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Magnetic Weyl semimetals have emerged as a fertile ground for exploring quantum phases of matter and
quasiparticles. The latter includes unconventional fermions with larger Chern numbers than those of conventional
Weyl fermions and topologically nontrivial band structures in bosonic excitations. They hold potential for
further experimental exploration of emergent quantum matter, magnon-polarons, which arise from hybridization
between spin and lattice degrees of freedom. Such hybridization of distinct collective modes offers a pathway
to control coupled degrees of freedom as well as quantum phases. Magnon-polarons are anticipated to mark
their presence in heat transport. In our findings, we observed a significant rise in magnetothermal conductivity
of the Weyl semimetal NdAISi with complex magnetic order and a ferrimagnetic ground state. Furthermore,
our theoretical results predict the existence of chiral phonons with nonvanishing pseudoangular momentum.
Eventually, the huge increase in magnetothermal conductivity is attributed to the hybridization or strong coupling
of magnons and chiral phonons. These charge-neutral excitations can drive significant advancements in the fields
of magnonics, spintronics, and emerging topological quantum computing.

DOI: 10.1103/yj5Sv-jvmb

Introduction. The interplay among magnetism, band topol-
ogy, and electronic correlations plays a paramount role in
enriching the quantum phenomena of topological materi-
als. These include the observation of helical spin ordering
driven by Weyl-mediated Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction [1], the impact of magnetic orders on
Weyl point regulation [2], and the emergence of quantum
oscillations due to strong 4f-electron exchange interaction
[3]. Furthermore, the materials with broken-inversion and/or
time-reversal symmetries are expected to host topological
nontrivial characteristics not only in electronic [4] but also
in phononic [5,6] and magnonic excitations spectra [7,8]. As
a result, anomalous signatures in physical properties have
been observed due to the quantum phenomena, namely, chiral
and mixed axial-gravitational anomalies [9] and the thermal
Hall effect because of the Berry phase associated with topo-
logical magnons [10] and phonons [5,11]. The interaction
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between distinct degrees of freedom is of particular interest
and has garnered significant attention in the field of con-
densed matter physics [12—-14]. Moreover, the hybridization
between magnons and phonons can harbor an emergent quan-
tum matter called magnon-polaron [14-18]. Owing to the
mixed characteristics of magnons and phonons, the dynamics
of magnon-polarons could be regulated by external stimuli
[19]. A comprehensive understanding and control of these
collective magnetic excitations, magnon-polarons, is crucial
for their potential applications in the fields of magnonics
and spintronics. Although some efforts have been made to
discover magnon-polarons [20,21], their signatures await ex-
perimental exploitation through thermal transport coefficients
in magnetic Weyl semimetals. These charge-neutral excita-
tions have been evaded by electrical transport and hence open
the possibility of exploring their experimental characteristics
in heat transport, as they are expected to offer a collective path
for heat transfer [16,22-24]. For instance, thermal conductiv-
ity measurements offer a unique experimental approach for
unfolding the emerging low-energy excitations in topological
materials [25-27].

Recently, NdAISi has been characterized as a magnetic
type-1I Weyl semimetal in which Weyl nodes are found to be
regulated by the magnetic ordering [1,2]. The magnetic rich
phase diagram of NdAISi has been studied in detail by using
neutron diffraction [1] and transport measurements under an
applied magnetic field B || ¢ [1,3,28]. At low temperatures,
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FIG. 1. Schematic coupling between magnon and phonon in
NdAISi. Unit cell of NdAISi (in a-c plane), wherein Nd, Al, and Si
atoms are shown orange, light blue, and blue, respectively. Magnons
arise from the interplay between the magnetic moments (red arrows)
of Nd atoms. Similarly, phonons, representing lattice vibrations,
result from the elastic arrangement of atoms, illustrated by springs
(showing only the interactions between Nd atoms). In the field-
induced ferromagnetic phase, phonon-magnon coupling leads to the
formation of hybrid-collective excitation that can carry heat when
subjected to external heat stimuli.

spin-density-wave order is realized with the lack of magnetic
field, and it can be destroyed by applying a sufficiently strong
external magnetic field [1]. Additionally, the simultaneous
presence of magnons and chiral phonons provides the pos-
sibility of the emergence of magnon-polarons in NdAISi (see
schematic Fig. 1). They hold great promise for technological
applications in spintronics and quantum information, as they
are less prone to Joule heating and can be tuned by an external
magnetic field [7,8,19].

