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Co2+ ions in an octahedral crystal field stabilize a jeff = 1/2 ground state with an orbital degree of freedom
and have been recently put forward for realizing Kitaev interactions, a prediction we have tested by investigating
spin dynamics in two cobalt honeycomb lattice compounds, Na2Co2TeO6 and Na3Co2SbO6, using inelastic
neutron scattering. We used linear spin wave theory to show that the magnetic spectra can be reproduced with
a spin Hamiltonian including a dominant Kitaev nearest-neighbor interaction, weaker Heisenberg interactions
up to the third neighbor, and bond-dependent off-diagonal exchange interactions. Beyond the Kitaev interaction
that alone would induce a quantum spin liquid state, the presence of these additional couplings is responsible
for the zigzag-type long-range magnetic ordering observed at low temperature in both compounds. These results
provide evidence for the realization of Kitaev-type coupling in cobalt-based materials, despite hosting a weaker
spin-orbit coupling than their 4d and 5d counterparts.

DOI: 10.1103/PhysRevB.102.224429

I. INTRODUCTION

The search for quantum spin liquids in frustrated hon-
eycomb lattice materials [1–3] has been recently renewed
by the theoretical model proposed by Kitaev describing
spins interacting on a honeycomb lattice through strongly
anisotropic bond-directional couplings (hereafter called Ki-
taev interactions) [4]. Such model is exactly solvable and
predicts a quantum spin liquid ground state with exotic any-
onic excitations, which is appealing for quantum information
technologies [5]. Following this theoretical model, Jackeli and
Khaliullin paved the way to the realization of Kitaev interac-
tions in real materials, proposing its achievement through a
strong interplay between spin-orbit coupling and electronic
correlations [6]. In their proposal, the large spin-orbit cou-
pling present in the 4d and 5d transition metals, such as
iridium and ruthenium, allows a spin-orbital entangled jeff =
1/2 Kramers doublet ground state, and a few compounds
within the A2IrO3 (A = Na, Li) family [7–13] and α-RuCl3

[14–26] have been identified as potential candidates for ex-
hibiting Kitaev physics. It has been more recently suggested
that the d7 Co2+ ions can also be used to create a jeff =
1/2 system with an orbital degree of freedom, and therefore
may also realize Kitaev interactions [27–30], despite weaker
spin-orbit coupling. We therefore propose in this paper to
re-examine two cobalt honeycomb lattice compounds in the
context of the recently proposed Kitaev model.

In this framework, the recently synthesized and charac-
terized Na2Co2TeO6 and Na3Co2SbO6 compounds [31] have
been identified as good candidates for testing this proposal
[28]. Both systems host a honeycomb lattice of interacting
Co2+ ions in edge-sharing oxygen octahedra. Na2Co2TeO6

and Na3Co2SbO6 belong to a wider family of delafossite-
related compounds where the sodium site can be replaced by
Li, Ag, Cu, or Ni [32–34]. They crystallize in the hexagonal
P6322 and monoclinic C2/m space group, respectively. While
in the Sb compound the layers of Co ions are separated by
ordered Na ions, the Na distribution in the Te counterpart
is highly disordered [31]. Both systems undergo a magnetic
transition around 17 K for the Te compound and between 4
and 8 K for the Sb compound, into a zigzag magnetic order
[35–38] as illustrated in Fig. 1. In the case of the Te com-
pound, it is not fully long-range ordered and is characterized
by anisotropic correlation lengths. The orientation of the mo-
ments are mainly along the b axis but a small component along
c is not excluded [35]. In the Sb compound, the moments
have been reported to point along the c or the b axis of the
monoclinic space group [35–38]. This magnetic structure is
predicted both in the Kitaev-Heisenberg model in proximity of
the spin liquid phase [7] and in the Kitaev-Heisenberg model
with next-nearest-neighbor couplings, J2 and J3 [39,40].

In this work, we performed inelastic neutron scattering
measurements on polycrystalline samples of these materials to
investigate the magnetic excitations in their ordered phase. We
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FIG. 1. (a) Honeycomb layer with the Co2+ ions in edge-sharing
octahedra. The zigzag magnetic structure within the plane stabilized
in Na2Co2TeO6 is shown (blue arrows), as well as the first to third
nearest-neighbor Heisenberg interactions. The red, blue, and green
lines indicate the three nearest-neighbor bonds associated to the local
x, y, and z axes in the Kitaev model. (b) Electronic configuration of
3d7 Co2+ in an octahedral environment and representation of the jeff

= 1/2 ground state, and excited jeff = 3/2 and jeff = 5/2 manifolds
under the action of crystal field and spin-orbit coupling.

show, using linear spin wave calculations, that both systems
can be modeled with a Kitaev-Heisenberg J2-J3 Hamiltonian
characterized by dominant Kitaev interactions, like the well-
known candidate α-RuCl3 [40], and we compare this model
against the pure Heisenberg J1-J2-J3 model which also encom-
passes a zigzag-ordered ground state.

In these cobaltate systems, the 3d7 Co2+ ions in an octahe-
dral environment have a predominantly t5

2g e2
g configuration

with S = 3/2 and effective l̃ = 1 moments, and form a
jeff = 1/2 Kramers doublet ground state [Fig. 1(b)] [41–44].
Owing to the electronic configuration, anisotropic interactions
are mediated through the oxygen atoms in a 90◦ bonding
geometry, including exchange processes via t2g-eg and eg-eg

channels. These channels do not exist in the well-studied 4d
and 5d systems, and it has been shown that these can lead to a
cancellation of the Heisenberg couplings in favour of a Kitaev
term K [27,28]. Cobaltates thus provide an alternative way to
reach the K � J1 spin-liquid ground state.

