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Honeycomb oxide heterostructure as a candidate host for a Kitaev quantum spin liquid
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The Kitaev quantum spin liquidand massively quantum entangled states, are so scarce in nature that searching
for new candidate systems remains a great challenge. A honeycomb heterostructure could be a promising route
to realize and utilize such an exotic quantum phase by providing additional controllability of Hamiltonian
and device compatibility, respectively. Here, we provide epitaxial honeycomb oxide thin film Na3Co2SbO6, a
candidate of Kitaev quantum spin liquid proposed recently. We found a spin glass and antiferromagnetic ground
states depending on Na stoichiometry, signifying not only the importance of Na vacancy control but also strong
frustration in Na3Co2SbO6. Despite its classical ground state, the field-dependent magnetic susceptibility shows
remarkable scaling collapse with a single critical exponent, which can be interpreted as evidence of quantum
criticality. Its electronic ground state and derived spin Hamiltonian from optical spectroscopy are consistent
with the predicted Kitaev model. Our work provides a unique route to the realization and utilization of Kitaev
quantum spin liquid.
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I. INTRODUCTION

Quantum entanglement, a subtle nonlocality in nature, be-
comes a central subject again in the wide range of science
and technology [1–4]. Quantum entangled states in many-
body condensed matter are particularly interesting as they
possess nontrivial topology and fractional excitations, which
contributes to the robustness of entanglement against external
perturbation [5]. The Kitaev quantum spin liquid (QSL) is a
notable example. In this model, spins in a honeycomb lattice
are frustrated by the bond-directional Ising interaction, result-
ing in a massively entangled quantum spin state with frac-
tional Majorana fermions and non-Abelian anyons [6]. Such
an exotic phase, however, is so scarce that searching for new
candidate materials remains a highly challenging task [7–16].

Being believed to be impossible and barely conducted,
heterostructure approaches could be a promising route to re-
alizing and utilizing Kitaev QSL. Every proposed material
for Kitaev QSL has classical antiferromagnetic ground states
due to the presence of non-Kitaev interaction originating from
additional structure distortions or long-range spin interaction
[7,12,17]. However, all the existing experiments on Kitaev
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QSL have been performed in a bulk system, where control
of the spin Hamiltonian is limited. In heterostructure ge-
ometry, on the other hand, symmetry, strain, and interfacial
engineering can be utilized for extensive manipulation of the
spin Hamiltonian [18,19]. In addition, we have witnessed the
triumphs of heterostructure approaches in semiconductor and
spintronic technologies [20]. Therefore, we can expect that
similar heterostructure approaches in quantum magnetism can
advance breakthroughs in quantum information technology
like topological quantum computation.

To utilize heterostructure for Kitaev QSL, however, two
major difficulties must be carefully handled. First, most exper-
iments for QSL are bulk-sensitive including inelastic neutron
scattering [11] and thermal Hall experiments [14], which can
be overcome, however, by performing the newly proposed
experiment based on nonlocal spin transport [21]. Second, it
remains elusive whether Kitaev QSL candidate materials can
be synthesized in heterostructures with minimal disorders or
not [22,23]. There have been zero studies about the synthesis
of Kitaev QSL candidates in heterostructures, with any signs
of quantum criticality. In addition, even bulk compounds suf-
fer from disorders, which hinder obtaining intrinsic magnetic
and quantum properties of systems [17,24]. It is a common
belief that heterostructures are not a suitable platform for
quantum magnetism due to more impurities than in bulk.

