PHYSICAL REVIEW B 101, 054424 (2020)

Magnon damping in the zigzag phase of the Kitaev-Heisenberg-I' model on a honeycomb lattice
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We calculate magnon dispersions and damping in the Kitaev-Heisenberg model with an off-diagonal exchange
I' and isotropic third-nearest-neighbor interact ion J; on a honeycomb lattice. This model is relevant to a
description of the magnetic properties of iridium oxides «-Li,IrO; and Na,IrO;, and Ru-based materials such
as «-RuCl;. We use an unconventional parametrization of the spin-wave expansion, in which each Holstein-
Primakoff boson is represented by two conjugate Hermitian operators. This approach gives us an advantage
over the conventional one in identifying parameter regimes where calculations can be performed analytically.
Focusing on the parameter regime with the zigzag spin pattern in the ground state that is consistent with
experiments, we demonstrate that one such region is I' = K > 0, where K is the Kitaev coupling. Within our
approach, we are able to obtain explicit analytical expressions for magnon energies and eigenstates and go
beyond the standard linear spin-wave theory approximation by calculating magnon damping and demonstrating
its role in the dynamical structure factor. We show that the magnon damping effects in both Born and
self-consistent approximations are very significant, underscoring the importance of nonlinear magnon coupling

in interpreting broad features in the neutron-scattering spectra.
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I. INTRODUCTION

Magnetic materials that combine electronic correlations
with strong spin-orbit coupling attract significant interest as
a promising source of topological Mott insulators, exotic spin
liquids, and unusual magnetically ordered states [1]. Due to
the crystal field effects, strongly entangled spin and orbital
degrees of freedom generically result in the low-energy ef-
fective pseudospin models with bond-dependent anisotropic-
exchange interactions [1-6]. In the last decade, a consider-
able theoretical and experimental effort has been devoted to
bringing about a physical realization of the Kitaev spin liquid
with fractionalized excitations [7-21], originally proposed for
the tricoordinated honeycomb lattice with bond-dependent
Ising-like interactions [22]. Other studies of the anisotropic-
exchange models have revealed a multitude of unconventional
ordered states [7,23-29], order-by-disorder effects [30-32],
and non-Kitaev spin-liquid states [33—39] in various lattice
geometries.

Strong Kitaev-like bond-dependent couplings between ef-
fective pseudospins-1/2 have been identified in iridium ox-
ides, such as «a-LirIrOz; and Na,IrOs;, a-RuCls, and other
materials [40-48]. In these systems, magnetic ions form the
two-dimensional honeycomb lattices stacked along the [111]
direction. The magnetic ions in the honeycomb layers are
surrounded by an octahedral environment of ligands, which
provide exchange pathways facilitating direction-dependent
couplings between the pseudospins. Importantly, a realistic
modeling of these compounds necessitates significant cou-
plings beyond the Kitaev-like ones, such as the isotropic
Heisenberg and off-diagonal exchange interactions that are
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allowed by the lattice symmetry [5-7,40]. In the theoretical
modeling and in real materials, these couplings appear to be
disruptive to the spin-liquid state of the pure Kitaev model
in favor of the states that are magnetically ordered, leaving a
concrete realization of such a spin liquid state elusive as of
yet [6].

One school of thought advocates a “proximate” spin-liquid
scenario for «-RuCl; and similar systems [49,50]. In a nut-
shell, while the ground state of a material may be magnetically
ordered, its excitation spectrum is largely associated with
a quantum-disordered spin-liquid state that is nearby in the
phase diagram. This logic seemed to be strongly supported by
an observation of the broad features in the neutron-scattering
dynamical structure factor of «-RuCl;. At first glance, these
features are hard to reconcile with a response of a magneti-
cally ordered state, which typically yields sharp peaks associ-
ated with magnon excitations. One concern for the proximate
spin liquid scenario is that it is necessarily restricted to a close
vicinity of the pure Kitaev phases, which occupy a small frac-
tion of the phase diagram of the general anisotropic-exchange
model, according to the numerical estimates [51-54].

A different scenario for the broad features in the spectrum
of a-RuCl; has been put forward in Ref. [55], where it was
suggested that the single-magnon excitations at higher ener-
gies are short-lived due to strong coupling to, and decay into,
the two-magnon continua of the lower-energy magnons. This
scenario was also argued to be applicable to a vastly wider
regions of the parameter space of the anisotropic-exchange
model—roughly speaking, to the entire phase diagram except
where the off-diagonal exchange terms are artificially sup-
pressed [55].

©2020 American Physical Society
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The scenario of Ref. [55] has advocated the importance
of the anharmonic couplings in the spin-wave Hamiltonian,
which in turn lead to the broad features in the magnon
spectrum. Such broadening effects are well documented, the-
oretically and experimentally, in several representatives of the
ordered magnets that include some iconic frustrated magnets,
such as triangular- and kagome-lattice ones [56—62], collinear
and noncollinear antiferromagnets in external field [63-69],
spin-phonon coupled systems [70], ferromagnets [71,72], and
others [73-79]. In many of them, the noncollinearity of the
ordered states, whether due to geometric frustration or field-
induced, was crucial for the anharmonic terms to occur [73].
The persistence of such terms in the collinear states of the
anisotropic-exchange magnets is due to the omnipresent off-
diagonal couplings that make such anharmonic terms virtually
unavoidable, regardless of the region of the phase diagram
and the type of magnetic order assumed by the ground state
[55,80].

It turned out that an explicit calculation of the magnon
decay rates in the zigzag phase of the general Kitaev-
Heisenberg-I' model is a challenging problem. Thus, in
Ref. [55], the authors have estimated the effects of magnon
broadening in @-RuCl; using a simplified form of the anhar-
monic coupling, which will be referred to as the “constant
matrix element approximation” in this work. In spite of this
approximation, the results of Ref. [55] have shown a rather re-
markable similarity to the experimentally observed features in
the neutron-scattering dynamical structure factor of a-RuCls
and to the numerical exact diagonalization results in small
clusters.

The present work advances the study of Ref. [55] in several
directions. We are able to find a parameter space for which cal-
culations of magnon damping can be performed microscop-
ically, without the simplifying approximations of Ref. [55].
For that, we use an unconventional formulation of the spin-
wave theory (SWT) that is based on the parametrization of
each Holstein-Primakoff boson in terms of two conjugate
Hermitian operators. The Hermitian field parametrization is
noteworthy in its own right as it proved to be useful for classi-
fying different types of quantum fluctuations in certain classes
of magnetically ordered systems [81-85]. This approach gives
clear criteria that allow us to identify relations between
parameters of the anisotropic-exchange model that permit
a rigorous analytic solution for the magnon eigenenergies,
eigenfunctions, and matrix elements for the calculation of the
damping. One such relation that defines a nontrivial line in the
parameter space is I'=K > 0, where K is the Kitaev coupling
and I is the off-diagonal exchange. Although various special
symmetry relations have been previously identified in the
parameter space of the Kitaev-Heisenberg-I" model [9], the
line I' =K along which magnon spectrum can be calculated
analytically by solving biquadratic equations has not been
noticed before.

We focus on the regime I = K > 0 with an additional third-
nearest-neighbor Heisenberg interaction J3, which is often in-
voked in the description of real materials [40,55]. The J; term
stabilizes the zigzag-ordered ground state for the considered
model in a wide parameter space that includes part of the I' =
K line. This ground state is also consistent with experiments
in a broad sense, as it is found in several materials of interest

[6,7,86]. While our choice of parameters is not the same as
is typically used to describe «-RuCl; [40,55], it allows us to
confirm in a quantitative manner the validity of the claims
that were put forward in Ref. [55]. Specifically, it gives us
an opportunity to demonstrate that strong anharmonicities in
the magnon description indeed persist throughout the phase
diagram of the general anisotropic-exchange model.

We go beyond the standard linear SWT approximation by
obtaining explicit expressions for the anharmonic terms and
by using them to calculate magnon damping. The damping
is calculated in the leading-order Born approximation, which
inevitably contains van Hove singularities of the two-magnon
continuum [73]. To regularize them and to go beyond the Born
approximation, we use the self-consistent approach based on
the solution of the imaginary part of the Dyson’s equation,
referred to as the iDE approach, see Refs. [57,68,71]. For the
representative values of the model parameters, the magnon
damping in both Born and self-consistent iDE approxima-
tions is significant, leading to characteristic broad features
in the dynamical structure factor. This quantitative result of
the present work confirms the assertion of Ref. [55] that
in the anisotropic-exchange model, anharmonic interactions
can lead to large decay rates such that some of the magnon
branches cease to be well-defined quasiparticles. These re-
sults underscore the importance of taking into account the
nonlinear magnon coupling in interpreting broad features in
the neutron-scattering spectra for the general anisotropic-
exchange model. For example, the continuum of excitations
far from the low-energy region could potentially be described
and is a good test-bed for a two-dimensional extension of the
recently emerged approaches to this problem in one dimen-
sion, such as in Refs. [87-90] or [91-93].

In addition, having performed the decay rate calculations
using explicit analytical expressions for the matrix elements of
the magnon couplings, we are also able to verify the validity
of the constant matrix element approximation of Ref. [55],
in which the momentum dependence of such magnon ver-
tices was neglected. While the momentum dependencies of
the Born-approximation damping differ rather significantly
between these approaches, the agreement becomes more
quantitative within the self-consistent iDE approximation, in
agreement with the logic of Ref. [55]. Still, there are clear
differences near certain high-symmetry points where magnon
decays are suppressed by the symmetry requirements, or en-
hanced due to matrix elements. These features are lost within
the constant matrix element approximation of Ref. [55]. We
also note that the order-of-magnitude estimates of Ref. [55]
have likely provided a lower bound on the damping rates
of magnons in @-RuCls, and the actual effect of broaden-
ing for their model parameters may have been even more
significant.

Lastly, while the zigzag phase within the full anisotropic-
exchange model on the honeycomb lattice generally requires a
four-sublattice description, we have found that the same logic
that yields the reduction of the eigenvalue problem to solving
biquadratic equations along the I' =K line also allows us to
reformulate the problem in the two-sublattice language. For
that alternative formulation, we were able to derive a fully
analytic form of the Bogoliubov eigenvalues, see Appendix B.
For some points along the same I'=K line, a conventional

054424-2



MAGNON DAMPING IN THE ZIGZAG PHASE OF THE ...

PHYSICAL REVIEW B 101, 054424 (2020)

SWT approach can be used, with the details of it to be
published elsewhere [94].

The rest of this paper is organized as follows. In Sec. II,
we introduce the model and basic notations and present the
classical phase diagram of the model in several projections.
In Sec. III, we discuss the classical zigzag ground state and
derive an effective interacting boson model describing fluctu-
ations around this ground state using the Holstein-Primakoff
transformation [95]. In Sec. IV, we use an unconventional
parametrization of the magnon operators in terms of Hermi-
tian operators to show that on the special line in parameter
space I' = K the magnon dispersions can be calculated ana-
Iytically by solving simple biquadratic equations. In Sec. V,
we compute the magnon damping on the special line I =
K in the Born and self-consistent iDE approximations. We
also compare our results to the approximate approach of
[55]. In Sec. VI, we calculate and plot the corresponding
dynamical structure factor and the neutron scattering intensity.
In Sec. VII, we summarize our main results and present our
conclusions. To make this work self-contained, we have added
four appendices. In Appendix A, we review the conventional
algorithm for constructing multiflavor Bogoliubov transfor-
mations [96,97]. In Appendix B, we discuss some details
of the two-sublattice approach, and in Appendix C we give
additional technical details about the calculation of magnon
damping in the zigzag state. Finally, in Appendix D, we
provide additional numerical results for the magnon damping
and the dynamic structure factor for different parameters of
the Kitaev-Heisenberg-I" model.

II. MODEL

A realistic spin model for the iridium oxides, «¢-RuCls,
and other materials containing all relevant nearest-neighbor
couplings allowed by symmetry is given by the following
effective spin Hamiltonian [6,12]:

H=J) Si-S;+K> > sis¢
(i) @ (ij)a
+ 2T

afy (ij)a

SIST — > "h- S, (1)

where the §; are (pseudo)spin S = 1/2 operators localized
at the sites R; of a honeycomb lattice, (ij) enumerates all
distinct pairs of the nearest-neighbor sites R; and R; of the
lattice, and the labels «, 8, y € {x, y, z} numerate the three
link vectors d,, d,, and d, which connect a given lattice site
to its nearest neighbors, as shown in Fig. 1. The second term
in the right-hand side of Eq. (1) is the nearest-neighbor Kitaev
interaction. In this term (ij), enumerates all distinct pairs of
the nearest neighbors whose distance vector R; — R; is par-
allel to d, and S = e, - S;, o = x, y, 7 are the components
of the spin operators in the laboratory frame, with Cartesian
basis vectors {e,, e,, e.} = {X, §, 2} shown in the right part of
Fig. 1. The third term on the right-hand side of Eq. (1) is
the symmetric off-diagonal exchange interaction, which arises
from spin-orbit coupling of the underlying electronic model.
The nonzero matrix elements of the tensor I'g , are

F;z = F;)f = ng = FJ{Z = F)Zéy = F;x =TI (2)

N

FIG. 1. (Left) The honeycomb lattice can be divided into two
triangular sublattices labeled A and B with the nearest-neighbor
distance d. The underlying Bravais lattice has two sites per unit
cell. We choose a basis {ej, e,, e3} such that e; is parallel to the
horizontal links and e; (which is the [111] direction or the underlying
cubic lattice and is not shown in the figure) is perpendicular to
the plane of the lattice. Nearest neighbors are connected by the
vectorsd, = de;,d, = d[—%el + %éz] andd, = d[—%el — ?ez].
We use the same color coding as Ref. [12]. A possible choice for the
primitive vectors is @ =d, —d, = d[%el — ?ez] and a =d,; —
d, =d[}e, + Le;). Note that d, +d, +d, =0, a, +a, =3d, =
3de,,and a, —a, =d, —d, = J3de,. (Right) In the materials of
interest, the honeycomb lattice lies in the plane perpendicular to the
[111] direction. The link vectors d., dy, and d, connecting nearest
neighbors of the honeycomb lattice are parallel to the diagonals of
the faces of the cube marked by dashed lines. We use the same
color coding as in the left figure. The labeling of the link vectors
corresponds to the spin components in the Kitaev interaction.

Finally, the last term in Eq. (1) is the Zeeman-interaction,
where the gyromagnetic tensor is assumed to be diagonal and
we have absorbed the values of its diagonal elements into
the definition of the components of dimensionless magnetic
field h.

Since for generic values of the couplings the model (1)
does not have any continuous symmetries, it is reasonable
to expect that at low temperatures the system will exhibit a
long-range magnetic order, at least for large spin S. In the
limit S — oo, where the spin operators can be treated as
classical three-component vectors of length S, the possible
lowest-energy spin configurations of the model (1) have been
discussed by several authors [5,12]. Depending on the values
of the parameters J, K, and I', different spin configurations in
the classical ground state are realized, as illustrated in Fig. 2
using three different projections of the three-dimensional pa-
rameter space onto a plane.

In this work, we shall focus on the zigzag phase, which is
realized in the low-temperature regime of the iridium oxides
and ruthenates [6]. In this regime, the magnetic ground state
further reduces the discrete translational symmetry of the
honeycomb lattice, so that four inequivalent sublattices are
necessary to describe the discrete translational symmetry of
the system. This implies that in the zigzag phase the spectrum
of spin-wave excitations has four different branches, which
have been obtained numerically [55] using the algorithm
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FIG. 2. Three equivalent representations of the classical phase
diagram of the Kitaev-Heisenberg-I" model for vanishing exter-
nal magnetic field, omitting incommensurate phases. The three-
dimensional parameter space is spanned by J, K, and I'. Since
the phase diagram depends only on the relative energy scales, we
set J/R =sin¥ cos¢, K/R = sin ¥ sing, and I'/R = cos ¢, where
R? = J? + K? 4 I'?. The angles ¥ and ¢ parametrize the surface of
the unit sphere, which we project onto the plane in three different
ways: (a) equirectangular projection, (b) Mollweide projection, and
(c) depiction of the upper (I' > 0) and the lower (I' < 0) hemisphere.
The blue line represents the curve I' = K, while the orange line
represents I' = —3/2K with K > 0.

developed by Colpa [96] (see also Refs. [97-99]) that we
summarize in Appendix A.

III. MAGNON HAMILTONIAN IN THE ZIGZAG STATE

A. Classical ground states

To set up the spin-wave expansion, we should first iden-
tify the spin configuration in the classical ground state. In
this limit, we treat the spin operators S; as classical vectors
and minimize the resulting classical Hamiltonian. Therefore
it is convenient to work with the coordinate representation
of the spins in the crystallographic basis, where the S; are

represented by the column vectors

€y S,‘ Sf
e,-Si| =151 3)
e; - S,‘ Slz

which we call again S; for a notational simplicity. Then the
Kitaev-Heisenberg-I" Hamiltonian can be written as

H=> > S'HS;—> h-S
@ (ij)a i
=" ShHuSria, — Y I - Sg. @)

o ReA R

where in the second line the symbol ) g, denotes summation
over all sites of the A sublattice (see Fig. 1) and the 3 x 3
matrices H, are defined by

H, =J1+ Keaeg + Z ngeﬁei, 5)
By

or more explicitly

J+K 0 0
H = 0 J T, (6a)
0 r J
J 0 r
H=|0 J+K 0], (6b)
r 0 J
J T 0
H=|r J o . (6¢)
0 0 J+K

Introducing the site-dependent effective magnetic field

Br=h—  HySg:a,. (M

where the upper sign in Sg+q, should be taken for R € A and
the lower sign for R € B, the conditions for the extremum of
the classical energy can be written as [100]

Sk X Bg =0, (®)

which means that for each lattice site R the effective field
Bpr must be aligned with Sk. To obtain an explicit analytical
solution of the system (8) of nonlinear equations we have
to make further simplifying assumptions. Here we restrict
ourselves to the spin configurations satisfying

SR+da = TaSR for Re A, (9)

where the 3 x 3 matrices 7, parametrize the relative orienta-
tion of the neighboring spins and depend only on the displace-
ments d, connecting the spins Sg and Sg.4,. This restriction
does not allow for the incommensurate spiral phase, which
we ignore in the following analysis as it never crosses the line
of our interest I' = K > 0 and thus does not interfere with
our analysis, see supplementary notes of Ref. [55]. Renaming
R +d, — R, the condition (9) can alternatively be written as

Sk_a, =T, 'Sg, for ReB, (10)

which is valid for all sites R belonging to the B sublattice
shown in Fig. 1. For simplicity, we shall from now on consider
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only the case of vanishing external magnetic field & = 0.
Then, for the A sublattice, Eq. (8) reduces to

Za HaSRera Za Hot TaSR

Sg = +S =4S , (11)
| > HoSroa, | >y Ho TSk
and, for the B sublattice, to
H,Sg_ H,T'S
Sg =4S 2o HlaSrd, _ ¢ 2ullal, 1 R 12
| >y HuSk-a, | >, HaT, ' Sg|

Keeping in mind that the classical energy can be written as

Ho=+S> Y HoSgia,| =S Y |> HaT.Sk

ReA | « ReA | «

, (13)

it is clear that we should choose the minus sign in Egs. (11)
and (12) to minimize the energy. Note that on the A sublattice,
the spin Sk must be an eigenvector of the matrix ), H, Ty,
while on the B sublattice Sg must be an eigenvector of
Za H, Ta‘l. To construct the minimum of the energy, let Apax
be the eigenvalue of the matrix ), H,7, with the largest
absolute value. Then the classical ground-state energy can be
written as

N 2
Ho = _ES | Amax |- (14)

To classify possible ground states, note that by successively
applying these transformations to the six spins at the corners
of a hexagon we obtain the holonomy condition

'L LT =1, (15)

where [ is the three-dimensional identity matrix. If we require
that the discrete lattice rotational symmetry should not be bro-
ken, these conditions can be satisfied in five inequivalent ways
[12]: (a) ferromagnetic state: (1%, Ty, T;) = (I, 1,1); (b) an-
tiferromagnetic state: (T, Ty, T;) = (=1, —I, —1I); (c) zigzag
states: (Ty, Ty, T;) ={,1,—I) or (I,—I,I) or (—=1,1,1);
(d) stripy states: (Ty, Ty, T;) = (I, =1, —=I) or (—I,1, —I) or
(—1,—1,1); and (e) 120° state: (Ty, Ty, T,) = (I, Ri20, R35p),
where Ry represents a 120° rotation around the [111]
direction.

B. Zigzag state

In the rest of this work, we shall focus on the parame-
ter regime where the magnetization in the classical ground
state forms a zigzag pattern with (T, T,, T;) = (1, 1, —1) as
illustrated in Fig. 3. Then, the neighboring spins connected
by d are antiparallel, while the neighboring spins connected
by d, and d, are parallel. This state, which is realized in
some iridates and «-RuCls, breaks the discrete translational
symmetry of the honeycomb lattice, and requires a four-
sublattice description. We label the sublattices by a, b, ¢, and
d, as shown in Fig. 3. The local moments S; in the zigzag state
are

Si=Sm;, m;={n;, (16)

where ¢; = 1 for the sites R; on the sublattices a and d, and
¢; = —1 on the sublattices b and ¢, and n3 is the normalized

FIG. 3. Spin configuration in the zigzag state m; = ¢{;n3; where
¢ = 1 on sublattices a and d and {; = —1 on sublattices b and c.
It turns out that in the special case I' = K > 0, where the magnon
spectrum can be calculated analytically as discussed in Sec. IV B, the
local moments are m; = ¢;e,, i.e., the magnetization lies in the plane
of the lattice and points in the direction of the stripes. The dashed
rectangle marks the choice of the unit cell of the lattice with a four-
site basis, with the primitive vectors | = 3de; anda, = /3de,. The
associated reciprocal lattice basis is b} = %el and b, = %ez.

eigenvector of the matrix

J+K -T r
ZHO,T =H +H,~-H=|-I J+K T
o r r J-K

a7

whose eigenvalue A3 has the largest magnitude. The eigenval-
ues of the matrix (17) are

M=J+K+T, (18a)
r R

=T+ (18b)
r R

)u3 :J—E—E, (18C)

with

R=+4K? —4KT +9I2 = \/QK — T2 +8I'2.  (19)

The corresponding normalized eigenvectors in the crystallo-
graphic basis are

(20a)
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1 1
n,=—— = ———(e, + ¢, +re;), (20b)
S NoEre yr
sign(s) sign(s)
= = ——"(e,+e,+se;), (20c)
V2 452 V2 452 Y :
where
2K +3I' — R 3r+2K—R
r= = — 21
2K —3'+R 3 —2K — R
and
_2K+3F+R_ 3F+2K+R_ 2 22)
STOK—3r—R_ 3 —2K+R_ r
For later reference, we note that
r+s=1-2K/T, (23)
and hence
K+T'(r+s)=T—K. (24)

Recall that the local magnetization in the classical ground
state is parallel to the eigenvector whose eigenvalue has
the largest magnitude. In the zigzag phase, this is nj3; the
corresponding classical ground-state energy is simply

N

Ha = —ESZIMI- (25)

For I' — 0, we may expand
R =2|K| — T'signkK + O(T'?), (26)

so that

2K +2|K| 4 3T — I'signkK + O(I'?)
2K —2|K| — 3T + I'signk + O(I'2)’
For positive K, this expression diverges as —2K/I" — Foo
for I' - £0. In this limit, » — O so that the eigenvector
n; reduces to (e, +e,)/ V2, while the eigenvector n3, which
gives the direction of the magnetization, approaches e,. On
the other hand, for K < 0 the parameter s vanishes for I' — 0

while r approaches Foo for I' — +0; the local magnetization
lies then in the crystallographic xy plane. Using the relation

<3I‘+2K—R)(3F+2K+R>
rs =

27)

3T —2k —RJ\3F —2K + R
3r+2K)> —R* 16KT
_ Or+25 _ — 2. (28
(BT —2K)? — R’ —8KT

one easily verifies that n; x ny = n3, so that {n, n,, n;} form
a right-handed basis with the third axis n3 matching the
direction of the local magnetization in the zigzag phase.

