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ABSTRACT

We calculate the magnon dispersion spectra of the two-dimensional zigzag van der Waals antiferromagnet NiPS; for monolayer, bilayer, ¢
and bulk systems as a function of an external magnetic field. We compare the exchange and anisotropy constants of a spin model as calcu- *

lated by first principles with those obtained experimentally. We can accurately explain the transition from a collinear to a canted ground
state for a magnetic field applied normal to the (in-plane) easy-axis and a spin-flop transition when the field is parallel to it. A topologically
protected Dirac nodal line is present and robust with respect to both external and anisotropy fields.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0312007

I. INTRODUCTION

The elementary excitations of a magnetic ground state are
known as magnons, the quanta of spin waves,' ™ that are ubiqui-
tous in magnetometry®’ and caloritronics,” " and have potentially
useful applications in computation.™' They are compatible with
complementary metal-oxide-semiconductor (CMOS) technology
for logic devices,” and the information transmitted by spin waves
does not suffer from Ohmic losses.”

Promising platforms for studying spin waves are two-
dimensional (2D) van der Waals (vdW) magnetic materials.'*™"°
2D vdW magnets can be exfoliated to monolayers or a few
layers.'>'® The competing energies in these materials give rise to
highly tunable magnon dispersions and spin-wave dynamics.'®"”
NiPS; is a vdW antiferromagnet with a hexagonal zigzag ground
state, where the spins are predominantly in-plane along an
easy-axis,'” with a small out-of-plane component.””*' NiPS; has

been predicted to host quantum phenomena, such as non-trivial
topology,” anomalous scattering,”’ and non-trivial magnetic
order.'® To describe these effects, a clear understanding of the
Hamiltonian and spin-wave dynamics in NiPS; is essential.

Spin waves in NiPS; have been studied in bulk samples
through neutron scattering experiments,'*~>' which provide disper-
sions across the entire Brillouin zone. Several models describe the
magnon dispersions in monolayer'” and bulk NiPS; samples,"”™’
but outstanding questions remain, such as the dependence on
externally applied magnetic fields, crystal anisotropy constants, and
number of layers. According to the Mermin-Wagner theorem, a
Heisenberg magnet cannot exhibit long-range magnetic order in
the 2D limit without anisotropy.”* Although all models of NiPS;
predict easy-axis anisotropy, long-range magnetic order exists only
in bilayer samples and vanishes in monolayers.'® This suggests that
interlayer exchange is crucial for maintaining long-range order.
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The bilayer model is, therefore, a minimal model for studying low-
dimensional antiferromagnetism in many vdW systems. Recent
observation of the spin resonance in bilayer NiPS;”*** makes a
model for the bilayer particularly relevant.

In this work, we compute the magnon dispersion of mono-
layer and bilayer NiPS; by solving the Landau-Lifshitz (LL) equa-
tion analytically under specific conditions and numerically in the
general case. We adopt an in-plane zigzag antiferromagnetic
ground state as established by prior neutron scattering experiments
on bulk NiPS;.""~*' For the monolayer, we determine the exchange
and anisotropy constants from first-principles calculations, which
confirm this ground state. Since first-principles methods are not as
accurate for bilayer and bulk van der Waals materials due to the
weak interlayer interactions, we adopt exchange parameters derived
from neutron scattering measurements for these cases. Motivated
by recent experimental interest in the magnetic resonance of
bilayer van der Waals magnets,”>”” we present, to the best of our
knowledge, the first analytic treatment of bilayer NiPS; that incor-
porates field-induced symmetry breaking and interlayer exchange.
We address field-induced phase transitions and magnon dispersion
relations in non-collinear zigzag antiferromagnets, reveal band
degeneracies that persist under varying fields, anisotropy, and layer
number, and predict a magnon Hanle effect in non-collinear
phases. We also investigate the presence of Dirac nodal lines—
magnon bands that cross along a line in specific directions in the
Brillouin zone. These “Dirac nodal lines”****" host topological
magnons” ">’ and lead to chiral edge states.”” Analytic expres-
sions of the magnon band structure, using first-principles parame-
ters for the monolayer and neutron-scattering-based parameters for
the bilayer and bulk, provide a foundation for interpreting future
neutron, photoluminescence, and spin transport experiments in
NiPS;.

This paper is organized as follows: In Sec. II, we elaborate on
the model and describe the Hamiltonian governing the ground
state and its excitations. We show how to linearize the Landau-
Lifshitz equation (LL equation) to compute spin wave dispersion.
In Sec. III, we describe the first-principles methods used to
compute the exchange and anisotropy constants. In Sec. IV, we
present the magnon dispersion for monolayer and bilayer NiPSs,
examining the dependence of the spin-wave band structure on
external fields and anisotropy constants. In Sec. V, we report the
resonance frequencies as a function of applied magnetic field. We
conclude in Sec. VI.

Il. MODEL

The magnetic structure of NiPS; in the crystallographic unit
cell, along with the corresponding Brillouin zone, is shown in
Fig. 1. NiPS; features a hexagonal zigzag antiferromagnetic
lattice,"**"** with magnetic moments localized on the Ni atoms.
Recent neutron scattering experiments by Langon et al'’ and
Wildes et al.”’ have proposed two similar yet conflicting models for
the magnetic structure of NiPS;. A key difference between Refs. 19
and 20 lies in the form of the spin Hamiltonian used to analyze the
neutron scattering data. In Ref. 19, the fitted Hamiltonian includes
an easy-axis anisotropy but does not incorporate a hard-axis term.
As a result, Ref. 19 reports a strong easy-axis along a single

ARTICLE pubs.aip.org/aip/jap

B e

FIG. 1. (a) Bilayer NiPS; assumes a zigzag antiferromagnetic hexagonal lattice
with in-plane magnetic moments. Red arrows represent spin-up (along z) and
blue arrows represent spin-down directions. (b) Unit cell in real space (left) and
the corresponding Brillouin zone in reciprocal space (right). The red dots repre-
sent spin-up and blue dots spin-down magnetic moments. (c) shows the ground
state in a monolayer found via density functional theory (DFT) calculations.
(d) illustrates the observed magnetic structure in bulk®® with a hard-axis at an
angle of 73.02° with the plane and a ground state in which spins are pulled
slightly out-of-plane. (e) Shows the orientation of the hard-axis (in blue) in the
reciprocal space.

in-plane direction, resulting in spins that are confined to the plane
in the ground state [see Fig. 1(a)]. In this model, the spins lie along
the z axis. The x(y) axis is perpendicular to the z axis and corre-
sponds to the direction in (out of) the crystallographic plane. In
contrast, Ref. 20 explicitly includes both easy-axis and hard-axis
anisotropies, allowing for a more general description of the mag-
netic anisotropy in NiPS;. Reference 20 finds a weak easy-axis
along the z-direction, along with a strong out-of-plane hard-axis
making an angle of 73.02° with the plane. This results in the spins
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lying slightly out-of-plane in the ground state [see Fig. 1(d)]. The
model proposed in Ref. 20 is more recent and is considered to
provide a more accurate description of the magnetic structure.
Reference 21 also finds values that agree with Ref. 20.

