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We explore the phase diagram of a mixed-spin Kitaev model, where spin-1/2 and spin-3/2 ions form a
staggered pattern on a honeycomb lattice. Enabled by an exact mapping of local conserved flux operators
onto Z2 gauge fields, we perform a parton mean-field theory for the model with a single-ion anisotropy.
The phase diagram contains four types of quantum spin liquids distinguished by quadrupolar parameters.
These analytical results are quantitatively confirmed by state-of-the-art DMRG simulations. We also explore
the potential experimental realization of the mixed-spin Kitaev model in materials such as Zr0.5Ru0.5Cl3. By
developing a superexchange theory specifically for this mixed-spin system, we identify the conditions under
which dominant Kitaev-like interactions emerge. Our findings highlight the importance of spin-orbital couplings
and quadrupolar order parameters in stabilizing exotic phases, providing a foundation for exploring mixed-spin
Kitaev magnets.
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I. INTRODUCTION

The search for quantum spin liquids (QSLs) has been a ma-
jor focus of condensed matter physics as they represent novel
quantum phases of matter characterized by fractionalized ex-
citations, long-ranged quantum entanglement, and emergent
gauge fields [1–9]. Among various models, the Kitaev hon-
eycomb model (KHM) [2] has emerged as a paradigmatic
Hamiltonian hosting different types of QSLs. Its hallmark is
the exact solvability for spin 1/2, where the model supports
fractionalized excitations in the form of Majorana fermions
coupled to conserved plaquette fluxes described by a static
Z2 gauge field [2]. Although exact solvability is lost for
extensions of the KHM to higher spins (S > 1/2), several
studies have demonstrated that such systems can still real-
ize Z2 QSLs by identifying an exact representation of the
conserved plaquette fluxes using static Z2 gauge fields and em-
ploying Majorana fermion representations suitable for larger
spins [10–15]. This approach allows systematic analysis via
parton mean-field theory, preserving conceptual connections
to the exactly solvable spin-1/2 case.

Among these higher-spin extensions, the S = 3/2 case
stands out due to its distinct quantum fluctuations driven by
multipolar spin operators, setting it qualitatively apart from
the S = 1/2 model. These differences manifest in unique
spin-liquid instabilities and quantum proximity phases [16].
Remarkably, for the S = 3/2 case, density-matrix renor-
malization group (DMRG) simulations display exceptional
quantitative agreement with predictions from the SO(6)

Majorana mean-field theory [12], a feature that can be traced
back to the underlying model and order-parameter symme-
tries [13]. Earlier studies have also shown that while the
isotropic S = 3/2 model realizes a quantum spin-orbital liq-
uid (QSOL), small anisotropic deviations of the exchange
interactions induce strong first-order transitions into distinct
QSL phases characterized by the coexistence of quadrupolar
order and either gapped or gapless Majorana excitations [13].
Further insights have been obtained by introducing a single-
ion anisotropy (SIA) that couples directly to the quadrupolar
parameter, highlighting its role as an essential tuning parame-
ter: in the limit of large SIA, the S = 3/2 KHM effectively
reduces to the simpler S = 1/2 case, thereby providing a
controlled pathway between these two regimes [13].

The KHM is also remarkable for its experimental rele-
vance [8,9,17,18], a fertile research field started by Jackeli’s
and Khaliullin’s seminal paper on Mott insulators formed
by edge-sharing octahedra of ligands involving heavy mag-
netic ions arranged on a honeycomb lattice [19,20]. The
Kitaev interaction is particularly relevant to 4d and 5d tran-
sition metal compounds, where strong spin-orbit coupling
(SOC) leads to effective angular momenta that interact among
themselves through highly anisotropic and bond-dependent
spin exchanges [18–21]. One of the most extensively studied
candidate materials is the spin-orbit-coupled Mott insulator
α-RuCl3, which is believed to host Kitaev interactions and be
in close proximity to a QSL state [8,9,22–25].

Kitaev-like interactions have been explored in various
materials with effective large-S degrees of freedom, driven
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FIG. 1. Dispersion of the Majorana bands for representative mean-field ground states obtained for fixed Kx = Ky = 1. (a) Kz = 2, Dz = 0,
representing the gapped B phase with Qz > 0, Qx = 0, (b) Kz = 0.5, Dz = 0 representing the twofold degenerate C phase with Qz < 0, Qx �= 0,
(c) Kz = 2.3, Dz = 4, representing a spin liquid with Qz ≈ −1 adiabatically connected to the gapless Kitaev spin liquid A0, (d) Kz = 4.5, Dz = 4
represents a spin liquid with Qz ≈ −1 adiabatically connected to the gapped Kitaev spin liquid Az. The black points on the figure corresponds
to the exact Majorana dispersion of the spin-1/2 KHM with modified coupling constants (K ′

x, K ′
y, K ′

z ) = (−2Kx, −2Ky, Kz ).

either by the strong spin-orbit coupling of ligands or by
heavy transition metal magnetic ions [18,26–33]. In particular,
Yamada et al. [30,31] proposed that exotic QSOL phases
could be realized in α-ZrCl3 [34,35], a 4d material sharing
the same honeycomb lattice structure as α-RuCl3. A key dis-
tinction in the magnetism of these two materials lies in their
electronic configurations. The Zr-based compound features
one electron in the t2g orbital manifold as opposed to one hole
in the case of α-RuCl3. This difference leads to a j = 3/2
effective model for α-ZrCl3, involving anisotropic and bond-
dependent multipolar exchanges [32,36].

In this work, we investigate the mixed-spin KHM, where
spin-1/2 and spin-3/2 ions occupy the A and B honeycomb
sublattices. Such mixed spin systems are known from the
early days of the theory of Mott insulators, i.e., giving rise to
the phenomenon of ferrimagnetism [37,38], but the realizing
of such QSLs has not been addressed before. Mixing spin-
1/2 and spin-3/2 sites within the Kitaev lattice can stabilize
unique quantum phases absent in homogeneous systems. For
example, introducing a spin-3/2 defect site into a spin-1/2
KHM can act as a magnetic impurity [39], leading to local flux
binding effects. These significantly modify the low-energy ex-
citations which offers a new perspective on impurity physics
in QSL [39]. Here, we study a homogeneous lattice of mixed
spin 1/2 with spin 3/2, which could be potentially realized
experimentally in materials such as Zr0.5Ru0.5Cl3 and gives
rise to a rich phase diagram with entangled spin and orbital
degrees of freedom.

