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Significant thermal Hall effect in the 3d cobalt Kitaev system Na,Co,TeOj
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Kitaev physics has recently attracted attention in condensed matter for its anticipated quantum spin liquid
(QSL) state. The thermal transport measurement is crucial for probing the features of charge-neutral quasiparti-
cles. In this letter, we report a significant thermal Hall effect in Na,Co,TeOg (NCTO), a Kitaev QSL candidate,
when the magnetic field is applied along the out-of-plane direction of the honeycomb plane. The thermal
conductivity (k) and thermal Hall conductivity (k.,) in NCTO reveal distinct magnetic field dependences below
and above the Neel temperature (7y) of 27 K. For T > Ty, k., has a monotonic decrease in the field dependence,
while «,, persists up to 7* = 150 K. On the other hand, both «,, and «,, exhibit complex field dependence for

T<TN.
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Quantum entanglement is a very intriguing concept and
has become the essential keyword in the era of quantum
information science. For several decades, it has been hypoth-
esized that this fascinating phenomenon can be realized in
certain magnetic materials. One of them is a quantum spin
liquid (QSL) which was conjectured to possess long-range
quantum entanglement without any long-range magnetic or-
der [1]. It has been a long-sought issue for both theoretical
and experimental development. Recently, the Kitaev model,
an exactly solvable two-dimensional model Hamiltonian, was
theoretically proposed to exhibit a QSL ground state with
bond-dependent Ising interactions [2]. Moreover, this Kitaev’s
QSL (KQSL) state is expected to host itinerant Majorana
fermions and topologically nontrivial Z, fluxes.

Theoretical and experimental breakthroughs [3-9] have led
to the discovery of Kitaev candidate materials with potential
KQSL. However, nonnegligible Heisenberg interactions and
other off-diagonal anisotropy are found to prevent them from
achieving a genuine KQSL state without external magnetic
fields. Among such rare examples, «-RuCl; has been the
best-known case, probably closest to the KQSL state with an
in-plane magnetic field at uoH. = 8-10T [10-15]. Although
«-RuClj is believed to have KQSL under in-plane magnetic
fields, a noticeable change has never been observed for out-of-
plane magnetic fields up to 14 T [16]. Note that all the reported
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materials of KQSLs have ferromagnetic Kitaev interaction
[4,17,18]. Nonetheless, authors of a recent theoretical study
suggested that an antiferromagnetic Kitaev interaction could
yield an intermediate gapless QSL [19]. Given this theoretical
insight and the limitations in currently available materials,
finding another Kitaev candidate material is an urgent issue
in the field. Furthermore, it would be much more interesting
to find materials with antiferromagnetic Kitaev interactions.

Research interest has recently increased in the 3d cobalt
(Co) honeycomb system. It was even proposed that Co sys-
tems may well realize the Kitaev model despite its relatively
weak spin-orbit coupling compared with 4d or 5d com-
pounds [20,21]. A spin-orbital entangled J.s =% state of
the Co?*ions [22] could satisfy an essential requirement for
realizing a Kitaev interaction [23-25]. Interestingly, it was
reported that the cobalt honeycomb compound Na,Co,TeOg
(NCTO) has a significant Kitaev interaction, even larger than
other non-Kitaev terms [26,27]. More importantly, it is ex-
pected to have an antiferromagnetic Kitaev interaction based
on the inelastic neutron scattering experiments and subse-
quent analysis [27]. NCTO has a zigzag order at Ty = 27K
with a propagation vector of Q = (0.5, 0, 0) [20,26-33]. The
identical bond length for the nearest neighbor leads to the
ideal honeycomb lattice of Co?* (space group P6322), making
it more likely to have an isotropic Kitaev interaction [see
Fig. 1(a)]. Another interesting point is that NCTO has a field-
induced spin-disordered state like «-RuCl; when the magnetic
field is applied along the ab plane [32].
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FIG. 1. Crystallographic structure and thermodynamic measurement on Na,Co,TeOs. (a) Crystallographic structure of the cobalt honey-
comb layer in Na,Co,TeOg, where edge-sharing CoOg octahedra form a honeycomb lattice with the Na layer located between two cobalt layers.
(b) Temperature dependence of DC magnetic susceptibility (M/H ) along the c axis after field cooling under ;toH = 1T. The antiferromagnetic
transition appears at Ty ~ 27 K. (c) Temperature-dependent heat capacity of Na,Co,TeOq under the various applied magnetic fields along the
c axis up to 19.3 T. (d) Schematic of thermal transport experimental setup.

Thermal transport measurement has been widely used to
study low-energy quasiparticle excitations in a perfect insula-
tor, including the QSL system. Especially the thermal Hall
effect, a thermal version of the electrical Hall effect, has
been shown to reveal the topological nature of quasiparti-
cles [34-39]. Here, we investigate the nature of the KQSL
candidate in NCTO by measuring the longitudinal thermal
conductivity and thermal Hall coefficient.

