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Spin systems with honeycomb structures have recently attracted a great deal of attention in connection with
the Kitaev quantum spin liquid state (QSL) predicted theoretically. One possible Kitaev QSL candidate is
Na2Co2TeO6 realizing a honeycomb lattice of pseudospin 1/2. Field-dependent single-crystal neutron diffraction
technique allows us to determine the microscopic spin-spin correlations across the field-induced phase transitions
for H ‖ a and H ‖ a∗ in plane field directions. Our results reveal phase transitions, initially to a canted zigzag
antiferromagnetic state at approximately 60 kOe, followed by a possible transition to a partially polarized state
over the range 90–120 kOe, and finally to a field-induced fully polarized state above 120 kOe. We observe
distinct field dependencies of the magnetic peak intensities for H ‖ a and H ‖ a∗. In addition, low-temperature
electron spin resonance in magnetic fields H ‖ c yields a complete softening for one of the antiferromagnetic
resonances at ∼40 kOe, revealing a field-induced phase transition. The present work thus provides insights into
the field evolution of the important Kitaev-Heisenberg spin system Na2Co2TeO6.

DOI: 10.1103/PhysRevB.108.214419

I. INTRODUCTION

The exactly solvable Kitaev honeycomb model [1], based
on an effective spin-1/2 two-dimensional honeycomb lattice,
offers a topological quantum spin liquid (QSL) state with Ma-
jorana fermions as excitations. Searching for new materials,
where the Kitaev model is realized, is at forefront of mod-
ern material science and condensed matter physics. Kitaev
interactions or bond-dependent Ising interactions may arise
from a spin-orbit entangled pseudospin-1/2 degree of free-
dom in transition metal ions located in edge-shared octahedral
crystal fields. A honeycomb-lattice arrangement of such ions
is an important prerequisite for the realization of the Kitaev
model [2], as it is believed to be the case of Na2IrO3 [3]
and α−RuCl3 [4] with the d5 spin configurations. However,
a pure Kitaev material remains elusive due to the presence of
additional non-Kitaev interactions, viz., Heisenberg exchange
interactions between the pseudospins. Kitaev physics is also
predicted for d7 Co2+ ions with a high-spin t5

2ge2
g configu-

ration that can provide a pseudospin-1/2 degree of freedom
[5,6]. In this regard, several Co-based candidate Kitaev mate-
rials, for instance, Na2Co2TeO6 [7–19], BaCo2(XO4)2 (X =
P and As) [20–22], and A3Co2SbO6 (A = Li, Na, and Ag)
[12,23,24] have been recently suggested. Among them, the
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layered honeycomb magnet Na2Co2TeO6 is of our present in-
terest. Although at low temperature (TN ∼ 25 K) Na2Co2TeO6

orders magnetically [10,11,15,16] (similar to Na2IrO3 [3] and
α−RuCl3 [4]), this material has shown some signatures [viz.,
field-induced disappearance of the peaks observed on specific
heat and χ (T), as well as enhancement of magnetic entropy
with applied magnetic field] of the Kitaev-Heisenberg physics
[12,19].

The crystal structure of Na2Co2TeO6 [Fig. 1(a)] (hexag-
onal symmetry, space group P6322) is constituted by
edge-sharing CoO6 and TeO6 octahedra that form a perfect
honeycomb lattice of Co2+ ions [Fig. 1(b)]. Such honey-
comb layers are running perpendicular to the c axis, and
well separated from each other (∼5.61 Å) by intermedi-
ate Na+ layers. Although the magnetic honeycomb lattice
is comprised by two crystallographically independent Co2+

