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Magnon-phonon hybridization in 2D

antiferromagnet MnPSe;

Thuc T. Mai'*, Kevin F. Garrity?*, Amber McCreary’, Joshua Argo®, Jeffrey R. Simpson™*,
Vicky Doan-Nguyen3'5, Rolando Valdés Aguilar®, Angela R. Hight Walker'*

Magnetic excitations in van der Waals (vdW) materials, especially in the two-dimensional (2D) limit, are an excit-
ing research topic from both the fundamental and applied perspectives. Using temperature-dependent, magneto-
Raman spectroscopy, we identify the hybridization of two-magnon excitations with two phonons in manganese
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phosphorus triselenide (MnPSes), a magnetic vdW material that hosts in-plane antiferromagnetism. Results from
first-principles calculations of the phonon and magnon spectra further support our identification. The Raman
spectra’s rich temperature dependence through the magnetic transition displays an avoided crossing behavior in
the phonons’ frequency and a concurrent decrease in their lifetimes. We construct a model based on the inter-
action between a discrete level and a continuum that reproduces these observations. Our results imply a strong
hybridization between each phonon and a two-magnon continuum. This work demonstrates that the magnon-
phonon interactions can be observed directly in Raman scattering and provides deep insight into these inter-

actions in 2D magnetic materials.

INTRODUCTION

Magnetic two-dimensional (2D) materials can retain intrinsic mag-
netism down to the monolayer limit (1-5). This novel class of mate-
rials serves as an ideal platform to study fundamental properties of
magnetism and magnetic excitations in 2D. At the same time, the
quantized magnetic excitations in solids called magnons are the sub-
ject of a plethora of exciting research in recent years. From the quan-
tum computing perspective, these quasiparticles have been coupled
to a superconducting qubit in a cavity (6, 7) to form the field of
quantum magnonics (8-11). Magnons have also received attention
from the spintronics community due to their ability to efficiently
transport spin angular momentum (9, 12, 13). In addition, mag-
nons are observed in several materials of 2D magnetic materials, in-
cluding ferromagnetic (FM) magnons in Crl; (14-17) and anti-FM
(AFM) magnons in both o-RuCl; (18-24) and the MPX; family
(where M is Fe, Min, or Niand X is S or Se) (25-28). These observations
increased interest in studying not only the fundamental properties
of magnetic excitations in 2D but also using magnetic 2D materials
for information processing.

Several experimental studies have explored the capability of using
Crl; and Fe;GeTe; as a tunable spin filter (29-32). An additional
experiment on MnPS; provided evidence of magnon-mediated spin
transport (33). Magnon transport over macroscopic scales has been
shown to be enhanced by the hybridization between magnons and
acoustic phonons (34, 35). The same hybridization could theoreti-
cally lead to topologically nontrivial quasiparticle bands (36, 37).
However, the interactions between magnons and phonons and
their hybridization are generally unfavorable as they can cause an
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increase in scattering rate and a decrease in quasiparticle lifetime.
This effect could lead to a fast decay of a coherently excited magnon
and limits its diffusion length scale. Therefore, directly observing
magnon-phonon interactions in this new class of material provides
important information regarding a magnon decoherence pathway,
essential for applications that rely on preserving the magnon coher-
ence over extended length and time scales.

So far, the early exploration of magnon spintronics experiments
have only used thermally excited magnons, which composes of
magnetic excitations throughout the Brillouin zone. A combination
of opposite momenta magnon excitations, called two-magnon scat-
tering, can occur via the Raman scattering process (38). In this arti-
cle, we use a unique combination of temperature and magnetic
field-dependent Raman spectroscopy and first-principles calcu-
lations to quantify magnon-phonon interactions in the in-plane,
AFM van der Waals (vdW) material MnPSes. We identify the hy-
bridization between a continuum of two-magnon excitations and
two separate Raman-active phonons as a function of temperature.
A model with magnon-phonon interactions is constructed to re-
produce our experimental results. We find that a broad range of
two-magnon excitations are hybridized with the two Eg-symmetry,
Raman-active phonons over a wide range of temperatures. This inter-
action causes a marked reduction in phonon and magnon lifetimes
in the system, which may have consequences for future applications.