In Sec. IV B, we will show that for I' = K > 0 the magnon
spectrum can be calculated analytically, which will enable us
to calculate the magnon damping. In this case, r = 1 and s =
—2 so that the direction of the classical magnetization is

1 (1
n=—|-1]1, (29)
3 VA

which is the coordinate representation of the vector e, point-
ing along the direction of the zigzag pattern shown in Fig. 3.

Hence, for I' = K > 0, the magnetic moments lie in the plane
of the honeycomb lattice and point in the direction of the
zigzag pattern. Note that e, can be combined with another
unit vector e; in the plane of the honeycomb lattice that is
perpendicular to the zigzag pattern, and with a third unit
vector e3 that is perpendicular to the plane of the honeycomb
lattice to form a basis {e|, e, e3}, which matches the geometry
of the lattice. The relation between this honeycomb basis and
the crystallographic basis {e,, e,, e} is

€] (%) (]

ex——ﬁ—%—i-ﬁ, (30a)
eyz%—%Jr%, (30b)
e.= 50+ % (30¢)

The inverse transformations are
e = % (3la)
ey = %’Jzez (31b)
€5 = W% Gle)

From Eq. (31b), it is obvious that 73 in Eq. (29) can indeed
be identified with e,.

C. Projection onto local reference frames

In this section, we consider a general case of the zigzag
state with a finite magnetic field. To derive the spin-wave
spectrum, we express spin operators in terms of canonical
boson operators using the Holstein-Primakoff transformation
[95]. Therefore we project the operators S; onto the right-
handed basis {¢;;, t;», m;} with the third direction

m; = {nj (32)

matching the direction defined by the local magnetization
in the zigzag state given in Eq. (16). The transverse basis
vectors ¢;; and £, are not unique and are defined only up to a
local U(1) gauge transformation [100,101]. The most general
choice of the transverse basis vectors is

tiy = n;cos¢ —nysing,

tin = ¢i[ny sin g + n; cos ¢,

(33a)
(33b)
where n; and n, are defined in Eqgs. (20a) and (20b) and the
angle ¢ is arbitrary. The factor ¢; is introduced such that our

local basis is right-handed. The corresponding spherical basis
vectors are
1) =ty +ipto = Py +iptiny), p=+.  (34)

To derive the expansion in powers of 1/S, we project spin
operators onto our local basis,

S; = S!m; + S, (35)
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with the transverse part given by
1
— —pyp
=5 > oSl
p==

Then the spin components are bosonized using the Holstein-
Primakoff transformation [95],

(36)

I
a;a; a 'a;a;
=42 a5 a; X2 |:a, 1S :| (37a)

o gt
= v/25a],[1 - % ~ \/2S|:al' — %} (37b)

Sl=5—da, (37¢)

where a; and a; are canonical boson operators satisfying the

usual commutation relations [a;, a;] = §;j. To express our
Hamiltonian (1) in terms of the Holstein-Primakoff bosons it
is convenient to write it in the form

1
W3 2|+ s

ij,a

—Zh.s,-, (38)

where Jii =J*(R; — R)) and Fﬁy = ng(R[ — R;) are only
finite if R — R; connect nearest-neighbor sites on the honey-
comb lattice, with

J"‘(R- —Rj ==+d,) =J +5,,K,
o« (R —R; =+d,) = 8,,T'%,.

(39a)
(39b)

Substitutlng the decomposition (35) into Eq. (38) and
Ta;, our spin Hamiltonian can be written as

setting Sl” =5—aq
H=Ho+Hoy +Hay +HoL+Hjr, (40)
with

SZ oo A o y
Ho =2 D | Jimim + 3 Tg, mfm)
By

—S2h~m,~,

ij,o
41)
S Q. Ao o 4
ij.o By
X (d?ai + aj?aj) + Zh -miaja,-, (42)
1
Hi=5 ) | TS -e)(S] - ea)
ij,a
+ Z Tsy, u(sf_ ~e,g)(ij -ey) |, 43)
s == X5t i 5 e
ij M
+ ) T§, esm) | (S —aja) (44)

By

Within these notations, the condition (8) for a spin configura-
tion to be in the classical ground state can be written as

m; x h—SZ Jioj‘-eam +Zrﬁyu
j.a

=0.
(45)

Using this condition, the part ;. of the Hamiltonian which
mixes longitudinal and transverse fluctuations simplifies to

_Zsl_i.

ij.o

HyL = Tteqm" +Zr“ﬁyeﬂm§ alaj. (46)

If this term does not vanish by symmetry, it generates cubic
interactions of the Holstein-Primakoff bosons in the leading
order in the 1/S expansion.

D. Quadratic boson Hamiltonian

From now on, we set h = 0 again. After substituting the
spin projections in the local basis {t;,¢;, m;} of the zigzag
state into the general formulas given in the previous section,
the spin-wave dispersions in the zigzag state can be obtained
from the part H, of the Hamiltonian that is quadratic in
the boson operators. For the explicit calculation of H,, the
following identity for the sum over a function of the nearest-
neighbor sites on the honeycomb lattice is useful,

Zf(R,-,Rj)— Y| Do SR Ri+dy)
(ij) W=X,,2 €A
+ ) fR, R —d,o]
R;eB
= Y > FR.Ri+d,). @)
n=x,y,z R;€A

where R; € A means all sites of the sublattice A =aUc
and R; € B means all sites of the sublattice B =5bUd. The
quadratic contribution H; to the longitudinal part of the
bosonized Hamiltonian defined in Eq. (42) is easily obtained:

My =—FS ) apar, (48)
R
with
F=J+ K(m + m —m: ) + 2 (mym, + mmy, — myemy,).
(49)

The calculation of the corresponding transverse part H,, is
more involved. For simplicity, we use the gauge ¢ = 0 for the
transverse basis where the transverse spherical basis vectors
are simply ¢ = ny + ip{;n;. In the zigzag state, the expansion
of the transverse part of the spin operators is

St

l

1
5 > s;'n” for R;eaUd, (50a)
p

1
=3 > s'n” for R;ebUec, (50b)
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where we introduced the site-independent spherical basis
vectors

n” =n, +ipn,. (51

Decomposing the transverse part /, of the spin Hamiltonian
defined in Eq. (43) into contributions from the three types of
interactions,

H, =H, +HE+ U, (52)

J

1
yk — 2 Z Z [Kpp SpSp+d + KPP SpSp+d + Kpp SpSﬁer

we then obtain for the Heisenberg part (J term),

J -
) > D [SkSela, + SkSrTa

P ReA

LT SkSkid.)-

(53)

To explicitly write down the transverse contribution of the
Kitaev term in the zigzag state, we separate the contributions
from the four sublattices,

+ Y K ShSh g + KD SkSh g + KD ShSh 4 ]

1 — yy
8 pr Rea Rec
+ ) (K SeSia, + K SiSka, + K2 SeSk_a 1+ D [KE SeSp_a, +KIY SeSp_a +KZ SeSp_a ] (54)
Reb Red )
where we have defined
K = K(eq - n")(egs - n'). (55)

and the superscripts p and p’ stand for —p and —p’. Similarly, the contribution from the off-diagonal exchange term to the

transverse part of the spin Hamiltonian can be written as

HY = Y S [0 spsh. . + T Sksy a, T2 SESh ]+ [T Shsh

pr’ Rea

+ ) [T ShSh 4 + T2 SkSk 4 + T2 SaSh
Reb

where we have defined

TP = T'[(eq - n”)(ep - n”) + (ep - n”)(ey - 7).

ap = (57)

To obtain the corresponding Hamiltonian Hp, = Hj, +
HX, +#HL |, which is quadratic in the boson operators, we
approximate the spherical components of the spin operators
by the leading terms in the Holstein-Primakoff transformation,
ST~ \/2Sa; and S7 ~ /2Sa], see Eqs. (37a) and (37b).
Then the resulting quadratic boson Hamiltonian can be block-
diagonalized by transforming to the momentum space on each
of the four sublattices separately,

4 ik-R
ag = \/;Xk:e a, Rea, (58a)

4 ik-R
= —Z b, Reb, (58b)
\/> Z kR. Reec, (58¢)
- iZe"""‘d Red (58d)

- N kv )
k

where the momentum sums are over the reduced (magnetic)
Brillouin zone associated with one of the four sublattices
containing N/4 lattice sites. Note that the coordinates of the
sites of different sublattices can be transformed into each other

o]+ [T SkSh 4 + T SpSh 4 + T2 SeSk ;]

+d, + I"PP SpSp +d, + l"ﬂﬂ SpSZ+d]

vz
Rec

(56)
Red

(

by shifting by a vector that is not a primitive vector of the
Bravais lattice,

R, =R, +d., (59a)
Rc:Ra+dz_dx:Ra+ala (59b)
R;=R,+d,, (59¢)

where the subscripts indicate the sublattice and the shift
vectors d,, d, and a; are defined in the caption of Fig. 1. As
a consequence, we should distinguish four types of periodic &
functions,

4 .
dalk) = Z kR — Z k.6 (60a)
Spk) = Ze’k Ry Z Se.ge'C, (60b)

R,

4

dolle) = = D eHe = Z8kGe’G“‘ (60c)
R,
Sak) = Zel’f R — Z Sk.ge'C (60d)

where G are the reciprocal lattice vectors of the honeycomb
lattice associated with the a-sublattice, i.e., ¢®G =1, It
follows that the Fourier components of the operators ay, by,
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¢k, and dy defined via Eq. (58) have the following periodicity
properties:

Qg6 = Qi (61a)
bivg = e 'O by, (61b)
i =€ e, (61c)
drsg = e70%dy. (61d)

These nontrivial phase factors are crucial for the correct
treatment of umklapp scattering in our calculation of magnon
damping presented in Sec. V.

In the momentum space, the total quadratic part of the
boson Hamiltonian is of the form

o= oy + s = Y 3|,
k mn

1 *
+ E [B;cnnaltmaikn + (Bzm) a*kmak”] } ’ (62)

where the labels m, n € {a, b, ¢, d} refer to the four sublattices
and we have set ay, = ag, agp = by, age = ¢, and agg = di.
In general, the hermiticity of the Hamiltonian implies that the
matrix Ay with elements [A;]™" = A} is Hermitian, i.e.,

A = (AP™)*, or Ag=A]. (63)

Moreover, the symmetry under relabeling k — —k in the off-
diagonal terms implies

B =B™, or By=B,. (64)

In the zigzag state with the local moment given by m; = ¢;n3
and general transverse basis vectors given by Egs. (33a) and
(33b), the nonzero elements of the matrices given above are

A = AP = A% = Add = ), (65a)
A= () =AY = (AF) e (65D)
AL = (A2 = B, (65¢)
A = (A1) = By (65)
and
By’ = B", = B = B = u, (662)
Bad = Bi‘;{ = ])k’ (66b)
Blib = BliCk = ])ik’ (66C)
where
e slra k2T 0 2T
= — —_— — s -
2452 2452
2 — 2 r(4+r)
=§|-J+K r , 67
|: + 2472 + 2+ r2 ] ©7)
K 4 + r2 r ik-d ik-d

=SlJ+= eds 4 hdyy (68
o |: +42+r2+ 2+r2:|(€ +em ), (68)

K 1 ra+r27,
= _SeP| = ~ ik-d 69
fi = =S¢ [22+r2 22+r2i|e )
B P Sl 2 (70)

e = 2 2420

; K r . .
=S 2i¢p - -T ik-d, ik-d,
= e {[42+r2 2+r2](e +em)
K—-Tr 2 ed ed
———— Wl — ™y L. 71
Fim g =t (71
The parameters r and s = —2/r are functions of K and I" as

given in Egs. (21) and (22). Note that for K = I'r, the last term
in Eq. (71) vanishes so that v = v*, for ¢ = 0. It turns out
that on this special surface in the parameter space, the spin-
wave spectrum can be obtained analytically for all k, as will
be discussed in Sec. IV B. We conclude that in the zigzag state
the matrices Ay and By defined via the quadratic spin-wave
Hamiltonian H; in Eq. (62) have the following structure:

A AR 0 AM
(Agrys AP | A0
Ak = beyx cc cd
0 @AN" | AF A¢
(Allfrd )* 0 (A]Ccd )* Azd
A B| O ag
oA | of 0
k k
= 72
0 o A By (72)
af 0 | B A
and
0 BY| 0 BY
B, — B 0 | BX 0
0 B | 0 BY
B 0 | B4 0
0 i 0 n
M—k 0 l);ck 0
“170 v o0 ' (73)
—k Mk
V_k 0 Mk 0

E. Including third-nearest-neighbor exchange

A more realistic model of the spin-orbit coupled iridium
oxides and «-RuClj also takes into account an isotropic third-
nearest-neighbor Heisenberg exchange interaction J3 connect-
ing spins on the opposite corners in the hexagons of the
honeycomb lattice. Then we should add the following term
to our Hamiltonian in Eq. (1):

H = L;Z |:ZSR - Sp+s, + ZSR 'SR—sa]’ (74)

a ReA ReB

where the vectors §, = —2d, connect the opposite sites of
the hexagons. The classical ground-state energy of the zigzag
state is then given by

Ho [As] 3 1

— === === Js, 75

NS? 2 277 2 w73
where A3 is given in Eq. (18c). Hence, a positive J3 stabilizes
the zigzag state, similarly to the consideration of Ref. [55]. It
turns out, that the structure of the matrices A and By given
in Egs. (72) and (73) above does not change with J3; we
simply have to redefine the diagonal matrix element A of Ay
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as follows:
2— 2 rd+r)
Ar=S|3/x3—-J+K r
|: 3 + 2+r2+ 2472

and replace the off-diagonal element u; of the matrix By by

} (76)

B’ = B = B¢ = BY = 1,
K-T r2 ik-d,
:S[”Tm} ‘

+SJ3(e—2ik-dx _’_e—Zik-d). 4 e—Zik-d;). (77)

Note that the additional contribution to the matrix element fiy
involving J3 does not violate the symmetry p_x = uj.

F. Cubic boson Hamiltonian

For the calculation of the magnon damping in the zigzag
state presented in Sec. V, we also need the cubic part 3 of the
boson Hamiltonian, which can be obtained from #; given in
Eq. (46) by expanding the transverse components of the spin
operators to linear order in the Holstein-Primakoff bosons. In
real space, we obtain

V28 .
Hz = —T5 Zalle (prﬁﬂix + ‘/yp;édey - Vzpll;ﬂiz)
Rea
- ZCR Vi PRia, + vy IOR+d Vz*PI[;erz)

Rec |

- Z by (Vi pr_a, + Vi or-a, = V. Pi-a.)
Reb

+ Z dy(Vebi_a, + VyPR-a, —
Red

Vopi-a,) + He.

(78)

where pp = a};aR, ,olb} = b;bR, Pgr = C;CR and ,01‘,? = d};dR are
the number operators of the Holstein-Primakoff bosons in the
four sublattices a, b, ¢, and d, and

V. = e®sgns |:K— Cs 4 r-K :| (79)

el v arel

- e"¢sgns[ K — Fs - K} (79b)
V22l V2 «/—

V., = &(r —K). (79¢)

T2+ 22412

Defining the Fourier transform to momentum space as in
Eq. (58) and carefully keeping track of the phase factors
associated with the umklapp scattering using Eq. (60), we
obtain

M iG-d,—i(ky+k3)d, iG-d—i(ky+k3)dy\ g7 iG-d.—i(ka+k3)d T T
\/ Z 28k1+k2+k3 B L o e A A AP

kik2ks G
+[(v* iG-a,+i(ky+k3)-d, +V* lGa|+l(k2+k3)d)

+ [(VX*EIG-dffl(szrkﬁ-dx + Vy*ezG-dzfi(k2+k3)-dy)bl‘_k n VzezG~dx71(kz+k3)~d:dikl] T

_ [(Vxei(kz-‘rks)dx + ‘/}~ei(k2+k3)'d.")

In the second line, we use k, + k3 = G'— ky,a =d,—d,,
a=d,—d, d, —d,=a; —ay, and @2 = | {0 sim-
plify the phase factors as follows:

eiG-d,r—i(k2+k3)'dx _ ei(G—kz—k3)dr _ ezkl d (81a)
/O di—ilkaths)dy _ iG-(di—dy)tiki-dy

— oG @—antikd, _ ,ikid, , (81b)
/G dilathkd: _ pi(Glodyd: _ pikid: (8lc)

The phases of the three terms in the third line of Eq. (80)
can be simplified as follows:

piGartitkotks)d, _ ,iG-(@i+d,)~ikid

— elG'd:e_lkl'dx’ (823.)
eiG-a1+i(k2+k3)-dv — eiG-(a1+d)-)7ik1-d‘
eiG-(a2+dy)—ik1-dy

= /0 d:pmikidy (82b)

ei(k2+k3)-d: — 6,iG-d:e—ikpdz, (82C)

+ v, el(kz-i—kz) d

+ V* iG-a;+i(ky+k3)- d

]b k> br,
C—kzck3

Y Jd e di, +Heel) (80)

and in the fourth line we can write

pGd—illatls)d, _ ,iG-(d.~d)+ikid,

— elG-alelkde’ (833)
piGd:—ilkaths)dy _ ,iG-(d:~dy)+ikid,
£lGa piki-d,
= 0uehd, (83b)

iGdi—itkaths)d, _ iG-(d,—d.)+ikid,

— e*lG-alelkpdz — elGﬂ]elk]-d:’ (83C)

where in the last line we have used the fact that 2a is a vector
of the Bravais lattice so that e=%¢*% = 1. Finally, to simplify

the phases in the last line of Eq. (80), we use 1 = ¢/¢"@—®) —
e64:¢iGdy and hence ¢'C4 = ¢'0% to write
ei(k2+k3)-dx — eiG-dxe—ikl -d, , (843)
itk d, _ iGd, —ikid,
— eiG‘dxe_ikl'dy’ (84b)
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GG artiletky)d. _ ,iGai+iG—k ),
— piG-@+d,) ,—ikid,
— G- (—a1+d) ik d.

= /Cdspmikid: (84c)

Defining
V28

Ve = T2 (Ve 4 Vel

V28 gi¢’signs [K _ FS(eik'dx _ eik'd)’)
2 V2¥ 2L V2

r , .
+l (elkdx + elkdy)il’ (85)

e®sgns
V245224712

we finally obtain the cubic part of the boson Hamiltonian in
the zigzag state,

\/5 YD Stk

kikks G

= V2§ (T —K)e* %, (86)

Hs =

X {_[Vkldjkl + Ujklbikl]aikzaks

+ o0y Cikl + U_,qaikl]btkzbk3

+ e [kale_kl + Ukldikl]cikzckS

— NV pa', + U ety Jdty di, + He}.  (87)
Note that the Umklapp processes associated with the nonzero
vectors G of the reciprocal lattice involve nontrivial phase
factors. Below we shall calculate the magnon damping in

the special case ' = K > 0 where » = 1 and s = —2. Then
U, = 0, while Vj reduces to

VAN ;
Kt — e,

where we have chosen the gauge ¢ = 0 for simplicity, so that
Vo=V

Vi=— (83)

IV. MAGNON SPECTRUM IN THE ZIGZAG
STATE FORT =K

To obtain the magnon spectrum, we should diagonalize the
quadratic part H, of our boson Hamiltonian in Eq. (62). Due
to the anomalous terms involving the matrix By, this requires a
multiflavor generalization of the Bogoliubov transformation.
A general algorithm for constructing such a transformation
has been described by Colpa [96] and by Blaizot and Ripka
[97], see also more recent discussions in Refs. [98,99]. We
provide a careful review of this algorithm in Appendix A
where we also point out some mathematical subtleties [98].

For a general boson Hamiltonian of the type (62) with
f different boson flavors, Colpa’s algorithm transforms the
Hamiltonian to a diagonal 2 f x 2 f matrix containing magnon
energies wy, as well as negative magnon energies —wy,, where

n=1,..., f labels the magnon bands. In the zigzag phase of
the Kitaev-Heisenberg-I" model, the number of boson flavors
is f = 4, so one has to deal with 8 x 8 matrices to calculate
the magnon spectrum. Although this can be done numerically,
the size of the matrices is too large for performing analytic
calculations beyond the standard linear SWT in a reasonable
amount of time. In this section, we will show that we can avoid
this doubling of the flavor dimension by using the Hermitian-
field parametrization of the SWT developed in Refs. [§1-85].
Another advantage of this approach is that it allows us to iden-
tify special regimes in the parameter space of the model where
the calculation of the magnon spectrum simplifies. In fact, we
will demonstrate below that for I' = K > 0 and arbitrary J
and J3, magnon spectrum can be obtained fully analytically,
which will enable us to calculate magnon damping and the
dynamical structure factor for I' = K in Sec. V.

