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Contrasting magnetothermal conductivity in sibling Co-based honeycomb-lattice antiferromagnets

Masato Ueno,!>" Takashi Kurumaji®,""-" Shunsuke Kitou,! Masaki Gen®,

2

Yuiga Nakamura,? Yusuke Tokunaga,' and Taka-hisa Arima'-?
' Department of Advanced Materials Science, University of Tokyo, Kashiwa 277-8561, Japan
2RIKEN Center for Emergent Matter Science (CEMS), Wako 351-0198, Japan
3Japan Synchrotron Radiation Research Institute (JASRI), Sayo-gun 679-5198, Japan

® (Received 7 December 2023; accepted 28 June 2024; published 15 July 2024)

Honeycomb-lattice antiferromagnets have attracted wide attention for the exploration of exotic heat transport
and their interplay with magnetic excitations. In this work, we have revealed a contrasting behavior in the mag-
netothermal conductivity (MTC) between two Co-based honeycomb-lattice magnets Cog M09 (M = Nb, Ta),
despite their identical lattice structures and quite similar magnetism. Co,Ta,Ogy exhibits enhanced MTC of
about 550 % at 9T of an in-plane magnetic field, comparable to other honeycomb magnets, while MTC for
CosNb,Oqg reaches only ~30 %. This marked difference is ascribed to distinct features in the field-induced
evolution of magnetic excitations that resonantly scatter phonons. This finding sheds light on the implicit impacts
of nonmagnetic ions on thermal transport and hints at the potential for broad heat-transport tunability while

preserving magnetism and lattice structures.
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Thermal transport properties are attracting central interest
as a useful probe to unravel intriguing nature of quasiparticles
in quantum materials [1]. Magnetic insulators are extensively
investigated to explore unconventional heat transport phenom-
ena, including ballistic spin conduction [2,3], thermal Hall
effect [4-6], and large magnetothermal conductivity (MTC)
[7-13]. Phonons are in most cases dominant heat carriers,
while spin-phonon coupling often plays a pivotal role in orig-
inating fascinating features.

Recent efforts have been primarily concentrated on
honeycomb-lattice magnets. This distinct class of materials
is anticipated to harbor exotic characteristics, including topo-
logical magnon bands [14-20], Majorana edge mode in the
context of Kitaev spin liquids [21,22], and chiral phonons
carrying angular momenta [23-25]. Significant thermal trans-
port properties have been observed, including large MTC due
to strong spin-phonon coupling [26-30], and thermal Hall
effect [22,31-35]. It has recently been recognized that ex-
otic heat conduction can occur also when a field is parallel
to the honeycomb-lattice plane [36—42]. The intricate inter-
play between phonons and magnetic excitations continues to
be a fertile ground for ongoing discussion and exploration
[22,29,40,43-45]. The pursuit of understanding the role of
spin-phonon coupling promises a potential pathway to gain
tunability of heat conduction within this intriguing group of
magnets.

Corundum-derivative compounds, Co4Ta;O9 (CTO) and
Co4Nb,Og (CNO), have attracted recent interests as a host
of a stacked honeycomb lattice of magnetic Co®* ions [46].

“These authors contributed equally to this work.

TPresent address: Division of Physics, Mathematics and Astron-
omy, California Institute of Technology, Pasadena, California 91125,
USA.

2469-9950/2024/110(4)/L041116(6)

L0O41116-1

They belong to a centrosymmetric space group P3cl [47]
[Fig. 1(a)], and the PT-symmetric antiferromagnetic order
of Co** ions breaks both the space inversion (P) and time-
reversal (7) symmetries below Néel temperatures (7y) giving
rise to magnetoelectric coupling [48-59]. Ta>* and Nb>* ions
are not magnetic, hosting no d electrons. There are two types
of CoOg octahedra (Col and Co2) in CTO and CNO. Heavily
buckled honeycomb networks of Co2 and less buckled ones of
Col [Fig. 1(b)] are alternately stacked along the c axis. They
are termed buckled and planar, respectively.

