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SPECIAL TOPIC — Recent progress on kagome metals and superconductors
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The kagome lattice system has been identified as a fertile ground for the emergence of a number of new quantum
states, including superconductivity, quantum spin liquids, and topological electronic states. This has attracted significant
interest within the field of condensed matter physics. Here, we present the observation of an anomalous Hall effect in an
iron-based kagome antiferromagnet LuFegSng, which implies a non-zero Berry curvature in this compound. By means of
extensive magnetic measurements, a high Neel temperature, 7y = 552 K, and a spin reorientation behavior were identified
and a simple temperature-field phase diagram was constructed. Furthermore, this compound was found to exhibit a large
Sommerfeld coefficient of y = 87 mJ-mol~!-K~2, suggesting the presence of a strong electronic correlation effect. Our
research indicates that LuFegSng is an intriguing compound that may exhibit magnetism, strong correlation, and topological

states.

Keywords: kagome lattice, anomalous Hall effect, magnetism, electronic correlation

PACS: 75.50.Ee, 72.15.—v, 75.47.—m

1. Introduction

Kagome lattice materials have been extensively stud-
ied in recent years for their feature of natural triangular ge-
ometry frustration, which gives rise to a wealth of intrigu-

[1-31 such as unconventional superconductiv-

ing phenomena,
ity, quantum criticality, and quantum spin liquid behavior. In
terms of electronic band structure, the kagome lattice could
host flat bands, Van Hove singularities, and Dirac points.[!
This makes the kagome lattice a good platform for investigat-
ing strong correlation, charge density wave (CDW), and topo-
logical electronic states.>~”! For an antiferromagnetic (AFM)
system, the geometry frustration is relatively more significant,
as in the heavy fermion CePdAl, ®! the strong frustration com-
petes with the Kondo effect, leading to an exotic quantum criti-
cal phase. In addition, both the strong correlation and the Weyl
fermion state have been recognized in the AFM kagome lat-
tices Mn3Sn>1% and Mn3Ge,[!"-1?! which exhibit prominent
anomalous Hall effect (AHE) and anomalous Nernst effect
(ANE). Compared to ferromagnets, the much lower magne-
tization and inherent stray fields of AFM materials with large
AHE and ANE are more promising for applications. There-
fore, the search for new kagome AFM materials is an interest-
ing topic.

The RFeqSng (R = rare earth elements) is a family of
materials that exhibit high AFM order at temperatures ex-

fCorresponding author. E-mail: ekliu@iphy.ac.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ad6£93

ceeding 500 K and employ a hexagonal structure.!'3! The Fe
atoms in the hexagonal layer form a kagome plane. Previous
Mossbauer spectroscopy, neutron diffraction, and magnetiza-
tion experiments have revealed a magnetic frustration between
the ferromagnetic (FM) intraplanar exchange interaction in the
ab-plane and AFM interplanar exchange interaction along the
c-axis in this family.['3-15] However, there is no report on the
analysis of the single crystal, not even on the basic transport
properties. Our recent work on the Y sFezSnj3 single crystal
shows that it crystallizes into a structure of the YCogGeg-type
and exhibits an intriguing AHE. %] More detailed work on sin-
gle crystals is needed to further understand the physics of this
family.

Here we focus on the single crystal of LuFesSng. In
contrast to Y sFe3Sn3, which adopts a YCogGeg-type struc-
ture, LuFegSng exhibits a distinctive HfFegGeg-type structure,
a common structure observed in the 166 systems,[!”-18] as ex-
emplified by TbMngSne.!'”! The magnetic measurements in-
dicate that the material is AFM ordered at Ty = 552 K, and ex-
hibits a spin reorientation around 54 K. Furthermore, a weak
FM state at low temperature, driven by spin reorientation, is
evident. Subsequently, the specific heat measurement shows
a large Sommerfeld coefficient of ¥ = 87 mJ-mol~'-K~2, in-
dicative of a strong correlation effect. Ultimately, the AHE

is observed below 140 K, elucidating a net Berry curvature in
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this kagome antiferromagnet.