A. Hermitian field parametrization of spin fluctuations

At this point, it is advantageous to work with the Euclidean
action associated with the quadratic boson-Hamiltonian (62),

S = IB Z Z{(Azm - ia)amn)aKmaKn
K

mn

1 o x

+ E [Bzmal(ma—Kn + (Bzm) a—KmaKn] } i (89)
where ag,, are now complex variables labeled by the
momentum-energy index K = (k, iw) and the sublattice index
m. Here, iw is the bosonic Matsubara frequency, § is inverse
temperature, and ), = Y, > . For each complex field ag»,
we now introduce a pair of real fields Xk,, and P, by setting

1

agm = E[XKm + iPgm], (903)
1

(90b)

a_gm = E[XKm — iPgpl,

where Xk, and Px,, are the Fourier components of real fields
that satisfy

X—Km = X[? P—Km = P]?m- (91)

m>

In terms of these new variables, the quadratic part of our spin-
wave action can be written as

S, = g O B P-kmPrn + V" X kX

K mn
+2(w08™" + W) X_gmPrn], (92)

where 7;"", V™", and W/™" are the matrix elements of the f x
f matrices Ty, Vi, and Wy, defined by

Ty = AY — BF, (93a)
Vi = AX + BE, (93b)
W, = —A; + B, (93c)
where we introduced

Av+A*, A +AT
R = > k > k. (94a)

Ay — A* A — AT

1 —k —k
— - i 94b
k 2i 2i (94b)

054424-11



R. L. SMIT et al.

PHYSICAL REVIEW B 101, 054424 (2020)

pr _ Bit B _Bi+B;
k 2 2

B.—B*, B.-B
220

Our notation is motivated by the theory of coupled oscil-
lators in classical mechanics [102], in which the analog of
T} is associated with the kinetic energy of the system and
the analog of Vj describes potential energy in the harmonic
approximation. Note that the matrix Wy, can alternatively be
written as

(%94c)

By

(94d)

Wi =W, +W, _, 95)
with
Wi+ W
Wiy = — . - _ B, (962)
Wi — W7
W =~k = AL (96b)

In these notations, our action (92) can be written in a more
symmetric form

B
$2 = E Z Z[Y;cmllp—Kl11PKn + VkmnX—KmXKn

K mn
+ (8™ + W™ ) (X—kmPrn — P-kmXkn)

+Wkrt11(X—KmPKn + P—KmXKn)]' (97)
The symmetry of the fields under the relabeling K — —K and
m <> n implies

" =T% or Tp=T.,, (98a)
Vim=vm" o oor Vy=V., (98b)
Wi =4Wh, or Wi =4Wl o (980)

In addition, the hermiticity of the underlying Hamiltonian
implies

Tkmn — (]—}cnm)* or Tk = T]t, (993,)
Vi = (V) or Vi =V], (99b)
= £(W)T or Wie = j:W,ti. (99¢)

Hence, the matrices T, Vi, and Wy are Hermitian, while
W, is antiHermitian. Combining the relations given above,
we see that all matrix elements satisfy

"= (T%)" or Tp=Tr, (1002)
v = (V_mk")* or V=V’ (100b)
Wit = (W2e)" or Wi =W7, . (1000)

In the compact matrix notation, our quadratic spin-wave
action (97) can be written as

B ;
SalX, Pl =2 XKJ[XKVkXK + Py TPk
+ X (Wi + @)Pg + Pi(W, — )Xk]
_ B T T Vi Wi + o) (Xk
- EXK:(XiK’PiK) W;;—a) Ty Py )’

(101)

where we have defined the four-component column vectors

XKa PKa
X P

Xe= (x| Pc=|p (102)
Xka Pxa

After the analytic continuation to real frequencies (w =
—iiw — —iw), the spin-wave dispersions can be obtained
from the roots of the equation
W, —iow
g ) = 0.

det( Vi

W, +iw T, (103)

At first sight, it seems that one has to calculate the determinant
of the 2f x 2f-matrix in order obtain the f magnon bands,
as in Colpa’s algorithm [96]. However, we can reduce the
dimension of the matrices by performing Gaussian integration
over the P field. The resulting effective action for the X
field is

ﬂ m — mny,pn
$[X] = EZZX%[GO‘(K)] Xz, (104)

K mn

where the inverse Gaussian propagator of the X field is
given by

Gy 'k, iw) = Vi — (Wi + )T, (W] — )
= Vi + (0 — A; + BT, (0 — Af — By).
(105)

The matrix in the right-hand side of Eq. (105) is the so-called
Schur complement of the block Vi in the matrix

Vk Wk +w
W;: —w Tk '
After the analytic continuation to real frequencies (iw — w),
the inverse propagator matrix in Eq. (105) becomes
G, ' (k, ) = Vi — (0 + iW) T, (@ — iW})
= Vi — (Wi — i) T, (W] + iw)
= Vi — (0 — iA} + iB) T ' (0 — iA}, — iBy).
(107)

(106)

Note that Eq. (107) can also be obtained directly from
Eq. (103) using general formula for the determinant of a block
matrix,

det <‘é g) = det(A — BD'C)detD. (108)

Given that the matrix A,’c is antiHermitian, while Vi, Ty and
B{( are Hermitian, it is obvious that for the real frequencies
the inverse propagator matrix G, !(k, w) is Hermitian, so that
it can be diagonalized by means of a unitary transformation.
Then the spin-wave dispersions can be obtained from the roots
of the equation

detG, ' (k, ) = 0. (109)

Obviously, the calculation of the magnon spectrum simplifies
if the matrix Wy, vanishes. In this case, the inverse propagator
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of the X field is simply

G, (k,iw) = Vi + &’ T; ', (110)
so that Eq. (109) reduces to
det(Vk — T} ') = 0, (111)
or equivalently
det(Tx Vi — 0*) = 0. (112)

In summary, by expressing each Holstein-Primakoff boson
in terms of two Hermitian operators, we can reduce the
calculation of the energy bands of a general f-flavor boson
Hamiltonian of the type (62) to the calculation of a deter-
minant of a Hermitian f x f matrix. This is in contrast with
the conventional algorithm [96-99] reviewed in Appendix A,
within which one has to solve a generalized eigenvalue
equation involving a non-Hermitian 2f x 2f matrix M;iy",
see Eq. (A43). Another advantage of the Hermitian field
parametrization is that it allows one to identify special regimes
in which calculations of the magnon spectrum simplifies,
significantly easier than in the conventional approach. In fact,
the next section shows that within the Hermitian field ap-
proach, we can identify previously unnoticed special surfaces
in the parameter space of the Kitaev-Heisenberg-I" model, on
which the magnon spectrum and eigenstates of the Hamil-
tonian can be calculated analytically. This enables us to go
beyond the linear SWT and calculate magnon damping in this
regime.

B. Analytically solvable magnon spectrum in the zigzag state

At this point, it is convenient to work with the gauge ¢ = 0
in the definition (33) of the local transverse basis. Then the
matrix element S in Eq. (69) has the symmetry g = B, so
that the matrix Ay, defined in Eq. (72) can be written as

A Br 0 oy
* A |laf O
Ay = Pi k (113)
0 o | 2 B
af 0| BF A

Keeping in mind that ax = o*,, the antisymmetric part A}
of the matrix Ay vanishes in the zigzag state, so that Wy =
Bf(. On the other hand, for ¢ = 0, the function vy defined in
Eq. (71) has a part v violating the symmetry v = v*,. To
isolate this part, we write

(114)
|

Vg = Vi1 + Vg2,

with
Vi + Uik
W = ——
k1 2
K r? r ; ;
=5 = -T ik-d, ik-d, 115
|:42+r2 2+r2i|(e ety (15
and
Ve — v,
LY
K—-Tr 2 . .
=S ikd, _ ikd, . 116
> 2 (e ") (116)
The two parts of the matrix By = BY + iB} are, therefore,
0 | 0O vy
B, + B* x 0 v
B — ¢ Pk _ | M k1 (117)
2 0O va| 0
v, 0 | ug O
and
0 0 0 Vi2
I B, — Bik _ 0 0 —v,’fz 0 — W,
k 2i 0 —we| O 0 ’
v 0 | 00
(118)
Then the matrices Ty and Vj, are given by
Ty = Ay — Bf
A Br — 1k 0 Qr — Vg
| B A % = Ve 0
B 0 Qg — Vi1 ‘ A Br — Mk
G- 0 | B-wp %
(119)
and
Vi = Ax + B
A Br + 1 0 Qg + Vi
B + 1y A oy + v 0
0 ok + ki ‘ A Br + 1k
oy + vy, 0 Br + 1y A
(120)

Now, the crucial point is that for K = I'r, the matrix element
ko and hence the matrix Wy vanishes for all momenta. In
these case, vy = v*, and the spin-wave dispersions can be ob-
tained from Eq. (112). The explicit solution of this biquadratic
equation gives the squares of the magnon dispersions,

@ 207 = 22+ o+ Bl — L+ el = 2l + Bl22A2 — s+ wel?) + 2Rel o + fi02uf + v, (121)

(0 )" =22+l — Bel” — | — vl £ \/2|Olk — BrlP2A% — |k — vi|?) + 2Re[(o — Br)*(uy — vi)?].  (122)
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FIG. 4. Dispersions of the four magnon branches in the Kitaev-
Heisenberg-I" model given by Egs. (121) and (122) for the model
parameters S =1/2, J=—12meV, K =1 =7 meV, and J; =
3 meV. We show a cut through k = 0 along e, perpendicular to the
zigzag stripes, see Fig. 3. The thicker dashed lines mark the boundary
of the first magnetic Brillouin zone. Although the individual func-
tions a),:f + and w;_, are not periodic within the first Brillouin zone,
the full magnon spectrum is.

With r given by Eq. (21), the condition K = I'r, under which
the spin-wave spectrum can be calculated analytically, can be
written as

[ 1 2K—30+4V4K? —4KT 491

K r 2K+30 —4K2 —4KT + 912

For negative K, this equation has only one trivial solution, I' =
0, but for K > 0 two nontrivial solutions exist,

I'=K and F:—%K.

(123)

(124)

In Fig. 4, we plot the magnon dispersions (121) and (122)
for a representative set of parameters satisfying I' = K >
0. In the projected representations of the three-dimensional
parameter space of the Kitaev-Heisenberg-I" model in Fig. 2,
the parameters satisfying ' = K and I' = —3K/2 with K > 0
are represented by the blue and orange lines, respectively.
However, one should keep in mind that we have assumed
that the zigzag state is the classical ground state. Therefore,
the only meaningful parts of these lines are the ones which
overlap with the zigzag phase. As one can see in Fig. 2,
for the I' = —3K/2 line this condition is not met anywhere,
while for the I' = K > 0 line there is a single point that
touches the zigzag phase, which correspondstoI' = K = —J.
Fortunately, adding the experimentally relevant third-nearest-
neighbor coupling J3 > 0 to our model, the stability region of
the zigzag phase is extended, while this extra term does not
invalidate our analytic calculation of the magnon spectrum. In
Fig. 5, we show the phase diagram of the Kitaev-Heisenberg-
" model for representative values of J3/+/I'2 + K2 + J2 in the
same projection as in Fig. 2(b) to demonstrate the expansion
of the zigzag region for J; > 0.

The underlying physical reason for the simplifications in
the calculation of the magnon spectrum for I' = K is because
in this case the magnetization lies in the plane of the honey-
comb lattice and is aligned with the direction e, of the zigzag
pattern, as was pointed out in Sec. III B, see Eq. (29). The
fact that in this case the magnon spectrum can be obtained by
solving a biquadratic equation suggests that for I' = K it must

r=-R
O Stripy [ Zigzag K Ferro O Antiferro 0120°

FIG. 5. Phase diagram of the Kitaev-Heisenberg-I" model for
representative values of J3 = J3/+/T2 + K2 +J2. Note that the
zigzag phase is stabilized for J; > 0. The blue line corresponds to
I' =K > 0, which has a finite overlap with the zigzag phase for
J3 > 0.

be possible to set up the spin-wave expansion such that the
magnon spectrum can be obtained from two magnon bands
defined in the full Brillouin zone of the honeycomb Ilattice.
In Appendix B, we show that this is indeed the case, because
one can simplify the spin Hamiltonian to the two-sublattice
structure already in real space. Then, one needs only two
bosonic flavors in order to block-diagonalize the quadratic
magnon Hamiltonian in momentum space. In the following,
we do not follow this path and continue with the original
four-sublattice formulation for the sake of generality.

V. MAGNON DAMPING IN THE ZIGZAG STATE FOR
r=K>0

In this section, we will present a fully microscopic calcu-
lation of the magnon damping of the Kitaev-Heisenberg-I"
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model with additional next-nearest-neighbor exchange J3 on
the I' = K > 0O line. Note that in Ref. [55], matrix elements
that determine magnon damping have not been calculated
microscopically, but have been estimated on the basis of
reasonable analogies with similar models. Here we show that
for ' = K > 0, we can perform such calculations explicitly
and in a fully microscopic fashion because in this case the
magnon spectrum and all relevant matrix elements can be
obtained analytically.

A. Strategy

Let us briefly summarize our strategy. The first step is to
explicitly construct the multiflavor Bogoliubov transforma-
tion that diagonalizes the quadratic magnon Hamiltonian. In
principle, this can be done numerically using the algorithm
developed by Colpa [96], see also Refs. [97-99]. Fortunately,
for I' = K > 0, we can construct the Bogoliubov transforma-
tion analytically, which considerably simplifies the numeri-
cal effort for the calculation of magnon damping. Here we
present a new algorithm to calculate the relevant four-flavor
Bogoliubov transformation involving only Hermitian 4 x 4
matrices. Then, we express the cubic part of the Hamiltonian
given in Eq. (87) in terms of the Bogoliubov operators, thus
obtaining decay vertices explicitly, and finally calculate the
damping of magnons using perturbation theory. In the earlier
work on the generalized Kitaev-Heisenberg model by Winter
et al. [55], the magnon damping was calculated by approx-
imating momentum-dependent vertices in the cubic part of
the Hamiltonian by a single momentum-independent constant.
ForI' = K > 0, this approximation can be eliminated because
explicit analytic expressions for the magnon dispersions and
all momentum dependent interaction vertices are available.
We compare the results of the two methods at the end of
the section for a representative set of parameters. We also
calculate the transverse components of the magnetic structure
factor and the neutron scattering intensities to demonstrate the
effect of the magnon lifetime on them.

B. Construction of the multiflavor Bogoliubov transformation

To diagonalize the quadratic part S, of the magnon action
defined in Eq. (89), we first express this action in terms
of the Hermitian fields defined in Eq. (90), then decouple
the momentum modes by means of a series of canonical
transformations, and finally transform back to new complex
fields which completely diagonalize the action. To carry out
this program it is convenient to use block matrix notations and
write the quadratic magnon action S, defined in Eq. (89) as

_ B ax \ (Ax —io By ag
$2=3 XK: (zz_K B, A", +iw)\ax) (125)

where the four-component vector
ag
bk

CK

dx

(126)

ag =

contains the four flavors of the Holstein-Primakoff magnons
introduced in Eq. (58).

1. Parametrization in terms of Hermitian fields

To begin, we express each complex field in terms of two
real fields as in Eq. (90). For our four-flavor theory, the
transformation can be written in a matrix form as

ag \ _ Xk

(dK) _N(PK>' (127)
Here we have defined the 8 x 8 matrix
1 /1 i1

N = %(1 —il)’ (128)

where 1 is the 4 x 4 identity matrix. Then the action S, in
Eq. (125) can be written as

ﬂ Vk w X
$=73 XK: (X", P{K)<_w Tk> (PII:)’ (129)

with
Vi = Ag + By,
T, = Ar — By

(130a)
(130b)

Here we have used that for I' = K > 0, the matrix W, that
encodes the imaginary parts of the matrices Ay and By and is
defined in Eq. (93c) vanishes identically. This is the key for
the following diagonalization as it simplifies the calculation
significantly. Note also that the 4 x 4 matrices V¢ and Ty are
Hermitian.

2. Transformation to normal modes

We now follow the theories of coupled oscillators [102]
and phonons [103] and perform a series of canonical trans-
formations to decouple degrees of freedom with different
momenta. As a first step, we define new fields such that
the “kinetic energy matrix” Ty is transformed to the identity
matrix. Since Ty is Hermitian, we can construct a Hermitian
matrix T,lc/2 with the property (T}c/z)2 = T;. Therefore we
diagonalize Ty, via a unitary transformation,

U T, Uy = Dy diagonal, (131)

and define the square root D,Z * of Dy in terms of the square
roots of the diagonal elements of Dy such that (D,'c/z)2 = Dy.
The matrix TZ ? is then defined by

T,)” = U;D;"U]. (132)
Note that the inverse of T;” is given by
- -1 12y 7f
T,” =(T/)” =UD, "V}, (133)

An explicit expression for TZZ in our four-flavor case is given
in Eq. (C2) of Appendix C. With the canonical transformation

Xk T 0 \(X«
= —1/2 D s
Py 0 T, Py

the “kinetic energy matrix” in the action (129) is transformed
to the identity matrix,

Sz=§Z(XiK, PTK)C;; ‘f)(f,[’j) (135)
K

(134)
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where the transformed “potential energy matrix” is

Vi = TV, T/ (136)

By construction, Vk is Hermitian, so that it can be diagonal-
ized by means of another unitary matrix Sy

SiViS; = @7 diagonal, (137)

where the elements of the diagonal matrix €2, are the magnon
energies, see Eq. (C8) of Appendix C. An explicit expression
for Sy for the discussed case is given in Eq. (C6). With the
canonical transformation

X\ _ (S 0 \(Xk
Pc) =\ 0o s )\Pyx)
our quadratic magnon action (135) assumes the form
p T /T Qo) (Xg
S2=73 ZK: X7, PTY( o )\ Pt ): (139)

As a result, the fluctuations with different momenta are now
decoupled.

(138)

3. Complete diagonalization via complex fields

Finally, we use the inverse transformation of Eq. (127) to
introduce a new four-component complex field bx via

X/ - by _ 1 1 1 by
) (- E) oo

With this transformation, our quadratic magnon action is
completely diagonalized

_ ﬂ bK i SZk—ia) 0 bK
2= 5;(5_,() ( 0 Slk—l—iw) (E_K)' (14D

The described chain of the canonical transformations defines
the multiflavor Bogoliubov transformation and can be ex-
pressed in terms of a single block matrix Ty as,

ag \ _ _bK
@)n)
where
T S, 2, 0 L
Tk = N( k k _1 1/ N
0 T, ” S @/
R
(& &) 1
with the 4 x 4 matrices Qx and Ry, are given by
Qu = [T/ Sk @, + 1, Sk /"], (144)
Re = [T/ S @, ~T,” S @] (145

Note that in the case considered here the matrices Q; and Ry
satisfy Qr = Q*, and R; = R*,, so that the parametrization
(143) agrees with the general structure of the transformation
matrix Ty of a multiflavor Bogoliubov transformation given
Eq. (A25) of Appendix A. The explicit expressions for the
4 x 4 matrices Ly = TZZ Sy and Y; = T,:l/z Si are given
in Egs. (C9) and (C10) of Appendix C. Moreover, in Ap-
pendix B, we use the procedure described above to calculate

magnon spectrum of the Kitaev-Heisenberg-I" model for I' =
K > 0 in an alternative two-sublattice approach where TZZ
and Sy are only 2 x 2 matrices.

C. Transformation of the cubic interaction

For the calculation of magnon damping, we have to express
the Euclidean action associated with the cubic Hamiltonian
‘Hs given in Eq. (87) in terms of the components of the Bogoli-
ubov fields bx and by, which diagonalize the quadratic part of
the action. For I' = K > 0, the Euclidean action associated
with H3 in terms of the original Holstein-Primakoff fields is
given by

S = ,8\/% Z Z(Sk1+kz+k3,68w|+wz+w3,0
KiK:Ks G
{— Vi ld—x,a_x,ax, + dx,ax,a_,)
+ eiG'dZVk*] [6_x,b_x,bx, + ck,br,b_k,]
+ &GNV, [b_k, €k, Ck, + bk, CK,Ck,]
— OV [a_g d_k,dk, + axdx,d_x,1}. (146)
Defining the eight-component field

¢11< akg
P bk
¢13< CK
4
R Zg = i’; : (147)

R bk
ok Ck
ok d_g

where the index p € {1,2,3,4,5,6,7, 8} labels the eight
different field types, we can write the cubic part of the action
in tensor notation

| 4
83 = ﬁ ]v Z Z‘Sk1+k2+k3,G8w1+a)z+w3,O

KKKz G

1 v v
X 3p 2T ko, ) B0k, (148)

s

The vertex T'*"*(ky, k,, k3) is fully symmetric with respect to
the exchange of any of its three index pairs. In Egs. (C13)—
(C16) of Appendix C, we list the 48 nonzero index combina-
tions. Next, we express S3 in terms of the Bogoliubov fields
bx and b_g defined via the transformation (142), which we
write as

¢ =Y Tk (149)
"

where the 8 x 8 transformation matrix Tj is defined in

Eq. (143) and
' b
= (7%

is an eight-component field that contains Bogoliubov bosons
bk and their conjugates b_g. Then, the cubic part of the action

(150)
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assumes the form

4
S=8x DD Skt ths GO b ts 0

KiK.K; G
1 -
X 57 D Tk Ko, k)Y U U, (1SD)
T i
with
% (ky, ko k3) = Z FM/UW(kl,kz,ks)Tﬁ,uTélegk~
w'r
(152)

The explicit analytic expressions for the elements of the
transformed tensor I'*"*(k,, k», k3) are rather lengthy, but can
be easily implemented in the symbolic manipulation software
MATHEMATICA.

D. Magnon damping in Born approximation

To the leading order in the expansion in powers of 1/S, the
magnon damping is determined by the magnon self-energies
that involve squares of the cubic vertices,

. (K) = ZK) + ZPK) + =K), (153)

where the index n = 1, 2, 3, 4 and the indices n’ and m below
label the four magnon bands. The three contributions (a), (b),
and (c) in (153) can be represented by the following Feynman

diagrams:
2
23‘1)(1():—%(3!)2 O (154a)
z}j’&m:-%@!f -><:}>— (154b)
2,5”(1():-%(3!)2 ->Q—>— (154¢)

where arrows denote magnon propagators and dots represent
cubic vertices. The combinatorial factor of (3!)? is due to
the fact that we have unified all cubic vertices as symmetric
tensors of dimension 8 instead of splitting them into different
decay and absorption channels.

