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Kagome magnets TbMngSng_ . In, (x = 0-1.2) exhibit a robust anomalous Hall effect (AHE) that persists above room
temperature, demonstrating significant potential for high-temperature spintronics applications. At elevated temperatures, a
spin-reorientation transition induces a ferrimagnetic state (FIM1) with in-plane magnetic moments, accompanied by a non-
monotonic Hall response that differs markedly from the low-temperature behavior. Upon indium doping, the long-range
ferrimagnetic transition is progressively suppressed to lower temperatures, along with a noticeable reduction in magnetic
anisotropy. Interestingly, at a doping level of x = 1.2, the FIM1 state observed in the parent compound is completely
eliminated. These systematic changes in magnetic ordering and transport properties underscore a coherent evolution of the
electronic and magnetic states with doping, offering critical insights into the interplay among lattice structure, magnetism,

and electronic behavior in kagome lattices.
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1. Introduction

Kagome lattice consists of corner-sharing triangles ar-
ranged in a two-dimensional plane, forming a distinctive tiling
pattern of regular hexagons and equilateral triangles.!!! This
unique geometric configuration imparts high symmetry to the
lattice, resulting in a characteristic electronic band structure
with a dispersionless flat band and two linearly dispersing

[2-6] Introducing magnetism into kagome materi-

Dirac bands.
als creates an interplay between their magnetic and electronic
structures, giving rise to a range of exotic physical phenom-
ena. The RMngSng family of compounds represents a class of
prototypical kagome magnets, where Mn atoms form a pris-
tine kagome lattice within the plane, offering an ideal plat-
form for exploring the intrinsic electronic band properties of
kagome systems. Magnetic order and anisotropy in these ma-
terials are highly sensitive to the choice of rare earth element
(R).-191 For example, R = Sc, Y, Er, Tm, and Lu lead to an-
tiferromagnetic order with Néel temperatures exceeding room
temperature, while R = Gd, Tb, Dy, and Ho result in ferromag-
netic or ferrimagnetic (FIM) ordering with Curie temperatures
ranging from 376 K to 435 K.[':'2] Regarding anisotropy,
DyMngSng and HoMngSng exhibit easy-cone anisotropy with
a cone angle of approximately 45° at low temperatures, 3]
while TbMngSng displays easy-axis anisotropy along the c-
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axis in its ground state. By manipulating the magnetic ele-
ments (e.g., rare-earth substitutions), the magnetic structure
can be effectively tuned to engineer potential Chern quantum
phases in kagome magnets. [!4]

Among these kagome magnets, TbMngSng stands out
due to its pristine kagome lattice (free of interstitials within
the kagome plane) and robust out-of-plane magnetization that
persists above room temperature, aligning with the Haldane
model for hosting Chern-gapped Dirac fermions.[!%15-18] Ad-
ditionally, TbMngSng exhibits temperature-dependent mag-
netic anisotropy and a rich magnetic phase diagram. It demon-
strates easy-plane anisotropy within the ab-plane between its
Curie temperature (7c ~ 425 K) and spin-reorientation tem-
perature (7sg ~ 300 K), followed by a transition to easy-axis
anisotropy along the c-axis below 300 K.[!%2%1 This crossover
arises from the increasing dominance of the magnetic
anisotropy of the Tb sublattice at lower temperatures.!?!=24
These distinct magnetic states are expected to host differ-
ent topological phases. The rich phase diagram suggests a
complex interplay between magnetism and electronic states,
which still remains poorly understood. Previous studies have
primarily focused on engineering magnetic elements to in-
duce significant changes in the magnetic structure and elec-
tronic states.[>>!1 In this study, we take the approach by
manipulating non-magnetic elements to control magnetic cor-
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relations while minimizing disruption to the intrinsic mag-
netic framework. The electronic and magnetic properties of
TbMngSng_,In, (x = 0-1.2) are investigated. By substitut-
ing non-magnetic indium into the Sn sites, long-range FIM
order is suppressed, and the FIM1 state observed in the par-
ent compound is completely eliminated eventually. The giant
anomalous Hall effect and anisotropic magnetization exhibit
systemic evolution behavior, suggesting a tunable correlation

between the magnetism and electronic state by indium doping.

