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The kagome lattice hosts unique electronic structure with Dirac fermions, van Hove singularities, and flat bands, which
has been subjected to intensive study in recent years. We report herein the observation of significantly enhanced magnetism
including a very large coercive magnetic field up to 4.7 T, optimized magnetic energy product with the maximum value
of 45 kJ/m?, and an increased magnetic ordering temperature reaching 113 K in Mn-substituted kagome metal TbV4Sng,
namely, TbVsMnSng. Besides, both topological Hall-like and anomalous Hall effects are detected, with the latter being
primarily dominated by intrinsic Berry curvature as indicated by our data analysis and theoretical calculations. Our work
establishes an effective route for engineering the physical properties of kagome magnets. The results also provide valuable
insights into the interplay between magnetism and topological states of the kagome lattice.

Keywords: kagome magnet, magnetotransport, Hall effect
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1. Introduction

The kagome lattice, a geometrically frustrated structure
composed of corner-sharing triangular motifs, naturally hosts
Dirac fermions, flat bands and van Hove singularities in its
electronic structure.!!®! Besides the vast attention that has
been paid to these intriguing characteristics, considerable re-
search interest has also been arrested in the correlation be-
tween the magnetism and the peculiar electronic structure
of kagome magnets.!”:8] Further experimental investigations
have revealed that the rare-earth-based kagome magnets R166
(RXsYs, R = rare earth, X = Cr, Mn, Fe, Co, and Y = Sn,
Ge) exhibit a rich diversity of magnetic ground states.[*~1%]
In particular, the Mn/Fe-based kagome lattices demonstrate
long-range magnetic order even persisting above the room
temperature, which initially motivated extensive exploration
for practical applications. Recently, this family of materials
has drawn vast attention as an ideal platform for investigating
emergent quantum phenomena, such as tunable Chern quan-
tum phase, flat band, exchange bias effect, and topological
Hall effect.[20-24]

The discovery of superconductivity and charge-density-
wave order in V-based kagome metals AV3Sbs (A = K, Rb,
Cs) has stimulated intense research on V-based kagome lat-
tice, particularly the RVSng compounds isostructural with
the R166 family.[>37 In these V-based kagome systems,
the V-based kagome sublattice remains nonmagnetic while
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localized moments originate from magnetic rare-earth ele-

ments on the R-site.!3840

I Robust kagome electronic fea-
tures, including Dirac cones and flat bands, have been ex-
perimentally confirmed across this series.[*=** In particu-
lar, TbVSng manifests Ising ferromagnetism with uniaxial
anisotropy below Tc = 4.3 K, accompanied by anomalous Hall
effect (AHE) suggestive of Chern gap formation analogous to
that in TbMngSng.[*>*%1 However, recent spectroscopic ev-
idence challenges the conventional time-reversal-symmetry-
breaking mechanism for Dirac gap opening in TbVSng, in-
stead proposing strong spin—orbit coupling (SOC) as the ori-
gin, which leads to a non-zero spin Berry curvature. 7]

In this work, we report on the single crystal growth of
TbVeSng with partial substitution of the V kagome lattice by
Mn atoms as TbVsMnSng. Combining magnetization mea-
surements, magnetotransport characterizations, and density
functional theory (DFT) calculations, we systematically in-
vestigated the physical properties induced by Mn substitu-
tion effects on TbV¢Sng. Our measurements unveiled intrigu-
ing behaviors including topological Hall-like (THE-like) ef-
fect and intrinsic AHE, which are correlated with its distinc-
tive magnetic properties, such as exceptionally large coercive
field (uoH. ~ 4.7 T) and enhanced magnetic energy prod-
uct (45 kJ/m3). These results demonstrate the feasibility of
manipulating electronic structure topology in kagome metals
through chemical substitution.