The reason for the canted hard-axis in the bilayer and bulk is
the stacking of NiPS; layers, which affects the magnetic anisotropy
and ground state magnetization direction. The symmetry of the
monolayer [Fig. 1(c)] forces the hard-axis to lie perpendicular to
the plane. In contrast, in the ground state of the bilayer [Fig. 1(d)],
the relative shift of the monolayers breaks the axial symmetry and
cants the hard-axis by a significant angle from the film normal.

For simplicity, we adopt a model with both an easy and a
hard-axis,”’ assuming that the hard-axis is perfectly perpendicu-
lar to the plane (rather than at the observed angle of 73.02°).
This simplification results in a ground state where the spins lie
entirely in the plane. Note that our first-principles calculations
(see Sec. III) also fail to find the observed slightly out-of-plane
configuration in the monolayer. The magnetic primitive unit
cell contains four atoms in a rectangular parallelepiped, as
depicted in Fig. 1(b) together with the first Brillouin zone.
In Subsections 1T A and II B, we specify the Hamiltonian and
determine the ground state by minimizing the corresponding
free energy. The Landau-Lifshitz (LL) equation is then derived
by linearizing the free energy for small excitations around the
ground state, from which we calculate the spin-wave dispersion
for various system parameters.

We model the system using a Heisenberg Hamiltonian that
incorporates the magnetocrystalline anisotropy, the Zeeman energy
from an applied external field, and the exchange interaction up to
the next-next nearest neighboring spins. The anisotropy and
exchange parameters are determined from first-principles calcula-
tions, except for the interlayer exchange.

A. Hamiltonian

We proceed from the Heisenberg Hamiltonian'**

- = 2 - =
HI-ZJ;,j+on' Sj+a—ZDn(S}1) —ZW!S]"BO,
jo nj j
@

where ?j is the spin (in units of /) at the lattice point j, 8} is the
component of the spin at lattice point j along the n axis
(n € x,9,2), Jjjro is the exchange interaction between spins at
lattice points j and j+ o, and D, is the strength of the uniaxial
anisotropy constant in the direction normal to the lattice planes
along the n axis. B, is an external magnetic field that can be
applied in any general direction that is in the plane, and y is
the gyromagnetic ratio given by y /27 = 28 GHz/T. Each side of the
honeycomb is of length J;, and the distance between two atoms on
top of each other in different layers is J,. In this work, we only look
at an external field applied along the z axis and the x axis. The
zigzag configuration emerges when taking the exchange interaction
up to the next-next-nearest neighbor into account. The resulting
Hamiltonian for a magnetic monolayer with exchange interaction

ARTICLE pubs.aip.org/aip/jap

FIG. 2. Exchange interactions in NiPS3. The red (blue) dots represent spin-up
(spin-down) local moments. The black lines denote the bonds in the crystal, and
the red dashed lines denote the path to the (a) nearest neighbors, (b) next-
nearest neighbors, and (c) next-next-nearest neighbors.

up to the next-next-nearest neighbor into account is given by

- - - -
Hmonn:_zjlsj' Sj+0'1_zjzsj' Sj+o'2

Jo1 J»o2
- - 2 2
y
SIS e Y (s) - ()
o3 j j
2
YD (s) - S B
j j
©)
where J; is the ith nearest-neighbor exchange between spins on
lattice sites j and j4 o;. The nearest, next-nearest, and
next-next-nearest neighbors are shown in Fig. 2. ?”gi represents |
the spin of the ith nearest neighbor of s j- The numerical values

for the exchange coupling and anisotropy found through neutron
scattering experiments' >’ and DFT are given in Table I1.

B. Landau-Lifshitz equation
We investigate the spin dynamics by the Landau-Lifshitz (LL)
equa‘[ionj’30

dmi i(t) — T4
";’t = —y|m;(t) x Heﬂ(t)]’ 3)

where 7i; = yh? i/M; ™" is the local magnetic moment at lattice
site j. The local magnetic moments are treated as classical vectors
with constant magnitude. The effective field H 5 for the magneti-
zatigng1 in each sublattice is derived by taking the functional deriva-
tive™

— 1 Oe

Hyj=——7—, (4)
A toM; O|m;|

where the energy density per unit cell € is derived from the
Hamiltonian in Eq. (1) by substituting the quantum spin operators
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with the corresponding classical magnetization amplitudes: ™'

2 —
E/Ms:_Z]j,jJro'mj'ijro'_ZDn(mf) - mj' By,
jo i j
)

where M, is the saturation magnetization, J; = J:S/vh,
D, = D,S/yh, and the index j goes over all lattice sites in the unit
cell. Ni has two holes in the 3d shell, so its spin § = M,/yh = 1.

The LL equation is linear in the spin-wave approximation. For
a spin aligned along the z axis in its ground state, the dynamic
magnetization of its excited state is written in the spin-wave
approximation as™’'

i = iz (o ) ot ke bk, ©

where 71 ; is the magnetization vector, m’j is the component of the
magnetization along the n axis at lattice site j. Furthermore, k, is
the component of the wavevector along the n axis. The spatial coor-
dinates x, yj, and z; can only take discrete values corresponding to
the lattice sites j. Using Eq. (6), the LL equation is linearized using
a standard procedure.”’