sites [Wyckoff positions 2b and 2d , respectively], the oxy-
gen octahedra surrounding the sites are similar to the Co-O
distances differing by only about 1% [15], resulting in an
almost identical environment. Anisotropic Kitaev interactions
are predicted to exist between Co ions [5,6] [Fig. 1(b)], in ad-
dition to Heisenberg interactions. Most interestingly, similar
to Na2IrO3 and α−RuCl3 [4,26–28] a rich temperature-field
phase diagram was also reported for Na2Co2TeO6 [11,26–
30]. Such phase diagrams are regarded as a characteristic
feature of the Heisenberg-Kitaev anisotropic model and reveal
the presence of a possible QSL phase in the vicinity of the
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FIG. 1. (a) The layered type crystal structure of Na2Co2TeO6. (b) Photograph of a representative crystal on a millimeter grid. (c) The x-ray
Laue diffraction pattern from the crystal. (d) The in-plane honeycomb layer of Co2+ ions with the Te6+ ions in centers of honeycomb cells.
Kitaev interactions between the x, y, and z components of the pseudospins are shown by thick lines with different colors. (e) A schematic of
the collinear zigzag magnetic structure and its orientation domains. (f) A schematic of the noncollinear triple-Q magnetic structure. (g),(h)
The Bragg peak positions in the first Brillouin zone for the collinear zigzag AFM and noncollinear triple-Q structures, respectively. Magnetic
structures were drawn by using VESTA 3 software [25]. The scheme of the applied field directions in the present study is also shown.

quantum critical point [31]. Although the magnetic proper-
ties of Na2Co2TeO6 have been recently intensively studied
[11,14,17,18,29,30,32–36], the question on the nature of field-
induced states (in particular, in regard to the proposed Kitaev
QSL) remains open. Several recent studies [17,18,32,36] re-
ported the possible presence of the Kitaev QSL state in the
intermediate fields above the field-induced transition at Hc,
however, other studies [11,33,35] suggested the absence of the
QSL state.

In this paper, we report results of an extensive neu-
tron diffraction study of high-quality single crystals of
Na2Co2TeO6 for in-plane applied magnetic fields with H ‖
a and H ‖ a∗ directions (for the field direction schemes
see Fig. 1)], which enable us to reveal the field evolu-
tion of its magnetic phases. Magnetic-field-dependent phase
diagrams are proposed based on the neutron diffraction re-
sults. Furthermore, we report very different behaviors for
the field evolutions of the magnetic phases for out-of-plane
applied magnetic field (H ‖ c) as compared to the in-plane
applied magnetic field for the Kitaev-Heisenberg material
Na2Co2TeO6.

II. EXPERIMENT

Polycrystalline samples of Na2Co2TeO6 were prepared
by a solid-state method [15]. High-quality single crystals
were grown by a self-flux method [14]. The crystals were
characterized by x-ray backscattering Laue diffraction which
confirms the sixfold symmetry [Figs. 1(b) and 1(c)] and the
good quality of our crystals. The magnetization measurements
on single-crystal samples (for applied field along principal
axes) were performed with a vibrating sample magnetome-
ter (VSM, Cryogenic Co. Ltd., UK) [Figs. 1(b) and 1(c)].
Temperature-dependent zero-field powder neutron diffraction

measurements and magnetic-field-dependent single-crystal
diffraction measurements (for H ‖ a and H ‖ a∗) were per-
formed on the WISH diffractometer at the ISIS facility,
RAL, UK [37]. The measured zero-field powder diffrac-
tion patterns were analyzed using the Rietveld refinement
technique, employing the FULLPROF computer program [38].
High-field (H ‖ c) electron spin resonance (ESR) measure-
ments were performed employing a 16 T transmission-type
ESR spectrometer (similar to that described in Ref. [39]) in the
100–700-GHz frequency range; the experiments were done in
the Faraday configuration.

III. RESULTS AND DISCUSSION

The single crystals are preliminarily characterized by
temperature- and field-dependent magnetization measure-
ments with magnetic field applied along three principal
axes H ‖ a, H ‖ a∗, and H ‖ c (see Fig. S1 in the Supple-
mental Material [40]), which reveal that the magnetism in
Na2Co2TeO6 is highly anisotropic and close to tipping points
between competing phases. The observed results have been
used to draw the phase diagrams (Fig. S1, Supplemental Ma-
terial [40]), which reveal field-induced transitions at ∼60 kOe
for both H ‖ a and H ‖ a∗. The field-induced phases are
proposed to host the Kitaev QSL state. The above results
are in good agreement with that reported earlier [11]. In
the present study, we employed field-dependent single-crystal
neutron diffraction to determine the field evolution of the
magnetic phases at 1.5 K (the experimental geometry is shown
in Fig. 1). Before, presenting the results of our field-dependent
single-crystal neutron diffraction study, we first describe be-
low the magnetic ground state (in zero magnetic field) of
the compound. The magnetic ground state of Na2Co2TeO6