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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2. Experimental details

Single crystals of TbVsMnSng were grown by using the
flux method. Starting materials of Tb pieces (99.9%, Mack-
lin), Mn pieces (99.9%, Macklin), V powder (99.9%, Mack-
lin) and Sn grains (99.99%, Macklin) were mixed in a molar
ratio of 1:1:5:20 and placed into an alumina crucible, which
were then sealed into a quartz tube in vacuum. The assembly
was heated in a furnace up to 1050 °C within 10 h, kept at the
temperature for 10 h, and then slowly cooled down to 700 °C
at a temperature decreasing rate of 2 °C/h. The excess flux was
removed at this temperature by quickly placing the assembly
into a high-speed centrifuge. Hexagonal crystals with the size
of 2 mm were left in the alumina crucible.

The compositions were examined on a Phenom Pro scan-
ning electron microscope with the energy dispersive x-ray
spectroscopy (EDS). The analysis shows that Tb:V:Mn:Sn =
1.17:4.91:1:6.62, which is close to the nominal 1:5:1:6,
demonstrating the stoichiometry of the crystals. The single-
crystal x-ray diffraction (SXRD) data were collected on a
Bruker D8 single-crystal x-ray diffractometer with Mo Ky
(A =0.71073 A) at 278 K. The powder XRD (PXRD) was car-
ried out on a Bruker D8 Advance powder x-ray diffractometer
with Cu Ky1 (A = 1.54184 A) at 298 K. The collected SXRD
and PXRD data were analyzed by using the Olex2 and GSAS-
II softwares, respectively. [43-4%]

The electrical and magnetotransport measurements, in-
cluding the resistivity and Hall effect measurements, were car-
ried out by using a standard Hall bar geometry in a commer-
cial DynaCool physical properties measurement system from
Quantum Design. The magnetic susceptibility measurements
were performed on a Quantum Design magnetic properties
measurement system.

We carried out first-principles calculations within the
framework of the generalized gradient approximation func-
tional of the density functional theory through employing the
Vienna ab initio simulation package (VASP) with projector
augmented wave method.’%2! To simplify the calculations,
single-site occupation for Mn atoms was assumed. In all cal-
culations, we employed the Hubbard parameter U = 7 eV
on the f-orbitals of Tb atoms. We projected Bloch states to
Wannier functions, and then used the WannierTools package
to calculate the intrinsic anomalous Hall conductivity with
301 x 301 x 181 k-point mesh.[33-5>]

3. Results

The crystal structure of TbVs;MnSng is drawn based on

the PXRD data refinement, which is featured by the stacked
--=TbSnp;—(V/Mn)3—-Sn—Sn;—Sn—(V/Mn)3-TbSny— - -
along the c-axis and the ideal kagome layer formed by the
V/Mn layer, as illustrated in Fig. 1(a). The diffraction pat-

layers

terns could be well indexed on the basis of a hexagonal unit

cell with the space group P6/mmm (No. 191) with the lattice
parameters a = b =553 A, c =9.17 A, and o = B =90°,
Y= 120°. The SXRD analysis demonstrates that all atom po-
sitions at mm?2 (0.5, 0.5, 0.754) are occupied by V atoms, and
the preferred site of the substituted Mn atoms cannot be dis-
tinguished. This conclusion is supported by the exceptionally
low reliability factors (R = 1.72% and wR, = 3.87%), indicat-
ing high reliability of the refinement results. Thus, Mn atoms
exhibit random distribution patterns at the V site. The refine-
ment results were summarized in Table S1 of the supplemen-
tary information (SI). The occupancy of each atom derived
from the PXRD refinement is given in Table 1, also show-
ing that all Mn atoms are situated at mm?2 (0.5, 0.5, 0.754)
and their occupancy is 0.16, which is close to 1/6. The SXRD
data presented in Figs. 1(c)—1(e) demonstrate the phase purity
and high crystal quality of TbVsMnSng, indicating by the per-
fect reciprocal space lattice without any other miscellaneous

points.
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Fig. 1. (a) Schematic view of the TbV5sMnSng crystal structure. (b) Pow-
der XRD diffraction patterns of TbVsMnSng. (c)—(e) The diffraction pat-
terns in the reciprocal space along (0kl), (h0l), and (hk0) directions.