In the ground state, the spins form two sublattices (see Fig. 1).
For a field applied in-plane, the ground state is canted and fully
described by the azimuthal angles 6, and 6, made with the inter-
mediate axis by the spins of spin-up sublattices and spin-down sub-
lattices, respectively. The classical energy in the ground state
follows from Eq. (5) by assuming that the sublattice magnetizations
are constant classical vectors with canting angles 8, and 6, relative
to the z axis’' and is given by

€g = M [—DXCOSZGI — D,cos’6, — D,sin*6,
—D, sin® 6, — Bysin6; — Bysin 6, — Jy
—Jaf (sin 0 sin B, — cos 6 cos 02)} . (7)

Here, Jof =J1 +4J> +3J3, and Jf = 2], + 2J,. We consider first
the easiest case of the magnetic field applied along the easy-axis.
The ground state is found by minimizing the energy in Eq. (7)
with respect to the angles 6, and 6,,”' resulting in the antiferro-
magnetic  state [see Fig. 3(a)], 6, =-6,=m/2 for
By < B, =2,/(D. — D,)(Dx — D, — J4), and the spin-flop state
[see Fig. 3(b)] given by 8, = 6, = 6, where 6y is given by31

By

2(Dx —D, — ]af) ' (8)

sin Hsf =

When the magnetic field is applied along the intermediate axis,
the spins are in a canted state. In the canted state, the spins make
an angle 6. with the easy-axis [see Fig. 3(c)]. The angle 6, is
given by’

By

Z(Dz — Dy — ]af) ' (9)

sinf, =

ARTICLE pubs.aip.org/aip/jap
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FIG. 3. Ground state magnetic configurations of an antiferromagnet with two
sublattices. The easy-axis is along z, and the x axis is in-plane and perpendicu-
lar to the z axis. The y axis is out-of-plane. The red arrow indicates the spins in
sublattice 1, and the blue arrow indicates the spins in sublattice 2. (a) The anti-
ferromagnetic ground state when no magnetic field or a weak external magnetic
field is applied along the easy-axis. (b) The ground state in the spin-flop phase
occurs beyond a critical value for the magnetic field. (c) The magnetic moments
aligned in the canted phase, which occurs when a magnetic field is applied
along the intermediate axis.

In Sec. III, we describe the first-principles methods used to
compute the exchange and anisotropy constants for our model.

lll. FIRST-PRINCIPLES CALCULATIONS

w
o

We have carried out first-principles simulations of several §
magnetic phases of monolayer NiPS; by the Density Functional &
Theory (DFT) code SIESTA.”” These simulations have been carried
out using the Perdew-Burke-Ernzerhof generalized gradient
approximation exchange-correlation density functional” and
include the full spin-orbit interaction self-consistently’* and opti- *
mized pseudopotentials’ and the triple-zeta double polarized basis
set with an energy shift of 10 meV; this is a very complete basis
having long radia. We used stringent accuracy parameters for the
real-space integrals (1000 Rydberg) and reciprocal-space sums
(30 x 30 x 1 k points) allowing tolerances for the Hamiltonian and
density matrix elements of 10> meV and 1075, respectively. We
relaxed all inter-atomic forces to below 1073 eV/A depending on
the ground state, allowing the unit cell stresses and pressures to
below 0.005 GPa. We have simulated four magnetic phases with
spins aligned along the z axis. These correspond to ferromagnetic
and Néel antiferromagnetic alignments, as well as the so-called
zigzag and stripy phases, where spins are aligned antiferromagneti-
cally along the zigzag/armchair directions and vice versa. No ferro-
magnetic phase could be converged. The zigzag phase is
energetically favored by about 40 meV over the next most stable
state, the Néel AFM. In all four phases, the ground state spins
ended up completely in-plane. We have simulated also x- and
y-axis-oriented zigzag phases. The x-axis zigzag phase is almost
degenerate to the z-axis zigzag phase, while the y axis zigzag is
0.15 meV higher in energy. These two phases have a slightly higher
energy of about 0.5 meV, reflecting a small spin—orbit-driven mag-
netic anisotropy. We picked the Hamiltonian of the stable z-axis
zigzag phase and used our post-processing tool Grogu,”® which
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TABLE I. Change in bond lengths (in A) due to magnetic order.

ARTICLE pubs.aip.org/aip/jap

TABLE II. Values for exchange and anisotropy constants obtained via neutron scat-
tering experiments'®“° and calculated in this paper via DFT. The values are given in

Magnetic order Ad, (A) Ad, (A) Ad; (A) meV.
Zigzag 0.011 —0.006 0.011 Parameter Ref. 19 Ref. 20 DFT
Néel —0.010 —0.012 —0.010
e 1.9 1.3 0.1
T2 —0.1 —0.1 —0.003
NE -6.9 —6.8 -5.7
determines the exchange and intra-atomic anisotropy tensors of a J1L 0.3 0.3
given magnet to any desired neighbor shell using pertubation theory. Dy 0 0 0
While an ideally easy-plane 2D magnet can support only D, 0 —-0.21 —0.003
quasi-long-range order, the small in-plane easy-axis anisotropy of D, 0.3 0.01 0.025

NiPS; stabilizes antiferromagnetism at low temperatures. To confirm
the long-range order, we run Monte Carlo simulations with the
Metropolis algorithm® on a finite 32 x 24 x 1 lattice of NiPS; at
0.1 K (see Fig. 13 in Appendix E). Even for this finite system, we find
robust zigzag ordering consistent with experimental observations and
theoretical expectations.'*'*”* The extrapolation to the thermody-
namic limit is beyond the scope of the present paper, but similar
systems sizes have been used previously by others.”

The magnetic order is associated with magnetostrictive
symmetry-breaking lattice distortions.”” Table I shows the change
in bond lengths for different magnetic orders relative to the para-
magnetic state with d) =d, =d; = 3.387A [see Fig. 1(b)].
The distortions are anisotropic for the zigzag state, resulting in an
easy-axis magnetic anisotropy. The anisotropy induced by lattice
distortions constitutes an essential component of the Hamiltonian
in Eq. (2) and plays a key role in determining both the magnetic
ground state and the resulting magnon dispersion.

Our code Grogu™ computes the exchange constants by the
LKAG (Liechtenstein, Katsnelson, Antropov, and Gubanov)
method.”’ This method determines the exchange tensor J;; between
two given magnetic atoms by the energy change due to rotations of
the two spins, repeating the procedure for all pairs within a large
enough cut-off distance. Analogously, the magnetic anisotropy
tensor follows from the energy costs of separately rotating all single
spins in the unit cell. The code considers the spin-orbit interaction
self-consistently and has been thoroughly tested for a range of two-
dimensional materials."' ™

Table II compares the computed exchange and anisotropy
constants with experimental values from Refs. 19 and 20. In
agreement with these previous studies, we find a large antiferro-
magnetic next-next-nearest neighbor exchange, a ferromagnetic
and intermediate nearest-neighbor exchange, and a small next-
nearest neighbor exchange, resulting in a zigzag spin configura-
tion. As in Ref. 20, we also take into account the presence of both
an easy-axis and a hard-axis anisotropy. The hard-axis lies out of
the plane, which forces the spins to align in-plane, while the
weaker easy-axis anisotropy favors spin alignment along the
z-direction in the ground state. Our computed values are in closer
agreement with the latest experimental results.””*' While the
next-next-nearest exchange shows good agreement with the exper-
iments, the calculated nearest and next-nearest neighbor
exchanges are far weaker than the observed values. The experi-
ments also observe that the hard-axis is canted at an angle of 73°,
while the DFT calculations find the hard-axis to be completely
perpendicular to the zx-plane.

