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A topological kagome magnet in high entropy form
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Topological kagome magnets RMn6Sn6 (R= rare earth element) attract numerous interests

due to their non-trivial band topology and room-temperature magnetism. Here, we report a

high entropy version of kagome magnet, (Gd0.38Tb0.27Dy0.20Ho0.15)Mn6Sn6. Such a high

entropy material exhibits multiple spin reorientation transitions, which is not seen in all the

related parent compounds and can be understood in terms of competing magnetic interac-

tions enabled by high entropy. Furthermore, we also observed an intrinsic anomalous Hall

effect, indicating that the high entropy phase preserves the non-trivial band topology. These

results suggest that high entropy may provide a route to engineer the magnetic structure and

expand the horizon of topological materials.
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The study of topological magnets is at the forefront of
condensed-matter physics as they are promising platforms
to study fundamental physics and to realize next-

generation devices1–5. Materials with pristine Mn kagome lat-
tices, RMn6Sn6 (R= rare earth element, see the left inset of
Fig. 1a), have recently attracted great interest since they exhibit
not only topological flat bands and relativistic bands, but also
room temperature magnetism5–15. Depending on whether the R
ion is 4 f magnetic or not, the RMn6Sn6 compounds show either
ferrimagnetic (FIM) or antiferromagnetic (AFM) order at room
temperature16–18. The interplay between the magnetism and
nontrivial band topology in such kagome magnets can generate
novel topological phases, e.g., the quantum-limit Chern phase in
TbMn6Sn65. A recent study on quantum transport properties of
the RMn6Sn6 material family with various R elements demon-
strates a close relationship between rare earth magnetism and
topological electronic structure, which suggests that the rare earth
elements can effectively tune the Chern quantum phase in such
kagome magnets6.

The concept of high entropy alloy (HEA) is defined as a kind of
solid solution containing more than five principle elements each
of which has a concentration range of 5–35 at.%19. In such sys-
tems, the Gibbs energy is decreased by the increase of high
configuration entropy. High-entropy oxides (HEOs) and high
entropy intermetallics (HEIs) have been a recent research focus in
this area and they are known to display a broad range of intri-
guing properties, including high thermoelectric performance20,21,
superionic conductivity22, excellent mechanical performance23,
superconductivity23, outstanding corrosion resistance23, etc.
Recently, increasing attention is focused on the magnetic prop-
erties of HEOs and HEIs, as the coexistence of multiple magnetic
elements is expected to generate unconventional complex mag-
netic orderings. However, the study on single crystalline high
entropy topological magnets is still lacking.

In this work, we introduce the “high entropy” concept to the
RMn6Sn6 kagome magnets by simultaneously including multiple
rare earth cations. We have grown single crystals of a high-
entropy phase with a composition of (Gd0.38Tb0.27Dy0.20Ho0.15)
Mn6Sn6 (HE166) using a flux method. Magnetic measurements
reveal that while this high-entropy phase shows similar magnetic
transitions to those seen in the pristine compound TbMn6Sn6
(Tb166) at high temperatures, it exhibits an additional magnetic
transition around 90 K. Magnetic susceptibility and neutron dif-
fraction studies identify another FIM phase with tilted magnetic

moments below 90 K, which is not seen in the relevant parent
materials, i.e., GdMn6Sn6 (Gd166), Tb166, DyMn6Sn6 (Dy166),
and HoMn6Sn6 (Ho166). Moreover, our magnetotransport mea-
surements demonstrate an intrinsic anomalous Hall effect (AHE),
indicating the survival of the Chern gapped Dirac fermions that
are observed in the parent compounds.

