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The Kitaev model is an exactly solvable model that exhibits a quantum spin liquid as its ground state.
While this model was originally proposed as an S = 1/2 spin model on a honeycomb lattice, extensions to
higher-spin systems have recently attracted attention. In contrast to the S = 1/2 case, such higher-S models
are not exactly solvable and remain poorly understood, particularly for spin excitations at finite temperatures.
Here, we focus on the S = 1 Kitaev model, which has been proposed to host bosonic quasiparticles. We
investigate this model using Schwinger boson mean-field theory, where bosonic spinons are introduced as
fractional quasiparticles by extending bond operators to address anisotropic spin interactions. We determine the
mean-field parameters that realize a quantum spin liquid in both ferromagnetic and antiferromagnetic Kitaev
models. Based on this mean-field ansatz, we calculate the dynamical and equal-time spin structure factors.
We find that, when one uses the conventional decoupling scheme based on Wick decoupling with respect to
spinons to calculate spin correlations, the resultant spin structure factors exhibit a momentum dependence that
is not consistent with the sign structure expected from the exchange interaction: They possess a strong spectral
weight indicating ferromagnetic (antiferromagnetic) correlations in the antiferromagnetic (ferromagnetic) Kitaev
model. To resolve this issue, we propose an alternative scheme for evaluating the spin correlations, which is
based on decoupling with respect to the bond operators. We demonstrate that, in our scheme, this discrepancy is
removed, and the momentum dependence of the spin structure factors is consistent with the sign of the exchange
constant. We also calculate the temperature evolution of the dynamical spin structure factor and find that the
continuum observed at zero temperature splits into two distinct structures as the temperature increases, which
can be understood in terms of the bandwidth narrowing of spinons. Finally, we clarify the origin of why the two
distinct decoupling schemes result in different momentum dependences of the spin structure factors and discuss
their relationship to results obtained in previous studies.

DOI: 10.1103/5r5d-nczv

I. INTRODUCTION

Quantum spin liquids (QSLs) are quantum states of in-
sulating magnets that lack long-range order even at zero
temperature due to strong quantum fluctuations [1,2]. They
realize highly entangled many-body states that cannot be
captured within a classical spin description and have been
a central topic in modern condensed matter physics [2–9].
From a theoretical standpoint, QSLs are a fascinating subject,
as they host quasiparticle excitations fractionalized from spin
degrees of freedom and exhibit nontrivial topological prop-
erties in the ground state, which lie outside the traditional
Landau symmetry-breaking paradigm. However, the theoreti-
cal understanding of QSLs remains limited because one of the
key ingredients for their realization is strong spin frustration,
which hinders the application of conventional analytical and
numerical methods.

In this context, the proposal of the Kitaev model pro-
foundly reshaped research on QSLs [10]. This is an S = 1/2
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quantum spin model defined on a honeycomb lattice, of-
fering a rare exactly solvable instance that realizes a QSL
ground state in two dimensions. The realization of the QSL
ground state is supported by the presence of a local con-
served quantity defined on each hexagonal plaquette, enabling
a mapping of the original spin model to a system of free
Majorana fermions coupled to static Z2 gauge fields. This
mapping implies that the elementary excitations from the
QSL ground state consist of Majorana fermions and Z2 gauge
fluxes (visons), as a manifestation of spin fractionalization.
When time-reversal symmetry is broken by a weak magnetic
field, each vison binds a Majorana zero mode, which behaves
as a non-Abelian anyon. Such a composite quasiparticle is
potentially applicable to fault-tolerant topological quantum
computation [11]. Importantly, the Kitaev model is not merely
a toy model but is relevant to real materials; it has been
proposed to be realized in various transition metal compounds
with strong spin-orbit coupling, such as iridates and α-RuCl3

[12–32], and manifestations of spin fractionalization have
been observed in such candidate materials [33–37].

Recently, the Kitaev model has been generalized to higher-
spin systems. While a local conserved quantity exists on each
hexagonal plaquette even in higher-spin systems [38,39], the
remaining degrees of freedom cannot be mapped onto free
quasiparticle systems except in the S = 1/2 case. Recently,
candidate materials for realizing higher-spin Kitaev models

2643-1564/2026/8(3)/033138(22) 033138-1 Published by the American Physical Society

https://orcid.org/0009-0005-6183-2120
https://orcid.org/0000-0002-6620-7106
https://ror.org/01dq60k83
https://crossmark.crossref.org/dialog/?doi=10.1103/5r5d-nczv&domain=pdf&date_stamp=2026-08-04
https://doi.org/10.1103/5r5d-nczv
https://creativecommons.org/licenses/by/4.0/


DAIKI SASAMOTO AND JOJI NASU PHYSICAL REVIEW RESEARCH 8, 033138 (2026)

have been proposed, and both experimental and theoretical
efforts have been devoted to investigating candidate Kitaev
magnets with effective spin S > 1/2 [38–63]. For example,
a pseudofermion functional renormalization group (pf-FRG)
study of the Kitaev-Heisenberg model indicates that a QSL
ground state remains stable in the S = 1 Kitaev model [59].
More interestingly, Ref. [39] introduced a Majorana-parton
construction for general spin S, in which each spin operator
is represented by 8S Majorana fermions. Within this formu-
lation, the extensive plaquette integrals of motion are exactly
identified as Z2 gauge flux operators, revealing an emergent
Z2 gauge structure in the higher-spin Kitaev model despite
the absence of exact solvability. Furthermore, the correspond-
ing Z2 gauge charges are shown to be composite excitations
whose statistics exhibit an even-odd effect: They are fermionic
for half-integer spins but bosonic for integer spins. This re-
sult is consistent with the analysis in the anisotropic limit
of the Kitaev model, where the system reduces to a set of
isolated dimers [46]. Note that the Kitaev interaction in S = 1
systems is derived as an antiferromagnetic (AFM) coupling
through perturbation expansions from the strong correlation
limit in consideration of realistic materials [45]. Motivated
by these findings, the S = 1 antiferromagnetic Kitaev model
has been studied using a Schwinger boson mean-field theory
(SBMFT) [64].

The Schwinger boson approach is a powerful analytical
method for investigating QSLs in frustrated magnets [65–68].
In this framework, spin operators are represented as products
of two bosonic quasiparticles called spinons, and spin interac-
tions are reformulated as effective interactions between these
spinons. The simplest way to treat the resulting interacting
boson model is to apply a mean-field approximation, which
maps the original spin model onto a free-boson model coupled
to self-consistent gauge fields in order to incorporate intersite
singlet correlations. This procedure is called SBMFT. Note
that the mean-field decoupling is performed in terms of bond
operators defined on the links of the lattice. Thus far, SBMFT
has been widely employed to investigate QSLs in various
frustrated magnets. In particular, this approach provides a
unified and versatile framework for describing QSLs within
a controlled mean-field setting and successfully captures the
properties of the ground state and excitation spectra in the
antiferromagnetic Heisenberg model on frustrated lattices,
such as the triangular lattice [69–87] and the kagome lattice
[88–104]. This framework has also been applied to quantum
spin models on the honeycomb lattice, where frustration origi-
nates from further-neighbor Heisenberg couplings [105–122].
By mapping interacting spins onto free bosons coupled to a
self-consistent gauge field, SBMFT allows one to evaluate
the stability of a QSL ground state, while the instability to-
ward magnetic order can be described as the Bose-Einstein
condensation of these bosons at the specific momentum corre-
sponding to the ordering pattern. Moreover, SBMFT provides
a systematic framework to study excitation spectra at finite
temperatures, thereby enabling the exploration of not only
ground-state properties but also spin dynamics in a consistent
manner. SBMFT has been applied to various QSLs. For in-
stance, chiral spin liquids, time-reversal-symmetry-breaking
QSLs proposed by Kalmeyer and Laughlin [123], can
be treated within this framework by imposing a time-

reversal-symmetry-breaking mean-field ansatz. It has been
suggested that such ansatz may be stabilized in kagome lattice
[92–95,97] and honeycomb lattice [64,106], which has stim-
ulated the exploration of chiral spin liquids in real materials.
It is known that various types of QSLs can be systematically
classified within the framework of the projective symmetry
group [124,125], which has been extended to bosonic partons
[126] and widely used in the context of the Schwinger boson
approach [85,93,96,104,127–130].

As mentioned earlier, the S = 1 Kitaev model has been
studied using SBMFT [64]. That study demonstrated that a
QSL ground state remains stable even in the S = 1 case by
analyzing the antiferromagnetic Kitaev model. It also high-
lighted the possibility of a chiral spin-liquid state as a viable
mean-field ansatz and emphasized the relevance of time-
reversal-symmetry-breaking mean-field states based on the
zero-temperature dynamical spin structure factor. At the same
time, some time-reversal-symmetric ansätze were found to
exhibit features that appeared inconsistent with antiferromag-
netic correlations, such as features indicative of ferromagnetic
(FM) correlations in the spin structure factor. However, it was
not conclusively established whether this behavior should be
attributed to the mean-field ansatz itself or to the specific
scheme used to evaluate spin correlation functions within
SBMFT. This observation motivates the present study, in
which we focus on elucidating the spin dynamics and finite-
temperature properties of the S = 1 Kitaev quantum spin
liquid within a given mean-field description. In this context,
a careful treatment of spin correlation functions is essential
for a reliable interpretation of the dynamical response.

