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We investigate both the longitudinal thermal conductivity (k.,) and the planar thermal Hall conductivity («y,)
in the Kitaev spin liquid candidate of the cobalt-based honeycomb antiferromagnet Na,Co,TeOg in a magnetic
field (B) applied along the a- and a*-axes. A finite k,, is resolved for both field directions in the antiferromagnetic
(AFM) phase below the Néel temperature of 27 K. The temperature dependence of «,,/T shows the emergence
of topological bosonic excitations. In addition, the field dependence of «,, shows sign reversals at the critical
fields in the AFM phase, suggesting the changes in the Chern number distribution of the topological magnons.
Remarkably, a finite «,, is observed in B || a* between the first-order transition field in the AFM phase and the
saturation field, which is prohibited in a disordered state by the two-fold rotation symmetry around the a* axis
of the honeycomb lattice, showing the presence of a magnetically ordered state that breaks the two-fold rotation
symmetry. Our results demonstrate the presence of topological magnons in this compound in the whole field

range below the saturation field.
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Topology in condensed matter physics is a powerful con-
cept allowing one to characterize material properties solely by
the topological classification without details of materials. For
conduction electrons in a metal, the anomalous quantum Hall
effect [1] is one of the most celebrated examples of such topo-
logical phenomena, in which the topological invariant (called
the Chern number) of conduction electrons is responsible for
the dissipationless quantized Hall current even in the zero field
[2]. In an insulator, topological effects on the heat carriers give
rise to thermal Hall effects (THEs), as described by [3,4]

_k
T ~ h

where Q(E) is the energy distribution of the Berry curvature
and f(E) is given by the distribution function of the elemen-
tary excitations at energy E, demonstrating that one can reveal
the topological property of the charge-neutral excitations by
the thermal Hall measurements.

For fermions, the Fermi distribution leads to quantized
transport dictated by the sum of the Chern numbers of the
occupied bands below the Fermi energy. For example, in the
quantum spin liquid (QSL) given by the Kitaev Hamiltonian,
the nontrivial topology of the Majorana fermions gives rise
to the half quantization of the thermal Hall conductivity («y)
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[5]. In fact, the half-quantized «.,/T in the Kitaev QSL,
which is suggested to be realized in ruthenium or iridium
compounds [6], has been reported in «-RuCl; by several
groups [7—10]. For bosons, on the other hand, their topological
transport vanishes in the zero-temperature limit, because the
temperature dependence is governed by the Bose distribution
function [11]. Such topological THEs of bosons are proposed
for topological magnons [12-15], triplons [16], and skyrmions
[17,18]. Indeed, the topological THE of magnons was re-
ported recently in a lattice of magnetic skyrmions [19].

Recently, new Kitaev QSL candidates have been put
forward for 3d compounds [20-22]. The cobalt-based hon-
eycomb antiferromagnet Na,Co,TeOg [23] constitutes a
prominent candidate, in which the high-spin d” state of Co**
ions forms two-dimensional honeycomb layers of Jr = 1/2
Kramers doublets with a sizable Kitaev interaction term es-
timated from the neutron scattering experiments [24-27]. At
zero field, a zigzag [28-30] or triple-q [31,32] antiferromag-
netic (AFM) order occurs below the Néel temperature Ty =
27 K. Magnetization measurements under in-plane magnetic
fields [25,30,33] show multiple phase transitions at three crit-
ical fields in the AFM phase, as well as a possible emergence
of a quantum disordered state between the AFM phase and
the spin polarized phase above the saturation field (Bgy ~
13 T). The longitudinal thermal conductivity measurements
performed under in-plane fields [33] and the thermal Hall
conductivity measurements under B || ¢ [34,35] bear a close
resemblance to those of a-RuCls, implying a possible real-
ization of the Kitaev QSL in Na,;Co,TeOg under an in-plane
field above ~ 10 T. However, the half-quantized «,,/T under
the in-plane field, the key signature of the Kitaev QSL, has
been missing.
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https://orcid.org/0000-0002-0726-0601
https://orcid.org/0000-0001-5730-8821
https://orcid.org/0000-0001-8213-5395
https://orcid.org/0000-0002-3616-6606
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.4.L042035&domain=pdf&date_stamp=2022-11-23
https://doi.org/10.1103/PhysRevResearch.4.L042035
https://creativecommons.org/licenses/by/4.0/