Results and discussions
Synthesis and characterization of the high entropy RMn6Sn6
single crystal. As shown in the right inset of Fig. 1a, plate-like
single crystals with 120° angles between some crystal edges were
obtained via the flux method (see Single-crystal growth and
characterizations in Methods session). The X-ray diffraction
pattern of the HE166 single crystal along the c-axis (Fig. 1a) is
very close to those of the parent compounds, indicating HE166
has a similar crystal structure to that of RMn6Sn6. To find whe-
ther local structure distortions in HE166 lead to inversion sym-
metry breaking, we conducted optical second harmonic
generation (SHG) measurements. No SHG signal was observed,
indicating that the inversion symmetry is preserved in the high
entropy compound. The composition analysis using energy-
dispersive X-ray spectroscopy (EDXS) shows while the nominal
at.% of the four rare earth elements (Gd, Tb, Dy, and Ho) of the
starting materials is the same, the actual composition of the
HE166 single crystal is (Gd0.38Tb0.27Dy0.20Ho0.15)Mn6Sn6. The
chemical composition mapping in the tens um scale clearly shows
a homogeneous distribution of these four rare earth elements, as
shown in Fig. 1b.

In general, one distinct feature of high entropy compounds is the
severe lattice distortions arising from the mismatch of atomic mass,
size, and bond state24,25. To evaluate the lattice distortions in
HE166, we performed X-ray absorption fine structure (XAFS)
spectroscopy studies on both HE166 and Tb166 (see Supplementary
Fig. S1). From the fits to the Fourier transformed extended X-ray
absorption fine structure (EXAFS) spectra (Supplementary Note 1
and Supplementary Fig. S2), we have extracted the mean-squared
atomic displacements, σ2, (which reflects thermal and unresolvable
static disorder) for various scattering paths in HE166 and Tb166, as
shown in Supplementary Table S1. We find that the σ2 value of the
Mn-HE path (Note that “HE” here refers to the high entropy
lanthanide layer containing Gd0.38Tb0.27Dy0.2Ho0.15) in HE166 is
one order of magnitude greater than that of the Mn-Tb path in
Tb166, indicating HE166 has significantly increased lattice

Fig. 1 Phase and composition analysis of HE166. a (00 l) X-ray diffraction pattern of a HE166 single crystal. The left inset shows the Mn kagome layers
and R sublattice in RMn6Sn6 kagome magnets. The right inset shows an image of a typical HE166 single crystal. b Energy-dispersive X-ray spectroscopy
(EDXS) composition mapping for Gd, Tb, Dy, and Ho, showing uniform spatial distributions for each element.
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distortions than Tb166. This is consistent with the strong lattice
distortion expected for a high-entropy phase.

Magnetic structure of the high entropy stabilized magnetic
phase. The temperature dependences of magnetization of the
HE166 crystal, measured with a magnetic field (0.1 T) applied
along the in-plane direction and c-axis respectively under zero-
field-cooling (ZFC) and field-cooling (FC) histories, are presented
in Fig. 2a. We observed three striking magnetic transitions at
~420 K(T1), ~225 K (T2), and ~90 K (T3) in this sample. This is
contrasted with the pristine parent compounds RMn6Sn6 which
exhibit either a single FIM transition (R=Gd) or an FIM tran-
sition followed by a spin reorientation transition (R= Tb, Dy,
and Ho). Previous neutron scattering studies17 have clarified the
magnetic structures of these parent compounds and found that
the rare earth magnetic sublattices are ferrimagnetically coupled
to the Mn-sublattice. The initial FIM structure of RMn6Sn6 is
independent of R, with the magnetic moments of R and Mn ions
orientated along the in-plane direction, but the spin reorientation
transitions lead to different FIM orders for R= Tb, Dy, and Ho.
Below the spin reorientation transition temperature T0

2, Tb166
displays an out-of-plane FIM order, whereas Dy166 and
Ho166 show FIM orders with tilted magnetic moments, as illu-
strated in Fig. 2b. Both T0

2 and the initial FIM transition tem-
perature T0

1 are dependent on R. According to the study by
Kimura et al.,26 T0

1 is 445 K for Gd166, 430 K for Tb166, 410 K for
Dy166, and 385 K for Ho166, while T0

2 is 320, 270, and 185 K,
respectively, for Tb166, Dy166, and Ho166.

