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We report an in-plane thermal transport study of the honeycomb Kitaev material NaxCoxTeOg at
subKelvin temperatures. In zero magnetic field, the x(7") displays a rather weak T-dependence but
has a non-zero residual term o /7T, indicating strong phonon scattering by magnetic excitation and
the possibility of itinerant spinon-like excitations coexisting with an antiferromagnetic order below
27 K. We propose the zero-field ground state is a novel fractionalized antiferromagnetic (AF*) state
with both magnetic order and fractionalized excitations. With both the heat current and magnetic
field along the ax (Co-Co bond) direction, the kq.(B) exhibits two sharp minima at 7.5 and 10
T, which confirms the phase boundaries of the reported field-induced intermediate state. No such
intermediate phase was found in the kq(B) for the current and field along the a (zigzag chain)
direction. Finally, NapCo2TeOg displays a strongly anisotropic magneto-thermal conductivity since
the in-plane (out-of-plane) field strongly enhances (suppresses) Kq+« and Kq.

I. INTRODUCTION

The Mott insulators with substantial spin-orbit cou-
pling are promising candidates to realize novel and exotic
quantum phases that can be difficult to achieve without
the spin-orbit coupling [1]. These physics are particularly
relevant for many 4d/5d transition metal oxides and even
for the 4f rare-earth compounds. Interesting quantum
phases such as quantum spin ice, magnetic multipolar or-
ders, quantum spin liquids, topological Mott insulator, et
al., have been proposed and discussed among these mate-
rials [2-8]. In comparison with these heavy ions, the spin-
orbit coupling of the 3d transition metal ions is usually
much weaker and thus much less discussed. Most often,
the spin-orbit coupling is responsible for the generation
of weak anisotropies such as the Dzyaloshinskii-Moriya
interaction and the single-ion spin anisotropy, and can
be neglected in most cases [9]. In certain cases, how-
ever, the spin-orbit coupling could play an interesting
and sometimes indispensable role in the 3d transition
metal compounds. For Mott insulators, this scenario
was suggested to occur for the partially filled o, shell
of the Ni?* ions in the tetrahedral crystal field environ-
ment [10] and the Co?T ions in the octahedral crystal
field environment [11-13], where the spin-orbit coupling
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is active in the linear order, and the partially filled e,
shell of the Fe?" ions in the tetrahedral crystal field en-
vironment [14, 15], where the spin-orbit coupling is active
in the quadratic order. Due to the spin-orbit entangle-
ment and the effective J = 1/2 local moments, the Co-
based honeycomb lattice antiferromagnets, NasCosTeOg,
NazCo2SbOg, and BaCos(AsQy)a, were proposed as can-
didate Kitaev materials beyond the original 4d/5d con-
texts [11-13, 16, 17].

Compared with the 4d/5d compounds like AsIrOs
(A = Na, Li) and a-RuCls, the high-spin 3d” configura-
tion of the Co ions can induce a cancellation mechanism
for the nearest-neighbor Heisenberg interactions [11-13].
NayCosTeOg does not have the monoclinic distortion
of the 4d/5d Kitaev materials [18-20]. Like a-RuCls,
NayCoyTeOg also develops an antiferromagnetic (AF) or-
der at low temperatures below T ~ 27 K. This magnetic
order was suggested to be either a zigzag [18, 19] or three-
q [21, 22] AF order. Moreover, the in-plane magnetic field
can induce a successive phase transition, and an interme-
diate magnetic state exists between the ground-state AF
order and the spin polarized state [23, 24].