The crystal symmetry of MnPSes is rhombohedral at room tem-
perature, with space group R3, and remains so below the AFM transition
temperature, Tel. Previous elastic neutron scattering experiments
determined that MnPSe; is a Néel-type antiferromagnet within each
vdW plane below 74 K (28, 39). The spin %2 Mn*" ions are arranged
in a honeycomb lattice, with the magnetic moments pointing nearly
parallel to the honeycomb plane (28, 39). Between each vdW layer,
the moments are ferromagnetically coupled. In a recent second har-
monic generation (SHG) study on MnPSes as a function of layer
thickness (40), the SHG signal from the magnetic ordering has been
shown to persist down to the monolayer limit. This measurement
implies that there is long-range magnetic ordering in a single-layer
MnPSes, confirming its status as a 2D AFM material.
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RESULTS
We measure the polarized Raman spectra of MnPSe; in its para-
magnetic phase and characterize the symmetries of the Raman pho-
non modes with the assistance from density functional theory (DFT).
The Raman spectra above Ty, at 90 K, are shown with parallel
(vertical and vertical, VV) and crossed (vertical and horizontal, VH)
polarization configuration in Fig. 1A with crystal lattice visualiza-
tions shown in Fig. 1 (B and C) (41, 42). In addition, the DFT results
are compared to the experimental spectra to assign each observed
peak with its phonon symmetry according to the 3-point group. We
find that the DFT frequencies are consistently ~7% below the ex-
perimental peaks, which is a typical level of agreement. The full Raman
phonon symmetry assignments and the peak frequencies are tabulated
in table S1. We confirm the weaker Elg phonon’s frequency using a differ-
ent excitation wavelength of 633 nm from a HeNe laser (see fig. S2).
As the temperature is lowered through Tnel (Fig. 2), several notable
features appear in the frequency region between 75 and 140 cm™:
(i) The Eg1 and Eg2 phonons undergo substantial changes in inten-
sity and frequency, and (ii) a new scattering intensity peak appears
to split off from Eg2 and continues to increase in frequency to ap-
proximately 130 cm ™" at 10 K. The new mode, with E; symmetry (fig.
S5), cannot be attributed to a phonon according to the DFT calcu-
lations and the lack of structural transition across Teel. This mode
is asymmetric, with a cutoff at high frequency, a peak intensity
around 130 cm™', and a low-intensity tail that merges with the Eg2
phonon (Fig. 2). A previous study interpreted the origin of the
130 cm ™! peak as one-magnon scattering (43) based on its strong
frequency shift as a function of temperature. A one-magnon scat-
tering mode in an AFM is expected to split in an applied magnetic
field due to its net magnetic moment, AS = +1 (38). This behavior
was observed in 3D AFMs such as MnF, and FeF, (38, 44) and more
recently in vdW AFMs (15-17, 27). However, when we measure the
low-temperature (T = 2 K) Raman spectra as a function of static
applied magnetic field, both parallel and perpendicular to the honey-
comb plane, we find no change in the 130 cm™' peak (Fig. 3A and
fig. S6). The lack of magnetic field dependence and the similarities
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Fig. 1. Raman phonons of MnPSes. (A) The Raman spectra for parallel (V) and
crossed (VH) polarizations taken with 515-nm excitation laser at 90 K, above Tygel.
The phonon modes are labeled with the irreducible representation of the point
group 3. The asterisk marks the weak Ag3 phonon. arb. u., arbitrary units. Below
74 K, a single layer of MnPSe; with Néel-type AFM ordering are shown perpendic-
ular to the plane (B) and along the plane (C). The S=5/> Mn** ions point mostly
parallel to the vdW plane. The solid gray lines represent the rhombohedral primi-
tive cell. The crystal lattice visualizations were made by VESTA (47).
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with the two-magnon scattering in MnF,/FeF, strongly suggests
that the peak at 130 cm™" is not due to one-magnon scattering but
is, instead, due to two-magnon scattering.