The main results and structure of this paper are as follows:
Sec. II discusses the exact properties of the mixed-spin KHM,
using them to motivate a parton mean-field theory allowing us

to sketch its phase diagram. We first discuss the conserved pla-
quette operators and propose a reformulation of the model in
terms of pseudospin and pseudo-orbital operators in Sec. II A.
This enables the use of SO(6) Majorana partons to map con-
served Z2 fluxes onto static Z2 gauge fields, facilitating the
mean-field analysis in the zero-flux sector that is detailed
in Sec. II B. At the mean-field level, four distinct quantum
spin liquid (QSL) phases are identified and summarized in
the phase diagram shown in Fig. 2. Section III describes
the DMRG approach employed in this study to compute the
quadrupolar parameters that differentiate the mean-field QSL
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FIG. 2. Mean-field phase diagram showing the quantum spin
liquids hosted by the mixed-spin Kitaev model. The phases A0, Az,
and B occupy the largest area of the diagram. The phase C occupies
a small area of the diagram with small Dz and 0 < Kz < 1, as shown
on the inset.
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phases. In analogy to Ref. [12], we also provide a direct
comparison between numerical and analytical results. These
two complementary approaches display a remarkable quan-
titative agreement for most of the phase diagram, with the
exception of the region near the isotropic point. In Sec. IV,
we use the standard strong-coupling approach to derive the
superexchange theory for Zr0.5Ru0.5Cl3, a natural candidate
for the mixed-spin Kitaev model. By varying the parameters
of an underlying multiorbital Hubbard model, we identified
the necessary conditions for forming dominant Kitaev interac-
tions. The technical details are provided in Appendix. Finally,
Sec. V discusses the broader significance of our work and
highlights potential directions for future research.

II. MIXED-SPIN KITAEV HONEYCOMB MODEL

Inspired by the exact solution of the spin-1/2 KHM [2] and
the existing theoretical analysis of the spin-3/2 KHM [12,13],
we will study the phase diagram of the mixed-spin Kitaev
model under a single-ion anisotropy (SIA), which is formally
written by

H =
∑
〈i j〉γ

Kγ Sγ

i Jγ

j + HSIA. (1)

Here, Sγ

i (Jγ

i ) represents a spin-1/2 (spin-3/2) operator, and
γ simultaneously labels the quantization axes and the distinct
bond directions. The spin-1/2 ions will be on the sublattice
denoted by A, whereas spin-3/2 will be on B sublattice. By
convention, a unit cell contains two neighboring ions con-
nected by a z-bond p arallel to the y-axis.

We will also introduce a control parameter in the form of
the simplest SIA term

HSIA = Dz

∑
j

(
Jz

j

)2
, (2)

which lifts the fourfold degeneracy of J = 3/2 quadruplet by
splitting Jz = ±3/2 and Jz = ±1/2 levels. As we shall see,
this addition allows for a more manageable investigation of
the mixed-spin KHM by projecting it to the spin-1/2 model,
thus ensuring an exactly solvable limit.

A. Exact results and conserved fluxes

The local symmetries of Eq. (1) can be made more trans-
parent in terms of J = 3/2 pseudospin and pseudo-orbital
operators [12,13]. We introduce the pseudospins by

σ
γ

l = −i exp
(
iπJγ

l

)
, (3)

which corresponds to the local operators forming the spin-S
conserved quantities [10]. Likewise, the pseudo-orbital oper-
ators read

T z
j = (

Jz
j

)2 − 5/4,

T x
j = 1√

3

[(
Jx

j

)2 − (
Jy

j

)2]
,

T y
j = 2

√
3

9
Jx

j Jy
j Jz

j , (4)

where the bar indicates the sum over all possible permutations.
The operators (T z, T x ) are quadrupoles that transform as eg

orbital operators under real-space rotations. By contrast, the
octupolar operator T y forms a one-dimensional representation
of the Oh symmetry group [36]. In conjunction, σ and T
satisfy the algebra[

σα
i , σ

β
j

] = 2iδi jε
αβγ σ

γ
i ,[

T α
i , T β

j

] = 2iδi jε
αβγ T γ

i ,{
σα

i , σ
β
j

} = {
T α

i , T β
j

} = 2δi jδ
αβ,[

σα
i , T β

j

] = 0. (5)

The 15 operators {σ a, T b, σ aT b} correspond to generators of
SU(4), implying that they can be used to rewrite any Hermi-
tian J = 3/2 operator. A simple example is Eq. (2), which
reads

HSIA = Dz

∑
j

T z
j + const. (6)

We can also write Jγ

i as [12,13]

Jγ

i = −σ
γ
i

2
− σ

γ

i T αβ
i , (7)

where the compass-like pseudo-orbitals T αβ are

T xy
i = T z

i , T yz(zx)
i = −T z

i

2
±

√
3T x

i

2
. (8)

The mixed-spin exchange model in Eq. (1) is then rewritten
as

HK =
∑
〈i j〉γ

Kγ Sγ
i σ

γ
j

(
1

2
+ T αβ

j

)
. (9)

Crucially, it allows us to show that the Hamiltonian commutes
with the local plaquette operators

Wp = 23Sz
1σ

x
2 Sy

3σ
z
4 Sx

5σ
y
6 , (10)

in which the quantization axes correspond to the outward
bond label and the multiplying factor 23 was introduced to
ensure the Wp eigenvalues are ±1. The presence of a con-
served plaquette flux is in close analogy with the spin-1/2
[2] and spin-3/2 KHM [10,12,13]. The extensive number of
conserved quantities indicates that the model realizes a Kitaev
QSL and is amenable to an analytical treatment, as we will
show in the following section. These conserved quantities
also provide guidelines for interpreting the DMRG results, as
explored in Sec. III.