In this paper, we investigate the S = 1 Kitaev model within
the SBMFT framework by extending the bond-operator repre-
sentation to incorporate Ising-type interactions. We introduce
a set of SU(2)-breaking bond operators [64,85,101,130–132],
in addition to the conventional SU(2)-invariant ones, thereby
enabling a unified description of arbitrary-spin interactions.
We reformulate SBMFT using these bond operators and de-
rive the corresponding mean-field Hamiltonian. We apply
this framework to both antiferromagnetic and ferromagnetic
S = 1 Kitaev models on the honeycomb lattice and determine
the mean-field parameters self-consistently. We find that the
QSL ground state is stable in the S = 1 case, but the spinon
gap is considerably smaller than that in the S = 1/2 case.
This gap closes slightly above S = 1 as the spin length S
increases. The small spinon gap manifests itself in the low-
energy spin-excitation spectrum. To compute the dynamical
spin structure factor, we introduce two distinct evaluation
schemes for the spin-spin correlator: One is the conventional
Wick decomposition with respect to the spinon operators, and
the other is a decoupling formulated in terms of the bond
operators. We show that the former leads to a momentum
dependence that is not consistent with the antiferromagnetic
exchange sign, in which a low-energy structure indicative
of ferromagnetic correlations emerges despite the antiferro-
magnetic Kitaev interaction. In contrast, the latter yields a
momentum dependence more directly consistent with anti-
ferromagnetic correlations. In this context, we reexamine a
time-reversal-symmetric spin-triplet ansatz, complementary
to the time-reversal-symmetry-breaking spin-liquid state pro-
posed as a promising candidate in previous studies, as a
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representative mean-field state for studying spin dynamics
and the role of the correlation-function decoupling scheme.
Motivated by this observation, we analyze the dynamics of the
S = 1 Kitaev spin liquid within this time-reversal-symmetric
ansatz and discuss its physical properties. We also compute
the temperature evolution of the dynamical spin structure
factor using the latter scheme. We find that the continuum
observed at zero temperature splits into two distinct structures
as the temperature increases. We clarify that this splitting
behavior arises from modifications in the spinon dispersion
caused by thermal fluctuations of the mean fields. This frame-
work can also be applied to other quantum spin models to
provide deeper insights into the spin dynamics of QSLs at
finite temperatures.

This paper is organized as follows. In Sec. II, we present
the method employed in this study. The Schwinger boson
theory and the mean-field approximation applied to it are
described in Secs. II A and II B, respectively. Section II C
outlines the calculation schemes for the dynamical spin cor-
relations based on SBMFT. We propose two distinct schemes
according to the decoupling procedures: one based on the
conventional decoupling with respect to the spinon operators,
and the other formulated in terms of the bond operators. In
Sec. III, we present the S = 1 Kitaev model on a honeycomb
lattice. Section IV presents the results obtained in this work. In
Sec. IV A, we provide the mean-field ansatz employed in our
calculations. In Sec. IV B, we present the zero-temperature
results: the dynamical spin structure factor S(q, ω) and the
equal-time structure factor S(q) for both the antiferromag-
netic and ferromagnetic Kitaev models. We also demonstrate
that the two evaluation schemes introduced in Sec. II C yield
qualitatively different behaviors. In Sec. IV C, we show the
results for the finite-temperature evolution of the dynamical
spin structure factor S(q, ω). In Sec. V, we discuss the origin
of the discrepancies between the two decoupling schemes.
Finally, we summarize our findings in Sec. VI.

II. METHOD

A. Schwinger boson theory

In this section, we provide an overview of the Schwinger
boson theory for quantum spin systems [65–68] and its
extension to generic interactions. We first introduce the con-
ventional framework based on SU(2)-invariant bond operators
and then describe our formulation, which extends this frame-
work to include SU(2)-breaking operators, thereby enabling a
unified description of arbitrary spin-spin interactions.

In the Schwinger boson representation, the γ (=x, y, z)
component of spin operators with the length S at each site i
defined on a lattice is expressed in terms of a pair of bosons,
bi = (bi↑, bi↓)T , as

Sγ
i = 1

2

∑
μ,ν=↑,↓

b†
iμσ γ

μνbiν, (1)

where σ = (σ x, σ y, σ z ) denotes a set of Pauli matrices.
The operators bi↑ and bi↓ satisfy the following bosonic
commutation relation:

[biμ, b†
jν] = δi jδμν. (2)

Hereafter, we refer to the bosonic quasiparticles described by
bi↑ and bi↓ as spinons. Because this bosonic representation
enlarges the Hilbert space, it is necessary to impose the local
constraint,

ni =
∑

μ

b†
iμbiμ = 2S, (3)

which projects the Hilbert space described by the bosonic
operators, bi↑ and bi↓, onto the physical subspace and ensures
that the spin length satisfies S2 = S(S + 1). Only if the con-
straint is enforced exactly on every lattice site, the Schwinger
boson formulation yields exact results.

Thus far, the Schwinger boson representation has primarily
been applied to spin systems involving the Heisenberg inter-
action. To describe this interaction, the following two bond
operators, Bi j andAi j , are introduced as

Bi j = 1

2

∑
μ,ν

b†
iμσ 0

μνb jν = 1

2

(
b†

i↑b j↑ + b†
i↓b j↓

)
, (4)

and

Ai j = i

2

∑
μ,ν

biμσ y
μνb jν = 1

2

(
bi↑b j↓ − bi↓b j↑

)
, (5)

respectively, where σ 0
μν denotes the 2 × 2 identity matrix.

Note here that both Bi j and Ai j remain invariant un-
der global SU(2) rotations of the two-dimensional vector
bi = (bi↑, bi↓)T . Physically, Bi j represents spinon hopping,
whereas Ai j describes the resonating spin-singlet amplitude
on the bond 〈i, j〉. Using the identity

∑
γ=x,y,z σ

γ
μνσ

γ

ρλ =
2σ 0

μλσ
0
νρ − σ 0

μνσ
0
ρλ, the Heisenberg interaction Si · S j can be

expressed in terms of the bond operator Bi j as

Si · S j = 2 : B†
i jBi j : −S2, (6)

where : O1O2 : denotes normal ordering, in which all creation
operators are arranged to the left of annihilation operators.
Since the relation

∑
γ=x,y,z σ

γ
μνσ

γ

ρλ = σ 0
μνσ

0
ρλ + 2σ

y
μρσ

y
νλ also

holds, the Heisenberg interaction can alternatively be rewrit-
ten as

Si · S j = S2 − 2A†
i jAi j . (7)

Originally, the representation of the Heisenberg interac-
tion using Eq. (6) with the Bi j operators had been applied
only to the ferromagnetic case, while the representation given
in Eq. (7) with the Ai j operators had been used for the
antiferromagnetic case [65]. However, subsequent studies
[69,71,77,78,80,83,88,92–97,99–104,133–140] have revealed
that, in various frustrated magnets, the properties of the
ground state and the excitation spectra can be well captured
by employing the symmetrized form given as follows:

Si · S j = : B†
i jBi j : −A†

i jAi j, (8)

which is obtained by averaging the two representations in
Eqs. (6) and (7). In light of these findings, we adopt this mixed
representation throughout the present work.

To extend the Schwinger boson representation to include
generic spin interactions, we introduce a set of bond opera-
tors that break the SU(2) symmetry [64,85,101,130–132], in
addition to the SU(2)-invariant bond operators Bi j and Ai j .
As additional SU(2)-breaking bond operators, we define the
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following operators:

Cγ
i j = 1

2

∑
μ,ν

b†
iμσ γ

μνb jν, (9)

Dγ

i j = i

2

∑
μ,ν

biμ(σ yσγ )μνb jν . (10)

By employing these eight bond operators, Ai j , Bi j , Cx
i j , C

y
i j ,

Cz
i j , Dx

i j , D
y
i j , and Dz

i j , any intersite bilinear bosonic term
can be expressed, and hence any bilinear spin interaction can
be represented using these bond operators. Here, the spin
interaction between two sites i and j involving different spin
components is represented as

Sα
i Sβ

j =
∑
p,q

(
Aαβ

pq : Qp†
i j Q

q
i j :

)
, (11)

where Qi j = (Ai j,Bi j, Cx
i j, C

y
i j, Cz

i j,Dx
i j,D

y
i j,Dz

i j ) comprises
both the SU(2)-invariant and SU(2)-breaking bond operators,
and Aαβ

pq are coefficients that depend on the spin components
α and β. The indices p, q = 1, . . . , 8 label the components
of Qi j . The coefficients Aαβ

pq are not unique, because the same
spin interaction can be represented by different, algebraically
equivalent bond-operator identities before the mean-field ap-
proximation is applied. In the following, we choose the
symmetrized bond-operator representation, in analogy with
the symmetrized Heisenberg form in Eq. (8). Note that the
following relations hold under the exchange of site indices:
A ji = −Ai j , B ji = B†

i j , C
γ
ji = Cγ †

i j , andDγ
ji = Dγ

i j .
In the Kitaev model on a honeycomb lattice introduced

later, the interaction is bond dependent and of the Ising type,
Sγ

i Sγ
j , which can be expressed in the present formalism as

Sγ

i Sγ

j = 1

2

(
: B†

i jBi j : −Dγ †
i j D

γ

i j + : Cγ †
i j C

γ

i j : −A†
i jAi j

)
.

(12)

For example, the Sx
i Sx

j interaction is represented by choos-
ing the coefficients in Eq. (11) as Axx

11 = −1/2, Axx
22 =

+1/2, Axx
33 = +1/2, Axx

66 = −1/2, with all other Axx
pq set to

zero. The Sy
i Sy

j and Sz
i Sz

j interactions can be expressed in a
similar manner by assigning the appropriate coefficients in
Eq. (11). A detailed derivation of Eq. (12) is provided in
Appendix A, where we also present the Schwinger boson rep-
resentations of the off-diagonal spin interactions Sμ

i Sν
j , with

μ �= ν.