The apparent discrepancy in the reported canting angle asso-
ciated with the hard-axis can be understood by considering the dif-
ferent physical origins of the hard-axis anisotropy. Unlike the
easy-axis anisotropy, which originates from lattice distortions
induced by spin-lattice coupling in the magnetic ground state, the
hard-axis anisotropy arises from the intrinsic structural anisotropy
of the NiPS; lattice, which is inequivalent along the y-direction. As
discussed in Sec. II, for a monolayer, there is no shifted stacking.
This results in a calculated hard-axis, which is perpendicular to the
film. The absence of layers in the out-of-plane direction may also
be the reason for the calculated hard-axis anisotropy in the mono-
layer being much smaller than the observed anisotropy in bulk.
This canting of the spins does not result in any qualitative changes
and thus can be neglected in the analysis. The significant difference
between the theoretical and experimental nearest and next-nearest
neighbor exchange constants is not necessarily a problem of the
DFT method, but may indicate that calculations for the monolayer
are not well suited to model bulk material properties since they
underestimate the splitting of the optical and acoustic bands by
roughly 30 meV. Unfortunately, our DFT method cannot accurately
calculate the weak van der Waals interlayer exchange and, hence,
bilayer and bulk materials. We, therefore, adopt exchange and
anisotropy constants for the bilayer and bulk samples from prior
neutron scattering experiments.'”™*' In Sec. IV, we present the ana-
lytical magnon dispersion in NiPSs.

IV. SPIN-WAVE DISPERSION SPECTRA

Here, we solve the linearized LL equation in order to calculate
the magnon dispersion in NiPS; for a monolayer and a bilayer and
in the bulk. We focus on the dispersion for the collinear antiferro-
magnetic phase.

A. Monolayer

In the antiferromagnetic phase [Fig. 3(a)], the spins lie
completely in the plane, along the easy-axis. Substituting Eq. (6) in
Eq. (4) results in a linear eigenvalue problem.'”’' Solving the
eigenvalue problem results in the full magnon dispersion (see
Appendix A). We recover the results from Ref. 19 by disregarding
the hard-axis; i.e., D, =0.In this case, the eigenvalues are
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), = By — \/AZ —|C|* - B — D] + \/D* (4B(AC + BD) + |C|’D*) + C* (4A(AC + BD) — 2C|DJ*) + D*(C*)?,

@, = By + \/AZ —|C)” — B — D] + \/D* (4B(AC + BD) + |C’D*) + C* (4A(AC + BD) — 2C|D|*) + D2(C*)?,

(10
w3 = By — \/AZ —|Cc? - B —|DP - \/D* (4B(AC + BD) + |C|’D*) + C* (4A(AC + BD) — 2C|DJ*) + D*(C*)?,
o4 = By + \/Az —|c)* - B — D} - \/D* (4B(AC + BD) + |C|’D*) + C* (4A(AC + BD) — 2C|DJ*) + D*(C*)*.
Otherwise, analytical solutions are tedious. However, when k, = 0, the eigenvalue problem is easily solvable again and
o}, =Bj+(A—C)A, —C)— (B+D)* \/B%(A + A1 +2(B—C+D)A+ A — 2B+ C+ D))+ (A—A)*(B+ D), an

where

A=2[D;+ )1 = 2 cos(V3kek) =21 = 3], A1 =2(A+ D)),
B = 8], cos(v/3k1,/2) cos(3kla/2),
€ = e 0 cos( VB ),
D= Z[eikxla (]1 +2J3 cos(ﬁkzla)) +]332ikxla]

(12)

Figure 4 presents the magnon dispersion for monolayer NiPS;
in the absence of anisotropy or external magnetic fields. Among
in-plane antiferromagnetic materials, NiPS; is notable for its excep-
tionally low anisotropy strength.'® To establish a baseline, we first
analyze the key features of the dispersion in the isotropic limit,
before incorporating anisotropy into the system. The exchange con-
stants are taken from Ref. 20 and shown in Table II. Figure 4(a)
shows two-dimensional cutouts along high-symmetry paths in the
Brillouin zone, while the full dispersion across the reciprocal space
is depicted in Fig. 4(b). The results in Fig. 4 reveal that, in the
absence of an external field, the four frequency bands originating
from the four sublattices appear as two doubly degenerate bands.
The bands form in pairs of higher and lower-energy bands. In the
higher bands, the up and down spins precess out-of-phase with
each other, forming the optical modes. In the lower bands, the up-
and down-spin precess in-phase with each other. The optical and
acoustic magnon modes are analogous to the antibonding and
bonding orbitals formed in the hydrogen molecule by the destruc-
tive and constructive interference of the atomic orbitals, respec-
tively. Additionally, we observe Dirac cones as in other
antiferromagnetic materials on a hexagonal lattice. A striking
feature of the dispersion is the quadruply degenerate line of linear
crossings along the Z-C direction forming a Dirac nodal line [see
Fig. 4(c)] as predicted for hexagonal zigzag antiferromagnetic
systems.”**

In Fig. 5, we present the magnon dispersion, incorporating
both anisotropy and an external magnetic field using exchange
and anisotropy constants from neutron scattering experimen'[s20

). =B+ (A+ A, +C) — (B~ D) £ \/BYA+ A, +2(B+C— DA+ A, +2(C+D—B) +(A— A)(B- DY,

[Figs. 5(a)-5(b)], and those obtained via first-principles calcula-
tions [Figs. 5(c)-5(d)]. Figure 5(a) shows the dispersion in the
absence of an external field. The degeneracy of the Dirac cones is
lifted by the anisotropy. Furthermore, even without an external
field, the bands exhibit a small splitting around the points I" and C
due to the hard-axis anisotropy, revealing four distinct bands. The
observed splitting of the magnon bands arises directly from the
presence of a hard-axis anisotropy and is consistent with Refs. 20
and 21. This splitting is absent in Ref. 19, where a hard-axis term is
not included in the Hamiltonian used to compute the magnon
spectra. Along the Z-C direction, the quadruply degenerate Dirac
nodal line is split into two doubly degenerate Dirac nodal lines
(although the splitting due to the hard-axis is very small).

