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Anisotropic in-plane heat transport of Kitaev magnet Na2Co2TeO6
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We report a study on low-temperature heat transport of Kitaev magnet Na2Co2TeO6, with the heat current and
magnetic fields along the honeycomb spin layer (the ab plane). The zero-field thermal conductivity of κa

xx and
κa∗

xx display similar temperature dependence and small difference in their magnitudes, whereas their magnetic
field (parallel to the heat current) dependence are quite different and are related to the field-induced magnetic
transitions. The κa

xx (B) data for B‖a at very low temperatures have an anomaly at 10.25–10.5 T, which reveals
an unexplored magnetic transition. The planar thermal Hall conductivity κa

xy and κa∗
xy show very weak signals at

low fields and rather large values with sign change at high fields. This may point to a possible magnetic structure
transition or the change of the magnon band topology that induces a radical change of magnon Berry curvature
distribution before entering the spin polarized state. These results put clear constraints on the high-field phase
and the theoretical models for Na2Co2TeO6.

DOI: 10.1103/PhysRevB.109.024419

I. INTRODUCTION

Kitaev model is an exactly solvable spin model that sup-
ports Z2 spin liquid with gapless Majorana excitations [1].
In the presence of magnetic fields, the Kitaev model can
further support gapped spin liquid with gapless and chiral
Majorana mode that gives rise to half-quantized thermal Hall
conductance. The presence of Kitaev interaction in the spin-
orbit-coupled J = 1/2 honeycomb magnets with 5d iridium
ions (Ir4+) [2] and 4d ruthenium ions (Ru4+) was suggested
later [3]. Unfortunately, most of the relevant honeycomb irri-
dates and even α-RuCl3 are well ordered at low temperatures
[4]. α-RuCl3 in the magnetic field seems to support the half-
quantized thermal Hall transport that may be compatible with
the gapped Kitaev spin liquid [5–7]. Nevertheless, the actual
ground state of α-RuCl3 in magnetic fields still needs fur-
ther scrutiny. On the material’s side, there were some efforts
that proposed candidate Kitaev materials beyond the 4d/5d
contexts and these include the 4 f rare-earth Kitaev magnets
and the 3d transition metal Kitaev magnets. Along the line of
the 3d transition metal Kitaev magnets, several honeycomb
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cobalt compounds such as Na2Co2TeO6, Na3Co2SbO6, and
BaCo2(AsO4)2 were proposed and studied [8–11].

The question about the Kitaev interactions in these Co-
based materials, especially for BaCo2(AsO4)2, has been
raised in Refs. [12,13]. It was found that the experimental
results based on neutron scattering in BaCo2(AsO4)2 can be
consistently accounted for by the XXZ model on the first
and third neighbors but not by the more anisotropic spin
model with Kitaev interactions and other pseudodipole in-
teractions. It is then further remarked that the frustration in
BaCo2(AsO4)2 is mainly from the competing first and third
interaction, rather than from the Kitaev-related anisotropic in-
teraction. Likewise, one could raise the same question for the
honeycomb cobalt Na2Co2TeO6 since no consensus has been
reached concerning the microscopic models [14–19]. Here
with our comprehensive thermal transport measurements, we
are able to address this question and the experimental results
point to more anisotropic spin interactions.

In this work, we study the in-plane thermal conductivity
and thermal Hall conductivity of Na2Co2TeO6 with both the
heat current and magnetic field along the a or a∗ axis. The
magnetic field dependence of both thermal conductivity and
thermal Hall conductivity display in-plane anisotropic behav-
iors. This is a strong indication of the intrinsic anisotropic
nature of the spin interactions as a Kitaev material. In ad-
dition, the low-temperature κa

xx(B) with a-axis field exhibits
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an anomaly at 10.25–10.5 T that is argued to be associated
with an unexplored magnetic structure transition. We fur-
ther provide a physical reasoning about the Berry curvature
properties based on the contents of κxx and κxy. This way of
reasoning may be well generalized to other quantum magnets
with the cooperative responses in κxx and κxy with respect to
the external magnetic fields.