II. SYNTHESIS AND EXPERIMENTAL DETAILS

Polycrystalline samples of Na2Co2TeO6 and Na3Co2SbO6

were prepared following the methods described in
Refs. [31,35,37]. Neutron spectroscopy was performed to

study the magnetic excitations at low energy, using the
cold triple-axis spectrometer MACS (Multi Axis Crystal
Spectrometer) [45] (NIST, Gaithersburg) with a fixed E f =
5 meV and a Be filter between the sample and the analyzer to
avoid higher order contamination. After subtracting a constant
background from the raw data, the neutron scattering intensity
was converted to absolute units using the measured incoherent
elastic scattering from the sample following the procedure
described in Ref. [46]. Further measurements using the BT4
thermal triple-axis spectrometer (NIST, Gaithersburg, MD)
were carried out to map out the excitations between the jeff

= 1
2 groun state and the jeff = 3

2 excited states and extract
the spin-orbit coupling λ. The measurements were performed
with a fixed E f = 14.7 meV and a 40′ incident collimation.
A pyrolytic graphite (PG) filter was placed between the
sample and the analyzer to avoid higher order contamination.
Complementary measurements were carried out up to 150
meV on the LAGRANGE (Large Area GRaphite ANalyser
for Genuine Excitations) spectrometer at the Institut Laue
Langevin (ILL, France), using the Si111, Si311, and Cu220
monochromators to access different energy ranges between
0 and 150 meV (see the Supplemental Material [47]). Spin
wave calculations were performed in the linear approximation
using the Holstein-Primakov formalism [48]. Additional
neutron powder diffraction on Na3Co2SbO6 was carried
out using the G4.1 diffractometer (LLB, Saclay) with λ =
2.43 Å and powder x-ray diffraction was performed on the
same compound at the Laboratoire de Physique des Solides
(Orsay). The powder was loaded into a sealed 0.5-mm
diameter capillary and put on a rotating sample holder.
During the 30 min of acquisition, the sample performed a
360-deg rotation in order to average any possible texture. The
x-ray generator was a Mo rotating anode, with a wavelength
of 0.71 Å (see the Supplemental Material [47]).

III. RESULTS AND ANALYSIS

A. Neutron inelastic scattering

We first discuss the spin dynamics in both compounds in
their ordered phase. Figures 2(a) and 2(b) show the magnetic
excitation spectra of Na2Co2TeO6 and Na3Co2SbO6 respec-
tively, measured at T = 1.5 K on MACS. Remarkably, while
both compounds order with the same zigzag magnetic struc-
tures below TN [35,37,38], their excitation spectra show rather
different features, in an energy range between 0 and 10 meV.
For the Te compound, the spectrum consists in gapped dis-
persive modes merging into a flat mode at 3 meV. The first
dispersive branches arise from Q ≈ 0.75 Å−1. Two other flat
modes in momentum transfer are observed, a weak one around
4.5 meV and a broad one at 7 meV, while the weak signal is
still noticeable up to 10 meV. In contrast, the Sb compound
displays a dispersive signal up to 9 meV with an intense part
at low Q between 1 and 5 meV and an additional flatter mode
at 3 meV with a small kink around Q = 2 Å−1.

Further measurements at higher energy were also carried
out using the thermal triple-axis spectrometer BT4 (Fig. 3)
and the LAGRANGE spectrometer (see the Supplemental
Material [47]). Figure 3(a) shows the momentum depen-
dence of a weakly dispersive excitation mode observed around
30 meV in Na3Co2SbO6, for which the intensity follows the
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FIG. 2. [(a), (b)] S(Q, ω) at T = 1.5 K measured on MACS in
Na2Co2TeO6 and Na3Co2SbO6, respectively. [(c), (d)] Spin-wave
calculations using the K-H Hamiltonian with the parameter values re-
ported in Table II. [(e), (f)] Spin-wave calculations using the J1-J2-J3

Heisenberg model as described in the text and in Fig. 8.

expected momentum dependence of the magnetic form factor.
We can therefore attribute this mode to spin-orbit excitations
between the jeff = 1/2 and jeff = 3/2 manifolds. Constant-Q
scans were performed in an energy range between 10 and
40 meV for both compounds [Figs. 3(d) and 3(e)] and a fit
to Gaussian functions yields energy values of 27.1(2) meV
for the Sb compound and 21.6(1) meV for the Te compound.
These energy scales are similar to those reported in other Co-
based materials, where the spin-orbit transitions were found
between 16 and 34 meV [42–44,49].

B. Sum rules

In order to confirm the assignment of the observed mag-
netic excitations at low energy to excitations within the jeff =
1/2 manifold [50], we apply the total moment sum rule by in-
tegrating the normalized spectral weight from the low energy
spectra. First, the inelastic intensity I (Q, ω) was normalized
to absolute units and converted to the dynamic structure factor
S(Q, ω) following the relation

AI (Q, ω) = 2
(γ r0

2

)2
g2| f (Q)|2S(Q, ω),
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FIG. 3. (a) Color map showing the Q dependence of the spin-
orbit excitations between the jeff = 1/2 and jeff = 3/2 manifolds
measured at T = 2 K for Na3Co2SbO6. [(b), (c)] View of the slightly
distorted CoO6 octahedra in Na3Co2SbO6 and Na2Co2TeO6, respec-
tively. [(d), (e)] Constant-Q scans showing the spin-orbit excitations
between the jeff = 1/2 and jeff = 3/2 manifolds in Na3Co2SbO6 and
Na2Co2TeO6, respectively. The straight lines indicate the instrumen-
tal resolution and the red lines are Gaussian fits. The additional peaks
are phonon modes

where A is the absolute calibration constant calculated using
Co and Na as internal incoherent standards [51], ( γ r0

2 )2 equals
73 mb sr−1, g is the Landé factor equal to 4.33 for Co2+

[41,43], and f (Q) is the magnetic structure factor calculated
for Co2+.