2. Experimental details

Single crystals of LuFegSng were grown by a self-flux
method using molten Sn as a solvent. High purity lutetium
pieces, iron pieces and tin balls were loaded into an alumina
crucible with a molar ratio of 1:6:20, which was further sealed
in an evacuated quartz tube. The loaded quartz tube was heated
to 1150 °C in 10 hours and held at this temperature for 4 hours
to ensure sufficient melting. It was then cooled to 500 °C in
7 days. Hexagonal prismatic single crystals (inset of Fig. 1(d))
were obtained after removing excess Sn by centrifugation at
500 °C. Traces of residual Sn on the surface of the obtained
crystals were mechanically removed with a blade.

The chemical composition of the obtained crystals was
determined by energy dispersive x-ray (EDX) spectroscopy
using a Hitachi S-4800 scanning electron microscope. To fur-
ther confirm the crystal structure and lattice parameters, the
as-grown single crystals were also ground to fine powder and
subjected to powder x-ray diffraction (XRD) for refinement.
Crystal orientation was measured using a Bruker D2 Venture
diffractometer.

DC magnetic susceptibility and magnetization measure-
ments were carried out in a magnetic property measurement
system (MPMS, Quantum Design, 2-300 K). High tempera-
ture magnetic susceptibility was measured using the vibrating
sample magnetometer oven in the physical property measure-
ment system (PPMS, Quantum Design). Specific heat mea-
surements were carried out using a thermal relaxation method
in the PPMS. Electrical transport measurement, including lon-
gitudinal resistivity and Hall effect, was also carried out in the
PPMS using the standard 4-wire method. The magnetoresis-
tance and Hall effect measurements were carried out by scan-
ning both negative and positive magnetic fields to eliminate
errors from the lead contacts.

3. Experimental results and discussion

LuFegSng
HfFeqGeg-type structure (Fig.

crystallizes into a
1(a)),
P6/mmm. The Fe atoms form a kagome layer as shown in
Fig. 1(b).
the Fe atoms exhibit an easy FM plane and an AFM inter-

layered hexagonal
with space group

It has been reported that under ideal conditions

action along the c-axis, as indicated by the red arrows in
Fig. 1(a). Nevertheless, 30% of the Fe moments deviate from
the c-axis in the actual crystals as a consequence of the under
stoichiometry of the Lu atoms.!'3] Our EDX measurements
on single crystals also indicate a significant deficiency of Lu
atoms, resulting in an under-stoichiometric chemical formula
of Lug gFesSng ». This is in close agreement with the reported
polycrystalline composition.!3-13] Figure 1(c) shows the pow-
der x-ray diffraction pattern of LuFesSng, which agrees well

with the calculated pattern based on the refined crystal struc-
ture, giving lattice parameters of a = 5.349 A, ¢ = 8.876 A.
The single crystal XRD pattern displays the only Bragg peak
of (100), see Fig. 1(d), indicating that the exposed surface of
the hexagonal prism (the inset of Fig. 1(d)) is the ac-plane.
The long axis of the crystals can be determined as the c-axis.
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Fig. 1. (a) Crystal structure of LuFesSng. The arrowed layers represent
the Fe kagome plane, which is indicative of the FM interaction in the
ab-plane and the AFM interaction along the c-axis. (b) The amplified Fe
kagome layer. (c) Powder XRD pattern, compared with the calculated
pattern based on the refined crystal structure. (d) The single crystal XRD
pattern of the exposed surface of the single crystals in the inset corre-
sponding to the (/00) plane.

The high-temperature magnetic susceptibility ¥.»(T)
measured between 320 K and 650 K with magnetic field ap-
plied in the ab-plane is shown in Fig. 2(a). A distinct kink
characterizing the AFM ordering is observed at Ty = 552 K,
in close proximity to the value reported in a polycrystalline

(151 Below Tn, Xa» increases continuously with de-

sample.
creasing temperature. This obviously deviates from the con-
ventional AFM system, suggesting that the magnetism in
this compound is inherently unstable. Figure 2(b) shows
the temperature-dependent zero-field cooled (ZFC) and field
cooled (FC) x.»(T) and y.(T) (with Bl|c) curves between 2 K
and 300 K. A strong magnetic anisotropy is observed, with a
considerable ratio of x,,/x. = 107 at T = 2 K, indicative of
a tendency for spins to orient in the ab-plane at low tempera-
tures. Upon cooling to lower temperatures from 300 K, both
Xap and . exhibit a sharp increase at about 54 K, indicating a
spin reorientation character corresponding to a spin-flop phase
below this temperature. By plotting the dy,;,/dT curve in the
inset of Fig. 2(b), a sharp minimum is observed at 24 K, which
suggests that the material may exhibit FM behavior at lower
temperatures. Furthermore, the spin reorientation transition
can also be characterized in the dy,,/dT curve.