In this letter, we provide a synthesis of honeycomb oxide
heterostructures Na3Co2SbO6, a candidate material for Kitaev
QSL [15,17,25–31], and experimental signatures of quantum
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criticality. We have successfully synthesized stoichiometric,
single-phase, and epitaxial Na3Co2SbO6 thin films on ZnO
substrates. We demonstrate the precise control of Na stoi-
chiometry of the thin film via growth oxygen partial pressure.
As we minimized Na vacancies, our thin film shows long-
range antiferromagnetic ordering near 8.3 K, the same as
the highest reported value in stoichiometric bulk samples.
The field-dependent magnetic susceptibility shows remark-
able scaling collapse as a function of single variable T/H (T:
temperature, H: magnetic field), a signature of quantum crit-
icality. We further conducted optical spectroscopy to reveal
the quantitative parameters of the electronic Hamiltonian of
the system including charge transfer energy (�pd ), crystal
field splitting (10Dq), and Hund’s coupling (JH ). A con-
structed spin Hamiltonian from those parameters is consistent
with the proposed Kitaev model.

II. EXPERIMENTAL METHODS

Pulsed laser deposition is used to synthesize high-quality
Na3Co2SbO6 thin films. The O-faced ZnO [0001] were an-
nealed for 1 h at 1100 ◦C in the ambient pressure. We
followed the previously reported synthesis of polycrystalline
Na3Co2SbO6 powder by solid-state reaction method [25].
The Na3Co2SbO6 thin film growth on the treated substrates
was performed in a wide range of growth parameters, such
as temperature T = 450 ∼ 800 ◦C, oxygen partial pressure
PO2 = 0 ∼ 2 × 10−1 Torr, the energy of the KrF excimer
laser (λ = 248 nm) E = 0.9 ∼ 2 J/cm2, and laser repetition
rate 2 ∼ 10 Hz. The chamber base pressure was maintained
under the 1 × 10−6 Torr. The optimized growth condition was
T = 625 ◦C, PO2 = 0 mTorr, E = 0.9 J/cm2, and laser repe-
tition = 10 Hz. The films used to obtain magnetic (optical)
properties had a thickness of about 60 (30) nm.

We used a D8 Discovery high-resolution x-ray diffraction
(Bruker) with Lynxeye detector to obtain θ -2θ and the rocking
curve of Na3Co2SbO6 thin film. A superconducting quantum
interference device (Quantum Design) is employed to inves-
tigate the magnetic properties of Na3Co2SbO6 thin films and
bare substrate ZnO. The magnetic moment of Na3Co2SbO6

is extracted by deducting mass-normalized substrate data. By
utilizing an M-2000 ellipsometer (J. A. Woolam Co.), two
ellipsometry parameters of Na3Co2SbO6 thin film and a bare
substrate ZnO were independently measured at room temper-
ature. A two-layer model was used for determining the optical
constants of the Na3Co2SbO6 thin film.

III. RESULTS AND DISCUSSION

A. Synthesis of Na3Co2SbO6 thin film

Among the candidate materials for Kitaev QSL,
Na3Co2SbO6 could be a promising system for heterostructure
approaches as follows. The crystal structure of Na3Co2SbO6

is monoclinic layered oxides, where Na+ layers and
(Co2/3Sb1/3O2)− layers are alternatively stacked. The Co2+

ions in the cobalt-antimony layer construct the honeycomb
lattice. Although Na3Co2SbO6 has a smaller degree of
spin-orbit coupling compared to other candidates like
α-RuCl3 and Na2IrO3, the Jeff = 1/2 state appears as a
ground state due to the unquenched orbital momentum of

the Co2+ [15,28,29]. In addition, the localized 3d orbitals
and charge-transfer insulating state is favored over extended
4d/5d orbitals and Mott insulating state in Kitaev QSL. The
localized 3d orbital suppresses the undesired next-nearest
neighbor exchange interaction and the charge-transfer
nature prefers superexchange via oxygen which vanishes
the isotropic exchange term in the 90 ° bonding geometry
rather than a direct exchange between cobalt ions [32].
Several experiments on bulk Na3Co2SbO6 have shown
convincing evidence about the presence of strong frustration
and large Kitaev exchange terms [15,31]. In particular, it has
been theoretically proposed that Na3Co2SbO6 can have the
Kitaev QSL as a ground state by simply controlling trigonal
distortion [29], thereby making Na3Co2SbO6 a suitable model
system for heterostructure approaches.

