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We study magnon excitations and their interactions in honeycomb antiferromagnets with the Dzyaloshinskii-
Moriya interaction. When an applied magnetic field is turned on, the classical ground state of the system is
in noncollinear antiferromagnetic order. Therefore, it is crucial to consider the interactions between magnons.
We find an exact and well-formed solution of the bosonic Bogoliubov—de Gennes Hamiltonian, which allows
us to analytically study the topological properties and damping effects of the magnon bands. In particular, the
formulas of the Berry phase and Berry curvature for the magnon bands are worked out analytically. The Mn-
based trichalcogenide MnPS; is taken as a candidate material realization to estimate the order of magnitude of
the thermal Hall conductivity and its evolution with the temperature and the Dzyaloshinskii-Moriya interaction
strength. We develop a nonlinear spin wave theory to study the damping effects of the topological magnons and
find the different damping behaviors of the upper and lower topological magnon bands when tuning the applied
magnetic field. In some parameter regions, the damping effects are so strong that the free magnon description
breaks down. Finally, we discuss how to observe these effects in experiments.

DOLI: 10.1103/PhysRevB.108.024409

I. INTRODUCTION

The honeycomb lattice is one of the most fascinating
model systems for both theoretical and experimental stud-
ies in recent decades. On the theoretical side, due to its
unique single-particle dispersion spectrum, it often provides
precise solutions for analyzing a variety of intriguing physics,
such as the topological insulators (including Chern insulator,
quantum spin Hall effect, and Weyl semimetal), topologi-
cal magnons (including magnon thermal Hall effect, Dirac
magnon, Weyl magnon, spin Nernst effect, and valley Hall
effect), etc. [1-19]. On the experimental side, there are vari-
ous materials for both electronic and magnetic systems with
honeycomb structures, such as graphene, silicon, transition-
metal dichalcogenides 2H-MX,, CrX3 (X = F, Cl, Br, D),
XPS; (X = Mn, Fe), CoTiO3, Cr,Ge,Teg, and a-Cu,V,04
[20-36]. Therefore, the honeycomb lattice systems are an
ideal playground for mutual verification between theoretical
and experimental researches.

Magnons are the elementary excitations in the ubiqui-
tous magnetically ordered systems. Since magnons are easily
manipulated by magnetic fields and free of Joule heating,
topological magnons have attracted more and more attention
[37-43]. Experimentally, the thermal Hall effect was first
observed in three-dimensional (3D) pyrochlore ferromagnetic
insulators Lu, V,07, Ho, V5,07, and In,Mn, 05 [44,45]. Later,
this effect was also reported in the two-dimensional Kagome
magnet Cu(1,3-bdc) [46,47]. These advances motivate peo-
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ple to search for various controllable topological magnetic
materials.

Early works on topological magnons focused mainly on
ferromagnets described by the Heisenberg model with the
Dzyaloshinskii-Moriya interaction (DMI) [3,4,37,42,48]. The
ground states for these systems are collinear ferromagnetic
states, where the magnons are usually well-defined quasipar-
ticles and the interactions between magnons can be safely
ignored. Therefore, the theoretical studies in this field are
mainly based on the linear spin wave theory (LSWT). Re-
cently, it was also proposed that the thermal Hall effect can be
extended to antiferromagnets [38—41,49,50]. It is well known
that noncollinear magnetic orders are ubiquitous in antifer-
romagnets, and the interactions between magnons lead to
magnon decays and spectral renormalizations [51-57]. There
have been some investigations on the effects of interactions on
the Dirac magnons in a honeycomb lattice [6-8]. They both
found that the topological properties of magnons are modu-
lated by their interactions. The topological magnon damping
effects have also been investigated in Kagome-lattice ferro-
magnets, where the cubic interactions of the magnons result
from the unparallel relation between magnetization and DMI
vector [58].

However, to the best of our knowledge, present theoretical
studies on topological magnon interactions have mainly fo-
cused on ferromagnets with a honeycomb lattice. One of the
main reasons is that obtaining single-particle energy spectra of
noncollinear antiferromagnets generally involves diagonaliz-
ing the bosonic Bogoliubov—de Gennes (BdG) Hamiltonians.
Except for some special cases [11,12], the BdAG Hamiltonians
are generally at least four-by-four matrices for topological an-
tiferromagnets. It is difficult to obtain analytical eigenstates to
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further study the magnon interactions [50]. Therefore, how the
magnon interactions affect the topology of antiferromagnets is
still an issue of fundamental interest in topological quantum
materials.