Let us now discuss the explicit evaluation of the first
contribution @ (K) to the self-energy,

_ﬁ@') -O)—

T@K) =

— 2 0 0
= N(3')2Z%;(3') G(K)IBG (G —K —K')

x [Pk, K, Gy —k — k)
4 L
— _ﬁ Z Z |F’mm+4(k,k/, Gl _ k _ k/)|2
kK n'm
1 1 1
X — - - —, (I55)
B wpy — 10 G, g — 0 — i@

where G%(K) = [iw — wg,]~! is a noninteracting propagator
of magnons with the band index n and the reciprocal lattice

vector G; = G, (k + k') has to be chosen such that k + k' —
G, lies in the first Brillouin zone. We also defined G, =
(0, G1). The superscript m + 4 can have values from 5 to 8
corresponding to the last four possible values of the index A in
[ (ky, ky, k3). The sum over the Matsubara frequencies in
the last line of Eq. (155) can be performed analytically using
the identity

1 1 1
F9OE| B, iw) = —
(Er, By, iw) ,B;El—iw’Ez—iw—iw’
E) —n(E
_ B —n(Er) 156
El—Ez-i-la)
where
1

is the Bose function. After analytic continuation to real fre-
quencies iw — w + 0" we can extract the imaginary part of
F@O(E, By, 0 +i0%),
Im FE,, E», o + i07)
= —n[n(E)) — n(E)]8(w + Ey — Ez). (158)

From this, we obtain the imaginary part of the self-energy
for the external frequencies infinitesimally above the real-
frequency axis,

Im 9%k, w + i0")

- n]% Z Z [Tk, k', Gy — k — K

K nm
X [y ) — n(0g, —k—i'm)]
X 8(w + Wy — 06, —k—k'm)- (159)

The second contribution to the self-energy can be evaluated
analogously with the result

Im 2Pk, w + i0™)
__——ZZ|F”+4”'”( —k, k', Gy + k=K

kK n'm
X [1+ n(oy,) + n(og, x—xm)]
X 8(&) — Wiy — wGZ+k_k/m)’ (160)

where the reciprocal lattice vector G, = G,(k' — k) should be
chosen such that k' —k — G, is in the first Brillouin zone.
Finally, the third contribution is

Im =k,  +i0T)

- z% SOSCIE UK, Gy — k — K

K n'm
X [1 4+ n(wy,y) + n(wg, —gk—i'm)]
X 8(w + gy + ©OG, —k—k'm)- (161)
Then, the magnon damping in band r is given by
Yin = —Im I, (k, wg, +i07). (162)

The Bose functions appearing in Eqs. (159)—(161) vanish at
T = 0. Moreover, the argument of the § function in (161)
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FIG. 6. The momentum-space path used in our numerical evalua-
tion of the magnon damping. The dashed black hexagon indicates the
Brillouin zone of the honeycomb lattice. The dashed green rectangle
indicates the first magnetic Brillouin zone of the zigzag state, see
Fig. 3. The component k; is perpendicular to the zigzag stripes.

for Im (9 (k, w + i0") is always finite so this term does not
contribute to the magnon damping. Therefore, at T = 0, we
obtain for the magnon damping in the lowest-order (Born)
approximation

Yin = —Im P (k, gy +i07)

4 ~ 2
= %ﬁ ZZ |Fn+4nm(_k’ k/, G2 +k _k/)|2

K nm

X S(C()kn — W'y — sz—i—k—k/m)' (163)

E. Numerical evaluation of the damping

In the thermodynamic limit (N — oc0), the momentum
sums can be converted to the integrals over the first Brillouin
zone. Furthermore, one can omit the reciprocal lattice vector
G, in Eq. (163) because S; in Eq. (125) and S3 in Eq. (148)
are invariant if one shifts one of the summation momenta by
a reciprocal lattice vector. Equation (163) can then be written
as

T d*k’
Vin = =
"2 Joz Vaz

SR ke Kk — K
n’'m

X 8(Wrn — Oy — Ok—k'm)» (164)

where Vg7 is the area of the first magnetic Brillouin zone
marked by the dashed green line in Fig. 6. We evaluate this
expression for a representative momentum k cut along the
path shown in Fig. 6. Note that for the calculations of the
neutron-scattering structure factor in the next section, we
also choose a finite out-of-plane momentum component k3 =
V3r/d.

For the numerical calculations, we use a representative set
of the model parameters

S=3, (165a)
J = —12 meV, (165b)
K=T =7meV, (165¢)
J3 =3 meV. (1654d)

r=+R

Zigzag
K=-R Ferro

Antiferro

@
r=-R

FIG. 7. Phase diagram of the Kitaev-Heisenberg-I" model for
J? + K? 4 T'? =242 meV? with additional third-nearest-neighbor
Heisenberg exchange J; = 3 meV. We use the same parametrization
and projection as in Fig. 2(c). We highlight the line ' =K > 0
and the point (165) in the parameter space, for which the magnon
damping is calculated.

This set of parameters is shown in Fig. 7 as a blue dot
along the K =T  line. The integration procedure for the two-
dimensional integral over the Brillouin zone was implemented
using the standard routines in MATHEMATICA with the é func-
tion in Eq. (164) represented as a Lorentzian of width w =
%|J | x 1073, which is much smaller than all the characteristic
features produced by the calculation.

The resulting magnon damping in Born approximation
is plotted in Fig. 8. The overall magnon decay rates are
rather significant. The most striking features are the peaks

10 A

20 1
15 1
10 1

51 \ TN N
1.5 1
1.0 1
0.5 1

T M

+ +

— Wy

Wrn[meV]

Yen[meV]

Yk n,/wk n

—_ Wit Wi+ — Wk,—

FIG. 8. Magnon damping in the Born approximation (164). The
panels show the magnon energies wy, (top), the magnon damping y,
(middle), and the relative magnon damping yx,/w, (bottom) for all
four magnon branches. The model parameters are given in Egs. (165)
and the momentum path is shown in Fig. 6. The color coding of the
damping is the same as for the magnon energies.
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between the X and I" points and between the Y and I’ points
that occur in a proximity of the magnon band crossings.
These features are due to the van Hove singularities in the
density of two-magnon states that are also enhanced by the
decay matrix elements, which facilitate transitions between
the nearby branches. It is also interesting to note that the
lower magnon bands experience as much of a damping as the
upper ones, despite the naive expectation for them having less
kinematic phase space for decays. Such van Hove singularities
are expected [73] and need to be regularized, as we do in the
next section.

F. Beyond Born approximation: self-consistent imaginary
Dyson equation

Given the well-pronounced van Hove singularities and
that the Born-approximation damping shown in Fig. 8 is
comparable to the magnon energies in large regions of the
Brillouin zone, the validity of the Born approximation can be
questioned. A simple way to go beyond Born approximation
and regularize singularities is to self-consistently take into ac-
count the imaginary part of the self-energy of the initial-state
magnon, the damping of which we calculate. This procedure
amounts to solving the Dyson’s equation for the self-energy
and retaining only its imaginary part (hence the abbreviation
iDE) in a self-consistency loop [57,68,71],

Yin = —Im X, (k, wrn + 1¥kn). (166)

In practice, this can be achieved by iterating the recursion
relation

i T dzk/ = ! ’ ’
Yin = 5/ Vo 2Tk K ke — )P
BZ

n'm

< 8(wrn + iV ) — Ogw — Op_gm).  (167)

until yk(fl) converges. Here, the § function with the complex
argument is a shorthand for a Lorentzian. For the given model
parameters, it took about 30 iterations for yk(’? to converge
at all points along the momentum path shown in Fig. 6. The
resulting self-consistent iDE results for damping are presented
in Fig. 9.

The van Hove singularities are regularized by the iDE
procedure. We note that for the range of momenta between
the I' and Y points, i.e., for the momenta perpendicular to the
spin magnetization, the damping rate is comparatively small.
In the other parts of the momentum path, one finds that some
of the magnons are still significantly damped with the typical
damping rate ~0.2 of the magnon energies. This implies that
the neutron scattering experiments will show well-defined
magnon branches in some regions of the momentum space
as well as broadened excitation continua in the others. These
are the characteristic features observed in «-RuCl;. We will
further elaborate on this discussion in Sec. VI where we
present our results for the dynamical structure factor and the
neutron scattering intensity.

X r Y r M r
< ] /\ /\/
£
s 104
3
> 34
[}
£ 2
E 1

W Wi > <
£0.2
~
0.1 L

+

n o _
—_ W 4 Wi+ — W - —_ Wi

FIG. 9. Same as in Fig. 8 in the self-consistent iDE approxima-
tion (166).

G. Comparison with the constant matrix element
approximation

While the preceding discussion outlines a fully analytical
approach and demonstrates its power for the problem of
magnon damping, it is applicable only along the special ' =K
line in the parameter space. A general set of parameters of
the same model would require numerical diagonalization and
manipulations with the transformation matrix from Eq. (142)
to obtain damping rate at the potentially prohibitive computa-
tional cost. Therefore, it would be useful to have a justifiable
approximate method that is less technically demanding, but is
able to produce magnon damping that is qualitatively correct
or at least give an overall reasonable estimate of the effect.

Such a method has been proposed in Ref. [55], which is
referred to as the “constant matrix element” approximation.
In this approximation, the momentum dependence of the
magnon interaction is accounted for in an effective way by
a coupling strength Ve(f?) and a phenomenological average
momentum dependence f as defined later in the text. Having
an explicit analytic solution presented in this work offers us an
opportunity to verify the overall validity and expose possible
shortcomings of the constant matrix element approximation
of Ref. [55] for the same Kitaev-Heisenberg-I" model and for
the same set of parameters. Let us briefly describe the nature
of this approximation.

The first step is to find the three-magnon coupling strength.
The Holstein-Primakoff bosonization yields the three-boson
Hamiltonian 3 in Eq. (78). For the ['=K line and in the
zigzag phase, the real-space three-magnon coupling for bonds
X, y, z are given by

V| = v = —‘/64—51(, (168)

V| =0,
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see also Eq. (88). Introducing the sum of these real-space
vertices over nearest bonds yields the overall scale

V6SK
V= IV 0+ ) = 5

(169)
that can be used as a definition of the three-magnon coupling
strength. This definition is consistent with the one previously
used in Ref. [55].

Then, one can redefine the symmetrized three-magnon
vertex function ['*"*(k,, k,, k) introduced in Sec. V.C

Tty ko, ke3) = VO @ (ke ko, k), (170)

where the dimensionless vertices ®** (ky, k>, k3) include
all the necessary transformations and symmetrizations of
Eq. (152) and Ve(f? is the three-magnon coupling strength
introduced in Eq. (169). Note that such a redefinition is
independent of whether the vertex is derivable analytically or
requires a numerical diagonalization of , via a generalized
Bogoliubov transformation (142), which is needed to trans-
form the Holstein-Primakoff three-magnon Hamiltonian (78)
to the cubic Hamiltonian for the magnon quasiparticles in the
form of Eq. (151). Substituting the parametrization (170) for
the interaction vertices into the lowest Born approximation
decay rate given in Eq. (163) we obtain

v 4

K n'm

x | D"k Kk — k)%, (171)

with the three-magnon coupling explicitly factored out. Then,
it is tempting to relate the decay rate to the on-shell two-
magnon density of states (DoS)

4
Dy, = Dy(wy,) = N Z Z (Wn — Oy — Op_p')
K nm

(172)

which quantifies the overlap of the single-magnon excitations
of the branch n with the two-magnon continuum along the
energies w = wy, and characterizes the kinematic phase space
for decays of the nth mode.

The main idea of the constant matrix element approach is
exactly that: to approximate the decay rate (171) as propor-
tional to the on-shell two-magnon DoS (172),

Vin §|v;§>|20kn, (173)
where the constant f is used as a phenomenological param-
eter. This parameter can be thought of as a result of the
averaging of the dimensionless vertex,

=" Kk — K, (174)

where brackets represent averaging over all momenta. This
approximation leads to a drastic simplification, because all
one now needs for the decay rate calculation are the magnon
energies wy, from the harmonic theory and the three-magnon
coupling scale Ve(f?) , skipping the need for costly calculation
and manipulation of the eigenvectors and vertices altogether.

There are two justifications for the use of this approxi-
mation. First, the singularities in the Born decay rates are

S oM AM_]\MQMTJ\_\‘[ | r/_f
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FIG. 10. Same as in Fig. 8 in the constant matrix element Born
approximation (166). The three-magnon coupling strength is Ve(é) =
6.06 meV and the parameter /' = 0.2. To be compared with Fig. 8.

always due to the corresponding van Hove singularities in the
two-magnon DoS [73], although their strength can be reduced
or magnified by the matrix element effect in the “full-vertex”
calculation of Eq. (171). This relation should already make
the results of Eq. (173) similar to that of Eq. (171). Second,
the self-consistent iDE approach of Eq. (167) involves an
effective averaging over the decay vertex, thus suggesting that
the constant matrix element approximation in combination
with the iDE should give a better agreement with the iDE
results of Eq. (167) obtained with the full vertex.

The iDE scheme, described in Sec. VF, as applied to the
constant matrix element approximation, is given by the self-
consistent equation

_fiyoep :

Yin = §|Veff | Dy (@kn + iVin), (175)
where the § function with the complex argument is a short-
hand for a Lorentzian as before.

The only remaining problem is the educated choice of
the phenomenological parameter f. Ref. [55] has considered
Kitaev-Heisenberg-I"-/3 model for the choice of parameters
associated with the description of «-RuCl; [6]. In that work,
the constant f has been estimated to be f =~ 1/9 on the basis
of a comparison with the constant matrix element calculations
for the Born decay rates (173) in the honeycomb-lattice
XXZ model in external field, for which magnon decay rates
have been calculated fully microscopically in Ref. [69]. The
present work allows us to determine the f-parameter based on
the damping calculation directly for the Kitaev-Heisenberg-I"
model, albeit in a different part of the phase diagram.

The results of the constant matrix element approach for
the Born and self-consistent iDE approximations are shown
in Figs. 10 and 11, respectively. We use the same set of
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FIG. 11. Same as in Fig. 10 in the constant matrix element iDE

approximation of Eq. (175). To be compared with Fig. 9.

parameters (165) as for the results in Figs. 8 and 9. For
S=1/2 and K =7 meV, the three-magnon coupling strength
in Eq. (169) is Ve(f?) =6.06 meV. Comparisons with the overall
values of the decay rates in Figs. 8 and 9 suggest an estimate
for the f-parameter near f = 0.2, somewhat higher than
estimated in Ref. [55].

The results of the Born approximation constant matrix
element approach in Fig. 10 correctly reproduce some of
the qualitative features of the “full vertex” calculations in
Fig. 8. As expected, they include positions of the van Hove
singularities as well as the regions where magnon modes
are stable because decays are kinematically forbidden for
them, e. g., the region for the lower modes between I and
Y points. However, some other qualitative and quantitative
features are not properly reproduced. For instance, in the
full-vertex results of Fig. 8, there is a clear enhancement
of the singularities due to the matrix element effect in the
proximity of the magnon band crossings along the X-Y and
I'-Y directions. Another inconsistency is in the lack of a
suppression of decays near I' and Y points for the upper
modes that is missing in Fig. 10 but is obvious in Fig. 8. It
clearly stems from the symmetries of interaction vertex that
are missing in the constant matrix element approximation.
Lastly, the overall decay rate of the upper modes is higher
in the constant matrix element approximation than it is in a
full-vertex calculations.

Some of these differences are mitigated within the self-
consistent iDE approximation, with the overall agreement of
Figs. 11 and 9 becoming more quantitative, in accord with the
expectations of Ref. [55]. The overall scale of the damping is
similar to the full-vertex result, although the constant matrix
element approach continues to overestimate the damping of
the upper modes and underestimates the damping of the lower
modes. Similarly to the Born approximation, there is also a

lack of decay suppression near the high-symmetry I' and Y
points.

Last but not the least, we also note that the phenomeno-
logical f parameter in the present analysis is larger than in
Ref. [55], f~1/5 versus f~1/9. Therefore the calculations
of Ref. [55] have likely provided a lower bound on the
damping rates of magnons in «¢-RuCl3, while the actual effect
of broadening for the model parameters of that work may have
been even more significant.

VI. DYNAMICAL STRUCTURE FACTOR AND NEUTRON
SCATTERING INTENSITY

Having obtained the magnon energies and the dampings,
we can calculate the dynamical structure factor SP(k, w),
which determines the experimentally measured neutron scat-
tering intensity,

Ik, ) = F*(k) Y _(Sup — kakp/K*)S* (k. o).
af

(176)

where F (k) is the material-dependent form factor and the
dynamical structure factor is defined as the Fourier transform
of the two-spin correlation function,

Sk, w) = /
d .
- / é(ka(t)Sf(O»e”"’.

Here we have introduced the Fourier components of the spin
operators via

dr 1

SY(t Sﬂ 0 —ik-(Ri—R)+iwt
mN ( (1)S%(0))e

(177)

Si(t) = % Z Si(1)e ™R, (178)

The superscripts o and S label the three Cartesian compo-
nents of the spins in the honeycomb basis {e}, e, e}, which
is aligned with the geometry of the honeycomb lattice, see
Figs. 1 and 3. Staying within the leading order in 1/S, we
consider only the components of the structure factor trans-
verse to the magnetization; the longitudinal components can
be neglected because they are of the higher order in 1/S.
To calculate the transverse components for ' = K > 0 in
the zigzag state, we note that in this case the magnetization
of the ordered moments is aligned with the direction e;
of the zigzag pattern, so that the basis {n|, n,, n3} defined
in Eq. (20), onto which the spin operators are projected,
is related to the honeycomb basis {e;, e, e3} defined in
Eq. (31) via

n — —ey, n, = es, n;y = e). (179)
To calculate the dynamical structure factor within our spin-
wave expansion, we express the transverse components of
S in terms of the local spin frame defined via Eqs. (32)
and (33). Choosing the gauge ¢ = 0 for the transverse ba-
sis, we obtain for the two components transverse to the
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magnetization,
Sp=e S =—n;-S = —% Xi:e*f“*fnl .S
- _T g‘;e""’*l tih - S +l§e"""' th-Si|,
(180a)
Sk—e3 Sy =n, - Sk_fz Rip, . S;
Ze_’kR' tn-Si— Y e ™Rty S| (180b)

icea,d ieb,c

Next, we approximate the spin components in the local
reference frames by the Holstein-Primakoff transformation
(37) to the leading order,

tg -8~ @(Qi +Clj), (181a)
ti - S; ~ g(m —a)), (181b)
and obtain
Si = Tg: - ¥/25 ( +a))
T ; kR Y2 a),  (182a)
52=TZ 'kR i_a,T)
T Z ik Y25 a, —a)).  (182b)

Using the sublattice Fourier transform (58) of the Holstein-
Primakoff bosons, we obtain

V28
Se=——(ata +htb tatc +di+dy
V28
- i Z ¢II:'9
4~
V28

TR at, —be+b,

(183a)

,2: —Ck+Cik+dk_dik)

& (183b)

where the symbols o, = 1 determine the signs of the field
components according to the following rule

01 =04 =06 =07 =1, (184a)

(184b)

O'2=O'3=U5=O’8=—1.

Therefore, the off-diagonal part of the transverse structure
factor is

Bk, w) = — / ;l—;ei“”(sl,k(t)S;f(O))
. dt oo ;28 “ 0
= e ou<¢ () (0)

—mTe Y Ti‘,i‘T/?“'
v w'

dt lwt
x [ Sretutian o) (185)

Here, T,ﬁ”‘/ are the components of the 8 x 8 transformation
matrix Ty given in Eq. (142) and the components of the
operators w,‘c‘ contain Bogoliubov bosons associated with the
four magnon bands,

¥l bri

Wi bra

Wl bis

4 b

ve b’

7 I

e/ \bly,
Recall that the range of the field-type labels pu and v is
{1,2,...,8}, while the band label n assumes values in

the range {1, 2, 3, 4}. The transformation to the Bogoliubov
bosons (186) block-diagonalizes the expectation values and
we obtain

Sl3(k

zz | e

x [Ti‘;?+4T£"<b,in(t>bkn(0)>
+ THTY ™ b ()b, (0))]. (187)

The time integrals can be expressed in terms of the retarded
magnon Green functions,

it
/ S B} (i O)

1 1
e ImG,(k.—w+i0%),  (188a)
eBo—17x
dr . .
o }
/ S b b4, (0)
o .
= ———ImG,(k, w+i0"). (188b)
eBo_1nx

At T = 0, the expectation value in Eq. (188a) vanishes,
leaving only
513(k,

ZWk3ImG (k, 4 i0"), (189)
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FIG. 12. The diagonal components of the transverse part of the dynamical structure factor S*# (k, w) that include magnon lifetime effects
in the iDE approximation (167) as given by Eq. (191) in the laboratory frame {e;, e,, e;}. The momentum k follows the same representative
path as in Fig. 6. [Top (bottom)] S''®¥(k, w). All other components are higher order in the 1/S expansion. An artificial broadening of 0.1 meV

is included in the imaginary part of the Green function. The plot range is cut at 0.1 meV™

factor.

with

Ty . (190)

S n
= g;jrfk Oy

Analogous calculations for the remaining transverse compo-
nents of the structure factor lead to

1

SPk,w)=—Y W*Im G,(k, » + i0"), 191

(w)n;,mmu()z) (191)
with the “envelope” functions

wll = quﬁ;;jr,;"“, (192a)

W = (W)’ ZT"” o, T4, (192b)

W = -3 Zaﬂrﬁ‘; o, Ty, (192c)

v

Within our approximations, the imaginary part of the
magnon propagator is

Yikn

Im G, (k, —_—.
( (0 — wr)? + yk2n

w+i0T) ~ (193)
In Fig. 12, we plot the diagonal components of the transverse
structure factor for the same representative set of the model
parameters given in Eq. (165). For the magnon damping 4,
we used our results obtained within the iDE approach in
Sec. V F. Note that within our approximation, the off-diagonal

components of the structure factor vanish identically.

