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Strong and selective magnon-phonon coupling in the van der Waals antiferromagnet CoPS;
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The Raman scattering response of the biaxial antiferromagnet CoPS; has been investigated as a function of
both magnetic field and temperature. The peaks observed in the low-frequency spectral range (90-200 cm™")
have been identified as hybrid magnon-phonon excitations. The energies of the bare magnon and phonon modes
and the effective coupling strengths between different excitation pairs have been determined. The strong and
selective magnon-phonon interaction largely accounts for the pronounced splitting of two phononlike modes
observed at 152 and 158 cm™! in the antiferromagnetic phase of CoPS;. Based on the identification of bare
magnon excitations and their magnetic-field dependence, we propose an updated set of parameters for the
effective exchange (Jer = 9.9 meV) and biaxial magnetic anisotropy (D = 4.3 meV and £ = —0.7 meV) and
advocate for an apparent anisotropic g factor (g, =g, =2, g. = 4) in the CoPS; antiferromagnet.
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I. INTRODUCTION

The interplay between lattice vibrations (phonons) and
spin-wave excitations (magnons) in magnetic materials has
attracted significant attention due to its fundamental impor-
tance and potential applications in fields such as spintronics,
magnonics, and quantum information processing [1-11].
Investigating magnon and phonon excitations—and their pos-
sible hybridization—is particularly compelling in van der
Waals (vdW) magnets, especially antiferromagnets [8,12-21].
These materials are of interest not only from a fundamental
perspective, particularly in the strictly two-dimensional (2D)
limit, but also from an applied standpoint. In magnetically
anisotropic vdW antiferromagnets, magnons are gapped ex-
citations (with finite energy at k = 0), and these magnon gaps
often lie at sufficiently high energies near optical phonon
modes [15-18]. Such systems are especially relevant for
terahertz technologies, potentially at micro- and nanoscale
dimensions. This is particularly the case when these magnons
couple to optically active phonon modes, enabling efficient
manipulation and detection of spin-lattice dynamics and, pos-
sibly, tunability of the modes’ amplitude and/or frequency
[15,20,22]. Coupling between k = 0 magnon and phonon
modes, resulting in the formation of magnon-polarons, was
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already demonstrated in iron-based vdW antiferromagnets
such as FePSj3 and FePSe;, where magnon and phonon excita-
tions nearly coincide in energy [14-16,19-21]. Crucially, the
identification of this coupling relies on detecting characteristic
mode repulsion when effectively tuning the k = 0 magnonlike
mode via applied magnetic fields. Magnon and phonon modes
are also expected to nearly coincide in the cobalt-based vdW
antiferromagnet CoPS3 [23], making it another candidate for
exploring magnon-phonon interactions.

Spin ordering and dynamics in CoPS3 have been exten-
sively investigated through magnetometry and a series of
inelastic neutron scattering studies of this antiferromagnet
[23-26]. In the magnetically ordered phase, Co*" spins (S =
3/2) are arranged on a honeycomb lattice, forming zigzag
ferromagnetic chains along the a axis. These chains are an-
tiferromagnetically coupled along the b axis (see Fig. 1).
The magnetic moments are predominantly aligned along the
crystallographic a axis, although a slight out-of-plane canting
of about 10° has also been suggested [24]. The theoretical
modeling of the spin-wave dispersion has evolved over time
[23-26]. The most recent and comprehensive model is based
on a two-dimensional spin-3/2 Hamiltonian that incorporates
isotropic exchange interactions J;; up to third-nearest neigh-
bors in the ab plane, as well as biaxial single-ion anisotropy
described by two parameters, D and E [26,28]:
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FIG. 1. Magnetic structure of CoPS; in the antiferromagnetic
phase, shown in different crystallographic planes. Gray spheres
denote Co*" ions, while red and blue arrows indicate the spin ori-
entations of the two sublattices. The monoclinic crystal structure
(space group C2/m) and unit cell parameters are also illustrated [24].
Co?* spins exhibit a slight out-of-plane canting [23]. This figure was
generated using the VESTA software package [27].

