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SPECIAL TOPIC — Recent progress on kagome metals and superconductors

Enhanced anomalous Hall effect in kagome magnet YbMnsSng with
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We report on the magnetization and anomalous Hall effect (AHE) in the high-quality single crystals of the kagome
magnet YbMngSng, where the spins of the Mn atoms in the kagome lattice order ferromagnetically and the intermediate-
valence Yb atoms are nonmagnetic. The intrinsic mechanism plays a crucial role in the AHE, leading to an enhanced
anomalous Hall conductivity (AHC) compared with the other rare-earth RMngSng compounds. Our band structure calcu-
lation reveals a strong hybridization between the 4f electrons of Yb and conduction electrons.
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PACS: 75.47.—m, 72.15.Eb, 71.20.Lp

1. Introduction

Kagome magnets have been a subject of significant in-
terest in condensed matter physics due to their unique com-
bination of a nontrivial geometric lattice and strong electron
correlation.[!:?] The kagome lattice comprises corner-sharing
triangles, which naturally lead to geometric frustration and a
topological band structure, characterized by the Dirac cone
and flat band. These distinctive structures in both real and
reciprocal spaces make the kagome materials an intriguing
platform for exploring topological states and phenomena, in-
cluding quantum spin liquid®! and the long-pursued high-
temperature quantum anomalous Hall effect.[*-!

The RMngSng compounds, which include rare-earth el-
ements represented by R, belong to a grand family of inter-
metallic compounds with the chemical formula RT4xE¢ (T =
transition metals including V, Cr, Mn, Fe, Co, Ni, and E =
Ga, Ge, In, Sn, Sb).
consists of transition-metal-based kagome lattice, either pris-

The crystal structure of RMngSng

tine or distorted depending on the arrangement of R.[6-8]
LiMneSng, MgMngSng, and RMngSng (R = Gd-Tm, Lu)
compounds crystallize in the HfFegGeg-type structure (space
group P6/mmm), which can be regarded as an alternatively
R-stuffed CoSn-type structure.!®”! This simple ordered alter-
ation of R-occupied with R-vacant honeycombs leads to the
formation of the pristine Mn-based kagome lattice (see in-
set in Fig. 1). The magnetic properties of RMngSng are
determined by the magnetic interactions and anisotropy of

fCorresponding author. E-mail: gwljiashuang @pku.edu.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd
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both Mn and R atoms.!®! The intralayer Mn-Mn interaction
is the strongest, leading the Mn kagome lattice to form an in-
plane ferromagnetic (FM) order. When the R atom is non-
magnetic, the valence electron count (VEC) plays a crucial
role on the interlayer magnetic interactions, leading to an
easy-plane FM structure for monovalent LiMngSng and di-

valent MgMngSng, [o-11]

a complex antiferromagnetic (AFM)
spiral structure for trivalent Sc(Y,Lu)MngSng, "2 and a heli-
cal structure for tetravalent Zr(Hf)MngSng.[!3! For magnetic
R elements, the R—Mn interaction controls the magnetic or-
der and anisotropy. Light rare-earth Nd and Sm sublattice or-
ders simultaneously with the Mn sublattice, resulting in an FM
order.!"* For heavy rare-earth elements Gd, Tb, Dy, and Ho,
the R moment orders antiparallel with respect to the Mn mo-
ment, leading to a ferrimagnetic (FiM) order. The R—Mn in-
teraction is too weak for R elements being Er and Tm, causing
these two members to revert to an AFM order.[13-16]

Recent studies have reported significant anomalous Hall
effect (AHE) and topological Hall effect (THE) in the
RMngSng compounds. Of particular, the FIM compound
TbMngSng shows a pronounced intrinsic AHE stemming from
a strong Berry curvature field of a massive Dirac fermion with
a significant Chern gap in the Mn-based kagome lattice.!!718]
This highly nontrivial topological electron structure also pro-
duces intrinsic AHE in the FiM state of Gd, Dy, Ho, and Er sib-
ling compounds.'®! The light rare-earth Nd(Sm)MngSng with
an FM structure also demonstrates an intrinsic AHE with sim-

ilar magnitude.?°! On the other hand, the flat spiral magnetic
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structure of YMngSng can gradually change to a non-collinear,
fan structure when an external magnetic field is applied in the
plane, leading to a significant THE.[?!??! The studies on the
AHE and THE indicate that the RMngSng family has the po-
tential to be a model system for examining the relationship
between the geometric frustration and non-trivial topological
band structure of the kagome lattice.