The hexagonal substrate ZnO along the [0001] direc-
tion provides a good epitaxial relationship with Na3Co2SbO6

along the [001] direction, promoting the synthesis of a
high-quality thin film. As schematically shown in Fig. 1(a),
the hexagonal substrate ZnO (0001) surface exhibits 2D
sixfold symmetry with coincident oxygen positions with
Na3Co2SbO6. Because of similarities in the crystal structure
of the Na3Co2SbO6 (001) plane and the ZnO (0001) plane,
we expect the growth of epitaxial thin films despite the large
lattice mismatch between them (∼4.2%). Fig. 1(b) is the x-ray
diffraction (XRD) θ -2θ scan of Na3Co2SbO6 60 nm thickness
thin film grown on ZnO [0001] substrate by pulsed laser
deposition. We observe 00l diffraction peaks of Na3Co2SbO6

consistent with reported values of single crystals. Fig. 1(c) dis-
plays a rocking curve of the Na3Co2SbO6 001 peak. It is fitted
by two Lorentzian functions, typically found in relaxed films.
The full width at half maximum (0.055 °) of the narrower peak
verifies high crystal quality.

B. Na stoichiometry control and evolution of magnetic ground
states with Na vacancies

We demonstrate that the sodium stoichiometry of
Na3Co2SbO6 can be precisely controlled by adjusting the
background oxygen partial pressure (PO2 ) during the thin film
deposition process. Note that, control of sodium stoichiom-
etry has been known to be difficult even in single crystals
due to the high reactivity and volatility of sodium ions [17].
As a result, the Néel temperature TN of powder and single
crystals Na3Co2SbO6 varies greatly from 4.4 to 8.3 K with
different sodium stoichiometry [17,25–27,30]. In the thin-film
deposition process, however, we can control the sodium stoi-
chiometry by changing PO2 . According to the previous study
on LiCoO2 [33], the number of light elements like Li and Na
ions reaching the substrate decreases as the number of col-
lisions with oxygen increases. Fig. 2(a) is the θ -2θ scan near
001 peak of Na3Co2SbO6 of different PO2 . As PO2 is increased,
the 001 peak shifts to a low angle indicating c-axis elongation.
It is consistent with the previous report on NaxCoO2 [34],
where the c-axis elongated as decreasing x. Fig. 2(b) shows
the lattice constants of c∗ as a function of different PO2 . We
found PO2 below 1 mTorr is required to minimize Na vacancies
in heterostructures.

The magnetic ground states of Na3Co2SbO6 evolve from
antiferromagnetic to spin-glass states with Na vacancies,
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FIG. 1. (a) Schematics of the epitaxial relationship between Na3Co2SbO6 (001) and ZnO (0001) atomic planes. (b) XRD θ -2θ data of
Na3Co2SbO6 thin film grown on ZnO [0001] substrate. The blue triangles and red stars indicate the 00l peaks of Na3Co2SbO6 and ZnO,
respectively. (c) Rocking curve of 001 peak of Na3Co2SbO6 film. The blue and red lines are the fitting functions of two Lorentz oscillators.

indicating not only the importance of Na stoichiometry con-
trol but also the existence of strong frustrations in our
heterostructures. Fig. 2(c) is the zero-field cooling (ZFC) and
field cooling (FC) magnetic susceptibility χ (T ) measured
along the Co-Co bonding direction after subtracting the dia-
magnetic signals from the ZnO substrate. The χ (T ) of the
Na-stoichiometric sample grown at PO2 = 0 mTorr shows a
distinct anomaly at 8.3 K with a negligible bifurcation of ZFC
and FC, indicating antiferromagnetic ground states. Note that
this temperature is the same as the highest reported value of
bulk compounds [17,30]. In a Na-vacant thin film grown at
high PO2 , on the other hand, a kink from antiferromagnetic
ordering and bifurcation between FC and ZFC becomes weak
and conspicuous, respectively, resulting in spin glass states.
This observation indicates the control of Na vacancy is essen-
tial to identify the true magnetic ground state of Na3Co2SbO6.
In addition, the emergence of spin glass behavior with small
off-stoichiometry implies the presence of strong frustration,