B. Mean-field theory

We begin with a generic quantum spin Hamiltonian ex-
pressed by

H = 1

2

∑
i, j

Jαβ
i j Sα

i Sβ
j , (13)

where Si is defined at each site on a lattice with N spins. Jαβ
i j

denotes the coefficient of exchange interactions between spins
at sites i and j in the α and β components, respectively, and
satisfies the relation Jαβ

i j = Jβα
ji . In the previous section, we

introduced the generalized Schwinger boson representation
of the spin operators, which enables us to describe any spin

interactions as the product of two bond operators, as

H = 1

2

∑
i, j

∑
p,q

Jαβ
i j

(
Aαβ

pq : Qp†
i j Q

q
i j :

)
. (14)

Although this representation is exact as long as the local
constraint in Eq. (3) is imposed, each term includes four bo-
son operators corresponding to interactions between bosons.
Therefore, approximations are required within the Schwinger
boson theory. To address these interactions, we apply the
mean-field approximation to Eq. (14), which is known as
SBMFT. In this approach, each bond operator is decomposed
into its expectation value and the fluctuation around it, as

Qγ

i j = δQγ

i j + 〈
Qγ

i j

〉
, (15)

where we assume that the thermal average 〈Qγ

i j〉 possesses a
periodicity commensurate with the lattice structure and intro-
duce the superlattice unit cell reflecting this periodicity. In the
present formulation, we consider that M sites are included in
the superlattice unit cell.

By using Eq. (15), the Hamiltonian in Eq. (14) can be
decomposed into the mean-field Hamiltonian HMF

i j and the
deviation term H′ as

H =
∑
i, j

HMF
i j + H′, (16)

where the mean-field HamiltonianHMF
i j on the bond connect-

ing sites i and j is given by

HMF
i j =

Jαβ
i j

2

(∑
p,q

Aαβ
pq

[〈Qp†
i j 〉Qq

i j + 〈Qq
i j〉Qp†

i j − 〈Qp†
i j 〉〈Qq

i j〉
])

. (17)

In the mean-field treatment below, we neglect the devia-
tion term H′. Furthermore, it is necessary to impose the
local constraint in Eq. (3) in the self-consistent calcula-
tions. However, it is practically challenging to enforce the
local constraint at each site. Instead, we introduce a uni-
form Lagrange-multiplier term as λ

∑
i(ni − 2S). This term

enforces a constraint on the average number of bosons per
site by incorporating it into the Hamiltonian. The resulting
mean-field Hamiltonian is expressed as

HMF =
∑
i, j

HMF
i j + λ

∑
i

(ni − 2S). (18)

Since the bond operator Qi j can be expressed in terms of the
bosonic operators bi and b j , the mean-field HamiltonianHMF

can be written in the bilinear form as

HMF = 1

2

∑
l,l ′

B†
lMll ′Bl ′ + const, (19)

where site i is labeled by the unit cell index l = 1, 2, . . . , N/M
and the sublattice index m = 1, 2, . . . , M as i = (l, m), Mll ′

is a 4M × 4M Hermitian matrix, and B†
l is a 4M-dimensional
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vector defined as

B†
l = (

b†
l,1,↑ · · · b†

l,M,↑, b†
l,1,↓ · · · b†

l,M,↓,

bl,1,↑ · · · bl,M,↑, bl,1,↓ · · · bl,M,↓
)
. (20)

Hereafter, we drop additive constants in Eq. (19), which only
shift the reference energy and do not affect the Heisenberg
time evolution or spin correlation functions.

By applying the Fourier transformation to the bosonic op-
erators, we obtain the momentum-space representation of the
mean-field Hamiltonian as

HMF = 1

2

B.Z.∑
k

B†
kMkBk, (21)

where the sum over k is taken in the first Brillouin zone of the
superlattice and B†

k is the Fourier-transformed vector defined
as

B†
k = (

b†
k,1,↑ · · · b†

k,M,↑, b†
k,1,↓ · · · b†

k,M,↓,

b−k,1,↑ · · · b−k,M,↑, b−k,1,↓ · · · b−k,M,↓
)
, (22)

with

b†
k,m =

√
M

N

∑
l

b†
(l,m)e

ik·Rl . (23)

Here, Rl is the representative position of unit cell l and Mk

is a 4M × 4M matrix defined by the Fourier transformation of
the real-space matrixMll ′ as

Mk =
∑

l ′
Mll ′e

−ik·(Rl −Rl′ ). (24)

Note thatMk is independent of l due to translational symme-
try, implying that Mll ′ depends only on the relative position
Rl − Rl ′ .

We diagonalizeMk via the Bogoliubov transformation as
Ek = T†

kMkTk, where Tk is a 4M × 4M paraunitary matrix
that satisfies the relation T†

kσ3Tk = Tkσ3T†
k = σ3. Here, we

introduce the paraunit matrix

σ3 =
(

12M×2M 0
0 −12M×2M

)
,

where 12M×2M denotes the 2M × 2M identity ma-
trix, and Ek is the diagonal matrix given by Ek =
diag{εk,1, . . . , εk,2M, ε−k,1, . . . , ε−k,2M}. Using this
transformation, the mean-field Hamiltonian can be expressed
in the following diagonalized form:

HMF = 1

2

B.Z.∑
k

�
†
kEk�k. (25)

Here, we introduce the set of bosonic operators �k = T−1
k Bk,

which is defined by

�k = (
γ

†
k,1 · · · γ †

k,2M , γ−k,1 · · · γ−k,2M
)
, (26)

where γk,η and γ
†
k,η

are the annihilation and creation operators
of a bosonic quasiparticle with energy εk,η. We can evaluate
the expectation values of the bond operators Qγ

i j and the num-

ber operator ni in Eq. (3) using 〈γ †
k,η

γk,η〉 = g(εk,η ), where

g(ε) = 1/(eε/T − 1) denotes the Bose distribution function at
temperature T , assuming that the Boltzmann constant kB is set
to unity. Since the mean-field Hamiltonian HMF depends on
the mean-field parameters 〈Qγ

i j〉 and the Lagrange multiplier
λ, the values of 〈Qγ

i j〉 are determined self-consistently, and
the Lagrange multiplier λ is determined such that

∑
i 〈ni〉 =

2NS holds. Note that both the Lagrange multiplier λ and the
mean-field parameters 〈Qγ

i j〉 are temperature dependent, and
are determined self-consistently at each temperature.

C. Calculation of the spin structure factor

Within the SBMFT, we calculate the dynamical spin
structure factor. Throughout this subsection, expectation val-
ues and time evolution are evaluated with respect to the
self-consistent quadratic mean-field Hamiltonian HMF. The
dynamical spin structure factor is defined as the Fourier trans-
form of the space-time spin correlators and is given by

Sαα′
(q, ω) = 1

N

∫ ∞

−∞
dteiωt

∑
i, j

e−iq·(ri−r j )
〈
Sα

i (t )Sα′
j

〉
. (27)

Here, the real-time spin operator is evaluated in the Heisen-
berg picture with the mean-field Hamiltonian as

Sα
i (t ) = 1

2

∑
μ,ν

b†
iμ(t )σα

μνbiν (t ), (28)

where

b†
iμ(t ) = eiHMFt b†

iμe−iHMFt , (29)

biν (t ) = eiHMFt biνe−iHMFt . (30)

The equal-time spin structure factor is obtained by integrating
the dynamical one over frequency:

Sαα′
(q) =

∫ ∞

−∞

dω

2π
Sαα′

(q, ω) = 1

N

∑
i, j

〈
Sα

i Sα′
j

〉
e−iq·(ri−r j ),

(31)

which coincides with the Fourier transform of the equal-time
correlation function 〈Sα

i Sα′
j 〉. To evaluate the spin structure

factor in the SBMFT, we first formulate the corresponding
correlation function in imaginary time and then analytically
continue the result to real frequencies. We define

χαα′
i j (τ ) = 〈Tτ Sα

i (τ )Sα′
j (0)〉, 0 � τ < β, (32)

where Tτ denotes imaginary-time ordering and β = 1/T . The
imaginary-time spin operator is written as

Sα
i (τ ) = 1

2

∑
μ,ν

b̄iμ(τ )σα
μνbiν (τ ), (33)

where

b̄iμ(τ ) = eτHMF
b†

iμe−τHMF
, biμ(τ ) = eτHMF

biμe−τHMF
.

(34)

Here, the bar on b̄iμ(τ ) is only a notation for the imaginary-
time-evolved creation operator and should not be interpreted
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as the Hermitian conjugate of biμ(τ ). The Matsubara suscep-
tibility is

χαα′
(q, iωn) = 1

N

∑
i, j

e−iq·(ri−r j )
∫ β

0
dτ eiωnτ χαα′

i j (τ ), (35)

where ωn = 2πn/β is a bosonic Matsubara frequency. The
dynamical structure factor is obtained by analytically contin-
uing iωn to ω + iδ as

Sαα′
(q, ω) = 2

1 − e−βω
Im χαα′

(q, iωn → ω + iδ), (36)

where δ > 0 is taken to be infinitesimal analytically and is
replaced by a small broadening in numerical calculations. The
equal-time structure factor can equivalently be obtained from

Sαα′
(q) = 1

β

∑
n

χαα′
(q, iωn). (37)

Since HMF is quadratic, all two-point contractions appear-
ing below are evaluated by diagonalizing HMF and carrying
out the Matsubara sums.

We now specify the two decoupling schemes used to
evaluate χαα′

i j (τ ). The conventional scheme, referred to as
decoupling I, performs the Wick decomposition directly in
terms of the Schwinger bosons. Since we focus on a quantum
spin-liquid state with no long-range magnetic order, the lo-
cal spin expectation values vanish, 〈Sα

i 〉 = 〈Sα′
j 〉 = 0, and the

disconnected one-point contribution is absent. The imaginary-
time version of decoupling I is

χαα′
i j,I (τ ) = 1

4

∑
μ,ν,ρ,λ

σ α
μνσ

α′
ρλ

×
[
〈Tτ b̄iμ(τ )b jλ(0)〉〈Tτ biν (τ )b̄ jρ (0)〉

+ 〈Tτ b̄iμ(τ )b̄ jρ (0)〉〈Tτ biν (τ )b jλ(0)〉
]
.