2. Experimental methods

Single crystals of TbMngSng_,In, (x = 0-1.2) were
grown by using the self-flux method. High-purity terbium
(Tb) metal, manganese (Mn) powder, tin (Sn) powder, and in-
dium (In) powder were thoroughly mixed in a molar ratio of
1:6:30—5x: 5x and the mixture was packed into an alumina
crucible inside an argon-filled glove box. The crucible was
sealed in an evacuated quartz ampoule, placed in a box fur-
nace, and heated to 1373 K to ensure a complete reaction. The
temperature then slowly cooled down to 823 K, after which
the ampoule was promptly removed and centrifuged to sepa-
rate the flux. As a result, several millimeter-sized hexagonal
crystals were obtained. The crystal structure was confirmed
by x-ray diffraction (XRD) at room temperature. The selected
single crystals were shaped into a rectangular slice for electri-
cal and magnetic transport measurements. Six gold contacts
were made on the ab-plane with the current along the a-axis
of the crystals, as shown in Fig. 1(e). Electrical transport mea-
surements were performed in a physical properties measure-
ment system (PPMS Dynacool, Quantum Design). Magne-
tization measurements were performed by using a supercon-

ducting quantum interference device (SQUID) magnetometer.

3. Results and discussion

Figure 1(a) presents the XRD patterns for The
TbMngSng—_In, (x = 0-1.2). The sharp peaks (00l) con-
firm the high quality of the synthesized crystals. The
TbMngSng_,In, compounds crystallize in the hexagonal
HfFesGeg-type structure, characterized by a layered architec-
ture with Mn atoms forming a kagome lattice. Upon indium
doping, the c-axis expands as a result of the larger atomic
radius of indium compared to that of Sn. This expansion
increases both the interplanar spacing and the Tb—Mn inter-
atomic distance, which may modify the electronic and mag-
netic properties of the material.[?>:26:28:32-35] Temperature-
dependent magnetization measurements for the parent com-
pound (x = 0) reveal two distinct magnetic transitions: (i)

an FIM transition near 435 K, corresponding to the onset

of the FIM state with magnetic moments aligned in the ab-
plane (FIM1), and (ii) a spin reorientation transition around
300 K, where the moments reorient to the c-axis direction
(FIM2). With indium doping, the high-temperature FIM tran-
sition shifts to lower temperatures and eventually merges with
the low-temperature spin reorientation transition at x = 1.2.
The magnetic phase diagram (Fig. 1(c)) shows that the region
of FIM1 progressively shrinks with increasing indium doping,

ultimately disappearing at higher doping levels.
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Fig. 1. (a) X-ray diffraction patterns for TbMngSn¢_,In, (x = 0-1.2) at
room temperature. (b) The crystal lattice constant ¢ at various doping lev-
els. (c) The phase diagram of TbMngSng_,In,. The FIMI state, FIM2 state
and paramagnetic state (PM) are labeled. (d) The schematic of the kagome
layer of crystal structure for TbMngSng. (€) The schematic measurement ge-
ometry. (f) Temperature dependence of magnetization for TbMngSng_,In,
(x = 0-1.2) with the applied field parallel to the c-axis.

To investigate the effect of indium doping, we first ex-
amine the magnetic and electronic transport properties in the
low-temperature region. The field-dependent magnetization
M(uoH), along with Hall resistivity p,,(toH) is shown in
Fig. 2 for fields applied parallel to the c-axis. With indium
doping, the saturated magnetic moment remains largely un-
changed, particularly at low temperatures, in sharp contrast to
those in TbMngGeg_Ga,. 337 This suggests that the intro-
duction of nonmagnetic impurities causes minimal disruption
to the magnetic structure, thus preserving the long-range mag-

netic order. In contrast, the Hall effect shows a strong depen-
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dence on doping. At 100 K, p,, (toH) increases systematically
with the level of indium doping. In magnetic systems, the Hall
effect typically arises from two contributions: (i) the ordinary
Hall effect (OHE) due to the Lorentz force, and (ii) the anoma-
lous Hall effect (AHE), which originates from magnetization
or Berry curvature. The total Hall resistivity can be expressed

as
Py = PoC P " = RotoH + RaM, ()

where pg,HE

and anomalous Hall resistivity respectively. Ry and Rp are the

, and pg‘,HE denote the ordinary Hall resistivity,

ordinary Hall coefficient and the anomalous Hall coefficient,

respectively.
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Fig. 2. Field dependence of magnetization and Hall resistivity at 100 K,
150 K, 200 K, 250 K, and 300 K for TbMngSng_,In, (x = 0-1.2) are shown
in panels (a)—(e) and (f)—(j) respectively. The doping dependence of ordi-
nary Hall coefficient and anomalous Hall coefficient for TbMngSng_,Iny
(x = 0-1.2) are shown in panels (k) and (I) respectively.