The dynamic structure factor then obeys the total moment
sum rule,

∫ |Q|2(
∫

S(Q, ω)h̄dω)d|Q|∫
d|Q||Q|2 = N j( j + 1),

with N being the number of Co ions in a unit cell. Figure 4
displays, for both compounds, the Q dependence of the total
integrated inelastic intensity given by

Ĩ|(Q)| =
∫ |Q|

0 |Q|2[
∫

S(Q, ω)h̄dω]d|Q|∫ |Q|
0 d|Q||Q|2

.
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The results show that Ĩ (|Q|) saturates at 0.55(15) for
Na2Co2TeO6 and 0.50(15) for Na3Co2SbO6. Adding the elas-
tic contributions to the inelastic integrated signal, to extract
the total moment sum rule, yields the values tabulated in
Table I. For the elastic contribution, the averaged re-

fined ordered moment of ( (2.5+2.95)
2 )

2
( 1

gμB
)
2

was used for
Na2Co2TeO6 [35] and for Na3Co2SbO6 the elastic magnetic
Bragg peak intensity was integrated, yielding the contribution
( 1.79

gμB
)
2
. The total value extracted in both cases is within error

of the expected value of jeff = 1/2, which is j( j + 1)= 0.75
and confirms the assignment of the low-energy spectrum to
excitations within the ground-state jeff = 1/2 manifold, thus
validating the jeff = 1/2 picture in these materials. Combined
together, the low and higher energy parts of the excitation
spectrum show that the jeff = 1/2 and the jeff = 3/2 manifolds
seem rather well separated in energy, with excitations within
the jeff = 1/2 manifold extending below 15 meV and the spin-
orbit excitation between 20 and 30 meV in both compounds.

C. Linear spin-wave calculations

In order to extract the magnetic interactions in each
system and model the inelastic spectra, we performed lin-
ear spin wave calculations. Following the recent analysis
on d7 Co ions with unquenched orbital contribution realiz-
ing bond-dependent interactions [27,28], the inelastic data
were modeled using the recently proposed Kitaev-Heisenberg
Hamiltonian (K-H model) [29,52]. The considered Hamilto-
nian is the sum of six terms J1, J2, J3, K , �, and �′ (as
illustrated in Fig. 1), authorized by symmetry when including

TABLE I. Distribution of the spectral weight, extracted from
the elastic and inelastic contributions to the total intensity in
Na2Co2TeO6 and Na3Co2SbO6.

Na2Co2TeO6 Na3Co2SbO6

Elastic 0.40 from Ref. [35] 0.17(2)
Inelastic 0.55(15) 0.50(15)
Total 0.95(20) 0.67(20)
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FIG. 5. Magnetic phase diagrams calculated for Na2Co2TeO6

(left panels) and Na3Co2SbO6 (right panels) for different pairs of
parameters. The blue, yellow, and orange regions correspond to fer-
romagnetic, zigzag, and incommensurate magnetic structures while
the pink areas correspond to a degenerate ground state. The black
stars show the best-fit solution.

slight distortions of the Co2+ octahedra:

HK−H =
3∑

n=1

Jn

∑
i, j

Si · S j +
∑
i, j

KSγ
i Sγ

j

+
∑
i, j

�(Sα
i Sβ

j + Sβ
i Sα

j )

+
∑
i, j

�′(Sα
i Sγ

j + Sγ
i Sα

j + Sβ
i Sγ

j + Sγ
i Sβ

j ),

where {α, β, γ } denotes the three types of first neighbor
bonds with {α, β, γ } = {y, z, x}, {z, x, y}, {x, y, z} for the X ,
Y, and Z bonds respectively, and � and �′ are bond-
dependent off-diagonal exchange interactions. The model
includes Heisenberg first, second, and third neighbor interac-
tions as illustrated in Fig. 1, which are contained in the first
summation over n.

First, phase diagrams were calculated (Fig. 5) in order to
check the stability of the zigzag magnetic order as a func-
tion of the six parameters. In order to best reproduce the
experimental spectra, several sets of parameters which are
compatible with the zigzag magnetic structure were systemat-
ically tested in the spin-wave analysis. The solutions that best
reproduce the data are given in Table II and the chosen pa-
rameters are represented in the phase diagram in Fig. 5, while
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TABLE II. Set of interactions (in meV) reproducing the magnetic
spectra for Na2Co2TeO6 and Na3Co2SbO6. All the parameters are
interdependent and the sensitivity of the spectra to their variation is
illustrated in Figs. 6 and 7.

J1 J2 J3 K � �′

Na2Co2TeO6 −0.1(5) 0.3(3) 0.9(3) −9.0(5) 1.8(5) 0.3(3)
Na3Co2SbO6 −2.0(5) 0.0(2) 0.8(2) −9.0(10) 0.3(3) −0.8(2)

the calculated spectra are shown in Figs. 2(c) and 2(d) for
Na2Co2TeO6 and Na3Co2SbO6, respectively. By varying each

parameter and testing how each affects the spectra, we could
determine a narrow region in the phase diagram (represented
by the error bars in Fig. 5), which gives the best agreement
with the data. Moreover, the experimental data were also com-
pared to a Heisenberg XXZ Hamiltonian, comprising first,
second, and third nearest-neighbor interactions. We describe
these tests in detail in the next two sections.

1. The Kitaev-Heisenberg model

Several sets of parameters were tested to best reproduce
the experimental data. The results obtained for Na2Co2TeO6

and Na3Co2SbO6 are shown in Figs. 6 and 7, respectively.