In this paper, we study the damping effects of topo-
logical magnons in honeycomb antiferromagnets with both
DMI and an applied magnetic field. An elegant analytical
well-formed eigenstate that allows us to investigate magnon
interaction effects is found. We investigate the topological
properties of the magnon bands by working out the exact
Berry phase and Berry curvature. The damping effects of the
topological magnons are investigated by developing a non-
linear spin wave theory. It is shown that the damping effects
of upper and lower topological magnon bands have different
behaviors with the tuning of the applied magnetic field. Es-
pecially in some parameter regions, the damping effects are
so strong that the magnons cannot be viewed as well-defined
quasiparticles.

The remainder of this paper is organized as follows. In
Sec. II, we introduce the system Hamiltonian and discuss its
classical phase diagram. In Sec. III, the spin wave theory is
constructed. We illustrate how to diagonalize the quadratic
Hamiltonian and obtain the vertex functions for the cubic
Hamiltonian. The properties of the vertex function under the
time-reversal transformation are also discussed. In Sec. IV,
we discuss in detail the topological properties of the magnon
bands and calculate the thermal Hall conductivity for MnPSj3.
In Sec. V, we calculate the damping effects of the magnon
bands induced by the cubic Hamiltonian. Finally, a summary
is given in Sec. VI.

II. SYSTEM HAMILTONIAN

We consider the spin Hamiltonian in the honeycomb lattice
as follows:

H=JZSi~Sj+ ZDij'SiXSj—ZB'Sia ()
(i) () i

where the S; is the spin of magnitude S localized at R; in the
honeycomb lattice. The first term represents the nearest neigh-
bor Heisenberg interaction with J > O for antiferromagnets.
The second term is an out-of-plane next-nearest-neighbor
DMI with D;; = v;;Dz, where v;; = +1 (—1) for counter-
clockwise (clockwise) hopping between ith and jth lattice
as shown in Fig. 1(a). The last term is an applied magnetic
field along the z axis with B = BZ in unit of gug. To facilitate
tracking the order of S in the spin wave theory, we redefine
B =hS.

Let us discuss the mean-field ground state of the model,
where the spins are viewed as classical vectors [59,60]. When
the applied magnetic field is absent, the ground state is a
collinear antiferromagnetic phase (CAP) assumed to be in
the x direction. However, as shown in Fig. 1(b), the CAP
will be instead by a noncollinear canted phase (NCP) when
the applied magnetic field is turned on. The canting an-
gle is determined by minimizing the classical ground state
energy Eyp/(2NS) = —(3/2)J cos20 — hsinf, where N is
the total number of unit cells. We obtain sin0 = h/h, with
hs = 6J.

(b)

FIG. 1. (a) Schematics of a honeycomb lattice with two sublat-
tices denoted by A and B. Three nearest-neighbor and next-nearest-
neighbor vectors are labeled as d, and a,, (n = 1, 2, 3), respectively.
The dashed arrows give the positive v;; sign convention of DMI in
Eq. (1). (b) The canted phase induced by the z-axis applied magnetic
field, where the arrows labeled by A and B are the spins located in
A and B sublattices, respectively. (c) The forward and (d) backward
bubble diagrams of the magnon Green’s function generated by the
cubic vertices.

III. NONLINEAR SPIN WAVE THEORY

In the spin wave theory, we first need to perform a local
rotation at each lattice point, so that the mean-filed directions
of the spin point along the local z axis. Labeling the local
frame spins as S;,, the appropriate transformation between
local and global spins is given by [50,53]

S;C,A(B) = :I:ijA(B) sinf =+ SiA(B) cos 6,
¥ )
Siam) = TS am) @

SiA(B) = —Sj‘;A(B) cosf + SiA(B) sinf,

where + correspond to sublattices A and B, respectively.
With the rotation, the Hamiltonian Eq. (1) can be rewritten
in the local reference frames as H = H; + Hp + Hj, with

H =J Z [cos 29(5‘;‘5’; — S'fS'j) — S‘lyS‘j
(i)
—sin260/(8755 4 §757) ],
Hp=D Z sin@(S’fS‘jY — S'lyS'j‘)
S
+cos0(8;57 - §)53),

Hy=hS ) (cos 65} —sin637). 3)

Let us discuss two collinear phases. The first one is the
fully polarized phase (FPP) with 8 = 7 /2. In this case the
third term in H; and the second term in Hp will disappear.
According to the spin wave theory, these terms will lead to
the magnon cubic interactions. Therefore, the magnons are
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not affected by the cubic interactions in this case. The second
one is the CAP with & = 0 when the applied magnetic field is
absent. In this case the third term in H; and the first term in Hp
will disappear. At this point, if we still use the linear spin wave
approximation, we will find that Hp does not affect the physics
of the system. However, there will be the spin Nernst effect
caused by Hp, which can be confirmed by an appropriate spin
transformation [11,12,50]. In other words, to capture the real
physics, the staggered Néel order should point in the z-axis
direction at zero magnetic field.