Here, the x and y axes are defined along the crystallographic
a and b directions, respectively, while z is oriented per-
pendicular to the ab plane (i.e., along the c¢* axis). This
model reproduces well the spin-wave dispersion observed
in CoPS; single crystals by setting a ferromagnetic first-
neighbor exchange (J; = —1.37 meV), antiferromagnetic
second-neighbor exchange (J, = 0.09 meV), and strong an-
tiferromagnetic third-neighbor exchange (/3 = 3.0 meV). The
anisotropy parameters are determined to be D = 6.07 meV
and E = —0.77 meV, favoring the in-plane spin alignment
along the x direction (i.e., the a axis), consistent with D >
0 and E < 0. Notably, the magnon spectrum of CoPSj3 ap-
pears to be gapped (finite excitation energy at k = 0). Two
low-energy magnon gaps, characteristic for a biaxial antiferro-
magnet, have been estimated at 14 and 24 meV. While the 2D
model effectively accounts for the inelastic neutron scattering
data, it may still offer an incomplete description; nevertheless,
recent estimates indicate that the interlayer exchange interac-
tions are comparatively weak [26].

The bulk as well as a few layers and monolayers of the
CoPS; antiferromagnet were also recently investigated with
Raman scattering experiments focused on specific phonon
modes [29]. The key reported observation was that a doubly
degenerate phonon mode (at around 150 cm™') due to the
in-plane vibration of cobalt atoms was observed to split into
two components when the temperature was lowered below
the Néel temperature (7y = 120 K). This effect, tentatively
attributed to an anticipated crystal lattice modification induced
by spin ordering, has been used to trace the paramagnetic to
antiferromagnetic phase transition in CoPS3 specimens down
to a monolayer.

Crucially, to date, little is known about the potential
significance of magnon-phonon hybridization in this anti-
ferromagnet. This omission is particularly noteworthy given
the analogies between CoPS; and Fe-based layered antifer-
romagnets (FePS; and FePSe;). As in CoPSj3, the Fe-based
antiferromagnets display magnon excitations near phonon
modes, with clear evidence of magnon-phonon hybridization
effects [15-18].

In this paper, we report a Raman scattering study of low-
energy excitations (in the spectral range of 90-200 cm™')
in the van der Waals antiferromagnet CoPS;. The measure-
ments were performed as a function of the magnetic field,
applied along different crystallographic directions, and as a

function of temperature. In addition to the previously re-
ported phononlike excitations, we identify two additional
Raman peaks consistent with zone-center (k = 0) magnon-
type modes. All observed features are interpreted as arising
from coupled magnon-phonon excitations. By analyzing their
evolution with magnetic field and temperature, we extract
characteristic coupling strengths and determine the energies
of the uncoupled (bare) magnon and phonon modes. In partic-
ular, we find that the coupling involving a nearly degenerate
phonon doublet, centered around 157 cm™!, is exceptionally
strong and selective: One component of the doublet hybridizes
with the lower-energy magnon, while the other couples to the
higher-energy magnon. Notably, the phonon doublet, nearly
degenerate in the uncoupled case, becomes distinctly split as
aresult of the hybridization with magnon modes. Based on the
extracted bare magnon-gap energies and their magnetic-field
evolution, we propose an updated set of exchange interaction
and magnetic anisotropy parameters for CoPS3. Furthermore,
our results point to a strongly anisotropic g factor in this van
der Waals antiferromagnet.

II. EXPERIMENTAL DETAILS

The CoPSj single crystals were grown by the chemical
vapor transport method, using iodine as a transport agent.
Initially, the polycrystalline powders were synthesized by a
solid-state synthesis process under high-vacuum conditions.
The high-purity starting materials, cobalt powder (99.999%),
phosphorus powder (99.999%), and sulfur powder (99.999%),
were weighted at a stoichiometric ratio and sealed into a
quartz tube with a diameter of 22 mm with 10~3 Torr pres-
sure. The mixed compounds were heated and grained twice at
400 °C and 600 °C to make a single-phase compound. Then
200 mg of iodine were added to the polycrystalline samples
and sealed by a tube with dimensions of 20 x 22 x 400 mm?®
at 1073 Torr. The tube was kept for growth in a two-zone fur-
nace with temperatures of 700 °C and 600 °C for 200 h. After
the growth process was complete, the temperature of the fur-
nace was reduced to room temperature at a rate of 2 °C/min.
The quartz tube was broken inside an argon-filled glovebox,
and the crystals were collected. A bulk crystal with dimen-
sions of ~2 x 2 x 0.2 mm> was glued on a silicon substrate,
and the top layer was removed using Scotch tape to eliminate
degraded surface layers. Then it was placed either onto a cold
finger of a helium flow cryostat for temperature-dependent
measurements or inside a liquid-helium-cooled homemade
setup for magneto-optical investigations, where the resistive
magnet can reach 30 T.