II. EXPERIMENTS

High-quality single crystals of Na2Co2TeO6 were grown
by a flux method as previously reported [20]. Two thin-plate
shaped crystals with size of 6.30 × 2.17 × 0.053 mm3 and
5.20 × 2.10 × 0.047 mm3 were used for heat transport mea-
surements. The heat current and magnetic field were applied
along the longest dimension of these two samples, which is
the a-axis and a∗-axis direction, respectively. The longitudi-
nal thermal conductivity and thermal Hall conductivity were
measured simultaneously by using the standard steady-state
technique with “one heater, three thermometers” [21]. Heat
current and magnetic field were applied along the a or a∗ axis
and they were always parallel or antiparallel to each other.
The longitudinal and transverse temperature gradients were
measured by three in situ calibrated RuO2 thermometers. The
measurements were carried out in a 3He refrigerator equipped
with a 14 T magnet. It should be pointed out that since the
planar thermal Hall effect of Na2Co2TeO6 was found to be
rather weak, each κxy data point displayed in this paper was the
averaged value of data measured for more than five times and
the corresponding standard deviation of averaging the data
points was used as an error bar.

III. RESULTS AND DISCUSSIONS

Figure 1 shows the temperature dependence of the longi-
tudinal thermal conductivity κa

xx and κa∗
xx , measured in zero

field and with heat current along the a axis and the a∗ axis,
respectively. Na2Co2TeO6 is known to have a zigzag [22,23]
or triple-q [24,25] antiferromagnetic (AF) order below the
Néel temperature (TN ≈ 27 K), followed by two possible spin
reorientation transitions around 16 K and 6 K. Though the
κxx(T ) data shows no obvious anomaly around 27 K and 16 K,
similar to the reported results [26], a slope change below
6 K can be related to the spin reorientation. At subkelvin
temperatures, the κxx(T ) exhibits a roughly T 1.2 behavior
that is significantly weaker than the expected T 3 behavior of
phonons and indicates the existence of magnetic scattering
of phonons. Assuming the purely phononic contribution to
thermal conductivity, the phonon mean free path can be esti-
mated. As shown in the inset to Fig. 1, the ratios of the phonon
mean free path to the averaged sample width are much smaller
than 1 even at T < 1 K, indicating the existence of micro-
scopic phonon scattering effect at such low temperatures. It
is notable that at zero field the κa

xx and κa∗
xx have similar

temperature dependence with slight difference in their mag-
nitudes, whereas they exhibit rather different magnetic field
dependence for the in-plane fields.

Figures 2(a)–2(d) show the magnetic field dependence of
κa∗

xx with the heat current and magnetic field along the a∗
axis at several selected temperatures from 0.375 to 3.2 K.

FIG. 1. Temperature dependence of the longitudinal thermal
conductivity κa

xx and κa∗
xx of Na2Co2TeO6 single crystals, measured in

zero magnetic field and with heat current along the a axis (the zigzag
direction) and the a∗ axis (the Co-Co bond direction), respectively.
The dashed line indicates a T 1.2 dependence of κ at low temperature.
The inset demonstrates the direction of a axis and the a∗ axis in the
honeycomb layer of Co2+ and the ratio of estimated phonon mean
free path to the averaged sample width.

It is found that κa∗
xx (B) shows a sharp jump at Ba∗1 ∼ 6.25 T

with increasing field and subsequently exhibits two minima
at Ba∗2 ∼ 7.5 T and Ba∗3 ∼ 10 T before the saturation. Ac-
cording to the previous magnetization results [27], the Ba∗1

corresponds to a first-order magnetic transition and shifts to
lower field with increasing temperature. Meanwhile, a large
hysteresis occurs in κa∗

xx (B) at B < Ba∗1. The rather sharp
minima of κa∗

xx (B) at Ba∗2 and Ba∗3 indicate two magnetic tran-
sitions, which is compatible with the recent inelastic neutron
scattering measurements that revealed a field-induced inter-
mediate magnetic state with partially polarized spins between
7.5 T and 10 T with magnetic field along the a∗ axis [28]. All
these results are consistent with our previous data measured at
lower temperatures down to millikelvin temperatures [29].