was initially reported to be a zigzag based collinear
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FIG. 2. The field evolution of representative magnetic Bragg peaks at the M2, M3, and � points of the BZ for (a)–(c) H ‖ a and (d)–(f)
H ‖ a∗, respectively. The measured diffraction patterns are offset vertically for clarity. The asymmetric peak shapes, especially for low-d value
Bragg peaks, appear due to intrinsic feature of the time-of-flight diffractometer. Here, the moderation process generates pulses of neutron
that, at a fixed wavelength, have a characteristic back-to-back exponential profile which in turn is responsible for the peak shape of the Bragg
reflections.

antiferromagnetic (AFM) structure by neutron powder diffrac-
tion [15,16]. The long-range zigzag AFM ordering [with
propagation vector k =(1/2, 0, 0)] [15] manifests itself as
sharp magnetic Bragg peaks at the M points of the Brillouin
zone (BZ) in the (H, K, 0) plane. As the zigzag AFM order
breaks the threefold rotation symmetry (C3) of the hexago-
nal lattice, three magnetic domains (differing by an angle of
120 °) are present [26]. Therefore, in the zigzag AFM phase
[9,15,16], one should expect a total of six peaks [Fig. 1(g)]
at six M points [represented by the propagation vectors k1 =
( 1

2 0 0), k2 = (0 1
2 0), and k3 = ( 1

2 − 1
2 0), respectively] from

the three magnetic domains. However, based on recent elas-
tic and inelastic neutron scattering studies on single-crystal
samples as well as theoretical modeling on Na2Co2TeO6

[9,41,42], it has been established that a “triple-Q” magnetic
state [Fig. 1(f)] is the most appropriate one. It is important
to add here that the Bragg-peak pattern of a single magnetic
domain of a triple-Q state (consisting of six sharp peaks at
all the M points [Fig. 1(h)]), is identical to the averaged
pattern of three domains of the single-Q zigzag AFM state.
Therefore, the triple-Q and zigzag orders cannot be distin-
guished by neutron diffraction [9], unless the populations
of the domains become unequal by external perturbations
like magnetic field [41], strain, and/or pressure, i.e., by the

breaking of the hexagonal C3 symmetry. Besides, a recent
study on Na2Co2TeO6 using muon spin relaxation [43] reveals
the presence of prevalent spin dynamics with spatially uneven
distribution and varied correlation times as well. The muon
spin relaxation results imply that the magnetic ground state
of Na2Co2TeO6 cannot be solely described by the long-range
triple-Q static order, suggesting a significant role of quantum
fluctuations in establishing its ground state.

The field-induced evolution of the magnetic state is investi-
gated directly by measuring the variations of magnetic Bragg
peak intensities at the M points in the BZ as well as nuclear
Bragg peaks at the � point of the BZ as a function of applied
magnetic field for both applied field directions H ‖ a and
H ‖ a∗ [Figs. 2(a)–2(f)]. The corresponding variations of the
integrated intensities are shown in Figs. 3(a)–3(f), indicating
anomalies at critical fields for both H ‖ a and H ‖ a∗. For the
applied field along H ‖ a, the intensities of all magnetic Bragg
peaks [(0, −0.5, 0), (0, −0.5, −1), (0, −0.5, −2), and (0, −0.5,
−3)] corresponding to the M2 reciprocal points decrease
linearly with the increasing field up to Hc1 = 60 kOe and
attain ∼40 − 60% of their corresponding zero-field intensities
[Fig. 3(a)]. Above Hc1, a linear decrease of the intensities is
also evident. The slope (dI/dH) is higher for H > Hc1 than
that for H < Hc1 [Fig. 3(a)]. The change of slope occurs
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FIG. 3. (a)–(c) The field evolution of the integrated intensity of
magnetic Bragg peaks of Na2Co2TeO6 at M2, M3, and � points of
the BZ under the magnetic fields for (a)–(c) H ‖ a and (d)–(f) H ‖
a∗, respectively. All the intensities of the magnetic Bragg peaks are
normalized with respect to their zero field values. (g) A comparison
between the field dependence of the intensity of the AFM peak at M2
point for H ‖ a and H ‖ a∗.