Inc

-4 -2 0 2 4
J

1
 (meV)

-10

-8

-6

-4

-2

0

K
 (

m
eV

)

-1 -0.5 0 0.5 1
J

2
 (meV)

-1

-0.5

0

0.5

1

J 3 (
m

eV
)

-2 -1 0 1 2
J

2
 (meV)

-1

-0.5

0

0.5

1

J 3 (
m

eV
)

(a) (b)

(d)

(e) (f)

Zigzag

Ferro

Inc

b

f

c

Zigzag

Inc

Ferro

a e

d

J2=0.3 meV 
J3=0.9 meV

K=-9 meV 
J1=-0.1 meV

(c)

Zigzag

a

a

=1.8 meV 

=1.8 meV 

J2=0.3 meV 
J3=0.9 meV

K=-9 meV 
J1=-0.1 meV

Na2Co2TeO6

 

  

Kitaev-Heisenberg model

FIG. 6. Dependence of the spin-wave calculation with respect to variation of the six parameters involved in the K-H model for
Na2Co2TeO6. The panel (a) corresponds to the chosen solution that best reproduces the experimental data. Each panel [(a)–(f)] corresponds to a
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The tested sets of parameters are represented in the phase
diagrams displayed in the right panels and are all compatible
with a zigzag magnetic order. In order to be consistent with
previous theoretical calculations [27–29], the Kitaev term K
is ferromagnetic. As inferred from the phase diagrams, the
zigzag order weakly depends on the strength of the Kitaev and
off-diagonal terms K , �, and �′. The effect of the off-diagonal
couplings on the excitation spectra was tested and shown in
Figs. 6(b), 7(b), and 7(c). The results show that the � term
introduces a gap in energy while �′ modifies the shape of the
lower mode: In the Sb case, its absence causes the magnetic
excitation around 2 meV to be flat in momentum and energy.
In the case of the Te compound, this term was found to be neg-
ligible. The magnitude of the K coupling, which determines

the overall energy range of the magnetic excitations was also
adjusted [Figs. 6(c) and 7(f)]. In particular, in the Te case, the
ratio between the 3- and 7-meV flat modes is obtained through
the Kitaev interaction. In the Sb case, a subtle combination of
all parameters allows us to reproduce the strong intensity at
low Q, the flat mode around 3 meV with a kink at 2 Å−1, and
a dispersive feature with maximum around 9 eV.

While the zigzag ground state is stable over a large range in
K , �, and �′, it strongly depends on the interplay between the
Heisenberg terms J1, J2, and J3. Therefore, both the magnitude
and signs of J1 were tested, as shown in Figs. 6(e), 6(f) and
7(e). It can be noted that an antiferromagnetic J1 coupling
does not allow us to reproduce the data and that J1 has to
be ferromagnetic. In the case of the Te compound, we found
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right panel). No interplane coupling was considered in these calculations. Panels (a) and (b) are the best-fit solutions for Na2Co2TeO6 and
Na3Co2SbO6, respectively. The colors in the phase diagrams refer to the different possible magnetic ground states identified in Ref. [35].

that J1 ≈ 0 best reproduces the data. The calculated phase
diagrams also show that antiferromagnetic J2 and J3 terms are
necessary to stabilize a zigzag ground state. Following these
results, Figs. 6(a), 6(d), 7(a), and 7(d) show that J3 � J2 gives
a better agreement with the data.

2. Heisenberg XXZ model

The experimental spectra were also compared against a
Heisenberg XXZ model comprising first, second, and third
nearest-neighbor couplings (J1-J2-J3 model) [53]:

HXXZ = ∑3
n=1 Jn

∑
i, j

(
Sx

i Sx
j + Sy

i Sy
j + �Sz

i Sz
j

)
,

where i and j run over the first, second, and third neighbor
pairs, as shown in Fig. 1, and � is between 0 (XY anisotropy)
and 1 (Heisenberg). Several sets of parameters, which are
compatible with a zigzag magnetic order, were tested and are
presented in Fig. 8. Following these results, we found that
the best fit to the data are given by models in Figs. 8(a) and
8(b) for the Te and Sb compounds, respectively, and are also
summarized in Fig. 2. No interplane interaction J4 was con-
sidered in these calculations (and was found to be negligible,

of the order of 0.01 meV for the Te compound [35]). These
calculations, however, show a poorer agreement with the data.
This is further highlighted in constant-Q cuts and constant
energy cuts displayed in Fig. 9, showing a comparison be-
tween the K-H model, the Heisenberg XXZ model, and the
experimental data. In particular, the J1-J2-J3 model fails to
capture several features, such as the 4.5-meV flat mode and
intensity above 7 meV for the Te compound, and the intensity
around Q = 2 Å−1, as well as the energy gap for the Sb
compound (Fig. 2). These features could only be reproduced
by adding the bond-dependent interactions K , �, and �′. As
pointed out in a recent theoretical analysis on Na3Co2SbO6,
a Heisenberg XXZ model would entail a large distortion of
the octahedra and does not account for the bond-dependent
interactions from the pseudospin-1/2 picture in cobaltates
[29].

D. Temperature dependence

The temperature dependence of the magnetic excitations
in Na3Co2SbO6 was measured on MACS and is shown in
Fig. 10. The spectrum shows persisting excitations up to
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10 meV well above the Néel temperature. In particular,
Fig. 10(d) displays the momentum-integrated data for sev-
eral temperatures and highlights a well-defined mode around
8 meV which persists up to ≈5 TN . This is indicative
of short-range correlations surviving within the honeycomb
plane which can be due to the low-dimensionality of the
system. While this feature has been reported in numerous low-
dimensional magnets [54,55], such high-temperature feature
was also attributed to the possible manifestation of fractional
excitations in the powder sample of α-RuCl3 [14], arising
from its proximity to a Kitaev quantum spin liquid phase.