HIKARU TAKEDA et al. PHYSICAL REVIEW RESEARCH 4, 1.042035 (2022)
14 T T T T T T T 14 T T T T T T
(a) (b) &, ®) J, 1 Blla* B
L 1 L 'e'e i 4 L B* ¢ 4
12 3 o © 12 B* c2
Tl Bl 500 S ¢ 4
Lok ® 0T || | ® &“.oo <10l | re—up |
8 © 10T . 4 < down
8 8*: 9 ® IST|| | e Joll Bl a* | Eg B 8
M : o, o ® 0T S
> H 4 @ 10T £
Z 6re 17 @ 15T %6 1 1
= o o~ p— o
" 473 i o i Cé/ 44 i i
<
=T | ToK |
ZI | i 28 15K /
0 1 1 1 1 1 1 1 1 1 1 1 1 C 30K ——®
0 10 20 30 40 50 60 700 10 20 30 40 50 60 70 0 16 0 12 16

Temperature (K) Temperature (K)

FIG. 1. The temperature dependence of the longitudinal thermal
conductivity (k,,) under various magnetic fields applied along the
a- (a) and a*- (b) axes obtained in the VTI measurements. The
inset in (a) illustrates the honeycomb lattice of Co®* ions with the
crystallographic axes.

In this Letter, we address the planar THE of Na,;Co,TeOg
under in-plane magnetic fields. Our salient findings are
(1) a finite planar «,, for both B || a and B || a*, showing
the emergence of topological charge-neutral excitations in
Na,Co,TeOg; (ii) the vanishing temperature dependence of
kyy/T in the zero-temperature limit, consistent with topolog-
ical bosonic excitations rather than Majorana fermions; and
(iii) multiple sign changes of k., at critical fields in B || a,
suggesting changes of the Berry curvature of the topological
magnons in different magnetic states.

Single crystals of Na;Co,TeOg were synthesized by the
self-flux method as described in Ref. [32]. Prior to the thermal
transport measurements, we confirmed the crystallographic
directions by x-ray diffraction measurements. Thermal trans-
port measurements were performed by the steady method as
described in Ref. [36] by using a variable temperature insert
(VTI) for 2 to 60 K and a dilution refrigerator (DR) for 0.1
to 3 K. The heat current Jy and the magnetic field B were
applied parallel to either the a- and a*-axes of the sample
(see Supplemental Material Fig. S1 [37] for more details).
The magnetic susceptibility measurements were performed by
using a SQUID magnetometer to check the quality and the
crystallographic directions of the sample. The reproducibility
was confirmed by repeating the «,, measurements in different
single crystals (see Supplemental Material Figs. S4 and S5
[37D).

Figure 1 shows the temperature dependence of the longi-
tudinal thermal conductivity (k.,) measured under B || Jg ||
a [zigzag direction, perpendicular to the honeycomb bond;
Fig. 1(a)] and B || Jg || a* [“armchair” direction, parallel to
the honeycomb bond; Fig. 1(b)]. At zero field, the temperature
dependence of «,, shows a broad peak around 50 K, which
is followed by a kink at Ty, as clearly seen in the tempera-
ture dependence of k.. /T (see Supplemental Material Fig. S2
[37]). The Néel transition of the sample is also clearly seen
as the peak in the temperature dependence of the magnetic
susceptibility (see Supplemental Material Fig. S3 [37]). The
good quality of the sample is also confirmed by the boundary-
limited phonons observed in «,, at 15 T (see Supplemental
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FIG. 2. The field-induced deviation of the longitudinal thermal
conductivity [k, (B) — kx(0)] normalized by the zero-field value
under magnetic fields applied along the a- (a) and a*- (b) axes. For
clarity, the vertical axis of the data T < 15 K is shifted. The data
obtained in the field-up and field-down procedure is shown by filled
and open symbols, respectively.