FIG. 2. (a) The PO2 dependence of 001 peak of Na3Co2SbO6 thin
film. The dashed line is the 001 peak of bulk Na3Co2SbO6. The blue
star is the forbidden 0001 peak of the ZnO capping layer. (b) The PO2

dependence of c* lattice parameter. The dashed line indicates bulk
one. (c) The PO2 dependence of ZFC/FC χ (T ) of Na3Co2SbO6.

a key ingredient for quantum magnetism. The previous theo-
retical calculation suggests the existence of a subtle balance
between ferromagnetic and antiferromagnetic exchange inter-
actions, consistent with the emergence of spin glass states
with minimal Na vacancies [29].

C. Field-dependent magnetic properties and hidden
quantum criticality

The antiferromagnetic ground state in Na3Co2SbO6 films
is very fragile against an external magnetic field, another
evidence of strong frustration and competition of exchange
interactions. Fig. 3(a) is in-plane χ (T ) with different applied
magnetic fields H. The evident kink at H = 1 kOe smeared
out as the magnetic field raise over the critical magnetic
field around 10 kOe. That suppression of the antiferromag-
netic ground state has been observed also in α-RuCl3, a
promising candidate of Kitaev QSL. However, the critical
field Hc of Na3Co2SbO6 is substantially smaller than that of
α-RuCl3 despite similar TN , implying that the system locates
closer at the borderlines between ferromagnetic and anti-
ferromagnetic phases. The suppression of antiferromagnetic

FIG. 3. (a) T-dependent in-plane χ (T ) of Na3Co2SbO6 het-
erostructure at various applied H. (b) Scaling of H0.86 χ (T ) as a
function T/H on a log-log scale up to H = 50 kOe.
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ordering observed in our heterostructure is also consistent
with recent inelastic neutron scattering on high-quality single
crystals that antiferromagnetic ground states evolve into ferri-
magnetic and fully polarized states with an applied magnetic
field [30].

Despite classical ground states of Na3Co2SbO6, we found a
remarkable scaling collapse of χ (T, H) as a function of single
variable T/H in all field regions, a signature of quantum
criticality. According to previous studies on α-RuCl3, strong
quantum fluctuation can be captured in high-temperature
phases where thermal fluctuation destroys classical ground
states [35,36]. Fig. 3(b) shows the scaling collapse of H0.86

χ (T, H ) as a function T/H . H0.86 χ (T, H ) converges to a
single line in the range 10–50 K where not only Curie-Weiss
law is deviated [27] but also the classical ground state is
destroyed by thermal fluctuations. The scaling collapse with
T/H is in sharp contrast to the classical scaling depending on
the reduced temperature (T − Tc)/Tc, implying the presence
of a quantum critical point at zero kelvin. As a result, such
T/H scaling phenomena have been observed in materials
close to quantum critical points including heavy-fermion [37]
and iron pnictide superconductors [38].

Note that, however, the observed T/H scaling can be
also interpreted as a bond-disordered scenario. The bond
disorder in spin systems induces power law distribution of
antiferromagnetic exchange interactions, resulting in quantum
critical like T/H scaling as observed in Ru0.8Ir0.2Cl3 [39]
and H3LiIr2O6 [40,41]. However, we believe such a scenario
does not apply to our system for the following reasons. First,
unlike H3LiIr2O6 and Ru0.8Ir0.2Cl3 where positions of H and
Ir cations are disordered, the Na3Co2SbO6 system has ordered
Na positions, thereby minimizing disorders in exchange inter-
actions. Second, Na vacancies, the most likely disorders to
exist, induce ferromagnetic exchange interactions and make
the system spin glass as shown in Fig. 2(c). It is again in
contrast to the case of bond-disordered Kitaev spin liquid
Ru0.8Ir0.2Cl3, where Ir dopants destablize zigzag long-range
orders without spin glass behaviors.