IV. DISCUSSION

Remarkably, in both cases, the leading term of the Hamil-
tonian is the Kitaev interaction, which is ferromagnetic, in
agreement with the predictions for Co2+ [27,28]. In the Te
compound, the second strongest term is the bond-directional
� interaction, which sets the energy gap of the excitation,

whereas the first neighbor Heisenberg interaction is close to
zero. This is a situation predicted by Liu et al. [28] and
Sano et al. [27] for d7 pseudo-spin-1/2, where the Heisenberg
interaction can vanish, leaving a leading Kitaev interaction
and placing the system in proximity to a spin liquid state.
In Na2Co2TeO6, however, additional weaker terms drive the
system away from the spin liquid ground state. In particular,
as predicted in Refs. [27,28], for a ferromagnetic K coupling,
next-nearest-neighbor terms J2 and J3 are necessary to stabi-
lize the zigzag magnetic order.

In the Sb case, the nearest-neighbor interaction is signif-
icant, although still five times smaller than the Kitaev term,
and is ferromagnetic. It should also be noted that the Sb
compound is close to an instability due to the proximity of
a ferromagnetic phase (Fig. 5, right panels), in agreement
with recent theoretical calculations [29]. This may explain the
very different spectra measured in the Sb case compared to
the Te variant. The difference between the Sb and Te com-
pounds is, however, rather intriguing as they display similar
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magnetic properties and magnetic structures. This may be
attributed to structural distortions away from the perfect octa-
hedral environment [as illustrated in Fig. 3(b)] and to further
neighbor couplings. These distortions also account for the
additional off-diagonal interaction �′, which affects strongly
the spectrum in the Sb case while it remains negligible in the
Te compound. Further structural study, however, is needed
to understand these differences, as disparate results were re-
ported for the magnetic structure and the ordered moment of
Na3Co2SbO6 [37,56,57]. In this compound, complementary
neutron and x-ray diffraction measurements were performed
and show a slightly incommensurate magnetic order, probably
arising from sodium vacancies (see the Supplemental Mate-
rial). A more precise refinement of the magnetic order and
moments orientation in this compound would therefore help
to determine a more accurate set of exchange parameters.

These results underline the potential realization of dom-
inant ferromagnetic Kitaev interactions in cobaltates, even
though they feature a weaker spin-orbit coupling than the
4d and 5d counterparts. While our analysis shows the rel-
evance of the six exchange parameters in determining the
magnetic structure, along with reproducing the main features
in the excitation spectra, the different spin-wave models were
further compared to the data through constant-Q cuts and
highlight some discrepancies between the K-H model and the
data above 6 meV. It should be noted that our analysis was
performed using a classical model, while we could expect
quantum fluctuations to renormalize the excitation spectra
or to cause energy and momentum broadening of the inten-
sity, as reported in other low-dimensional frustrated magnets
[54,58–61]. Furthermore, a recent analysis of α-RuCl3 has
shown that the presence of off-diagonal terms (� and �′),
causing the spins to tilt out of the honeycomb plane, could
induce magnon decay [40,52,62]. This effect would be ex-
pected at twice the energy of the main magnon branch and
therefore could explain the discrepancies above 6 meV in
both compounds, where the scattering is broad in energy and
momentum.

The synthesis of small single-crystalline samples of
Na2Co2TeO6 and Na3Co2SbO6 have been recently reported

[38,57]. Further spectroscopic measurements in single crys-
tals are therefore necessary to confirm the present models
obtained from the limited set of information provided by
the powder averaged data, as well as determine the presence
of quantum effects in these compounds. Note that the com-
pound BaCo2(PO4)2 exhibits an excitation spectrum similar
to Na3Co2SbO6, hosts a helical magnetic order, and was
modeled using a XXZ Heisenberg Hamiltonian [53]. The
relevance of this model implies a large trigonal distortion of
the Co2+ octahedral environment [29]. While these materi-
als [along with the isostructural BaCo2(AsO4)2] have been
investigated for several decades [63–66], it seems timely to
revisit their magnetic properties and excitations in the context
of bond-dependent Kitaev interactions.

V. CONCLUSION

In conclusion, we report a neutron spectroscopy study
of the powder honeycomb cobaltates Na2Co2TeO6 and
Na3Co2SbO6. Using linear spin wave calculations, we show
that the magnetic excitations in both compounds can be mod-
eled using a Kitaev-Heisenberg Hamiltonian with additional
off-diagonal bond-directional interactions and long-range
Heisenberg interactions. The calculations highlight dominant
bond-dependent Kitaev interactions and provide direct ev-
idence for the possibility of stabilizing Kitaev physics in
cobaltates despite their weak spin-orbit coupling. Our results
show the possibility for extending the search for new Kitaev
spin liquid candidates to 3d metal transition compounds.

ACKNOWLEDGMENTS

We thank G. Khaliullin for helpful discussion. We ac-
knowledge funding from the EPSRC and the STFC. We
acknowledge the support of the National Institute of Standards
and Technology, US Department of Commerce, in providing
the neutron research facilities used in this work. Access to
MACS was provided by the Center for High Resolution Neu-
tron Scattering, a partnership between the National Institute
of Standards and Technology and the National Science Foun-
dation under Agreement No. DMR-1508249.

[1] L. Savary and L. Balents, Rep. Prog. Phys. 80, 016502 (2017).
[2] Z. Y. Meng, T. C. Lang, S. Wessel, F. F. Assaad, and A.

Muramatsu, Nature (London) 464, 847 (2010).
[3] J. B. Fouet, P. Sindzingre, and C. Lhuillier, Eur. Phys. J. B 20,

241 (2001).
[4] A. Kitaev, Ann. Phys. 321, 2 (2006).
[5] C. Nayak, S. H. Simon, A. Stern, M. Freedman, and S. Das

Sarma, Rev. Mod. Phys. 80, 1083 (2008).
[6] G. Jackeli and G. Khaliullin, Phys. Rev. Lett. 102, 017205

(2009).
[7] J. Chaloupka, G. Jackeli, and G. Khaliullin, Phys. Rev. Lett.