With the knowledge of the magnetic transitions of the
RMn6Sn6 parent compounds, we can now better understand
the magnetic transitions in HE166. Firstly, the initial transition at
T1 ≈420 K should correspond to an FIM transition. The fact that
the magnetization measured with an in-plane field is much

greater than that measured with an out-of-plane field for
T2 <T <T1indicates that the FIM state in this temperature range
features magnetic moments oriented within the plane, consistent
with the FIM state of Gd166 or the initial FIM state between T0

1
and T0

2 of Tb166, Dy166, and Ho166. Given that the transition at
T1 in HE166 is as sharp as those transitions at T0

1 in the parent
compounds and the value of T0

1 is dependent on the specific rare
earth element as noted above, the possibility of magnetic phase
separation due to the coexistence of multiple rare earth elements
can be excluded.

Secondly, HE166 exhibits two spin reorientation transitions at
T2 and T3 respectively. The first spin reorientation transition at T2
leads the magnetic moments to switch from the in-plane
orientation to the c-axis, which is evidenced by the observation
that the magnetization measured with an out-of-plane field is
much greater than that measured with an in-plane field between
T2 and T3, opposite to the magnetic anisotropic behavior seen in
the in-plane FIM state within the T2<T<T1 temperature range.
Such a spin orientation transition seems similar to that seen in the
Tb166 parent compound whose spin orientation transition takes
place at a temperature much higher than T2 of HE166 (i.e.,
320 K). The second spin reorientation transition at ~90 K (T3)
results in an increase in the in-plane magnetization, but a
decrease in the out-of-plane magnetization, suggesting that the
out-of-plane FIM order between T2 and T3 evolves into an FIM
order with tilted magnetic moments as the temperature is lowered
below T3. From the values of magnetization measured under FC
histories for H ǁ c and H⊥ c at 2 K and 0.1 T, the tilt angle θ of
magnetic moments is roughly estimated to be ~30° with respect
to the c-axis, smaller than the magnetic moments’ tilt angles of
the FIM states of Dy166 and Ho166 where θ= 45° and 50°
respectively (see Fig. 2b). Note that the θ values of Dy166 and
Ho166 were determined using neutron diffraction refinements17.
If we use their previously reported magnetization data of Hǁc and

Fig. 2 Magnetic properties of HE166 and its parent compounds. Temperature dependences of magnetization measured with a magnetic field (0.1 T)
applied along the in-plane direction and c-axis through zero-field-cooling (ZFC) and field-cooling (FC) of HE166 (a) and Tb166 (d). b Illustration of
spin structures of RMn6Sn6 and HE166 in their magnetic ground states. c The thermal variation of the neutron diffraction peak intensity for HE166.
The error bars are determined by

ffiffiffiffi
N

p
, where N is the counting intensity. μ0 vacuum permeability. H magnetic field strength. c crystallographic c-axis

of Tb166/HE166.
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H⊥c at 0.1T26 to evaluate the moments’ orientation, we find the
estimated tilt angle is ~45°, close to those determined by the
neutron diffraction experiments, which justifies our approach of
estimating the moments’ tilt angle for HE166. Furthermore, the
spin reorientation transition below T3 also causes irreversible
behavior in magnetization between ZFC and FC cooling
measurements for both field orientations, indicating the tilted
FIM state below T3 is characterized by domains.