Previous neutron diffraction experiments revealed slightly
canted antiferromagnetic order at zero field below 7Ty = 20K
for CTO [58,60], and below Ty = 27 K for CNO [52,61,62].
According to Refs. [60,62], for both compounds, magnetic
moments are confined in the ab plane because of the easy-
plane type magnetic anisotropy of the Co*" ions. Magnetic
moments are mutually canted within the ab plane due to the
Dzyaloshinskii-Moriya interaction along the c axis as shown
in Fig. 1(b) for CTO. The magnetic structure of CNO is
similar to CTO, while the magnetic moments are in a different
orientation in the ab-plane from those in CTO. An in-plane
magnetic field induces a spin-flop-like transition at low mag-
netic fields (H, = 0.3 T for CTO [59] and H. = 0.2-0.75T
for CNO [52,63]). For CNO, it has been revealed that this
phenomenon is ascribed to the antiferromagnetic domain re-
arrangement so that the Néel vector becomes perpendicular to
the applied magnetic field [62].

In this letter, we report a distinctive behavior of MTC
in isostructural honeycomb-antiferromagnets, CTO and CNO
[47]. Despite the structural and magnetic similarity, the MTC
in CTO reaches 550 % in an in-plane magnetic field of 9T,
comparable to other large MTC honeycomb-lattice magnets,
while CNO shows the MTC suppressed by more than one
order of magnitude in the same field configuration. This con-
trasting MTC behaviors are attributed to the subtle balance
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FIG. 1. (a) Schematic crystal and magnetic structure of CTO
(space group: P3cl) visualized by VESTA software [64]. Cyan (blue)
octahedron represents oxygen coordination around Col (Co2). An
arrow on each Co site represents the magnetic moments. (b) Top
view of a planar (buckled) honeycomb lattice formed by Col (Co2).
Cartesian coordinates, x, y, z are defined. (c) Temperature depen-
dence of zero-field thermal conductivity (k,,) of CTO with the heat
current along the x axis (jg || x || @). The data for CNO and MTO are
also shown. Arrows denote the transition temperature (T,<™© ~ 20K,
TENO ~ 27K, TMTO ~ 100 K), identified by the magnetization mea-
surements with uoH = 0.1 T. Dashed lines are the phonon thermal
conductivity in the Casimir limit.

between the energy scales of magnetic excitations and fea-
tures of phonon resonant scattering. This result provides an
insight on the tunability of heat transport in magnets without
significantly changing lattice and magnetism.

Single crystals of CTO, CNO, and Mn4Ta;O9 (MTO) for
measurements were grown by the floating zone method (see
Sec. A in Ref. [65]). Thermal conductivity at low temperatures
in a magnetic field was measured by the standard steady-state
method using a commercial cryostat equipped with a super-
conducting magnet. Cartesian coordinates, x, y, z are defined
as shown in Fig. 1(b), and in-plane thermal conductivity «;;
(i = x, y) is estimated following the formula jy; = «;;(—9;T),
where jo; and 9;T are heat current density and longitudinal
temperature gradient along i axis, respectively. The jo; was
generated from a 1-kQ2 heater chip attached to an edge of
a rectangular-shaped sample, where a DC electric current
was applied by Keithley 6221 through manganin wires (¢ =
25um). The other edge was attached to the copper block
as a heat bath. The 9;7 on the sample was monitored by
type-E thermocouples (¢ = 25 um). The temperature of the
heat bath was measured by a resistive thermometer (Cernox
CX-1030-SD), which was calibrated at low temperatures in
magnetic fields. High-vacuum condition (<1 x 1073 Pa) was
maintained during the measurement to prevent convection.
Radiation from the environment was suppressed by using
a brass cap shield on the sample puck. DC magnetization
was measured by a superconducting quantum interferome-
ter device magnetometer system (MPMS, Quantum Design).

Thermal expansion and magnetostriction along a and b* were
simultaneously measured by the fiber-Bragg-grating method
using a cryostat equipped with a superconducting magnet
(Spectromag, Oxford Instruments) [66].