The SIA term in Eq. (2) and Wp also commute, as directly
observed from the commutation relations between T z and σ,
allowing us to use it as a control parameter. In the Dz → +∞
limit, pseudo-orbital fluctuations are effectively suppressed,
allowing us to fix T z = −1 and to project the Jγ angular
momenta onto the pseudospins according to the rule:(

Jx
j , Jy

j , Jz
j

) Dz→+∞−→ (−2σ x,−2σ y, σ z ). (11)

Therefore, Eq. (1) reduces to

lim
Dz→∞

H =
∑
〈i j〉γ

K ′
γ Sγ

i σ
γ
j . (12)
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with modified coupling constants (K ′
x, K ′

y, K ′
z ) = (−2Kx,

−2Ky, Kz ). Fixing T z = −1 implies that σγ will act on the
Jz = ±1/2 manifold only, allowing the pseudospins to be
treated as effective spin-1/2 operators. Thus, the SIA connects
the mixed-spin KHM model to the standard spin-1/2 KHM,
therefore introducing an exactly solvable limit.

B. Majorana representation and parton mean-field theory

An analytical treatment of the mixed-spin KHM becomes
possible by introducing Majorana partons, which map Z2

conserved quantities in Eq. (10) onto fluxes of a static Z2

gauge field. We begin by representing the spin-1/2 degrees
of freedom using the Kitaev Majorana parton framework [2]:

Sγ
i = − i

2
η

γ
i ci, (13)

in which the Majorana particles with flavors ηα and c at sites
i, j satisfy

{
ηα

i , η
β
j

} = 2δi jδ
αβ,{

ci, c j
} = 2δi j,{

ηα
i , c j

} = 0. (14)

Equation (13) adequately reproduces the canonical spin-1/2
algebra once we introduce a local gauge operator [2]. Like-
wise, we introduce the SO(6) Majorana representation for
spin-3/2 as follows [12,13,40]:

σ i = − i

2
ηi × ηi, Ti = − i

2
θi × θi,

σ α
i T β

i = −iηα
i θ

β
i , (15)

in which the Majorana flavors η satisfy the same algebra as in
Eq. (14) plus the added relations with θ Majorana fermions

{
θα

i , θ
β
j

} = 2δi jδ
αβ,{

ηα
i , θ

β
j

} = {
ci, θ

β
j

} = 0. (16)

The first two equations in Eq. (15) correspond to the SO(3)
Majorana representation of spin-1/2 systems [41,42] and
reproduce the algebra from Eq. (5). The second line al-
lows us to represent all spin-orbital operators as bilinears
and is consistent with the constraint on the physical Hilbert
space [40]

Di = iηα
i η

β
i η

γ
i θα

i θ
β
i θ

γ
i = 1. (17)

The Di operator not only enforces the constraint but also pro-
vides an alternative representation of the pseudospin operators
as quartic operators, as discussed in recent studies [12,13,43]:

σ
γ
j = − i

2
η

γ
j θ

0
j , (18)

where θ0
j ≡ −iθ x

j θ
y
j θ

z
j . This allows us to reproduce the algebra

of all S = 3/2 operators in terms of Majorana bilinears.

The Hamiltonian in Eq. (1), expressed in the Majorana
parton representation, takes the form

H = 1

4

∑
〈i j〉γ

Kγ û〈i j〉γ ici
(
θ0

j + 2θ
αβ
j

)

− Dz

∑
j

iθ x
j θ

y
j , (19)

in which û〈i j〉γ = −iηγ
i η

γ
j represents a static Z2 gauge op-

erator. The replacement of {û〈i j〉γ } by their ±1 eigenvalues
determines the flux sectors labeled by Wp. The zero-flux sector
(Wp = +1,∀p) is the ground state of the Kitaev spin-1/2
model, as established by Lieb’s theorem [44]. Furthermore,
both numerical and analytical studies provide strong evidence
that this sector also hosts the ground state of the KHM for
arbitrary spin-S [10–13]. Thus, we will focus on the zero-flux
sector of the mixed-spin KHM, a choice further supported by
the DMRG simulations presented later in this work.

The Hamiltonian in Eq. (19), after gauge fixing, consists of
Majorana bilinear terms with additional quartic interactions of
the form iciθ

0
j , which require a mean-field treatment. The most

general mean-field decoupling within a fixed gauge sector can
be expressed as

iciθ
0
j ≈ �x

〈i j〉γ iθ y
j θ

z
j + �

y
〈i j〉γ iθ z

j θ
x
j + �z

〈i j〉γ iθ x
j θ

y
j

+ Qx
jiciθ

x
j + Qy

jiciθ
y
j + Qz

jiciθ
z
j , (20)

with the parameters defined by

�t
〈i j〉γ = −〈

�0

∣∣iciθ
t
j

∣∣�0
〉

Qt
j = 〈

T t
j

〉 = −〈
�0

∣∣iθ r
j θ

s
j

∣∣�0
〉
, (21)

in which 〈�0|Ô|�0〉 is the expectation value of Ô for the
mean-field ground state |�0〉. The �t

〈i j〉γ parameters corre-
spond to the pairings ci and θ t

j , which are Majorana matter
fermions from spin-1/2 and spin-3/2, respectively. On the
other hand, nonvanishing Qt

j accounts for the possible coex-
istence of a QSL with a quadrupolar or octupolar parameter
[12,13]. This is expected to be the case when introducing
Eq. (6) in the limit Dz → ∞, where Qz → −1 uniformly
throughout the lattice.

We will enforce the zero-flux sector by fixing u〈i j〉γ = +1,
leading to the following mean-field decoupled Hamiltonian
then reads

HMFT = 1

2

∑
r,γ

Kγ icrθ
αβ
rγ

+ 1

4

∑
r,γ ,t

Kγ Qt icrθ
t
rγ

+ 1

4

∑
r,γ ,t

Kγ �t
γ iθ r

rγ
θ s

rγ

− Dz

∑
rγ

iθ x
rγ

θ y
rγ

, (22)

in which r label spin-1/2 ions and rγ their spin-3/2 near-
est neighbors. We applied a sum convention in the third
line by fixing εrst = 1. We also presupposed translationally
invariant mean-field parameters, thus making their position
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labels superfluous. Our mean-field theory will then depend
upon 12 parameters, three of them being on site (Qt ) and
nine corresponding to pairings involving θ t operators along
γ -bonds (�t

γ ). For computation purposes, writing the Majo-
rana fermions in terms of canonical fermions f and g will be
conveniently defined as follows:

cr,A = fr + f †
r , θ z

r,B = g†
r + gr,

θ
y
r,B = fr − f †

r

i
, θ x

r,B = gr − g†
r

i
. (23)

Equation (22) in the Fourier space can be written in terms of
a 4 × 4 matrix Hk as follows:

HMFT =
∑

k

�
†
kHk�k

=
∑

k



†
k(U †

k HkUk )
k

≡
∑

k



†
k�k
k, (24)

where �
†
k = ( f †

k , g†
k, f−k, g−k ), 


†
k = �

†
kUk are the eigen-

states, and �k = U †
k HkUk is the diagonal matrix of eigenval-

ues. The mean-field ground state |�0〉 satisfies 
k|�0〉 = 0
for all 
k corresponding to negative eigenstates.