at Hc1, in line with the bulk magnetization (Fig. S1) in the
Supplemental Material [40]. A similar behavior has also been
found for the magnetic Bragg peak at the M3 point [Fig. 3(b)]
of the second BZ. It may be noted here that the variation
of the intensity for the magnetic Bragg peaks with L = odd
indices is slightly larger than that for the L = even case. Due
to the instrumental geometry with the vertical magnetic field,
no magnetic Bragg peaks corresponding to the M1 point of the
BZ are accessible. In addition, we have shown the intensity
variation of the selective nuclear Bragg peaks at the � point
[Fig. 3(c)]. An enhancement of the intensities of the nuclear
Bragg peaks (0, 0, 4) and (0, 1, 0) is found with increasing
magnetic field. The additional magnetic signal at these nu-
clear Bragg peak points is, therefore, due to a field-induced
uniform magnetization. This means that the suppression of
the antiferromagnetic order is due to the significant spin polar-
ization along the applied magnetic field H ‖ a. However, the

maximum applied field of 80 kOe is not sufficient to achieve
the complete parallel alignment of the moments as also in-
dicated by the bulk magnetization data. This implies that the
system is in a magnetically ordered state under applied field
H ‖ a up to 80 kOe, and the expected field-induced spin liquid
state is not yet achieved (discussed in detail later).

Now, we present additional data for the in-plane applied
field direction H ‖ a∗. The variation of the intensity of the
magnetic peaks with the applied magnetic field reveals a
completely different behavior than that for the H ‖ a. With
the increasing field for H ‖ a∗, the intensities of the magnetic
Bragg peaks at M2 and M3 points are enhanced slightly for
H up to ∼5 kOe, and then decrease linearly over 5 < H <

57 kOe (Hc1) [Figs. 3(d) and 3(e)]. However, at H = Hc1, the
intensities of the magnetic Bragg peaks with L = odd indices
[i.e., (0, −0.5, 1), (0, −0.5, 3), (0.5, −0.5, 1), and (0.5, −0.5,
5)] fall sharply by ∼40%, and attain ∼20% of their zero field
values. The observed sharp fall is in contrast to the results
for H ‖ a, presented in the previous section. Nevertheless,
they are in line with the observed first-order field-induced
transition of magnetization (Fig. S1). In contrast, no sharp
drop in intensity at the Hc1 is observed for the magnetic Bragg
peak with L = even indices [i.e., (0, −0.5, 4) and (−0.5,
−1.5, 0)], rather only a change in slope (dI/dH) is evident
at Hc1 (as in the case for H ‖ a). Upon further increasing the
magnetic field above Hc1, the intensities decrease linearly. The
residual intensity of the magnetic Bragg peak (0, −0.5, 4)]
with L = even is found to be ∼50% of the zero field intensity
at 80 kOe as compared to ∼10% for the magnetic peaks
with L = odd indices [i.e., (0, −0.5, 1) and (0, −0.5, 3)].
Such contrasting behaviors for the planes with L = odd and
L = even are unique and have been revealed by the present
comprehensive single-crystal neutron diffraction study. This
is consistent with the antiferromagnetically coupling of the
magnetic planes having triple-Q structure along the c axis
in Na2Co2TeO6 [15] and reveals a different chirality for the
alternating magnetic planes along the c axis. For this field
configuration as well, an enhancement of the intensities of the
nuclear Bragg peaks (0, 0, 4) and (−1, 2, 0) are found with
increasing magnetic field [Fig. 3(f)]. However, the relative
change of the intensity is much stronger as compared to the
same for H ‖ a. As the neutron diffraction is only sensitive
to the ordered moment component perpendicular to the wave-
vector transfer Q, the enhancement of the intensity of the (0,
0, 4) nuclear Bragg peak suggests that the ferromagnetic (FM)
component lies mainly within the ab plane. The in-plane FM
component is also evident from the higher bulk magnetization
values for the in-plane fields (H ‖ a and H ‖ a∗) as compared
to that for the H ‖ c (Fig. S1 in the Supplemental Material
[40]). Further, the enhancement of the intensities of the Bragg
peaks (−1, 2, 0) for H ‖ a∗ reveals that the FM moments
develop along the applied field directions. Therefore, the ad-
ditional magnetic signal of the nuclear Bragg peaks is due to
field-induced uniform magnetization as in the case for H ‖ a.
The intensities of the AFM Bragg peaks persist (∼20 − 40%
of their corresponding intensities in the zero field) up to 80
kOe for H ‖ a∗ revealing the presence of the magnetically
ordered state. This also implies that the spin liquid state
is not achieved even up to a field of 80 kOe for H ‖ a∗
as well (discussed in detail later). Nevertheless, our results
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FIG. 4. The magnetic phase diagrams of Na2Co2TeO6 at 1.5 K
for (a) H ‖ a and (b) H ‖ a∗, respectively. The AFM, cAFM, nFM,
and FM stand for antiferromagnetic, canted antiferromagnetic, near
field polarization, and field polarized states, respectively.