Then, we perform a standard Holstein-Primakoff (HP)
transformation to the local spin operators S; in Eq. (3),

1
(Va5 a4l
5 = %(MCJ - am) @

Si=5

1

wm

~T%

.
—a;a;,

where aiT (a;) are bosonic creation (annihilation) operators. In
the large-S limit, to capture the lowest order interaction effects
of magnons, we expand the square root parts of Eq. (4) up to
the order of ajai/«/g, ie.,

V28 —ala; ~ V28 — ﬁi/é_l Q)

Then, substituting Egs. (4) and (5) into Eq. (3), up to cubic
terms of aiT (a;), the expanded Hamiltonian is obtained as

H=H®+HY +H® +HY + ... (©)

where H™ (with n = 0, 1, 2, 3) gives the S>~"/?*th-order con-
tribution. The first term H© = 2NS2Eyr is the classical
ground state energy. The second term H‘" vanishes due to
the energy minimum. The magnon energy bands are obtained
by diagonalizing the quadratic Hamiltonian H®. The magnon
damping effects originate from the cubic Hamiltonian H®.
In this paper, we will not discuss the effects of higher-order
interactions. The specific forms of H® and H® are given in
the following two subsections.

A. Quadratic Hamiltonian

By performing the Fourier transformation, the quadratic
Hamiltonian H® is written in momentum space as

H® =378 [(1 + Dw)ajan + (1 — Dy)ajax
k

— (sgfxaiax — (1 — sp)fialab_, +He)l, (7)

where a][(z) denotes the operator on the sublattice A (B),
and Dy = (D/J).\/sogx with 5y = sin? 6. Dy is an odd func-
tion of k due to gx = (2/3) Y, sin(k - a,) where a, are the
vectors linking next nearest neighbors shown in Fig. 1(a).
fi=01/3))", exp(ik - d,) = | fix| exp(igk) is the complex
nearest-neighbor hopping amplitude with |fx| = |f-k| and
Pk = —P—k-

For D = 0, the method of diagonalization of H® has been
discussed by Maksimov et al. [53]. The conditions of applying
this method are given by Chernyshev [54,55]. Although the

Hamiltonian in Eq. (7) does not satisfy those conditions, a

similar procedure is still applicable.
First, we wuse a unitary

el /2 3 e c;k to transform the field operators (a, a’)

to (c, ¢!, where Ty is a real matrix:

transformation alk =

_ | —cosyx

Tk B |: sin Iﬂk
Surprisingly, we can figure out the elements of T as cos Y =
vV (nk + Dx)/2nk and sin Yk = vV (nx — Dx)/2nk, with nx =

Y Z)ﬁ + sglfk|2. Because 7k is an even function of k, we
have cos ¥/_y = sin Y. After this transformation, H® can be
rewritten in terms of the field operators (¢, ¢") as

H® =3J5%" [Aukc;kcﬂk -

K,

sin Wk:|. ®)

cos Yk

B
%k(cukcu,k T H.c.)j|, )

where the two real functions are A, =1 — (—1)*n and
Bk = (=D"(s¢ — DI ficl-

Then, H® in Eq. (9) can be diagonalized by the standard
Bogoliubov transformation Cuk = Uukbyx + vﬂkbl_k
cux = cosh(xux)bux + sinh(xuk)b}kk]
with 2uukvﬂk = Bux/wux, uik + vik =Au/wux  and
wuk = VAL — B2 An explicit expression for these
quantities 1s glven 1n Appendix A. The two magnon bands are
given by

[also written as

Exx =3JSy/(1+m)? — (s — D21l 10)

where + and — correspond to the upper and lower magnon
bands, respectively. The magnon bands with different s, are
shown in Fig. 4. In the FPP, E, \ are reduced to be &4 x =
3JS(1 £ nk). And for the CAP, ELx = 3JS/1 — |fx|*> are
degenerate. Note that the energy gaps at K (K') are Agx =
6DS+/3sy, which is independent of J and can be used to
extract the strength of DMI in the experiments.