In Fig. 5(b), we plot the dispersion with anisotropies and a
weak external field (By < B.) applied along the easy-axis. The
external field leads to additional splittings or increases the ones
induced by the anisotropy. However, along the Z-C direction, the
two Dirac nodal lines remain doubly degenerate. This persistence
suggests that the two doubly degenerate Dirac nodal lines between
Z and C are robust against both anisotropy and the external mag-
netic field. Dirac nodal lines in zigzag antiferromagnets possess
topological protection due to a combination of nonsymmorphic
and time-reversal symmetries.” """’

The dispersion calculated and published in Refs. 20 and 21
considers a 73.02° spin canting from the hard-axis. We have to
adopt a perpendicular magnetization to analytically solve the LL
equation. Nevertheless, our results for the magnon dispersion do
not differ much from those in Refs. 20 and 21.

Next, we plot the magnon dispersion using the exchange and
anisotropy constants for the monolayer from first-principles calcula-
tions in Fig. 5(c) using the DFT-derived parameters listed in Table II.
The overall features closely resemble those in Fig. 5(a): the degeneracy
is lifted at the high-symmetry points, and Dirac nodal lines appear
along the Z-C direction. The main distinction is the energy gap
between the optical and acoustic branches at the I point. In the DFT,
this gap of 30 meV is too small compared with the experiment. This

2GS 'T0:6T 920C Yo &N o€

J. Appl. Phys. 139, 123902 (2026); doi: 10.1063/5.0312007
Published under an exclusive license by AIP Publishing

139, 123902-6


https://pubs.aip.org/aip/jap

Journal of

. . ARTICLE pubs.aip.org/aip/jap
Applied Physics
Magnon dispersion in isotropic NiPS; monolayer 7 “;"'"‘P s 7 NEDswihextemal fed
I YA O Y F C i : i
50 %40 i %40
ézo gw
o~ 40 g 2 é 2
> " "
()
€ 20
g (a) (b)
é 20 o !
Magnon dispersion in monolayer NiPS3
10 sl 7 ¢ Y T C
. :
E /
~ 20 . /
3 IR
< ‘ i
10 /;

(c)
Magnon di_spersion in monolayer NiPS3 with external field
sl Z G Y T ¢
5 8
—~
> 30 §
() : S
é N opstins g
3 %
(b) < o
Magnon dispersion in isotropic NiPS; monolayer 10 S
40.4 Z
0
40.2
—~ (d)
>
D 400
é FIG. 5. Spin-wave dispersion of monolayer NiPS; under different field condi-
Q 308 tions and exchange and anisotropy constants. (a) Dispersion calculated for a
< monolayer including both easy-axis and hard-axis anisotropy in the absence of
296 an external magnetic field, using exchange and anisotropy constants obtained
from Ref. 20. (b) Corresponding dispersion for the same parameters in the pres-
204 ence of a 2T (0.25meV) magnetic field applied along the easy-axis.
' (c) Dispersion computed using the exchange and anisotropy constants calcu-
Z-T, Z+T lated using DFT for zero applied field. (d) Dispersion for the same parameter
set under a 2 T field applied along the easy-axis. The hard-axis is taken perpen-
(c) dicular to the plane, resulting in an in-plane equilibrium spin orientation. Insets
show magnified regions near the ' point highlighting the optical (upper) and
FIG. 4. Spin-wave dispersion in a monolayer NiPS; in the absence of anisot- ia:]c?_:ls)tllg I?Iower) SRS G L IEL D S8 A LI L]
ropy with only the exchange interactions considered. (a) Line cuts of the disper- ’
sion along the relevant paths in the Brillouin zone, also marked in Fig. 1(b).
(b) 2D dispersion in the reciprocal space. The values for exchange interactions difference arises primarily from underestimated exchange interactions
are taken from Ref. 20 and shown in Table II. (c) Dispersion around the Z point between nearest and next-nearest neighbors. We study the effect of an
revealing a linear magnon band crossing. The point at the crossing remains external field on the dispersion with DFT-derived values in Fig. 5(d).
degenerate throughout Z-C, forming a Dirac nodal line. T'yg is 1/16th the dis- . e
The bands split as expected, but the splitting is smaller than that cal-
tance between I" and Z along k,. . .
culated with experimental parameters adopted from Ref. 20.
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FIG. 6. Magnon dispersion in a bilayer NiPS; in (a) the absence of an externally applied magnetic field and (b) in the presence of an externally applied magnetic field of
2T (0.25 meV) applied along the easy-axis. The exchange and anisotropy constants are taken from Ref. 20 and shown in Table |I.

In neutron scattering measurements of magnetic excitations,
lattice vibrations can contribute to the inelastic signal and must be
carefully distinguished from magnetic scattering. Langon et al.'’
explicitly account for phonon contributions by exploiting the con-
trasting momentum-transfer dependence of magnetic and lattice
scattering to estimate and subtract the phonon background. In con-
trast, Wildes et al.?’ focus on low-energy magnetic excitations,
where the magnon signal is dominant and well separated from
phonon modes, allowing the data to be consistently interpreted
without an explicit treatment of phonon scattering. Motivated by
these approaches, we discuss the role of phonons in NiPS; and the
implications for interpreting magnon dispersions in Appendix F.

In Subsection IV B, we calculate and plot the dispersion for
bilayer NiPS;. Since our first principles methods do not show sig-
nificant agreement for bilayer and bulk systems, we use the values
from Ref. 20 for all further results shown in this paper.

B. Bilayer

The bilayer NiPS;'****"*>?! can be thought of as two ferro-
magnetically coupled antiferromagnetic monolayers with spin
Hamiltonian:' >

~ ~ ~ — =
HhiI:Hlmona+H2mona_Z\7l S] Sj+ou_’ (13)

JoL

where H | is the Hamiltonian for layer i € (1,2), 7. > 0 is the
interlayer exchange, S; is the spin at lattice site j, and S ;5
denotes the spin at the lattice site directly above or below site j. The
Landau-Lifshitz (LL) equation for the bilayer becomes a 16 x 16
matrix equation that we solve numerically. We show the derivation
of this matrix in Appendix B. Figure 6 presents the dispersion for
bilayer NiPS; along high-symmetry paths in the Brillouin zone.
The number of independent sublattices and spin bands is 8.