It has been noticed that YbMngSng possesses different
crystal and magnetic properties from the other heavy rare-
earth RMngSng compounds. It crystallizes in an intermedi-
ate ordered state between the HfFesGeg- and YCogGeg-type
structures, as previously found in SmMngSng.!'%1423] Ther-
modynamic and neutron scattering measurements revealed
that the Mn sublattices order ferromagnetically in the plane
at a relatively low Curie temperature Tc ~ 277 K while the Yb

[2425] X_ray absorption near

atoms have no magnetic moment.
edge structure (XANES) and resonant inelastic x-ray scatter-
ing (RIXS) measurements revealed that the Yb atom has a non-
integer valence between 2+ and 3+.124%61 This intermediate
valence of Yb atoms well explains the fact that its magnetic
properties are similar to those of divalent MgMngSng rather
than the other trivalent rare-earth RMngSng compounds.

The discovery of the topological electronic structure
and AHE in RMngSng compounds motivates us to ex-
amine the electronic and magnetic properties of single-
crystalline YbMngSng. Although the polycrystalline sam-
ples of YbMngSng have been extensively studied, the physical
properties of single crystals remain largely unexplored. Dur-
ing the preparation of the manuscript, we noticed the study in
Ref. [27], which reported the electric transport properties of
the YbMngSng single crystals when a magnetic field was ap-
plied along the c axis. In the current study, we report a success-
ful growth of large, high-quality single crystals of YbMngSng
and their magnetic and electric transport properties. We ob-
serve an enhanced AHE with the anomalous Hall conductivi-
ties (AHCs) as large as 182 Q~!.cm™! and 922 Q~!.cm™! at
2 K when the saturated magnetization (Mg,) is along the crys-
tallographic ¢ axis and ab plane, respectively. Scaling analysis
reveals that the intrinsic mechanism is dominant when Mg,
is along the ¢ axis. The intrinsic AHC is comparable to that
for TbMngSng but much larger than that for non-4f-magnetic
YMngSng and LuMngSng. Our DFT calculation is partially
consistent with the experimental results of intrinsic AHE. It
indicates that the 4f electronic bands of Yb in the vicinity of
the Fermi level play an important role in the electronic struc-
ture of YbMngSng.

2. Methods

We grew the single crystals of YbMngSng by the self-
flux method.[?8! The Yb ingots, Mn ingots, and Sn ingots were
mixed in a molar ratio of 1 : 6 : 20 and placed in an alumina

crucible. The crucible was then sealed in a quartz ampoule.
The ampoule was slowly heated to 1223 K, kept for 10 hours,
cooled to 1073 K and held for 67 hours. It was then cooled
down to 873 K and the flux was centrifuged. The obtained
single crystals were etched with dilute HCI solution to remove
the remnant Sn flux on the surface. Typical YbMngSng single
crystals are millimeter-sized hexagonal prisms with a metallic
luster (inset of Fig. 1(c)). The crystal structure of YbMngSng
was examined by powder x-ray diffraction (PXRD) using a
Bruker D8 Advance diffractometer with Cu K, radiation.

We confirmed the intermediate crystal structure of
YbMngSng between the HfFegGeg- and YCogGeg-type struc-
tures, as reported in Refs. [10,23]. The difference between
these two structures lies in the distribution of the Yb atoms:
the Yb atoms alternatively occupy the slab along the ¢ axis
in the HfFeqGeg-type structure while randomly distribute in
the two slabs in the YCogGeg-type structure. As a result, the
unit cell of the HfFegGeg-type structure doubles that of the
YCogGeg-type structure along the ¢ axis, which leads to dis-
tinctive PXRD pattern. The diffraction peaks with the Miller
indices (hkl) in the HfFegGeg-type structure are absent in the
Y CogGeg-type structure when / is an odd integer. As shown in
Fig. 1(c), the intensities of the diffraction peaks with indices
(hk3) are about 40% of those for a fully ordered HfFesGeg-
type structure, indicating an intermediate ordered state, as that
for SmMngSng annealed at 723 K in Ref. [14].
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Fig. 1. (a) HfFesGeg-type and (b) YCoeGeg-type crystal structures,
where the Mn-based kagome lattices are highlighted as blue. Pink
spheres: Yb atoms; gray spheres: Sn atoms. Note that in the YCosGeg-
type structure the Yb and Sn atoms are mixed. (c) Refined PXRD data
of YbMngSng single crystals, where the black crosses are the measured
values and the red curve is the calculated pattern. The vertical blue
bars are the expected peak positions. Note that the Miller indices (/k3)
are labeled. Inset: YbMngSng single crystals with typical sample mor-
phology of hexagonal prisms. The lateral edges are along the crystallo-
graphic c axis.