Figure 1(c) shows the temperature dependence of ther-
mal conductivity of CTO and CNO in zero magnetic field.
We also measured the thermal conductivity in isostructural
MTO to compare the effect of spin-orbital coupled magnetic
moment in Co*" ions and a spherical S = 5/2 moment in
Mn?t ions. k,, in MTO shows a typical feature dominated
by a phononic contribution, which is characterized by a peak
at 25K, as observed in various Mn%* compounds [67-69],
while a critical scattering induces a kink at 7y (see a purple
arrow). CTO and CNO, on the other hand, show a prominent
suppression of thermal conductivity with a dip at T lower than
Tx. This indicates that magnetic excitations associated with
Co-3d electrons strongly scatter phonons through spin-lattice
coupling [13,68]. We also estimate the boundary-scattering
(Casimir) limit of pure phonon thermal conductivity (see
Sec. E in Ref. [65]) as shown by dashed lines in Fig. 1(c). The
observed «,, in MTO is moderately suppressed from the ideal
value due to relatively small spin-phonon interaction [70,71],
while those in CTO and CNO are more strikingly influenced
by the magnetic scattering.

The similarity in thermal conductivity between CTO and
CNO may originate from the similarity in the crystal structure
(see Sec. B in Ref. [65]), electron configuration (Co** is 3d7,
Ta>* and Nb°* are d°), and magnetic structure [60,62]. Both
compounds show the easy-plane type magnetic anisotropy
due to the orbital moment in Co?* ions, while CTO has a
softer magnetization process in the in-plane magnetic field
than CNO does (see Sec. C in Ref. [65]). Thermal expansion
and magnetostriction below Ty (see Sec. C in Ref. [65]) are
also comparable, suggesting that the exchange striction plays
a similar role in these two compounds.

Contrasting behavior in the thermal conductivity between
CTO and CNO emerges in a magnetic field applied parallel
to the honeycomb planes (H L c). Figure 2(a) shows the
temperature dependence of thermal conductivity «,, of CTO
when the magnetic field is applied parallel to the heat flow
(jo | H || y). The temperature dependence of «y, shows a
double-peak structure, at about 50 K and about 5 K. At9 T, the
high-temperature peak is slightly suppressed, while the low-
temperature one exhibits a large enhancement, suggesting a
suppression of phonon scattering. In CNO, on the other hand,
the field-induced changes for both peaks are much smaller
than that of CTO [Fig. 2(b)].

This difference becomes clearer in the plot of MTC ra-
tio Akyy(H)/Kyy(0) = [kyy(H) — ky,(0)]/k,,(0) of CTO and
CNO at various temperatures, as shown in Figs. 2(c) and 2(d).
In CTO, the field-induced enhancement of «,, is observed
below 10K, and the MTC ratio reaches 550 % at T = 5 K.
That of CNO is ~30 % at the maximum at 7 = 9 K. These
features indicate that low-energy magnetic excitations give
rise to the striking difference in MTC. We also note that
the spin-flop transition at low fields only slightly affects the
MTC for both compounds (see Sec. C in Ref. [65]), sug-
gesting that the difference in the tilt angle of the magnetic
moment between CTO and CNO plays a minor role in the heat
transport.
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FIG. 2. The temperature dependence of thermal conductivity
along y axis (k,y) in (a) CTO and (b) CNO at zero field and under
the magnetic field of 9T along H || y. The transition temperature
(In) at uoH = 0.1 7T is also denoted by an arrow. Field dependence
of the magnetothermal conductivity Axy,(H)/k,,(0) of (c) CTO and
(d) CNO at various temperatures. The definition of the Cartesian
coordinates is denoted as an inset of (d).

We have also measured the anisotropy of MTC with re-
spect to the heat current direction and the magnetic field (see
Sec. D in Ref. [65]). The MTC in the jo || H || x condition
is comparable to that of jp || H || y, as expected from small
in-plane magnetic anisotropy in a trigonal system. In contrast
to the in-plane-field MTC, that in the out-of-plane field con-
dition (jo L z, H || z) does not provide a large MTC ratio for
either CTO or CNO. This is consistent with the easy-plane
type magnetic anisotropy, where the magnetic excitations are
expected to weakly respond to H || z.