Micro-optical setups were used to perform Raman scat-
tering measurements as a function of temperature in zero
magnetic field, as well as at low temperature (5 K) under
externally applied magnetic fields oriented either perpendic-
ular to the sample plane (out-of-plane geometry) or parallel
to it (in-plane geometry). A continuous wave semiconductor-
based laser operating at a wavelength of A =515 nm was
focused on the sample with a microscope objective with
a numerical aperture of 0.5 (helium flow cryostat) or 0.83
(magneto-Raman measurements). The scattered signals were
collected using the same objective, dispersed with a 0.7 m
long monochromator with 2000 L/mm grating, and detected
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FIG. 2. False-color map of the Raman scattering response of the CoPS; antiferromagnet together with selected characteristic spectra. The
coupled magnonlike modes are labeled M;, while the phononlike modes are labeled P;. (a) Low-temperature (5 K) data collected as a function
of the magnetic field B, applied conceivably along the in-plane crystal a axis. Vertical dashed lines are drawn at the central energies of the
phononlike features measured at zero magnetic field. This is to emphasize the sensitivity, although weak, of the P; modes to the applied
magnetic field. Common red or blue B shifts for different pairs of P; and M; modes point out the repulsion and thus selective coupling of
M with P{ and P} but M}, with P’. (b) Evolution of M; and P; modes with temperature (at B = 0 T). Redshifts and softening of M; modes

underline their magnonlike character.

with a nitrogen-cooled charge-coupled device camera. A set
of reflection-based Bragg filters was used in both the exci-
tation and collection paths to clean the laser line and reject
the backscattered laser. For the magneto-Raman scattering
experiments in the in-plane geometry, the orientation of the
magnetic field relative to the spin alignment (a axis) is par-
ticularly relevant. However, the crystallographic orientation
of our small-size “samples” (essentially limited in size to the
laser spot and the penetration depth) could not be determined
with certainty, partly due to possible twinning along the ¢ axis
[23]. Consequently, we investigated different in-plane field
configurations by performing multiple magnetic-field scans,
applying the field parallel, perpendicular, or at 30° and 60°
relative to a selected crystal edge, which is assumed to cor-
respond to a specific crystallographic axis (see Fig. S2 in
the Supplemental Material (SM) for four representative scans
[30]). Regions with nearly uniform spin orientation (within
the laser penetration depth), which enabled clear observation
of distinct magnon field dependences, were identified by care-
ful positioning of the laser spot on the sample. Nevertheless,
in the dataset shown in Fig. S2(b), the coexistence of domains
with different spin orientations could not be avoided, as evi-
denced by the observed branching of the high-energy magnon
mode. Relevant configurations, with magnetic field applied
(nearly) along or perpendicular to the spin alignment direction
(a and b axes, respectively), were identified a posteriori by
comparison with the different theoretically expected magnon
field dependences.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Magnons (spin waves) and phonons are two characteristic
low-energy excitations in antiferromagnets that, in the limit

of zero wave vectors (k = 0), can be effectively traced using
Raman scattering experiments, especially when external pa-
rameters such as temperature and magnetic field are varied.