In this letter, we report the intriguing magnetic field depen-
dence of in-plane thermal conductivity (k,,) and the thermal
Hall coefficient (kx,) in NCTO. In the supposedly paramag-
netic state, «,,(H) shows pronounced temperature effects on
the magnetic field dependence, while «,,(H) exhibits nega-
tive field dependence, which is like the field dependence of
Ak (H)/Kx:(0) and «,,(H) of a-RuCl3 [38]. In the zigzag
antiferromagnetic phase, both «,(H) and «,,(H) could be
described by a complex function of magnetic field, including
sign-changing behavior of k., at low temperature. We provide
balanced discussions about the candidates of this unusual
thermal Hall effect, such as phonon, magnon, magnon-phonon
coupling, and other nontrivial spin excitation. Lastly, we dis-
cuss the resemblance between NCTO and «-RuCl; based on
our observations. This indicates that these two KQSL candi-
dates might share a similar origin for the unusual thermal Hall
effect.

High-quality single crystals of NCTO were grown by a
flux method using a recipe modified from Ref. [28]. The
NCTO shows a representative antiferromagnetic anomaly
in the magnetization and the specific heat measure-
ment at Ty = 27K, as shown in Figs. 1(b) and I(c)
[28]. The specific heat data were collected from 2
to 40 K under various magnetic fields up to 19.3 T
using a 20 T cryostat (Cryogenic Ltd.). Figure 1(c) shows
specific heat results taken under the magnetic fields along the
¢ axis, where a sharp peak at Ty broadens with the magnetic
field, with 7y being suppressed by 5 K at 19.3 T. The modest
decrease in Ty indicates that the long-range magnetic order
gets more slowly suppressed than in a recent study of in-plane
field dependence on the same compound [32]. In an ideal
Kitaev model, the KQSL state should be stabilized for any
arbitrary field direction [19]. Considering that c-RuCls shows
no noticeable change of Ty under the magnetic field along the
out-of-plane, NCTO could be seen as a better candidate for
the KQSL than «-RuCls;.

For the thermal Hall measurement, a single-crystal
NCTO sample was prepared in a platelike rectangular
shape with dimensions of 5.17 x 2.07 x 0.054 mm?>. The
standard steady-state method was employed for the ther-
mal transport experiment in a high vacuum, as shown in
Fig. 1(d). The chip resistance heater induced the heat cur-
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rent Jp along the crystallographic a axis (a//x), and three
thermometers simultaneously probed longitudinal (A7) and
transverse (AT,) temperature differences under the applied
magnetic field (H field) along the ¢ axis (c¢//z). Silver wires
were used for thermal contacts between the NCTO sample
and the heater/thermometers. We employed SrTiO; capacitors
as thermometers to avoid the strong magnetic field effect
and self-heating and performed in situ calibrations [40]. Here,
Ky (H) was measured with a slowly varying field sweep.
During the thermal Hall measurement, a constant magnetic
field was applied in a step-by-step mode under the isothermal
condition, and every data point was taken by averaging AT,
for a few minutes to minimize the magnetocaloric effect. Also,
AT, was collected from both ramping directions of magnetic
field (ramping up and down) to correct for possible hysteretic
behavior affected by a weak ferrimagnetic moment along the ¢
axis. Using the antisymmetrization technique in Ref. [11], we
compensated for the longitudinal contamination in A7, due
to inevitable experimental misalignment of the contacts and
possible hystereic longitudinal AT,.

Figure 2(a) represents «,, of NCTO as a function of tem-
perature. In the absence of the magnetic field, «,, shows
a peak ~ 50K and decreases as the temperature increases,
like the recent report of thermal conductivity [31]. The sharp
peak in ‘% is clearly observed near Ty ~ 26.3K [see inset
of Fig. 2(a)]. Under the magnetic field of 14 T along the
¢ axis, k. (T) still maintains the overall shape but exhibits
a slight suppression around the peak position. Figures 2(b)
and 2(c) summarize the developments of «,.(H) as a func-
tion of the magnetic field below and above Ty. For T > Ty,
monotonic negative field dependence in k., (H) persists up to
T* = 150K, as shown in Fig. 2(b). In a typical magnetic insu-
lator, phonon (/cgf ) and spin (k55" ) terms can contribute to K,
ke = k5 + k2™, Assuming phonon heat transport dominant
in the paramagnetic state [31], }3,? is expected to increase with
magnetic fields since spin alignment due to the applied mag-
netic field reduces the spin-phonon scattering [36,37,41-44].
Thus, the clear negative field dependence of «.,(H) in NCTO
for T > T\ could be interpreted into the following ways: some
heat carrier associated with spin excitations (kys") directly
contributes to decreasing «,, [43], or the spin excitation in-
directly decreases K™ via complex spin-phonon interactions.
On the other hand, for T < Ty, k. (H) [Fig. 2(c)] exhibits a
nonmonotonic field dependence with weak hysteresis [45].