Thermal transport measurements were suggested to be
crucial to characterize the properties of the low-energy
excitations of various quantum magnets and have been
used to probe the spinon excitations in various spin-
liquid candidate materials. At present, only few quantum
spin liquid candidates exhibit the residual thermal con-
ductivity at zero temperature limit, xo/7T, a fingerprint
of the itinerant fermionic excitations [25-28]. Whereas,



some controversial results of the absence of ky/7" have
also been reported for these candidate materials [29-32]
The previous ultralow-temperature thermal conductiv-
ity experiments on «-RuCl; indicated that there is no
spinon transport in either zero field or high magnetic
field [33]. The observations of the quantum oscillation
in thermal conductivity and the half quantized thermal
Hall conductivity in the proposed field-induced spin lig-
uid of a-RuCl3, however, support the exotic spinon-like
excitations [34-36]. In contrast, Nas;CosTeOg was re-
ported to have the dominant phononic thermal conduc-
tivity with a significant spin-phonon scattering at the
ordinary low temperatures [37], and the thermal Hall ef-
fect measurements at not very low temperatures revealed
the magnon heat transport [38-40]. In this work, we in-
vestigate the thermal conductivity (k) of NagCo2TeOg at
ultralow temperatures and provide some understanding
of the low-energy excitations and the field-driven mag-
netic phases.

II. EXPERIMENTS

High-quality single crystals of NagCo2TeOg were syn-
thesized by a conventional solid reaction as previous re-
ports [24, 41]. Polycrystalline sample was mixed with the
flux of NasO and TeOs in a molar ratio of 1: 0.5: 2 and
gradually heated to 900 °C at 3 °C/min in the air after
grinding. The sample was retained at 900 °C for 30 hours
and was cooled to 500 °C at the rate of 3 °C/h. The fur-
nace was then shut down to cool to room temperature.
The as-grown single crystals are thin plates with size up
to 10 x 5 x 0.06 mm?>. The orientation of the crystals
was confirmed by X-ray Laue back diffraction measure-
ment. Thermal conductivity was measured by using a
“one heater, two thermometers” technique in a *He/*He
dilution refrigerator at 70 mK — 1.2 K, equipped with a
14 T superconducting magnet [27, 28]. Two rectangular
shaped samples were cut from as-grown crystals. Sample
A has the dimension of 4.92 x 1.56 x 0.051 mm? with
the length along the a axis (zigzag chain), while sample
B has the dimension of 5.17 x 1.56 x 0.056 mm?® with
the length along the a* axis (Co-Co bond). The heat
current was applied along the longest dimension of sam-
ples. The magnetic fields were applied along either the
longest dimension of the samples (the a or a* axis) or the
shortest one (the ¢ axis). The temperature gradients were
measured by two in-situ calibrated RuO, thermometers.
The field dependence of k was measured with zero-field
cooling from 30 K (above T) to the fixed temperatures.

III. RESULTS AND DISCUSSIONS

In Figure 1(a), we depict the temperature dependence
of kg and K44, measured in zero magnetic field and with
heat current along the a axis (the zigzag direction, sam-
ple A) and the ax axis (the Co-Co bond direction, sample
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FIG. 1. (a) Temperature dependence of the thermal conduc-
tivity ke and Kq«, measured in zero magnetic field and with
heat current along the a axis (the zigzag direction) and the
ax axis (the Co-Co bond direction), respectively. The dashed
line indicates a T"*-dependence of k in temperature range
of 150-600 mK. The insets of (a) demonstrate the direction of
a and ax axes, and the ratio of estimated phonon mean free
path to the averaged sample width. (b) Low-temperature
data plotted with /T vs T. The solid lines are linear fittings
to k/T = ko /T + bT for 120 < T' < 400 mK.

B), respectively. It is known that NagCosTeOg enters a
zigzag [18, 19] or triple-q [21, 22] AF order below Ty ~ 27
K, followed by two possible spin re-orientation transitions
around 16 K and 6 K [18, 20, 24, 42]. In present mea-
surements, the temperature range is much lower than Th.
The magnitudes of k, and k4. are comparable, indicating
nearly isotropic heat transport in the honeycomb layer.
The #(T) shows a roughly 7145 behavior at 150-600 mK,
as shown in Fig. 1(a), which strongly deviates from the
standard 7 behavior for either phonon or magnon ther-
mal conductivity at very low temperatures [43]. In ad-
dition, assuming that the thermal conductivity is purely
phononic, the phonon mean free path can be calculated
[44]. The inset to Fig. 1 shows the ratios of the phonon
mean free path to the averaged sample width, which are
smaller than 1 and indicate the existence of microscopic
phonon scattering effect at such low temperatures. Ap-
parently, there is strong scattering between the phonons



and magnetic excitations in zero field.