Our Raman scattering experiments on CoPS; crystals
mainly focus on excitations at relatively low energies in the
spectral range of 90-200 cm~!. Two representative datasets
are illustrated in Fig. 2. Spectra measured at the base temper-
ature (T = 5 K) as a function of the applied magnetic field,
B = 0-30 T, are shown in Fig. 2(a), whereas the spectral
evolution with temperature, 7 = 5-130 K, in the absence of
the magnetic field is presented in Fig. 2(b) (see Fig. S1(a) of
the SM [30] for Raman scattering over a broad spectral range).
As mentioned above, we carried out the magneto-Raman
scattering experiments in various configurations of the field
directions relative to the sample edges; the spectral evolution
with the magnetic field changes for different configurations
(see Fig. S2 of the SM [30]). The data presented in Fig. 2(a)
were specifically selected for their most pronounced spectral
changes in response to the magnetic field. As discussed below,
this dataset corresponds most closely to the configuration of
the magnetic field applied in the plane, along the crystal a
axis, i.e., the spin alignment direction.

Focusing on the basic spectra (at T = 5 K, B = 0 T),
we first recognize the characteristic Raman peaks, labeled
here as P}, P}, and P}, which were previously observed and
assigned to phonon-type excitations [29]. Overlooked in pre-
vious Raman scattering studies of CoPS; are two other weaker
intensity peaks, Mj and M, which are centered at energies
wy, = 106 cm™' and ), = 186 cm™', respectively. As
shown in Fig. 2(a), the M| and M, peaks display pronounced
energy shifts with the applied magnetic field: M) undergoes
a redshift, while M) shows a blueshift. Moreover, the M/
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FIG. 3. The peak energies of the coupled (a) magnonlike modes
(M}) and (b) phononlike modes (P;}), extracted from the in-plane
magnetic-field dependence as presented in Fig. 2(a), are shown by
solid symbols. Solid lines show the simulated magnetic-field depen-
dence of coupled modes, while dashed lines indicate that of bare
modes (M;, P;), both calculated using Eq. (2).

and M), resonances are considerably softened with increasing
temperature and are hardly observed at temperatures above
~60 K [see Fig. 2(b)]. These characteristic behaviors point
towards the magnon origin of the M| and M/, modes. Notably,
the energies of these modes (at 7 = 5 K, B = 0 T) are in rea-
sonable agreement with those reported for the two low-energy
magnon gap excitations observed in recent neutron scattering
experiments [23].

A. Magnon-phonon coupling

In the following, we demonstrate that the observed Raman
scattering modes are de facto not pure phonon or magnon
excitations but represent the coupled magnon-phonon modes:
P}, P}, and P/ should be seen as phononlike modes, whereas
M/ and M}, should be seen as magnonlike modes. The overall
coupling scheme can already be deduced from the raw data
shown in Fig. 2(a). Closer inspection of the data indicates that
the application of the magnetic field not only affects the M
and M), modes but also leads to shifts, although weaker, of P},
P,, and P} resonances. This is emphasized in Fig. 3, where
the energy positions of the observed Raman peaks are plotted
as a function of the magnetic field. Markedly, the P}, mode
displays an upward shift with the magnetic field like the M,
mode does, whereas the P| and P} modes experience down-
ward shifts, following the field dependence of the M| mode.
These observations direct us to the proposal of the selective
magnon-phonon coupling in the CoPS3 antiferromagnet: The
P, and M, modes result from the coupling of the bare P,
and M, modes, whereas the bare P; and P; modes couple to
the bare M; mode. In line with the earlier approach [16,21]

used to describe the selective magnon-phonon coupling in the
FePSe; antiferromagnet, the following Hamiltonian is applied
to reproduce the apparent energies of our coupled modes:

WM, 51 82 0 0
81 wp, 0 0 0
H5 x5 = 32 0 wp; 0 0 . (2)