The self-consistency algorithm begins with an initial guess
x0 = (�x

γ , .., Qz ) for the order parameters. This initial guess
defines the starting Hamiltonian, the unitary matrices Uk,
as well as the ground state |�0(x0)〉. The initial guess also
allows us to evaluate a vector xpar(x0) using Eq. (21). The
self-consistent condition can then be reformulated as a root-
finding problem for the function f (x) = xpar(x) − x. Such
problems are efficiently solved using standard algorithms such
as Broyden’s method [45]. For concreteness, we considered
self-consistent solutions | f (x)| < tol, in which the tolerance
was of the order 10−12. The algorithm was run with ∼200
initial guesses x0 to ensure that all self-consistent solutions
could be found.

The mean-field ground state is determined by the self-
consistent solution x that minimizes the ground-state energy:

EGS =
∑

k,�k,a<0

�k,a. (25)

Figure 1 illustrates some representative dispersions for fixed
coupling constants Kx = Ky = 1 but varying Kz and Dz values.
For all the parameters examined, we found Qy = 0, which
implies that time-reversal invariance is preserved. Figures 1(a)
and 1(b) display gapped spin liquids in the small single-
ion anisotropy limit (in this case, we set Dz = 0) that are
physically distinguished by the order parameters Qz and Qx.
Figure 1(a) displays a Kz > 1 case, for which the gapped
liquid B is unique and characterized by Qz > 0 and Qx = 0.
This is analogous to the toric-code phase, being described
in terms of dimers on the z − bonds containing Sz = ±3/2
states. Figure 1(b) displays the dispersion of a twofold de-
generate gapped liquid C that is stabilized when Kz < 1. This
phase is characterized by Qz < 0 and Qx �= 0, where Qx can
take two values of equal magnitude but opposite sign.

The B and C KSLs are degenerate at the isotropic
point Kz = 1 and Dz = 0, implying a threefold degenerate
mean-field ground state. More explicitly, this solution is char-
acterized by

(Qz, Qx )MFT = 0.845(1, 0)

(Qz, Qx )MFT = 0.845

(
−1

2
,±

√
3

2

)
. (26)

This result should be compared with the spin-3/2 KHM, for
which this point is critical and displays vanishing quadrupo-
lar parameters [12,13]. By contrast, the isotropic mixed-spin
KHM is characterized by a level crossing between two pos-
sible mean-field states. A comparison between this result and
the one obtained through DMRG will be given in the next
section.

The introduction of SIA connects the mixed-spin and the
S = 1/2 KHM, providing a regime in which the mean-field
theory recovers known exact results. Figures 1(c) and 1(d)
illustrate two cases in the large SIA limit, where the parameter
Qz is very close to −1. In this limit, both the gapless (A0) and
gapped (Az) phases are adiabatically connected to the S = 1/2
Kitaev QSL. This connection is explicitly demonstrated by the
agreement between the mean-field low-energy bands and the
exact Majorana fermion dispersion of the S = 1/2 KHM with
appropriately modified coupling constants [2]. The full phase
diagram of the model (1) is displayed in Fig. 2. It reveals the
dominance of the B, A0, and Az phases across most of the
parameter space, with the C phase occupying only a narrow
region when 0 < Kz < 1.

III. NUMERICAL SIMULATIONS

To examine the validity and robustness of our parton
mean-field theory, we perform state-of-the-art density ma-
trix renormalization group (DMRG) simulations [46,47] to
investigate the ground state of Hamiltonian (1). These calcula-
tions are performed on a two-dimensional honeycomb lattice
comprising Ly × Lx unit cells, arranged in a cylindrical geom-
etry. Periodic boundary conditions (PBC) are applied along
the shorter dimension (circumference Lx), while the longer
dimension (length Ly) remains open. This cylindrical setup
explicitly breaks the C3 rotational symmetry of the lattice. To
ensure high numerical accuracy, we use a bond dimension
of up to χ = 4000, achieving a typical truncation error of
approximately ε 
 10−6.

The ground states obtained by DMRG simulations exhibit
a zero-flux configuration in both the A0 and Az phases in
accordance with our Ansatz. In the B phase, however, our
DMRG simulations do not converge to a unique ground-state
flux configuration. Instead, they yield a disordered-flux state,
where the flux on each plaquette deviates from the expected
values of 1 or −1. This behavior is reminiscent of findings in a
previous study on the S = 3/2 Kitaev honeycomb model [12],
where this phenomenon was attributed to an extremely small
energy gap associated with Z2 flux flipping in the B phase.

We also calculate the averaged expectation values of J =
3/2 multipole operators Qz = 〈T z〉 and Qx = 〈T x〉. These two
values are spatially uniform in the bulk of cylinders and are
qualitatively consistent with the parton mean-field theory, as
demonstrated by the data in Table I and Fig. 4.
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FIG. 3. A 24 lattice-site cluster with C3 rotational symmetry. The
white and black dots the S = 1/2 and J = 3/2 spins, respectively.
The blue, green, and red bonds represent the x−, y−, and z − type
bonds. The transparent bonds denote the boundary bonds.

(a)

(b)

FIG. 4. Comparison between computed order parameters using
parton mean-field theory (in blue and open markers) and DMRG
(in red). The Qz order parameter is indicated with squares, while
Qx is displayed with circles. Panel (a) investigates the parameters
with fixed exchange Kz = 1 but varying Dz. In (b), the single-ion
anisotropy is fixed at Dz = 1, but the Kz is varied over values such
that the first-order phase transition becomes noticeable.

TABLE I. Averaged expectation values of Qz = 〈T z〉 and Qx =
〈T x〉, as well as ground-state flux configurations. The data is obtained
on a cylinder with Ly = 4 and Lx = 12.