Here, we employed electric (and thermal) transport mea-
surements on single-crystalline NdAl1Si; an electric (and heat)
current was applied along the a axis under a magnetic field
B oriented along the ¢ axis. The positive magnetoresistance
(MR) was observed at various temperatures. Surprisingly, a
huge increase in thermal conductivity was noticed at low tem-
peratures in high magnetic field (ranging from 6 to 14.5 T),
demonstrating the potential use as a solid-state thermal switch
[29]. Our theoretical results predicted the existence of circu-
larly polarized/chiral phonons even though NdAISi does not
belong to the chiral group. In NdAIlSi, the absence of a sym-
metry center leads to the formation of chiral phonons, which
are mostly associated with the circular motion of Nd ions
around the equilibrium position. As a result, these phonons are
anticipated to have strong coupling with magnons [30]. Fur-
thermore, based on a comprehensive analysis, we concluded
that the observed increase in thermal conductivity cannot
be solely explained by electronic, phononic, and magnonic
contributions. Instead, the phenomenon was attributed to the
synergy of magnons and chiral phonons, resulting in magnon-
polaron formation.

Results and discussion. Figure 2 represents the isothermal
magnetoresistivity p(B) of NdAISi measured under applied
magnetic field B || ¢ and I || a. Observed steplike anoma-
lies in p(B), see magenta arrow in Fig. 2, are caused by the
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FIG. 2. Isothermal magnetoresistivity [o(xx)] of NdAISi. p(xx)
measured with the electric current applied along the a axis and
magnetic field oriented along the ¢ axis. Steplike dips (inset) and
jumps are shown by the dark cyan and magenta arrows.

disappearance of the spin-density wave vector [1]. As a result,
there is a sudden increase in carrier density [28], and the
gap between nested parts of the Fermi surface vanishes. This
affects the transport properties and leads to such anomalies
[1,3,28]. In the low-magnetic-field regime, a steplike dip is
observed in p(B) around T ~ 5 K (as shown in the inset
of Fig. 2). This dip is related to metamagnetic (spin-flip)
transitions induced by the external magnetic field along the
easy axis [3]. The positions of this magnetic transition are
in good agreement with previous reports [3,28]. At low tem-
peratures, p(B) shows quantum oscillations (refer to Fig. S1
in the Supplemental Material (SM) [31]), with frequencies
consistent with previous reports [1,3,28]. For all temperatures,
p(B) increases and shows no sign of saturation up to B =
14.5 T. This large positive MR can be expected for a Weyl
semimetal as found in an earlier report [32].

Figure 3 depicts the temperature dependence of thermal
conductivity x at constant magnetic fields B = 0, 5, 10, and
14.5 T and comparison of x with the zero-field electronic
thermal conductivity calculated from p using the Wiedemann-
Franz (WF) law «wg = o LyT, where Ly is the Sommerfeld
value of the Lorenz number for free electrons. Here, x(7)
passes through a maximum value at 7 =~ 60 K while cooling
down from room temperature. At this temperature, phonons
account for ~73% of the total thermal conductivity. Later,
k(T) decreases over the temperature range from 60 to 10 K.
Notably, at 10 K, xwp appears to make a significant contri-
bution to the total thermal conductivity. Below 10 K, «(7)
begins to rise again, reaching a maximum at 5 K (see blue
curve in the inset of Fig. S3 in the SM [31]), indicating
the emergence of magnons and their role in thermal conduc-
tion. In fact, such a peak is observed in magnetic materials
below the Neel temperature Ty, as a characteristic feature
of magnon contribution, which can account for a signifi-
cant portion of total thermal conductivity [33]. The inset of
Fig. 3 depicts the further comparison of xwg(7), in zero field,
with «(T) at various constant fields for 7 < 20 K. First, for
T < 10 K, «(T) decreases with increasing the constant
magnetic field, reaching a critical magnetic field B¢, which
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FIG. 3. Temperature dependence of the a-axis thermal conduc-
tivity for NdA1Si at constant magnetic field (B). (T) data are plotted
with blue, pink, green, and red points at B = 0, 5, 10, and 14.5 T,
respectively. The inset shows a zoomed-in plot of «(7) along with
the electronic contribution kwg(7) (orange line) calculated using
the Wiedemann-Franz law. At low temperatures, «(7) attained a
maximum value at magnetic-field-transition temperature that can be
viewed as a fingerprint of magnons involvement in thermal con-
duction, which decreases with increasing the constant field and
eventually turns out to broad peaks in high B.