(38)

This decoupling I was introduced in the original paper
that proposed the SBMFT for quantum magnets to calcu-
late spin correlations [65]. Consequently, many subsequent
studies employing SBMFT have adopted the same scheme
[64,70,78,80,83,85,94,95,99,101,104,130]. This scheme re-
tains all normal and anomalous spinon contractions generated
by the quadratic mean-field Hamiltonian. However, we
demonstrate here that this conventional choice can yield a mo-
mentum dependence qualitatively different from that expected
from the exchange interaction.

The second scheme, decoupling II, is instead formulated in
the bond-operator language used in the mean-field decoupling
of the Hamiltonian. The starting point is the bond-operator
identity

Sα
i Sα′

j =
∑
p,q

Aαα′
pq : Qp†

i j Q
q
i j :, (39)

where p, q = 1, . . . , 8 label the components of Qi j . At un-
equal imaginary times, we denote the corresponding time-split
vector by Qp

i j (τ ); its components are Ai j (τ ), Bi j (τ ), C γ
i j (τ ),

and Dγ

i j (τ ), with γ = x, y, z, ordered in the same way as the
corresponding components of Qi j . Each component is defined

by placing the operator on site i at time τ and that on site j at
time 0:

Ai j (τ ) = i

2

∑
μ,ν

σ y
μν〈Tτ biμ(τ )b jν (0)〉, (40a)

Bi j (τ ) = 1

2

∑
μ

〈Tτ b̄iμ(τ )b jμ(0)〉, (40b)

C γ
i j (τ ) = 1

2

∑
μ,ν

σ γ
μν〈Tτ b̄iμ(τ )b jν (0)〉, (40c)

Dγ
i j (τ ) = i

2

∑
μ,ν

(σ yσγ )μν〈Tτ biμ(τ )b jν (0)〉. (40d)

The barred contraction Q̄p
i j (τ ) is defined analogously by

applying the same time-split prescription to the Hermitian-
conjugate bond operator Qp†

i j . With this definition, decoupling
II is obtained by factorizing the bond-operator product in
Eq. (39) into the time-split bond contractions:

χαα′
i j,II (τ ) =

∑
p,q

Aαα′
pq Q̄p

i j (τ )Qq
i j (τ ). (41)

For the diagonal Ising component relevant to a γ Kitaev bond,
this becomes

χ
γγ

i j,II (τ ) = 1

2

[
B̄i j (τ )Bi j (τ ) − D̄γ

i j (τ )Dγ
i j (τ )

+ C̄ γ

i j (τ )C γ

i j (τ ) − ¯Ai j (τ )Ai j (τ )
]
. (42)

Thus, decoupling II does not apply Wick decomposition di-
rectly to the Schwinger-boson four-point function. Instead, it
first rewrites the spin product in terms of bond operators and
then factorizes the correlator in the same bond channels that
define the SBMFT saddle point.

For either decoupling scheme, the Matsubara sums are car-
ried out after expressing the time-split contractions in terms
of the eigenmodes of the quadratic mean-field Hamiltonian.
We denote by χαα′

X (q, iωn) the susceptibility obtained from
Eq. (35) with χαα′

i j (τ ) replaced by χαα′
i j,X (τ ), where X = I, II.

The component-resolved dynamical spin structure factor for
each decoupling scheme is then obtained as

Sαα′
X (q, ω) = 2

1 − e−βω
Im χαα′

X (q, ω + iδ), X = I, II. (43)

The equal-time structure factor is obtained from Eq. (37). The
distinction between decoupling I and decoupling II therefore
enters before analytic continuation, at the level of the Matsub-
ara susceptibility itself. Decoupling I evaluates the spin-spin
correlator as a spinon bubble, whereas decoupling II evaluates
it as a bond-channel bubble consistent with the SBMFT saddle
point. Because decoupling I and decoupling II retain different
sets of two-point contractions, they need not give equivalent
spin correlations for bond-dependent interactions. Below, we
examine this difference explicitly in the Kitaev model and
show how the bond-operator decoupling reflects the bond-
dependent anisotropy of the interaction in the spin structure
factors.

III. MODEL

We apply the SBMFT, as explained in the previous section,
to the S = 1 Kitaev model on a honeycomb lattice, whose
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FIG. 1. (a) Schematic picture of the honeycomb lattice on which
the S = 1 Kitaev model is defined. The blue, green, and red lines
denote the x, y, and z bonds, respectively. The gray arrows indicate
the primitive translation vectors a1 and a2 of the two-sublattice
honeycomb unit cell. For a directed γ bond (i, j) with γ = x, y, z,
we introduce the mean-field amplitudes

(〈Ai j〉, 〈Bi j〉, 〈Cγ

i j〉, 〈Dγ

i j〉
)

from site i to site j. The arrows on the bonds specify this direction
convention. The mean-field amplitudes are allowed to depend on the
bond type γ , namely, on whether the bond is an x, y, or z bond,
while they are taken to be translationally invariant with respect to the
primitive two-sublattice unit cell. (b) First and extended Brillouin
zones of the original honeycomb lattice. Filled symbols denote the
high-symmetry points. The gray arrows indicate the primitive recip-
rocal lattice vectors b1 and b2 corresponding to a1 and a2 in real
space.

elementary excitations were predicted to be bosonic in a pre-
vious study [39]. The Hamiltonian of this model is given by

H = K
∑

γ=x,y,z

∑
〈i, j〉γ

Sγ
i Sγ

j , (44)

where Sγ
i (γ = x, y, z) denotes the S = 1 spin operator at site

i and K is the exchange constant of the Kitaev interaction be-
tween spins on nearest-neighbor sites. The Kitaev interaction
is bond dependent, and 〈i, j〉γ denotes the nearest-neighbor
γ bond on the honeycomb lattice [see Fig. 1(a)]. The sign
of K determines the magnetic nature of the model: K > 0
corresponds to the AFM Kitaev model, whereas K < 0 cor-
responds to the FM Kitaev model. Throughout this paper,
we measure energies in units of |K| and set the length of
the primitive translation vectors of the honeycomb lattice to
unity.

Figure 1(b) shows the first and extended Brillouin zones
of the original honeycomb lattice together with the conven-
tional high-symmetry points. The main-text calculations for
the AFM Kitaev model are performed using the primitive
two-sublattice unit cell shown in Fig. 1(a). The zero-flux
spin-triplet ansatz introduced in Sec. IV A is translationally
invariant with respect to this primitive unit cell; the three
colors in Fig. 1(a) label only the x, y, and z Kitaev bond
types. The FM and AFM Kitaev models are related by an exact
sublattice-dependent π rotation of the spin quantization axes.
The details are given in Appendix B.

IV. RESULTS

In this section, we present our numerical results for the
S = 1 Kitaev model. First, we show the zero-temperature
results for the dynamical spin structure factor S(q, ω) given
in Eq. (27), and the equal-time spin structure factor S(q) in

FIG. 2. Mean-field pattern of the zero-flux spin-triplet ansatz
φt = 0 adopted in the present SBMFT for the S = 1 AFM Kitaev
model. On each γ bond, the only nonzero intersite mean-field ampli-
tude is 〈Dγ

i j〉 = D, with a common real value for γ = x, y, z. Since
Dγ

i j = Dγ

ji, the mean fields are independent of bond orientation;
accordingly, the arrows used in Fig. 1(a) are omitted here.

Eq. (31) in Sec. IV B. Next, in Sec. IV C, we extend the
study to finite temperatures, primarily focusing on the dy-
namical spin structure factor S(q, ω). In all cases, the spin
structure factors are presented as the trace over the three spin
components,

S(q, ω) = 1

3

∑
α=x,y,z

Sαα (q, ω), (45)

S(q) = 1

3

∑
α=x,y,z

Sαα (q). (46)

In the numerical evaluation of the dynamical spin structure
factor, we use the broadening parameter δ/|K| = 0.1.

A. Mean-field ansatz

Before presenting the spin structure factors, we briefly
summarize the mean-field ansatz employed in this study. By
performing the mean-field approximation given in Eq. (17)
to the Hamiltonian of the S = 1 Kitaev model, the Kitaev
interaction on the γ bond 〈i, j〉γ is expressed in terms of
four mean-field parameters: 〈Ai j〉, 〈Bi j〉, 〈Cγ

i j〉, and 〈Dγ

i j〉,
where the direction from i to j is depicted in Fig. 1(a).
The mean-field pattern used in the main-text calculation is
shown in Fig. 2. We label its flux sector by the Wilson-
loop phase associated with the anomalous-pairing amplitudes
around an elementary hexagon. For the pattern in Fig. 2, this
phase is zero, and we therefore denote the ansatz by φt = 0.
The explicit convention for the spin-singlet and spin-triplet
Wilson-loop phases, φs and φt , is given in Appendix C. In
the main-text calculations, we adopt the zero-flux spin-triplet
ansatz of Ref. [64]. In this ansatz, the nonzero intersite mean-
field amplitude is

〈Dγ

i j〉 = D on a γ bond, (47)
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with a common real amplitude D for γ = x, y, z, while

〈Ai j〉 = 〈Bi j〉 = 〈
Cγ

i j

〉 = 0 for intersite bonds. (48)

The amplitude D and the Lagrange multiplier are determined
self-consistently within this ansatz. With the Wilson-loop con-
vention defined in Appendix C, this pattern gives eiφt = 1,
and hence belongs to the zero-flux triplet sector φt = 0 in the
notation of Ref. [64].