" in order to emphasize details of the structure

To analyze the effect of magnon interactions in the neutron
scattering intensity, we normalize the intensity in Eq. (176) by
the square of the material-dependent form factor,

Ik, )
F2(k)

= Z (8ap — kakp/K*)S“F (k, )
apf

— l E I Ve
- n £
T = (0 — o) + Yy,

where we defined the k-dependent weights I, associated with
a given magnon band n as

Iin :Z( (73] —k kﬂ/kz) kn .
af

(194)

(195)

The intensity defined in Eq. (194) is plotted in Fig. 13.
Note that while the in-plane component of the momentum k
follows the same representative path shown in Fig. 6, for the
neutron-scattering intensity in Fig. 13, the contour also has a
finite out-of-plane component k3 = +/37 /d to avoid artificial
singularities. One can clearly distinguish sharp excitation
branches in wide regions of the k space, indicating well-
defined magnon quasiparticles. However, for a significant
range of the k-w space, the quasiparticles cease to exist and
are replaced instead by a broad continuum of excitations. This
result justifies the claim put forward in Ref. [55] that the
anharmonic magnon couplings can destroy the quasiparticle
character of the magnetic excitation spectrum in the zigzag
phase of the Kitaev-Heisenberg-I" model in a large part of the
Brillouin zone. In the same Fig. 13, the lower panel offers
a comparison of the effects of the “full-vertex” calculations
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FIG. 13. (Top) Neutron-scattering intensity Z(k, ») normalized by the square of the atomic formfactor as given in Eq. (194) with magnon
lifetime effects in the iDE approximation given by Eq. (167). The presented k path also involves a finite out-of-plane component k3 = /37 /d,
see the text. (Bottom) Same with the decay rates from the constant matrix element approximation. An artificial broadening of 0.1 meV is

included in the imaginary part of the Green function.

of the magnon damping in the iDE approximation with that
of the constant matrix element approximation. The damping
rates in the latter approach are from Fig. 11. It is again visible
that the constant matrix element approximation overestimates
the damping of the higher energy magnon branches around
the I' and Y points. The overall form of decays is however
very similar, showing a coexistence of the k-w regions with
well-defined quasiparticles with the regions where they are
absent.

VII. SUMMARY AND CONCLUSIONS

The present work advances the studies of the Kitaev-
Heisenberg-I" model in several directions. First of all, we have
found a special line in the parameter space of the Kitaev-
Heisenberg-I" model along which the magnon spectrum and
all matrix elements needed for the calculation of the magnon
damping can be obtained analytically for the physically rel-
evant zigzag phase. This line is defined by I' = K > 0, arbi-
trary nearest-neigbor exchange J, and third-nearest-neighbor
exchange J3. This enormously reduces the complexity of the
evaluation of the perturbative expressions for the magnon
damping and has enabled us to calculate the magnon damping
in this regime without additional simplifying assumptions.
Although special points in the parameter space of the Kitaev-
Heisenberg-I" model characterized by additional symmetries
have been identified in the past [9], the fact that on the line
I' = K > 0 the magnon spectrum and all interaction vertices
in the zigzag state can be obtained analytically has not been
noticed before. Physically, the origin for the simplifications
for I' = K > 0 is that on this line the magnetic moments in
the zigzag state lie in the plane of the honeycomb lattice and
point in the direction of the zigzag pattern.

Next, we would like to emphasize that our explicit cal-
culation of the magnon damping for I' = K > 0 within the
leading order Born approximation and the self-consistent iDE
approach based on the solution of the imaginary part of
the Dyson’s equation is at the cutting edge of what can be
done analytically within spin-wave theory. To carry out this
calculation, it was crucial to work with an unconventional
parametrization of the spin-wave theory where each Holstein-
Primakoff boson is expressed in terms of two conjugate
Hermitian operators [8§1-85]. The advantages of this approach
as compared with the conventional procedure outlined in Ap-
pendix A are (a) that it simplifies the identification of special
points in parameter space where the calculations simplify,
(b) that the explicit diagonalization of the quadratic spin-
wave Hamiltonian obtained after Holstein-Primakoff trans-
formation can be mapped on the well-known diagonalization
procedure for coupled harmonic oscillators [102,103], and (c)
that for the implementation of this procedure for a system
with f boson flavors one has to manipulate only Hermitian
f x f matrices. In Appendix B, we give another example
for the “Hermitian field formulation” of spin-wave theory by
calculating the magnon spectrum and the relevant Bogoliubov
transformation of the Kitaev-Heisenberg-I' model for I' =
K > 0 in a two-sublattice approach. Somewhat surprisingly,
we could not find such an explicit analytic construction in
the literature, although in this case one only has f = 2 boson
flavors.

We have demonstrated for the representative values of
the model parameters, that the magnon damping in approx-
imations based on the Born and the self-consistent iDE ap-
proaches is significant, leading to characteristic broad fea-
tures in the dynamical structure factor. These results under-
score the importance of taking into account the nonlinear
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magnon coupling in interpreting broad features in the neutron-
scattering spectra for the general Kitaev-Heisenberg-I" model.
The present work thus confirms the assertion of Ref. [55]
that anharmonic interactions can lead to large decay rates
such that some of the magnon branches cease to be well-
defined quasiparticles, as is possibly observed in «-RuCls.
By focusing our attention on the regime I'=K >0 with an
additional third-nearest-neighbor Heisenberg interaction J3
to stabilize the zigzag-ordered state, we have been able to
confirm in a quantitative manner the validity of the claims
regarding the importance of the anharmonic magnon coupling
terms that were put forward in Ref. [55]. In particular, we
have shown that the phenomenological constant matrix el-
ement approximation used in Ref. [55] can indeed be used
to estimate semiquantitatively the magnitude of the decay
rates in a large part of the Brillouin zone. On the other
hand, in some parts of the Brillouin zone the momentum-
dependence of the interaction vertex is important, so that
the constant matrix element approximation cannot reliably
predict the order of magnitude of magnon damping and the
spectral line-shape of the dynamic structure factor. This is
especially true for momenta in the proximity of magnon band
crossings along the X-Y and I'-Y directions. Moreover, as
shown in Appendix D, the damping becomes even stronger for
all modes in certain areas on the momentum plane when the
third-nearest-neighbor exchange interaction is smaller than all
other interactions.

Finally, let us emphasize that this work contains technical
advances in spin-wave theory that can also be useful for other
spin models. First of all, the Hermitian field parametrization of
spin-wave theory developed in Sec. V B (see also Appendix B)
is an efficient alternative to Colpa’s algorithm [96-99] in the
magnetically ordered phase of any spin-model with a com-
plicated magnon spectrum consisting of several bands. More-
over, for the calculation of the magnon damping in multiband
magnon systems it is crucial to carefully keep track of all
phase factors in the interaction vertices generated by umklapp
scattering processes. In Sec. III F, we have carefully derived
the proper phase factors for the cubic interaction vertices in
the zigzag state of the Kitaev-Heisenberg-I" model. Similar
considerations should be used to derive umklapp phase factors
in other models with multiple magnon bands.
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APPENDIX A: CONSTRUCTION OF MULTIFLAVOR
BOGOLIUBOV TRANSFORMATIONS

In this Appendix, we review the method for reducing the
problem of diagonalizing a general f-flavor quadratic boson
Hamiltonian of the form [see Eq. (62)]

P
Hy = Z Z {A,’éma}:nakm

k nm=1

1
5B+ () ]| AD

to a 2f-dimensional generalized eigenvalue problem. Note
that the hermiticity of the Hamiltonian implies that

A = (A (A2)

and the symmetry under relabeling kK — —k in the off-
diagonal terms implies that the coefficients B} can be chosen
such that
By" = B™}. (A3)
For f = 1, the Hamiltonian (A1) can be diagonalized by the
the usual Bogoliubov transformation. For arbitrary f, a gen-
eral algorithm for diagonalizing this type of Hamiltonian has
been constructed by Colpa [96]. A discussion of this algorithm
can also be found in the textbook by Blaizot and Ripka [97]
and in Refs. [98,99]. Here we review some mathematical
subtleties of this treatment, as presented by Maldonado [98],
which are often ignored in the literature.
It is convenient to define the f-component column vectors
il

ak1 Ay
w=| | 4=@)= (A4)
Aag f a;f
and the adjoint row vectors
a = (a], ...a,if), al = (a1 ... ayp). (A5)

These vectors can be combined to vectors with 2f compo-
nents containing both annihilation and creation operators,

A1
_(a\ _ | %r
¢k - (a*k) a7k1 5 (A6)
K
a_gs
¢, = (@, a" ) =(a),...al ap...akp). (AT

Then, our quadratic boson Hamiltonian (A1) can be written in
a matrix form as follows:

1 i
Ho=3 ijmkMkm — TrA4], (A8)
where the 2f x 2 f matrix M, is of the form
(A B\ (Ar B
O G R CR GV B
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with the f x f blocks A; and By defined by [Ag]"" =A™
and [B;]™" = By™. In the second equality in Eq. (A9), we have
used the symmetries (A2) and (A3) which imply that

Ar =A], (A10)

B, = B7,. (A11)

We would like to construct a new set of boson operators
bgi, ..., bxy, which diagonalize the Hamiltonian. We combine

these operators and their adjoints bzn to form a 2 f-component
column vector with the same structure as ¢, in Eq. (A6),

bri

(A12)

Let us make the following ansatz for the desired transforma-
tion:

o = Tity,

where Ty is an invertible 2f x 2f matrix. Substituting this
ansatz into the Hamiltonian (A8), we obtain

(A13)

1
Ho = ;[zp,ﬁr,jmkirmk — TrAl. (A14)

The transformation matrix Ty should be constructed such that
the matrix

Dy = T, M Tx (A15)

is diagonal. In addition, the matrix Ty has to satisfy the
following two conditions.

(1) Boson condition. The new operators by, should satisfy
canonical bosonic commutation relations. This implies that
only those transformations T} are allowed, which are pseudo-
orthogonal in the sense that

T,GTy = G = T4GT,, (A16)
where the metric matrix G has the block structure
1 0
G = <0 _1). (A17)

Here, 1 is the f-dimensional identity matrix.

(2) Permutation condition. this condition follows from the
fact that the second f components of the vectors ¢, and ¥,
cannot be chosen independently of the first f components,
because they are related by a permutation as follows:

a_p (23]
aly 0 1> ey
= ¥ Al8
ag ( 0 afkl ( )
. _I_'
akf A ks

Introducing the permutation matrix

0 1
IP’:(I 0),

the condition (A18) and the analogous condition for the new
boson operators ¥, imply that

(A19)

¢ = Py (A20)
Vi = Py (A21)
Hence,
Py = Py = 6%,
= T4y%, = T4 Py, (A22)
which implies
PTy =T*P. (A23)
Using P2 = 1, this relation can also be written as
PT P =T%,. (A24)

It follows that the matrix Tj; must have the following block

structure:
Ty = (l?*k R*k >,
—k —k

with two independent f x f matrices Qx and Ry.

The boson condition (A16) as well as the permutation
condition (A23) define two different groups. The intersection
of these groups, i.e., the set of matrices Ty satisfying both
conditions (A16) and (A23), defines the group of f-flavor
Bogoliubov transformations. We are looking for a matrix of
this type, which diagonalizes the matrix My according to
Eq. (A15). Note that the matrix My, in Eq. (A9) also satisfies
the permutation condition (A23). In fact, given the Hamilto-
nian (62), there is some redundancy in the definition of the
matrix M, because we can use the commutation relations
Ay, = a}inakm + 8. to rewrite Eq. (A8) in the form

(A25)

1 TR/ /
H, = 5 ?mwm — TrA; — TrA], (A26)

where now

A B
M, = M, k ki . A27
k kKt (B;(z _(A_k)T> ( )

Here the matrix Ml is the same as in Eq. (A9), the f x f
matrix A; is arbitrary and the f x f matrices By, and By,
are antisymmetric in the sense that By, = —(B_ ki)T for i =
1,2, which guarantees that the corresponding contributions
in Eq. (A26) cancel after summation. Our choice above,
A = 0 = B;,, is unique because the matrix M, satisfies the
permutation condition, which also guarantees that M[; = M
is Hermitian. Then the Heisenberg equation of motion for the
original boson operators can be written as

i, = [P Hol = GMigpy, = Mgy, (A28)
where we have introduced the dynamical matrix
MY = GM. (A29)
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Note that this definition differs from what Colpa calls the
dynamical matrix in Ref. [96]. The new bosons then satisfy

0¥ = [y, Hol = [Ty 'y, Hol = Ty ' [y, Mo
= T, "M " Ty (A30)

The linear transformation ¢, — ¥, = Tr¢, maps the ma-
trix My onto TkT M Ty, while the dynamical matrix sz“
transforms differently, M:y” — Tk_leTk. Mathematically,
the different transformation behavior of M, and szn is
due to the fact that My is the matrix representation of a
bilinear form [i.e., a rank (0,2) tensor], while M:y" represents
the linear mapping [..., H,], which is a rank (1,1) tensor.
Multiplication by the pseudometric G establishes the transfor-
mation between these two objects, similar to the dualization of
Lorentz vectors in relativity.

To explicitly calculate the spectrum of H,, we write the
transformation matrix Ty in the form

Tk = (Vk1, V2,5 - - -, Vk2p), (A31)

i.e., the columns of the matrix Tj are identified with the
column vectors vg;, i = 1,...,2f. Then the diagonalization
condition (A15) can be written as

[T;Mkﬂfk] = v;iMkvkj = &;;dki,

ij (A32)
where dy; are the diagonal elements of the diagonal matrix
Dy in Eq. (A15). The boson condition (A16) implies that the

column vectors vy; satisfy the pseudo-orthogonality condition

vzinkj = 8ij» (A33)

where g;; =§;; fori=1,..., f,and g;; = —§;; fori = f +
1,...,2f.

To explicitly construct the vectors vy, with the above
properties, it is useful to consider the solutions v; of the
generalized eigenvalue equation [96],

Mkvk = a)(Gvk. (A34)

Multiplying both sides by G and using G?> =1 makes
Eq. (A34) equivalent to the conventional eigenvalue equation
for M*" = GMy,

M v = wvy. (A35)

Although, in general, M,‘:y“ is not Hermitian, let us assume
that the eigenvalue equation (A35) indeed has 2f linearly
independent eigenvectors vg, . .., Vi With eigenvalues wy,.
If we can normalize the eigenvectors such that the pseudo-
orthogonalization condition (A33) is satisfied, we have by
construction

v} Myvg; = ojv), Gogj = 8ijwrigii, (A36)

so that we may identify di; = wg;gi;- Assuming that the
Hamiltonian H, describes a stable magnon system, the Her-
mitian matrix M must be positive definite, which means that

wkiv),Gog: > 0. (A37)

We refer to v;ink,- as pseudonorm of vg;. It remains to be
shown that the solutions of the eigenvalue equation (A35)

can indeed by constructed such that they satisfy the pseudo-
orthogonality condition (A33). The hermiticity of My, implies
that for any two eigenvectors vg; and vy,

0 = (Mygv) vkj — v),(Mgvg)) = (0}; — wxj)vp,Gvgj,
(A38)

so that either wf;, = wy; or vzink ;7 =0. In particular, the
eigenvalues of all eigenvectors with v,ii((}vki # 0 are real.
If all eigenvalues are real and pairwise distinct, the matrix
TkT M, T}, is diagonal and by properly normalizing the eigen-
vectors we can satisfy the pseudo-orthogonality condition
(A33). Given the fact that the metric G has f positive and f
negative eigenvalues, this must also be true for the unitarily
equivalent matrix TkT GTy, so that exactly f eigenvectors
can be normalized such that v;:l.G vx; = 1 and the remaining
f eigenvectors can be normalized such that inGvki =—1.
However, according to Eq. (A37), we have wkininki > 0,
so that the eigenvectors vy; with positive pseudonorm have
positive eigenvalues wy; > 0, while the eigenvectors with
negative pseudonorm have negative eigenvalues wy; < 0.

In case of degeneracy of eigenvalues, the correspond-
ing linearly independent eigenvectors do not necessarily
satisfy the pseudo-orthogonality condition (A33). However,
by means of a generalized Gram-Schmidt orthogonaliza-
tion procedure, we can construct linear combinations of the
eigenvectors in the degenerate subspaces with the desired
pseudo-orthogonalization. For example, if the eigenvectors
Vi1, - - - » Vi all have the same eigenvalue, we should replace
the first m — 1 eigenvectors by

m

+ .
Vi —> Vg — Z v (0, Gugy), i=1,...
j=i+l

,m—1.

(A39)

The eigenvalues of I\\/H,(:y“ always appear in pairs: if wy is an

eigenvalue with eigenvector vg, then —w*, is an eigenvalue

with eigenvector Pv*,, which follows from the following
chain of identities:

Mg (Pv*,) = PM* 0", = P(w_xGv_p)*

= o’ PGv*, = -0, G(Pv*,). (A40)
After suitable relabeling, the eigenvalues can always be ar-
ranged such that wy,; = —w_g; and vg,; = Pv*,, for i =
1,..., f. Then the matrix Ty can be written in terms of
column vectors as follows,

Tk = (1, - oo vkp, PoZyy, o, P20, (A41)

which satisfies the permutation condition (A23). The diago-
nalized Hamiltonian can be written as

f
1 + +
Hy =3 ij [Zl ki (bybei + baibl) — TrAk]. (A42)
The magnon spectrum can be obtained directly from the
positive roots of

det(M™" — 1) = 0. (A43)
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The new boson annihilation operators bg; can be obtained with
the help of T, = (GT,: G from the components of the first f
columns of the matrix Tk,

Z[(vk»]ak,

b = (T, '), ()4t (Add)

wherei=1,..., f.

In case when M, is only positive semidefinite, the Hamilto-
nian may still be representable as a sum of number operators,
but this requires a careful handling of zero modes that will not
be discussed here. The combined eigenvalue/Gram-Schmidt
procedure gives an explicit construction for a pseudounitary
P-consistent diagonalization of an arbitrary Hermitian pos-
itive definite matrix Ml; as long GM} has only real eigen-
values. However, the generalized Gram-Schmidt procedure
presented above is not numerically stable, similarly to the or-
dinary Gram-Schmidt procedure. One could adapt the known
algorithms for unitary diagonalization to use the indefinite
form v'Gw as a scalar product, which would require han-
dling edge cases and peculiarities of the particular algorithm
used.

In Ref. [96], Colpa takes a different approach. By reducing
the problem to a Cholesky decomposition and an ordinary uni-
tary diagonalization, one can make use of the known efficient
and/or stable algorithms for these well-researched problems,
which are already available in software libraries or computer
algebra systems. Colpa’s algorithm is executed as follows:
(1) find an upper triangular Matrix Hj with M = H;Hk
(Cholesky decomposition); (2) find a unitary matrix Uy such
that L, = [U,I Hk(GH;ZUk is diagonal (unitary diagonalization
of HGH™); (3) order the columns of Uy such that L has the
signature (+,...,+, —, ..., —); and (4) solve the equation

J

H, Ty = [Uk(D,lc/ % with O := GILy for the components of Ty.
Note that the fourth step in Colpa’s procedure requires only a
trivial 2 f-step recursion because Hy, is triagonal.

The algorithm constructed by Colpa is the method of
choice when the magnon spectrum and the Bogoliubov trans-
formation are calculated numerically. On the other hand, for
the analytic calculation of the magnon spectrum presented in
this work, the Hermitian field approach developed in Sec. VB
of the main text is more convenient.

In Appendix B, we shall give another application of
the Hermitian field approach by diagonalizing the quadratic
magnon Hamiltonian for the Kitaev-Heisenberg-I" model for
I' = K using only two sublattices.

APPENDIX B: APPENDIX B: TWO-SUBLATTICE
APPROACHFORT =K

As is mentioned in the last paragraph of Sec. IV, for
I' = K > 0, it is possible to diagonalize the quadratic magnon
Hamiltonian by using only two sublattices A and B of the
honeycomb lattice, thus avoiding an additional complexity of
the four-sublattice formulation. In this Appendix, we show
why and how this two-sublattice approach works and con-
struct the corresponding Bogoliubov transformation using the
Hermitian field method developed in Sec. V B.