110, 097204 (2013).
[8] S. K. Choi, R. Coldea, A. N. Kolmogorov, T. Lancaster, I. I.

Mazin, S. J. Blundell, P. G. Radaelli, Y. Singh, P. Gegenwart,
K. R. Choi, S.-W. Cheong, P. J. Baker, C. Stock, and J. Taylor,
Phys. Rev. Lett. 108, 127204 (2012).

[9] S. H. Chun, J. W. Kim, H. Zheng, C. C. Stoumpos, C. Malliakas,
J. F. Mitchell, K. Mehlawat, Y. Singh, Y. Choi, T. Gog, A. Al-
Zein, M. Moretti Sala, M. Krisch, J. Chaloupka, G. Jackeli, G.
Khaliullin, and B. Kim, Nat. Phys. 11, 462 (2015).

[10] H. Gretarsson, J. P. Clancy, X. Liu, J. P. Hill, E. Bozin, Y. Singh,
S. Manni, P. Gegenwart, J. Kim, A. H. Said, D. Casa, T. Gog,
M. H. Upton, H.-S. Kim, J. Yu, V. M. Katukuri, L. Hozoi, J.
van den Brink, and Y.-J. Kim, Phys. Rev. Lett. 110, 076402
(2013).

[11] K. Kitagawa, T. Takayama, Y. Matsumoto, A. Kato, R. Takano,
Y. Kishimoto, S. Bette, R. Dinnebier, G. Jackeli, and H. Takagi,
Nature (London) 554, 341 (2018).

[12] Y. Singh and P. Gegenwart, Phys. Rev. B 82, 064412 (2010).
[13] T. Takayama, A. Kato, R. Dinnebier, J. Nuss, H. Kono, L. S. I.

Veiga, G. Fabbris, D. Haskel, and H. Takagi, Phys. Rev. Lett.
114, 077202 (2015).

224429-10

https://doi.org/10.1088/0034-4885/80/1/016502
https://doi.org/10.1038/nature08942
https://doi.org/10.1007/s100510170273
https://doi.org/10.1016/j.aop.2005.10.005
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1103/PhysRevLett.102.017205
https://doi.org/10.1103/PhysRevLett.110.097204
https://doi.org/10.1103/PhysRevLett.108.127204
https://doi.org/10.1038/nphys3322
https://doi.org/10.1103/PhysRevLett.110.076402
https://doi.org/10.1038/nature25482
https://doi.org/10.1103/PhysRevB.82.064412
https://doi.org/10.1103/PhysRevLett.114.077202


KITAEV INTERACTIONS IN THE CO HONEYCOMB … PHYSICAL REVIEW B 102, 224429 (2020)

[14] A. Banerjee, C. A. Bridges, J.-Q. Yan, A. A. Aczel, L. Li,
M. B. Stone, G. E. Granroth, M. D. Lumsden, Y. Yiu, J.
Knolle, S. Bhattacharjee, D. L. Kovrizhin, R. Moessner, D. A.
Tennant, D. G. Mandrus, and S. Nagler, Nat. Mater. 15, 733
(2016).

[15] A. Banerjee, J. Yan, J. Knolle, C. A. Bridges, M. B. Stone, M. D.
Lumsden, D. G. Mandrus, D. A. Tennant, R. Moessner, and S.
Nagler, Science 356, 1055 (2017).

[16] A. Banerjee, P. Lampen-Kelley, J. Knolle, C. Balz, A. D. Aczel,
B. Winn, Y. Liu, D. Pajerowski, J. Yan, C. A. Bridges, A. T.
Savici, B. C. Chakoumakos, M. Lumsden, D. A. Tennant, R.
Moessner, D. G. Mandrus, and S. E. Nagler, npj Quantum
Mater. 3, 8 (2018).

[17] S.-H. Do, S.-Y. Park, J. Yoshitake, J. Nasu, Y. Motome, Y.
Kwon, D. T. Adroja, D. J. Voneshen, K. Kim, T.-H. Jang, J.-H.
Park, K.-Y. Choi, and S. Ji, Nat. Phys. 13, 1079 (2017).

[18] N. Janša, A. Zorko, M. Gomilšek, M. Pregelj, K. W. Krämer, D.
Biner, A. Biffin, C. Rüegg, and M. Klanjšek, Nat. Phys. 14, 786
(2018).

[19] Y. Kasahara, T. Ohnishi, Y. Mizukami, O. Tanaka, S. Ma, K.
Sugii, N. Kurita, H. Tanaka, J. Nasu, Y. Motome, T. Shibauchi,
and Y. Matsuda, Nature (London) 559, 227 (2018).

[20] L. J. Sandilands, Y. Tian, K. W. Plumb, Y.-J. Kim, and K. S.
Burch, Phys. Rev. Lett. 114, 147201 (2015).

[21] L. J. Sandilands, Y. Tian, A. A. Reijnders, H.-S. Kim, K. W.
Plumb, Y.-J. Kim, H.-Y. Kee, and K. S. Burch, Phys. Rev. B 93,
075144 (2016).

[22] J. A. Sears, M. Songvilay, K. W. Plumb, J. P. Clancy, Y. Qiu,
Y. Zhao, D. Parshall, and Y.-J. Kim, Phys. Rev. B 91, 144420
(2015).

[23] J. A. Sears, Y. Zhao, Z. Xu, J. W. Lynn, and Y.-J. Kim, Phys.
Rev. B 95, 180411(R) (2017).

[24] S. M. Winter, K. Riedl, D. Kaib, R. Coldea, and R. Valentí,
Phys. Rev. Lett. 120, 077203 (2018).