The ferrimagnetism of HE166 as well as its spin reorientation
transitions at T2 and T3 are further verified by neutron diffraction
measurements. We have performed (0 0 L) and (1 0 L) scans at
300 and 6 K, and no incommensurate Bragg peaks were observed.
Instead, Bragg peaks were observed only on nuclear-allowed
reflections, consistent with the FIM characteristic found in the
parent RMn6Sn6 compounds17. Figure 2c presents the tempera-
ture dependence of the integrated neutron scattering intensity of
(100) and (002) Bragg peaks. The (002) scattering intensity
monotonically increases down to T2 while there is a small
decrease in the (100) intensity around 400 K followed by a nearly
temperature-independent feature down to T2. Such a feature
implies that right below T1 but above 400 K, magnetic moments
have components along both the ab-plane and c-axis, while
between T2 and 400 K spins align within the ab basal plane. The
spin reorientation transition at T2 is manifested by the increase of
(100) scattering intensity and the decrease of (002) intensity that
reaches a minimum value around 100 K. This feature is consistent
with the nearly zero in-plane magnetic moments measured
around 100 K as shown in Fig. 2a. The spin reorientation
transition at T3 (~90 K) is reflected by the increase in the (002)
scattering intensity. This result indicates that the magnetic
moments of the FIM state below T3 have both in-plane and c-
axis components. Unfortunately, due to the strong neutron
absorption by Gd and Dy elements, a limited number of Bragg
peaks were collected, which makes it challenging to refine the spin
structure and extract the exact spin orientations.

Since the first spin reorientation transition at T2 of
HE166 shares similarity with the spin reorientation transition
of Tb166, we reproduced Tb166 crystals and compared its
magnetic anisotropy evolution with that of HE166 in detail. We
anticipate achieving a deeper understanding of the tilted FIM
state of HE166 through this comparison. In Fig. 2d, we present
Tb166’s temperature dependences of magnetization measured
under ZFC and FC histories with a magnetic field (0.1 T) applied
along the ab-plane and the c-axis respectively. These data
reveal an FIM transition at ~430 KðT0

1Þ, followed by a spin
reorientation at ~315 K (T0

2), consistent with the prior report by
Kimura et al.26. Its evolution of magnetic anisotropy with
temperature also agrees well with the previously determined
magnetic structure which features magnetic moments orientated
along the ab-plane between 430 and 320 K, but the out-of-plane
direction below 320 K.

In Fig. 3, we present the comparison of the isothermal
magnetization data at different temperatures between Tb166 and
HE166. For T0

2 T2

� �
<T <T0

1ðT1Þ (see Fig. 3a, b), the magnetic
anisotropy manifested by the isothermal magnetization data
clearly shows both HE166 and Tb166 are characterized by
preferential in-plane spin orientations. When the temperature is
close to T0

2 T2

� �
, the magnetic anisotropy becomes quite small for

both systems (Fig. 3c, d). When the temperature is lowered below
T0
2 T2

� �
, while the magnetic anisotropy of both systems is

significantly enhanced with the spin-easy axis switching to the
c-axis, the magnetic anisotropy of HE166 is much weaker than
that of Tb166 (Fig. 3e, f). After HE166 evolves into a tilted FIM
state below T3, its magnetic anisotropy is further weakened such
that its magnetization can be polarized to saturations for both

H ǁ c and H⊥c, with the ratio of saturated magnetization (Ms,c/
Ms,ab) being ~1.24 at 7 T and 2 K, sharply contrasted with the
large magnetic anisotropy of the FIM state below T0

2 of Tb166
which exhibits field-induced magnetization saturation only for
Hǁc (Fig. 3g, h). Moreover, HE166 also shows contrast with
Dy166 and Ho166 in the magnetic anisotropy. Both Dy166 and
Ho166 display very small magnetic anisotropy in their tilted FIM
states, and their magnetizations measured with Hǁc and H⊥c
exhibit similar polarization below 20 T26. These comparisons
clearly show HE166 hosts a unique tilted FIM state whose
magnetic anisotropy is moderate and lies in between those of
Tb166 and Dy166/Ho166. Moreover, we also find a small
variation of the Gd/Tb/Dy/Ho concentration in HE166 hardly
has any effect on the magnetic transitions and the tilted FIM state
described above, as demonstrated by the additional magnetization
data measured on the (Gd0.37Tb0.28Dy0.19Ho0.16)Mn6Sn6 sample
(see Supplementary Note 2 and Supplementary Figs. S3, S4).