(Kz, Dz) Qz Qx zero-flux

(1.1, 0.0) 0.84 −1×10−5 No
(1.05,0.0) 0.82 −5×10−5 No
(1.0, 0.05) -0.69 0.25 Yes
(1.0, 0.1) -0.75 0.12 Yes
(1.0, 0.2) -0.8 0.05 Yes
(1.0, 0.3) -0.86 0.02 Yes
(1.0, 1.0) -0.94 0.01 Yes
(3.0, 1.0) -0.90 0.02 Yes
(3.6, 1.0) -0.89 0.01 Yes
(3.8, 1.0) -0.88 0.01 Yes
(4.4, 1.0) -0.87 0.01 Yes
(4.6, 1.0) 0.985 −2×10−5 No
(5.0, 1.0) 0.988 −1×10−7 No

For the isotropic point of Kz = 1 and Dz = 0, we use exact
diagonalization to calculate the ground state on a torus. To
preserve the C3 rotational symmetry, we consider a 24 lattice-
site cluster shown in Fig. 3. Note that this cluster geometry
breaks the translation symmetries in both directions. We im-
plement the Z2 flux conservation (e.g., a local symmetry) with
the QuSpin package [48]. Focusing on the zero-flux sector, we
find that the ground states exhibit a threefold degeneracy for
the C3 rotational symmetry in which the expectation values
of T z and T x operators manifest exactly the same relative
values as those predicted by the parton mean-field theory,
namely,

(Qz, Qx )ED = (−0.1214, 0)

(Qz, Qx )ED = (+0.0607, 0.1051)

(Qz, Qx )ED = (+0.0607,−0.1051). (27)

Moreover, we find that the first excited states in the zero-
flux sector also display the same threefold degeneracy. These
results are consistent with those obtained with DMRG at the
same point but calculated on a more well-defined ground state.

Comparing the DMRG results with the mean-field results
at the isotropic point Eq. (26) shows a qualitative agreement
with respect to the relative values of Qx and Qz, but a strong
quantitative disagreement. We explore the nature of this dis-
agreement in Fig. 4(a) by first fixing the value Kz = 1 and
varying the SIA. Starting at large values of Dz, we observe a
strong quantitative agreement between the two techniques for
both order parameters up to Dz ∼ 0.1. Below this range, there
is a sizable divergence between the computed parameters, spe-
cially for Qx. Figure 4(b) indicates a complementary analysis
in which Dz = 1 is fixed in order to ensure only the A0 and
Az phases. The quantitative agreement between the evaluated
parameters is recovered, even concerning the location of the
phase transition.

Our analysis indicates that mean-field theory and DMRG
will converge to the same kind of spin liquids except in
the neighborhood of the isotropic point, namely, parton
mean-field theory converges to the B or C phases that are
continuously connected to the same spin liquids at Kz > 1 and
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Kz < 1. On the other hand, DMRG and exact diagonalization
predict a sign inversion of the Qz order parameter leading to a
qualitatively different spin liquid in this region. Furthermore,
this parameter will display a reduced absolute value, but not
a vanishing one as observed for the spin-3/2 KHM [12,13], a
feature that cannot be explained by C3 symmetry constraints
[13]. The nature of the isotropic mixed-spin Kitaev spin liquid
also differs from the large-S Kitaev spin liquids [11], since
the quadrupolar parameters preserve translational symmetry.
Thus, the mixed-spin model stabilizes a qualitatively different
QSL, whose nature is not yet tractable within our parton
Ansatz.

IV. DERIVATION OF THE MIXED SPIN
SUPEREXCHANGE HAMILTONIAN

The identification of solid-state platforms exhibiting Ki-
taev interactions has established a vibrant research direction
at the intersection of materials science and strongly correlated
electron systems [8,9,17,49]. Within this context, an important
question is whether ferrimagnetic Kitaev spin liquids can be
realized in systems with mixed spin magnitudes. A promising
scenario involves a honeycomb lattice composed of j = 1/2
and j = 3/2 ions, where anisotropic, bond-dependent ex-
changes are expected to be significant.

In this section, we derive the minimal microscopic model
for Zr0.5Ru0.5Cl3, a candidate compound featuring Ru3+ ions
in a d5 configuration and Zr3+ ions in a d1 configuration.
These ions are arranged according to Fig. 5(a) and each is
surrounded by six Cl− ions. We focus on the undistorted
lattice geometry, where the crystal field environment splits the
fivefold degenerate d orbitals into lower-energy t2g and higher-
energy eg levels. Assuming a large crystal-field splitting, the
relevant low-energy physics arises from electrons confined to
the t2g manifold. Accordingly, all local interactions, including
spin-orbit coupling, Coulomb repulsion, and Hunds coupling,
are treated within this subspace.

The microscopic Hamiltonian describing this hybrid mag-
netic ion system can be derived from a three-band Hubbard
model, which accounts for the electronic interactions within
the t2g orbitals of both Ru3+ and Zr3+ ions. This approach in-
corporates the effects of on site Coulomb interactions, Hund’s
coupling, spin-orbit coupling, and hopping processes medi-
ated by the intermediate Cl− ligands. It is given by

Ht2g = Hion + Ht , (28)

where Ht gives the hopping between the t2g orbitals on Zr and
Ru ions, and the single-ion Hamiltonian given by

Hion =
∑

i

[
U1

∑
α

niα↑niα↓ + 1

2
(U2 − JH )

∑
α �=α′,σ

niασ niα′σ

+ U2

∑
α �=α′

niα↑niα′↓ + JH

∑
α �=α′

d†
iα↑d†

iα↓diα′↓diα′↑

− JH

∑
α �=α′

d†
iα↑diα↓d†

iα′↓diα′↑ + Hi,SOC

]
, (29)

where d†
iασ denotes the creation operator of the d-electron on

the magnetic ion i on the t2g orbital α = xy, yz, zx with spin

FIG. 5. (a) The mixed spin-1/2 and spin-3/2 Kitaev model,
where Zr3+ and Ru3+ ions form a honeycomb lattice (ligand Cl−

ions are not shown) connected by x, y, and z bonds (red, green,
blue) perpendicular to x, y, and z axis, respectively. (b) The local
environment of a bond connected by Zr3+ and Ru3+ ions, where Zr3+

and Ru3+ sit in the center of their own octahedral crystal field cage
formed by Cl− ions.