Qualitatively, pairs of magnon states with opposite momenta
and opposite spins are excited by the Raman scattering process,
conserving both linear and angular momentum (38). The picture of
opposite spin magnons, with AS = 0, would explain the lack of de-
pendency of the two-magnon scattering on the applied magnetic
field. We use a Heisenberg Hamiltonian model to further support
our interpretation of the 130 cm™" peak as two-magnon scattering.
The Hamiltonian is composed of spin-exchange coupling terms, Jj;,
and on-site anisotropy, D

H = %Zi#j]ijsi'sj"'DZS?Z (1)

We obtain the parameters (J;;and D) by performing a least squares
fit to DFT energies with various magnetic configurations (45), with
the nearest-neighbor (NN) J; = 0.758 meV, next-nearest-neighbor
(NNN) J; = 0.069 meV, and third-nearest-neighbor (TNN) J3 =
0.474 meV (see Fig. 3E). The exchange coupling to adjacent the
vdW planes is 0.002, 0.033, and 0.010 meV for the NN, NNN, and
TNN, respectively. The on-site anisotropy, D, is 0.046 meV. The
magnon bands are calculated using linear spin wave theory (LSWT).
Figure 3B shows the magnon dispersion along the high-symmetry
points in the reciprocal lattice space: I' = (0,0,0), K = (1,155,0),
M = (12,0,0), and A = (0,0,12).

As expected from the substantially weaker exchange interaction
perpendicular to the vdW plane, the magnon dispersion along A is
smaller than along the in-plane directions (Fig. 3B). The easy-plane
anisotropy creates a gapless magnon band (blue curve in Fig. 3B) for
in-plane AS and a gapped magnon band (green curve) for out-of-
plane AS. We did not observe the gapped magnon mode at I" in our
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Fig. 2. Temperature-dependent Raman spectra of MnPSe3. The Raman spectra
for crossed (VH) polarization collected through the Néel transition at 74K. The
spectra are normalized to the peak intensity of Eg2 and offset for clarity. Below Tngel,
a new feature appears between 115and 130 cm™, while the Eg1 and Eg2 phonons
undergo changes in both intensity and frequency.
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experimental bandwidth, down to 10 cm™! (or 1.2 meV). In a recent
inelastic neutron scattering (INS) experiment on MnPSe; (28), the
measured magnon dispersion agrees with our LSWT results quanti-
tatively, on both the zone-center and zone-edge magnon energies.
For a more detailed discussion between the differences in experi-
mental J;; and our theory, see the fig. S7.

The two-magnon density of states, DOSm(m) = Y. ik 8(0 — 2 0%)
with artificial linewidth broadening, is shown in Fig. 3C and qual-
itatively agrees with our observation of the broad 130 cm™" peak
[compare Fig. 3 (A and C)]. The numerical value of the first-principles
two-magnon peak depends on the choice of Hubbard U correction
(fig. S8). Rather than a single sharp mode, the two-magnon scatter-
ing intensity is due to a continuum of two-magnon excitations. In
our calculation, the DOS;) has its highest intensity around 130 cm L,
This energy corresponds to the single magnon states near the Brillouin
zone edge at approximately 65 cm™ (near reciprocal points K and
M), as highlighted in Fig. 3 (B and C). The intensity cutoff at high
frequency comes from the lack of magnon states above the zone-edge
energy, while the weaker but broad scattering intensity tail receives
contributions from pairs of lower-energy magnons with opposite
momenta. Within experimental resolutions, there is no discernible
difference between the Raman two-magnon energy and twice the
high-momentum INS one-magnon energy (28).

DISCUSSION
A detailed look at the frequency range between 75 and 140 cm ™" as
the temperature is lowered from 100 to 10 K is shown in Fig. 4. This
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Fig. 3. Two-magnon scattering. (A) The scattering intensity around 130cm™