0 0 0 ooy, &
0 0 0 53 wp,

Here, wy, and wy, correspond to the energies of the bare
magnon modes M; and M,, respectively. wp,, wp,, and wp,
correspond to the energies of the bare phonon modes Py,
P,, and P3, respectively. 8;, 8, and &3 are the coupling pa-
rameters that control the hybridization of the M; magnon
mode with the P; phonon mode, the M; magnon with the
P; phonon, and the M, magnon with the P, phonon, re-
spectively. Using this Hamiltonian, the eigenstates of the
coupled magnon-phonon modes can be derived and eventually
matched to those observed in the experiment. This proce-
dure was applied to the entire ensemble of data points at
different magnetic fields, as shown in Fig. 3 (see Sec. S3
of the SM [30]). To reproduce this set of data points, we
assumed that the parameters §;, &, 83, wp,, wp,, and wp, are
independent of the magnetic field while allowing the ener-
gies wy, and wy, of the bare magnon modes to vary with
the field strength. The resulting data simulation is shown in
Fig. 3. The measured energies of coupled modes are best
reproduced when fixing 8, =2.54+0.3 cm™!, §, = 10.8 &
03 cm™!, 83 =124+03 cm™!, wp = 11594+£0.3 cm™!,
wp, = 157.3+£0.3 cm~!, and wp, = 155.7+£0.3 cm~! and
the wy, and wy, dependences as shown in Fig. 3(a). At
zero magnetic field, the energies of bare magnon modes are
found tobe wy, (B=0T) =109.6 £0.3 cm~! and wm, (B =
0T)=181.6 £ 0.3 cm~'. Regarding the damping effects, the
energy spacings of the coupled modes are significantly larger
than the linewidths, and thus, non-Hermitian effects have a
negligible impact on apparent gaps and the extracted parame-
ters. The estimated magnon-phonon coupling coefficients (85,
83) in CoPS; are significantly stronger than the values reported
for other MPX; compounds (2-2.5 cm™') [14-16,21]. For
FePSes, selective coupling has been attributed to the super-
position of two orthogonal linear vibrations of degenerate
phonon modes, which generate chirality and subsequently
hybridize with chiral magnon modes [16]. In CoPS3, however,
the biaxial nature of the system gives rise to highly elliptical
oscillations of the two magnon modes in orthogonal directions
[31]. These elliptical magnon oscillations can couple to the
linear vibrations of phonons, depending on their symmetry,
thereby explaining the strong and selective character of the
coupling coefficients.

Moreover, when setting the above values for the §;, wp,,
and wy, (B = 0 T') parameters, we reproduce the evolution of
the coupled modes measured as a function of the magnetic
field applied along a different in-plane direction and along
the out-of-plane direction (see Fig. 4). Notably, the extracted
wum, (B) and wy, (B) dependences in the latter configurations
differ from those obtained for the data shown in Fig. 3(a).
The configuration-dependent B evolutions of the extracted
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FIG. 4. Peak energies of (a) the magnonlike modes (M;) and
(b) the phononlike modes (P;) as a function of the magnetic
field applied along a different in-plane direction (solid symbols)
and out-of-plane direction (open symbols). The false-color maps
corresponding to these in-plane and out-of-plane magnetic-field de-
pendences are presented in Figs. S2(d) and S3(a), respectively [30].
In this in-plane configuration, the magnetic field is applied along
a crystal axis nearly orthogonal to that presented in Fig. 3. Solid
lines display the simulated magnetic-field dependence of the coupled
modes as calculated by solving Eq. (2).

bare magnon modes are discussed in the next section. At this
point, we highlight the role of magnon-phonon coupling on
the apparent positions of the phononlike P) and P; modes.
Whereas the observed energy positions of these modes are
wp, = 152 em™! and wp; = 158 cm™!, their bare counter-

parts are almost degenerate at wp, = 157 cm~! and wp, =
156 cm™!, respectively. We therefore conclude that the ob-
served separation (A = 6 cm™!) between the P} and P; modes
is largely the result of the magnon-phonon coupling. It is a
consequence of the remarkably strong coupling parameters
8, =10.8 cm™! and 83 = 12.5 cm™!, even though the hy-
bridizing bare magnon and phonon modes are quite separated
in energy. Interestingly, our data modeling implies that the
P, mode is located 6 cm™~! below the P} mode, whereas the
energy ordering of their bare counterparts, P, and P5 separated
by 1 cm™!, is inverted. The observed separation between the
P, and P; modes measured in CoPS3 at low temperatures
was previously attributed to the effect of magnetostriction,
possibly associated with the spin ordering phase. As discussed
later, the magnetostriction could be the origin of the 1 cm™!
splitting, which we conclude for the bare P, and P; modes.
Still, the observed 6 cm ™! separation between the apparent P
and P} modes is mainly due to magnon-phonon interaction.
Further insights into the low-energy excitations in CoPS3
are gained by analyzing the Raman scattering spectra mea-
sured at different temperatures. Peak positions (energies at
the maxima of peak intensities) of Raman scattering peaks