[25] L. Wu, A. Little, E. E. Aldape, D. Rees, E. Thewalt, P.
Lampen-Kelley, A. Banerjee, C. A. Bridges, J.-Q. Yan, D.
Boone, S. Patankar, D. Goldhaber-Gordon, D. Mandrus, S. E.
Nagler, E. Altman, and J. Orenstein, Phys. Rev. B 98, 094425
(2018).

[26] J. G. Rau, E. K.-H. Lee, and H.-Y. Kee, Phys. Rev. Lett. 112,
077204 (2014).

[27] R. Sano, Y. Kato, and Y. Motome, Phys. Rev. B 97, 014408
(2018).

[28] H. Liu and G. Khaliullin, Phys. Rev. B 97, 014407 (2018).
[29] H. Liu, J. Chaloupka, and G. Khaliullin, Phys. Rev. Lett. 125,

047201 (2020).
[30] K. W. Plumb, J. P. Clancy, L. J. Sandilands, V. V. Shankar, Y.

F. Hu, K. S. Burch, H.-Y. Kee, and Y.-J. Kim, Phys. Rev. B 90,
041112(R) (2014).

[31] L. Viciu, Q. Huang, E. Morosan, H. W. Zandbergen, N. I.
Greenbaum, T. McQueen, and R. J. Cava, J. Solid State Chem.
180, 1060 (2007).

[32] J. M. S. Skakle, M. A. Castellanos, R. S. Trujillo Tovar, and
A. R. West, J. Solid State Chem. 131, 115 (1997).

[33] E. A. Zvereva, M. I. Stratan, A. V. Ushakov, V. B. Nalbandyan,
I. L. Shukaev, A. V. Silhanek, M. Abdel-Hafiez, S. V. Streltsov,
and A. N. Vasiliev, Dalton Trans. 45, 7373 (2016).

[34] J. H. Roudebush, N. H. Andersen, R. Ramlau, V. O. Garlea, R.
Toft-Petersen, P. Norby, R. Schneider, J. N. Hay, and R. J. Cava,
Inorg. Chem. 52, 6083 (2013).

[35] E. Lefrançois, M. Songvilay, J. Robert, G. Nataf, E. Jordan, L.
Chaix, C. V. Colin, P. Lejay, A. Hadj-Azzem, R. Ballou, and V.
Simonet, Phys. Rev. B 94, 214416 (2016).

[36] A. K. Bera, S. M. Yusuf, A. Kumar, and C. Ritter, Phys. Rev. B
95, 094424 (2017).

[37] C. Wong, M. Avdeev, and C. D. Ling, J. Solid State Chem. 243,
18 (2016).

[38] J.-Q. Yan, S. Okamoto, Y. Wu, Q. Zheng, H. D. Zhou,
H. B. Cao, and M. A. McGuire, Phys. Rev. Mater. 3, 074405
(2019).

[39] I. Kimchi and Y.-Z. You, Phys. Rev. B 84, 180407(R)
(2011).

[40] S. M. Winter, K. Riedl, A. Maksimov, A. L. Chernyshev, A.
Honecker, and R. Valentí, Nat. Commun. 8, 1152 (2017).

[41] A. Abragam and B. Bleaney, in Electron Paramagnetic Res-
onance of Transition Ions, edited by C. Marshall and D. H.
Wilkinson (Oxford University Press, Oxford, UK, 1970).

[42] P. M. Sarte, R. A. Cowley, E. E. Rodriguez, E. Pachoud, D. Le,
V. García-Sakai, J. W. Taylor, C. D. Frost, D. Prabhakaran, C.
MacEwen, A. Kitada, A. J. Browne, M. Songvilay, Z. Yamani,
W. J. L. Buyers, J. P. Attfield, and C. Stock, Phys. Rev. B 98,
024415 (2018).

[43] P. M. Sarte, A. M. Arévalo-López, M. Songvilay, D. Le, T.
Guidi, V. García-Sakai, S. Mukhopadhyay, S. C. Capelli, W. D.
Ratcliff, K. H. Hong, G. M. McNally, E. Pachoud, J. P. Attfield,
and C. Stock, Phys. Rev. B 98, 224410 (2018).

[44] P. M. Sarte, M. Songvilay, E. Pachoud, R. A. Ewings, C. D.
Frost, D. Prabhakaran, K. H. Hong, A. J. Browne, Z. Yamani,
J. P. Attfield, E. E. Rodriguez, S. D. Wilson, and C. Stock, Phys.
Rev. B 100, 075143 (2019).

[45] MACS-a new high intensity cold neutron spectrometer at NIST
by J. A. Rodriguez, D. M. Adler, P. C. Brand, C. Broholm, J. C.
Cook, C. Brocker, R. Hammond, Z. Huang, P. Hundertmark, J.
W. Lynn, N. C. Maliszewskyj, J. Moyer, J. Orndorff, D. Pierce,
T. D. Pike, G. Scharfstein, S. A. Smee, and R. Vilaseca, Meas.
Sci. Technol. 19, 034023 (2008).

[46] P. R. Hammar, M. B. Stone, D. H. Reich, C. Broholm, P. J.
Gibson, M. M. Turnbull, C. P. Landee, and M. Oshikawa, Phys.
Rev. B 59, 1008 (1999).

[47] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.102.224429 for more details on diffraction
and high-energy neutron measurements.

[48] S. Petit, Collection SFN 12, 105 (2011).
[49] F. Wallington, A. M. Arévalo-López, J. W. Taylor, J. R. Stewart,

V. García-Sakai, J. P. Attfield, and C. Stock, Phys. Rev. B 92,
125116 (2015).

[50] R. A. Cowley, W. J. L. Buyers, C. Stock, Z. Yamani, C. Frost,
J. W. Taylor, and D. Prabhakaran, Phys. Rev. B 88, 205117
(2013).