shows no discernible difference between 0 and 9 T applied either parallel or per-
pendicular to the honeycomb plane (fig. S6). (B) The magnon dispersion with easy-
plane anisotropy resulting from LSWT with highlighted zone-edge magnon states.
Gapless (blue) and gapped (green) bands correspond to in-plane and out-of-plane
spin excitations, respectively. (C) The calculated two-magnon density of states,
DOS,m, with its highlighted peak at twice the one-magnon energies at the Brillouin
zone boundary [also highlighted in (B)], corresponds to pairs of magnons with
equal and opposite momentum. (D) Top view of the normal mode vibrations for
Egz. Mn?* ions are shown here with different colors to represent different spin di-
rections. The arrows represent the directions of the atomic vibrations. (E) Mn?* ex-
change coupling between NN (J;), NNN (J), and TNN (J).
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figure includes Eg1 and Eg2 phonons and the two-magnon exci-
tations. The false-color plot (Fig. 4A) shows marked changes in the
frequency and intensity of Eg1 and Eg2 as a function of temperature,
along with the appearance of the two-magnon excitations below
60 K, which increases in frequency to approximately 130 cm™" at
10 K. The two-magnon excitations are of E, symmetry, appearing in
both parallel and crossed polarization configurations (fig. S5). Fur-
ther supporting our assignment of the feature at 130 cm ™" is its sim-
ilarity to the two-magnon excitations measured in FeF, and MnF,
(46, 47). In both materials, the two-magnon excitations show a strong
decrease in frequency as temperature increases to Txeel-

The frequency range between 100 and 140 cm ™" is fitted with a
function that composes of two Fano lineshapes (see section S2 for
more details and fitting examples). Eg1 is fitted with a single Fano
lineshape and the rest of the phonons are fitted with the Voigt line-
shape. Fitting results for the peak positions and lifetimes for Egl,
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Fig. 4. Phonon and two-magnon hybridization. (A) False color plot showing Ra-
man intensity between 75and 140cm™ as a function of temperature through
Tneel- The phonons Eg,1 and Eg2 suddenly decrease in frequency as temperature is
lowered. The two-magnon scattering appears below Tyee and increases gradually
in frequency to 130cm™ at 10K. (B) Fitting results from our hybridization model
(details in section S5) (C and D) The results of fitting Eg1, Egz, and the two-magnon
peak intensity (labeled 2M), in addition to Agz.Thejumps in peak frequency of each
phonon correlate to abrupt decreases in the quasiparticle lifetime (inversely pro-
portional to the scattering linewidth), which occur around Tyee| for Eg1 and 55K for
Eg2 (highlighted by the black arrow). Ag2 shows no discernible change in this tem-
perature range. The error bars represent one SD from the best fit values. While the
lifetimes of the Eg1 and Eg2 phonons recover to approximately the same value as
other phonons at 10 K, the peak frequencies remain below their high-temperature
values, in the paramagnetic (PM) phase (C). We determine that the temperature
dependence of Eg1 and Eg2 is caused by their hybridization with the strongly tem-
perature-dependent two-magnon excitations. At Tngei~ 74 K, the two-magnon
excitations are at a lower frequency than both phonon modes, and thus, there is
no overlap. As the two-magnon peak increases in frequency with decreasing
temperature, it first crosses path with Eg1 slightly below Tyeel and then crosses with
Eg2 near 55 K. When the phonon modes overlap with the two-magnon excitations,
they become broad and asymmetric, and their center frequencies shift away
(avoided crossing) from the two-magnon peak intensity.
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Egz, and the two-magnon excitations are shown in Fig. 4 (C and D).
Also included in Fig. 4 (C and D) is Agz, which was chosen to be a
representative of the typical temperature dependence of other pho-
nons. The observed shifts in frequency for Eg1 and Eg2 below Teel
are larger than any other phonons in the spectra, as evidenced in the
comparison with A (Fig. 4D). Immedlately below Teel, We see an
abrupt decrease in the frequency of E,' by approximately 1 cm™
(F1g 4D). Concurrent with the change in frequency, the lifetime of
E decreases sharply (Fig. 4C). Such a marked jump is 1nd1cat1ve
that Eg " has coupled with another state or states. Although E, ex-
hibits the same behavior with an even larger magnitude as Eg, the
onset occurs at a noticeably lower temperature of approximately
55 K. These behaviors are reminiscent of the avoided-crossing phe-
nomenon, with a few key differences, as detailed below.

Since there is an overlap in energy, the two-magnon excitations
and the E and Eg phonons can interact with each other via the ex-
change str1ct10n effect (48, 49). The normal mode motion of Eg pho-
non shows the modulation in distance between NN and TNN Mn**
atoms (Fig. 3D). These modulations would affect the superexchange
coupling due to the change in various bond lengths and angles. This
coupling results in strong hybridization between the phonons and the
two-magnon excitations when their energies are degenerate.