B. Cubic Hamiltonian
The cubic Hamiltonian H® in momentum space reads
3) — Tt
H® =3"%"(Vefal alyaqp +He), (11)
k.q ap

where —p = Kk + q and the interacting vertices are given by
the elements of the vertex matrix V as

Ve =3 | S |=DcosbOgq Jsin(20)fy
4 2N | Jsin(20) fy ’

Dcosfgq
It is worth noting that, due to the DMI, V; does not have
the time-reversal symmetry, i.e., V_q # (Vg)*. By sequentially
performing the unitary and Bogoliubov transformations, we
can write out the cubic Hamiltonian in terms of field operators
(b, b") as

12)

pvie pf Tt
1-‘l qkpbquvkbﬂ P

HO =35 (5

k.q pvu

1 pop pf T g 1
+ T abhabliblp T He ). (13)
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It has the same form as the one obtained by Maksimov
et al. [53]; however, the interaction vertices are very differ-
ent. Since the DMI breaks the time-reversal symmetry, both

: oViL : PVIL
the decay vertices I'}’ akp and the source vertices ') qkp 2N

be divided into two parts: ngﬁ(p +re Xf;kp,
reve

: pVHL -
aS.qkp CONSEIve the time-reversal symmetry Los —(qkp) =

PV vk : pvu
(FaS,qkp) , while I'} A.qkp

oy T o = ~Tanlaip
source vertices, it is obvious that the cubic Hamiltonian is also
different from that obtained in a ferromagnet [8]. The explicit
forms of I}, are given in Appendix B.

Compared with the situation where the DMI is absent [53],
we can see that the impacts induced by the DMI are twofold.
First, the DMI strongly modifies the energy spectrum of the
magnon at K (K’), leading to the opening of energy gaps at the
Dirac points. Furthermore, as we will see in the next section,
this leads to topologically nontrivial magnon bands. Second,
the DMI causes the time-reversal antisymmetric part FZXf‘qkp
which appears in the decay and source vertices of the cubic
Hamiltonian. A natural question is whether I',}" | causes the
change of some physical quantities (such as the decay rates
and the self-energies discussed in the following section) under

the time-reversal operation, i.e., X(k) # X(—k) for physical

— [P

«S.qkp where

have the time-reversal antisymme-

)*. Because of the presence of the

quantity X.
To answer the question, we need to consider
|T#"% |2 which appears in the sums of the 1/S order

o.qkp ) . .
of the perturbative expansion. According to the above
definitions, we have |T°°% |2 = |TP0 |24 [T2" |2+

a,qgkp! T 17 aS,qkp oA, qkp
2 Re[Fsgff]kp(ngfflkp)*], where the last term of the right-hand

side changes its sign under the time-reversal transformation.

Using the definitions of I'/¢, , and T/, in Appendix B,

after some tedious calculations, we find out that Fg;{lqkp is real

while T'??* is imaginary if p + v + pu is odd, or vice versa if

aS,qkp
p + v + wis even. Then, we have Re[I'/¢, (00 )1 =0,

oV PV pvi
as FaS,qkp(FaA,qkp o,qkp
invariant under the time-reversal transformation. We conclude
that, up to the 1/S order, the physical quantities which are

functions of |F§"(ﬁ(p|2 and magnon spectra E. i are invariant

under time-reversal transformation, like the decay rates given
in the Sec. V.
On the other hand, it is easy to verify that the symmetry

part [, is dominant near the momentum T' point, while
PV

the antisymmetry part I'),’ kp is dominant near the K (K')
points. Therefore, we find t‘Lat the decays of lower magnon
bands are almost not affected by DMI (or equivalently by

[} qtep) nar the I point. We can also expect that the physical

quantities related to '}/, around the K (K') point will be
pvi
oA,qkp*

)* has no real part. Hence, | |7 is

greatly affected by I'

IV. TOPOLOGY OF THE MAGNON BANDS
AND THERMAL HALL CONDUCTIVITY

Berry curvature 2,(K) is an important physical quantity
to describe the topological properties of the ath energy band.
According to the diagonalization procedures of H®, we can
explicitly write down the eigenvectors |W.(k)) which are

given in Appendix A. The Berry curvatures are calculated
by Qi(k) = [-Im{{VW. (k)| x A[VW.(K))}];, where A =
diag(1, 1, —1, —1) is a diagonal matrix and [-], means taking
the z component. We find that the analytical expressions of
the Berry curvature can be divided into two parts which are
given by

Qi (k) = Qg y (k) + Q4 (k) (14)
with

Q1 y(K) = (Fsin 29 cosh2x+ ) Vex x Vi,
Q1 , (k) = (£sinh2x+ k cos 2y )Vox x Vi,  (15)

where xj¢2)k are denoted by x4 (—)k, respectively. The topol-
ogy of the magnon bands is characterized by the Chern
numbers Cy, which are defined as the integration of the cor-
responding Berry curvature over the Brillouin zone (BZ). The
Chern numbers contributed by Q.  and Q. , are

1
C = — Q K)dk.dk,,
sy = 5 /z;z +,y (K)dk,

Coy =5 | Qu Kk, (16)

2 BZ

The Chern numbers are given by C = Cy y + Cy .