The doping dependence of Ry and R4 at various temper-
atures are shown in Figs. 2(k) and 2(1). Indium doping does
not significantly affect the carrier density, as indium has the
same valence as Sn. While the variation in atomic size be-
tween Sn and indium could influence the carrier density, this
change appears to be limited. In the low-temperature region,
the anomalous Hall effect appears to increase roughly with
doping. However, in the high-temperature region, especially
near the spin reorientation transition, the anomalous Hall ef-

fect exhibits a non-monotonic evolution with doping due to

increased magnetic fluctuations and short-range magnetic in-
teractions. For TbMngSng_In, (x = 1.2), since the system ap-
proaches the paramagnetic state due to the absence of FIMI,
the magnetization does not saturate with the applied field in
the high temperature region (such as at 250 K and 300 K).
Correspondingly, Rp of TbMngSng_,In, (x = 1.2) demon-
strates distinct temperature-dependent behavior compared to
other compounds. 34!

To investigate the magnetic properties of TbMngSng_,In,
above room temperature, which is an important temperature
range to evaluate its potential in high-temperature spintron-
ics applications, field-dependent magnetization measurements
were performed with the applied field aligned both along the
c-axis and within the ab-plane (Fig. 3). We performed linear
fitting on the saturated M(upH) parts of the curves to iden-
tify the transition region and then defined the saturation field

UoHs, as the point corresponding to 60% of the transition.
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Fig. 3. Field dependence of magnetization at 300 K, 315 K, 330 K, 345 K,
and 360 K for TbMngSng_,In, (x = 0-1.2) with the applied field along the
c-axis and the ab-plane are shown in panels (a)—(d) and (e)—(h), respec-
tively. The saturated transition field yoHs, acquired from panels (a)—(h) are
shown with the applied field along the c-axis and the ab-plane are shown
in panels (i) and (j). (k): The spin-flop transition field poHs, acquired
from panels (a)—(h). The spin-flop transition emerges with the applied field
perpendicular to the spontaneous magnetization direction. (1) The relative
anisotropy of magnetization of uoHs, for TbMneSng_,In, (x = 0-1.2).
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Above room temperature, following the spin reorienta-
tion transition, FIM1 gradually takes over the system, replac-
ing FIM2 with the magnetization direction shifting from the
c-axis toward the ab-plane. When the field is applied per-
pendicular to the spontaneous magnetization, the M—H loops
display a two-step feature: a spin-flop transition (toHjp) fol-
lowed by a magnetization saturation transition. As temper-
ature increases, the saturation field (UoHs,) increases when
the field is aligned along the c-axis, while showing minimal
variation when aligned parallel to the ab-plane. Notably, in
TbMngSng_,In, (x =1.2), the absence of long-range magnetic
order in this temperature range leads to a sharp increase in
UoHg,, as shown in Fig. 3. The relative anisotropy of magne-
tization, quantified by the ratio oH% /uoHS, (Fig. 3(1)), sys-
tematically decreases with increasing temperature while ex-
hibits small variation with changing indium doping level.

In the following Fig. 4, we show the transport measure-
ments of TbMngSne_,In, in the high-temperature region. For
the parent compound (x = 0), while saturation magnetization
does not increase with temperature, the anomalous Hall re-
sistivity continues to rise, reaching its peak value at 360 K.
It is remarkable to observe such significant anomalous Hall
The Hall effect
demonstrates field dependence with a two-step feature, similar

contributions at this elevated temperature.

to the magnetization behavior when the field is applied along
the same crystallographic direction. With indium doping, the
anomalous Hall resistivity decreases, which is attributed to the
shift of the transition temperature for long-range FIM order to
lower temperatures. In TbMngSne—,In, (x = 1.2), the anoma-
lous Hall effect rapidly diminishes and completely disappears
above 330 K. The transport properties of TbMngSng_,In, ex-
hibit a systematic evolution with both indium doping and in-
creasing temperature.