σ =↑,↓, niασ is the corresponding number operator. The term
Hi,SOC represents the spin-orbit coupling on site i, character-
ized by the strength λ. The constants U1 and U2 denote the
Coulomb repulsion among d-electrons on the same and on
the different t2g orbitals, respectively, JH denotes the Hund’s
coupling constant, and and the intraorbital repulsion satisfies
U1 = U2 + 2JH . Since Zr and Ru are close in the periodic
table, we use the same set of U2, JH , λ for both Zr and Ru.

Noting that the energy of the single-ion Hamiltonian is
dominated by the number of electrons occupying the t2g or-
bital, it would energetically favorable to transfer one electron
from the Ru3+ ion to the Zr3+ ion to minimize the energy of
the single-ion Hamiltonian. To avoid this situation, which is
magnetically inert, we introduce a positive on site potential
energy V on the Zr3+ ions to stabilize the ground state of
the Zr–Ru system in the desired d1–d5 configuration. We
assume V to be large enough that the d1–d5 configuration
will be the ground state of the system, but not so large as
to favor the d0–d6 configuration. The acceptable range for V
is given by: 1

4 (12U2 − 6JH − 3λ +
√

16J2
H + 8JHλ + 9λ2 +

2
√

25J2
H + 10JHλ + 9λ2) < V < 5U2 + 3λ

2 . For reasonable
parameters, such as U2 = 2.0 eV, JH = 0.4 eV, and λ =
0.15 eV, we find that 7 eV � V � 10 eV.

The stabilized d1d5 electronic configuration results in
a ground-state manifold described by the effective spin
states |Jz

J=3/2, Jz
J=1/2〉. Assuming that the mixed spin-1/2 and
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spin-3/2 system remains insulating, we model the virtual
electron hoppings using Ht . By treating the hopping of elec-
trons between the t2g orbitals as a perturbation, we derive the
superexchange Hamiltonian in the basis of |Jz

J=3/2, Jz
J=1/2〉,

which takes the form

Heff,i j =
8∑

n,m

∑
excited

〈ni|Ht |excited〉〈excited|Ht |mj〉
E (0)

Zr + E (0)
Ru − (Eexcited ± V )

|ni〉〈mj |,

(30)

where ni, mj denotes n-th, m-th state from the |Jz
J=3/2Jz

J=1/2〉
basis on site i and j respectively, E (0)

Zr , E (0)
Ru are the ground

state energies of the single-ion Hamiltonian, and Eexcited ± V
corresponds to the energy of the excited state with the sign ±
depending on the excited electronic configuration, d2–d4 or
d0–d6.

The resulting superexchange Hamiltonian on the z bond is
expressed as a product of orthogonal spin-3/2 and spin-1/2
operators, with the corresponding coupling strengths detailed
in Table II. This formulation captures the anisotropic nature
of the interactions arising from the underlying spin-orbital
coupling and crystal field effects. In addition to these in-
teractions, the perturbative calculations also introduce SIA
terms for the spin-3/2 degrees of freedom, as shown in
Table III in the form of Qi terms. However, since we are
keeping the C3 rotational symmetry of the honeycomb lat-
tice, the terms Q1 and Q2 sum to zero when contributions
from all three bonds are considered. While the SIA terms Q3

and Q4 contribute nonzero terms, they remain subdominant
across the entire range of hopping parameters considered,
which is why they are not shown here. We will mostly
focus on the Di, representing dipole-dipole interactions be-
tween spin-1/2 and spin-3/2 moments, and the Oi terms
correspond to the couplings associated with the higher-order
interactions.

Focusing on the dipole-dipole couplings between the spin-
1/2 and spin-3/2 moments, we rewrite these matrices in a
familiar format commonly used for Kitaev materials. In this
notation, we assign J = D1, K = D3, � = D2, and �′ + D =
D4 for the dipole-dipole couplings, and �′ − D = D′

4 for other
interactions. Here D denotes the Dzyaloshinskii-Moriya inter-
action. With these definitions, the effective Hamiltonian on the

TABLE II. Superexchange coupling constants between spin-3/2
and spin-1/2 degrees of freedom on the z bond.

Sx Sy Sz

Jx D1 D2 D4

Jy D2 D1 D4

Jz D′
4 D′

4 D3

(Jx )3 O1 O2 O4

(Jy )3 O2 O1 O4

(Jz )3 O′
4 O′

4 O3

JxJyJz + JzJyJx O5 O5 O6

JxJzJz − JyJyJx O7 O8 O9

JyJzJz − JxJxJy O8 O7 O9

JyJyJz − JzJxJx O10 −O10 O11

TABLE III. Single ion anisotropy for spin-3/2 degrees of free-
dom induced by the hopping on the z bond.

−2JxJx + JyJy + JzJz Q1

JzJz − JyJy Q2

JxJy + JyJx Q3

JxJz + JzJx Q4

JyJz + JzJy Q4

z-bond can be expressed as

Hi j,z = JSi ·J j +KSz
i Jz

j +�(Sx
i Jy

j +Sy
i Jx

j )

+ �′(Sx
i Jz

j + Sz
i Jx

j + Sy
i Jz

j + Sz
i Jy

j

)
+ D

(
Sx

i Jz
j − Sz

i Jx
j + Sy

i Jz
j − Sz

i Jy
j

) + ..., (31)

where ... includes terms for higher-order interactions and
single-ion anisotropy contributions.

We first numerically examine these coupling constants by
using parameters typically associated with α-RuCl3: U2 =
2 eV, JH = 0.4 eV, λ = 0.15 eV, and the hopping param-
eters t1 = 0.066 eV, t2 = 0.114 eV, t3 = −0.229 eV, and
t4 = −0.010 eV. We also assume an on site potential of
V = 8 eV for the Zr ions. It provides an estimate for the
strength of the superexchange coupling constants, which are
presented in Table IV of Appendix. While these parameters
give a dominant Kitaev interaction, there are still sizable con-
tributions from the non-Kitaev exchanges.