Next, we turn to discuss why HE166 exhibits a tilted FIM state
distinct from those FIM states seen in Gd166, Tb166, Dy166, and
Ho166. As illustrated in Fig. 2d, the orientation of the magnetic
moments is strongly dependent on the specific rare earth element
in these parent compounds: Gd and Tb favor the in-plane and
out-of-plane spin orientation respectively, whereas both Dy and
Ho prefer θ= 45° or 50° tilted orientations. These facts indicate
magnetic exchange interaction has essential differences among
these four different parent compounds. As such, when these
elements are mixed in the alloy phase, competing magnetic
interactions due to the coexistence of Gd, Tb, Dy, and Ho should
emerge. As indicated above, Gd, Tb, Dy, and Ho do not show the
same concentration in the HE166 crystals and its actual
composition is (Gd0.38Tb0.27Dy0.20Ho0.15)Mn6Sn6. Although the
Gd concentration is the highest (38%), HE166 does not maintain
an in-plane FIM order down to low temperatures as Gd166 does.
Instead, it undergoes a spin reorientation transition similar to
that in Tb166 at T2 though the Tb concentration is only 27%,
indicating Tb plays a critical role in driving the spin reorientation
transition at T2. However, the out-of-plane FIM order emerging
below T2 does not sustain to low temperatures but evolves to a θ
≈30° tilted FIM state below T3. Apparently, the moments’ tilting
below T3 is mostly driven by Dy and Ho, since their exchange
interactions favor tilted spin orientations. Therefore, the double
spin reorientation transitions, as well as the resulting tilted FIM
ground state in HE166, can be viewed as a compromising
consequence of the competing magnetic interactions. It should be
emphasized that such competing magnetic interactions are
enabled by the high entropy generated by randomly distributed
four different rare earth elements. In other words, it is the high
entropy that stabilizes the crystal structure and forbids phase
separations, thus enabling the competing magnetic interactions
and resulting in a long-range tilted FIM order which is not
seen in any of the related parent compounds. This suggests high
entropy materials offer a new route to engineer magnetic states.

Additionally, it is worth mentioning that the presence of tilted
FIM below 90 K in HE166 is also likely connected with the
magnetic fluctuations recently reported for Tb16615. Although
early magnetic and neutron scattering measurements on Tb166
demonstrated its in-plane FIM order for T0

2 <T <T0
1 and out-of-

plane FIM order for T <T0
2, the recent μSR study by Mieke et al15

shows its FIM order is accompanied by magnetic fluctuations in a
wide temperature range and these magnetic fluctuations become
weakened below 120 K and start to freeze out below 20 K, thus
leading to the formation of an ideal static out-of-plane FIM order.
Given that the out-of-plane FIM state of HE166 in the
T3 <T <T2 temperature range is analogous to that of Tb166, it
might also bear magnetic fluctuations. In general, strong magnetic
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fluctuations often occur to a system on the verge of a magnetic
phase transition. This implies that the out-of-plane FIM state of
HE166 may not remain stable down to low temperature and has
the possibility of transitioning to a different magnetic state in
presence of external perturbations. Our observation of the
magnetic transition from an out-of-plane FIM state to a tilted
FIM state below 90 K in HE166 is indeed in line with such an
implication. The competing magnetic interactions induced by the
coexistence of Gd, Tb, Dy and Ho act as a perturbation, which
drives the second spin orientation transition below 90 K.

The survival of the band topology. To explore the correlation
between magnetism and the band topology in HE166, we also
studied its magnetotransport properties. We measured both
longitudinal resistivity ρxx and Hall resistivity ρxy as a function of
the magnetic field at various temperatures (Fig. 4a). We have
separated anomalous Hall contribution from the normal Hall
contribution through the fit of the ρxy data to the empirical
relation,