Material Fig. S6 [37]) where the phonon thermal conduc-
tion is enhanced by suppressing a magnon—phonon scattering
by opening a magnon gap (see Supplemental Material
Sec. IV [37]). This enhancement of «,, at 15 T (Fig. 1) shows
the presence of a strong spin—phonon coupling suppressing
Ky at 0 T in this compound. The residual of «,,/T in the
zero-temperature limit is vanishingly small for the whole field
range we measured (see Supplemental Material Fig. S7 [37]),
showing the absence of itinerant gapless excitations.

Figure 2 shows the field dependence of «,, at fixed tem-
peratures. The field dependence of ., is negligible above
Tx except for the small increase at the highest field. This
increase of ky, could be attributed to an increase of the phonon
conduction caused by a field suppression effect on the spin
fluctuation. Below T, ky, starts to depend on the magnetic
field, with features at critical fields of the AFM phases deter-
mined by previous studies [25,30,33] (B,; and B, for B || q,
and B}, B},, and B}; for B || a*), as marked by arrows in
Fig. 2. In B || a, the field dependence of dM/dB shows a
shoulder at B,y ~ 7.6 T and a peak at B, ~9.8 T [33].
Corresponding to these critical fields, «,, shows the peak at
B.; and the dip at B, as shown in Fig. 2(a). On the other
hand, in B || a*, three critical fields (denoted as B}, B},, and
BY;) are found in the field dependence of dM/dB [33]. As
shown in Fig. 2(b), «,, shows a sharp jump at B}, ~6 T
with a large magnetic hysteresis, demonstrating the first-order
transition at BY,. This first-order transition is also observed
as the jump in the magnetization of our sample in B || a* (see
Supplemental Material Fig. S3(b) [37]) [25,30,33]. In contrast
t0 Ky in B || a, only small humps are observed at B, and B},
in B || a*. As ky, of a magnetic insulator is given by the sum
of the phonon contribution ™ and the magnon contribution
ke, the field dependence of k. of this compound can be
understood in terms of the field effect of the magnon gap on
«2 and k"¢ (see Supplemental Material Sec. VI [37]).

Our main finding is the finite planar k., in the AFM phase
for both B || a [y Fig. 3(a)] and B || a* [Kf;, Fig. 3(b)].

We averaged the data of /T obtained in the field-up and
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FIG. 3. The field dependence of the thermal Hall conductivity
divided by the temperature for B || a (a) and B || a* (b) at different
temperatures. The data are shifted by a constant amount for clarity.
The error bars show the deviation of the data in the field-up and field-
down measurements.

field-down procedures except for that measured in the DR
(T < 2K). On the other hand, we present only the field-up
data of Kf‘ /T to avoid mixing the hysteretic field dependence
at BY, (see Supplemental Material Fig. S8 [37] for all the data
in each measurement). As shown in Fig. 3, whereas «,,/T
is virtually absent above Ty, a finite «,,/T is observed in
the AFM phase below Ty in both field directions. In B || 4,
«y,/T gradually increases up to Bci, which is followed by a
sign change to negative ky, at By, and another sign change
to positive ky, at Be. In B || a*, Kfy shows a sharp negative
peak at the first-order transition at B, which is followed
by a constant negative Kf; up to the highest fields. We note

that the sharp negative anomaly of /cfv at BY, at 2 K is
more pronounced in the field-down measurements (see Sup-
plemental Material Fig. S8 [37]). We also note that the planar
THE observed in Na;Co,TeOg is completely different from
“planar Hall effects” studied in ferromagnets [38] and Weyl
semimetals [39], which are symmetric with respect to the field
direction. In sharp contrast, the planar THE observed in this
compound only comes from the asymmetric component in the
transverse temperature difference (see Supplemental Material
Sec. 1 [37]).