To analyze this interaction more quantitatively, we construct a
model based on the work by Fano (50) on the interaction of a dis-
crete resonance (phonon) with a continuum (two-magnon excitations).
The model consists of a broadly peaked, temperature-dependent
two-magnon continuum that interacts with the narrow, temperature-
independent I'-point phonons. We assume that the interaction strength
squared is proportional to the intensity of the continuum peak (see
section S5 for more details). We fit the two-magnon and phonon
resonance frequencies, intrinsic lifetimes, and temperature-dependent
Raman intensities to experimental data. We also include coupling
between the two-magnon excitations and the phonons the accounts for
the changes in phonon peak positions and lifetimes as a function of
temperature. The value and limitations of the extracted phonon-magnon
constant are also discussed in the Supplementary Materials.

We find that this model reproduces several otherwise puzzling
features of the experiment, shown in Fig. 4B. (i) The frequencies of
the Eg1 and Eg2 modes are repelled by the peak intensity in the
two-magnon excitations, with the shift extending beyond the tem-
perature region where the two-magnon directly overlaps with the
phonons. The direction of this frequency shift abruptly reverses
sign when the peak of the two-magnon excitations passes through
the phonon but only slowly returns to zero [as seen in Eg1 in Fig. 4
(C and D)]. (ii) The phonon lifetimes drop substantially when the
phonons overlap with two-magnon excitations but recover to their
previous values outside of the overlap region. (iii) The phonon
modes become asymmetric, with a Fano lineshape, when they over-
lap with the two-magnon excitations. (iv) Last, phonon modes that
never overlap with the two-magnon excitations, such as the Ag2
mode at 149 cm ™', are nearly temperature independent.

The interaction with a two- magnon continuum explains the ob-
servation that the frequenc1es of Eg" and Eg2 remain lowered after the
two-magnon excitation’s apparent peak crosses through. In a typi-
cal avoided-crossing phenomenon, one would expect the interac-
tion to lift the degeneracy in the vicinity of the crossing, resulting in
the hybridization of the two levels and an avoided crossing. However,
away from the original crossing point, the character of these dis-
crete levels would be expected to return to their unhybridized state.
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A comparison between experimental spectra at 10, 45, 50, 55,
and 70 K and our model fit results are shown in Fig. 5. The strongest
hybridization is shown in the phonon excitation channel that corre-
sponds to the 55-K experimental spectrum. The hybridization effect
becomes less prominent at lower temperatures but still presents as a
shift in the phonon energy. From our model and observations, we
infer that the phonons remain hybridized with the two-magnon ex-
citations over a wide range of temperatures below Tnge. Since the
two-magnon continuum covers a broad range of frequencies, the bare
phonon frequency is always degenerate with some of the two-magnon
excitations. Consequently, the phonons Eg1 and E,* and a broad
range of states in the two-magnon continuum are hybridized, lead-
ing to a reduction in the lifetimes of the quasiparticles involved, pho-
nons and magnons.

A similar magnon spectrum and exchange parameters have been
measured in MnPS; (25), a material with analogous crystallographic
and magnetic structure to MnPSes. In the sulfur compound, how-
ever, the weaker spin-orbit coupling of the sulfur anions produces
an on-site anisotropy that favors the Mn** spins to point out of the
vdW plane. Despite the difference in magnetic ground state, both
materials exhibit an abrupt decrease in phonon frequency as a func-
tion of temperature as measured by Raman spectroscopy, even
down to a single-layer thickness in the case of MnPSs (51, 52). The
same hybridization phenomenon between a phonon and two-magnon
excitations, as discussed here, is likely to be responsible for the
frequency shift in MnPS;. A similar two-magnon continuum has
been identified in MnPS; by magneto-Raman scattering (53). A de-
tailed calculation of the exchange coupling modulation due to phonons
was also carried out by the same study. However, these previous
studies did not recognize the significance of the abrupt change in

Intensity (arb. u.)

