioned above, for an undistorted lattice they
would correspond to the intralayer interactions J; ~ 12.7
K, J> ~ 0.3 K, and J3 ~ 5.3 K which are in good agree-
ment with reported values in the literature.

The distinction between the exchange interactions due
to the small distortion will be important in the analy-
sis of the magnetoelastic interactions because the distor-
tion splits the energy of some two-fold degenerate Raman
modes.



C. Phonon modes

To understand the reasons of the peculiar dependence
with temperature of some Raman modes presented in

feature X3 in Fig. 2(b) (see also Supplementary Material
Fig. S1).

Projection on model phonons

. Calculations Experiments
Section IV, the 30 phonon modes of MnPS3; have been -1 —1
. . Symmetry  Energy (cm™ ") Energy (cm™") Feature
calculated using the frozen phonon method in the 10
e . . . Bg 45.7
atoms primitive cell. The irreducible representations at
the I-point are I'yoy = 84, + 64, + 7B,y + 9B, where Bg 109.8 120.2 X1
only the 8 A; and 7 B; modes are Raman Active. Ag 110.4
Be 152.5 155.1 X2
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FIG. 6. Upper panel: projection of the optical phonon modes
in the three virtual modes shown in Fig. S4 in Supplementary
Material. Lower panel: relative atomic participation in the
optical phonon modes of MnPS3 of the three atom’s types.
The colors in the bars represent the contribution of the two
Mn atoms (violet), the six S (yellow), and the two P atoms
(gray). The symmetry of the modes is shown in the upper
part of the figure.

The calculated 27 optical phonon frequencies that span
from 46 to 557 ecm™! are shown in Fig. 6. In the lower
panel we show schematically the energy of the modes,
their symmetry and the relative participation weight of
the three atom’s types. For every mode, the correspond-
ing bars are calculated with the normalized eigenvectors
¢ of the standard eigenvalue problem:

M VPHM Y g=u?q (5)

where ¢ = M'/2 # M is the mass matrix, H the Hessian
of the potential energy, and & the vector with the atomic
displacements. As can be seen from the histogram, the
high energy modes are mostly localized in the P and S
atoms while the low energies ones concern vibrations of
the Mn atoms (see Fig. 6).

The symmetry and energy of the calculated Raman ac-
tive modes are also shown in Table II. They compare rea-
sonably well with several reported values obtained from
previous calculations [4, 17]. As can be seen, the energies
of some pairs of modes, separated by horizontal lines in
Table II, are almost equal because they would be double
degenerate E/; modes in a perfect honeycomb lattice. Ex-
perimentally, it is not always easy to resolve the splitting,
even though the splitting has been sucessfully resolved on

TABLE II. Comparison between the calculated Raman ac-
tive modes versus experimentally observed phonon modes (see
Fig. 2 and Supplementary Material Fig. S1).

The correspondence between the experimental features
X1 ... X8 and the calculated Raman modes is also shown
in Table II. There is an overall good agreement between
the corresponding energies, the discrepancy becoming
slightly larger for the high energy modes. For the modes
above 200 cm ™!, the energy difference increases with en-
ergy giving rise to an overall difference of 5% for the
majority of the modes while the deviation of the mode
around 110 cm~! corresponds to a larger relative differ-
ence of about 9%. These relative deviations of about
5 to 10% are frequently found when comparing state-
of-the-art DFT calculations with experimental measure-
ments. It is important to note here that the approxima-
tions used in our calculations have been chosen to have a
good overall description of the magnetic, electronic and
structural properties of the system. A different choice of
the DFT input parameters (pseudopotentials, Hubbard
Hamiltonian, functional), may slightly change the calcu-
lated phonon energies and/or the distribution of devia-
tions between the theoretical and experimental energies
of different modes. The two calculated modes with irre-
ducible representation Bg around 46 and 200 cm~! are
not visible in the experimental spectra.