In the FPP, because cosh x4+ x = 1 and V x4 x = 0, we have
Ci , =0. Then, the Chern numbers are reduced to Cy =
Ciy =F(1/4m) fs sin(2vy)d (2yr )d ¢ which give the area on
the unit sphere S if we view 2y, ¢ as the polar and azimuth
angles, respectively. Because the BZ over which we integrated
the Berry curvature is a closed and orientable manifold (torus),
the integral must be an integer. By numerical calculation, we
obtain the Chern numbers as —1 and +1 for the upper and
lower bands, respectively. In the NCP, both the Cs. , and C
are not integers. However, according to the gauge field theory
[61], the integral of their sum remains an integer as shown in
Fig. 2(a).

With the help of the exact eigenvectors |V, (k)), we can
also prove analytically that the Chern numbers are inte-
gers. For antiferromagnets, the Berry vector potentials of the
magnon energy bands are defined as

Az (k) = (W (K)|AVYL(K)), a7

which are two-dimensional vectors in the k plane. It is obvious
that the Berry curvature can also be calculated by Q24 (k) =
[V x AL(k)],. According to Stokes’s theorem, the integral
of the Berry curvature over BZ must be zero if Ay(k) is
nonsingular on the whole BZ. Through a direct calculation,
we obtain

A1 (k) = Fcosh 2y g cos 29, V. (18)

It can be confirmed that K and K’ are singular points of A (k).
We take the upper band as an example to demonstrate the
singularity of A, (k) at K (K”), which is shown in Fig. 2(b).
As shown in Fig. 2(c), because A (k) has no singularity in
the cyan region of the BZ, according to Stokes’s theorem, the
integral of Berry curvature in this region can be transformed
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FIG. 2. (a) The Chern numbers C. and their contributions from

C. .y and Cy , are plotted with D = 0.1J and different values of s,.
(b) The Berry vector potential A, (k) is shown by a vector field
plot, with the color plot indicating its magnitude |A, (k)|, where
sp = 0.9 and D = 0.1J. (c¢) The Brillouin zone which is spanned
by two primitive vectors of the reciprocal lattice is equivalent to the
surface of a torus due to the periodic boundary conditions. The cyan
area is surrounded by a blue line with arrows pointing in the positive
direction.

into a line integral of its boundary (blue line). Taking the limit
conditions, L to coincides with L, and the radii of circles C;
and G, tend toward zero, r — 0, then the integrals of A (k)
over L and L cancel out, hence

A, (K)dl. (19)

/ Q. (K)dS = lim
BZ =0 Jci+0,

By expanding A (k) around K and K’ respectively, the in-
tegral on the right side of Eq. (19) gives —2m. Therefore,
the Chern number C; of the upper band is —1. The same
discussions can also be used for the lower band.

The thermal Hall conductivity is related to the Berry cur-
vatures by

2

§T a bg
Ky = — ZZ ea(8en)) = 7 1k, (20)
k o=l

where g(e, ) = [e“*/4T — 117! is the bosonic distribution

function, c(x) = (1 4+x)(n 1xﬂ)2 — (Inx)?> = 2Lix(—x),
Li(x) is the dilogarithm [40], and M is the number of
sublattices. In experiments, MnPS; can be considered a
two-dimensional Heisenberg antiferromagnet in which Mn?*
ions with § =5/2 are arranged in a honeycomb lattice
[62,63]. An out-of-plane DMI is also allowed due to the
lack of an inversion center at the midpoint between the
next-nearest-neighbor sites.

‘We take MnPS5 as a candidate material realization to esti-
mate the order of magnitude of the thermal Hall conductivity,
and show the evolution of the thermal Hall conductivity with
the temperature and the DMI strength. The structure of MnPS3
is monoclinic, with the C2/m space group. The unit cell

O v v v \ 0

Q '\\"\ \~1—1—<1—4—4—<\ <— ‘\‘ T: 09 K Q
E L} ——5=09 ——s,=06] | r=45k |, E
§ —o—5,=0.8 5,20.5 ——T=9.0K g/
B 2 \ Sn=0'7 — S”=0.1_ r=18.X 4 3
— —
= A =

z -6 z
4 o

0.6
5,=0.7

Q0.4- 5,=0.6
< 5,205

x
- N ,Z

0.0

M K'

FIG. 3. The thermal Hall conductivities of MnPS; as a function
of temperature (7') and DMI strength (D) are given in (a) and (b),
respectively. We have chosen D = 0.077 meV and sy, = 0.9 in panels
(a) and (b), respectively. Panels (c) and (d) are the magnon decay
rates I',, i for lower and upper bands, respectively. The decay rates
for different values of s, are plotted with different colors. The inset
in (d) sketches the first Brillouin zone of the honeycomb lattice.

parameters are a = 6.077 A, b=10.524 A, ¢ =6.769 A,
and B = 107.35°, and the nearest-neighbor exchange inter-
actions are J = 0.77meV. We ignored the second- and the
third-nearest-neighbor exchange couplings because they con-
serve the symmetry of the system Hamiltonian Eq. (1) and
thus do not qualitatively change the main physics discussed
here.