Figures 2(e)–2(h) show the planar thermal Hall conduc-
tivity κa∗

xy as a function of magnetic field at above selected
temperatures. For all selected temperatures, there is no dis-
cernible κa∗

xy signal at B < Ba∗3 and some sizable thermal Hall
signal seems to appear at higher magnetic fields, whereas an
obvious feature was observed in the high-field region above
Ba∗3. That is, the κa∗

xy signal first shows a peak with positive
signal and then changes the sign at higher fields. This high-
field feature is shared by the data at all selected temperatures,
indicating an intrinsic narrow region with the positive κxy

before entering the high-field fully polarized state. It should be
pointed out the high-field κa∗

xy signal is rather weak at such low
temperatures from 0.375 to 3.2 K since the error bars are quite
large. However, these high fields might be true since more
pronounced κa∗

xy signals with relative smaller error bars were
observed at higher temperature of 7.8 K (see the Supplemental
Material [30]).
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FIG. 2. Longitudinal thermal conductivity κa∗
xx and thermal Hall conductivity κa∗

xy of Na2Co2TeO6 single crystals as a function of magnetic
field with magnetic field and heat current applied along the a∗ axis. (a)–(d) Isotherm curves of the κxx with respect to the zero-field value
as a function of magnetic field at 0.375 K, 0.78 K, 2.25 K, and 3.2 K, respectively. The red and blue arrows indicate the process of applying
magnetic field and the black arrows indicate the critical fields (Ba∗1, Ba∗2, and Ba∗3) as mentioned in the main text. An obvious hysteresis can be
observed at B < Ba∗1. (e)–(h) Magnetic field dependence of thermal Hall conductivity κxy at 0.375 K, 0.78 K, 2.25 K, and 3.2 K, respectively.
Each data point is the averaged result from the repeated measurements for more than five times; the error bars represent the standard deviation.
The red dotted line indicates the positions of Ba∗1, Ba∗2, and Ba∗3.

The planar thermal Hall conductivity and thermal conduc-
tivity was recently studied at a higher temperature region of
2–30 K by Takeda et al. [31]. It is interesting to compare their
results and ours. First, our κa∗

xx (B) data display much sharper
minima at Ba∗2 and Ba∗3, indicating better sample quality.
Second, although their low-field κa∗

xy (B) data are also almost
zero, they show a sharp minimum with negative values at Ba∗1.
This feature is absent in our results. Third, their high-field
κa∗

xy (B) data at 2 and 5 K also exhibits rather complicated
behavior with sign changes, which is similar to ours.

To clarify the most significant difference in the κa∗
xy (B) data

at Ba∗1 between two groups, we took very careful checks on
the measurements and noticed that it may be related to the
rather long relaxation time of temperature gradients at this
critical field. For this checking measurement, particularly at
Ba∗1 and at 0.78 K, the temperature gradients were measured
with different waiting times after applying the heat current.
At this temperature and in 0–14 T fields, usually several
minutes are enough to establish the equilibrium heat flowing
state. However, at Ba∗1 we found that the relaxation time is
much longer. First, we carried out a set of measurements with
long waiting time. Figure 3(a) shows the κa∗

xx (B) data for +B
and −B fields and Fig. 3(e) shows the corresponding κa∗

xy (B)
data, for which all the temperature gradients were recorded
with long enough waiting time (>30 min) after applying the
heat current. Figures 3(b) and 3(f) show the longitudinal and
transverse temperature gradients, which are stable enough and
only weakly fluctuating with flat based lines. In this case,
the κa∗