We now clarify why we focus on the zero-flux spin-triplet
ansatz, φt = 0, in the main text. We first emphasize that this
choice is not intended to supersede the energetic and ED-
based selection discussed in Ref. [64]. In Ref. [64], several
competing SBMFT saddle points were compared in terms of
their mean-field energies and their spin-excitation spectra, and
a chiral spin-liquid state was proposed as a promising candi-
date for the integer-spin AFM Kitaev model. In the present
work, our aim is complementary: We investigate the spin
dynamics of the S = 1 Kitaev model within a time-reversal-
symmetric mean-field description that explicitly retains the
bond-dependent spin anisotropy of the Kitaev interaction. The
reason for considering a spin-triplet ansatz is that the pure
Kitaev interaction couples the spin component to the bond
direction as Sγ

i Sγ
j . The spin-singlet flux sectors discussed

in Ref. [64], φs = 0, π, π/2, are legitimate SBMFT saddle
points in their corresponding stability regimes. However, in
these states the finite intersite pairing amplitude belongs to
the SU(2)-invariant singlet channel, while the SU(2)-breaking
triplet amplitudes 〈Dx,y,z

i j 〉 vanish. Consequently, the mean-
field Hamiltonian treats the three spin components on the
same footing at the level of the nonzero pairing channels. This
feature is directly reflected in the component-resolved equal-
time structure factors shown in Fig. 12: For the spin-singlet
ansätze, Sxx(q), Syy(q), and Szz(q) show identical momentum
dependence. This behavior is not a consequence of the par-
ticular decoupling scheme used to evaluate spin correlations,
but follows from the SU(2)-invariant structure of the singlet
mean-field ansatz itself.

In contrast, a spin-triplet ansatz with finite 〈Dγ

i j〉 on a γ

bond encodes the bond-spin locking of the Kitaev interac-
tion already at the mean-field level. Among the triplet flux
sectors discussed in Ref. [64], the φt = π state loses its spin-
liquid stability before reaching the S = 1 regime, whereas
the φt = π/2 state is a chiral state that breaks time-reversal
symmetry. Since the higher-spin Kitaev picture based on
composite bosonic excitations coupled to a bond gauge field
does not require time-reversal-symmetry breaking, we focus
in the main text on the remaining time-reversal-symmetric
triplet sector, namely, the zero-flux state φt = 0. We therefore
use this ansatz as a representative time-reversal-symmetric
spin-triplet Kitaev spin-liquid state and analyze its zero- and
finite-temperature spin dynamics. We do not claim that this
ansatz is the lowest-energy SBMFT saddle point of the AFM
S = 1 Kitaev model. Thus, our use of this ansatz should be
understood as a comparison of spin correlation evaluation
schemes within a fixed mean-field background, rather than as
an energetic determination of the ground-state ansatz.

For completeness, and to facilitate comparison with the
competing flux sectors discussed in Ref. [64], we also present
the zero-temperature dynamical spin structure factors and
component-resolved equal-time structure factors for the other

flux sectors that remain spin-liquid solutions at S = 1 within
the present SBMFT calculation, namely, φt = π/2, φs =
π , and φs = π/2, in Appendix C. The φt = π and φs = 0
sectors are not included in this comparison because they do
not remain spin-liquid solutions up to S = 1. For the FM
Kitaev model, the mean-field ansatz is obtained by applying
the sublattice-rotation mapping introduced in Sec. III and
Appendix B to the AFM Kitaev model. As a numerical check,
we also performed the self-consistent SBMFT calculation for
the FM Hamiltonian itself, using the transformed AFM ansatz
as the initial mean-field configuration, and confirmed that the
mean-field parameters converge to the corresponding trans-
formed solution.

Before presenting the spin structure factors, we comment
on the on-site contribution to the equal-time spin correlations.
In an exact treatment, the equal-time structure factor satisfies
the sum rule

M

N

B.Z.∑
q

S(q) = 1

3

∑
γ

1

N

∑
i

〈
Sγ

i Sγ
i

〉 = S(S + 1)

3
, (49)

which follows from the fixed spin length on each site. For
S = 1, the right-hand side is 2/3. In SBMFT, however, the
local constraint is imposed only on average, and therefore,
the exact on-site identity is not generally preserved. The re-
sulting violation of the spin sum rule in the conventional
SBMFT calculation has been discussed previously, for exam-
ple, in Ref. [78]. We now evaluate the corresponding on-site
contribution within decoupling II for the Ising-interaction rep-
resentation used in the present calculation. For this purpose,
we evaluated the four on-site bond-operator channels appear-
ing in the Ising representation. We found that only the Bii

channel contributes, while theAii, Cγ
ii , andDγ

ii channels van-
ish within numerical accuracy. Since Bii = ni/2, the on-site
part of the momentum sum in decoupling II is determined
by the local boson-number contribution. For the Ising bond-
operator representation used in the present calculation, this
gives

M

N

B.Z.∑
q

SII(q) = S(S + 1)

2
. (50)

For S = 1, Eq. (50) gives 1, whereas the exact spin sum rule
in Eq. (49) gives 2/3. Thus, decoupling II still violates the
exact spin sum rule and gives a value larger by a factor of
3/2 for S = 1, in the same sense as the sum-rule violation
of decoupling I discussed in Ref. [78]. We have numerically
verified that the momentum sum of the calculated equal-time
structure factor satisfies Eq. (50) within numerical accuracy.

B. Zero-temperature spin structure factor

Here, we present zero-temperature results for the dynami-
cal and equal-time spin structure factors in the S = 1 Kitaev
model. In Sec. II C, we introduced two inequivalent decou-
pling schemes for the spin-spin correlator, referred to as
decoupling I and decoupling II. Note that decoupling I was
applied to the AFM Kitaev model in previous work [64],
whereas decoupling II is the bond-operator-based scheme
used in the present work.
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FIG. 3. Dynamical (upper row) and equal-time (lower row) spin structure factors in the ground state of the S = 1 Kitaev model. In panels
(a)–(c), the spectra are shown along the path connecting the high-symmetry points indicated in Fig. 1. In panels (d)–(f), the inner and outer
hexagons represent the first and extended Brillouin zones, respectively. Panels (a) and (d) correspond to results obtained using decoupling I
in the AFM model (K > 0), panels (b) and (e) correspond to results obtained using decoupling II in the AFM model, and panels (c) and (f)
correspond to results obtained using decoupling II in the FM model (K < 0).

Figures 3(a) and 3(d) present the dynamical and equal-time
spin structure factors obtained using decoupling I, respec-
tively. We observe that the dynamical spin structure factor
S(q, ω) exhibits pronounced low-energy weight around the
� and M points, while the spectral weight at the �′ point is
suppressed. Such features are also observed in the equal-time
spin structure factor S(q), which shows a strong peak at the �

point, with the signal at the �′ point being essentially absent.
The dynamical and equal-time spin structure factors obtained
here using decoupling I are consistent with the results reported
in Ref. [64]. However, for the present nearest-neighbor AFM
Kitaev ansatz, this momentum dependence of the equal-time
spin structure factor is not consistent with the sign structure
suggested by the dominant bond correlations: The frequency-
integrated weight is expected to be enhanced around the �′
points rather than dominated by the � point.

To resolve this issue, we now turn to the results obtained
using decoupling II, as introduced in Sec. II C. Figures 3(b)
and 3(e) show the results obtained with decoupling II for the
dynamical and equal-time spin structure factors, respectively.
We find contrasting behavior when applying decoupling II:
The intensity at the � point is strongly suppressed, while a
large spectral weight is observed at the �′ point, consistent
with Néel-type correlations. The S = 1/2 AFM Kitaev model
exhibits similar features in the dynamical spin structure factor
[141–147]. We note that a finite-frequency response at the
� point can indeed be present in the AFM Kitaev model,
as also pointed out in previous studies. Nevertheless, when
the dynamical response is viewed over the full energy range,
the frequency-integrated spectral weight reflects the AFM
sign structure of the Kitaev interaction, exhibiting a stronger
weight around the �′ points than around the � point. From
this perspective, decoupling II, which preserves the bond-

dependent structure of the Kitaev interaction in the evaluation
of spin correlations, provides a more suitable scheme for com-
puting the dynamical spin structure factor than decoupling I in
the present ansatz.

Our findings clearly demonstrate that the choice of de-
coupling scheme significantly affects the resulting spin
structure factor, with decoupling II yielding results consis-
tent with the AFM correlations in the present ansatz of
the AFM Kitaev model. We also comment on why such
a strong decoupling scheme dependence does not arise
for the spin-singlet ansätze. As discussed in Appendix C,
these ansätze contain only the SU(2)-invariant singlet-pairing
channel Ai j as a finite intersite mean field. Consequently,
the component-resolved spin correlations satisfy Sxx(q) =
Syy(q) = Szz(q), and the results obtained using decoupling
I and decoupling II coincide. This explains why previous
SBMFT studies employing the conventional scheme, i.e.,
decoupling I [70,78,80,83,94,95,99,101,104], are appropri-
ate for discussing spin correlations in Heisenberg models,
whereas the choice of decoupling scheme becomes crucial
for bond-dependent anisotropic interactions such as the Kitaev
interaction.

We also present the results for the FM Kitaev model
(K < 0) in Figs. 3(c) and 3(f), which are obtained by applying
the sublattice-rotation mapping introduced in Sec. III to the
AFM mean-field data. We have verified this correspondence
by solving the FM model directly within the same self-
consistent mean-field scheme and confirming convergence of
the transformed FM mean-field solution. As expected for FM
interactions, the dynamical spin structure factor S(q, ω) ex-
hibits a pronounced low-energy peak at the � point, whereas
the spectral weight at the �′ point is significantly suppressed.
These characteristics are also evident in the equal-time spin
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FIG. 4. Finite-temperature dynamical spin structure factor S(q, ω) in the AFM and FM Kitaev models at (a), (d) T = 0.1; (b), (e) T = 0.2;
and (c), (f) T = 0.3. Panels (a)–(c) are the results in the AFM model (K > 0), whereas panels (d)–(f) are for the FM model (K < 0).

structure factor S(q), where a strong peak appears at the �

point and the signal at the �′ point is notably weak. These
findings further support the usefulness of decoupling II for
analyzing the present Kitaev mean-field ansatz. A detailed
discussion regarding the choice of the decoupling scheme
used to compute the spin structure factor is provided in Sec. V.