It is evident from the magnetization curves M, (B) that
the FM behavior is indicated by the application of a magnetic
field in the ab-plane, as illustrated in Fig. 2(c). M, (B) exhibits

107507-2



Chin. Phys. B 33, 107507 (2024)

a tendency to saturate at a field of 0.28 T, with a saturation
moment of 1.47 ug/f.u. at T =2 K. The continuous increase
of the M, at higher fields suggests that this is a weak FM
state, which means that the moments of the Fe could be tilted
with the ab-plane. Meanwhile, in Fig. 2(d) we also present
the magnetization curves M.(B) with the magnetic field ap-
plied along the c-axis. M.(B) shows a slow increase below

2 T and then a rapid increase with increasing field at low tem-
peratures, revealing a probable metamagnetic transition. By
means of detailed magnetism measurements, a simple field—
temperature phase diagram is constructed with the field in the
ab-plane below 100 K, as shown in Fig. 2(e). From this, one

can immediately capture the magnetism of LuFesSng.
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Fig. 2. (a) High temperature magnetic susceptibility of LuFesSng with B||ab. (b) Anisotropic ZFC and FC magnetic susceptibility between B|lab
and B||c below room temperature. It shows that the ZFC and FC curves almost overlap in different orientations. The inset shows d,,/dT. (c)
and (d) Magnetization curves below 100 K with B||ab and B||c. (¢) The T—B phase diagram with the field in the ab plane.
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Fig. 3. (a) The specific heat as a function of temperature. The inset depicts the amplification at low temperatures. (b) Cy/T vs. T2 for T? < 60 K.
From this, the Sommerfeld coefficient can be estimated as y = 87 mJ-mol~!-K~2 by extrapolating the lower linear part to zero temperature.

In order to further characterize the magnetism of
LuFesSng, the zero-field specific heat Cp,(T') measurement was
performed between 2 K and 200 K, as shown in Fig. 3(a).
At T =200 K, the specific heat is close to the Dulong—Petit
limit of 3nR = 324.25 J-mol~!-K~!, where 7 is the number
of atoms per formula unit, and R is the universal gas constant
(8.314 J-mol 1. K~1). As the temperature decreases to 2 K,
there appears to be no discernible anomaly in C,(T), indicat-
ing that the spin-flop transition is thermodynamically weak in
this compound. However, it is discovered that the Sommer-

feld coefficient is notably high, with ¥ = 87 mJ-mol~!.K~2,
estimated by extrapolating C, /T versus T? to zero tempera-
ture, as shown in Fig. 3(b). The observation of a slight devi-
ation from the linear fit at higher temperatures suggests that
the FM fluctuations may serve to enhance the y value. The
large Sommerfeld coefficient is also observed in the isostruc-
tural LuFe¢Geg and YbFegGeg,!?"! and is comparable to that
of other iron-based compounds, such as the typical iron-

211 and the two-dimensional van der

22,23

based superconductor:

Waals ferromagnetic Fe;GeTe,,[?223 suggesting the presence
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of a strong electronic correlation effect in this compound. It
should be noted that the Sommerfeld coefficients of other typ-
ical magnetic kagome topological materials such as Co3Sn;,S;
(10.8 mJ-mol~!1-K~2),2% Mn3Ge (22.5 mJ-mol~!-K~2) and
Mn;3Sn (32.5 mJ-mol~1-K~2),1251 are much lower than that of
LuFeésnﬁ.
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Fig. 4. (a) Anisotropic electrical resistivity between I||ab and I|c. The
inset shows dp./dT curve, where the broad peak represents the spin re-
orientation temperature. (b) and (c) The MR with I||ab, B||c and I||c,
B||ab, respectively.