To capture the interplay between phonons and magnetic
excitations, the thermal conductivity data are analyzed by
using the Callaway model [72,73]. In this model, the tem-
perature dependence of the thermal conductivity is calculated
numerically by considering the frequency dependence of the
phonon relaxation time T, as

©),

Y
k(1) = > / F(o, T)ta(@, T)d§, (1)
0

kg kgT
2mlvg \ K

where kg is Boltzmann constant, 4 is Dirac constant,
®p is Debye temperature, v, is the acoustic phonon
velocity (see Sec. E in Ref. [65]), w is phonon frequency,
£ = ho/kgT, and F(w, T)= (E*°)/(e5 — 1)* [72,73].
Tl =t + r[;;g, where the nonmagnetic term 7, commonly
used empirically as the pure phononic relaxation term
including boundary, point defect, dislocation, and umklapp
scattering. We assume that the 7, that represents phonon
resonant scattering by magnetic excitations at typical

frequencies wgs; (j =1,2,...), phenomenologically given
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FIG. 3. Color map of the Aky,(H)/k,,(0) in the H-T phase
diagram of (a) CTO and (b) CNO for H || y. Black circles (solid
lines) are the magnetic transition temperatures obtained by magneti-
zation measurements. Black squares (dashed lines) are the spin-flop
transition fields (see Fig. S3 in Ref. [65]). The extracted resonant
frequencies (wres1, Wres2) as a function of applied magnetic field are
also shown (red circles and blue triangles). The difference between
Wres1 and wpey in CTO at higher magnetic fields is too small to
resolve.

by [43,74-78]

ﬁmresj
. &)4 exXp (— kT
T = E C j 5 s
mag h .
" 2 _ 2 Wres j
J (w wresj) 1+ exXp <_ kT )

where C; denotes phonon-magnetic-excitation coupling
constant.

The experimental data for both CTO and CNO are repro-
duced by using the close order of magnitude values for the
corresponding parameters (see Sec. E in Ref. [65]), confirm-
ing the similarity of nonmagnetic phonon scattering processes
and spin-phonon coupling [79] between these compounds.
The major difference that gives rise to the distinct MTC is the
energy of wy; and their field-evolution. Figures 3(a) and 3(b)
show a color map of Ax,,(H)/«y,(0) and field-dependence of

@
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hwres1 and hiwresr. We find that at least two resonant frequen-
cies, wres1 and wyes, have to be introduced to obtain reasonable
temperature dependence of x in magnetic fields. In CTO
[Fig. 3(a)], the resonant frequency wyes; (~1 meV) suppresses
the thermal conductivity below Ty at zero magnetic field. As
the magnetic field increases, wys; is increased by the Zeeman
effect to approach the higher resonant frequency wy.s;. Con-
sequently, the magnetic scattering of phonons is suppressed,
resulting in the enhancement of the low-temperature peak in
kyy by a magnetic field. The smaller MTC in CNO is attributed
to slightly higher energy of /iw.s; and the negligible sensitiv-
ity to the field at the low-field regions (<6 T).