Using the Rietveld method, we refined the lattice con-
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stants as a = 5.548(6) A and ¢ = 9.044(2) A, which are sig-
nificantly larger than the lattice constants of TmMngSng (a =
5.514 A and ¢ = 8.994 A)12%) and LuMngSng (a = 5.505 A and
¢ = 8.988 A).I2Y] The deviation of the lattice constants from
the Lanthanide contraction indicates the intermediate valence
of the Yb ions.

We measured the magnetic properties of the single crys-
tals using the Quantum Design magnetic property measure-
ment system (MPMS-3) when the magnetic field was applied
along the crystallographic ¢ axis and ab plane. Longitudinal
and Hall resistances were measured with the Quantum De-
sign physical property measurement system (PPMS-9) using
the standard four-probe method. Small signals at low temper-
atures were collected by the Lake Shore Model 372 AC resis-
tance bridge.

To obtain the electronic structure and Berry curvature
field of YbMngSng, we performed first-principles calculations
based on density functional theory (DFT) by the Vienna ab

30311 A plane-wave basis

32]

initio simulation package (VASP).!
set was used with the projector augmented wave method!
with an energy cutoff of 400 eV. The Brillouin zone (BZ) in-
tegration was performed using a 9 x 9 x 5 Monkhorst—Pack
k mesh, and generalized-gradient approximation (GGA) by
Perdew, Burke, and Ernzerhof!33! was used for the exchange—
correlation functional. The electronic correlation effect among
Mn 3d electrons was treated with the GGA plus Hubbard U
approach,**l where Uy, = 0.4 eV. The spin—orbit coupling
(SOC) was included in all the calculations. Maximally lo-
calized Wannier functions obtained from the WANNIER90
package!®] were used to derive the tight-binding model. The
4f orbitals of Yb atoms were viewed as core orbitals in the cal-
culation of AHC. The AHC was obtained by integrating the
Berry curvature according to the formula

&2

dk
Oap =% BZ W;f(gnk)gmaﬁ(k)v

where ©Q, 5(k) = —Im(dgunr|dgusk) is the Berry curva-
ture of band n with momentum k, f is the Fermi distribution
function, and uy is the Bloch function. The integration was
performed on a 251x251x251 mesh using the WannierTools

package. 30!

3. Results and analysis

Figure 2(a) shows the temperature dependence of the
magnetization for two pieces of YbMngSng single crystals in
a temperature range from 2 K to 300 K when an external mag-
netic field poH = 0.1 T is applied along the crystallographic
c axis and the ab plane, respectively. The magnetization for
H || ab plane is over four times that of H || ¢ axis, indicat-
ing an easy-plane anisotropy. According to the M(T) curves,
YbMngSng undergoes an FM transition at Tc ~ 277 K, in

24.25] 1n the tem-

agreement with previously reported results. !
peratures below T¢, the magnetization in both directions re-
mains almost constant with decreasing temperature. The mag-
netization is easily saturated in low external magnetic fields
for the two samples at 2 K, indicating a soft magnet with small
anisotropy, in contrast to the other RMngSng with magnetic R.
The saturated magnetization Mg, in both directions is about
14.5 ug/f.u.. Considering that Yb has an intermediate valence
and no magnetic moment, we infer that the saturated moments
for each Mn atom is about 2.4 ug, which is slightly larger than

the values of the other RMngSng compounds.

5 T
- (a)
4.
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= 3l
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~— 2-
=
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Fig. 2. Magnetization of YbMngSng single crystals. (a) M(T) when
an external magnetic field yoH = 0.1 T is along the crystallographic ¢
axis and the ab plane, respectively. (b) M(H) curves at T =2 K when
H || ab and H || ¢, respectively. The slight difference in the saturated
magnetization may be caused by the uncertainty of the mass for differ-
ent samples.