ρxy ¼ ρOH Bð Þ þ ρAH Mð Þ ¼ R0Bþ Rsμ0M ð1Þ
where ρOH(R0) and ρAH(Rs) represent ordinary and anomalous
Hall resistivity (coefficient), respectively. The anomalous Hall and
longitudinal conductivity are derived by tensor conversion, that

is, σAH ¼ ρAH=ðρ2xy þ ρ2xxÞ and σxx ¼ ρxx=ðρ2xy þ ρ2xxÞ. The scaling
relationship between σAH and σxx is plotted in Fig. 4b. As the
signal-to-noise ratio is not very good below 100 K, we present
only the data from 100 to 350 K in Fig. 4b. In this temperature
region, σAH shows only relatively small variation with σxx (similar
to the behavior seen in the parent compounds6), and strongly
deviates from the screw scattering dominated scaling rule, i.e.,
σAH∝σxx (see the dashed lines in Fig. 4b), suggesting there exists
an intrinsic AHE dominated by the Berry curvature in HE166. As
shown in Fig. 4c, the intrinsic anomalous Hall conductivity, σ int,
is further obtained by the fit to the Tian-Ye-Jin (TYJ) scaling
law27–29:

ρAH ¼ σ intρ
2
xx þ σskewρxx ð2Þ

For each Mn layer, σ int is about 0.034 e
2=h. Although this value

is smaller than those of the relevant parent compounds whose σ int
is in the range of 0.07–0.27 e2=h per Mn layer5,6,8; it suggests that
Chern gapped Dirac fermions survive in HE166 despite local
disorders due to the random distribution of four rare earth
elements. The difference of σ int between HE166 and RMn6Sn6
likely results from their distinct chemical potentials.

The fact that the AHE is not clearly resolved in our Hall
resistivity measurements below 100 K implies that the tilted FIM

Fig. 3 Isothermal magnetization of Tb166 and HE166. Magnetization vs. magnetic field curves of Tb166 (a, c, e, g) and HE166 (b, d, f, h) were measured
with the magnetic field applied parallel and perpendicular to the c-axis respectively at various temperatures. μ0 vacuum permeability. H magnetic field
strength.

Fig. 4 Anomalous Hall effect in HE166. a Hall resistivity of HE166 as a function of the magnetic field at various temperatures, measured with the current
applied along the in-plane direction and the magnetic field perpendicular to the basal plane. b Anomalous Hall conductivity σAH versus longitudinal
conductivity σxx. The dash lines represent σAH∝σxx. c Tian-Ye-Jin (TYJ) scaling fit of ρAH vs ρxx. μ0 vacuum permeability. H magnetic field strength.
σAHðρAHÞ and σxxðρxxÞ are anomalous Hall and longitudinal conductivity (resistivity), respectively.
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state below 90 K in HE166 does not further promote topological
transport, but possibly suppresses it. This appears to suggest that
the in-plane AFM component does not favor the nontrivial band
topology as seen in other magnetic topological systems30,31.
However, we note that Gd166/Dy166/Ho166, which shows either
in-plane FIM or tilted FIM order, also exhibits topological
transport properties similar to those of Tb1666. Therefore, the
possibility of the band topology suppression by magnetic
moments’ tilting in HE166 can be excluded. One possible origin
of the suppression of AHE in the tilted FIM state of HE166 is the
enhanced disorder scattering caused by the strong lattice
distortions in the high entropy phase. As discussed above, the
lattice distortions probed by XAFS in HE166 are indeed severe.
Moreover, we also find the longitudinal resistivity ρxx of HE166 is
much greater than that of Tb166, which provides further support
for strong disorder scattering. The enhanced disorder scattering
could significantly reduce the charge carriers’ anomalous
transverse velocity driven by the Berry curvature such that the
AHE is hard to be resolved when it becomes weak below 100 K.