unambiguously reveal different field dependencies for the
H ‖ a and H ‖ a∗ directions especially around the critical
magnetic field Hc1 as evident from the direct comparison of
the field dependence for the M2 (0, −0.5, 1) point [Fig. 3(g)].
Such a different field dependence is unusual considering the
C3 symmetry of the recently proposed triple-Q magnetic
ground state.

The observed variations of the normalized intensity of the
AFM and FM components from the present single-crystal
neutron diffraction study at 1.5 K are fruitfully used to draw
the field-dependent magnetic phase diagrams for H ‖ a and
H ‖ a∗ (Fig. 4). For the AFM Bragg phase, the peaks intensity
is normalized to the zero-field intensity. The intensity of the
nuclear Bragg peak (0, 0, 4) is normalized with the intensity
expected for the completely polarized (FM) state with the
magnetic moment along the a and a∗ axes corresponding to
the cases for H ‖ a [Fig. 3(c)] and H ‖ a∗ [Fig. 3(f)], respec-
tively. The linear extrapolation of the AFM intensity reveals
that it persists up to Hc2 ∼ 90 and 95 kOe for the applied
fields H ‖ a and H ‖ a∗, respectively (Fig. 4). On the other
hand, the extrapolation of the FM intensity reveals that the full
polarization occurs only above HS ∼ 120 and 125 kOe for the
applied fields H ‖ a and H ‖ a∗, respectively. This agrees with
the bulk magnetization where a near saturation is achieved
above ∼120 kOe. In agreement with our results, recent mag-
netic phase diagrams have been proposed for Na2Co2TeO6

under in-plane applied fields, suggesting the existence of two
field-induced intermediate states (prior to reaching the field-
polarized state) [44]. The magnetic phases between the Hc1

and Hc2, where the coexistence of both the AFM and FM
Bragg peaks are observed, can be labeled as canted anti-
ferromagnetic (cAFM). Recent theoretical study predicts a
metamagnetic phase transition (in the classical limit) from the
triple-Q ground state to a canted zigzag state (z zigzag for H ‖
a∗ and x/y zigzag for H ‖ a) at intermediate fields, preceding
the transition toward the field-induced polarized state at higher

fields [42]. A comparison of the measured intensities (Fig. 3)
for both the field directions with the simulated magnetic Bragg
peak intensities (considering such cAFM structures with the
moment components for 80 kOe) gives a satisfactory agree-
ment [Figs. S5(a) and S5(b) in the Supplemental Material
[40]]. Further analysis of our single-crystal data (Fig. S6 in
the Supplemental Material [40]) rules out the presence of
any additional field-induced ordered state (as reported for the
most extensively studied Kitaev-Heisenberg model compound
α−RuCl3 and labeled as the second zigzag AFM phase, ZZ2
state) [45]) over this intermediate field range. Moreover, the
phase diagrams show that only a partial polarized (FM) phase
is present over the field region Hc2−HS.