The temperature dependence of k at ultralow temper-
atures is somewhat different. Figure 1(b) shows the ul-
tralow temperature data plotted with /T vs T, which
can be linearly fitted in a rather broad temperature range
of 120-400 mK, with small but non-zero residual term
ko/T of 0.0038 and 0.0030 W K=2 m~! for k, and Kqx,
respectively. In quantum magnets, the x at ultralow tem-
peratures can often be fitted to x/T = ko/T + bT7L,
in which the two terms represent contributions from the
itinerant fermionic magnetic excitations and phonons, re-
spectively [25-28]. The power « can be equal to 3 un-
der the boundary scattering limit, or smaller due to the
phonon reflection at the sample surfaces or the spin-
phonon scattering. We further note that the x/T is
nearly T-independent at T < 120 mK and points to
larger residual terms, which could be due to the recov-
ery of k by the itinerant excitations at extremely low
temperatures. Note that a recent ultralow-temperature
heat transport study by Takeda et al. [40] revealed even
larger ko /T for k, (See Supplemental Materials [45]). Tt
is very surprising to observe such a non-zero residual term
for NasCoyTeOgq since it has an AF order at zero field.
We interpret this result by proposing the ground state of
NapCoyTeOg as a fractionalized antiferromagnet (AF*),
where there exist both AF order and the fractionalized
spinon-like excitation in the system. Such a state was
actually firstly proposed theoretically in the context of
high-temperature superconducting cuprates, whose rel-
evance is still unclear [46]. The presence of a residual
thermal conductance indicates the presence of a Fermi
surface or Dirac spectra of the fractionalized particles.
Based on the inelastic neutron scattering result that have
linearly dispersive spectral weights around the M and T’
points [21], it is more natural to expect Dirac spectra for
the fractionalized particles and the M (T') point scatter-
ing corresponds to the inter-(intra-) Dirac cone scatter-
ing. In fact, recent theoretical progress that worked on
a realistic model for NasCosTeOg also proposed such a
fractionalized antiferromagnetic state from both numer-
ical and theoretical analysis [47].

Figure 2(a) shows the temperature dependence of k.
in different magnetic fields along the ax axis. The kg (1)
in magnetic fields displays larger values and stronger tem-
perature dependence; for example, at 14 T it shows a
rough 7%* behavior, which is rather close to the 73 law.
This can be due to the magnetic field suppressing mag-
netic excitations and weakening the spin-phonon scatter-
ing. Figure 2(b) shows the same data plotted with rq./T
vs T'. For different magnetic fields along the ax axis, the
k)T = ko/T + bT! fitting gives zero or small negative
value of ko/T', which means no residual term in magnetic
fields. Similar results were obtained for x, with magnetic
field along the a axis, as shown in Figs. 2(d) and 2(e).
Figure 2(c) shows the magnetic field dependence of k.
for B || ax. With increasing field, the k. firstly increases
gradually and shows a sharp increase at By, ~ 6.25 T;
subsequently, the k. (B) exhibits two minima at Bg.g ~

7.5 T and Bg.z ~ 10 T before getting saturation. The
Kax With decreasing field is much larger than those with
increasing field at B < By.1, displaying a large and broad
hysteresis.

The rather sharp minima of k4. (B) at By and Bg.s
clearly indicate two magnetic transitions since a mini-
mum of thermal conductivity most likely results from the
strong scattering of phonons by magnetic fluctuations at
the critical point [27, 38, 49-51]. The recent inelastic
neutron scattering measurements with B || a* revealed a
field-induced intermediate magnetic state with partially
polarized spins between 7.5 and 10 T [52], which corre-
spond to the B, and Bg.3. For this state, the signature
is the coexistence of magnon and the gapless continuum
mode that possibly represents spinon [52]. Our thermal
conductivity data here further validates the phase bound-
aries of this phase. The disappearance of hysteresis in
this intermediate phase also supports its spin disordered
nature.