xx data at −6.5 T (several times measurements) are in-
distinguishable from that at 6.5 T; accordingly, the obtained
κa∗

xy data at 6.5 T are small and the κa∗
xy (B) curve does not

show any anomaly at this critical field. Second, at −6.5 T the

temperature gradients were recorded with the usual waiting
time (several minutes) after applying the heat current, as
shown in Figs. 3(d) and 3(h). In this case, the temperature gra-
dients are not stable enough although the shifts of temperature
gradients are very weak. Accordingly, the κa∗

xx data at −6.5 T
are slightly smaller than that at 6.5 T and the obtained κa∗

xy
data show rather large negative values, as shown in Figs. 3(c)
and 3(g). The later measurements actually are similar to the
diplike feature at Ba∗1 observed by Takeda et al. [31]. Thus it
can be concluded that this diplike feature is not intrinsic.

The planar thermal Hall conductivity and thermal conduc-
tivity were also measured with magnetic field and heat current
along the a axis. As shown in Figs. 4(a)–4(d), the longitudinal
thermal conductivity κa

xx(B) exhibits similar behaviors to the
previous ultralow temperature data [29]. With increasing field,
the κa

xx first increases and arrives at a maximum of ∼7.5 T
and then decreases and reaches a minimum at Ba1 ∼ 9.75 T,
which is close to the spin polarization transition for B ‖ a.
Above Ba1, the κa

xx quickly increases and finally saturates in
the polarized state. However, another kinklike anomaly ap-
pears in κa

xx(B) at 10.25–10.5 T, which is marked as Ba2. This
anomaly is likely due to an unexplored field-induced magnetic
transition. Since this anomaly becomes indistinguishable at
temperatures above 2.25 K, it cannot be probed by earlier
magnetization studies [26]. In addition, there is an obvious
hysteresis between the increasing and decreasing field data
for B < Ba1. The unusual hysteresis behavior for B < Ba1

may be related to the magnetic domains which can scatter
phonons in Na2Co2TeO6. We note that Hong et al. recently
also measured the κa∗

xx (B) and κa
xx(B) at ultralow temperatures

but they only observed hysteresis in κa∗
xx (B) [32]. Although

the reason for the difference between their data and ours
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FIG. 3. (a),(c) Magnetic field dependence of the longitudinal thermal conductivity κa∗
xx for +B (red open squares) and −B (other symbols) at

0.78 K. The insets in (a) and (c) show the data at Ba∗1. (e),(g) Thermal Hall conductivity κa∗
xy for +B (red open squares) and −B (other symbols)

at 0.78 K. In panel (a), several repeated measurements gave indistinguishable κa∗
xx (B) values at Ba∗1 and corresponding small κa∗

xy values, as
indicated by the open symbols without line in panel (e). However, in panel (c), several measurements gave small differences among κa∗

xx (B)
at Ba∗1 and corresponding large negative values, as indicated by the open symbols without line in panel (g). (b),(f) Longitudinal temperature
difference �Txx and transverse temperature difference �T asym

xy as a function of time that correspond to panels (a) and (e), respectively. (d),(h)
Longitudinal temperature difference �Txx and transverse temperature difference �T asym

xy as a function of time that correspond to panels (c) and
(g), respectively. The difference between the measurements of (a),(e) and those of (c),(g) is that for the former ones the data were recorded
after long time (>30 min) waiting for achieving the steady state of heat flowing, while for the latter ones the data were recorded after only
several minutes. The resulted difference in the κa∗

xy and κa∗
xy is significant only at Ba∗1.