[51] V. F. Sears, Neutron News 3, 26 (1992).
[52] P. A. Maksimov and A. L. Chernyshev, Phys. Rev. Res. 2,

033011 (2020).
[53] H. S. Nair, J. M. Brown, E. Coldren, G. Hester, M. P. Gelfand,

A. Podlesnyak, Q. Huang, and K. A. Ross, Phys. Rev. B 97,
134409 (2018).

[54] M. Songvilay, E. E. Rodriguez, R. Lindsay, M. A. Green, H. C.
Walker, J. A. Rodriguez-Rivera, and C. Stock, Phys. Rev. Lett.
121, 087201 (2018).

[55] M. Songvilay, S. Petit, E. Suard, C. Martin, and F. Damay, Phys.
Rev. B 96, 024416 (2017).

224429-11

https://doi.org/10.1038/nmat4604
https://doi.org/10.1126/science.aah6015
https://doi.org/10.1038/s41535-018-0079-2
https://doi.org/10.1038/nphys4264
https://doi.org/10.1038/s41567-018-0129-5
https://doi.org/10.1038/s41586-018-0274-0
https://doi.org/10.1103/PhysRevLett.114.147201
https://doi.org/10.1103/PhysRevB.93.075144
https://doi.org/10.1103/PhysRevB.91.144420
https://doi.org/10.1103/PhysRevB.95.180411
https://doi.org/10.1103/PhysRevLett.120.077203
https://doi.org/10.1103/PhysRevB.98.094425
https://doi.org/10.1103/PhysRevLett.112.077204
https://doi.org/10.1103/PhysRevB.97.014408
https://doi.org/10.1103/PhysRevB.97.014407
https://doi.org/10.1103/PhysRevLett.125.047201
https://doi.org/10.1103/PhysRevB.90.041112
https://doi.org/10.1016/j.jssc.2007.01.002
https://doi.org/10.1006/jssc.1997.7356
https://doi.org/10.1039/C6DT00516K
https://doi.org/10.1021/ic400415h
https://doi.org/10.1103/PhysRevB.94.214416
https://doi.org/10.1103/PhysRevB.95.094424
https://doi.org/10.1016/j.jssc.2016.07.032
https://doi.org/10.1103/PhysRevMaterials.3.074405
https://doi.org/10.1103/PhysRevB.84.180407
https://doi.org/10.1038/s41467-017-01177-0
https://doi.org/10.1103/PhysRevB.98.024415
https://doi.org/10.1103/PhysRevB.98.224410
https://doi.org/10.1103/PhysRevB.100.075143
https://doi.org/10.1088/0957-0233/19/3/034023
https://doi.org/10.1103/PhysRevB.59.1008
http://link.aps.org/supplemental/10.1103/PhysRevB.102.224429
https://doi.org/10.1051/sfn/201112006
https://doi.org/10.1103/PhysRevB.92.125116
https://doi.org/10.1103/PhysRevB.88.205117
https://doi.org/10.1080/10448639208218770
https://doi.org/10.1103/PhysRevResearch.2.033011
https://doi.org/10.1103/PhysRevB.97.134409
https://doi.org/10.1103/PhysRevLett.121.087201
https://doi.org/10.1103/PhysRevB.96.024416


M. SONGVILAY et al. PHYSICAL REVIEW B 102, 224429 (2020)

[56] M. I. Stratan, I. L. Shukaev, T. M. Vasilchikova, A. N.
Vasiliev, A. N. Korshunov, A. I. Kurbakov, V. B.
Nalbandyan, and E. Zverera, New J. Chem. 43, 13545
(2019).

[57] W. Yao and Y. Li, Phys. Rev. B 101, 085120 (2020).
[58] M. Mourigal, W. T. Fuhrman, A. L. Chernyshev,

and M. E. Zhitomirsky, Phys. Rev. B 88, 094407
(2013).

[59] M. E. Zhitomirsky and A. L. Chernyshev, Rev. Mod. Phys. 85,
219 (2013).

[60] J. Ma, Y. Kamiya, T. Hong, H. B. Cao, G. Ehlers, W. Tian, C. D.
Batista, Z. L. Dun, H. D. Zhou, and M. Matsuda, Phys. Rev.
Lett. 116, 087201 (2016).

[61] S. Ito, N. Kurita, H. Tanaka, S. Ohira-Kawamura, K. Nakajima,
S. Itoh, K. Kuwahara, and K. Kakurai, Nat. Commun. 8, 235
(2017).

[62] R. L. Smit, S. Keupert, O. Tsyplyatyev, P. A. Maksimov, A. L.
Chernyshev, and P. Kopietz, Phys. Rev. B 101, 054424 (2020).

[63] L. P. Regnault, P. Burlet, and J. Rossat-Mignod, Physica B+C
86–88, 660 (1977).

[64] L.-P. Regnault, C. Boullier, and J. E. Lorenzo, J. Heliyon 4,
e00507 (2018).

[65] N. Martin, L.-P. Regnault, and S. Klimko, J. Phys.: Conf. Ser.
340, 012012 (2012).

[66] R. Zhong, T. Gao, N. P. Ong, and R. J. Cava, Sci. Adv. 6,
eaay6953 (2020).

224429-12

https://doi.org/10.1039/C9NJ03627J
https://doi.org/10.1103/PhysRevB.101.085120
https://doi.org/10.1103/PhysRevB.88.094407
https://doi.org/10.1103/RevModPhys.85.219
https://doi.org/10.1103/PhysRevLett.116.087201
https://doi.org/10.1038/s41467-017-00316-x
https://doi.org/10.1103/PhysRevB.101.054424
https://doi.org/10.1016/0378-4363(77)90635-0
https://doi.org/10.1016/j.heliyon.2018.e00507
https://doi.org/10.1088/1742-6596/340/1/012012
https://doi.org/10.1126/sciadv.aay6953