Figure 3 shows the temperature dependence of the zero-
field longitudinal resistivity p(T) for two pieces of crystals
where the electric current is applied along the ¢ axis and the
ab plane, respectively. The p(T) has a metallic profile with
a slope change at ~ 277 K, and coincidences with the 7c.
The residual resistivity ratio RRR = p (300 K)/p(2 K) is over
10 in both directions, indicating the high quality of our sam-
ples. The ratio of the longitudinal resistivity (py./p;;) in-
creases from 1.3 at T =300 K to 2.3 at T = 2 K. Considering
the dimensional uncertainty of the samples, we infer that the
longitudinal electric transport properties are close to isotropic.

We also measured the heat capacity for two pieces of
YbMngSng and LuMngSng crystals and the data are presented
in the inset of Fig. 3. Their specific heat follows the expected
form of yI' 4+ BT for a Fermi liquid where ¥ is the electronic
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specific heat coefficient and BT is the phonon contribution.
The y value of YbMngSng (127 mJ-mol~!-K~2) is signifi-
cantly higher than that of LuMngSng (48 mJ-mol~'-K~?) in
which the Lu atoms have a full shell 4f electronic configura-
tion. The y value of YbMngSng is comparable to that of most

heavy fermion materials. 37}

T T T T T T
] 4
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00?
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Fig. 3. Temperature dependence of the zero-field longitudinal resistiv-
ity p(T) for two pieces of YbMngSne single crystals when the current
is applied along the crystallographic ¢ axis and the ab plane, respec-
tively. Top inset: The specific heat of YbMngSng and LuMngSng single
crystals in a form of Cp, /T versus T2. Bottom inset: Sample setup for
the electric transport experiments.

6r (a) .
I||ab
4F Hllc

Pya (1€2-cm)

pes (iS-cm)
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Fig. 4. Hall resistivity p;;(H) for two pieces of YbMneSng single crystals at
different temperatures when an external magnetic field is applied along (a)
the ¢ axis (p;; = pyx) and (b) the ab plane (p;; = pyx;). Insets: Sample setup
for the electric transport experiments. Under the convention E; = p;;/;, the
external magnetic field is along the k axis of a right-handed coordinate sys-
tem with i, j and k as bases, the current / is along the j axis and the electric
field E from the Hall effect is along the i axis. Note that [ x £ = H.

Figures 4(a) and 4(b) show the Hall resistivity p;;(H)
isotherms for two pieces of YbMngSng single crystals at rep-
resentative temperatures when the external magnetic field is
along the ¢ axis and the ab plane, respectively. Note that we
use the convention E; = p;;/;, which means p,, is positive for
hole carriers when the current is along the x axis and the field is
along the z axis. The coordinate system for the electric trans-
port experiments is shown in the insets of Figs. 3 and 4. The
Hall resistivity p;;(H) is composed of an ordinary part and an
anomalous part, p;;j(H) = pou(H) + pau(M), and the similar
profiles of p;;(H) and M(H) indicate that the anomalous Hall
contribution is dominant.

We then collected the pay values as the intercept of the
linear part of p;;(H) as long as the magnetization is saturated.
The AHE has both intrinsic and extrinsic origins and scales
with both the zero-field longitudinal resistivity p and the satu-
rated magnetization M(T) as[3%3]

pan =M(T)-(c"™ - p*+a™V.p). (1)

The coefficients of the first and second power terms of the
p are the intrinsic and extrinsic anomalous Hall coefficients,
respectively. To gain insight into the scaling relation, p and
M(T) are divided into both sides. For the simplicity of the
units, M(T) is replaced by a dimensionless quantity, namely,
a normalized magnetization (M(T)/Msy). Note that we use
the M(T) values measured at UoH = 2 T, where M has been
saturated in both directions. The scaling relation now reads

(PAH/P) : [M(T)/Msat]il = (yi“t -p+ askew. (2)

We plot (pan/p) - [M(T)/Msy]~" against p in Figs. 5(a)
and 5(b) for the electric current in the ab plane and c axis,
respectively, and perform a linear fit for the data of temper-
atures below 7c. Note that for the external magnetic field
applied along the c¢ axis, the temperature range of the linear
fit has been restricted to below 230 K to reduce the influence
of strong magnetic fluctuations around the magnetic transition
temperature. The intrinsic and extrinsic anomalous Hall coef-
ficients are the slope and the intercept, respectively. We obtain
the intrinsic AHC as G;;‘,t =146.3 Q@ '-cm™! for H || ¢ axis
and 6" =307.9 Q" '.cm~! for H || ab plane. Given the lattice

x
constant ¢ = 9.044(2) A, the intrinsic AHC G)g‘,t corresponds
to 0.155¢?/h per kagome layer, which is comparable to the
intrinsic AHC for TbMngSng.[!°]