FIG. 4. Longitudinal thermal conductivity κa
xx and thermal Hall conductivity κa

xy of Na2Co2TeO6 single crystals as a function of magnetic
field with magnetic field and heat current applied along the a axis. (a)–(d) Isotherms of the κxx with respect to the zero-field value as a function
of the magnetic field at 0.375, 0.78, 2.25, and 3.2 K, respectively. The red and blue arrows indicate the process of applying magnetic field and
an obvious hysteresis can be observed below Ba1. Black arrows indicate the critical fields as mentioned in the main text. (e)–(h) Magnetic field
dependence of thermal Hall conductivity κxy at different selected temperatures at 0.375, 0.78, 2.25, and 3.2 K, respectively. At each temperature
the measurements were repeated more than five times to get the averaged data and error bars. The red dotted line indicates the critical fields of
magnetic transitions.
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is unclear now, the possibility of the misalignment of heat
current and magnetic field for our κa

xx(B) measurements can
be excluded. The reason is simply due to the hysteresis loop
exhibiting very different behaviors between the a- and a∗-axis
field. In particular, for the a∗-axis field, the κa∗

xx data with field
increasing is smaller than those with field decreasing, while
for the a-axis field, when the hysteresis loop appears, the κa

xx
with field increasing is larger than those with field decreasing.

Figures 4(e)–4(h) show the planar thermal Hall conduc-
tivity κa

xy as a function of magnetic field at the selected
temperatures. The data at B < Ba1 are rather similar at all
temperatures, that is, there is weak positive signal at low fields
and negative signal at the intermediate fields. A sign change
of κa

xy seems to occur at the peak field of κa
xx(B). A peaklike

behavior appears for Ba1 < B < Ba2 at low temperatures and
disappears at 2.25 and 3.2 K. Rather large signal was observed
for B > Ba2: there is large positive signal accompanied with
sign change at low temperatures, which evolutes into a large
negative dip at 3.2 K. These high-field features are rather
similar between the present data and Takeda et al.’s data at low
temperatures [31]. However, their data at high temperatures
show positive signal for B > Ba2.

One of our main experimental results is that both the
a∗- and a-axis magnetic fields can induce a planar magnetic
Hall effect in Na2Co2TeO6 at low temperatures. This essen-
tially reproduces the previous results from Takeda et al. [31],
which were explained to be originated from the topological
magnons. However, there are some obvious differences in the
κxy(B) between two groups’ results. First, Takeda et al.’s re-
sults indicated that the planar Hall effect is closely correlated
to the field-induced magnetic transitions. In contrast, our data
indicate that the planar thermal Hall conductivity does not
show up at the magnetic transition fields for both B‖a∗ and
B‖a. In particular, the most striking feature in Takeda et al.’s
data is the sharp dip of κa∗

xy (B) data at Ba∗1, which however
was proved to be artificial by our careful checking on the re-
laxation time. This kind of difference suggests that the origin
of the planar thermal Hall effect in Na2Co2TeO6 needs further
experimental investigations. Second, although both groups’
data confirmed the quite large planar thermal Hall conductiv-
ity at high fields, there exists a rather clear difference in the
details like the sign change of κxy(B). Another main result
is that our thermal conductivity data κxx(B) display much
sharper anomalies at the field-induced magnetic transitions,
which allows us to observe an additional kinklike anomaly in
the κxx(B) curves with B‖a. This indicates that there is likely
another unexplored field-induced magnetic transition at Ba2.
Therefore, the magnetic phase diagram of Na2Co2TeO6 may
be more complicated than what people have known.

We also note another recent study on the planar thermal
Hall effect in Na2Co2TeO6, reported by Chen et al. [33]. In
this work, the experiments were performed at a higher temper-
ature range of 4–100 K and the main finding is the nonzero κxy

for either B‖a∗ or B‖a. To compare our experimental results
with Chen et al.’s, we also carried out the κxy measurement at
higher temperature of 7.8 K and found pronounced κxy signals
at high fields (see the Supplemental Material [30]). Therefore,
the planar thermal Hall effect was confirmed by at least three
groups. We need to point out that this phenomenon is surpris-
ing. Theoretically, the nonzero κxy is not allowed for either

B‖a∗ or B‖a because the crystal structure of Na2Co2TeO6

(space group P6322) has the C2 rotational symmetry along
both the a∗ and a directions [6,34–36]. Takeda et al. supposed
that probably the presence of a magnetically ordered state
breaks this twofold rotation symmetry and allows this thermal
Hall signal [31], while Chen et al. suggested that it may be
due to a local symmetry breaking induced by some extrinsic
effects [33]. At present, the underlying mechanism of this
interesting result is still an open question and needs further
explorations.