Table 1. The refined parameters from PXRD measurements.

Site Wyckoff Symmetry x y z  Occupation Uiso

Tbl 16 6/mmm 0 0O 0 1 0.00855
Snl 2d —-6m2  2/3 1/3 0 1 0.00069
Sn2 2e 6mm 0 0 0.664 1 0.00533
Sn3 2c —-6om2  2/3 1/3 12 1 0.01091
Mnl 6i mm2 172 172 0.754 0.16 0.03578
\%! 6i mm?2 1/2 172 0.754 0.84 0.00020

The temperature dependent magnetization of
TbVsMnSng at ygH = 0.1 T is presented in Fig. 2(a), exhibit-
ing multiple magnetic transitions with increasing temperature.
The magnetic phase diagram can be classified into three dis-
tinct regions: (i) the FM ground state with parallel alignment
of both Tb and Mn spins below T, = 42 K, (ii) the ferrimag-
netic (FIM) state displaying parallel-aligned Mn moments
coupled with antiparallel-aligned Tb moments, as illustrated
in Fig. 2(b), and (iii) the paramagnetic state above 77 = 113 K.
The random distribution of Mn atoms in TbVs;MnSng results
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in magnetic clusters in which Tb moments adopt antiparallel
alignment with neighboring Mn moments. These magnetic
clusters exhibit two characteristic temperature dependencies.
One is that the reduced thermal energy allows gradual clus-
ter growth and slower moment reorientation, accounting for
the FIM characteristics observed in the isothermal magneti-
zation curves between 110 K and 40 K, as demonstrated in
Figs. 2(b) and 3(d). This behavior is similar to that of other
rare earth-transition metal systems with unequal magnetic
sublattices.’381 Another one is below 40 K, the clusters
are connected and therefore require a higher external field to
switch the whole Tb sublattice, which gives rise to a large hys-
teresis loop, while the loop disappears above 40 K. Besides,
the slope of field-cooling magnetization dM/dT also displays
two turning points, as indicated by the arrows in Fig. S1 of the
SI. The magnetizations at 2 K remain stable prior to field rever-
sal, subsequently displaying two-step variations correspond-
ing to direction reversal of Mn and Tb magnetic moments,
respectively. In contrast, the curve at 45 K shows absence of
hysteresis loop and stepwise features, indicating the existence
of the FIM state. It is worth noting that the magnetization
curves above 110 K exhibit linear behavior, suggesting essen-
tially a paramagnetic state. It should be noted that the current
results do not completely preclude contributions from spin
dynamics.>®! More efforts to uncover the underlying physics
are very necessary. The inset of Fig. 2(a) displays the fitting
results by using the Curie-Weiss law x(T) = C/(T — 6¢),
which yield an effective magnetic moment p.r = 11.36up
and a Weiss temperature Oc = —92 K, consistent with the
high-temperature FIM behavior. At 2 K, TbVs;MnSng demon-
strates remarkable magnetic characteristics with the saturation
magnetization g = 10.7up, the zero-field magnetization
Wem = 10.2up, and the coercive field B.(uoH,) = 4.7 T. The
calculated maximum magnetic energy product (B/H)max at
2 K is 45 kJ/m3, as shown in Fig. 2(c). This value signifi-
cantly exceeds the performance capabilities of conventional

S. [60

ferrites and alnicos.!®’! Table 2 provides a detailed compari-

son of TbVsMnSng and commercial permanent magnets about

their characteristic parameters in the performance metrics and
application potential.

Table 2. Characteristics parameters for typical commercial-oriented mag-
nets, TbVgSng, TbMngSng, and TbVsMnSng.