extracted from the spectra illustrated in Fig. 2(b) are shown
in Fig. 5(a). First, we focus on the temperature range 7 =
5-60 K where all P; and M peaks are visible in the spectra and
simulate their energy positions following the proposed model
of magnon-phonon coupling. We assume that the bare phonon
modes and coupling coefficients are temperature independent
in this temperature range and use the same set of parameters
as specified above. As shown by the solid lines in Fig. 5(a),
the experimental data are reasonably well reproduced, and we
find that the energies of bare magnon modes exhibit softening
with temperature according to the often encountered rule [32]
oy, (T) — wy, (T =0 K)~ =T33 (see Fig. S5 of the SM
[30D).

These magnon mode energies drop to zero at the Néel
temperature, which implies that before reaching 7y = 120 K
the M, mode crosses all phonon modes. The temperature
evolution of the phononlike modes observed above T =
60 K cannot be solely explained by our current model of
magnon-phonon coupling, particularly in its assumption of
temperature-independent bare phonon modes and coupling
coefficients. The signatures of magnon-phonon coupling are,
however, clearly visible, especially when we focus on the P}
and P} resonances. This can be conveniently demonstrated
when inspecting the P, and P} peaks in the polarization-
resolved measurements [see Fig. 5(b)]. The Raman scattering
spectra of CoPS; are known to follow the characteristic,
linear-polarization selection rules [29] (see Fig. S1(b) of the
SM [30]). In particular, the P, P, and M/, modes are observed
in the same linear polarization of the excitation laser, whereas
the P; and M| modes appear in the orthogonal polarization.
Peak positions (energies corresponding to the maxima of the
peak intensities) and peak widths [full width at half maximum
(FWHM)] are shown in Fig. 5(b). The temperature evolution
of the energy separation (wp; — wp;) between the P, and P}
peaks is plotted in Fig. 5(c), while the FWHM is shown in
the inset. As can be seen in Fig. 5(b), at temperatures up
to 80 K both the P, and P’; peaks display redshifts with
temperature. The shift of the P} peak (induced by the M,
magnon closely approaching the P, phonon) is, however, more
pronounced than the shift of the P’; mode (which results from
the increasing separation between the P; and M; modes). This
explains the initial increase in (wp; — wp;) from 6 cm™! (at
5K)to7 cm~! (at 80 K), as illustrated in Fig. 5(c). The strong
broadening of the P} peak, illustrated in the inset of Fig. 5(c),
is observed at temperatures around 100 K, when the bare M,
and P, modes are expected to overlap. This is another conse-
quence of the magnon-phonon coupling in CoPS3;. When the
temperature rises above 80 K, the separation between the P}
and P} modes sharply decreases and drops to zero at 120 K.
Shrinkage of (wp; — wp;) when approaching the paramagnetic
phase, leading to the loss of the magnon resonances and the
magnon-phonon coupling strength, is expected within our
model of magnon-phonon hybridization. This model, how-
ever, does not explain the absence of the splitting between the
P, and P; modes at 7 = 120 K or the actual energy position
of the phonon modes observed at 120 K. Otherwise, they
would be expected to correspond to the bare phonon modes,
and in particular, we would expect to observe the 1 cm™!
splitting between the P, and P; peaks in the paramagnetic
phase. In addition to the strong magnon-phonon coupling,
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FIG. 5. (a) Peak energies of coupled modes as a function of temperature (solid symbols). The solid lines correspond to the simulated peak
energies of the coupled modes calculated using Eq. (2). The bare magnon modes follow —T '3 dependence, as shown in Fig. S5 of the SM [30].
The extrapolated temperature dependence of the bare magnon modes is used to estimate the coupled mode energies at elevated temperatures,
as shown by the dashed line. (b) Linear-polarization-resolved Raman scattering spectra highlighting the evolution of the P, and P; modes
as a function of temperature below 7y. The solid red line denotes polarization parallel to the laser, whereas the dashed blue line represents
polarization orthogonal to it. (c) The energy difference between the P, and P; modes as a function of temperature. The solid line corresponds
to the energy difference obtained from the simulation. The full width at half maximum of the P} and P; modes as a function of temperature is

shown in the inset.

other mechanisms, e.g., magnetostriction, likely exist which
can create the 1 cm™! splitting of the phonon resonances in
the antiferromagnetic phase of CoPS;.