The observed hysteresis of k4.(B) is unusual. Base
on the previous magnetization study, the Bg. corre-
sponds to a first-order transition associated with the
field-induced reversal of canting moments [23, 24]. Al-
though the first-order magnetic transition can induce a
hysteresis in the x(B) curve [50, 53, 54], it usually occurs
in a rather narrow region near the transition field. The
present hysteresis is so broad that it extends from B
to zero field. However, this broad hysteresis at very low
temperatures may be directly related to the magnetiza-
tion hysteresis, which is clearly broadened with lowering
temperature (from 10 to 2 K) [24].

Figure 2(f) shows the magnetic field dependence of k,
for B || a. With increasing field, the &, firstly increases
and arrives a maximum at ~ 7.5 T, and then decreases
and reaches a minimum at ~ 9.75 T, which is marked as
Bg1 in the figure. This critical field is rather close to the
spin polarization transition for B || a. Above B, the
Kq quickly increases and finally saturates in the polarized
state. It is notable that there is a kink or slope change in
the ko (B) at 10.25-10.5 T, which is marked as Bgo. This
anomaly is unexpected since the spins should be already
polarized. There is an obvious hysteresis between the
increasing and decreasing field data for B < By;.

The comparison between kq.(B) and k.(B) clearly
shows that the field-induced intermediate phase only ex-
ists while B || a*x. The previous magnetization measure-
ments did not show any hysteresis for B || a [23, 24], so
the hysteresis in k,(B) is not simply due to the possible
irreversible magnetization behavior. Furthermore, this
hysteresis is rather odd since the relative magnitude of
k is different at the intermediate fields and low fields (<
5.5 T). It is likely to be associated with some magnetic
domain structures that can scatter phonons [44, 55]. If
these domains are of the AF type, they do not induce
irreversible magnetization.

Finally, we checked the in-plane thermal conductivity
measured with B || ¢. Figure 3(a) shows the tempera-
ture dependence of k, with B || ¢. In either 5 or 14 T,
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FIG. 2. (a) Temperature dependence of k4. for different magnetic fields along the a* axis. The dashed lines indicates the 7"-4°-
and T?*-dependence of kq. in 0 and 14 T. (b) Low-temperature data plotted with xq./T" vs T. The solid lines are fittings to
Kaw /T = ko/T + b1 for T < 400 mK with a = 2.11, 2.39, 2.06, and 2.42 for 7.5, 8.5, 10, and 14 T, respectively. (c) Kax as a
function of magnetic field (|| ax) at 151, 252 and 380 mK. The red and blue symbols indicate the measurements with increasing

and decreasing field, respectively. The black arrows indicate three critical fields Bgx1, Bax2 and Bgss.

(d) Temperature

dependence of k, for different magnetic fields along the a axis. The dashed lines indicates the T1*°- and T%-*°-dependence of
Kq in 0 and 14 T. (e) Low-temperature data plotted with s,/T vs T. The solid lines are fittings to kq /T = ko /T + bT*~" for
T < 400 mK with o = 1.99, 1.55, and 2.34 for 7.5, 9.5, and 14 T, respectively. (f) ko as a function of magnetic field (|| a) at
151, 252 and 380 mK. The red and blue symbols indicate the data measured with increasing and decreasing field, respectively.