To explore whether it is possible to further maximize the
Kitaev interaction while suppressing non-Kitaev terms, we
systematically vary these parameters in order to identify an
optimal set that enhances the Kitaev interaction and ensures
it dominates over competing terms. Since the dominant direct
hopping terms are t1 and t3 given the local geometry, we fix
all parameters to their α-RuCl3 values but set t4 = 0 eV and
impose t1 = −t3. We then vary t1 from 0 to 0.15 eV to explore
the parameter space for maximizing the Kitaev interaction.
The resulting couplings are shown in Figs. 6(a) and 6(b). We
observe that for t1 = −t3 in the range of 0.04 to 0.1 eV, the
Kitaev interaction is the largest coupling, ranging from 12 to
20 meV. However, other interactions remain significant. For
instance, the � interaction is approximately half the strength
of the Kitaev interaction, and several higher-order terms, such
as O3, O6, and O7, also contribute significantly to the overall
coupling landscape.

Next, we fix t2 = 0.114 eV and t1 = −t3 = 0.1 eV, and
vary t4 from 0 to 0.15 eV. The resulting couplings are shown
in Figs. 6(c) and 6(d). Our results show that increasing the t4
hopping reduces the Kitaev interaction while simultaneously
increasing the Heisenberg coupling J and, in particular, the
Dzyaloshinskii-Moriya interaction D.

We conclude this section by noting that a more realistic
evaluation of the microscopic parameters will require the use
of advanced ab-initio and quantum chemistry methods. While
the on site interaction parameters U1, U2, and JH are expected
to be of comparable magnitude in both Ru and Zr ions, they
will generally differ due to the distinct electronic configu-
rations, resulting in different exchange couplings. Similarly,
assessing whether the intersite interaction parameter V lies
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FIG. 6. Superexchange interactions for the mixed spin-1/2spin-3/2 system. The parameters are fixed as U2 = 2 eV, JH = 0.4 eV, and
λ = 0.15 eV. In panels (a) and (c), we show the dipole-dipole couplings J , K , �, �′, and D. In panels (b) and (d), the largest higher-order
interactions, O1, O3, O6, and O7, are presented. For panels (a) and (b), the hopping parameters are set as t2 = 0.114 eV and t4 = 0 eV, while
t1 = −t3 is varied from 0 to 0.15 eV. In panels (c) and (d), we fix t2 = 0.114 eV and t1 = −t3 = 0.1 eV, and vary t4 from 0 to 0.15 eV.

within a physically reasonable range requires more quantita-
tive methods. Furthermore, in any mixed spin-1/2s pin-3/2
system, the hopping amplitudes are expected to deviate from
those in α-RuCl3 due to the presence of different spin species
and possible lattice distortions. Such distortions can lift
the C3 symmetry of the honeycomb lattice, thereby permit-
ting single-ion anisotropy (SIA) terms like those introduced
in Eq. (2). Despite these simplifications, our perturbative
analysis serves as a proof of principle demonstrating that
a mixed-spin Kitaev honeycomb model can arise as an
effective description of ferrimagnetic systems, introducing ex-
change frustration into a setting long studied from a different
perspective. A detailed exploration of the full phase diagram
and refinement of the minimal model are left for future work.

V. CONCLUSIONS

In this paper, we explored the mixed-spin Kitaev honey-
comb model, where alternating spin-1/2 and spin-3/2 ions
occupy the two sublattice positions of the honeycomb lattice.
We constructed a comprehensive phase diagram using parton
mean-field theory and DMRG simulations. The phase diagram
reveals four distinct QSL phases, each characterized by a
unique quadrupolar order parameter, specific flux configu-
rations, and Majorana fermion excitations. The quantitative
agreement between parton mean-field analysis and numerical
approaches highlights the robustness of our framework, ex-
cept in a small parameter region around the isotropic point.

We also discussed a potential experimental realization in
materials such as Zr0.5Ru0.5Cl3, in which we derived a micro-
scopic superexchange Hamiltonian and identified conditions
under which dominant Kitaev-like interactions arise.

Our results foster further investigation of frustrated mag-
netism in ferrimagnetic systems. While our study focused
on pure Kitaev interactions with single-ion anisotropy, tak-
ing into account other interactions in Eq. (31), such as the
Heisenberg exchange, bond-anisotropic �-interaction, and
higher-order multipolar couplings, could stabilize other ex-
otic phases, including chiral QSLs and magnetically ordered
states. These extensions provide further opportunities for
future research to explore the interplay between dipolar
and multipolar interactions, potentially uncovering an even
broader spectrum of quantum phases.
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APPENDIX: MICROSCOPIC DERIVATION
OF THE SUPEREXCHANGE HAMILTONIAN

In this Appendix we provide details on the microscopic
derivation of the superexchange Hamiltonian. Appendix 1
presents a comprehensive single-ion description of Zr and
Ru ions, identifying the local microscopic parameters and the
single-ion eigenstates that define the local degrees of freedom.
Appendix 2 discusses the physical origins of the relevant hop-
ping integrals and establishes the notation used throughout.
Appendix 3 outlines the perturbation expansion, including the
classification of virtual states and their energies. Appendix 4
details the projection of the perturbation matrix onto a set
of orthogonal spin matrices, expressing the superexchange
Hamiltonian in terms of the corresponding spin operators.
This section also clarifies the specific set of spin-3/2 operators
used in the projection.

1. One-particle eigenstates

The spin-orbit coupling (SOC) interaction couples the spin
S = 1/2 of either the single hole in Ru3+ or the single electron
in Zr3+ to their effective orbital angular momentum L = 1,
resulting in total angular momenta of J = 1/2 and J = 3/2,
respectively. Consequently, for the single electron in Zr3+, the
lowest-energy state is fourfold degenerate, with an energy of
E (0)

Zr = − λ
2 . The corresponding eigenstates are given by

|E (0)
Zr,1〉 = 1√

2
(−i|dyz,↑〉 + |dxz,↑〉), (A1)

|E (0)
Zr,2〉 = 1√

6
(−i|dyz,↓〉 + |dxz,↓〉 + 2i|dxy,↑〉), (A2)

|E (0)
Zr,3〉 = 1√

6
(i|dyz,↑〉 + |dxz,↑〉 + 2i|dxy,↓〉), (A3)

|E (0)
Zr,4〉 = 1√

2
(i|dyz,↓〉 + |dxz,↓〉). (A4)

Similarly, the lowest-energy states of Ru3+ have an energy
E (0)

Ru = 10U2 − λ, and they are given by the following eigen-
states:

|E (0)
Ru,1〉 = 1√

3
(|dyz,↑〉 + i|dxz,↓〉 + |dxy,↓〉), (A5)

|E (0)
Ru,2〉 = 1√

3
(−|dyz,↓〉 − i|dxz,↑〉 + |dxy,↑〉). (A6)

The four degenerate ground states for the single electron on
Zr3+ become the magnetic degrees of freedom for Jeff = 3/2,
and the two degenerate ground states for five electrons on
Ru3+ become the magnetic degrees of freedom for Jeff = 1/2.
Now we can derive the superexchange Hamiltonian for Jeff =
3/2 and Jeff = 1/2 moments as an 8 × 8 perturbation matrix
with the hopping.