In Fig. 6(a), we show the dispersion for the bilayer in the absence
of an external magnetic field. As in the monolayer, the bands split at
lower values of k and become nearly degenerate at higher k. The
bilayer exhibits four doubly degenerate Dirac nodal lines. The interlayer

exchange interaction introduces new crossings near C, similar to the
crossings seen in the monolayer under an applied external field.

In Fig. 6(b), we present the dispersion for bilayer NiPS; in the
presence of a magnetic field applied along the easy-axis (By < B;)
that results in the splitting of spin-degenerate bands. The Dirac
nodal lines between Z and C remain doubly degenerate. We also
observe additional crossings emerging near C upon the application
of the external field. The dispersion in bulk NiPS;*”*' can be calcu-
lated similarly by replacing A with A, = A + 2], (1 — cos \/§kylb)
in Eq. (12). We treat the bulk in greater detail in Appendix C.

In Sec. V, we compute the evolution of the resonance fre-
quency when the external magnetic field is strong enough to reori-
ent the ground states.

V. ANTIFERROMAGNETIC RESONANCE FREQUENCY

Here, we compute the antiferromagnetic resonance (AFMR)
frequencies,' ™" i.e., the frequencies of the eigenmodes at k = 0 as
a function of an external magnetic field applied in-plane both
along and perpendicular to the easy-axis.

A. Monolayer

For By < B, along the Néel vector, the spins in the mono-
layer ground state stay in the collinear antiferromagnetic ground
state. When By > B,, the spins transit into the “spin-flop” phase,
as described in Sec. II [see Fig. 3(b)]. The resonance frequencies
in this regime are given by (see Appendix D)

U)Slfi == \/(Bsfo + Asf - Bsfl - Csf - Dsfl)(Bsf + Asfl - Bsf - Csf - Dsf)a

w%ﬁ. == \/(Bsf() +Asf + Bsfl + Csf - Dsfl)(Bsf +Asf1 +Bsf + Csf - Dsf))

of, =+ \/(Bsfo + Ay + Bs1 — Cy + Dyt )(By + Ayt + By — Cy + Dyy),

wif+ == \/(Bsfo +Asf - Bsfl + Csf + Dsfl)(Bsf +Asf1 - Bsf + Csf + Dsf),
(14)
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where

Bst = BO sin 95 )
Ay = 2(D,sin* 6y + (2 — cos 20,)];
—(4cos 26y — 2)]5 cos (\/gkzla) —3J3 cos 264) ,
Asfl = Asf + 2Dy,
By =2 []2 cos (\/gkzla) cos(3kxla/2)},

Bgr1 = 4B cos 26y,

(15)

Cs :4jle’ik*l“/2 cos \/gkzla ,
sf

Dy =2 [eik‘l“ (h + 2J3 cos (\/gkzla)) + ]3e2ik*’“] ,

Dys) = Dys cos 295f.

Here, sin 6 is given in Eq. (8).

In Fig. 7(a), we plot the resonance frequency of monolayer
NiPS; as a function of the external magnetic field along the easy-
axis using the exchange and anisotropy constants given in Ref. 20.
The external magnetic field again Zeeman-splits the spin degenera-
cies. At B, the lower band becomes soft, signaling the transition
from the antiferromagnetic phase to the spin-flop phase. We calcu-
late B, = 15 T, which is close to the experimental value of 10 T*” in
the bulk. The resonance frequency in the monolayer as a function
of magnetic field has not been studied experimentally to the best of
our knowledge. The higher bands show a discontinuous jump at B,
as expected.”' Upon increasing the magnetic field to
Byt = 2(Dx — D, — J ), the lowest frequency band once again van-
ishes and all the spins align along the magnetic field direction (fer-
romagnetic phase, see Fig. 11 for the AFMR frequency across the
full range of By). Upon increasing the magnetic field further, the
bands cross at multiple points. The expression for the resonance
frequency in the canted state closely resembles that of the spin-flop
state. Substituting 6y in Eq. (8) with 6, from Eq. (9) and replacing
sin? (65)D, with cos? (0,)D, yields the resonance frequency for the
canted state. In Fig. 7(b), we show the resonance frequency as a
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FIG. 7. AFMR frequency in monolayer NiPS; vs (a) external in-plane magnetic
field By applied along the easy-axis and (b) external in-plane magnetic field By
applied along the intermediate axis. The exchange and anisotropy constants are
taken from Ref. 20 and shown in Table II.
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function of an in-plane magnetic field applied perpendicular to the
easy-axis. Under this configuration, the spins immediately transi-
tion to the canted state with an angle 6. determined by Eq. (9). In
the canted state, only the lowest mode changes significantly for a
magnetic field of up to 30 T. At the saturation field, the lowest fre-
quency again goes to zero (see Fig. 11).

B. Bilayer

Finally, we examine the resonance frequency in the bilayer
system. In Fig. 8, we plot its resonance frequency as a function of an
external magnetic field applied in-plane, along the easy-axis, or per-
pendicular to the easy-axis. The interlayer exchange interaction
between the two layer splits the frequency into eight distinct bands.
The overall behavior is similar to that of the monolayer. Figure 8(a)
presents the resonance frequency for bilayer NiPS; under an external
field applied along the easy-axis. The bands are Zeeman-split by the
magnetic field. At B = B,, the lowest frequency band becomes soft at
the spin-flop transition. Additionally, a new crossing of the resonance
frequency bands is visible in the bilayer below B..

In Fig. 8(b), we show the resonance frequency under an external
magnetic field applied perpendicular to the easy-axis. In this case, the
spins immediately develop a finite canting angle that increases with
the magnetic field. Similar to the monolayer, only the lowest mode
changes significantly for By < 30 T in the canted state.

Spin currents injected into non-collinear antiferromagnets (such
as NiPS; in the spin-flop state) with a fixed polarization excite linear
combinations of the magnon eigenstates that, therefore, lead to coher-
ent oscillations in the magnet. This magnon Hanle effect'”™" is prom-
inent in the proximity of magnon band degeneracies. In both the

spin-flop and canted states, the application of a magnetic field °
(Bo > B.) generates numerous additional crossings between the !

magnon branches (see Fig. 11). These crossings extend beyond the
AFMR frequency to points throughout the Brillouin zone (see Fig. 12
in Appendix D). These degeneracies at non-zero group velocities in
the bilayer fulfill the requirements of the magnon Hanle effect. As in
the monolayer, the lowest magnon branch softens as the field
approaches the saturation value, as illustrated in Fig. 11.
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FIG. 8. AFMR frequency of bilayer NiPS; as a function of (a) external in-plane
magnetic field By along the easy-axis and (b) in-plane magnetic field B, applied
along the intermediate axis. The exchange and anisotropy constants are taken
from Ref. 20 and shown in Table II.
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VI. CONCLUSION

We developed a computational framework for the magnon dis-
persion and resonance behavior of monolayer and bilayer van der
Waals magnet NiPS; based on the Landau-Lifshitz equation using
exchange and anisotropy parameters obtained from both first-
principles calculations and neutron scattering experiments. For the
monolayer, first-principles methods confirm a zigzag antiferromag-
netic ground state and reproduce the features of the magnon spec-
trum, including the presence of Dirac nodal lines that persist under
applied magnetic fields and anisotropy. However, the DFT-derived
exchange parameters underestimate the splitting of the optical and
acoustic magnon modes at the I" point by 30 meV, reflecting the limi-
tations of first-principles approaches in describing interlayer and long-
range exchange interactions. For bilayer and bulk NiPS;, we adopt
experimentally extracted exchange parameters.