B. Bare magnon modes

Having deconvoluted the uncoupled magnon modes, we
proceed to analyze their energies and magnetic-field depen-
dence with the aim of discussing the characteristic parameters
governing spin ordering in the CoPS3 antiferromagnet.

Since optical experiments specifically probe magnons with
zero momentum (k = 0), we can replace the full spin Hamil-

tonian given in Eq. (1) with its truncated two-sublattice
representation:

2
Fo=JearSi-S2+Ha— s ) gaB*S7. O
i=1
For further details on such an approach see Ref. [33]. Here,
Jett = J1 +4J> + 3J;3 is the net antiferromagnetic coupling
between two opposite spins, #, is the biaxial magnetic
anisotropy (1), and the last term is the Zeeman energy H
written in the principal axis coordinate frame. Using the
microscopic exchange parameters determined in [23], we
estimate Joir & 7.99 meV. We use the Holstein-Primakoff rep-
resentation for the S = 3/2 spin operators to compute the
k =0 modes described by #, in zero and finite magnetic
fields.

In zero field (B = 0 T), the two magnon gaps are expressed
as

oy, = 28\ (=2E)(Jerr + D — E),
wy, = 25/ (D — E)(Jeir — 2E). 4)

Using the microscopic constants from Ref. [23], we obtain
wym, = 115 cm™" and wy, = 195 cm™", which are larger than
the values of 109.6 and 181.6 cm~! determined experimen-
tally in our work. In order to refine the microscopic constants,

we use the full magnetic-field dependence of the bare magnon
modes.

For a magnetic field perpendicular to the easy x axis,
spins form a canted antiferromagnetic structure. For B || z, the
magnon gaps wy, and wy, are expressed as

wy, = 25080/ (—2E)(Jet + D — E),

oy, = 25\/ (et — 2E)[Jegr 5in? @ + (D — E) cos? 6], (5)
where the canting angle 6 is given by

B
8zMB . 6)
28Uess + D — E)

Similar expressions for B || y are

sinf =

wy, = 25\/ (Jeff + D — E)(Joge sin”> @ — 2E cos? 0),

oy, = 28 c0s0y/(D — E)(Jerr — 2E), (7
with
. gyusB
0= ——m. 8
M 350 - 2B) ®

Finally, for the B || x configuration, spins preserve the up-
down collinear structure until the spin-flop transition. Since
the corresponding field is not reached in our experiments, we
present only the results for the collinear state:

Wy, = Uetr + D = 3E)’S* — J5zS* — (D + E)’S
+ (g:145B)* £ 28[J%(D + E)*S?

+ (geusB(D — 3E)2Jur + D — 3E)]%. (9)

Even though the microscopic parameters reported in
Ref. [23] do not reproduce the magnon gap energies, the trend
of the in-plane magnetic-field dependence of the wy, and wy,
modes, as obtained using Egs. (7)—(9) and shown in Fig. S6
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TABLE 1. Magnon-phonon coupling constants, bare magnon mode energies, and the magnetic interaction parameters of CoPS;. A

conversion factor of 1 cm™!

= 0.124 meV is used to express all parameters in the same units.