Here we give more discussion about the indication of the
experimental results of κxx and κxy for the fields along different
in-plane directions. Unlike the κxx result, the κxy reveals the
wave function properties or Berry curvature properties of the
relevant heat carriers, such as the magnetic excitations and/or
the phonon modes. While the κxy is also sensitive to the
density of carriers’ states and their mutual scattering like κxx,
the Berry curvature properties can bring extra features such
as the large change in the magnitude and the sign reversal
to the κxy. This phenomenon occurs when the bands of the
excitations experience radical changes in their Berry curvature
distributions. For example, the excited magnon bands touch
and reopen with a significant change of their Chern numbers.
Actually, this change does not have to be associated with
a magnetic structure transition. The magnetic structure can
be smoothly varied by the external magnetic field without
experiencing any phase transition while the change of magnon
band structure topology can occur with a large change in κxy

[37,38]. Thus the κxy provides more information about the
properties of the excitations in the system. In Figs. 2 and 4,
as we have previously mentioned, at the magnetic transitions
that are indicated in the κxx, there are the associated changes
in the κxy if the signal is discernible. Nevertheless, the κxy

still experience sign reversals or large magnitude change at
the magnetic fields where there are no obvious signatures in
the κxx. This is clearly observed in Fig. 2 for B > Ba∗3 and
in Fig. 4 for B > Ba2. Thus a radical change of the magnon
band structure topology and the associated Berry curvature
distribution may be experienced before the system enters a
full polarized state. In fact, some recent theoretical research
has demonstrated that for the in-plane magnetic fields the
thermal Hall conductivity of Kitaev magnets arises from
the topological magnons with finite Chern numbers and a
peculiar sign structure follows from the symmetries of the
momentum space Berry curvature [34,35]. This scenario is
compatible with our reasoning above and may be adopted to
describe the planar thermal Hall effect of Na2Co2TeO6,
particularly the pronounced κxy(B) in the high-field
region.

In addition to the properties about the magnetic excitations
and magnetic structures in the fields, our results are quite
indicative about the candidate model for Na2Co2TeO6. The
XXZ spin model that was recently proposed for the hon-
eycomb cobalt BaCo2(AsO4)2 has a global U(1) symmetry.
This implies that the heat transport for the fields in the a and
a∗ directions should behave identically. Our experiments for
Na2Co2TeO6, however, show quite distinct behaviors for these
two directions. This strongly indicates that the global U(1)
symmetry should be absent for Na2Co2TeO6. We thus think
more anisotropic spin interactions should be included for
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understanding the physics of Na2Co2TeO6. These results put
some constraints on the candidate models for Na2Co2TeO6.

IV. SUMMARY

In summary, we study both the in-plane thermal conductiv-
ity and thermal Hall conductivity of Na2Co2TeO6 in magnetic
fields along the honeycomb layer. It is found that the zero-
field thermal conductivity displays weak in-plane anisotropy,
while the magnetic fields along the a or a∗ axis affect the
κxx quite differently. The field-induced magnetic transitions
induce anomalies at the low-temperature κa

xx(B) and κa∗
xx (B)

curves. Although most of these transitions have been probed
by various experiments including thermal conductivity, the
present κa

xx(B) data for B ‖ a reveal an unexplored mag-
netic transition at very low temperatures. Either the a-axis or
the a∗-axis magnetic fields can induce planar thermal Hall

effect, which is mainly related to the magnon Berry curva-
ture rather than the field-induced magnetic transitions. These
results put clear constraints on the in-plane high-field phase
of Na2Co2TeO6 and the anisotropic spin interactions must be
included in theoretical models.
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