also correlates with the crossover from ferrimagnetic to a
field-induced ferromagnetic state [3,28]. Such a crossover can
also be realized through the suppression of the lambda-point
anomaly in specific heat, indicating long-range magnetic or-
dering [34], by an external magnetic field [3]. Remarkably,
beyond Bci, x(T) starts to rise with an increasing constant
magnetic field.

Figures 4(a) and 4(b) present the magnetic field depen-
dences of kwr and « at low temperatures (T < 10.7 K),
respectively. As shown in Fig. 4(a), kwgr decreases with

the visible anomalies as the magnetic field increases, which
is a consequence of MR. Below 5 K, magnetothermal
conductivity «(B) initially increases up to B, ~ 3 T and,
afterward, starts to decline until reaching Bc;. This reduc-
tion of «(B) persists up to high temperatures, exhibiting the
anomalies at Bc;. In the high-field limit, « (B) increases at low
temperatures. At low temperatures, charge carriers (electrons
or/and holes) are the primary contributors to thermal conduc-
tivity in the absence of the magnetic field. However, their
contribution decreases markedly in the magnetic field. This
indicates that electronic thermal conductivity is unlikely to
be responsible for the enhancement of total magnetothermal
conductivity within high-field limits. Previously, a substan-
tial increase in x(B) was ascribed to a gravitation anomaly
in Weyl semimetals [35,36]. The gravitational anomaly is
highly sensitive to field orientation like the chiral anomaly
[37] and only emerges in the presence of a collinear tem-
perature gradient VT and magnetic field in the direction of
Weyl point separation. However, the contribution of the mixed
axial-gravitational anomaly to the experimentally measured
longitudinal thermal conductivity can be observed at angles
of a few degrees due to a slight misalignment between the
magnetic field and VT. When the magnetic field is oriented
perpendicular to VT, there is no observed contribution from
the mixed axial-gravitational anomaly to thermal conduction.
Therefore, the observed increase in this configuration (when
VT is perpendicular to B) is unlikely to be attributed to
electronic or mixed axial-gravitational contribution. More-
over, we observed a drastic violation of the WF law in the
field-induced ferromagnetic phase at various temperatures
[shown in Figs. 4(a) and 4(b)]. Generally, the WF law is
expected to hold at low and high temperatures (in the case of
NdAISi, at room temperature, see Fig. S2 in the Supplemental
Material [31]) if charge carriers scatter elastically, resulting in
equal degradation of charge and heat currents. However, the
emergence of new chargeless heat pathways contributes to a
significant violation of the WF law, for instance, in the case of
the chiral zero sound, which creates an additional chargeless
heat conduction channel, leading to a severe violation of the
WEF law [25,26].
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FIG. 4. Magnetic field dependence of thermal conductivity of NdAISi. (a) Electronic thermal conductivity xwg(B) at T = 4.1, 5, 6, and
10 K (bottom to top), calculated using the WF law. (b) Total thermal conductivity measured at T = 4.2, 6.5, 8.4, and 10.7 K. The pink arrow