B; Js iH. B (B/H)max

(M () kA/Mm) (T) (kJ/m®)
SrFe 2019 041 047 275 033 34
Alnico 1.25 1.40 54 0.07 43
TbVSng 0.04 045 18 0.04 0.2
TbMngSng 0.19 0.20 15 3.7 72
TbVsMnSng (this work) 0.49 0.51 374 4.7 45
SmCos 0.88 0.95 1700 0.83 150
Sm;yCoy7 1.08 1.15 800 1.01 220
Nd,Fe 4B 1.28 1.54 1000 1.13 300

B;: remanence; Jg: saturation polarization; iH,: intrinsic coercivity;
Bc(UoH.): coercivity; (B/H)max: maximum magnetic energy product.
The data is collected from Refs. [46,60,61].

The rare-earth permanent magnets have revolutionized
modern magnetic engineering as a cornerstone material
system, distinguished by exceptional magnetic characteris-
tics including high remanent magnetization, pronounced in-
trinsic magnetic anisotropy, and superior demagnetization

e.1%9 The paradigmatic Mn-based kagome magnet

resistanc
TbMngSng exemplifies this conundrum, but its strong inter-
layer Tb—-Mn AFM coupling necessitates ultrahigh magnetic
fields (> 100 T) for full spin polarization, thus critically limit-
ing practical implementation.[6%93] As a contrast, TbV4Sng,
with a nonmagnetic V-based kagome lattice, reveals com-
promised performance through suppressed magnetic order-
ing temperatures (4.1 K) resulting from weakened Tb-Tb ex-
change interactions, coupled with low coercive fields (B, <
0.5 T).1 8! Our results implement a crystal engineering strat-
egy to achieve desired magnetic properties through Mn sub-
stitution in the V-based kagome lattice. The above unveiled
significantly improved magnetic hardness at low temperatures
with a remarkably enhanced coercivity of B, =4.7 T and max-
imum energy product (B/H )max of about 45 kJ/m?, thus estab-
lishing a novel research pathway of kagome magnets for use
as permanent magnets.

(a) 9 T = (b) T2 K (c) 0.6 8
m-on § 1of v 444 L
! P 0o £
E 6 i 5 5F R o
(T ~ [T
~ — ~— H
£ —100 0 100 200 300 £ 0r E 0.3 6o00 0
Z 3t T (K) Z
= = _5f
IZTZC 45 kJ/m®
ol —10
L L L n L | " I
0 100 200 300 —6 -3 0 3 6 —0400 —200 0
T (K) HoH (T) H (kA /m)

Fig. 2. (a) Temperature dependence of magnetizations along the c-axis at uH = 0.1 T. Inset displays the fitting results of Curie—Weiss law.
(b) The field dependence of magnetizations M for H along the c-axis at various temperatures of 2 K, 10 K, 45 K, 110 K, and 200 K. Arrows
denote the orientations of Mn (blue) and Tb (purple) moments. (c¢) The maximum magnetic energy product at 2 K. Inset shows full diagram of

magnetic energy product at 2 K.
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Fig. 3. (a) Temperature dependent longitudinal resistivity py,. The in-
set shows the measurement configuration for py, of TbVsMnSns. The
field dependence of (a) magnetoresistance, (b) transverse resistivity Py,
and (c) magnetizations M at various temperatures for H along the c-axis.
(e) The extracted ordinary (pg), anomalous (p)év), and THE-like (pXTV) Hall
resistivities from the total Hall resistivity (pyy) at 2 K. The different compo-
nents of Hall resistivity for (f) ordinary Hall resistivity p}x (g) anomalous

Hall resistivity p‘;},, and (h) THE-like Hall resistivity pg, extracted from
Eq. (1), at various temperatures for H along the c-axis.