C. Finite-temperature dynamical spin structure factor

We now turn to the temperature evolution of the dynami-
cal spin structure factor S(q, ω) for the S = 1 Kitaev model
using decoupling II. It is well known that evaluating finite-
temperature dynamics in QSLs is challenging due to the sign
problem in frustrated magnets, which limits the applicabil-
ity of quantum Monte Carlo simulations. While the S = 1/2
Kitaev model has been studied at finite temperatures by ex-
ploiting its exact solvability, the S = 1 case remains largely
unexplored as it is not exactly solvable. Here, we adopt the
SBMFT, which enables us to compute the finite-temperature
dynamical spin structure factor without encountering the sign
problem.

We present the temperature evolution of the dynamical spin
structure factor S(q, ω) for the S = 1 Kitaev models in Fig. 4.
Figures 4(a)–4(c) show S(q, ω) at T = 0.10, 0.20, and 0.30
for the AFM Kitaev model (K > 0), while Figs. 4(d)–4(f) dis-
play the corresponding results for the FM Kitaev model (K <

0). First, we focus on the AFM case. At zero temperature,
S(q, ω) exhibits a continuum with significant spectral weight
around the �′ point, appearing as a broad peak from ω = 0
to ω/|K| ≈ 0.3, as shown in Fig. 3(b). As the temperature
increases, the spectral weight at the �′ point gradually shifts
to higher energies and appears to split into two peaks around
ω/|K| = 0.05 and ω/|K| = 0.3, as shown in Figs. 4(a)–4(c).
We find that the high-energy weight around ω/|K| ≈ 0.3
decreases as the temperature increases, accompanied by a
shift to higher energies. On the other hand, the low-energy

weight around ω/|K| ≈ 0.05 is not significantly suppressed,
and its peak position remains nearly unchanged with in-
creasing temperature, in contrast to the high-energy weight.
Moreover, the low-energy peak around the �′ point broadens
in momentum q, indicating a loss of coherence in the spinon
excitations associated with the Néel order as the temperature
rises.

Figures 4(d)–4(f) show the temperature evolution for the
FM counterpart (K < 0). The zero-temperature spectrum is
presented in Fig. 3(c). We find that the trend in temperature
evolution is similar to that of the AFM case, except for the
q dependence, since it is derived from the AFM data through
the sublattice-dependent transformation introduced in Sec. III:
The spectral weight around the � point is pronounced at
zero temperature, and it shifts to higher energies and splits
into two distinct structures as the temperature increases. For
both the AFM and FM models, we observe that the spec-
tral weight in S(q, ω) gradually diminishes with increasing
temperature.

The features in the temperature evolution of S(q, ω)
presented above reflect the temperature dependence of the
underlying spinon in Fig. 5(a). Within this framework, the
spinons are free bosons whose dispersion acquires a gap
that increases with temperature as shown in Fig. 5(a). Since
the instability to a long-range magnetic order is associated
with the vanishing of this gap, raising temperature suppresses
such ordering tendencies and correspondingly it shifts spectral
weight to higher energies. As the gap increases, the spinon
bandwidth narrows; this real-space localization manifests in
momentum space as dispersionless structure in the dynamical
structure factor, as described above. Simultaneously, the de-
crease in intensity arises from enhanced thermal fluctuations,
which appear in the dynamical structure factor through the
Bose-Einstein distribution. The similarity in the temperature
dependences of the FM and AFM Kitaev models reflects their
relation via a unitary transformation.
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FIG. 5. (a) Spinon dispersions in the S = 1 AFM Kitaev model
along the path connecting the high-symmetry points indicated in
Fig. 1. At T = 0, the spectrum is nearly gapless, but a small gap
remains. (b) Zero-temperature excitation gap ωmin/|K| of spinons as
a function of the spin quantum number S.

Finally, we assess the validity of the noninteracting
Schwinger boson description at finite temperatures. This treat-
ment is justified as long as the density of thermally excited
spinons remains low, which is evaluated by the average
number of spinons per site, nspinon(T ), defined as

nspinon(T ) = 1

N

∑
k

2M∑
n=1

1

eεk,n/T − 1
, (51)

where the summation over n runs through the 2M spinon
branches with positive energy εk,n. For the S = 1 Kitaev
model, the local constraint in Eq. (3) imposes an upper limit
on the number of spinons per site, nmax = 2S = 2. Figure 6
displays nspinon(T ) as a function of temperature. Even at the
highest temperature (T = 0.30) examined in the dynamical
spin structure factor in Fig. 4, the average number of spinons
per site remains sufficiently small compared to the upper
bound nmax = 2. These results indicate that the noninteract-
ing Schwinger boson description remains valid at least up
to T = 0.30, and the interaction effects between spinons are
expected to play only a minor role. Therefore, the present

FIG. 6. Spinon number per site, nspinon, in the S = 1 AFM Kitaev
model as a function of temperature calculated by SBMFT.

finite-temperature analysis is reliable for the dynamical spin
structure factor S(q, ω) presented in Fig. 4.

V. DISCUSSION

In this section, we discuss the inequivalence of the two
decoupling schemes introduced in Sec. II C by focusing on
the S = 1 AFM Kitaev model. As mentioned in Sec. II C,
the two decoupling schemes yield different results for the
spin structure factor. In decoupling I, the spin structure factor
exhibits a peak at the � point, as shown in Fig. 3(d), despite
the AFM nature of the Kitaev model, suggesting that this
decoupling scheme yields FM-like correlations that are not
consistent with the AFM exchange sign structure. In contrast,
decoupling II produces a peak at the �′ point, indicating AFM
correlations, and no peak at the � point, as shown in Fig. 3(e),
results that are consistent with the AFM interaction.

To clarify the origin of the difference between the two
decoupling schemes, we analyze spin correlations on nearest-
neighbor bonds in the S = 1 AFM Kitaev model. Figures 7(a)
and 7(b) show the temperature dependence of 〈Sz

i Sz
j〉 on the

nearest-neighbor γ bond (γ = x, y, z) using the SBMFT with
decoupling I and decoupling II, respectively. In decoupling
I, the spin correlation 〈Sz

i Sz
j〉 on the z bond exhibits a nega-

tive value at low temperatures, indicating the expected AFM
correlation. However, the spin correlations on the x and y
bonds are nonzero and positive, suggesting an FM-like con-
tribution that is not expected from the nearest-neighbor AFM
Kitaev exchange. More crucially, the spin correlations on the
x and y bonds are zero in the exact diagonalization, which is
guaranteed by the presence of a local conserved quantity on
each hexagonal plaquette [38]. This feature is not captured by
the decoupling I scheme leading to nonzero spin correlations
on the x and y bonds. Note that the absolute values of the
spin correlations on the three nearest-neighbor bonds appear
to be the same as each other. Since two of them are FM,
the net nearest-neighbor spin correlation 〈Si · S j〉 becomes
positive, leading to a �-point peak whose sign structure is not
consistent with the nearest-neighbor AFM Kitaev exchange in
the static structure factor S(q).
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FIG. 7. Temperature dependence of the spin correlations
〈Sz

i Sz
i+δγ

〉 between sites i and i + δγ , where δγ denotes the vector con-
necting the two sites on the γ bond, in the S = 1 AFM Kitaev model,
obtained using SBMFT with (a) decoupling I and (b) decoupling
II. In both figures, the plots of 〈Sz

i Sz
i+δx

〉 and 〈Sz
i Sz

i+δy
〉 completely

overlap.

Figure 7(b) shows the results obtained using decoupling II.
In this case, the spin correlation 〈Sz

i Sz
j〉 on the z bond remains

negative, and its absolute value in the zero-temperature limit is
consistent with the exact-diagonalization result. Furthermore,
the spin correlations on the x and y bonds are essentially
zero, indicating that the decoupling II scheme captures the
characteristic behavior originating from the presence of the
local conserved quantity. Since the nearest-neighbor spin cor-
relations are negative or zero, the static structure factor S(q)
exhibits a peak at the �′ point. Here, the ground-state energy
is evaluated from the expectation value of the original spin
Hamiltonian using the nearest-neighbor spin correlations ob-
tained with decoupling II, rather than from the saddle-point
energy of the quadratic mean-field Hamiltonian including
the Lagrange-multiplier term. The resulting value, E0/N ≈
−0.71, is close to the value obtained by exact diagonaliza-
tion, E0/N ≈ −0.65, for the S = 1 Kitaev model [40]. These
observations further support the usefulness of the decoupling
II scheme for analyzing the present S = 1 AFM Kitaev mean-
field ansatz.