D. Electronic structure and spin Hamiltonian

We further conducted optical spectroscopy on
Na3Co2SbO6 to extract quantitative parameters for its
electronic and spin Hamiltonian. Fig. 4(a) is the real part
of optical conductivity σ1(ω) of the Na3Co2SbO6 thin film.
Due to the sharp absorption of the ZnO substrate, there is an
artificial kink near 3.32 eV highlighted as a blue star. It can
be explained by three interband transitions labeled α, β, and
γ in the order of increasing energy. We obtained transition
energies of those peaks with Lorentz oscillator models;
the energies of the three peaks are 4.50 eV (α), 5.36 eV (β),
and 6.35 eV (γ ). We regard all Lorentz oscillators as interband
transitions between the oxygen 2p band to the cobalt 3d band
(p−d transition). Due to the high electrical repulsion among
seven electrons in the localized 3d band, the U of the Co2+

ion is generally higher than the �pd [42].
We calculated the energies of optical excitation of d7 high

spin cobalt ion based on the multiorbital Hubbard model. The
lowest interband excitations are transitions from oxygen 2p
to cobalt t2g and eg orbitals. The final states consisting of
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FIG. 4. (a) The real part of optical conductivity σ1(ω) of
Na3Co2SbO6. Open circles and solid lines are experimental data
and fitting lines with Lorentz oscillators, respectively. The blue star
indicates a kink owing to the sharp optical transition in the ZnO
substrate. The inset shows the schematic of possible charge-transfer
transitions of t5

2ge2
g electron configuration. The red arrows represent

excited electrons from O 2p orbitals. (b) Calculated the Heisenberg
coefficient J and the Kitaev coefficient K in the units of t2/U .

two holes are equivalent to those consisting of two electrons
due to electron-hole symmetry. We calculated the expected
electrostatic energies of each wave function. After the electron
is optically excited from oxygen 2p to cobalt 3d band, the
highest magnetic quantum number wave functions constituted
by two holes are described as [43]

|�(ee3 A2)(r1, r2)〉 = |u↑(r1)v↑(r2)|,
|�(te3 T1)(r1, r2)〉 = |ξ↑(r1)u↑(r2)|, (1)

|�(te3 T2)(r1, r2)〉 = |ξ↑(r1)v↑(r2)|,
where ξ↑ = dxy, dyz, dzx, u↑ = d3z2−r2 , v↑ = dx2−y2 orbital with
up-spin, | | is slater determinant satisfying the antisymmetric
nature of fermion, t/e is a hole in t2g/eg manifold, 3A2, 3T1,
3T2 is the symmetry of wave function. All wave functions are
a triplet (l = 1), and there are three wave functions according
to the magnetic quantum number. Due to the degeneracy of
three wave functions, we choose the easiest one to compute.
The expectation energy for the Coulomb Hamiltonian of each
wav efunction is written as

〈�(ee3 A2)|1

r
|�(ee3 A2)〉 = A − 8B,

〈�(te3 T2)|1

r
|�(te3 T2)〉 = A − 8B, (2)

〈�(te3 T1)|1

r
|�(te3 T1)〉 = A + 4B,

where A, B, and C are called the Racah parameter. The Racah
parameter is the function of slater integrals F k

F k =
∫ ∞

0
r2

1dr1

∫ ∞

0
r2

2dr2R2(r1)R2(r2)
rk
<

rk+1
>

, (3)

where R(r) is normalized radial part of the 3d orbital,
r< = min{r1, r2}, r< = max{r1, r2}. The Slater integral is
simplified as F0 = F 0, F2 = F 2/49, F4 = F 4/441. The Racah
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parameter is written as