To elucidate the effects of Mn substitution on the mag-
netizations, electrical and magnetotransport properties of
TbVsMnSng, the temperature dependent longitudinal resis-
tivity py(T), the magnetoresistance (MR), the transverse re-
sistivity pyy, and the isothermal magnetizations M(H) un-
der magnetic field applied along the c-axis are shown in
Figs. 3(a)-3(d), respectively. The temperature dependent lon-
gitudinal resistivity py.(7T) of TbVsMnSng is presented in
Fig. 3(a), which unveils the semi-metallic nature in the tem-
perature range of 2-300 K. As shown in Fig. 3(b), the MR,
defined as [p(uoH) — p(0)]/p(0) x 100% where p(toH ) and
p(0) represent the resistivity with and without the magnetic
field, respectively, remains clear hysteresis below 40 K, which
is consistent with the M (H) behaviors. The MR evolves from
positive to negative as the temperature increases, with its mag-
nitude gradually diminishing. This behavior might stem from
the competition between classical magnetoresistance domi-
nated by Lorentz force effects and negative MR contributions
arising from spin rearrangement processes. In general, the MR

curves could offer valuable insights into the spin rearrange-
ment process and hence the evolution of magnetic structure.
However, in our case, the MR magnitude remains rather small
(< £0.1% near the small step on the M(H) curves, as shown
in Fig. S2 of the SI), making it challenging to resolve potential
correlations with the small step observed in the M(H) curves.
However, the large peak on the MR curves is clear, which cor-
responds to a large suppression of the scattering arising from
the Tb moments switching.

4. Analysis and discussion

Now we analyze the Hall effect in TbVsMnSng which ex-
hibits complex behaviors arising from multiple contributions.
In general, p,, can be expressed as

Pry = Py + Py + Py (1

where pg, represents ordinary Hall resistivity, pg (= Rs4ntM)
is anomalous Hall resistivity with Rg denoting the anoma-
lous Hall coefficient, and pg, represents the THE-like
resistivity.[64-%6] To quantitatively estimate the densities and
mobilities of the carriers, pg, was fitted by employing the con-
ventional two-band model

N _ (b —nepsd) + utug (m —ne) B B
X} (”eue+nhuh)2+ﬂfﬂe2 (”h—”e)232 e’

@

where n. (ny) denotes the carrier density for the electrons
(holes), and e (uy) is the mobility of the electrons (holes).
The fitting results of ne (n,) and e (Uy) at different temper-
atures are summarized in Fig. 4. Figure 3(e) presents the fit-
ting results at 2 K, where total Hall resistivity is separated into
three distinct components including pY. p2. and p|. The ex-
tracted pY, psy, and p are depicted in Figs. 3(f)-3(h), re-
spectively, indicating the multiple contributions to the Hall ef-
fects in TbVsMnSng. Notably, the topological Hall-like ef-
fect vanishes abruptly at 40 K, coinciding with a character-
istic transition observed in both carrier density and mobility
around this critical temperature, which should be ascribed to
the complex exchange interactions between Tb and incomplete
kagome magnetic sublattices induced by Mn/V-mixed kagome

layers.
(2) (b)
12
__ 110}
£ @
g 7
> >
> 9 T, 100t
z g
z s
h 3
6 90 0 40 80 120
T (K) T (K)