Having established the magnetic phase diagram of
LuFesSng, we now turn to look into its electrical transport
properties. Figure 4(a) shows the temperature dependent elec-
trical resistivity at zero field with []jab and I||c. When the
current is applied in the kagome ab-plane, p,, exhibits a nor-
mal metallic behavior, and almost linear temperature depen-
dence above 50 K. In comparison, p. shows a broad peak
around 200 K, and decreases rapidly below 100 K, signal-
ing a strongly anisotropic behavior. The differential of p, be-
haves with a clear broad peak around 54 K, see the inset of
Fig. 4(a), corresponding to the anomaly observed in the mag-
netic susceptibility, also indicating the spin reorientation char-

acter. Figures 4(b) and 4(c) present the field dependent magne-
toresistance (MR) below 100 K with 7||ab, B||c and I||c, B||ab,
respectively. The MR at B||c shows a clear transition around
2 T at2 K, the same as it observed in the magnetization curve,
revealing a metamagnetic-like behavior. The large transition
of MR with the field may be related to the electronic structure.
When the field is applied in the ab plane, the MR is an order of
magnitude larger than it along the c-axis, again suggesting the
strong anisotropic behavior. The negative MR in both direc-
tions may be related to the weak FM behavior. Although the
weak FM state exists at temperatures below 24 K, the strong
FM component can be clearly observed in the M, (B) curves
above this temperature. The behavior of the MR can be at-
tributed to the competition between the AFM interaction along
the c-axis and the FM interaction in the ab-plane.

Figure 5(a) displays the field dependent Hall resistivity
Pca(B) of LuFegSng with I||c, B||ab. At low temperatures, peg
tends to saturate with increasing field, which is very similar
to the behavior of the magnetization curve. The comparison
of M(B) and p.4(B) at T =2 K is shown in Fig. 5(b). In the
weak FM state shown above, the saturation feature of p., is a
typical characteristic of the anomalous Hall effect. In this sce-
nario, the total Hall resistivity can be described by the relation
Pea = PN+ pL = RopoH + Rs oM, where pX and pZ denote
the normal and anomalous Hall resistivity, and Ry and Rg de-
note the normal and anomalous Hall coefficients, respectively.
Figure 5(b) inset shows the fitting curves of the Hall resistivity
at 7 =2 K, from which we can determine the carrier density to
be n=1/(eRy) = 1.17 x 10*2 cm~3. By further extrapolating
p2 (B) to zero field, p2 (T) can be obtained.

Figure 5(c) shows the temperature dependent Hall resis-
tivity p/ (7). With increasing temperature, p}ﬁ gradually de-
cays and disappears above 140 K. To gain further insight into
the AHE, the anomalous Hall conductivity (AHC) is calcu-
lated by 62 = p2 /(DA% + pepa). As shown in Fig. 5(d), oA is
103 Q~'.cm~! at T = 2 K. While this AHC value is one order
of magnitude smaller than that observed in the typical ferro-
magnetic Weyl semimetal, such as Co3Sn,S, (1130 Qlem™!
at 2 K),1?®! it is nevertheless comparable to that observed
in some antiferromagnetic topological systems, such as the
kagome lattices Mn3Sn and Mn3Ge.!!'?) Given that the AHC
of LuFegSng remains almost unchanged below 20 K and that
the electrical conductivity (0y,) is situated within the intrin-
sic regime (Gyy ~ 3 x 10°-5 x 10° @ '.cm™') in the unified
model,?”] it seems plausible that the AHE may have its ori-
gin in the intrinsic non-zero Berry curvature. The anomalous
Hall angle (AHA) is also presented in Fig. 5(d), which shows
that the maximum AHA is 1.1%, a value comparable to that

observed in a normal ferromagnetic material.

107507-4



Chin. Phys. B 33, 107507 (2024)

A
&
()

I||c Bl|ab K.

—8-—6-4-20 2 4 6 8
B(T)

Pea (1E2-cm)
(=}

M (pp/fu.)

g 1.0 X
S <
2 Jas
4305 <
U
Ok L L T 1 1] L L 0
0 50 100 150 200 0 50 100 150 200
T (K) T (K)
Fig. 5. (a) The Hall resistivity with I||c, B|ab, showing a typical

AHE at low temperatures. (b) The comparison of M(B) and p..(B) at
T = 2 K. The inset shows the fitted curves of the Hall resistivity by
Pea = PN AP = RouoH +Rs oM at T =2 K. (c) The estimated anoma-
lous Hall resistivity as a function of temperature. (d) The calculated AHC
and AHA.