represents B, at T = 4.2 K (green curve).
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FIG. 5. Crystal structure and lattice dynamic of NdAISi. (a) Crystal structure of NdAISi and characteristic zig-zag chains formed by Al
and Si atoms along a and b directions. Elementary lego block of NdAISi is formed by the imperfect hexagonal-like cages build by Al and Si
atoms. One Nd atom is located inside each cage. (b) Phonon dispersion curves exhibit nonvanishing total pseudoangular momentum (PAM),
here presented by the color line. The phonon branches possess nonzero PAM outside of the high-symmetry points, due to the absence of the
inversion symmetry. (c) Acoustic modes at the I" point are related to the zero-frequency E mode (movement of all atoms along a or b directions)
and zero-frequency A mode (movement of all atoms along the ¢ direction). Outside of I', the phonon branches correspond to chiral phonons
formed by the combination of the mentioned modes. Such chiral phonons are mostly related to the circular motion of the Nd atom around the

equilibrium position.

Since NdAISi is a magnetic Weyl semimetal, it is worth
investigating the extent to which lattice and magnonic
thermal conductivities account for the total thermal conduc-
tivity at low temperatures. The former was found to be an
order smaller than the total thermal conductivity (see Fig. S3
in the SM [31]), independently calculated using the specific
heat of nonmagnetic sister material LaAlSi and « (described
in a previous report [36]). Moreover, the phonon contribution
may be affected by two phenomena in the magnetic field.
First, it might be attenuated by the magnons below Ty [38]
and expected to recover in the magnetic field as the scattering
of phonons over magnons/magnetic defects are supposed to
be reduced. Secondly, the phonon-phonon scattering increases
due to the anharmonic motion of lattice [39]. Additionally,
in NdAISi, the crystal-electric-field (CEF) splits the tenfold-
degenerate j multiplet of Nd** into a ground-state doublet
and four degenerate excited doublets [1]. Their characteristics
are observable in specific heat as a broad hump known as the
Schottky anomaly. The phonon scatters off the CEF multiplets
in a way that, first, a phonon of energy matching the CEF split
levels is absorbed and then emitted with the same energy but
with different momentum. Such phonon-resonant scattering
limits the phonon heat conduction [40]. Nonetheless, it was
observed that these competitive phenomena resulted in a slight
increase in magnetothermal conductivity [41-43]. We also
observed such a small increase of «(B) at T ~ 20 K (Fig. S4
in the SM [31]). On the other hand, at low temperatures, we
observed a remarkable increase of «(B) in the field-induced
ferromagnetic phase (see the region above the black dots
added as a guide to the eye, Fig. S5 in the SM [31]). Given
that, one can conclude that such an increase appears not to be
solely related to the phononic contribution.

Finally, in magnetic materials, magnons carry heat in two
ways: either they themselves contribute to thermal conductiv-
ity or hybridize with phonons at anticrossing region points,
forming a collective/coupled magnetoelastic mode (to be
discussed). However, the application of a sufficiently large
magnetic field creates a gap (the minimum energy required
for propagating the magnons) in the density of state (DOS)

for magnons, i.e., a gap smaller than the Zeeman energy.
Thus, the magnon contribution was found to be frozen out
in the specific heat capacity [3] in the presence of the mag-
netic field. Nevertheless, the magnon contribution to total
thermal conductivity is expected to diminish exponentially
with increasing magnetic field [44]. Therefore, magnons carry
negligibly small additional heat in the field-induced ferro-
magnetic phase due to an opening of the magnetic-excitation
gap [22], and the energy corresponding to the temperature,
i.e., thermal activation energy, is not comparable with the gap
energy, calculated using specific heat capacity [3]. Moreover,
this magnetic-excitation gap appears to merge in a low field
[3], resulting in a slight increase in x(B) [45] up to B, ~ 3 T,
particularly at T ~ 4.2 K. Apparently, in the high-field limit,
this substantial increase of «(B) also cannot be attributed to
the magnon contribution.