Let us go back to the derivation of the quadratic magnon
Hamiltonian in the zigzag state presented in Sec. III D, where
we projected spin operators on each site onto local axes that
match the direction of the local magnetization of the zigzag
state. In this basis, the contributions from the Kitaev part and
the off-diagonal exchange part to the transverse part H of
the spin Hamiltonian, %% and ', are given in Egs. (54) and
(56). Adding these two contributions, we obtain

1 / iy
HE+ ] = & SR + T2 )S5S5h,, + (KIP + T2 )ShSH g+ (K 4 T2)SESE ]

pr Rea

Yy

+ D (K + 1) SeSha, + (K + T2 )SpSg, + (K2 + T2 SpSa ]

Rec

+Z Kpp

Reb

+ D (K + TI)SpSp_y + (KX + TIP)Spsp

Red

T2 ShSh g + (K2 + T20)ShsH_, + (K2 + T20)Shsh_, ]

o+ (K2 +TI)Sesp o 11 (BD)

Here the coefficients K g and ngl are defined in Egs. (55) and (57) of the main text. In general, all these coefficients are complex
and the coefficients in the c-sublattice sum (second line) are the complex conjugates of the coefficients in the a-sublattice sum
(first line); similarly, the coefficients in the d-sublattice sum (last line) are the complex conjugates of the coefficients in the
b-sublattice sum (third line). It turns out, however, that for I' = K > 0, the imaginary parts of all coefficients in the sums
K5§ + ng ' cancel, so that the coefficients in the a sum are identical to the coefficients in the ¢ sum, while the coefficients in the
b-sum match those of the d sum. As a consequence, it is sufficient to work only with two sublattices A =aUcand B=bUd
in this case. By explicitly evaluating the coefficients for I' = K > 0 using Eqgs. (20) and (51), we obtain

3
Z [E(S;SRHL + Sk Skia,) ~ 25k Skea. — (S+S1Jer+d + Sg Sgya,) + He. ]

ReA

K
H’j+HE=§{

3 1
+Y [E(S;S;_dx + S Sk_a,) — 258 Sk a. — E(S;{S;{_dx +SESp a)+ H.c.:| } (B2)
ReB
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Actually, keeping in mind that the nearest-neighbor vectors d, connect different sublattices and shifting R, —d, = R, (where
the subscript indicates the sublattice) in the second line, we see that the contribution from the two lines in Eq. (B2) are identical,
so that in the special care I' = K > 0 we may write

K _
Z ZI: (S+S R+d, +S+S R+d, )= S;SR“’dz
RecA

HY +H] = (S*S Hed, T SHS +d)+Hc] (B3)

In the special case I' = K, it is, therefore, possible to diagonalize the quadratic magnon Hamiltonian by introducing only two
sublattices, which simplifies the calculation of magnon spectrum and the construction of the Bogoliubov transformation. After
expressing spin operators in terms of the Holstein-Primakoff bosons and retaining all terms quadratic in bosons, we find that
the Hamiltonian (1) with additional next-next nearest-neighbor Heisenberg exchange J3 leads to the following quadratic boson

Hamiltonian forI' = K > 0:

= (3J; — J+2K)SZaRaR +JS Y lajar a, + agaria, + agay,, +Hel+ 1S Y lapay 4, +Hel

ReA

ReA a=x,y,z

1 +
+KS Z|: (aRaR+d + aRaR+d ) — aRaR+d (a;zaRerx + a};alhd)) + Hc] (B4)

ReA

Defining

(B5a)

/2 )
ag = .| — Ze’k'Rak, RecA,
N k
/2 ik-R
= ﬁXk:e bk, R EB,

where the sums are over the first Brillouin zone of the hon-
eycomb lattice, and N is the total number of lattice sites, we
obtain

(B5b)

My = —JS Y {Alagax + bybr)

k
+ [Braybe — Ceayh , +Hee 1}, (B6)
where
2K 3J
A=1-2_23 (B7a)
J J
3K K
By = —(1 + E)y,fy + 5V (B7b)
K 3]3 (3)
Gk = —Ey,fy + ¥+ =V (B7c)
with
V]fy ik-d, +ezkd (Bga)
vi = e, (B8b)
1 .
3 _ —2ik-d,
v =3 a;f . (B8c)

Obviously, the Hamiltonian (B6) is of the form (A1) with
f = 2 boson flavors, so that we could use Colpa’s algorithm
to calculate magnon spectrum. The matrices Ay and By, in this
case are given by

A= (A% AL — st B (B9)
SR VIS B A)

BE B 0 G
Bk = I;)a I;h = JS( * ) :
B By G 0

(B10)

(

We have not been able to find in the existing literature an
explicit analytic construction of the Bogoliubov transforma-
tion that would diagonalize the quadratic boson Hamiltonian
(B6) in a general case of noncommuting matrices Ay and
B;. We, therefore, provide an explicit construct of such a
transformation using the Hermitian-field method developed in
Sec. IV A and in Sec. V B instead of the Colpa’s approach.

First of all, we note that in the case of our interest, the ma-
trices satisfy Ay = A*, and By = B*,, so that the matrix Wy
defined in Eq. (93c) vanishes identically. Then, the magnon
spectrum can be obtained from the roots of [see Eq. (112) of
the main text]

det(Te Vi — »°1) = 0, (B11)
where
. o A By + Gy
T = Ay — B = ( JS)(B;H_C; A ) (B12)

Vi = Ay + By = (—JS)(B* 4., B q Ck). (B13)
k

G

Equation (B11) can be reduced to the biquadratic equation

2
=<§%>—nﬁ+w|ﬂwhﬁy+W+w|
— |GelP = (BkCyf — BiGr)* — 4A%|Bi [, (B14)
which has positive roots
ks = |J|SVA2 + |Bi|? — |Cil? £ Ry, (B15)

with

R = \J42 1B + (BC; — B;CeY

- 2\/A2|Bk|2 — Im(BLC)I. (B16)

Keeping in mind that in the two-sublattice approach the mo-
mentum k belongs to the first Brillouin zone of the honeycomb
lattice (black dashed hexagon in Fig. 6), while in the four-
sublattice approach the corresponding first Brillouin zone is
only half as large (green dashed rectangle in Fig. 6), we
see that the magnon spectrum {wy, wx—} obtained in the
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two-sublattice approach is indeed identical to the magnon
spectrum {w], , w;, , w;_, w;_} obtained in the four-sublattice
approach, see Eqgs. (121) and (122).

To construct the explicit Bogoliubov transformation that
diagonalizes the Hamiltonian (B6), we use the Hermitian
field algorithm described in Sec. V B, which consists of the
following steps: (1) calculate the square root T,lc/ % of the
“kinetic energy matrix” T and its inverse T,:'/ %: (2) calculate
the transformed “potential energy matrix” V; = T,lc/ 2VkT,1‘/ 2,
(3) calculate the unitary matrix Sy, that diagonalizes Ve

SiViS; = @ diagonal. (B17)

(4) Then, the two-flavor Bogoliubov transformation to the
new operators by and by, that diagonalize the Hamiltonian
can be expressed in terms of a single 4 x 4 block matrix Ty as
follows:

Ay bkl bkl

by bia Qr Ri\| br2
F =T | = 21, B18
a_g g b_i Ri b;—m (B18)

by by b1

where the 2 x 2 blocks Qy and Ry, are given by
Q=TS @+ T, 78 @],  (B19)

1 _ _

R, = E[T}{Z S, T, S @] (B20)

Let us now explicitly construct the matrices above for the
specific two-flavor Hamiltonian H, given in Eq. (B6). Writing
the “kinetic energy matrix” Ty introduced in Eq. (B12) as

a Ity
T, =
k <t,:< a)s

where a = —JSA and # = —JS(By + Cy), the eigenvalues
and normalized eigenvectors of Ty are

(B21)

1 Ak) .
the = — , eigenvalue a + |t], (B22)
' ﬁ( 1 *
I /(-1
ti_ = —( *), eigenvalue a — |t|, (B23)
\/i A g
where we have introduced the phase factor
M = I/ k| (B24)

The matrix Ty is, therefore, diagonalized by the following
unitary matrix:

I (g —1
Uk = (ro te-) = E( | )wt)' (B25)
Explicitly,
+ |4 0
UIT,U, = (“ 0' l L m). (B26)

We conclude that the square root of Ty and its inverse can be
written as

T}l{/z _ Uk(‘/a + |t 0 ) +

0 va—Tul)k
Xk 2k
— , B27
(%) 20
_ 1 X, -z
T o (% k). B28
k /@ — |42 (—zk Xk (B28)

where
1
X = E[Ja+|rk|+¢a— ], (B29)
Ak
% = 7[Ja + 11l — Va — I, (B30)
and we have used x7 — |z|? = /a® — ||>. Writing
_ a Uk
V"_<vi§ a), (B31)

where vy = —JS(By — Cy), the transformed “potential energy
matrix” can be written as

& ml2g ml2 (G Tk
Vi = Tk Vka - (ﬁ; flk)’ (B32)
with
ar = a(xg + zl®) + (g + vize)x
= (JS’[A® + |Bi|* — |Gl (B33)
Uk = kX + Vi zi + 2%z
= Mla + Re(ur)) + iva® — [P Im(uerl)].  (B34)

In terms of the dimensionless coefficients By and C; defined
above we can write

Re(vehy) = 3[vedi + vphe]
sy
"~ lad
|Be|” — |G|
1B + Cil

(1Bel* — |Ci|?)

= /IS (B35)

and

1
Im(veAf) = 3 [y — Vgl

i
() « _ p
= ._(Bkck - Bka)
it |
Im(BkC;)

= || STk
|Br + C|

(B36)

By construction, the eigenvalues of the Hermitian matrix Vj,
are the squares a),% , of the spin-wave dispersions given in
Eq. (B15),

we = ax £ |l = (JS)*A? + |Bel* — |Ce*) £ R, (B37)

where Ry is given in Eq. (B16). To see explicitly that indeed
|Uk| = Ry, we take the squared absolute value of Eq. (B34)
and obtain
o> = @[] + Re(ued ) + (@ — | Im(uer)?
= @’[|t)* + o> + 2Re(uer)] — [Im(vgt))?

= 4A%|By|* — 4[Im(B,C)))* = R} (B38)
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The normalized eigenvectors and eigenvalues of the matrix Vy
are

| /3
— ()le>, eigenvalue ay + |Ux| = a),%+, (B39)

v =
k+ \/§

_ (! i lue @y — || = @2, (B40)
Vp_ = ﬁ XZ , elgenvalue dy Ul = wp_,

where we have introduced the phase factor

M = O/ | Tkl (B41)
With
S} = (e v4) = %(ﬁ" ;kl) (B42)
we obtain
SiViS| = @} = <w§+ w%_). (B43)

With that, all matrices that are necessary to calculate the
transformation matrix Ty in Eq. (B18) are now explicitly
constructed.

APPENDIX C: APPENDIX C: TECHNICAL DETAILS
OF THE CALCULATION OF THE MAGNON DAMPING
FORT =K

In this Appendix, we give additional technical details of
our calculation of the magnon damping for I' = K using the
four-sublattice formulation presented in Sec. V.

1. Propagator matricesat ' = K > 0

ForI' = K > 0, the parameters r and s defined in Egs. (21)
and (22) have the values r =1 and s = —2. Choosing the
gauge angle ¢ introduced in Eq. (33) as ¢ = 0, the matrix
elements of the quadratic Hamiltonian defined in Egs. (67)—
(71) reduce to

A = S(—J + 2K + 3J3), (Cla)

o = S(J + 21() (e oy, (Clb)

Br = —SKe*:, (Clc)

e = ST 48y Yy ek (C1d)
P

Vg = —j—‘SK(eik‘d" + ek, (Cle)

2. Transformation matrices

For the construction of the multiflavor Bogoliubov trans-
formation by means of the Hermitian-field approach of
Sec. V B, we have to calculate the square root of the Hermitian
matrix Ty in Eq. (119) for the matrix elements given in
Egs. (C1). From the definition (132), we find that the square

root of the “kinetic energy matrix” has the structure

hie Brk | bk lak
) 5 hr |ty bk
T? = 3k ! 4.k . 2
k B lak | he Bk €2
e L |Bx Nk
Defining
Nk = A + Br — g — Vi, (C3a)
Mk = Ak — Br + g — Vi, (C3b)
the matrix elements of TZ * can be written as
e = 1WA = Il + VA + [l
+ VA = Ikl + VA 4 2l (C4a)
b = VA = Ikl + V + Il
— VA = Il = VA + [maxl}. (C4b)
tk = g{=sgn(n VA = Il = A+ 1]
+sgn(m.0)lv/A — [n2kl — VA + Imall},  (Co)
tax = H=sgn(mlV/A — 1l = VA + [n1l]
—sgn(m.ly/A — mul — VA + Imxll}.  (C4d)
For the notational simplicity, we define
sgn(z) = z/lz (C5)

for any complex number z # 0. For the unitary matrix S
defined in Eq. (137) that diagonalizes the modified “potential
energy matrix” Vi, we find

S1k —S1Lk | —S2k  S2k
1 —1 —1 1 1
Sy = = , C6
k 21 —Sik S1.k —S$2k  S2k (€6)
1 1 1 1

with

st = sgn(nz,x) sgn(2A Re{(—ax + Bi)sgn(ns 1)}

+2i\ /2% — Imkl? Im{(—ax + Br)sgn(n3 4)}), (C7a)

s2k = sgn(nx) sgn(2x Re{(ox + Br)sgn(ny ;)}

+2i\/ 2% — [kl Im{ (o + Bi)sgn(ny ). (CTb)

The diagonal matrix £ introduced in Eq. (137) contains
the magnon energies given in Egs. (121) and (122) with the
following ordering:

we_ 0 0 0
0 w, 0 0

@ = o (C8)
0 0 wf_ 0
o 0 0 o,
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Given the matrices TZZ and and Sy, we can explcitly construct the matrices Ly = TZZSk andY; =T, 7 *Sy, which are the building
blocks of the 4 x 4 matrices Qi and Ry that appear in the 8 x 8 Bogoliubov transformation matrix Ty in Eq. (143). We, thus,

obtain
sty —Op =0 — s | o —sawy sl —op
s sl =0 =0 st | ol st of — s
Ly =T, Sk = = + = + = ¥ ¥ = (€9)
v, — sty Uy + sty —Or — S2kPy S2kPE — Yy
O — st O st | of et of — st
and
DOy + s1x0) ©xOr —sixk00) | oy —s209)  qia(ey + s209)
) — O 4 s ) — O — st o T R T
Yi = TS, = @2,k ( o o ) —q2( e S ) Ch,k((ﬂki 2,k<ﬂkJr ) QI,k(fﬂki 2,k<PkJr ) (10
— @i, +516%) —qi(P —sia?) | qraley —s2k0r)  qrale, +s209)
DO + s160,) O =510 | (o —s2x0 ) i@ + 200 )
[
where the symmetrized form (148). In this notation, the following 48
1 vertices are nonzero,
ik = ———, i=1,2, (C11) . o )
VA2 = nixl? rée,2,3) = r4a, 2,3) = r¥ia,2,3)
and =r9%a1,2,3)= -V, (C13a)

o8 = 1A= Il + VA + D).
o = 1(V/A = Imal — A+ naDsen(n k). (C12a)
98 = 1/ — Inaal + VA + In2xl).
9 = 1A = Il — VA + In2ul)sgn(na). (C12b)

3. Cubic verticesatI' =K > 0

For the calculation of magnon damping in Sec. VD, we
need the cubic interaction vertices in the Bogoliubov basis,
in which the quadratic part of the bosonized Hamiltonian
is diagonal. Therefore we first have to derive the cubic
part of the Hamiltonian in the Holstein-Primakoff basis. The
corresponding Euclidean action is given in Eq. (146). It is
convenient to symmetrize the vertices and write the action in

K=+R

[] Stripy
ZigZag
Ferro

] Antiferro

] 120°

K=-R

FIG. 14. Phase diagram of the Kitaev-Heisenberg-I" model for
J? + K? 4 T? =177 meV? with additional third nearest-neighbor
Heisenberg exchange J; = 0.5 meV. We use the same parametriza-
tion and projection as in Fig. 2(c). We highlight the line ' = K > 0
and the point (D1) in the parameter space, for which the magnon
damping is calculated.

rade(q 2, 3) = 04(1,2,3) = (1, 2, 3)
=T%4(1,2,3) = —Vj,
rad(q1,2,3) = 41,2, 3) = [¥(1, 2, 3)
=T%d(1,2,3) = —Vj3,
1,2, 3) = (1, 2,3) = (1, 2, 3)
=TI"(1,2,3) = Jhiththdys - (Cl4a)

(C13b)
(C13c)
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FIG. 15. Magnon damping in the Born approximation (164).
(a) Magnon energies wy,, (b) magnon damping y4,, and (c) magnon
damping rates, Yi,/wk,, for the model parameters given in Eqgs. (D1)
and along the momentum path shown in Fig. 6. The color coding is
the same as in Fig. 8.

054424-32



MAGNON DAMPING IN THE ZIGZAG PHASE OF THE ...

PHYSICAL REVIEW B 101, 054424 (2020)

X T Y T’ M T
— 154 /\ /_\/
% — \/
£, 107
5 5
% 4
£
£ 2
( A
0.8
3‘0,6-
§0.4- -
0.2 / ;

IAAY
—_ w,:f’+ w,;# —_— w,;‘f —_— w;:7

FIG. 16. Same as in Fig. 15 in the self-consistent iDE approxi-
mation (166).

(1,2, 3) = 1, 2,3) = (1, 2, 3)

= h(1,2,3) = ltkothka)day i (C14b)
l—w};hé(l’ 2’ 3) — 1"‘}’}_75(17 2’ 3) = Fbi}c(l, 2, 3)

— FEbc(l, 2,3) = gi(k1+k2+k3)'dzv3*’ (Cl4c)
1—‘136(-(1’ 2,3) = [‘E"E(l, 2,3)=1%1,2,3)

— FbEC(l, 2, 3) — ei(k|+k2+k3)'alvl’ (C15a)
FEBC(I, 27 3) — FCEE(I, 2, 3) — FC}JE(I7 2’ 3)

— l—wEbC(L 2,3)= ei(k1+k2+k3)-a1‘/2’ (C15b)
re(1,2,3) = 1?1, 2,3) = 1’(1, 2, 3)

=T%(1,2,3) = dtHhthay, — (Clsc)

F&(yd(l, 2, 3) — F&d(i(l, 2’ 3) = Fad(z(l, 2’ 3)
— Fci)b(l’ 2,3)= _ei(k|+kz+k3)'dAV1*’
(C16a)
réad(1,2,3) = 144(1,2,3) = r*d(1,2,3)
_ l—wd_ad(L 2,3) = _ei(k1+k2+k3)<de2*’
(C16b)
Fjd&(l, 2’ 3) — 1—*&1&?&(17 2’ 3) — Fd&?a(l, 2’ 3)
— Flida(l, 2’ 3) — _ei(k1+k2+k3)‘d.rv3*’ (C16C)

where we have abbreviated the momentum labels k; by
i=1,2,3, and the interaction vertex V; is defined in
Eq. (88). For clarity, we have replaced the superscipts
w,v, e {l,2,3,4,5,6,7,8} by the associated field types
{a,b,c,d,a,b,c,d}. Note that the cubic vertices are not
periodic in the first magnetic Brillouin zone because of our
choice of the Fourier transformation in (58). The correspond-
ing vertices 2 (ky, ks, k3) in the Bogoliubov basis can be
obtained from Eq. (152).

APPENDIX D: APPENDIX D: MAGNON DAMPING FOR
I'=K AND SMALL J5 > 0

The full analytical calculation of the matrix elements
for the magnon-magnon interaction gives deviations in the
magnon damping as compared with the constant matrix el-
ement approximation near certain symmetry points on the
momentum plane, where the single-magnon modes become
damped at all energies. This damping becomes even stronger
if the values of the third-nearest-neighbor coupling J; are
smaller than the other microscopic constants. In this Ap-
pendix, we present the numerical evaluation of the damping
and of the neutron scattering intensity in this regime, for the
following values of the microscopic parameters:

J = —8meV, (Dla)
K =T =7meV, (D1b)
J3 = 0.5 meV. (Dlc)

This set of parameters is shown in Fig. 14 as a blue dot
along the K =T  line.

o
D
[syun Kiesnque](m°ay) o /(0'3y) T

FIG. 17. The neutron-scattering intensity Z(k, w) normalized by the square of the atomic form factor as given in Eq. (194) with magnon
lifetime effects in the iDE approximation given by Eq. (167), evaluated for the model parameters given in Eqs. (D1).
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The magnon damping evaluated numerically in the Born
approximation (as described in Sec. V E) for these parameters
is presented in Fig. 15. The magnon damping evaluated nu-
merically using the iDE approach (as described in Sec. V F)
is presented in Fig. 16. The neutron scattering intensity eval-
uated numerically (as described in Sec. VI) is presented in

Fig. 17. The amplitude of the damping increases in the middle
of the X-I" and Y -T"’ lines as the ratio of J5 to the other scales
K, I', and J decreases. It results in very large broadening
of the single magnon peaks in these areas of the momentum
plane, while the single-magnon modes remain well-defined in
all other areas of the momentum plane.

[1] W. Witczak-Krempa, G. Chen, Y. B. Kim, and L.
Balents, Correlated quantum phenomena in the strong spin-
orbit regime, Annu. Rev. Condens. Matter Phys. 5, 57
(2014).

[2] G. Khaliullin, Orbital order and fluctuations in Mott insulators,
Prog. Theor. Phys. Suppl. 160, 155 (2005).

[3] G.Jackeli and G. Khaliullin, Mott insulators in the strong spin-
orbit coupling limit: From Heisenberg to a quantum compass
and Kitaev models, Phys. Rev. Lett. 102, 017205 (2009).

[4] J. Chaloupka, G. Jackeli, and G. Khaliullin, Kitaev-Heisenberg
Model on a Honeycomb Lattice: Possible Exotic Phases
in Iridium Oxides A,IrO;, Phys. Rev. Lett. 105, 027204
(2010).

[5] J. G. Rau, E. K.-H. Lee, and H.-Y. Kee, Spin-orbit physics
giving rise to novel phases in correlated systems: Iridates and
related materials, Annu. Rev. Condens. Matter Phys. 7, 195
(2016).

[6] S. M. Winter, A. A. Tsirlin, M. Daghofer, J. van den Brink, Y.
Singh, P. Gegenwart, and R. Valenti, Models and materials for
generalized Kitaev magnetism, J. Phys.: Condens. Matter 29,
493002 (2017).

[7] R. Schaffer, E. K.-H. Lee, B.-J. Yang, and Y. B. Kim, Recent
progress on correlated electron systems with strong spin-orbit
coupling, Rep. Prog. Phys. 79, 094504 (2016).

[8] H. Takagi, T. Takayama, G. Jackeli, G. Khaliullin, and S. E.
Nagler, Concept and realization of Kitaev quantum spin lig-
uids, Nat. Rev. Phys. 1, 264 (2019).

[9] J. Chaloupka and G. Khaliullin, Hidden Symmetries of the
Extended Kitaev-Heisenberg Model: Implications for the
Honeycomb-Lattice Iridates A,IrOs, Phys. Rev. B 92, 024413
(2015).

[10] K. W. Plumb, J. P. Clancy, L. J. Sandilands, V. V. Shankar,
Y. F. Hu, K. S. Burch, H.-Y. Kee, and Y.-J. Kim, «—RuCl;:
A spin-orbit assisted Mott insulator on a honeycomb lattice,
Phys. Rev. B 90, 041112 (2014).

[11] A. Biffin, R. D. Johnson, I. Kimchi, R. Morris, A. Bombardi,
J. G. Analytis, A. Vishwanath, and R. Coldea, Noncoplanar
and Counterrotating Incommensurate Magnetic Order Stabi-
lized by Kitaev Interactions in y —LiIrOs, Phys. Rev. Lett.
113, 197201 (2014).

[12] J. G. Rau, E. K.-H. Lee, and H.-Y. Kee, Generic Spin Model
for the Honeycomb Iridates beyond the Kitaev Limit, Phys.
Rev. Lett. 112, 077204 (2014).

[13] I. Kimchi and A. Vishwanath, Kitaev-Heisenberg Mod-
els for Iridates on the Triangular, Hyperkagome, Kagome,
fcc, and Pyrochlore lattices, Phys. Rev. B 89, 014414
(2014).

[14] H.-S. Kim, V. V. Shankar, A. Catuneanu, and H.-Y. Kee,
Kitaev magnetism in honeycomb RuCl; with intermediate
spin-orbit coupling, Phys. Rev. B 91, 241110 (2015).