The phonon resonant scattering frequency is considered
to correspond to the energy at which the gap of magnetic
excitation bands and phonon dispersions intersect. In the pre-
vious terahertz spectroscopy, CNO was observed to possess
multiple magnetic excitations comparable to the energy of
Wres1 and wresx [80]. Some of the modes were also confirmed
by inelastic neutron scattering [61]. Although the magnetic
excitations spectra in CTO have remained elusive, excitation
energy w1 lower than that in CNO is possibly attributed to
the systematically weaker magnetic exchange interactions in
CTO than those in CNO [81] as magnon gap energy in an
antiferromagnet at zero field is correlated to the exchange
field. The faster field-induced evolution of w.s; in CTO is
consistent with softer magnetization process (see Figs. S3(b)
and S3(f) in Ref. [65]), which suggests that the magnons (and
thus, anticrossing points with phonons) gain more Zeeman
energy than that in CNO. We note that the w in CNO
shows a slight decrease (~5%) at low fields [Fig. 3(b)]. This
might not be an intrinsic effect but within the uncertainty of
the fit parameters (see Sec. E in Ref. [65]). According to the
DFT calculations in Ref. [81], the softness of magnetization
originates from narrower Co-3d bandwidth, larger on-site
Coulomb interaction U, and smaller band gap between the
minority-spin states. These features are due to extended Ta-5d
states hybridize more strongly with O-2p states. This exempli-
fies an impact of nonmagnetic ions to an apparent identical
magnets for distinct behavior in magnetothermal transport
properties.

Contrasting behavior between CTO and CNO highlights
the diversity of MTC among honeycomb-lattice magnets.
Figure 4 compares MTC ratios in honeycomb-lattice mag-
nets at the temperature where the MTC ratio becomes the
largest in the measured field range below 15T. Co-based
materials show relatively large MTC change. The MTC of
Na;Co,TeOg in the high magnetic fields is larger than that
of the other honeycomb antiferromagnets. The magnetic en-
ergy gap extracted by a fitting of the thermal conductivity
in NayCo,TeOg¢ linearly increases in the high-field region
(hwo >~ 5.4meV at 15T), thus suppressing phonon scattering
due to magnetic excitation [29]. MTC in CTO is comparable
to those in the other Co-based compounds, while CNO shows
relatively small MTC. Although a contrasting temperature-
dependence of k,, at zero field has been reported among
trirutile compounds [76], to the best of our knowledge, it has
been rarely reported and explored that such a wide variation of
MTC happens within isostructural compounds with isoelec-
tronic magnetic ions and similar magnetic and magnetoelastic
properties.
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FIG. 4. In-plane longitudinal MTC ratio in CTO and CNO
obtained in this study at 7 =4K and that of a variety of
honeycomb-lattice magnets. Na,Co,TeOq (T = 7K, jo || H) [29],
a —RuCl; (T =25K, jo || H) [26], CtCl; (T =21K, jo |l H)
[27], Mn3SizSeq (T = 20K, jo || H) [82], and Cr,Si, Teq (T = 32K,
Jo || H) [78]. The transverse MTC in BaCo,(AsO4), at 0.7 K in the
configuration of j, || a, H || b* [30] is also shown.

Although the analysis using Eq. (2) succeeds in captur-
ing the phenomenological understanding of the underlying
physics observed, we note that it gives only becomes an indi-
cation of the presence of an energy scale of a gap of magnetic
excitations relevant to phonon scattering. The identification
of the microscopic scattering process is a subject of future
studies. We also note that the magnetoelectric effect in CTO is
known to be a nonmonotonic function of magnetic field, while
CNO shows typical linear magnetoelectric behavior [56,59].
This difference would also be linked to the distinct MTC
through the field-induced evolution of magnetic structure and
spin-lattice coupling. In order to reveal these features and to
deepen the understanding of the contrasting behaviors in CTO
and CNO, further elastic/inelastic neutron diffraction studies
are needed to investigate the spin structures in an in-plane
magnetic field and to resolve the magnetic excitation spectra
particularly in CTO.

In conclusion, a large enhancement of thermal conductivity
in a magnetic field is observed in CTO in contrast to a much
smaller magnetic-field-effect in CNO despite the apparent
similarity between these compounds. This discrepancy is at-
tributed to the difference in the energy of magnetic excitations
that scatter phonons and their field-evolution, which is consis-
tent with relatively softer magnetization in CTO than that in
CNO. These findings suggest a potential for the giant tunabil-
ity of thermal conductivity in honeycomb-lattice magnets with
a faint perturbation including the substitution of nonmagnetic
elements. This may also be relevant to harnessing exotic heat
transport phenomena in Kitaev magnets.
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