After considering all possible contributions to x (B), let us
focus now on the lattice dynamics of NdAISi. The crystal
structure contains the zig-zag-like chains of Al-Si atoms, ar-
ranged alternately along a and b directions [Fig. 5(a)]. From
this, an elementary lego block is formed by the imperfect
hexagonal-like cage build by Al and Si atoms. Inside each
cage, there is only one Nd atom. The surprising result of
the interplay between the Nd atom with surrounding Al-Si
environment can lead to formation of the chiral phonons with
nonzero total pseudoangular momentum (PAM) outside the
high-symmetry points of the Brillouin zone [Fig. 5(b)]. In-
deed, analysis of the phonon circular polarization for each
atom uncovers the manifested chiral phonons (see Figs. S6
and S7 in the SM [31]). Moreover, each atom in the struc-
ture can lead to chiral phonons but at different ranges of
frequencies (see Fig. S7 in the SM [31]). Similar behavior
was earlier reported for the magnetic topological insulators
TBi,Tes (T = Fe and Mn) [46]. However, the presence of in-
version symmetry causes the total PAM of phonons to vanish.
Here, the absence of inversion symmetry [6] makes it possible
to have a nonzero total PAM in some phonon branches. The
chiral phonons, away from the high-symmetry points, can be
understood as a combination of the vibration modes at the
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I" point. For example, the acoustic modes at the I" point are
related to the movement of all atoms along the a or b direction
(zero-frequency mode with E symmetry) and the movement
along the c direction (zero-frequency mode with A symmetry),
presented schematically in Fig. 5(c). Here, dashed circles cor-
respond to the missing Al or Si atom in the earlier mentioned
cagelike structure formed by the Al-Si honeycomblike lattice.
This clearly shows the breaking of inversion symmetry in two
ways: first, because of the existence of two types of atoms in
a honeycomblike lattice and, second, because of the absence
of one atom in such a structure.

The realization of chiral phonons does not depend on the
magnetic order but directly on the system symmetry. More-
over, typically, chiral phonons are expected in a system with
threefold rotational symmetry, e.g., hexagonal systems like a
honeycomb lattice [47]. Nevertheless, also, local symmetry
can play a role in forming chiral phonons. For example, ABi
(A = K, Rb, and Cs) with monoclinic P2;/c symmetry pos-
sesses chiral phonons within the chains with locally threefold
rotational symmetry [48]. Similarly, in our case, indepen-
dently from the tetragonal /4,md symmetry, the interplay
between Nd with neighboring Al and Si atoms leads to chiral
phonons. Additionally, the external magnetic field can lead
to enhancement of the circular polarization due to effective
orbital moment [49]. For example, the double-degenerated
E-like modes at the I" point can be decoupled into two modes
with opposite circulations. Such an effect was observed ex-
perimentally in CeF3, within Raman scattering measurements
[50]. This is possible due to the interplay between the phonon
angular momentum with the magnetic field [51].

Interplay between (chiral) acoustic phonons and magnons
can be crucial in the range of low-temperature limits. At rel-
atively high temperatures, the phonon thermal conductivity in
practice is related to the whole phonon spectrum. In such a sit-
uation, the phonon lifetime /7 is comparable for all phonon
branches. However, with decreasing temperature, the role of
low-frequency phonon branches is more important. This di-
rectly enhances the phonon lifetime for low frequencies (see
Fig. S8 in the SM [31]). Moreover, assuming only phonon-
phonon scatterings, the thermal conductivity diverges with T
— 0. The scattering due to the boundary can be introduced

2|y,

using Matthiessen’s rule ﬁ = T% + T" where the second
q q

term denotes the scattering rate due to a grain boundary of
size L (sample size) which depends on the phonon group
velocity v,. Theoretically obtained thermal conductivity is
overestimated by a few magnitudes. Nevertheless, it shows
that the results do not depend on the assumed magnetic order
(see Fig. S9 in the SM [31]). However, theoretical results do
not consider the magnon-phonon scattering process as well as
the interplay of chiral phonons with magnetic fields.