100 110 120 130 140

Raman shift (cm_1)

Fig. 5. Hybridization model. Selected experimental spectra (black dash) from
crossed polarization (VH) are chosen to compare to the hybridization model. From
our model, scattering intensity is due to the two-magnon (2M; blue dash) continuum
and a discrete phonon state (solid red filled). More details can be found in the Sup-
plementary Materials. Notable hybridization can be seen in the phonon at 55 and
50K by the deviation from a simple Lorentzian lineshape.
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select phonon frequencies. An explanation remains to be found on
the subtle difference in the magnetic ground state between these
materials and the notable similarities in the hybridization of the
two-magnon and the Eg1 and Eg2 phonons.

An experiment using MnPS; as the spin carrying channel has
provided evidence of magnon-mediated spin transport (33). In the
study, spin angular momentum was carried by magnons over a
length scale of several micrometers, demonstrating the material ca-
pability in magnon spintronics applications. It is still unknown as to
how the magnon-phonon hybridization studied here would affect
spintronic devices. Our results pave the way for further examina-
tions of the role of magnon-phonon hybridization on magnon co-
herence in spin transport experiments within the MPX; family of
materials.

In summary, using a unique temperature and magnetic field—
dependent Raman spectroscopy of the AFM phase of MnPSes, we
accurately assign the origin of the mode around 130 cm ™ as scatter-
ing from a two-magnon continuum of excitations. Using LSWT, we
calculate the magnon spectrum and the two-magnon DOS to sup-
port our assignment. The magnon calculation agrees well with the
latest published experimental results (28). The temperature-dependent
Raman scattering data reveal an avoided crossing-like behavior,
suggesting that the Raman-active phonons Eg' and Eg’, and the
magnetic excitations have hybridized in the AFM phase. By mea-
suring the phonons’ lifetime, we identify this hybridization as a
source of reduction in the magnon lifetime. A Fano-like model is
constructed, where we found that the shift in frequency of two Raman
phonons over a wide range of temperatures is due to their hybrid-
ization with the two-magnon continuum. This work highlights the
identification and direct measurement of a source of magnon life-
time reduction in 2D magnetic materials.

MATERIALS AND METHODS

Growth

Bulk crystals of MnPSe; are synthesized via the vapor transport
method. Finely ground powders of red phosphorus, manganese,
and selenium were mixed in stoichiometric ratio for a total precur-
sor weight of 1.52 g. To this mixture, 0.03 g of iodine was added to
serve as a transport agent. The powders were transferred to a fused
quartz tube of 20 cm in length with an inner diameter of 13.5 mm
and sealed under vacuum while cooling the tube with liquid N, to
prevent loss of iodine. The sealed ampoule was heated in the center
of a two-zone tube furnace, with the side containing the precursors
at 650°C and the cold end at 550°C. The temperature was ramped
up at 10°C/min, held for 1 week, and reduced to 25°C at a rate of
0.1°C/min. The wine-colored crystal flakes were rinsed with ace-
tone to remove excess iodine.

Magneto-Raman experiment

The sample is mounted inside a closed-cycled magneto-optical
cryostat and immersed in He exchange gas. A static magnetic field
can be applied either normal or parallel to the vdW layers. Raman
spectra are measured using a triple grating spectrometer and in the
backscattering geometry, where a 515-nm Ar" laser was used to ex-
cite an area of approximately 1 um? on the sample. The laser power
is kept at <500 uW to avoid local heating on the sample. A combi-
nation of linear polarizers and half-wave plates is used to select parallel
(VV) and crossed (VH) polarization configurations with respect to
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the incoming and scattered light and to correct for Faraday rotation
in the objective when the static field is normal to the plane of the
sample. Because of the relatively small momentum that the laser
photons can impart on the crystal, the excitations in a Raman scat-
tering experiment are generally limited to g = 0.

Calculations

First-principles DFT (54, 55) calculations are carried out using the
Quantum Espresso code (56), with GBRV pseudo-potentials (57).
We use the PBEsol exchange correlation function functional (58)
and a Hubbard U correction of 4 eV on the Mn d states (DFT + U)
(59). A discussion of the effects of different U values is included in
the Supplementary Materials (fig. S8). The phonon and magnon en-
ergies are calculated using finite differences approaches (45, 60).
The details of our hybridization model, along with the fitting results
using this model, are included in section S5.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj3106
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