VI. DISCUSSION AND SUMMARY

The two Raman modes whose frequencies increase
when crossing the Néel temperature at about 120 (X1)



and 155 cm~! (X2) are associated to the two pairs of
calculated Raman active modes at 109.8 (Bg) and 110.4
(Ag) for X1 and 152.5 (Bg) and 153.6 cm™! (Ag) for X2
(see Table II). As mentioned above, these two pairs of
almost degenerate modes are split in energy due to the
small distortion of the honeycomb and triangular lattices.
For every pair, the eigenvectors of these almost degener-
ate modes have very similar weights in the Mn, S, and
P atoms (see lower panel in Fig. 6) and the relative dis-
placements of the Mn and S atoms for the four modes is

shown in Fig. 7.
"~ Ag:110.4 cm?

A "

#(Q‘ Q“Jé
a " Bg:109.8cm!

C

J

JJ'@

sz 5* é I.( s2

C Bg:152.5cm™?

@ Ag:153.6 cm?

FIG. 7. Schematic representation of the displacements of the
Mn and S atoms in MnPS3 corresponding to the two pairs
of Raman active modes associated to the experimental peaks
X1 and X2. Phonon mode visualizations were drawn with
VESTA [5].

If we consider the six Mn atoms forming the hexagons
in the honeycomb lattice as six consecutive Mn pairs.
The effective exchange interactions of the pairs are either
the first or the second neighbors intralayer interactions

J1 and Jo respectively. These AFM interactions, which
participate to stabilize the Néel AFM order at low tem-
perature, can be associated to superexchange paths be-
tween the Mn atoms through the S atoms (see Fig. 1(b)).

One can imagine that the modification with tempera-
ture of these superexchange paths can be the mechanism
at the origin of the magnetoelastic interactions respon-
sible for the temperature dependence of the X1 and X2
modes. Above T, due the thermal excitations, the spins
localized in some Mn pairs would orient parallel to each
other. As the interaction is AFM, the system would try
to decrease the superexchange angle in order to decrease
the interaction. The slight modification of the angles
would explain the energy change of the Raman modes.

In order to visualize this effect, we have considered
three virtual phonon modes : each one affecting the su-
perexchange angle associated to two opposite exchange
interactions (see Supplementary Information’s Fig. S4).
The upper panel in Fig. 6 shows the projections of the
27 optical modes on the three virtual phonons. The pro-
jections are siginificative for four pairs of Raman active
modes and clearly larger for the two pairs of modes ass-
cociated to peaks X1 and X2.

In conclusion, we have presented a comprehensive pic-
ture which largely accounts for the observed sensitivity
of the particular phonon modes to the magnetic order-
ing in layered MnPS3 antiferromagnet. More specifically,
we have identified, both in the experiment and theory,
that there are essentially two, phonon modes of MnPS3
which appear at 120.2 cm™! and 155.1 cm™! in the low
temperature Raman scattering spectra, and which show
a pronounced change in the vicinity of the critical Néel
temperature. The present approach can be extended to
other magnetic materials including their thin layers, in
reference to tracing the magnetic properties with Raman
scattering response due two phonon excitations.
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Supplementary Material: Magneto-elastic interaction in the two-dimensional magnetic
material MnPS; studied by first principles calculations and Raman experiments
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Additional results concerning the analysis of the Raman scattering spectra of MnPS3, measured as a function of
temperature are shown below. All Raman scattering lines, X1 ... X8, (for notation, see the main text) which are
visible in our spectra and which have been attributed to phonon modes has been fit to Lorentzian functions and the
central position, linewidth, and amplitude of these lines have been extracted. The resulting temperature evolution of
these three parameters is illustrated in Figures S1, S2, and S3 for each X1 ... X8 resonance.

Figure S4 show the schematic atom displacement, i.e., phonon modes, that modifies the superexchange angles
associated with the effective exchange interactions J; and Js.
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FIG. S1. Temperature dependence of the central positions of phonon-related, X1, .. X8, Raman scattering lines in MnPSs.
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FIG. S2. Evolution with temperature of the full width at half maximum FWHM of phonon-related, X1, .. X8, Raman scattering

lines in MnPSs3 crystals.
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FIG. S3. Temperature evolution of the amplitude of phonon-related, X1, ..X8, Raman scattering lines in MnPS3 crystals.



FIG. S4. Virtual atom displacements that would change the corresponding superexchange angles associated to the effective
exchange interactions. Phonon mode visualizations were drawn with VESTA [1].