An important question is to what extent the interplay be-
tween chiral phonon and magnon affects the measured total
thermal conductivity at various temperatures in the mag-
netic field. Moreover, materials with sizable Dzyaloshinkii-
Moriya interaction (DMI) may host topological magnons [7].
Magnons with nontrivial bands are rarely realized in real
material, as they are not allowed by certain symmetries [7].
Nevertheless, it is not necessary to have either chiral phonons
or topological magnons for their hybridization. However, the
existence of chiral phonons strengthens the possibility of

their strong coupling with magnons [30]. Moreover, at low
temperatures, the simultaneous presence of chiral acoustic
phonons and magnon can lead to magnon-phonon hybridiza-
tion at the avoided crossing of magnon and phonon bands,
resulting in coherent hybridization modes [23,52]. In NdAlSi,
the lack of a symmetry center results in phonons with nonzero
PAM, which hybridize with magnons to form magnon-polaron
excitations. More specifically, due to the hybridization be-
tween magnon and phonon bands, a gap opens at the avoided
crossing. In addition, the inversion of the bands takes place
between magnons and phonons [14]. As a result, the bands
acquire the hybrid signature of the magnonic and phononic
characteristics.

For example, magnon-polarons are considered low-energy
excitations, so-called Goldstone modes [53]. Magnon-
polarons are considered elementary excitations and predicted
to emerge in a magnetic field [52,54]. Alternatively, the
phonon band turns out to be tangent to the magnon band while
increasing magnetic field [21]. Altogether, they are supposed
to carry heat when subjected to external heat stimuli. More-
over, the hybridized phonon and magnon bands have Berry
curvature in the anticross region points (or act as hotspots of
Berry curvature). Therefore, these hybrid bands have nonzero
Chern numbers and are considered topologically nontrivial,
and we refer to these hybrid modes as topological magnon-
polarons. The magnon-polaron can be used to modulate the
magnon dynamics [23]. The interaction between phonons and
magnons is facilitated by magnetoelastic coupling and DMI
[14,23,24]. The experimental signatures of these phenom-
ena are expected in spin and energy transport, specifically
in thermal conductivity measurements [20,22]. For instance,
the magnon-polaron is anticipated to give rise to anomalous
peaks in the field dependence of the spin Seebeck effect
[20,21]. These peaks manifest at the magnetic field values
that correspond to the anticrossing points of the magnon
and phonon dispersion curves. However, the positions of the
magnon-polaron peaks may also be influenced by the degree
of anisotropy present in the system. From a technological
perspective, they can enhance the spin-pumping effect [55],
allowing the generation and manipulation of spin currents
through phonon involvement as phonons and magnons are
hybridized.

This paves the way for the search of the coupling of
magnons and chiral phonons in the magnetic Weyl semimetal
NdAISi. Our theoretical prediction further strengthens the
presence of a magnon-polaron. We believe that, at low temper-
atures, in-field enhancement of thermal conductivity is related
to this topological excitation—a topological magnon-polaron.
The magnon-polaron creates additional heat conduction path-
ways that apparently violate the WF law.

As explained earlier, the nonzero Berry curvature arises
from strong coupling or hybridization between magnons and
phonons around the anticrossing of their dispersion curves
[23]. The Berry curvature in this case is opposite to that
associated with the pure magnon bands [22]. As a result, a
sign reversal of the thermal Hall coefficient (THC) is ex-
pected along with the substantial increase in longitudinal
thermal conductivity [22,23]. Such a characteristic has been
observed in NdAISi, namely, the positive THC in the low-field
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region and negative THC in the field-induced ferromagnetic
phase [56].

Interestingly, the nonmonotonic increase in «(B) displays
an anomaly, forming a valley [see Fig. 4(b)]. This observed
phenomenon could be due to spin fluctuations within the
crossover regions [57,58]. These fluctuations might lead
to (anti)crossings of phonon and magnon spectra in a
complex manner or even cause these spectra to become more
distant. Consequently, our results emphasize the need for
further experimental (inelastic scattering spectroscopy) and
theoretical insights into the coupling between phonons and
magnons, including their cross/anticross behavior and the
dynamics of magnon-polarons in the presence of an external
magnetic field.

Conclusions. In summary, magnetoelectrical and mag-
netothermal transport was performed in Weyl semimetal
NdAISi. At low temperatures and in low magnetic fields,
magnons carry a significant amount of heat, and their con-
tribution to total thermal conductivity is suppressed by
increasing the magnetic field. In the field-induced ferromag-
netic phase, the observed huge increase in magnetothermal
conductivities was related to the topological magnon-polaron,
emerging from the hybridization of the chiral acoustic
phonons with the magnons. These topological excitations
carry heat in the presence of a magnetic field, suggest-
ing an important role for chiral phonons in heat transport.
In our study, we not only shed light on the fundamen-
tal aspects of the phonon-magnon interplay but also open
the door to technological applications since thermal con-
ductivity can be substantially modulated by a magnetic
field.