Fig. 4. (a) The holes (ny) and electrons (n¢) carrier densities at different
temperatures. (b) The holes (uy,) and electrons (i ) mobilities at different
temperatures.
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In order to investigate the effects of partial Mn substitu-
tion for the V kagome lattice on the electronic band structure
of TbV¢Sng, the first-principles calculations on TbVs;MnSng
were carried out. While magnetic measurements suggest the
FM ground state for TbVsMnSng, our calculations reveal the
FIM configuration as the energetically favorable state. Con-
sequently, both FM and FIM configurations were systemati-
cally considered, with corresponding magnetic structures be-
ing depicted in Figs. 5(a) and 5(b), respectively. The calcu-
lated magnetic moments yield 7.38up for Tb and 2.82up for
Mn. The total moment is determined as 10.2up per formula
unit in the FM state, consistent with experimental magneti-
zation data at 2 K. In contrast, the FIM configuration shows
a reduced total moment of 4.6ug. The corresponding band
structures are shown in Figs. 5(c) and 5(d). We note that ac-
cidental band crossings near the Fermi level along the X-I"
direction plotted within the green ring in the FIM state are all
gapped in the FM state, while those along the Y-K direction
plotted within the purple ring in the FM state are all gapped in
the FIM state. Thus, different accidental band crossings in the
FM and FIM states provide different intrinsic anomalous Hall
conductivity (AHC). In the FM and FIM states, the energy
bands near the Fermi level are both mainly contributed by the
d-orbitals of Mn and V atoms. Previous studies indicate that
Tb moments diminish with rising temperature, exerting negli-
gible impact on the AHC.[**) However, the AHC, defined as
o;f; = —pfy / (p;}z + p2.), exhibits a decrease with increasing
temperature, which can be attributed to enhanced spin fluctua-
tion of Mn with increasing temperature. Fitting to the log(pf;,)
against the log(pyc) curve by using the formula p)g o< p&
yields the scaling exponents ¢ of 2.03, thus excluding extrin-
sic skew-scattering (p)‘g, o< Pyy) as the dominant mechanism,
as shown in the inset of Fig. 5(e).17] As shown in Fig. 5(f),
the calculated intrinsic AHC contributed by different mag-
netic domains cancels each other, and produces a magnitude
equal to the experiment value of 16.14 Q~'-cm™!, indicating
the contribution from the intrinsic Berry curvature.[%8] How-
ever, we note that the relatively small AHC actually makes it
somewhat complicated to trace other possibilities as the real
sources. The calculated density of states (DOS) is presented
in Fig. 5(g). While DFT calculations reveal numerous energy
bands near the Fermi level, the associated DOS remains rather
small, which can explain the semi-metallic characteristics in
TbVsMnSng, as shown in the fitting results and the resistiv-
ity presented in Fig. 3(a). Considering potential complexities
of the fitting due to multiple contributions in the Hall effect,
the THE-like effect extracted from Eq. (1) may incorporate
contributions from ordinary Hall components, thus introduc-
ing uncertainties in carrier density estimation. However, the
characteristic transitions of carrier densities and mobilities at

40 K were actually confirmed, coinciding with the disappear-
ance of THE-like effect. Notably, the THE-like conductivity
defined as GxTy = —PXT),/ (PxTy2 +Pfx) clearly surpasses the AHC
at low temperatures, as seen in Fig. 5(e), suggesting the signif-
icant interplay between intricate magnetic behavior and trans-
port properties in this system.

(a) ?;: :* (b)
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Fig. 5. (a), (b) The magnetic structures of FM state and FIM state in
TbVsMnSng. (c), (d) The corresponding band structures. (e) The ex-
tracted o‘;} and GXT}. at various temperatures. Inset shows the plot of

log(p;}) against 10g(pyy). (f) The calculated Gg, within the energy range
of —0.1 eV to 0.1 eV around the Fermi energy. (g) Total densities of
states in the vicinity of Ef.

5. Conclusion

To summarize, the partial Mn substitution for V in the
kagome metal TbVgSng results in exceptional magnetic prop-
erties, including substantial coercive fields and enhanced max-
imum magnetic energy products. Besides, it also leads to topo-
logical Hall-like effect and anomalous Hall effect originating
from intrinsic Berry curvature, which provides an opportunity
to study the intriguing magnetic structure and exotic electronic
states. Our work offers an excellent platform for investigating
the interplay between magnetism and electronic band structure
topology in the kagome lattice. The results are also instructive
for band structure engineering in kagome magnets as well as
for designing functional magnetoelectric materials. Future in-
vestigations should integrate advanced characterization tech-
niques to construct microscopic phase diagrams of magnetic
structural evolution and elucidate the interplay between com-
plex magnetic orders and nontrivial band structure topology.
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