Here, we clarify the origin of the FM-like correlations that
arise in the decoupling I scheme, which lead to a �-point
peak that is not consistent with the nearest-neighbor AFM
Kitaev exchange in the static spin structure factor. We fo-

cus on the x bond, 〈i j〉x, where the Kitaev-type interaction
is represented as KSx

i Sx
j . By applying SBMFT [Eq. (17)]

to the bond-operator representation given in Eq. (12), the
Kitaev-type interaction on the x bond is decoupled as

Sx
i Sx

j ≈ 1

2

(
〈B†

i j〉Bi j + B†
i j〈Bi j〉 − 〈B†

i j〉〈Bi j〉

− 〈Dx†
i j 〉Dx

i j − Dx†
i j 〈Dx

i j〉 + 〈Dx†
i j 〉〈Dx

i j〉
+ 〈Cx†

i j 〉Cx
i j + Cx†

i j 〈Cx
i j〉 − 〈Cx†

i j 〉〈Cx
i j〉

− 〈A†
i j〉Ai j − A†

i j〈Ai j〉 + 〈A†
i j〉〈Ai j〉

)
. (52)

The decoupling II scheme follows this procedure, and the
expectation value in Eq. (52) can be written as

〈Sx
i Sx

j 〉 ≈ 1

2

(
|〈Bi j〉|2 − |〈Dx

i j〉|2 + |〈Cx
i j〉|2 − |〈Ai j〉|2

)
. (53)

On an x bond, only 〈Dx
i j〉 is nonzero, and the other expectation

values vanish in the mean-field solution, indicating that 〈Sx
i Sx

j 〉
is negative. In a similar manner, applying the decoupling II
scheme to 〈Sz

i Sz
j〉 yields

〈Sz
i Sz

j〉 ≈ 1

2

(
|〈Bi j〉|2 − |〈Dz

i j〉|2 + |〈Cz
i j〉|2 − |〈Ai j〉|2

)
, (54)

This is zero on an x bond, since 〈Dx
i j〉 does not appear in the

above representation.
On the other hand, under the decoupling I scheme, the spin

correlation 〈Sz
i Sz

j〉 is decoupled in terms of the original bosonic
operators as

〈Sz
i Sz

j〉 = 1

4

(
b†

i↑bi↑ − b†
i↓bi↓

)(
b†

j↑b j↑ − b†
j↓b j↓

)
≈ 1

4

(|〈bi↑b j↑〉|2 + |〈b†
i↑b j↑〉|2 + · · · ). (55)

In this expression, the Wick decomposition generates pairing
channels such as 〈bi↑b j↑〉. Since such pairing channels are
present in 〈Dx

i j〉 as shown in Eq. (10), they yield a pos-
itive contribution to 〈Sz

i Sz
j〉 on the x bond. These FM-like

correlations in decoupling I arise because the Wick decompo-
sition is performed in terms of the original bosonic operators,
even though the mean-field theory is formulated using the
bond operators Qi j . In other words, the pairing channels that
appear in decoupling I are not determined self-consistently
by SBMFT. When such pairing channels contribute to
the two-point correlator, they generate FM-like contribu-
tions that are not determined by the self-consistent bond-
operator mean fields, thereby highlighting the advantage of
decoupling II.

We next discuss the relationship between our findings and
previous studies on the S = 1 Kitaev model. In the Schwinger
boson approach, an instability toward magnetic ordering is
signaled by the vanishing of the bosonic spinon gap, in-
dicating that a QSL phase is stabilized by a finite spinon
gap; within this framework, only gapped QSL states occur
away from the critical point. Nevertheless, we find that the
bosonic spinon gap for S = 1 in the self-consistent solution
ωmin/|K| = 0.013 is vanishingly small, suggesting that the
S = 1 Kitaev model is on the verge of magnetic ordering. This
near-gapless behavior is also reflected in the low-energy spin

033138-12



SCHWINGER BOSON THEORY FOR S = 1 KITAEV … PHYSICAL REVIEW RESEARCH 8, 033138 (2026)

excitations, which appear in the dynamical structure factors
shown in Figs. 3(b) and 3(c). These features are consistent
with tensor-network studies discussing the spin-gap structure
of the S = 1 Kitaev model [50,55,56,61]. Since the minimum
spinon excitation energy in our spectrum is ωmin/|K| = 0.013,
we may estimate the spin gap by identifying it with the
lowest two-spinon excitation, yielding �/|K| � 0.026. This
estimate lies within the upper bound on the spin gap, �/|K| �
0.04 − 0.05, obtained from density-matrix renormalization
group calculations for the same model [56]. On the other
hand, other density-matrix renormalization group calculations
[52] as well as an exact-diagonalization analysis [40] have
reported features characteristic of a gapless QSL in the S = 1
Kitaev model, thereby indicating the need for a more careful
investigation of this issue. As shown in Fig. 5(b), the present
mean-field ansatz is unstable for S � 1.07, meaning that the
QSL phase is not realized for the S = 3/2 case within the
present Schwinger boson framework. On the other hand, a
previous study using a pf-FRG method found that the QSL
phase persists up to S = 3/2 but is unstable for S � 2 [59]. A
possible origin of this discrepancy is the presence of another
QSL phase that is not captured by the present mean-field
ansatz. One candidate is a π/2-flux state, which has been
proposed to be more stable for larger S in the previous work
using SBMFT [64]. As this ansatz explicitly breaks time-
reversal symmetry, one must examine whether such a chiral
QSL can be realized even in the pure Kitaev Hamiltonian
without additional interactions. Alternatively, our mean-field
decoupling of the quartic Schwinger boson interactions may
underestimate the bosonic spinon gap, thereby rendering the
QSL state unstable.

Finally, we comment on the relationship to previous studies
of higher-S Kitaev models based on Majorana-fermion repre-
sentations [39]. In such approaches, the bosonic excitations
in the S = 1 Kitaev model are described as a composite ob-
ject made of two Majorana fermions, which is referred to
as a “giant parton.” Our Schwinger boson treatment offers
a complementary description of these excitations. Because
the present SBMFT addresses quasiparticle excitations of
the S = 1 Kitaev model more directly, it may provide in-
sights into low-energy excitations and the gauge structure
that are inaccessible to the Majorana-fermion description
alone. Nevertheless, the relationship between these two de-
scriptions remains unclear and further investigation within a
well-controlled mean-field framework is required.

VI. SUMMARY

In summary, we have studied the S = 1 Kitaev model
within the Schwinger boson mean-field framework, where
bosonic spinons are introduced as fractional quasiparticles. To
address the Ising-type anisotropic interactions, we introduced
SU(2)-breaking bond operators in addition to the conventional
SU(2)-invariant ones. Within the present treatment, we found
a self-consistent quantum spin-liquid solution. The result-
ing spin dynamics exhibits a nonzero but significantly small
spinon gap at zero temperature, which gives rise to low-energy
continuum structures in the dynamical spin structure factor. At
finite temperatures, this continuum splits into a quasielastic
component and a higher-energy broad structure. The temper-

ature evolution of the spectral weight can be understood in
terms of the narrowing of the spinon bandwidth, providing
insight into the finite-temperature properties of the S = 1
Kitaev quantum spin liquid. In evaluating the spin structure
factors, we examined two distinct decoupling schemes for the
spin correlation functions. One is the conventional decoupling
applied to spinons that has been widely used in previous
studies, and the other is the scheme proposed in the present
work, which is designed to be consistent with the mean-field
ansatz for the bond operators. We demonstrated that the choice
of decoupling scheme significantly affects the resulting spin
structure factors. In particular, our proposed scheme removes
the FM-like contributions that are not consistent with the
AFM exchange sign structure in the time-reversal-symmetric
mean-field ansatz, thereby making this ansatz a useful rep-
resentative for studying spin dynamics within the Schwinger
boson mean-field framework.

Several issues remain for future work. An important open
question is how the bosonic excitations assumed in Schwinger
boson theory can be related to the Majorana fermion descrip-
tion employed in a previous study [39]. Magnetic interactions
beyond the Kitaev coupling can be addressed within the
present framework by extending the model Hamiltonian,
which is crucial for discussing the connection to experimental
results on candidate materials for the S = 1 Kitaev model.
In this context, it will also be important to assess the role
of additional degrees of freedom beyond dipolar spin mo-
ments that may become relevant in S = 1 materials, such as
single-ion anisotropy, biquadratic interactions, or crystalline-
field effects. While the present work focuses on dipolar spin
dynamics within an SU(2) Schwinger boson framework gov-
erned by bilinear exchange interactions, incorporating such
effects may require an SU(3) formulation. Developing a cor-
responding SU(3) Schwinger boson description and applying
it to extended S = 1 Kitaev models therefore constitutes an
interesting direction for future work.
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APPENDIX A: REPRESENTATION OF SPIN
INTERACTIONS IN THE SCHWINGER BOSON THEORY

In this Appendix, we derive the Schwinger boson represen-
tation of a general two-spin interaction using SU(2)-breaking
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bond operators. We begin by considering the Ising interaction
Sγ

i Sγ
j . This interaction can be represented using the following

identities:

σ x
μνσ

x
ρλ = σ 0

μλσ
0
νρ − σ z

μρσ
z
νλ = σ x

μλσ
x
νρ + σ y

μρσ
y
νλ, (A1)

σ y
μνσ

y
ρλ = σ 0

μλσ
0
νρ − σ 0

μρσ
0
νλ = −σ

y
μλσ

y
νρ + σ y

μρσ
y
νλ, (A2)

σ z
μνσ

z
ρλ = σ 0

μλσ
0
νρ − σ x

μρσ
x
νλ = σ z

μλσ
z
νρ + σ y

μρσ
y
νλ, (A3)

which lead to the following bond-operator representation of
the Ising-type interaction:

Sγ
i Sγ

j = : B†
i jBi j : −Dγ †

i j D
γ
i j = : Cγ †

i j C
γ
i j : −A†

i jAi j

= 1

2

(
: B†

i jBi j : −Dγ †
i j D

γ

i j + : Cγ †
i j C

γ

i j : −A†
i jAi j

)
.

(A4)

In addition, we note that the Heisenberg interaction can be
expressed as

Si · S j =
∑

γ=x,y,z

Sγ
i Sγ

j . (A5)

Consequently, we obtain the following representation in terms
of bond operators:

Si · S j = : B†
i jBi j : −A†

i jAi j =
∑

γ=x,y,z

(
Dγ †

i j D
γ
i j − : Cγ †

i j C
γ
i j :

)
.