A = F0 − 49F4, B = F2 − 5F4, C = 35F4. (4)

For the 3d electron, 5B ≈ C satisfies Ref. [28]. The Hund’s
coupling is also written as the Racah parameter, JH = 3B +
C ≈ 8B. Consequently, the energies of optical excitation are
expressed as

E (3A2) = �pd , E (3T2) = �pd + 10Dq, E (3T1)

= �pd + 10Dq + 3
2 JH , (5)

where �pd is charge-transfer energy.
We extract the quantitative parameters for electronic struc-

tures of Na3Co2SbO6 from the multiorbital Hubbard model.
The inset of Fig. 4(a) represents the three possible p-d transi-
tions in the high spin 3d7 system (Co2+). The lowest transition
is from O 2p to Co t2g orbitals (3A2 symmetry), whose energy
is defined by �pd . The other two transitions are from O 2p to
Co eg orbitals. Because of different orbital overlaps in the final
state (3T1 and 3T2 symmetry), each excitation requires dif-
ferent energies, �pd + 10Dq (3T2) and �pd + 10Dq + 3/2JH

(3T1). Based on the multiorbital Hubbard model, we assigned
peaks α, β, and γ as 3A2, 3T1, and 3T2 transitions. From the
above equations, we calculate the quantitative value of three
electronic parameters, �pd , 10Dq, and JH to 4.50, 0.86, and
0.66 eV, respectively.

We reconstruct the spin Hamiltonian of Na3Co2SbO6

based on electronic structure parameters by following the
previous theoretical spin model [28]. The spin-exchange
Hamiltonian of Na3Co2SbO6 without trigonal distortion is
written as

H = J
∑
〈i j〉

Si · S j + K
∑

〈i j〉,a=b

Sa
i Sb

j + 

∑

〈i j〉,a 
=b

Sa
i Sb

j , (6)

where J, K, and Г are the isotropic Heisenberg coefficient,
anisotropic Kitaev coefficient, and off-diagonal term, respec-
tively. The J, K, and Г are the function of the electronic
parameters, �pd , 10Dq, JH , and U. Due to Г ∼ 0.001 K in
the U > 5 eV range, we only calculate J and K based on
the spin-exchange interaction model of the 3d7 cobalt com-
pound without trigonal distortion. Fig. 4(b) exhibits the J and
K as a function of U with a unit of t2/U . We follow the
calculation in the previous report with (�pd , 10Dq, JH ) =
(4.50, 0.86, and 0.66 eV) obtained above [28]. We found that
J becomes close to zero with U ∼ 9.5 eV. According to the
previous photoemission study on CoO [44], U of Co 3d
orbitals was estimated as 9 ∼ 11 eV. Therefore, our spec-
troscopic approaches imply that the spin Hamiltonian of
Na3Co2SbO6 heterostructures can be possibly described by
Kitaev physics if the trigonal distortion is suppressed.

IV. SUMMARY

In summary, we provided epitaxial honeycomb oxide
heterostructure Na3Co2SbO6 with signatures of quantum criti-
cality. Its electronic and magnetic properties can be explained
in terms of the proposed Kitaev physics. The controllability
and device compatibilities heterostructure provides could be
a promising route to the future realization and application
of the Kitaev phases. For example, providing Na3Co2SbO6

heterostructures will enable us to engineer the trigonal crys-
tal field, the major source of the antiferromagnetic ordering
in Na3Co2SbO6. Using isotropic substrates could also help
to reduce the orthorhombic distortions existing in bulk
Na3Co2SbO6 as well [30]. Besides Kitaev physics, honey-
comb oxide heterostructures have been proposed for a variety
of correlated topological phases [45]. The demonstration of
the successful growth of honeycomb oxides, therefore, will
promote further searching for topological insulators and quan-
tum anomalous Hall insulators in strongly correlated electron
systems.
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