Our recent high-resolution terahertz spectroscopy study on
Na2Co2TeO6 as a function of applied magnetic field with
different terahertz polarizations [46] illustrate spin dynamics
with distinct characteristics over magnetic field 0–70 kOe,
70–100 kOe, and above 100 kOe. While below 70 kOe and
above 100 kOe the dynamics is characterized by well-defined
magnetic excitations, in the intermediate regime 70–100 kOe
reveals a sharp absorption profile and extended continuum in
the longitudinal and transverse polarization channels for both
the applied field directions H ‖ a and H ‖ a∗. A polarization-
selective continuum in the intermediate phase is an indication
for spin fluctuations of a proximate quantum spin liquid.
Furthermore, recent experimental studies of Na2Co2TeO6 em-
ploying various techniques, such as magnetic torque [29],
specific heat [17], thermal transport [18,33], have unveiled
intriguing properties under in-plane fields above the critical
field. These observations imply that the field-induced near-
polarized states exhibit characteristics distinct from those of
a conventional paramagnet. Additionally, a recent theoret-
ical study has reported a field-induced transition from the
low-field ordered state to a gapless quantum spin liquid at
intermediate fields, occurring prior to the emergence of the
field-induced polarized state [47].

Now we shed light on the nature of the field-dependent
state for H ‖ c by field and temperature-dependent electron
spin resonance (ESR) measurements on the Na2Co2TeO6 sin-
gle crystals. The ESR spectra measured at 2 K for H ‖ c
[Fig. 5(a)] reveal three modes of antiferromagnetic resonance
(AFMR) A, B, and C, respectively. The extrapolation of the
frequency-field dependencies of the observed excitations to
zero field suggests the presence of the energy gap, � =
240 GHz (∼1 meV), which is similar to that observed pre-
viously by inelastic neutron scattering [30,48]. The modes A
and B demonstrate linear increase in the resonance-frequency
position, while mode C exhibits softening with increasing
field. The extrapolation of the C mode suggests a complete
softening at ∼40 kOe where a change in slope in the M vs H
curve as well as a change in the nature of the susceptibility
curves is found (Fig. S1 in the Supplemental Material [40]).
The above experimental observation might be an indication of
a field-induced phase transition at 40 kOe. Upon increasing
the temperature, the AFMR modes A and B become broader
and cannot be resolved anymore at or above TN = 27 K
(Fig. 5). The mode C exhibits a substantial broadening at low
frequencies, suggesting the presence of two resonance lines
(AFMR modes C and C’), similar to that revealed for the
higher-frequency absorptions (AFMR modes A and B). The
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FIG. 5. (a) Frequency-field dependencies of ESR excitations
measured at T = 2.0 K with magnetic field applied along the c axis.
The dashed lines are guides to the eyes. (b) Examples of ESR spectra
taken at T = 2.0 K. (c) ESR spectra measured at a frequency of 735
GHz and different temperatures. The spectra in (b) and (c) are offset
vertically for clarity.

presence of this double-peak structure of the ESR absorptions
can be explained taking into consideration possible tiny twin-
ning of the crystal along the c axis.

IV. CONCLUSION

In conclusion, we have presented results of single-crystal
static magnetic susceptibility, neutron diffraction, and ESR
studies along with powder heat capacity of Na2Co2TeO6,
allowing us to shed light on the microscopic nature of the
field-induced phases. Our comprehensive study under applied
magnetic field along H ‖ a, H ‖ a∗, and H ‖ c determines the

field evolution of the magnetic phases. Our findings reveal
that phase transitions occur from the ordered ground state to
an ordered canted zigzag antiferromagnetic state at approxi-
mately 60 kOe, followed by a possible transition to a partially
polarized state (over the range of approximately 90–120 kOe),
and ultimately to a field-induced fully polarized state (above
approximately 120 kOe). Notably, our results also highlight
the distinct field dependencies of the magnetic peak inten-
sities for in-plane field directions H ‖ a and H ‖ a∗. These
field-induced near-polarization states exhibit distinct charac-
teristics and warrant further investigation to unveil their exotic
magnetism. Conversely, for H ‖ c, we have identified a phase
transition at 40 kOe through field and temperature-dependent
electron spin resonance (ESR) measurements.

Data are available from the authors under reasonable
request.
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