Our findings are in good agreement with previously reported
experimental results but do not explain the observed tilting of the
hard-axis from the surface normal. The presence of a hard-axis
induces weak band splitting at the I" and C points, a signature of
the hard-axis that has been observed in neutron scattering experi-
ments.”””" In the bilayer system, interlayer exchange splits the
bands while preserving the degenerate Dirac lines. Furthermore, we
investigate the antiferromagnetic resonance (AFMR) frequency as a
function of the external magnetic field applied both parallel and
perpendicular to the easy-axis, noting significant differences in the
behavior of the system across antiferromagnetic, spin-flop, and fer-
romagnetic states. We find a spin-flop field of around 15T using
experimentally extracted parameters. We briefly discuss bulk NiPS;
and relegate the details of the bulk to Appendix C.

Our work provides analytical expressions for the AFMR fre-
quency as a function of the magnetic field for both monolayer and
bilayer NiPS;. Throughout this study, we assume that the hard-axis
is perpendicular to the crystallographic plane, resulting in spins
that are fully confined to the plane in the ground state. This
assumption allows for analytical solutions for the dispersion and
resonance frequency. Experiments indicate a magnetic structure in
which the hard-axis is slightly canted with an angle of 73° with the
plane. However, the DFT calculations could not reproduce these
results. This symmetry breaking would significantly complicate the
spin model calculations without much changing the results.
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APPENDIX A: EIGENVALUE PROBLEM FOR A
MONOLAYER

The unit cell in Fig. 1 contains four independent spins. The
eigenvalue problem can be written in the basis:

; ) ; L N\T

Mg = (i, oy, i, imG, i,y (A1)

a a

The sublattices used in the basis are shown in Fig. 1(b). The eigenvalue
matrix relating the frequency to the magnetization vector is given by’

Bo + A1 —B —C -D m’fu
B B() - Al D C m’z‘a
*C* 7D* Bo —+ Al —B m’fb
D* C* B BO — Al m’z‘b

0 0 0 0 in?,, (A2)
0 0 0 0 inty,
0 0 0 0 im,,
0 0 0 0 i,
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APPENDIX B: EIGENVALUE PROBLEM FOR A BILAYER

The magnetic structure for the primitive unit cell for bilayer NiPS; is shown in Fig. 1(a). The bilayer is described by a unit cell with
eight sublattices, four for each layer. For eight sublattices, the resulting eigenvalue problem is given as

", 0 0 0 0 0 0 0 0 By+A, -B ) -D -] 0 0 0
" 0 0 0 0 0 0 0 0 B  By—Ap, D c 0 I 0 0
", 0 0 0 0 0 0 0 0 —C*  —D* By+Ay, B 0 0 = 0
"3 0 0 0 0 0 0 0 0 D* cr B By—Ap 0 0 0 n
ms 0 0 0 0 0 0 0 0 L 0 0 0 By+Ay, -B —-C  -D
"oy 0 0 0 0 0 0 0 0 0 n 0 0 B By—Ay D C
"y 0 0 0 0 0 0 0 0 0 0 I 0 —C*  —D' By+Ay, -B
ol M5 0 0 0 0 0 0 0 0 0 0 0 In D* c* B By—Ay
“ Vi |~ | Botay -B  -—C -D -] 0 0 0 0 0 0 0 0 0 0 0
i, B By—A, D c 0 In 0 0 0 0 0 0 0 0 0 0
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where Ay = Ay +J1, Ay = A+, T =28
APPENDIX C: BULK
The bulk configuration can be described using the same unit as the monolayer. Thus, the unit cell has four sublattices. The unit
cell can be repeated over all directions to span the entire structure. Figure 9 shows the magnon dispersion for bulk NiPS; over the
Brillouin zone in the plane for different k,. k, is in units of 1/c, where c is the lattice constant in the y direction. In Fig. 9(a), we plot
the dispersion for bulk NiPS; in the absence of an external magnetic field for different k,. In Fig. 9(b), we plot the dispersion for bulk
NiPS; in the presence of an external magnetic field for different k,. Due to small interlayer exchange, the differences with the bilayer
are small.
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FIG. 9. Magnon dispersion in bulk NiPS3 for different values of k, in (a) the
absence of an externally applied magnetic field and (b) in the presence of an
externally applied magnetic field of 2T (0.25meV). The exchange constants
and anisotropy constants are taken from neutron scattering experiments con-
ducted in Ref. 20. The values are taken from Ref. 20. k; is in units of /.

APPENDIX D: SPIN-FLOP/CANTED STATE

In order to describe the excitations of the spin-flop ground

state, we define two new coordinate systems such that the compo-

nent of the spin-up/spin-down magnetization is constant along at

least one direction in the new coordinate system. This is a well-

known standard procedure for linearizing the LL equation in the
case of the spin—.ﬂop ground state.”’ Let (G éf(z), é{(z)) l?e an
orthogonal coordinate system such that the component of spins in
the spin-up (spin-down) sublattice, denoted by 7iy(), is constant

along é};(z) (see Fig. 10).

The transformations relating the new coordinate system to the
Cartesian system of coordinates are given by

- . A ~ . A ~
X = sin 07 + cos 0] = sin 685 — cos &},

7=#=4, (1)
Z = — cos 08¢ + sin 0] = cos &% + sin 6&}.
o
" 0 0 0 0
m
20 0 0 0 0
m
1 0 0 0 0
m
g "2 0 0 0 0
@ ", Bst + Asf _Bsfl —Cy —Dy,
b, —Byi Byo+Ay  —Dig —Cy
B O G S P P
w _D;ffl - ;} =By Byro + Ay
2

Diagonalizing Eq. (D3) for k = 0 gives the full AFMR frequency.