Figure 3(a) shows the thermal Hall conductivity divided
by temperature (k,,/7) in the paramagnetic state, where the
negative signed sublinear curves are repeatedly observed up
to T = 110K. This sublinear curve at T < Ty starts to be
modified in the low-field region (uoH < 9T), as shown in
Fig. 3(b). This modification gets more pronounced as the
temperature lowers, which leads to complex sign-changing
behavior in «y,/T. The overall temperature dependence of
kyy/T is summarized in Fig. 3(c) at a constant magnetic field
of 14 T. A small negative value of «,,/T is recorded at 200 K
and grows negatively as the temperature decreases. Here,
kxy/T reaches the lowest value at Ty and then approaches zero
with negative values.

Before getting to the discussion, we should note that
the origin of the thermal Hall effect on KQSL candi-

Ty~ 263K
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FIG. 2. Longitudinal thermal conductivity («,,) and magne-
tothermal conductivity Ak (H)/kxx(0) = [k (H) — k2:(0)]/ K4, (0).
(a) Temperature dependence of k,,. The heat current and magnetic
field are applied along the a and ¢ axes. (b) Magnetic field depen-
dence of Ak, (H)/kx(0) under the isothermal conditions (b) above
and (c) below Ty. The data are shifted upward along the y axis for
clarity.

dates is still controversial, even for «-RuCls [46], the most
researched KQSL candidate. Therefore, we would like to open
all possibilities for discussion before giving still speculative
explanations of our experimental observations.

First of all, we observed that the temperature dependence
of k,y/T at 14 T in Fig. 3(c) can be fitted using a phenomeno-
logical model based on a generic model of Berry curvature in
the quasiparticle band [47]. In the figure, Agexp(—T /Tp) + Co
shows excellent agreement with the experimental «,,/T for
T > Ty, which indicates that the nonzero thermal Hall effect
in the paramagnetic state of NCTO originates most likely
from the nontrivial Berry curvature of the quasiparticle bands.
On the other hand, we can consider another function for the
temperature dependence of «,,/T below Ty. For example,
Ajexp(—A/T) represents the thermal Hall effect from gapped
quasiparticles with a fitting parameter A for an effective
activation gap [47]. Another type of function like A,T? is
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FIG. 3. Thermal Hall conductivity divided by temperature
(kxy/T). Magnetic field dependence of «,/T under the isothermal
conditions (a) above and (b) below Ty. (c) ky/T as a function
of temperature under the constant magnetic field of 14 T along
the ¢ axis. The solid black curves are obtained using a recent
scaling theory [47]. Data are fit to Agexp(—T/Ty) + Cp with a fit-
ting range >32 K and A;exp(—A/T) with a fitting range <22 K,
respectively. The inset is a blown-up picture showing more de-
tails about «,/T below Ty. The blue dashed curve is obtained
from the fitting function A,T2. The fitting parameters are obtained
as Ap = —0.48mW/K?’m, A, = —0.45mW/K?’m, A, = —5.5 x
107* mW/K*m, Cy = 0.0059 mW/K?>m, Ty =41.7K, and A =
15.6 K.

expected for the acoustic phonon Hall effect in a magnetic
solid [48]. We tried both fitting functions to explain our ky, /T
taken at 14 T, and as shown in the inset of Fig. 3(c), the
Arexp(—A/T) function gives better fitting results, in favor
of the gapped nature of quasiparticle band. However, we
also note that «,,/T displays sign-changing behavior at lower
fields, which makes it problematic to use the same function
for the full field range at low temperatures (Fig. S3(a) in the
Supplemental Material [45]). Thus, we think that one needs
thermal Hall measurement data taken at further lower temper-
atures to have a fuller picture of the possible quasiparticles.

For T < Tn, magnons could be a natural candidate for
Kkyy, and it is known that the generalized Kitaev-Heisenberg
model can produce nonzero magnon Hall conductivity [49].
To check this possibility, we made a theoretical estimation
of the magnon Hall effect (kyy °) in NCTO by using linear
spin wave theory (LSWT) at a temperature of 0.37y with the
reported magnetic Hamiltonian for NCTO [26,27,30,32,50].
However, we find that all calculated kyy© have thermal Hall
conductivity with two orders of magnitude smaller than our
experimental values (see Fig. S4 in the Supplemental Material
[45]). However, despite this discrepancy, one must be careful
before ruling out the magnon Hall scenario for the following
reason: The reported magnetic Hamiltonian is not complete
yet, not capturing the single-crystal inelastic neutron scatter-
ing data well [51]. Moreover, LSWT might not be enough
to describe the effective spin-% system because of quantum
fluctuations. The spin-wave theory with Schwinger boson rep-
resentation [42,43,52,53] and an accurate model Hamiltonian
would be desirable to check the magnon scenario in a future
study.