(A6)

We next consider the off-diagonal spin interaction Sα
i Sβ

j ,
with α �= β. The Pauli matrices satisfy the following identi-
ties:

σ x
μνσ

y
ρλ = −σ x

μλσ
y
νρ + σ x

μρσ
y
νλ = σ

y
μλσ

x
νρ − σ y

μρσ
x
νλ

= −iσ z
μρσ

0
νλ + iσ z

μλσ
0
νρ = iσ 0

μρσ
z
νλ − iσ 0

μλσ
z
νρ, (A7)

σ y
μνσ

z
ρλ = σ

y
μλσ

z
νρ − σ z

μρσ
y
νλ = −σ z

μλσ
y
νρ + σ y

μρσ
z
νλ

= −iσ 0
μρσ

x
νλ + iσ x

μλσ
0
νρ = iσ x

μρσ
0
νλ − iσ 0

μλσ
x
νρ, (A8)

σ z
μνσ

x
ρλ = σ z

μλσ
x
νρ + iσ 0

μρσ
y
νλ = σ x

μλσ
z
νρ + iσ y

μρσ
0
νλ

= σ x
μρσ

z
νλ + iσ y

μλσ
0
νρ = σ z

μρσ
x
νλ + iσ 0

μλσ
y
νρ. (A9)

Using the above identities, the off-diagonal interaction can be
rewritten as

Sα
i Sβ

j = 1

2

[
: Cα†

i j C
β
i j : + : Cβ†

i j Cα
i j : +i

∑
γ

εαβγ

(
Dγ †

i j Ai j − A†
i jD

γ
i j

)]

= −1

2

[
Dα†

i j D
β
i j + Dβ†

i j Dα
i j + i

∑
γ

εαβγ

(
: Cγ †

i j Bi j : − : B†
i jC

γ
i j :

)]
, (A10)

where εαβγ denotes the fully antisymmetric Levi-Civita ten-
sor. In deriving Eq. (A10), we impose the Hermiticity
condition (Sμ

i Sν
j )† = Sμ

i Sν
j .

APPENDIX B: FOUR-SUBLATTICE TRANSFORMATION
OF THE KITAEV MODEL

In this Appendix, we demonstrate that the FM and AFM
Kitaev Hamiltonians are connected by a unitary transforma-
tion corresponding to a sublattice-dependent spin rotation, as
introduced in Sec. III. Importantly, the four-sublattice trans-
formation is an exact unitary mapping of the spin operators.
As a result, it holds for the spin-S Kitaev Hamiltonian for
arbitrary S, independent of the Schwinger boson framework.
Therefore, once the AFM Kitaev model is solved within
SBMFT, the corresponding FM solution and its dynamical
properties can be obtained without additional approximations
by applying this transformation.

We consider the honeycomb lattice, which is enlarged into
a four-sublattice magnetic unit cell labeled A, B, C, and D, as
shown in Fig. 8. The AFM Kitaev Hamiltonian is given by

HAFM = K
∑
〈i, j〉γ

Sγ
i Sγ

j , (B1)

where K denotes a positive constant. To map Eq. (B1) onto
its FM counterpart, we apply the sublattice-dependent unitary
transformation to the spin located at site i belonging to the

sublattice � as

S̃i = U� Si U †
�, (B2)

where � ∈ {A, B, C, D} and U� ∈ SU(2) is defined as

UA = 1, UB = e−iπSx
, UC = e−iπSy

, UD = e−iπSz
.

(B3)

These π rotations leave Sγ

i invariant along the rotation axis
while flipping the sign of the two orthogonal components.

FIG. 8. Four-sublattice decomposition of the honeycomb lattice
used in Appendix B. Sites belonging to each sublattice are depicted
by colored circles.
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FIG. 9. Mean-field phase patterns used for the flux sectors considered in this work. Arrows specify the direction from site i to site j used
to define the mean-field amplitudes. In panel (b), the dashed bonds carry an additional factor −1 relative to the other bonds. In panel (c), the
dashed bonds carry an additional factor i. The nonzero mean field is 〈Ai j〉 for the singlet sectors and 〈Dγ

i j〉 on a γ bond for the triplet sectors.

Substituting Eq. (B2) into Eq. (B1) yields

HAFM −→ H̃AFM = K
∑
〈i, j〉γ

S̃γ
i S̃γ

j = −K
∑
〈i, j〉γ

Sγ
i Sγ

j ≡ HFM,

(B4)

which corresponds to the FM Kitaev Hamiltonian with cou-
pling −K < 0. Therefore, the AFM and FM models are
connected by a unitary transformation: All observables can
be mapped from one to the other by the sublattice rotation in
Eq. (B2).

APPENDIX C: SPIN STRUCTURE FACTORS
IN OTHER FLUX SECTORS

To label the flux sector of a pairing ansatz, we
introduce Wilson-loop phases on an oriented elemen-
tary hexagonal plaquette i → j → k → l → m → n → i.
The successive bond types are chosen as x, y, z, x, y, z.
For the spin-singlet pairing channel, we define Ws ≡

〈Ai j〉 (−〈A jk〉∗) 〈Akl〉 (−〈Alm〉∗) 〈Amn〉 (−〈Ani〉∗) and its
phase by

eiφs = Ws

|Ws| . (C1)

Similarly, for the spin-triplet pairing channel, we define Wt ≡
〈Dx

i j〉 〈Dy
jk〉∗ 〈Dz

kl〉 〈Dx
lm〉∗ 〈Dy

mn〉 〈Dz
ni〉∗ and its phase by

eiφt = Wt

|Wt | . (C2)

Here, φs and φt are defined modulo 2π when the correspond-
ing Wilson-loop products Ws and Wt are nonzero, respectively.
The minus signs multiplying the complex-conjugated factors
are those of the standard anomalous-pairing Wilson loop used
in Refs. [64,97].

In the main text, we focus on the zero-flux spin-triplet
ansatz, φt = 0, as a representative time-reversal-symmetric
spin-triplet Kitaev spin-liquid state. For completeness, we
here present the zero-temperature spin dynamics for the other

FIG. 10. Zero-temperature dynamical spin structure factors for different flux sectors of the S = 1 AFM Kitaev model. The upper and lower
rows show the results obtained using decoupling I and decoupling II, respectively. The four columns correspond to φt = 0, φt = π/2, φs = π ,
and φs = π/2.
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FIG. 11. Component-resolved equal-time spin structure factors for the spin-triplet flux sectors of the S = 1 AFM Kitaev model. Panels
(a) and (b) show the φt = 0 state evaluated with decoupling I and decoupling II, respectively, while panels (c) and (d) show the φt = π/2 state.
In each row, the first panel shows the trace (Sxx + Syy + Szz )/3, and the remaining panels show Sxx , Syy, and Szz.

spin-liquid flux sectors considered in this work, namely, φt =
π/2, φs = π , and φs = π/2. The zero-flux triplet sector φt =
0 is also shown in Fig. 10 as a reference.

Figure 9 summarizes the phase conventions used for these
flux sectors. For the zero-flux spin-triplet sector shown in
Fig. 9(a), the mean-field amplitude is taken as

〈
Dγ

i j

〉 = D, on a γ bond. (C3)

This is the ansatz used in the main text. For the π -flux
spin-singlet sector shown in Fig. 9(b), the nonzero mean-field
amplitude is assigned as

〈Ai j〉 = η
(π )
i j A, η

(π )
i j =

{−1, on dashed bonds,
+1, otherwise. (C4)

Here, A is determined self-consistently together with the La-
grange multiplier. The arrow direction in Fig. 9 specifies the
ordered pair (i, j) used in 〈Ai j〉. For the chiral π/2-flux
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FIG. 12. Component-resolved equal-time spin structure factors for the spin-singlet flux sectors of the S = 1 AFM Kitaev model. Panels
(a) and (b) show the φs = π state evaluated with decoupling I and decoupling II, respectively, while panels (c) and (d) show the φs = π/2 state.
In each row, the first panel shows the trace (Sxx + Syy + Szz )/3, and the remaining panels show Sxx , Syy, and Szz. For the spin-singlet ansätze,
the three spin components exhibit identical momentum dependence, reflecting the SU(2)-invariant structure of the singlet mean-field channel.

sectors shown in Fig. 9(c), the phase factor is

η
(π/2)
i j =

{
i, on dashed bonds,
1, otherwise. (C5)

For the spin-singlet chiral sector, the nonzero mean field is

〈Ai j〉 = η
(π/2)
i j A, (C6)

whereas for the spin-triplet chiral sector, the nonzero mean
field is 〈

Dγ
i j

〉 = η
(π/2)
i j D, on a γ bond. (C7)

These conventions follow the flux patterns used in Ref. [64].
Figures 10–12 show the zero-temperature dynamical and

component-resolved equal-time spin structure factors calcu-
lated for the four flux sectors. For the spin-triplet ansätze, φt =
0 and φt = π/2, the result depends strongly on the decoupling
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scheme. This confirms that the choice of decoupling scheme
is important when the mean-field Hamiltonian contains the
SU(2)-breaking triplet channel 〈Dγ

i j〉. In contrast, for the spin-
singlet ansätze, φs = π and φs = π/2, the spectra obtained
using decoupling I and decoupling II are essentially identi-
cal. This is because these spin-singlet ansätze contain only

the SU(2)-invariant singlet-pairing channel 〈Ai j〉 as the finite
intersite mean field. As shown in Fig. 12, the spin components
therefore satisfy Sxx(q) = Syy(q) = Szz(q), and decoupling II,
which respects the bond-operator truncation used to define
the ansatz, gives the same result as decoupling I for these
spin-singlet ansätze.
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