The black arrows indicate two critical fields Bg,1 and Baa.

the k, displays similar temperature dependence to that
of the zero-field data while the magnitude of x, is much
smaller in these fields. Figure 3(b) shows the field depen-
dence of k, for B || ¢ at 151 and 380 mK. With increas-
ing field, the x, decreases quickly to reach a minimum
around 5 T and displays a weak field dependence up to
14 T, with a small and broad peak at ~ 8 T. In addition,
the kq(B) curves for B || ¢ have no hysteresis between
the increasing and decreasing field data. Figures 3(c) and
3(d) show the data for the same measurements with the
heat current and magnetic field along the ax axis and
the ¢ axis, respectively. Both the temperature depen-
dence and field dependence are nearly the same between
Kq and Kq.. That is, the c-axis field induces isotropic ef-
fect on the a-axis and ax-axis heat transport properties.
The field dependence of « for B || ¢ can be due to more
significant magnon-phonon scattering in the c-axis fields.
Whereas, the minimum at x(B) is likely due to two com-
petitive contributions of magnons induced by magnetic
fields. With increasing field, the magnon gap will shrink
and the magnon excitations will be populated; thus, the

magnon transport can enhance the x while the stronger
magnon-phonon scattering can suppress the . Since the
magnetization data did not show any signature of spin
structure transitions at low fields for B || ¢ [23, 24], the
valley of k(B) at low fields is likely due to the competition
of these two effects. It is notable the x(B) with B || ¢ do
not show hysteresis with sweeping field up and down. It
should be pointed out that a recent heat transport study
revealed that there is a clear hysteresis in x(B) for B || ¢
at temperatures down to 8 K [39], which was ascribed
to the small ferrimagnetic moment along the ¢ axis [24].
However, the present ultralow-temperature data do not
exhibit hysteresis in x(B). In addition, our previous x(B)
data at 0.36-1.95 K consistently did not show hysteresis
[38]. Therefore, for B || ¢ the hysteresis of k(B) appears
at high temperatures.

It is obvious that the in-plane thermal conductivity
of NayCoyTeOg is enhanced by the in-plane field but
suppressed by the out-of-plane field. Such anisotropic
magneto-thermal conductivity is rather rare in magnetic
materials, in which the magnetic fields in different di-
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FIG. 3. (a) Temperature dependence of xk with the heat cur-
rent and magnetic field along the a axis and the ¢ axis, re-
spectively. (b) Magnetic field dependence of k, at 151 and
380 mK, the red and blue symbols indicate the data for in-
creasing and decreasing field, respectively. (c¢) Temperature
dependence of k with the heat current and magnetic field
along the a* axis and the ¢ axis, respectively. (d) Magnetic
field dependence of k4« at 380 mK, the red and blue symbols
indicate the data for increasing and decreasing field, respec-
tively.

rections usually affect the thermal conductivity in the
similar way [27, 28, 56]. To our knowledge, only NiCl,-
4SC(NHs)2, a spin-1 chain system, was found to exhibit
anisotropic magneto-thermal conductivity, in which the
magnetic field along (perpendicular) the spin chains en-
hances (suppresses) the thermal conductivity [57]. This
anisotropy is related to the field induced magnon Bose-
Einstein condensation state along the spin-chain direc-
tion. However, the present Nay;CosTeOg result must
have a different mechanism, and we think this is due

to the combined effects of the anisotropic magnetic in-
teraction and the specific magnetic structures. More-
over, the k.. (B) and k.(B) are obviously different too.
First, the kq.(B) shows the field-induced intermediate
magnetic state but k,(B) does not. Second, within the
hysteresis, the kq.(B) is larger with the decreasing field
for B || ax while the k,(B) is larger with the increasing
field for B || a. All these differences indicate that in the
ab plane, the exchange interactions along the ax and a
directions are different from each other, which should be
accounted for future studies.

IV. SUMMARY

Our ultralow-temperature thermal conductivity data
of NayCoyTeOg suggests the existence of itinerant
fermionic magnetic excitations in the zero magnetic field
that is interpreted from the fractionalized antiferromag-
net. We further show the existence of the intermediate
magnetic state for B || ax from the magnetic field depen-
dence of k. Moreover, our data show that NasCosTeOg
is a rare magnet exhibiting strong anisotropic magneto-
thermal conductivity. Such complex thermal conductiv-
ity behaviors reflect the unique exchange interactions in
NayCosTeOg, which call for further studies to be clari-
fied.
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