On the other hand, one can expect significant phonon
contribution in «,, since several huge phonon-mediated Hall
effects are reported so far [54-58], even in the nonmagnetic
insulator SrTiO3 [54]. Unfortunately, we found that the mech-
anisms proposed for SrTiO; are difficult to be applied to
NCTO since they require structural domains with huge dielec-
tric constant (¢ ~ 2 x 10%) [59] or quantum paraelectric phase
[60], both of which are absent in NCTO [61]. Nevertheless, in
principle, phonons can still contribute to nonzero k., since re-
cent theoretical studies showed that nontrivial Berry curvature
can be induced by coupling between a phonon and the original
spin Hamiltonian [62—-64]. Indeed, such a spin-phonon cou-
pled Hamiltonian provides quite a good explanation for the
anomalous magnon Hall effect in VI3 at the low-temperature
range, which shows large deviation from the magnon-only
model [65]. Hence, the phonon scenario could not yet be
discarded explicitly for NCTO.

For T > TN, ky(T) diminishes slowly up to 200 K
[Fig. 3(c)]. Related to this discussion, our magnetic-specific
heat measurement on NCTO up to 150 K (Fig. S5 in the
Supplemental Material [45]) found a broad peak ~ 100K in
addition to a sharp peak of antiferromagnetic phase transi-
tion. This observation implies a two-step release of magnetic
entropy and nontrivial spin excitations in NCTO at high tem-
peratures, like @-RuCls [13]. Having said that, we should
also consider the phonon effect coupled with this nontrivial
spin degree of freedom [66]. Surprisingly, a recent thermal
Hall measurement in «-RuClj; represents that «,, in a-RuCl3
possesses one feature of the phonon-mediated Hall effect:
similar temperature dependence between k. (T) and «,(T)
[67]. Moreover, authors of a recent study confirmed the
phonon renormalization and the coupling between phonon
and nontrivial spin excitation using inelastic x-ray scattering
in @-RuCl; [68]. As shown in Fig. S6 in the Supplemental Ma-
terial [45], NCTO also shows similar «,(7T") and «,(T) with
a broad peak and comparable peak positions. Detailed future
studies of the phonon-based scenario would be necessary for
this puzzling phenomenon.

Even though we cannot take one side among those sug-
gested possibilities, we want to stress several similarities in
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thermal transport properties between NCTO and «-RuCls. As
shown in a recent study, the in-plane «,,(H) with in-plane
magnetic field (Jo//H//abplane) in NCTO is very simi-
lar to «-RuCls, indicative of a possible Kitaev-Heisenberg
paramagnon present in NCTO [31,69]. We also noted other
similarities between NCTO and «-RuCl; with a magnetic field
along the ¢ axis. For T > Ty, monotonic decreasing «,, in
Fig. 2(b) was also observed in @-RuCl; up to temperatures
much higher than 7Ty with a comparable decreasing rate [38].
Interestingly, both monotonic field dependence [Fig. 3(a)] and
exponential decaying temperature dependence [Fig. 3(c)] of
kyy/T also indicate similar thermodynamics of «,, at work
for both NCTO and a-RuCl; [38,67,70]. Therefore, we would
like to conclude that both NCTO and «-RuCl; share the same
origin for the thermal Hall effect. However, it is worthwhile
to note here that several competing scenarios have since been
put forward for the thermal Hall effect even in o-RuClj: for
instance, a Majorana fermion [71-76], a topological magnon
[77,78], and spin-phonon coupling [67].

In summary, we measured specific heat and the thermal
conductivity tensor of NCTO with magnetic fields along the
¢ axis, which is a promising candidate for an exotic magnetic
ground state of Kitaev physics. Specific heat measurements
under various constant magnetic fields show that the antifer-
romagnetic order gets slowly suppressed by increasing the

magnetic field up to 19.3 T. In contrast, it is found that both
in-plane thermal conductivity (k,,) and thermal Hall conduc-
tivity (k) in NCTO are sensitive to the magnetic field up
to much higher temperatures than 7y, showing temperature
and field dependences like o-RuCls, except for the opposite
signs of «,,. Thus, it is plausible that some gapped quasi-
particles can produce such thermodynamic properties in our
experimental results. However, further studies are necessary
to shed light on the nature of quasiparticles, although overall
similarities between NCTO and «-RuCl; may as well imply a
common mechanism for the unusual thermal Hall effect.
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