[15] S. M. Winter, K. Riedl, D. Kaib, R. Coldea, and R.
Valenti, Probing « —RuCl; Beyond Magnetic Order: Effects of
Temperature and Magnetic Field, Phys. Rev. Lett. 120, 077203
(2018).

[16] A. Sahasrabudhe, D. A. S. Kaib, S. Reschke, R. German,
T. C. Koethe, J. Buhot, D. Kamenskyi, C. Hickey, P. Becker,
V. Tsurkan, A. Loidl, S. H. Do, K. Y. Choi, M. Griininger,
S. M. Winter, Zhe Wang, R. Valenti, and P. H. M. van
Loosdrecht, High-field quantum disordered state in « —RuCl;:
Spin flips, bound states, and a multi-particle continuum,
arXiv:1908.11617.

[17] J. Knolle, Gia-Wei Chern, D. L. Kovrizhin, R. Moessner,
and N. B. Perkins, Raman Scattering Signatures of Kitaev
Spin Liquids in A,IrO; Iridates, Phys. Rev. Lett. 113, 187201
(2014).

[18] J. Chaloupka and G. Khaliullin, Magnetic anisotropy in the
Kitaev model systems Na,IrO; and RuCl;, Phys. Rev. B 94,
064435 (2016).

[19] I. Rousochatzakis, S. Kourtis, J. Knolle, R. Moessner, and
N. B. Perkins, Quantum spin liquid at finite temperature:
proximate dynamics and persistent typicality, Phys. Rev. B
100, 045117 (2019).

[20] G. B. Halasz, S. Kourtis, J. Knolle, and N. B. Perkins, Observ-
ing spin fractionalization in the Kitaev spin liquid via temper-
ature evolution of indirect resonant inelastic x-ray scattering,
Phys. Rev. B 99, 184417 (2019).

[21] P. Lampen-Kelley, L. Janssen, E. C. Andrade, S. Rachel,
J.-Q. Yan, C. Balz, D. G. Mandrus, S. E. Nagler, and M.
Vojta, Field-induced intermediate phase in «—RuCl;: Non-
coplanar order, phase diagram, and proximate spin liquid,
arXiv:1807.06192.

[22] A. Kitaev, Anyons in an exactly solved model and beyond,
Ann. Phys. (Amsterdam) 321, 2 (2006).

[23] J. G. Rau and H.-Y. Kee, Trigonal distortion in the honeycomb
iridates: Proximity of zigzag and spiral phases in Na,IrOs;,
arXiv:1408.4811.

[24] A. Catuneanu, J. G. Rau, H.-S. Kim, and H.-Y. Kee, Magnetic
orders proximal to the Kitaev limit in frustrated triangular
systems: Application to Ba;IrTi, Oy, Phys. Rev. B 92, 165108
(2015).

[25] 1. Rousochatzakis, U. K. Rdssler, J. van den Brink, and M.
Daghofer, Kitaev anisotropy induces mesoscopic Z, vortex
crystals in frustrated hexagonal antiferromagnets, Phys. Rev.
B 93, 104417 (2016).

[26] M. Becker, M. Hermanns, B. Bauer, M. Garst, and S. Trebst,
Spin-orbit physics of j = % mott insulators on the triangular
lattice, Phys. Rev. B 91, 155135 (2015).

[27] C. Liu, X. Wang, and R. Yu, Semiclassical ground-state phase
diagram and multi-Q phase of a spin-orbit- coupled model on
triangular lattice, Phys. Rev. B 94, 174424 (2016).

054424-34


https://doi.org/10.1146/annurev-conmatphys-020911-125138
https://doi.org/10.1146/annurev-conmatphys-020911-125138
https://doi.org/10.1146/annurev-conmatphys-020911-125138
https://doi.org/10.1146/annurev-conmatphys-020911-125138
https://doi.org/10.1143/PTPS.160.155
https://doi.org/10.1143/PTPS.160.155
https://doi.org/10.1143/PTPS.160.155
https://doi.org/10.1143/PTPS.160.155
https://doi.org/10.1103/PhysRevLett.102.017205
https://doi.org/10.1103/PhysRevLett.102.017205
https://doi.org/10.1103/PhysRevLett.102.017205
https://doi.org/10.1103/PhysRevLett.102.017205
https://doi.org/10.1103/PhysRevLett.105.027204
https://doi.org/10.1103/PhysRevLett.105.027204
https://doi.org/10.1103/PhysRevLett.105.027204
https://doi.org/10.1103/PhysRevLett.105.027204
https://doi.org/10.1146/annurev-conmatphys-031115-011319
https://doi.org/10.1146/annurev-conmatphys-031115-011319
https://doi.org/10.1146/annurev-conmatphys-031115-011319
https://doi.org/10.1146/annurev-conmatphys-031115-011319
https://doi.org/10.1088/1361-648X/aa8cf5
https://doi.org/10.1088/1361-648X/aa8cf5
https://doi.org/10.1088/1361-648X/aa8cf5
https://doi.org/10.1088/1361-648X/aa8cf5
https://doi.org/10.1088/0034-4885/79/9/094504
https://doi.org/10.1088/0034-4885/79/9/094504
https://doi.org/10.1088/0034-4885/79/9/094504
https://doi.org/10.1088/0034-4885/79/9/094504
https://doi.org/10.1038/s42254-019-0038-2
https://doi.org/10.1038/s42254-019-0038-2
https://doi.org/10.1038/s42254-019-0038-2
https://doi.org/10.1038/s42254-019-0038-2
https://doi.org/10.1103/PhysRevB.92.024413
https://doi.org/10.1103/PhysRevB.92.024413
https://doi.org/10.1103/PhysRevB.92.024413
https://doi.org/10.1103/PhysRevB.92.024413
https://doi.org/10.1103/PhysRevB.90.041112
https://doi.org/10.1103/PhysRevB.90.041112
https://doi.org/10.1103/PhysRevB.90.041112
https://doi.org/10.1103/PhysRevB.90.041112
https://doi.org/10.1103/PhysRevLett.113.197201
https://doi.org/10.1103/PhysRevLett.113.197201
https://doi.org/10.1103/PhysRevLett.113.197201
https://doi.org/10.1103/PhysRevLett.113.197201
https://doi.org/10.1103/PhysRevLett.112.077204
https://doi.org/10.1103/PhysRevLett.112.077204
https://doi.org/10.1103/PhysRevLett.112.077204
https://doi.org/10.1103/PhysRevLett.112.077204
https://doi.org/10.1103/PhysRevB.89.014414
https://doi.org/10.1103/PhysRevB.89.014414
https://doi.org/10.1103/PhysRevB.89.014414
https://doi.org/10.1103/PhysRevB.89.014414
https://doi.org/10.1103/PhysRevB.91.241110
https://doi.org/10.1103/PhysRevB.91.241110
https://doi.org/10.1103/PhysRevB.91.241110
https://doi.org/10.1103/PhysRevB.91.241110
https://doi.org/10.1103/PhysRevLett.120.077203
https://doi.org/10.1103/PhysRevLett.120.077203
https://doi.org/10.1103/PhysRevLett.120.077203
https://doi.org/10.1103/PhysRevLett.120.077203
http://arxiv.org/abs/arXiv:1908.11617
https://doi.org/10.1103/PhysRevLett.113.187201
https://doi.org/10.1103/PhysRevLett.113.187201
https://doi.org/10.1103/PhysRevLett.113.187201
https://doi.org/10.1103/PhysRevLett.113.187201
https://doi.org/10.1103/PhysRevB.94.064435
https://doi.org/10.1103/PhysRevB.94.064435
https://doi.org/10.1103/PhysRevB.94.064435
https://doi.org/10.1103/PhysRevB.94.064435
https://doi.org/10.1103/PhysRevB.100.045117
https://doi.org/10.1103/PhysRevB.100.045117
https://doi.org/10.1103/PhysRevB.100.045117
https://doi.org/10.1103/PhysRevB.100.045117
https://doi.org/10.1103/PhysRevB.99.184417
https://doi.org/10.1103/PhysRevB.99.184417
https://doi.org/10.1103/PhysRevB.99.184417
https://doi.org/10.1103/PhysRevB.99.184417
http://arxiv.org/abs/arXiv:1807.06192
https://doi.org/10.1016/j.aop.2005.10.005
https://doi.org/10.1016/j.aop.2005.10.005
https://doi.org/10.1016/j.aop.2005.10.005
https://doi.org/10.1016/j.aop.2005.10.005
http://arxiv.org/abs/arXiv:1408.4811
https://doi.org/10.1103/PhysRevB.92.165108
https://doi.org/10.1103/PhysRevB.92.165108
https://doi.org/10.1103/PhysRevB.92.165108
https://doi.org/10.1103/PhysRevB.92.165108
https://doi.org/10.1103/PhysRevB.93.104417
https://doi.org/10.1103/PhysRevB.93.104417
https://doi.org/10.1103/PhysRevB.93.104417
https://doi.org/10.1103/PhysRevB.93.104417
https://doi.org/10.1103/PhysRevB.91.155135
https://doi.org/10.1103/PhysRevB.91.155135
https://doi.org/10.1103/PhysRevB.91.155135
https://doi.org/10.1103/PhysRevB.91.155135
https://doi.org/10.1103/PhysRevB.94.174424
https://doi.org/10.1103/PhysRevB.94.174424
https://doi.org/10.1103/PhysRevB.94.174424
https://doi.org/10.1103/PhysRevB.94.174424

MAGNON DAMPING IN THE ZIGZAG PHASE OF THE ...

PHYSICAL REVIEW B 101, 054424 (2020)

[28] S. Ducatman, I. Rousochatzakis, and N. B. Perkins, Magnetic
structure and excitation spectrum of the hyperhoneycomb
Kitaev magnet 8—Li,IrO;, Phys. Rev. B 97, 125125 (2018).

[29] M. Li, N. B. Perkins, and I. Rousochatzakis, Collective spin
dynamics of Z, vortex crystals in triangular Kitaev-Heisenberg
antiferromagnets, Phys. Rev. Res. 1, 013002 (2019).

[30] G. Baskaran, D. Sen, and R. Shankar, Spin-S Kitaev model:
Classical ground states, order from disorder, and exact corre-
lation functions, Phys. Rev. B 78, 115116 (2008).

[31] G. Jackeli and A. Avella, Quantum order-by-disorder in Ki-
taev model on a triangular lattice, Phys. Rev. B 92, 184416
(2015).

[32] Y. Sizyuk, P. Wolfle, and N. B. Perkins, Selection of direction
of the ordered moments in Na,IrO; and « —RuCls, Phys. Rev.
B 94, 085109 (2016).

[33] L. Balents, Spin liquids in frustrated magnets, Nature
(London) 464, 199 (2010).

[34] O. A. Starykh, H. Katsura, and L. Balents, Extreme sensitivity
of a frustrated quantum magnet: Cs,CuCly, Phys. Rev. B 82,
014421 (2010).

[35] T. Herfurth, S. Streib, and P. Kopietz, Majorana spin liquid and
dimensional reduction in Cs,CuCly, Phys. Rev. B 88, 174404
(2013).

[36] Z. Zhu, P. A. Maksimov, S. R. White, and A. L. Chernyshev,
Topography of Spin Liquids on a Triangular Lattice, Phys.
Rev. Lett. 120, 207203 (2018).

[37] U. Tutsch, O. Tsyplyatyev, M. Kuhnt, L. Postulka, B. Wolf,
P. T. Cong, F. Ritter, C. Krellner, W. ABmus, B. Schmidt, P.
Thalmeier, P. Kopietz, and M. Lang, Specific Heat Study of
1D and 2D Excitations in the Layered Frustrated Quantum An-
tiferromagnets Cs,CuCl,_,Br,, Phys. Rev. Lett. 123, 147202
(2019).

[38] P. A. Maksimov, Z. Zhu, S. R. White, and A. L. Chernyshev,
Anisotropic-Exchange Magnets on a Triangular Lattice: Spin
Waves, Accidental Degeneracies, and Dual Spin Liquids,
Phys. Rev. X 9, 021017 (2019).

[39] Y.-D. Li, X. Yang, Y. Zhou, and G. Chen, Non-Kitaev spin
liquids in Kitaev materials, Phys. Rev. B 99, 205119 (2019).

[40] S. M. Winter, Y. Li, H. O. Jeschke, and R. Valenti, Challenges
in design of Kitaev materials: Magnetic interactions from
competing energy scales, Phys. Rev. B 93, 214431 (2016).

[41] A. Biffin, R. D. Johnson, S. Choi, F. Freund, S. Manni, A.
Bombardi, P. Manuel, P. Gegenwart, and R. Coldea, Un-
conventional magnetic order on the hyperhoneycomb Kitaev
lattice in B—Li,IrOs: Full solution via magnetic resonant x-ray
diffraction, Phys. Rev. B 90, 205116 (2014).

[42] S. K. Choi, R. Coldea, A. N. Kolmogorov, T. Lancaster,
I. I. Mazin, S. J. Blundell, P. G. Radaelli, Yogesh Singh, P.
Gegenwart, K. R. Choi, S.-W. Cheong, P. J. Baker, C. Stock,
and J. Taylor, Spin Waves and Revised Crystal Structure of
Honeycomb Iridate Na,IrOs;, Phys. Rev. Lett. 108, 127204
(2012).

[43] I. Kimchi, R. Coldea, and A. Vishwanath, Unified theory of
spiral magnetism in the harmonic-honeycomb iridates o, S,
and y —Li,IrOs, Phys. Rev. B 91, 245134 (2015).

[44] R. D. Johnson, S. C. Williams, A. A. Haghighirad, J.
Singleton, V. Zapf, P. Manuel, I. I. Mazin, Y. Li, H. O. Jeschke,
R. Valenti, and R. Coldea, Monoclinic crystal structure of
a—RuCl; and the zigzag antiferromagnetic ground state, Phys.
Rev. B 92, 235119 (2015).

[45] K. A. Modic, T. E. Smidt, I. Kimchi, N. P. Breznay, A. Biffin,
S. Choi, R. D. Johnson, R. Coldea, P. Watkins-Curry, G. T.
McCandless, J. Y. Chan, F. Gandara, Z. Islam, A. Vishwanath,
A. Shekhter, R. D. McDonald, and J. G. Analytis, Realization
of a three-dimensional spin-anisotropic harmonic honeycomb
iridate, Nat. Commun. 5, 4203 (2014).

[46] L. Janssen, E. C. Andrade, and M. Vojta, Magnetization pro-
cesses of zigzag states on the honeycomb lattice: Identifying
spin models for «—RuCl; and Na,IrO;, Phys. Rev. B 96,
064430 (2017)

[47] J. Knolle, R. Moessner, and N. B. Perkins, Bond Disordered
Spin Liquid and the Honeycomb Iridate H;Lilr, Os—Abundant
Low Energy Density of States from Random Majorana Hop-
ping, Phys. Rev. Lett. 122, 047202 (2019).

[48] Y. Singh and P. Gegenwart, Antiferromagnetic Mott insulating
state in single crystals of the honeycomb lattice material
Na,IrOs, Phys. Rev. B 82, 064412 (2010).

[49] A. Banerjee, C. A. Bridges, J.-Q. Yan, A. A. Aczel, L. Li,
M. B. Stone, G. E. Granroth, M. D. Lumsden, Y. Yiu, J.
Knolle, S. Bhattacharjee, D. L. Kovrizhin, R. Moessner, D. A.
Tennant, G. Mandrus, and S. E. Nagler, Proximate Kitaev
quantum spin liquid behavior in a honeycomb magnet, Nat.
Mater. 15, 733 (2016).

[50] A. Banerjee, J. Yan, J. Knolle, C. A. Bridges, M. B. Stone,
M. D. Lumsden, D. G. Mandrus, D. A. Tennant, R. Moessner,
and S. E. Nagler, Neutron scattering in the proximate quantum
spin liquid «—RuCl;, Science 356, 1055 (2017).

[51] I. Rousochatzakis, J. Reuther, R. Thomale, S. Rachel, and
N. B. Perkins, Phase Diagram and Quantum Order by Disorder
in the Kitaev K;-K, Honeycomb Magnet, Phys. Rev. X §,
041035 (2015).

[52] M. Gohlke, G. Wachtel, Y. Yamaji, F. Pollmann, and Y. B.
Kim, Quantum spin liquid signatures in Kitaev-like frustrated
magnets, Phys. Rev. B 97, 075126 (2018).

[53] J. Knolle, S. Bhattacharjee, and R. Moessner, Dynamics
of a quantum spin liquid beyond integrability—the Kitaev-
Heisenberg-I" model in an augmented parton mean-field the-
ory, Phys. Rev. B 97, 134432 (2018).

[54] J. Nasu, J. Knolle, D. L. Kovrizhin, Y. Motome, and R.
Moessner, Fermionic response from fractionalization in an
insulating two-dimensional magnet, Nat. Phys. 12,912 (2016).

[55] S. M. Winter, K. Riedl, P. A. Maksimov, A. L. Chernysheyv,
A. Honecker, and R. Valenti, Nat. Commun. 8, 1152 (2017).

[56] A. L. Chernyshev and M. E. Zhitomirsky, Magnon Decay in
Noncollinear Quantum Antiferromagnets, Phys. Rev. Lett. 97,
207202 (2006).

[57]1 A. L. Chernyshev and M. E. Zhitomirsky, Spin-waves in
triangular lattice antiferromagnet: decays, spectrum renormal-
ization, and singularities, Phys. Rev. B 79, 144416 (2009).

[58] M. Mourigal, W. T. Fuhrman, A. L. Chernyshev, and M. E.
Zhitomirsky, Dynamical structure factor of triangular-lattice
antiferromagnet, Phys. Rev. B 88, 094407 (2013).

[59] J. Oh, M. D. Le, J. Jeong, J. H. Lee, H. Woo, W.-Y. Song,
T. G. Perring, W. J. L. Buyers, S.-W. Cheong, and J.-G. Park,
Magnon Breakdown in a Two Dimensional Triangular Lattice
Heisenberg Antiferromagnet of Multiferroic LuMnOs, Phys.
Rev. Lett. 111, 257202 (2013).

[60] R. Verresen, F. Pollmann, and R. Moessner, Strong quantum
interactions prevent quasiparticle decay, Nat. Phys. 15, 750
(2019).

054424-35


https://doi.org/10.1103/PhysRevB.97.125125
https://doi.org/10.1103/PhysRevB.97.125125
https://doi.org/10.1103/PhysRevB.97.125125
https://doi.org/10.1103/PhysRevB.97.125125
https://doi.org/10.1103/PhysRevResearch.1.013002
https://doi.org/10.1103/PhysRevResearch.1.013002
https://doi.org/10.1103/PhysRevResearch.1.013002
https://doi.org/10.1103/PhysRevResearch.1.013002
https://doi.org/10.1103/PhysRevB.78.115116
https://doi.org/10.1103/PhysRevB.78.115116
https://doi.org/10.1103/PhysRevB.78.115116
https://doi.org/10.1103/PhysRevB.78.115116
https://doi.org/10.1103/PhysRevB.92.184416
https://doi.org/10.1103/PhysRevB.92.184416
https://doi.org/10.1103/PhysRevB.92.184416
https://doi.org/10.1103/PhysRevB.92.184416
https://doi.org/10.1103/PhysRevB.94.085109
https://doi.org/10.1103/PhysRevB.94.085109
https://doi.org/10.1103/PhysRevB.94.085109
https://doi.org/10.1103/PhysRevB.94.085109
https://doi.org/10.1038/nature08917
https://doi.org/10.1038/nature08917
https://doi.org/10.1038/nature08917
https://doi.org/10.1038/nature08917
https://doi.org/10.1103/PhysRevB.82.014421
https://doi.org/10.1103/PhysRevB.82.014421
https://doi.org/10.1103/PhysRevB.82.014421
https://doi.org/10.1103/PhysRevB.82.014421
https://doi.org/10.1103/PhysRevB.88.174404
https://doi.org/10.1103/PhysRevB.88.174404
https://doi.org/10.1103/PhysRevB.88.174404
https://doi.org/10.1103/PhysRevB.88.174404
https://doi.org/10.1103/PhysRevLett.120.207203
https://doi.org/10.1103/PhysRevLett.120.207203
https://doi.org/10.1103/PhysRevLett.120.207203
https://doi.org/10.1103/PhysRevLett.120.207203
https://doi.org/10.1103/PhysRevLett.123.147202
https://doi.org/10.1103/PhysRevLett.123.147202
https://doi.org/10.1103/PhysRevLett.123.147202
https://doi.org/10.1103/PhysRevLett.123.147202
https://doi.org/10.1103/PhysRevX.9.021017
https://doi.org/10.1103/PhysRevX.9.021017
https://doi.org/10.1103/PhysRevX.9.021017
https://doi.org/10.1103/PhysRevX.9.021017
https://doi.org/10.1103/PhysRevB.99.205119
https://doi.org/10.1103/PhysRevB.99.205119
https://doi.org/10.1103/PhysRevB.99.205119
https://doi.org/10.1103/PhysRevB.99.205119
https://doi.org/10.1103/PhysRevB.93.214431
https://doi.org/10.1103/PhysRevB.93.214431
https://doi.org/10.1103/PhysRevB.93.214431
https://doi.org/10.1103/PhysRevB.93.214431
https://doi.org/10.1103/PhysRevB.90.205116
https://doi.org/10.1103/PhysRevB.90.205116
https://doi.org/10.1103/PhysRevB.90.205116
https://doi.org/10.1103/PhysRevB.90.205116
https://doi.org/10.1103/PhysRevLett.108.127204
https://doi.org/10.1103/PhysRevLett.108.127204
https://doi.org/10.1103/PhysRevLett.108.127204
https://doi.org/10.1103/PhysRevLett.108.127204
https://doi.org/10.1103/PhysRevB.91.245134
https://doi.org/10.1103/PhysRevB.91.245134
https://doi.org/10.1103/PhysRevB.91.245134
https://doi.org/10.1103/PhysRevB.91.245134
https://doi.org/10.1103/PhysRevB.92.235119
https://doi.org/10.1103/PhysRevB.92.235119
https://doi.org/10.1103/PhysRevB.92.235119
https://doi.org/10.1103/PhysRevB.92.235119
https://doi.org/10.1038/ncomms5203
https://doi.org/10.1038/ncomms5203
https://doi.org/10.1038/ncomms5203
https://doi.org/10.1038/ncomms5203
https://doi.org/10.1103/PhysRevB.96.064430
https://doi.org/10.1103/PhysRevB.96.064430
https://doi.org/10.1103/PhysRevB.96.064430
https://doi.org/10.1103/PhysRevB.96.064430
https://doi.org/10.1103/PhysRevLett.122.047202
https://doi.org/10.1103/PhysRevLett.122.047202
https://doi.org/10.1103/PhysRevLett.122.047202
https://doi.org/10.1103/PhysRevLett.122.047202
https://doi.org/10.1103/PhysRevB.82.064412
https://doi.org/10.1103/PhysRevB.82.064412
https://doi.org/10.1103/PhysRevB.82.064412
https://doi.org/10.1103/PhysRevB.82.064412
https://doi.org/10.1038/nmat4604
https://doi.org/10.1038/nmat4604
https://doi.org/10.1038/nmat4604
https://doi.org/10.1038/nmat4604
https://doi.org/10.1126/science.aah6015
https://doi.org/10.1126/science.aah6015
https://doi.org/10.1126/science.aah6015
https://doi.org/10.1126/science.aah6015
https://doi.org/10.1103/PhysRevX.5.041035
https://doi.org/10.1103/PhysRevX.5.041035
https://doi.org/10.1103/PhysRevX.5.041035
https://doi.org/10.1103/PhysRevX.5.041035
https://doi.org/10.1103/PhysRevB.97.075126
https://doi.org/10.1103/PhysRevB.97.075126
https://doi.org/10.1103/PhysRevB.97.075126
https://doi.org/10.1103/PhysRevB.97.075126
https://doi.org/10.1103/PhysRevB.97.134432
https://doi.org/10.1103/PhysRevB.97.134432
https://doi.org/10.1103/PhysRevB.97.134432
https://doi.org/10.1103/PhysRevB.97.134432
https://doi.org/10.1038/nphys3809
https://doi.org/10.1038/nphys3809
https://doi.org/10.1038/nphys3809
https://doi.org/10.1038/nphys3809
https://doi.org/10.1038/s41467-017-01177-0
https://doi.org/10.1038/s41467-017-01177-0
https://doi.org/10.1038/s41467-017-01177-0
https://doi.org/10.1038/s41467-017-01177-0
https://doi.org/10.1103/PhysRevLett.97.207202
https://doi.org/10.1103/PhysRevLett.97.207202
https://doi.org/10.1103/PhysRevLett.97.207202
https://doi.org/10.1103/PhysRevLett.97.207202
https://doi.org/10.1103/PhysRevB.79.144416
https://doi.org/10.1103/PhysRevB.79.144416
https://doi.org/10.1103/PhysRevB.79.144416
https://doi.org/10.1103/PhysRevB.79.144416
https://doi.org/10.1103/PhysRevB.88.094407
https://doi.org/10.1103/PhysRevB.88.094407
https://doi.org/10.1103/PhysRevB.88.094407
https://doi.org/10.1103/PhysRevB.88.094407
https://doi.org/10.1103/PhysRevLett.111.257202
https://doi.org/10.1103/PhysRevLett.111.257202
https://doi.org/10.1103/PhysRevLett.111.257202
https://doi.org/10.1103/PhysRevLett.111.257202
https://doi.org/10.1038/s41567-019-0535-3
https://doi.org/10.1038/s41567-019-0535-3
https://doi.org/10.1038/s41567-019-0535-3
https://doi.org/10.1038/s41567-019-0535-3