In comparison with previous experiments on the poly-
crystalline LuFegSng, our single crystal investigation has re-
vealed a strong anisotropy of this compound. The spin re-
orientation behavior of RFeSng was also characterized by
Mossbauer spectroscopy and neutron diffraction measure-
ments before.[!3-13] Tt has been claimed that this behavior is
due to magnetically frustration driven by the under stoichiom-
etry of the R atoms. For the single crystal of LuFegSng, the Lu
atom is also deficient, which appears to be a common occur-
rence in this system. Furthermore, the geometry frustration of
the Fe-kagome lattice should also be taken into account. For
example, the kagome material FeGe shows an A-type collinear
AFM order at 400 K, then a CDW phase coupled with AFM or-
der below 110 K, and finally a c-axis biconical AFM structure
around 60 K.[28-301 [n FeGe, the interaction between geomet-
ric frustration and the strong correlation plays an important
role in these rich spin states.**3!l The combined data from
previous Mossbauer spectroscopy and our magnetic measure-
ments indicate that the spins of the iron atoms in LuFesSng
may be canted, with the spins oriented along the direction be-
tween the kagome plane and the c-axis. At low temperatures,
the spins tend to align in the plane.

The strong correlation effect observed in LuFegSng is a
notable feature, as it has been reported previously in the anal-
ogous compounds LuFesGeg and YbFesGeg.l?! Given that
LuFeSng and YbFesGeg exhibit comparable large Sommer-
feld coefficients, it can be concluded that the rare earth ele-
ments have no impact on the correlation effect. It is well es-
tablished that the hopping frustration in a kagome lattice may
give rise to the formation of strong correlations. This phe-
nomenon has been observed in Niszln, [32] where destructive
interference in the kagome plane induces flat bands. These flat
bands subsequently result in a heavy fermion behavior. An-

other potential scenario is that 3d-electron hybridization could
also give rise to a strong correlation effect, as observed in iron-
based superconductors, such as AFe,Ass (A = K, Rb, Cs).[?!]
Considering the weak FM state at low temperatures,
the behavior of the AHE in LuFesSng seems to be normal.
The AHE remains non-zero above the spin reorientation tem-
perature, which can be explained by the high-field-induced
FM component, as shown in the magnetization curves of
Fig. 2(c). Moreover, the magnitude of the AHE in LuFegSng
is even larger than that observed in the canted antiferromagnet
YbMnBi, (26 Q'-em™! at 120 K),!33! where the non-zero
Berry curvature contributes to the AHE and further generates
a giant ANE. The presence of non-trivial topological bands
in the kagome lattice of LuFegSng is anticipated, with the in-
trinsic generation of a net Berry curvature that will contribute
to the AHE. Further investigation of the ANE in LuFesSng is
therefore warranted. Given the ambiguous nature of the mag-
netic structure, it is challenging to discern the detailed elec-
tronic bands and potential topological features. In order to
gain further insight into the physics of LuFegSng, it is antici-
pated that more comprehensive neutron diffraction and spec-
troscopy experiments on single crystals will be conducted.

4. Conclusion

In conclusion, the synthesis of the kagome single crys-
tal LuFegSng was successfully achieved. This enables us to
investigate the anisotropic low-temperature properties in the
AFM state. Our findings indicate that the material exhibits a
pronounced anisotropy between the kagome ab-plane and the
c-axis. The construction of the phase diagram allows for the
clear presentation of the weak FM state resulting from spin re-
orientation. Moreover, a prominent AHE was observed below
140 K, which could be attributed to the presence of non-zero
Berry curvature. The specific heat measurement indicates that
this material exhibits a strong correlation effect. The hopping
frustration from the iron kagome plane and the hybridization
between 3d electrons are the potential reasons for this phe-
nomenon. Our study has identified a number of exotic prop-
erties exhibited by the kagome material LuFegSng. Further
investigation of this compound, including neutron diffraction
and theoretical calculations, may reveal more insights.
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