Methods: Experimental details. Single crystals of NdAISi
were grown by a self-flux, and the related insightful in-
formation was reported in the previous report [1]. NdAISi
has a noncentrosymmetric centered tetragonal crystal struc-
ture I4ymd (space group No. 109), with lattice constants
a=b=4201A and ¢ = 14.516 A [3]. The single crystals
of NdAISi were grown to be longer along the a axis [1].
For the transport measurements, a rectangular bar with di-
mensions 1.9x1.4x0.35 mm? was cut from a suitable single
crystal with the longest side of the sample oriented along
the [100] direction (crystallographic a axis that is a magnetic
hard axis) and the shortest side along the [001] direction
(crystallographic ¢ axis that is an easy axis). The electrical
measurements were performed using a standard four-point
technique with an alternating electric current applied along
[100] in the temperature T range 1.8-300 K. The contacts
were made with Ag paste over the cross-section surface to
maintain the uniform current flow. The magnetic field B was
applied up to 14.5 T, perpendicular to the electric current
B || c. Field sweeps up and down are utilized to extract the
symmetric components of o (B) and « (B).

Thermal conductivity («) measurements were done using
the isolated heater method, detailed in Ref. [26]. In ther-
mal conductivity measurement, two contacts with Ag wire
were made across the sample and then connected with a
Chromel-Constantan thermocouple. The sensitivity of type-E
thermocouples decreases as the temperature lowers, result-
ing in a noisier signal in the low-temperature region. This
type of thermocouple exhibits a field dependency that re-

quires correction. In our study, we considered their in-field
calibration. The thermocouples were calibrated with the help
of a Cernox chip, whose sensitivity shows a weak mag-
netic field dependency. During measurements, the thermal
gradient VT was applied along the a axis, and the mag-
netic field was perpendicular to the thermal gradient, i.e.,
along the ¢ axis like the electrical measurements. At low
temperatures, we paid special attention to the operation of
the resistive heater. We supplied power in such a way that
the temperature difference (A7) remained <10% of the sam-
ple temperatures. Additionally, we employed an additional
thermocouple and a Cernox chip (placed at the heat sink)
to measure the mean temperature of the sample during the
measurements.

Methods: First-principles calculations. The first-principles
density functional theory (DFT) calculations were per-
formed using the projector augmented-wave potentials [59]
implemented in the VASP code [60-62]. For the exchange-
correlation energy, the generalized gradient approximation
in the Perdew, Burke, and Ernzerhof parametrization was
utilized [63]. Comprehensive details on the calculations (first-
principles, lattice dynamics, and chiral phonons) are included
in Notes S6 and S7 in the SM [31].

Methods: Error analysis. The absolute measurement error
in thermal conductivity is mainly dominated by sample geo-
metrical factor measurement uncertainty (~10%) due to the
finite size of voltage/thermal gradient contacts. Despite that,
we have considered all possible heat losses, not only radiation
but also heat loss by conduction and heat loss by diffusion.
We tried to minimize them. For example, the heat loss by
conduction is minimized using thin and long wire thermo-
couples. To do so, we make them in coil form. The heat loss
by diffusion was minimized by placing the brass can to keep
the probe under the vacuum throughout the measurement. We
have succeeded in doing so, as no pressure disturbance is
observed during the entire set of measurements. Finally, ra-
diation heat losses are minimized by placing a silver radiation
shield over the setup. An additional sample heater was placed
on the surface of the radiation shield. The heater is mounted
to face the sample heater, and the same current was applied to
both heaters to achieve thermal equilibrium or minimize the
temperature difference between them. Furthermore, radiation
heat losses are negligible in the low-temperature regime (see
Fig. S10 in the SM [31]). Nevertheless, we considered the
radiation losses while analyzing the thermal conductivity.
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