Indium substitution not only alters the carrier density but
In TbMngSng, Mn—
Mn and Mn-R interactions favor parallel alignment of the Mn

also modifies the magnetic sublattice.

moments, which is linked to ferromagnetic Tb-Tb interac-
tions arising from the strong uniaxial anisotropy of the Tb3*
ions. >3] The second-order crystal electric field (CEF) further
contributes to anisotropic magnetization.!” Upon indium dop-
ing, the FIM ordering transition temperature decreases, and
the Mn—-Mn and RE-Mn interactions evolve systematically.
The observed change in the easy magnetization direction in
TbMngSng_In, compounds likely relates to the specific crys-
tallographic site occupied by the Sn atoms. Substitutional
indium alters the hyperfine field at the Sn sites,*?) which
originates from three contributions: orbital, Fermi contact,
and dipolar fields transferred from neighboring magnetic mo-
ments. Indium has a larger atomic radius compared to Sn, and
its substitutional doping induces a systematic variation in the

lattice, which alters the interaction of local moments. Ulti-
mately, these effects result in a reduction of the hyperfine field
observed at the Sn site. This hyperfine coupling is strongly af-
fected by the rare-earth moments which leads to systemic evo-
lution of magnetic state and anisotropy in TbMngSng_In,.[®!
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Fig. 4. (a)-(e) Field dependence of Hall resistivity (at 300 K, 315 K, 330 K,

345 K, 360 K for TbMngSne_,In, (x = 0-1.2) with the applied field parallel

to the c-axis. (f) Temperature dependence of anomalous Hall resistivity for
TbMngSng_In, (x = 0-1.2).

The anomalous Hall effect shows a distinct evolution
compared to magnetization, suggesting that indium doping
likely affects the electron band topology and redistributes the
Berry curvature. While indium doping appears to have mini-
mal impact on the magnetic ground state of TbMngSng_,Iny,
it does influence the magnetic correlations, leading to changes
in the magnetic transition temperature. Additionally, we note
that, besides the long-range magnetic order, the short-range or-
der also plays an important role in the electron band topology
and Berry curvature.%3% These short-range orders emerge in
a complex manner in TbMngSne_,In, and are affected by de-
fects due to indium doping.

At temperatures above 300 K, thermal occupancy of the
isotropic state weakens the relative anisotropy of magnetiza-
tion along the c-axis driving the spin-reorientation transition.
In this region, indium doping leads to a rapid decrease in
the anomalous Hall resistivity, attributed not only to reduced
magnetization but also to suppression of the anomalous Hall
coefficient. At the indium doping level of x = 1.2, the ab-
sence of long-range FIM order likely induces changes in Fermi
topology, resulting in distinct Hall behavior compared to com-
pounds at other doping levels. The systematic evolution of
transport properties reflects significant modifications to both
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magnetization and electron band structure caused by the in-
dium substitution.

4. Conclusion

The systematic investigation of TbMngSng_,In, (x = 0—
1.2) kagome magnets reveals a profound interplay of chemical
substitution, magnetic order, and electronic transport. These
compounds exhibit a robust anomalous Hall effect that persists
above room temperature, highlighting their potential for high-
temperature spintronics applications.*?! At elevated temper-
atures, the emergence of an in-plane FIM1 state via a spin-
flop transition correlates with a distinct non-monotonic Hall
response, diverging from low-temperature behavior. Indium
doping progressively suppresses the long-range FIM ordering
temperature, reduces the relative anisotropy of magnetization
along the c-axis compared to that within the ab-plane, and ulti-
mately eliminates the FIM1 phase at x = 1.2. The suppression
of magnetic phases and the tunability of the anomalous Hall
effect emphasize the critical role of lattice—magnetism cou-
pling in governing transport phenomena in kagome systems.
The results underscore a coherent doping-driven evolution of
magnetic and electronic states establishing TbMngSng_,In, as
a versatile material platform for designing high-temperature
spintronics technologies.
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