To understand the role the 4f electrons in YbMngSng
played by in the AHE, we comparably studied the non-4f
counterpart YMngSng single crystal. YMngSng crystallizes in
the HfFegGeg-type structure and has a double-flat-spiral mag-
netic structure as the ground state in which the Mn spins in
each kagome bilayer are collinear ferromagnetically within the
plane and form helical stacking of the FM bilayers.!'?! The
magnetic structure can be driven to a forced ferromagnetic
(FF) state by an external field along the ¢ axis.[*?! As shown
in Fig. 6, the Hall resistivity of YMneSng follows the M(H)

057501-4
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curves at representative temperatures from 100 K to 300 K.
We extracted the anomalous Hall resistivity papg of the FF
state as the intercept of the linear part of p,(H). The scal-
ing law pag = 6™ - p2 + o™V . p yields an intrinsic AHC
G)g‘,t =24 Q '.cm™! for YMngSng, which is much smaller
than that in YbMngSng.
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= L @R, ]
0.03 % 300
4 I||ab, H||c @i \
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= Te
7
’_t‘?:‘ 0.02f b
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& o askew = 0.0018
= . . .
% 0 0.1 0.2 0.3
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<8 0 0.05 0.10 0.15 0.20
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Fig. 5. Scaling of the AHE for two pieces of YbMngSng crystals when
an external magnetic field is applied along (a) the ¢ axis and (b) the ab
plane. Temperatures are labeled to the right of each data point.
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Fig. 6. Hall resistivity py.(H) of YMnsSng single crystal at selective tem-
peratures when an external magnetic field is applied along the ¢ axis. Inset:
Scaling law reveals that the intrinsic AHC in YMngSng is 24 Q~'.cm™!.

To verify the validity of the scaling between pay and p in
YbMngSng, we also scale the AHC and the squares of longitu-
dinal conductivity in Fig. 7 for four pieces of samples. When
Mg, is along the ¢ axis, the AHC G;;H remains constant for

higher longitudinal conductivity oy, at low temperatures. This
value is close to the intrinsic anomalous Hall coefficient G}C‘y“
we obtained from the scaling between pag and p, indicating
the main contribution from the intrinsic mechanism. On the
other hand, the AHC O'QH increases with higher longitudinal
conductivity o,, at low temperatures when Mg, is in the ab
plane, indicating that the extrinsic mechanism plays an im-
portant role. These results are consistent with each other for

different pieces of samples.
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Fig. 7. Scaling of the AHC in different crystallographic directions against
the square of the longitudinal conductivity in a temperature range from
2 K to 300 K.

4. Discussion

In order to better understand the intermediate-valence Yb
and the AHE in YbMngSng, we performed DFT calculations
to obtain the band structure and the intrinsic AHC. We chose
the fully ordered HfFesGeg-type structure and the lattice con-
stants obtained from the experiments. As shown in Fig. 8, the
energetic dispersion is highlighted by a flat band only 0.2 eV
below the Fermi energy. The bands consisting of Yb orbitals
have a strong hybridization with the conduction electrons. The
band structures near the Fermi energy originating from the Mn
kagome layers exhibit striking similarities with those of other
RMngSng compounds. In particular, the Dirac cones located at
the K-points in the Brillouin zones are especially reminiscent

of those found in other RMngSng compounds.[!7:40-42]
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Fig. 8. The band structure when SOC is included. The bands with red
color highlight the Yb 4f orbitals.
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Fig. 9. Energy dependence of the calculated AHC when (a) My || ab
plane and (b) Mgy || ¢ axis.

Figure 9 shows the energy dependence of the calculated
intrinsic AHC with the different magnetization directions.
When My, is parallel to the ab plane, 0., = 217 Q '.cm™!
at the Fermi energy, and when Mg, is parallel to the ¢ axis,
o,y = 335 Q~'.cm™! at the Fermi energy. The calculated
value of o, is comparable to the experimental but that of oy,
is significantly larger.