To investigate the origin of the planar THE, we turn to
the temperature dependence of «,,/T at the selected fields
(see arrows in Fig. 5). As shown in Fig. 4, the temperature
dependence of «y,/T shows a peak at 4 to 10 K, which is
followed by a decrease of |k, /T| to zero as T — 0 K for both
field directions. Remarkably, we find that, although «,,/T at
10 T features one phonon peak at approximately 30 K, /T
at7,9, and 11 T shows the second lower-temperature peak at
approximately 5 K, which almost coincides with the peak of
Kyy/T at7 and 11 T.

Let us first focus on the origin of the planar THE ob-
served in Na,Co,TeOg, which could be caused by Majorana
fermions [5], phonons [40], or topological magnons [12—-15].
The magnitude of «,/T of the Majorana fermions in the
Kitaev QSL is expected to show the half-quantized value
k2P /T = ( /12)(kj /1), where kg is the Boltzmann constant
and /i is the reduced Planck constant. This half-quantized

- 15r () JollBlla A
g —-— 7T
A'lM 1.0f —— 9T |

—e— 11T |
= 0.5
‘-fg 0.0

—-0.5 Joll B a*
~ 8- 9T
~-1.0f -
~ -1.5 1 1 1 I 1 1 1
04 T T T T T T T
o~ Sae! o
‘g 03F a
< JollBlla
z 02 7T
et @ 9T
S o1 o 10T
g —-— 11T
<
0.0 I I I 1
0 5 10 15 20 25 30 35

Temperature (K)

FIG. 4. The temperature dependence of «,/T (a) and k./T (b)
at7,9,and 11 T for B || a, and at 9 T for B || a*. The temperature
dependence of «,,/T at 10 T, the same data shown in Fig. 1(a), is
also shown for comparison.

thermal Hall conductance per one layer corresponds to
Koy /T = (k3P /d)/T ~ 8.47 x 10~* W K2 m™" in this com-
pound, where d = 0.559 nm is the interlayer distance [26].
However, as shown in Figs. 3 and 4, «,,/T observed in
Na;Co,TeOg remains about one order of magnitude smaller
than the half-quantized value. In addition, although «,,/T
of fermions should stay constant in the zero-temperature
limit, k., /T of Na;Co,TeOg approaches zero with lowering
temperature (Fig. 4), showing the bosonic nature of the el-
ementary excitations. In «¢-RuCls, it is pointed out that the
half-quantized «,, /T is suppressed in the low-quality samples

with suppressed Kf)lf [8,9]. This is clearly not the case for
our sample, in which the phonon with a long mean free path
(see Supplemental Material Fig. S6 [37]) is observed. Indeed,
the magnitude of k,, of our sample at 15 T [Figs. 1(a) and
1(b)] and that of the sample showing the half-quantized «,,

in «-RuCl; below the Néel temperature [8], in which Kff
without the strong magnon—phonon scattering specific to each
materials can be observed, are similar in these two materi-
als (approximately 6 W K~! m~! at 5 K, for example). It
is also pointed out that a good thermalization between the
Majorana fermions and phonons is necessary to observe the
half-quantized «,,/T in the Kitaev QSL [41,42]. Although
an accurate estimation for the Majorana—phonon coupling in
Na,Co,TeOg is not possible at this moment, this coupling
should be related to the spin—phonon coupling that gives
rise to the positive magnetothermal conductivity. As shown
in Fig. 2, the thermal conductivity at 5 K increases by a
factor of eight under the in-plane field of 15 T, which is
much larger than that in «-RuCls at a similar temperature
and field [43]. Therefore, it is implausible that the suppressed
kyy/T is caused by a much smaller coupling between the
Majorana fermions and phonons in Na,Co,TeOg than that in
a-RuCls. Furthermore, a finite «y, is prohibited in B || a* by
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FIG. 5. (a, b) A comparison of the field dependence of the lon-
gitudinal thermal conductivity («,,) (a) and the planar thermal Hall
conductivity (k) (b) for B || a (black) and B || a* (blue) at 5 K. The
critical fields are also marked by dashed lines. The arrows indicate
the field used in the data of the same color in Fig. 4. (c, d) The
suggested magnetic phases of Na,Co,TeOg in B || a (c) and B || a*
(d), drawn from our thermal transport measurements.