The thermal Hall conductivities «,, as a function of tem-
perature and DMI strength are shown in Figs. 3(a) and 3(b),
respectively. We can see that as long as sy and D are not
too small, the Hall thermal conductivity reaches the order of
103 W/K m, which is exactly the range that can be measured
experimentally [44]. In the limit of s, — 0, it can be proved
that «, — 0 due to Dy — 0 in Eq. (7). This means that the
thermal Hall effect is absent when the applied magnetic field
is turned off, which is consistent with the Ref. [50]. However,
it can be expected that the spin Nernst effect will occur at
this time [12]. Finally, as shown in Figs. 3(a) and 3(b), the
thermal Hall conductivities increase monotonically with the
increase in temperature and DMI strength. It is worth noting
that D should be less than the critical value for the spin texture
formation.

V. MAGNON DAMPLING INDUCED BY INTERACTION

One important feature of the interactions between magnons
is the damping effects which will lead to a finite lifetime
for the magnons. The damping effect determines many basic
properties of a quantum many-body system, such as transport,
thermalization, etc. We invoke the standard diagrammatic
technique for bosons at zero temperature to investigate the
damping effect induced by H®. Up to order 1/S, the one-
magnon Green’s function is contributed by the “forward” and
“backward bubble” diagrams shown in Figs. 1(c) and 1(d),
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respectively. From those two diagrams, the normal self-
energies are extracted as

/ *
ZZ a0 (T i) an
®—Eyg—Eygq+i0t

vy’

_ —-ZZ TSt (T k) o
6()+qu+E k+q_lo+

Note that although Eqs. (21) and (22) give the self-energy
matrices, we only need to consider their diagonal elements for
the correction of order 1/S. For the same reason, we ignored
the contributions of anomalous self-energies.

The damping effect of magnons originates from the imag-
inary part of the self-energy. In this study, the imaginary part
of the self-energy comes from the contribution of Eq. (21). In
the lowest Born approximation [51,58], the decay rate can be
expressed as

T v 2
=3 > M ool 8Euk = Evg — Evi—q). (23)

q, vy’

We note that in the Born approximation, decays are only
allowed if kinematic conditions E,, x = E, q + E,/ x—q are sat-
isfied. In other words, decays are only possible when the
single-magnon spectrum overlaps the two-magnon contin-
uum. The momentum-resolved two-magnon density of states
(DOS) is defined as [8]

% > 8w —Eung—

q, vy’

Dy(w) = Eyx—q): (24)

which is a useful quantitative characteristic of the two-
magnon continuum. We show the two-magnon DOS with the
color plot in Fig. 4.

The evolutions of the decay rate I',  of the upper and
lower magnon bands with s, are shown in Fig. 3. In the
summation of Eq. (23), we have used a system with 2 x
2000 x 2000 points: a sparse mesh for the momentum k of
4 x 10 points in the whole BZ. An artificial broadening of the
8 function 07 = 3 x 10~*J was also used. To clearly show the
influence of decay rates on topological magnons, we also draw
the decay rates on the magnon bands in Fig. 4. As expected,
in Fig. 4 the decay only occurs when the single-magnon spec-
trums intersect with the two-magnon continuum.

It can be seen from those figures that the magnon decay
rates depend on (i) the strength of the interaction of H® and
(ii) the intersection positions of the single-magnon spectrum
and the two-magnon continuum. First, in the FPP, the topo-
logical magnons do not suffer decay from H® since Vg = 0
in Eq. (12). Second, as shown in Fig. 4(f), when the system
tends to the CAP, although the interaction strength of H®
is very strong, the decay rates are still weak; this is because
the single-magnon bands are far away from the region where
the two-magnon continuum is strong. Third, as discussed by
Maksimov et al. [53], there is a critical sg . = 0.6 for the

Q,(k)

Q(k)

Q,(k)

K MM K K M

M K

T

FIG. 4. Magnon bands are represented by white lines with ver-
tical bars whose lengths are proportional to its decay rates shown
in Fig. 3. Berry curvatures for upper and lower bands are plotted
by black and red dashed lines, respectively. The color plots give
the two-magnon DOS in Eq. (24). Blue (red) color indicates zero
(maximal) two-magnon DOS. The parameters are D = 0.1J and
ss = 0.9,0.8,0.7, 0.6, 0.5, 0.1 for (a)—(f), respectively.

long-wavelength part of the lower band, and the decays will
occur only when sy > s .. Fourth, for the long-wavelength
part of the upper band, as shown in Figs. 4(a) and 4(b), there
is also a decay-free region when ~0.7 < sy < 1. In general,
the decay of magnons at long wavelengths is relatively weak
in both the upper and lower bands.