In summary, we have synthesized a high entropy kagome
magnet (Gd0.38Tb0.27Dy0.20Ho0.15)Mn6Sn6 using a flux method.
Through magnetization and neutron scattering measurements,
we find this compound undergoes three magnetic transitions at
~420, ~225, and ~90 K, respectively. The transition at 420 K
results from an FIM ordering with magnetic moments aligned
within the ab-plane, analogous to the initial FIM transitions in all
the related parent compounds. The transitions at 225 and 90 K
are spin reorientation transitions: the magnetic moments switch
from the in-plane direction to the c-axis at 225 K but become
~30° tilted relative to the c-axis below 90 K. Such two-step spin
reorientation transitions lead to a unique tilted FIM state with a
moderate magnetic anisotropy, which is not seen in the parent
compounds which exhibit either a single spin reorientation
transition or no spin reorientation transition. Such a tilted FIM
state in HE166 can be well understood in terms of the competing
magnetic interactions enabled by the high entropy generated by
randomly distributed Gd, Tb, Dy, and Ho. Furthermore, we
observed an intrinsic AHE, suggesting that Chern gapped Dirac
fermions survive in HE166 in spite of disorders. Our findings
imply that (a) high entropy-enabled competing magnetic
interactions provide a new route to magnetism tuning and (b)
the band topology is insensitive to local disorders. This suggests
the marriage of high entropy and magnetism in topological
materials may be a promising strategy for fine-tuning the
topological phases and expanding the family of novel topological
materials.

Methods
Single-crystal growth and characterizations. Single crystals of HE166 and Tb166
used in this study were synthesized using an Sn flux growth method. For HE166,
high-purity Gd, Tb, Dy, Ho, Mn, and Sn powders were mixed in the molar ratio of
1:1:1:1:24:96, placed in an alumina crucible covered with a piece of quartz wool on
the top, and sealed in an evacuated quartz tube. Then the quartz tube was heated
up to 1050 °C in a furnace and held at this temperature for one day, followed by
cooling down to 600°C at a rate of 3 °C/h. After the tube was centrifuged to remove
excess Sn at 600 °C, hexagonal-prism-like single crystals with a typical size of
~2 mm3 × 2 mm3 × 0.3 mm3 were obtained. A similar procedure was used to syn-
thesize Tb166 crystals. We conducted room temperature X-ray diffraction mea-
surements using a Malvern Panalytical Empyrean X-ray diffractometer (Cu Kα1
radiation) to confirm the grown crystals have the desired structure phase. The
compositions of the grown crystals were analyzed using an energy-dispersive X-ray
spectrometer.

Magnetic and magnetotransport measurement. The magnetic properties of the
HE166 and Tb166 crystals were measured using a Quantum Design magnetic property
measurement system (MPMS-3). The magnetotransport measurements were conducted
using a standard four-probe method in a Quantum Design PPMS. The electric current
was applied parallel to the (001) plane while the magnetic field was perpendicular to the
plane. To eliminate the non-symmetricity of the electric contacts, the measured

longitudinal resistivity and Hall resistivity are symmetrized/antisymmetrized using

ρxx Hð Þ ¼ ρxx Hð Þ þ ρxx �Hð Þ� �
=2 and ρxy Hð Þ ¼ ρxy Hð Þ � ρxy �Hð Þ

h i
=2, respectively.

Single-crystal neutron diffraction measurements. Single-crystal neutron dif-
fraction measurements were carried out on a triple-axis spectrometer (TRIAX)
with an incident neutron wavelength of 1.638 Å (Ei= 30.50 meV) at the University
of Missouri Research Reactor. A collimator setting of 60′ -60′ -S -40′ -40′ was used
in this experiment and the single-crystal sample was measured in the (H 0 L)
scattering plane, where H and L are in reciprocal lattice units (r. l. u.).

X-ray absorption fine structure spectroscopy. X-ray absorption fine structure
spectra were collected at the beamline 10-ID32 of the Advanced Photon Source,
Argonne National Laboratory (Argonne, IL). Single crystals of HE166 and Tb166
were measured in fluorescence mode for the Tb-L3 (7514 eV), Mn-K (6539 eV),
and Sn-K (29,200 eV) edges, respectively, and analyzed using the Demeter package
(Athena, Artemis, and Hephestus)33.

Data availability
The data that support the findings of this work are available from the corresponding
author on reasonable request.
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