2. Hopping matrix

The effective hopping Hamiltonian between sites on the
honeycomb lattice occupied by spin-1/2 and spin-3/2 ions
reads

Ht =
∑

i j

∑
αβσ

tαβ
i j d†

iασ d jβσ , (A7)

where diασ are the annihilation operators for the α-th orbital
with spin σ (↑ or ↓) at site i, and tαβ

i j represents the hopping
parameters, which, in the most general case, can be expressed
in matrix form for each bond. For the z-bond, the hopping
matrix is given by [50]

dyz,σ dxz,σ dxy,σ

dyz,σ t1 t2 t4

dxz,σ t2 t1 t4

dxy,σ t4 t4 t3

.
For the ideal octahedra without any trigonal distortion,

there is an additional, local C2 symmetry around the axis
perpendicular to the bond ([001] axis for the z-bond) and
passing through its center which prevents any mixing between
the xy and the zx and yz orbitals, forcing t4 =0. In the presence
of the trigonal distortion, we can have a nonzero t4. Also note
that the indirect hopping through the ligand ion is accounted
for by the renormalization of t2. Finally, the corresponding
matrices for the bonds x and y can be found by applying the
C3 rotation around the [111] axis.

3. Perturbation theory

Using the perturbation expansion for the effective superex-
change Hamiltonian Eq. (30), we explicitly account for both
i → j and j → i hoppings, as i and j sites are occupied by
inequivalent Ru3+ and Zr3+ ions. The excited intermediate
states resulting from these single-electron hoppings corre-
spond to the d0–d6 and d2–d4 configurations. The d0–d6

configuration is reached when an electron hops from the d1

to the d5 state, while the d2–d4 configuration occurs when
hopping takes place from d5 to d1. In the case of the d0–d6

configuration, there is only one excited state, with energy
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TABLE IV. Numerical values of superexchange coupling con-
stants on the z bond assuming parameters for α-RuCl3.

Sx Sy Sz

Jx −4.2208 25.0595 −2.24465
Jy 25.0595 −4.2208 −2.24465
Jz 4.16899 4.16899 45.979
(Jx )3 −1.9056 −6.76715 1.02079
(Jy )3 −6.76715 −1.9056 1.02079
(Jz )3 −2.10781 −2.10781 −21.9104
JxJyJz + JzJyJx 1.33998 1.33998 13.8579
JxJzJz − JyJyJx 12.9319 7.41444 −1.98801
JyJzJz − JxJxJy 7.41444 12.9319 −1.98801
JyJyJz − JzJxJx 0.110846 −0.110846 0

Eexcited,06 = 15U2, where the Zr orbitals are empty and the Ru
orbitals are fully occupied. The situation is more complex for
the d2–d4 configuration. The d2 configuration on the Zr2+

ion gives rise to 15 intermediate states, and similarly, the
d4 configuration on the Ru4+ ion results in 15 intermediate
states. In this case, each Zr2+ or Ru4+ ion gives five distinct
eigenvalues:

EZr,1 = 1
2 (2U2 − 2JH + λ),

EZr,(2,3) = 1
2

(
2U2 + 3JH + λ ∓

√
25J2

H − 10JHλ + 9λ2
)
,

EZr,(4,5) = 1
4

(
4U2 − λ ±

√
16J2

H + 8JHλ + 9λ2
)
,

ERu,1 = 1
2 (12U2 − 2JH − λ),

ERu,(2,3) = 1
4

(
24U2 + λ ∓

√
16J2

H + 8JHλ + 9λ2
)
,

ERu,(4,5) = 1
2

(
12U2 + 3JH − λ ±

√
25J2

H − 10JHλ + 9λ2
)
.

(A8)

Combining the two ions results in a total of 225 intermedi-
ate states, corresponding to 25 distinct intermediate energies,
Eexcited,24, which originate from the various excited states of
the Zr2+ and Ru4+ ions.

Finally, we explicitly compute the superexchange Hamil-
tonian in Eq. (30) in the form of an 8 × 8 matrix by summing
over all the intermediate excited states. This process is carried
out systematically using Mathematica.

4. Spin-1/2 - spin-3/2 Hamiltonian

After constructing the perturbation matrix, we project
it onto a set of orthogonal spin matrices to express the
superexchange Hamiltonian in terms of the corresponding
spin operators. There are multiple representations of the
superexchange Hamiltonian, as various orthogonal spin ma-
trices can be employed to describe the spin-3/2 degrees of
freedom. We use a specific set of spin-3/2 operators, con-
sisting of 15 distinct operators: Jx, Jy, Jz, −2J2

x + J2
y + J2

z ,
J2

z − J2
y , JxJy + JyJx, JxJz + JzJx, JyJz + JzJy, (Jx )3 − 41

20 Jx,
(Jy)3 − 41

20 Jy, (Jz )3 − 41
20 Jz, JxJyJz + JzJyJx, JxJzJz − JyJyJx,

JyJzJz − JxJxJy, JyJyJz − JzJxJx, and the identity matrix
[51]. This set includes both the fundamental angular momen-
tum components Jx, Jy, Jz and higher-order terms, capturing
the full complexity of the spin-3/2 system. For the spin-1/2
degrees of freedom, we use the conventional Pauli matri-
ces Sx, Sy, and Sz, scaled by the spin length of 1/2. The
operators Sx, Sy, Sz, and Jx, Jy, Jz satisfy the commutation
relations {Sα

l , Sβ
m} = iεαβγ δlmSγ

l and {Jα
l , Jβ

m} = iεαβγ δlmJγ

l ,
respectively. The projection of the perturbation matrix gives
us the superexchange Hamiltonian on the z-bond shown in
Tables II and III from the main text. The numerical values
of the superexchange Hamiltonian assuming parameters for
α-RuCl3 are shown in Table IV.
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