Finally, we are very interested in the decays of magnons
near K (K'). Because the nonzero Berry curvatures are mainly
concentrated in this region, the magnons near K (K’) will be
responsible for the thermal (or spin) Hall effect. We know that
magnons can be considered as well-defined and independent
quasiparticles only if they have sufficiently long lifetimes,
which are given by 7,k = A", . Or, equivalently, the con-
dition I', i < E,, k is required. We find that the decay rates of
the upper and lower magnon bands show different behaviors
as sy decreases. In some parameter regions, the quasiparti-
cle picture breaks down where the quasiparticle condition is
not satisfied. For example, the decays of the upper band in
Fig. 4(a) are very weak, while the decays of the lower band
along K-M are very strong. In Fig. 4(d), there are strong
decays in the upper band and almost no decay in the lower
band. In Fig. 4(e), the decay near K (K') in the upper band
is very strong, even I', x > E, x in some momentums, while
the lower band has no decay at all. From these examples, in
general, we conclude that strong decays should occur when
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the single-magnon spectrum intersects with the maximum of
the two-magnon continuum.

VI. SUMMARY

In summary, we have investigated the magnon excitations
in honeycomb antiferromagnets with DMI and an applied
magnetic field. We find an analytical solution which allows
us to analytically study the topological properties and the
damping effect of the magnon bands. In particular, we work
out the analytical formulas of the Berry phase and Berry cur-
vature for the energy bands. By both numerical and analytical
methods, we also show that the Chern numbers for the upper
and lower magnon bands are exactly F1, respectively. By the
nonlinear spin wave theory, we further study the damping
effect of the topological magnons in the NCP. We find that the
damping behaviors of the upper and lower magnon bands are
different with the variation of the magnetic field. This means
that the magnetic field can be used to manipulate the transport
properties of the system.

In experiments, the Mn-based trichalcogenide MnPS; [29]
may be viewed as a potential candidate to confirm our re-
sults. Using the experimental parameters of this material,
we have shown the thermal Hall conductivity as a function
of temperature and strength of DMI. We found that thermal
Hall conductivities are of the order of magnitude that can be
detected in an experiment. The topological properties of the
magnon bands in MnPS; can be confirmed by a transverse
magnon Hall current induced by an in-plane temperature gra-
dient. One important manifestation of the magnon damping
effect is the broadening of the magnon spectrum in experi-
ments. To the best of our knowledge, how the damping effect
affects the magnon Hall current of the system is still an open
question both in theoretical and experimental studies. We be-
lieve the results here will provide an ideal platform for future
studies.
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APPENDIX A: THE DIAGONALIZATION
OF QUADRATIC HAMILTONIAN H®

In the main text, we discussed how to diagonalize H®
by the field operator transformation; now we give the ma-
trix method to diagonalize H®. For this purpose, we rewrite
H® as

3JS - k
H® = =25 70"k, ¢<—k>)ﬂ(k><¢;‘f((_f())’ (AD)
k

where a constant term has been neglected, ¢ (k) = (afk, a;k),
and the tilde on the top of ¢ means the transpose operation.
The bosonic Bogoliubov Hamiltonian (k) has the following
form:

Ak)

Hk) = [.‘B*(—k) (A2)

Bk)
ﬂ*(—k) >

where the matrices A(k) and B(k) are

_ 1+Z)k —ngk
Alk) = [—sgf; - Z)J’
_ 0 (I = s0) fic
Bk) = [(1 o o ] (A3)

H(Kk) is diagonalized by a paraunitary Bogoliubov transfor-
mation Uy which satisfies AHUx = UEx and 'LlliA’le =
A, with Ey =diag(E; x, E_x, —E; _x, —E_ _k). Accord-
ing to the diagonalization procedure of the field operator
transformation, we can write down directly the paraunitary
transformation as

U = (Ve (K)  [P_(K) [Pi(k)  [P_(K)), (A4)

where
[~ cosh xi cos ¥ exp(ip/2)
— cosh x; sin ¥ exp(—igp/2)

sinh x; sin ¢ exp(ip/2)
| — sinh x; cos ¥ exp(—ip/2)

|V (k) =

)