the two-fold rotation symmetry around the a¢*-axis in a Kitaev-
Heisenberg paramagnet [13—15], demonstrating the presence
of a long-range ordered state that breaks the two-fold rotation
symmetry in B || a*. Therefore, we conclude that the emer-
gence of Majorana fermions is unlikely in Na;Co,TeOg.

As shown in Fig. 4, the planar THE develops below Ty,
suggesting a dominant contribution from topological magnons
in Na;Co,TeOg. The abrupt sign changes of «,, observed at
the magnetic phase boundaries in the AFM phase [Fig. 5(b)]
also suggest that the planar THE arises from the intrinsic
Berry phase effect of the topological magnons, because the
sign changes can be most naturally attributed to a redistribu-
tion of the Berry curvature of the magnons by the magnetic
transitions. In fact, the numerical calculations demonstrate
sign changes of «,, of the magnons at the magnetic phase
transitions in the Kitaev—Heisenberg model [13,15,44]. On the
other hand, it would be unlikely that the abrupt sign changes
are caused by a reversal of scattering direction upon collisions
of magnons with extrinsic impurities at the magnetic transi-
tions.

Remarkably, a recent report of ky, done in B | ¢ [35]
shows a very different temperature dependence from our pla-
nar THE. In B || ¢, a large «,, emerges far above Ty, with a
similar temperature dependence with that of «,,. This good
scaling between «,, and k., is regarded as the key feature
of the phonon THEs [45,46], suggesting a dominant phonon
contribution in «y, under B || ¢, which could be caused by

the strong spin—phonon coupling suppressing k... In sharp
contrast, the peak temperature of our planar «,,/T (4 to 10 K)
is far below the phonon peak of «,,/T at about 30 K above
T (Fig. 4), supporting that the dominant contribution of the
planar THE comes from the topological magnons rather than
phonons acting in B || c.

We thus conclude that the planar THE observed in
Na,Co,TeOg mainly stems from the topological magnons in
long-range ordered phases [12—15], whereas, given the current
insufficient knowledge about the details of the magnetic order
and the spin Hamiltonian of this compound, it remains as
future work to identify the magnon bands that can reproduce
the «,, data. It should be noted that phonons may play a
certain role in assisting the planar THE through spin—phonon
coupling [47-51]. As shown in Fig. 4(b), the peak tempera-
ture of ky,/T at 7 and 11 T coincides with the second peak

of kx/T caused by the field-enhancing effect on Kff (see
Supplemental Material Sec. VI [37]). This coincidence may
suggest that k., is enhanced thorough a spin—phonon coupling
to the magnetic moment that develops below 7Ty, as suggested
in a kagome antiferromagnet [50] and a van der Waals magnet
[51].