Figure 11 shows the AFMR frequency in a monolayer and bilayer

NiPS; for the full range of the magnetic field. The resonance

ARTICLE

pubs.aip.org/aip/jap

FIG. 10. Spins in sublattice 74 and m,. The new coordinate systems are
sh(()\;vn with respect to the Cartesian basis. Note that 1) lies exactly along
¢\@)

In the new basis, we can write the magnetization as

Assuming m) = mj =1, we can substitute the ansatz
[Eq. (D2)] into Eq. (4) to get the eigenvalue problem relating the
frequency to the magnetization in the new basis. We use the sublat-
tices shown in Fig. 1 to form the basis for the eigenvalue problem

Y _—

(mtlzétlz + mtliélli) et —kex—kyy—k.2)

(m(;égc + mgég) ellwt—kux—kyy—k.z)

(D2)
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but in the new coordinate system. The eigenvalue problem in the

new basis is

Bst + Asfl

—By —Cy
Bgro + Asn1 —Dy

—D:f Bst + Asfl
_ ;} —By

0 0

0

0

0

—Dy

Byjo + Ay

o

(==l

(D3)

frequency across the full range of magnetic field up to saturation is
shown in Fig. 11. The magnon dispersion around the I" point for
the canted state of bilayer NiPS; under different magnetic field

J. Appl. Phys. 139, 123902 (2026); doi: 10.1063/5.0312007

Published under an exclusive license by AIP Publishing

139, 123902-12


https://pubs.aip.org/aip/jap

Journal of

Applied Physics

20 20
/[315[[ T\]\15
e o
= 0 bw
3 3
5 5
% 100 200 300 400 500 600 % 100 200 300 400 500 600
By(T) Bo(T)
(a) (b)

ARTICLE pubs.aip.org/aip/jap

20 20
5B, N 15
= ani
= 10 bm
3 € 3
5 5
“o: T R e % 100 200 300 400 500 600
By(T) By(T)
(c) (d)

FIG. 11. Full AFMR frequency in (a) monolayer NiPS3 external in-plane magnetic field By applied along the easy-axis and (b) external in-plane magnetic field By applied
along the intermediate axis. (c) Full AFMR frequency in bilayer NiPS3 external in-plane magnetic field By applied along the easy-axis and (d) external in-plane magnetic
field By applied along the intermediate axis. The exchange and anisotropy constants are taken from Ref. 20. The values are shown in Table |I.
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FIG. 12. Magnon dispersion in the canted state around the " point for (a) no
external field, where the bands are degenerate, and (b) an external field of 49 T,
where the bands are degenerate throughout the Brillouin zone.

strengths is presented in Fig. 12. Figure 12(a) shows the dispersion
in the absence of an external field, where the magnon branches are
nondegenerate. In contrast, Fig. 12(b) displays the dispersion at an
applied field of 49 T, where the modes become canted and remain
degenerate throughout the Brillouin zone. This degeneracy at finite
group velocities satisfies the condition required for the magnon
Hanle effect.

APPENDIX E: MONTE CARLO SIMULATIONS

Figure 13 presents the outcome of Monte Carlo simulations
performed with the Metropolis algorithm on a finite 32 x 24 x 1
lattice of NiPS; at 0.1 K, confirming the emergence of zigzag anti-
ferromagnetic order. The Metropolis algorithm™” samples spin con-
figurations by probabilistically accepting or rejecting updates based
on energy changes, favoring lower-energy states at low tempera-
tures. This allows the system to efficiently explore the configuration
space and settle into its ground state. The dashed lines mark a rep-
resentative hexagonal unit cell.

e

- . ot e
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-— - -— et
@ @ -9 -0 —9 -—9

FIG. 13. Monte Carlo simulations with the Metropolis algorithm on a finite
32 x 24 x1 lattice of NiPS; at 0.1K confirming zigzag ordering for
DFT-derived exchange and anisotropy constants. The dashed lines show a hex-
agonal unit cell.

APPENDIX F: PHONON DISPERSION AND MAGNON-
PHONON COUPLING

In this Appendix, we present the phonon dispersion of NiPS;
obtained from first-principles calculations and discuss the implica-
tions for the magnon-phonon coupling. Figure 14 shows the
phonon dispersion of monolayer NiPS; along high-symmetry
directions of the Brillouin zone. The acoustic phonon branches are
confined to low energies and exhibit relatively weak dispersion,
while a dense set of optical phonon modes appears at higher
energies.

A key feature of the spectrum is the behavior of the low-
energy acoustic modes in relation to the magnon excitations dis-
cussed in the main text. The acoustic magnon bands in NiPS; are
relatively steep at low energies, which strongly restricts the available
phase space for linear resonant magnon-phonon interactions. Even
when the acoustic magnon and phonon dispersions overlap, the

2GS 'T0:6T 920C Yo &N o€
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FIG. 14. Phonon modes in monolayer NiPS;3 calculated using first-principles
methods.

effective coupling in this regime is expected to remain weak due to
the small magnon and phonon densities of states and the corre-
spondingly small interaction matrix elements, as shown in the case
of Yttrium Iron Garnet (YIG) by Streib et al.™® As a result, the low-
energy magnon dispersion is not expected to be significantly
affected by lattice dynamics in equilibrium measurements, consis-
tent with experimental observations.”"

At higher energies, optical phonon branches can, in principle,
approach or overlap with magnon bands. In such cases, magnon-
phonon coupling may become relevant when allowed by symmetry,
as demonstrated in non-collinear antiferromagnets,”” zigzag anti-
ferromagnets,” and layered antiferromagnets.”* In addition, reso-
nant nonlinear processes involving the emission or absorption of
an acoustic phonon by a magnon are, in principle, possible at very
small wave vectors through a velocity-matching condition between
magnon and phonon modes. However, the phase space available
for such processes is extremely limited, and their contribution to
the low-energy magnon dispersion is, therefore, expected to be neg-
ligible. More generally, non-resonant phonon-mediated interactions
between magnons that conserve both energy and momentum are
also expected to have a weak effect due to the large separation of
characteristic energy scales.””® Further, the experimental realiza-
tion and detection of higher-order processes of this type typically
require strong external excitation or driving of the relevant modes
to enhance otherwise weak coupling effects.”™® A quantitative
analysis of magnon-phonon coupling in this higher-energy regime
would require an explicit treatment of dynamical spin-lattice inter-
actions and lies beyond the scope of the present work.
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