[ cosh x, sin ¥ exp(i@/2)
cosh x cos ¥ exp(—igp/2)
sinh x, cos ¥ exp(ip/2)
| sinh x; sin ¥ exp(—igp/2)

|W_(k)) = , (A5)

and | W1 (K)) = CZ,|W.(—K)). Here, C is the conjugate oper-

ator and
0 L
5 = |:12><2 0 p

where I, is a two-by-two diagonal matrix. Note that x; », ¥,
and ¢ are all real functions of k. We have omitted the k index
for brevity. Specifically, we have

cosh ; Syx+Epk
Kk =Uk = | —o—,
2E, x

(A6)

sinh xjx = vix = Erk = Evk
K=V =, ——F"),
2E, x
E_x+E_k
cosh yox = uxk = —E
—k
} E_x—E_x
sinh ok = vk = — B —, (AT)
_k

with cos Yk = /(nx + Dk)/2nk, sin Y = /(x — Dx)/ 21k,
and ¢x = (1/i) In(fx/|fx|) which are also given in the main
text.

APPENDIX B: THE TRANSFORMATIONS
OF CUBIC HAMILTONIAN H®

We write H® as

H® = Z Z (Vgﬁa;qalkaa,p + Hc)
kq o

B
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where —p = k + q and the interacting vertices are given by
the elements of the vertex matrix Vg as

Vy =3 i —Pcos@gq Jsin(20) fy ‘ (B2)
2N | Jsin(20)fqy  Dcosfgq
For convenience, we define the following matrix:
Wy =3 i —Pcos 0gq Jsin(20)|f4l ' (B3)
2N [ J sin(20)] fql Dcostgq

Using an unitary transformation

T (=12 o i
a,=¢ k ZTk k>
"

Eq. (B1) is written as
H® =3 (Uhtcl clen—p+He), (B4
k,q pvu

where
Ubok =3 " WEPTP T T expl(—1)*Papl. (B
af
with @qip = (¢q + ¢k + @p)/2 and —p =k +q.
By denoting M;‘]’?l;p = anﬁ Tqﬂ PTVTS, and defining

af,pvi af,pvi
b _ Makp + M qkp)

gkp T 2 ’
oo _ Mal MG
gkp T 2 ’

pVLL 5 PVIL __ APVH PVLL
we can decompose Ugp to Ugy = qup + Agkp - where

On = 3" 0L expli(—1) Baup).
ap

AL =N AL expli(—1)" Pakp)- (B7)
ap

It can be verified that, under the time reversal operation,
Ofp 18 symmetric and Ag, 1" is antisymmetric, i.e., 0%, =
PVLLY pviL PV
(qup and ﬂ—(qkp) - _(‘ﬂqkp) :
With the above definition and the transformation c,x =
uxbux + UukbL_k , H® can be written in terms of (b, b")

as

1
3 i
HY =22 (affﬁ:ﬁpbquvkm_p

k.q pvu

+iFPW« bT bT bT

31 2akp”paluk MP+H.C.). (B8)

[PVH

PVIL
1,qkp r

and source 2 qkp

Here, the decay vertices are given as

FPVM — FPUM + FPUM

1,qkp 15,qkp 1A,qkp’
PV __ PV PV
1—‘Z,qkp - 1—‘ZS,qkp + 1—‘2A,qkp’ (B9)
where
PV __ APV
FlS,qkp = qup (Upq + Vpq) (Uvklyup + VykVpp)

+ Ogl\(}g(uup + Vup) Uk Vpq + VukUpq)

+ Olv(zg(uvk + ka)(u,oquup + U,quup)v

PVIL  _ PVt
FlA,qkp = ‘?{qkp (Upq — Vpg) (Uvklyup + VokVup)

+ ﬂuvp(vup - uup)(uvkqu + vvku,oq)

pkq
+ A ke — V) Upgttup + VpqVpp).  (B10)
and
[5hip = Ot (toq  Vpa) ok Vpp + Vokiltyp)
+ Ogpg (tvk + Vuk) UppVpg + Vyplhpg)
+ Opgk (Uyup + Vup)(Upq Uik + Vpqltvk ),
T ko = Flien (og — Vog) Uk Vyup + Vikcltyp)
+ ﬂl‘il;g(u"k — Vi) (UpupVpq + VupUpq)
+ Apqk (tyup — Vyup)(UpqUuk + Vpgituk).  (B11)

It is noted that I'[¢%, and T5¢',  retaining the time-reversal
symmetry have the same form as the results obtained by
Mak§imov et al. [53], while I'f /;),lfl!(p' and [ ff;)fakp conserving
the time-reversal antisymmetry originate from the DMI. As
far as we know, this type of interacting vertices has not been

studied so far.
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