81 &2 83 wp, wp, wp, Wy, Wpr, Jesr D E
(meV) (meV) (meV) (meV) (meV) (meV) (meV) (meV) (meV) (meV) (meV) g g g:
Our work 0.3 1.4 1.6 14.8 19.6 19.5 13.7 22.8 9.9 43 —0.7 2 2 4
Ref. [23] 14.28 24.13 7.99 6.07 —0.77

of the SM [30], confirms that the in-plane magnetic field is
predominantly oriented along the magnetic x axis in Fig. 3 and
along the magnetic y axis in Fig. 4. To refine the microscopic
parameters (Jesr, D, and E), we used Eq. (4) for the magnon
gaps and the out-of-plane magnetic-field dependence (B L
the plane) of the M, mode [Eq. (5)], treating them as three
constraints. Here, we assume that the magnetic field remains
perpendicular to the spin direction (even though it is canted
by 10° along the out-of-plane direction). The resulting param-
eters obtained by solving these equations (see Sec. 5 of the SM
[30]) are listed in Table I. The g factor along the magnetic z
axis is found to be 4 (g, = 4). The theoretical field dependence
of the magnon gaps, using this set of parameters, is shown
by solid lines in Figs. 6(a)-6(c), along with the experimental
results (shown by symbols). The theoretical curves reproduce
the experimental trends reasonably well for in-plane configu-
rations of the magnetic field when the g factors are taken to be
gr=2and g, =2.

Notable deviations, particularly for the M| mode under B ||
z axis and at higher magnetic fields, may arise from several
factors. First, even in the out-of-plane configuration (B || z
axis), the field is not exactly orthogonal to the spin direction,
introducing uncertainty into the parameter estimation. Simi-
lar misalignments are possible in the in-plane configurations,
where the applied field may deviate from the exact magnetic
axes. Furthermore, discrepancies may also originate from ad-
ditional terms in the spin Hamiltonian that are not currently
included in the theoretical model for CoPS3. For example, the
low monoclinic symmetry C2/m at the Co site can lead to the
following term in the crystal field Hamiltonian:

This term causes Co spins to move out of the ab plane at
zero magnetic field. Such a tilt of about 10° was experimen-
tally observed in the neutron diffraction study of CoPS; [24].
Computlng the tilting angle by minimizing H,+ 7-[’ yields

~ 0.18(D + |E]), which is comparable to other anisotropy
parameters. The magnetic field applied perpendicular to the
plane is also not along the magnetic z axis of CoPS;. For mag-
netic fields up to 30 T, both the sublattice spins are expected
to cant by about 10° for B || z axis, as can be obtained with
Eq. (5). However, in the presence of comparable zero-field
tilting, the field-dependent canting is different for the two
sublattice spins. A detailed numerical solution is thus required
to reproduce experimentally the observed magnetic-field de-
pendence of the magnon modes, which is beyond the scope of
this work.

Recently, we became aware of a related study [34]
that investigates spin-lattice entanglement in CoPS; via
temperature-dependent Raman scattering.

IV. CONCLUSIONS

In conclusion, the Raman scattering study revealed excep-
tionally strong and selective hybridization between magnons
and phonons in the CoPS; antiferromagnet. A striking man-
ifestation of this coupling is the pronounced splitting of
two phononlike modes observed at 152 and 158 cm™! in
the antiferromagnetic phase, despite their nearly degenerate
bare phonon origins. By modeling the extracted bare magnon
modes and their magnetic-field dependences within existing
theoretical frameworks, we proposed an updated set of effec-

=K Z SX S5 4 5° S" (10 tive exchange and magnetic anisotropy parameters that refine
our understanding of spin ordering and dynamics in CoPSs3.
(a) (b) —————1— (©) ———
190 190 "B//y g,=2 i 190 CB//z g,=4
<180 <180 [ - 900800g, 4 180
£ £ M, il
ICh C3 =
& 1 & - &
@ 110 — o 110 o 110
c 4 =t L C
w M1 ] w w
100 ] 100 | 100 |
PR RS A S R R [ [
0 10 20 30 0 10 20 30 0 10 20 30
B(T) B(T) B (T)

FIG. 6. (a)—(c) The theoretical evolution of magnon modes (M;, M,) as a function of magnetic field applied along the magnetic x, y, and z
axes, respectively (solid lines). The exchange and anisotropy parameters are considered to be Jer = 9.9 meV, D = 4.3 meV, and E = —0.7 meV,
and the g factors are g, = 2, g, = 2, and g, = 4. The bare magnon mode energies obtained for the magnetic-field configurations, presented in
Figs. 3(a) and 4(a), are also shown in the respective plots (open symbols).
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Our findings corroborate the strong anisotropy of the g factor
in CoPS;.
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