Next, we discuss the field evolution of the phase transitions
in the AFM phase of Na;Co,TeOg, inferred from the field
dependence of ki, and ky, at 5 K (Fig. 5). In B || a, the
gradual field-induced increase of k. and k7, /T suggests that
the zero-field phase [denoted as phase I shown in Fig. 5(c) and
5(d)] seems to persist up to B.;. The first sign flip of K;‘y at B,
and the peak in the field dependence of «,, show a magnetic
phase transition at B, into a different magnetic phase (phase
II), with a dominant negative Berry phase distribution and a
field-induced suppression on k. The next sign flip of «{; at
B, along with the marked change in the field dependence of
Ky indicates the existence of another magnetic phase (phase
II) above B.,. We note that the good correspondence between
the field dependence of k. and «y /T is observed not only at 5
K, but also at higher temperatures (see Supplemental Material
Fig. S9 [37]). These sign changes of the Berry phase distribu-
tions between the different magnetic states, suggested by our
planar THE measurements, provide essential information for
future studies to identify the magnetic states by calculating &,
of them.

In B || a*, the sharp jumps both in k., and «¢ /T indicate
the first-order phase transition into phase II* at B}, under
B || a*. The sharp jump in «,, is more pronounced at lower

*

temperatures [Fig. 2(b)], whereas the magnitude of «y, /T
shows a peak at around 7 K [Fig. 4(a)]. This different ther-
mal behavior is caused by the disparate transport processes
between «y, and «y,. The former is dictated by the suppres-
sion of the magnon—phonon scattering by opening a magnon
gap, which is more pronounced at lower temperatures. On
the other hand, the latter reflects the boson occupation in the
energy bands with a finite Berry curvature, showing a peak
when the thermal energy coincides with the energy bands
with the largest Berry curvature [19]. In contrast to the case
in B || a, both the field dependences of «,, and /cf‘ in B || a*
are essentially featureless above B, except for small bumps
in k.. Given the clear anomalies in dM/dB at B}, and B,
[33], the featureless field dependence of /c;‘v /T is rather an
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unexpected result. These results suggest that phase II* con-
tinuously changes to the spin-polarized phase, which should
be scrutinized by future NMR or neutron scattering measure-
ments. The negative /cfv in phase II* shows the emergence
of topological magnon bands with a negative Chern number
in phase II*. Remarkably, both the magnitude and the field

dependence of Kfv /T are very similar to those of «, /T for 8

to 10 T in phase II, whereas the field effect on «,, is opposite
in these two phases. This similarity in «,, with anisotropic
field dependence in «,, may suggest that phases II and II*
share a similar Chern number distribution despite the different
magnetic structures between them. Such different magnetic
structures in different field directions in the two-dimensional
honeycomb plane are shown by the numerical calculations
[14,44], and are indeed observed in «-RuCl; by the neutron
scattering experiments under B || [110] and B || [100] [52].
Finally, we discuss the magnetic state above B3 and BY;.
Although previous studies [30,33] have suggested the emer-
gence of a disordered state above B3 or B;, the finite K)‘:» /T
above B?, reveals the presence of a magnetic order that breaks
the two-fold rotation symmetry around the a*-axis in B || a*.
Given the continuous field dependence of /cf} /T and «,, for
B || a*, this ordered phase persists above B, up to Bg,;. On the
other hand, the sign reversal of «, at B3 shows an appearance
of a different magnetic state for B.3 < B < By for B || a. The
positive k3, and the vanishing «, /T in the zero-temperature
limit at 11 T [Fig. 4(a)] are consistent with another magneti-
cally ordered state that possesses topological magnons with
a positive Chern number. However, the absence of a clear

thermodynamical phase transition above B.3 may suggest that
phase III is a disordered state including a partially polarized
state [33], requiring further microscopic measurements to re-
veal the details of phase III.

In summary, from our planar thermal Hall measurements
in NayCo,TeOg, we find a finite planar «,, with sign changes
at critical magnetic fields applied along the a- and a*-axes,
suggesting a THE of topological magnons. The finite planar
kyy In B || a* reveals that a magnetically ordered state breaking
the two-fold rotation symmetry around the a*-axis appears
above B, which persists up to Bg. We further find three
different magnetic phases in B || a that can be characterized
by the different Chern numbers of the topological magnons.
Our findings, especially for the sign changes of the planar «,,,
put strong constraints on identifying the magnetic state in this
compound.
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