R. L. SMIT et al.

PHYSICAL REVIEW B 101, 054424 (2020)

[61] A. L. Chernyshev, Strong quantum effects in an almost clas-
sical antiferromagnet on a kagome lattice, Phys. Rev. B 92,
094409 (2015).

[62] A. L. Chernyshev and M. E. Zhitomirsky, Order and excita-
tions in large-S kagome-lattice antiferromagnets, Phys. Rev. B
92, 144415 (2015).

[63] M. E. Zhitomirsky and A. L. Chernyshev, Instability of Anti-
ferromagnetic Magnons in Strong Fields, Phys. Rev. Lett. 82,
4536 (1999).

[64] T. Masuda, S. Kitaoka, S. Takamizawa, N. Metoki, K. Kaneko,
K. C. Rule, K. Kiefer, H. Manaka, and H. Nojiri, Instability of
magnons in two-dimensional antiferromagnets at high mag-
netic fields, Phys. Rev. B 81, 100402(R) (2010).

[65] T. Hong, Y. Qiu, M. Matsumoto, D. A. Tennant, K. Coester,
K. P. Schmidt, F. F. Awwadi, M. M. Turnbull, H. Agrawal,
and A. L. Chernyshev, Field-induced spontaneous quasi-
particle decay and renormalization of quasiparticle disper-
sion in a quantum antiferromagnet, Nat. Commun. 8, 15148
(2017).

[66] M. Mourigal, M. E. Zhitomirsky, and A. L. Chernyshev, Field-
induced decay dynamics in square-lattice antiferromagnet,
Phys. Rev. B 82, 144402 (2010).

[67] W. T. Fuhrman, M. Mourigal, M. E. Zhitomirsky, and A. L.
Chernyshev, Dynamical structure factor of quasi-2D antifer-
romagnet in high fields, Phys. Rev. B 85, 184405 (2012).

[68] P. A. Maksimov, M. E. Zhitomirsky, and A. L. Chernyshev,
Field-induced decays in XXZ triangular-lattice antiferromag-
nets, Phys. Rev. B 94, 140407(R) (2016).

[69] P. A. Maksimov and A. L. Chernyshev, Field-induced dynami-
cal properties of the XXZ model on a honeycomb lattice, Phys.
Rev. B 93, 014418 (2016).

[70] J. Oh, M. D. Le, H.-H. Nahm, H. Sim, J. Jeong, T. G. Perring,
H. Woo, K. Nakajima, S. Ohira-Kawamura, Z. Yamani, Y.
Yoshida, H. Eisaki, S.-W. Cheong, A. L. Chernyshev, and J.-G.
Park, Spontaneous decays of magneto-elastic excitations in
noncollinear antiferromagnet (Y, Lu)MnO;, Nat. Commun. 7,
13146 (2016).

[71] A. L. Chernyshev and P. A. Maksimov, Damped Topological
Magnons in the Kagome-Lattice Ferromagnets, Phys. Rev.
Lett. 117, 187203 (2016).

[72] A. L. Chernyshev, Field-dependence of magnon decay in
yttrium iron garnet thin films, Phys. Rev. B 86, 060401(R)
(2012).

[73] M. E. Zhitomirsky and A. L. Chernyshev, Spontaneous
Magnon Decays, Rev. Mod. Phys. 85, 219 (2013).

[74] M. E. Zhitomirsky, Decay of quasiparticles in quantum spin
liquids, Phys. Rev. B 73, 100404(R) (2006).

[75] A. Kolezhuk and S. Sachdev, Magnon Decay in Gapped
Quantum Spin Systems, Phys. Rev. Lett. 96, 087203
(2006).

[76] T. Masuda, A. Zheludev, H. Manaka, L.-P. Regnault, J.-H.
Chung, and Y. Qiu, Dynamics of Composite Haldane Spin
Chains in IPA—CuCl;, Phys. Rev. Lett. 96, 047210 (2006).

[77] M. B. Stone, 1. A. Zaliznyak, T. Hong, C. L. Broholm, and
D. H. Reich, Quasiparticle breakdown in a quantum spin
liquid, Nature (London) 440, 187 (2006).

[78] K. W. Plumb, K. Hwang, Y. Qiu, L. W. Harriger, G. E.
Granroth, G. J. Shu, F. C. Chou, C. Ruegg, Y. B. Kim, and Y.-J.
Kim, Quasiparticle-continuum level repulsion in a quantum
magnet, Nat. Phys. 12, 224 (2016).

[79] K. Hwang and Y. B. Kim, Theory of triplon dynamics in
the quantum magnet BiCu,POg, Phys. Rev. B 93, 235130
(2016).

[80] P. A. McClarty, X.-Y. Dong, M. Gohlke, J. G. Rau, F.
Pollmann, R. Moessner, and K. Penc, Topological magnons
in Kitaev magnets at high field, Phys. Rev. B 98, 060404
(2018).

[81] N. Hasselmann and P. Kopietz, Spin-wave interactions
in quantum antiferromagnets, Europhys. Lett. 74, 1067
(2006).

[82] A. Kreisel, N. Hasselmann, and P. Kopietz, Probing Anoma-
lous Longitudinal Fluctuations of the Interacting Bose Gas via
Bose-Einstein Condensation of Magnons, Phys. Rev. Lett. 98,
067203 (2007).

[83] A. Kreisel, F. Sauli, N. Hasselmann, and P. Kopietz, Quantum
Heisenberg antiferromagnets in a uniform magnetic field: non-
analytic magnetic field dependence of the magnon spectrum,
Phys. Rev. B 78, 035127 (2008).

[84] A. Kreisel, P. Kopietz, P. T. Cong, B. Wolf, and M. Lang,
Elastic constants and ultrasonic attenuation in the cone state
of the frustrated antiferromagnet Cs,CuCly, Phys. Rev. B 84,
024414 (2011).

[85] A. Kreisel, M. Peter, and P. Kopietz, Singular spin-wave
theory and scattering continua in the cone state of Cs,CuCly,
Phys. Rev. B 90, 075130 (2014).

[86] J. Chaloupka, G. Jackeli, and G. Khaliullin, Zigzag Magnetic
Order in the Iridium Oxide Na,IrO;, Phys. Rev. Lett. 110,
097204 (2013).

[87] A. Imambekov and L. I. Glazman, Phenomenology of
One-Dimensional Quantum Liquids Beyond the Low-Energy
Limit, Phys. Rev. Lett. 102, 126405 (2009).

[88] A. Imambekov and L. I. Glazman, Universal theory
of nonlinear Luttinger liquids, Science 323, 228
(2009).

[89] A. Imambekov, T. L. Schmidt, and L. I. Glazman, One-
dimensional quantum liquids: Beyond the Luttinger liquid
paradigm, Rev. Mod. Phys. 84, 1253 (2012).

[90] Y. Jin, O. Tsyplyatyev, M. Moreno, A. Anthore, W. K. Tan,
J. P. Griffiths, 1. Farrer, D. A. Ritchie, L. I. Glazman, A. J.
Schofield, and C. J. B. Ford, Momentum-dependent power law
measured in an interacting quantum wire beyond the Luttinger
limit, Nat. Commun. 10, 2821 (2019).

[91] O. Tsyplyatyev, A. J. Schofield, Y. Jin, M. Moreno, W. K.
Tan, C. J. B. Ford, J. P. Griffiths, I. Farrer, G. A. C. Jones,
and D. A. Ritchie, Hierarchy of Modes in an Interacting One-
Dimensional System, Phys. Rev. Lett. 114, 196401 (2015);
Nature of the many-body excitations in a quantum wire: theory
and experiment, Phys. Rev. B 93, 075147 (2016).

[92] O. Tsyplyatyev and A. J. Schofield, Spectral-edge mode in
interacting one-dimensional systems, Phys. Rev. B 90, 014309
(2014).

[93] M. Moreno, C. J. B. Ford, Y. Jin, J. P. Griffiths, I. Farrer,
G. A. C. Jones, D. A. Ritchie, O. Tsyplyatyev, and A. J.
Schofield, Nonlinear spectra of spinons and holons in short
GaAs quantum wires, Nat. Commun. 7, 12784 (2016).

[94] P. A. Maksimov, P. Kopietz, and A. L. Chernyshev (unpub-
lished).

[95] T. Holstein and H. Primakoff, Field dependence of the intrinsic
domain magnetization of a ferromagnet, Phys. Rev. 58, 1098
(1940).

054424-36


https://doi.org/10.1103/PhysRevB.92.094409
https://doi.org/10.1103/PhysRevB.92.094409
https://doi.org/10.1103/PhysRevB.92.094409
https://doi.org/10.1103/PhysRevB.92.094409
https://doi.org/10.1103/PhysRevB.92.144415
https://doi.org/10.1103/PhysRevB.92.144415
https://doi.org/10.1103/PhysRevB.92.144415
https://doi.org/10.1103/PhysRevB.92.144415
https://doi.org/10.1103/PhysRevLett.82.4536
https://doi.org/10.1103/PhysRevLett.82.4536
https://doi.org/10.1103/PhysRevLett.82.4536
https://doi.org/10.1103/PhysRevLett.82.4536
https://doi.org/10.1103/PhysRevB.81.100402
https://doi.org/10.1103/PhysRevB.81.100402
https://doi.org/10.1103/PhysRevB.81.100402
https://doi.org/10.1103/PhysRevB.81.100402
https://doi.org/10.1038/ncomms15148
https://doi.org/10.1038/ncomms15148
https://doi.org/10.1038/ncomms15148
https://doi.org/10.1038/ncomms15148
https://doi.org/10.1103/PhysRevB.82.144402
https://doi.org/10.1103/PhysRevB.82.144402
https://doi.org/10.1103/PhysRevB.82.144402
https://doi.org/10.1103/PhysRevB.82.144402
https://doi.org/10.1103/PhysRevB.85.184405
https://doi.org/10.1103/PhysRevB.85.184405
https://doi.org/10.1103/PhysRevB.85.184405
https://doi.org/10.1103/PhysRevB.85.184405
https://doi.org/10.1103/PhysRevB.94.140407
https://doi.org/10.1103/PhysRevB.94.140407
https://doi.org/10.1103/PhysRevB.94.140407
https://doi.org/10.1103/PhysRevB.94.140407
https://doi.org/10.1103/PhysRevB.93.014418
https://doi.org/10.1103/PhysRevB.93.014418
https://doi.org/10.1103/PhysRevB.93.014418
https://doi.org/10.1103/PhysRevB.93.014418
https://doi.org/10.1038/ncomms13146
https://doi.org/10.1038/ncomms13146
https://doi.org/10.1038/ncomms13146
https://doi.org/10.1038/ncomms13146
https://doi.org/10.1103/PhysRevLett.117.187203
https://doi.org/10.1103/PhysRevLett.117.187203
https://doi.org/10.1103/PhysRevLett.117.187203
https://doi.org/10.1103/PhysRevLett.117.187203
https://doi.org/10.1103/PhysRevB.86.060401
https://doi.org/10.1103/PhysRevB.86.060401
https://doi.org/10.1103/PhysRevB.86.060401
https://doi.org/10.1103/PhysRevB.86.060401
https://doi.org/10.1103/RevModPhys.85.219
https://doi.org/10.1103/RevModPhys.85.219
https://doi.org/10.1103/RevModPhys.85.219
https://doi.org/10.1103/RevModPhys.85.219
https://doi.org/10.1103/PhysRevB.73.100404
https://doi.org/10.1103/PhysRevB.73.100404
https://doi.org/10.1103/PhysRevB.73.100404
https://doi.org/10.1103/PhysRevB.73.100404
https://doi.org/10.1103/PhysRevLett.96.087203
https://doi.org/10.1103/PhysRevLett.96.087203
https://doi.org/10.1103/PhysRevLett.96.087203
https://doi.org/10.1103/PhysRevLett.96.087203
https://doi.org/10.1103/PhysRevLett.96.047210
https://doi.org/10.1103/PhysRevLett.96.047210
https://doi.org/10.1103/PhysRevLett.96.047210
https://doi.org/10.1103/PhysRevLett.96.047210
https://doi.org/10.1038/nature04593
https://doi.org/10.1038/nature04593
https://doi.org/10.1038/nature04593
https://doi.org/10.1038/nature04593
https://doi.org/10.1038/nphys3566
https://doi.org/10.1038/nphys3566
https://doi.org/10.1038/nphys3566
https://doi.org/10.1038/nphys3566
https://doi.org/10.1103/PhysRevB.93.235130
https://doi.org/10.1103/PhysRevB.93.235130
https://doi.org/10.1103/PhysRevB.93.235130
https://doi.org/10.1103/PhysRevB.93.235130
https://doi.org/10.1103/PhysRevB.98.060404
https://doi.org/10.1103/PhysRevB.98.060404
https://doi.org/10.1103/PhysRevB.98.060404
https://doi.org/10.1103/PhysRevB.98.060404
https://doi.org/10.1209/epl/i2006-10060-6
https://doi.org/10.1209/epl/i2006-10060-6
https://doi.org/10.1209/epl/i2006-10060-6
https://doi.org/10.1209/epl/i2006-10060-6
https://doi.org/10.1103/PhysRevLett.98.067203
https://doi.org/10.1103/PhysRevLett.98.067203
https://doi.org/10.1103/PhysRevLett.98.067203
https://doi.org/10.1103/PhysRevLett.98.067203
https://doi.org/10.1103/PhysRevB.78.035127
https://doi.org/10.1103/PhysRevB.78.035127
https://doi.org/10.1103/PhysRevB.78.035127
https://doi.org/10.1103/PhysRevB.78.035127
https://doi.org/10.1103/PhysRevB.84.024414
https://doi.org/10.1103/PhysRevB.84.024414
https://doi.org/10.1103/PhysRevB.84.024414
https://doi.org/10.1103/PhysRevB.84.024414
https://doi.org/10.1103/PhysRevB.90.075130
https://doi.org/10.1103/PhysRevB.90.075130
https://doi.org/10.1103/PhysRevB.90.075130
https://doi.org/10.1103/PhysRevB.90.075130
https://doi.org/10.1103/PhysRevLett.110.097204
https://doi.org/10.1103/PhysRevLett.110.097204
https://doi.org/10.1103/PhysRevLett.110.097204
https://doi.org/10.1103/PhysRevLett.110.097204
https://doi.org/10.1103/PhysRevLett.102.126405
https://doi.org/10.1103/PhysRevLett.102.126405
https://doi.org/10.1103/PhysRevLett.102.126405
https://doi.org/10.1103/PhysRevLett.102.126405
https://doi.org/10.1126/science.1165403
https://doi.org/10.1126/science.1165403
https://doi.org/10.1126/science.1165403
https://doi.org/10.1126/science.1165403
https://doi.org/10.1103/RevModPhys.84.1253
https://doi.org/10.1103/RevModPhys.84.1253
https://doi.org/10.1103/RevModPhys.84.1253
https://doi.org/10.1103/RevModPhys.84.1253
https://doi.org/10.1038/s41467-019-10613-2
https://doi.org/10.1038/s41467-019-10613-2
https://doi.org/10.1038/s41467-019-10613-2
https://doi.org/10.1038/s41467-019-10613-2
https://doi.org/10.1103/PhysRevLett.114.196401
https://doi.org/10.1103/PhysRevLett.114.196401
https://doi.org/10.1103/PhysRevLett.114.196401
https://doi.org/10.1103/PhysRevLett.114.196401
https://doi.org/10.1103/PhysRevB.93.075147
https://doi.org/10.1103/PhysRevB.93.075147
https://doi.org/10.1103/PhysRevB.93.075147
https://doi.org/10.1103/PhysRevB.93.075147
https://doi.org/10.1103/PhysRevB.90.014309
https://doi.org/10.1103/PhysRevB.90.014309
https://doi.org/10.1103/PhysRevB.90.014309
https://doi.org/10.1103/PhysRevB.90.014309
https://doi.org/10.1038/ncomms12784
https://doi.org/10.1038/ncomms12784
https://doi.org/10.1038/ncomms12784
https://doi.org/10.1038/ncomms12784
https://doi.org/10.1103/PhysRev.58.1098
https://doi.org/10.1103/PhysRev.58.1098
https://doi.org/10.1103/PhysRev.58.1098
https://doi.org/10.1103/PhysRev.58.1098

MAGNON DAMPING IN THE ZIGZAG PHASE OF THE ...

PHYSICAL REVIEW B 101, 054424 (2020)

[96] J. H. P. Colpa, Diagonalization of the quadratic boson Hamil-
tonian, Physica A 93, 327 (1978).

[97] J. P. Blaizot and G. Ripka, Quantum Theory of Finite Systems
(MIT Press, Cambridge, Massachusetts, 1986).

[98] O. Maldonado, On the Bogoliubov transformation for
quadratic boson observables, J. Math. Phys. 34, 5016 (1993).

[99] A. A. Serga, C. W. Sandweg, V. 1. Vasyuchka, M. B.
Jungfleisch, B. Hillebrands, A. Kreisel, P. Kopietz, and M. P.
Kostylev, Brillouin light scattering spectroscopy of paramet-
rically excited dipole-exchange magnons, Phys. Rev. B 86,
134403 (2012).

[100] F. Schiitz, M. Kollar, and P. Kopietz, Persistent Spin Currents
in Mesoscopic Heisenberg Rings, Phys. Rev. Lett. 91, 017205
(2003).

[101] I. Spremo, F. Schiitz, P. Kopietz, V. Pashchenko, B. Wolf,
M. Lang, J. W. Bats, C. Hu, and M. U. Schmidt, Magnetic
properties of a metal-organic antiferromagnet on a distorted
honeycomb lattice, Phys. Rev. B 72, 174429 (2005).

[102] See, for example, H. Goldstein, J. Safko, and C. Poole, Clas-
sical Mechanics (Pearson Education, Harlow, UK, 2014).

[103] G. D. Mahan, Many-Particle Physics, 2nd ed. (Plenum Press,
New York, 1990).

054424-37


https://doi.org/10.1016/0378-4371(78)90160-7
https://doi.org/10.1016/0378-4371(78)90160-7
https://doi.org/10.1016/0378-4371(78)90160-7
https://doi.org/10.1016/0378-4371(78)90160-7
https://doi.org/10.1063/1.530338
https://doi.org/10.1063/1.530338
https://doi.org/10.1063/1.530338
https://doi.org/10.1063/1.530338
https://doi.org/10.1103/PhysRevB.86.134403
https://doi.org/10.1103/PhysRevB.86.134403
https://doi.org/10.1103/PhysRevB.86.134403
https://doi.org/10.1103/PhysRevB.86.134403
https://doi.org/10.1103/PhysRevLett.91.017205
https://doi.org/10.1103/PhysRevLett.91.017205
https://doi.org/10.1103/PhysRevLett.91.017205
https://doi.org/10.1103/PhysRevLett.91.017205
https://doi.org/10.1103/PhysRevB.72.174429
https://doi.org/10.1103/PhysRevB.72.174429
https://doi.org/10.1103/PhysRevB.72.174429
https://doi.org/10.1103/PhysRevB.72.174429