We summarize the magnetic properties and the intrinsic
AHC:s of the FM and FF states when the magnetization of Mn
spins is saturated in Table 1. Because most of the compounds

are either AFM or strongly anisotropic FM, the FF state can
not be obtained for all the compounds. Nevertheless, we no-
tice that the highest AHC occurs in LiMngSng and YbMngSng
which have the VEC less than 3+. In the RMngSng family,
YbMngSng has the lowest magnetic ordering temperature but
the largest saturated magnetization of Mn.

Ma et al.!"”) suggested that the electronic structures of
the FiM RMngSng (R = Gd to Er) resemble each other and the
massive Dirac fermion is generally hosted in FM Mn kagome
lattice when the Mn spins are polarized along the ¢ axis. The
intrinsic AHE of the FiM RMngSng (R = Gd to Er) can be
attributed to the Berry curvature field of the massive Dirac
fermion whose cone energy Ep and gap size A are determined
by the de Gennes factor dG = (g7 — 1)2J(J + 1), where g is
the Lande factor and J is the total angular momentum of the
R3T ion. If this Chern gap opening induced AHE mechanism
is valid, the AHC shall be dependent on VdG. The above
interpretation seems to be consistent with our observations of
the nearly vanished intrinsic AHE for the FF state of YMngSng
and LuMngSng.

We summarize the intrinsic AHC with respect to the de
Gennes factor for all RMngSng compounds in Fig. 10. The
intrinsic AHCs for the heavy rare-earth FiIM RMngSng are lo-
cated in a brown zone, in which the magnitude approximately
follows dG. The data points of the trivalent RMngSng with
R being non-magnetic Y, Lu, and Sc are located in the blue
zone in the lower left corner. On the other hand, LiMngSng
and YbMngSng with less VEC show larger AHE and we label
them in a magenta zone. The intrinsic AHCs considered here
are 0'};‘ when Mgy || ¢ axis, while different mechanisms may
play a role when Mgy || ab plane, requiring further elaboration.

Table 1. Intrinsic AHCs of the RMngSng family with the magnetization of Mn atom saturated along the ¢ axis and the ab plane in different

categories. Data are taken from previous reports, [12-17,2041:43.44] <>

means no data available. Ty denotes the magnetic ordering temperature. The

magnetic structure and anisotropy are those at base temperatures. M is the saturated moments of Mn atoms at the lowest measurement temperature,

usually at T =2 K.

Magnetic structure

R=  Magnetism of R Magnetic order G)i(;“ Q lem™h Gg“ Q@ Yem™!)  Valence Tm (K) . M (up per Mn)
and anisotropy
Yb 146 308 2.6 277 easy plane 24
Mg FM / / 2 290 easy plane 1.88
Li 380 170 382 easy plane 24
Sc . 65 / 384 flat spiral 1.75
Non-magnetic X
Y 24 / 3 333 flat spiral 1.69
Lu AFM ~0 / 353 flat spiral 1.59
Zr / / 4 580 helical /
Hf / / 575 helical /
Nd M 145 120 350 easy axis 2.0
Sm / 284 405 easy plane 2.1
Gd 140 32 435 easy plane 2.08
T 121 42 i 24
b magnetic FiM / 3 3 casy axis
Dy 60 / 393 conical 2.1
Ho 90 / 376 conical 2.3
Er AFM 40 / 352 helimagnetic 22
Tm / / 347 helimagnetic 2.22
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Fig. 10. Scaling of the intrinsic AHC with respect to the de Gennes fac-
tor. Data points in the brown zone are the FiM RMngSng. Data points
in the blue zone in the lower left corner are the AFM RMngSng whose
intrinsic AHCs are relatively small. Data points in the magenta zone in
the upper left corner are the FM RMngSng with less VEC whose intrin-
sic AHCs are relatively large.

In the band structure calculation for LiMngSng, Chen et
al."™ suggested that the intrinsic AHC has a minimum value
around 0.2 eV above the Fermi energy of LiMngSng, which in-
dicates that the trivalent RMngSng compounds shall have small
AHC because their Fermi levels are lifted for about 0.23 eV
by two extra electrons. This prediction seems to be consis-
tent with the observations of small AHC in LuMngSng and
YMngSng. We notice a similar deep valley around 80 meV
above the Fermi energy in our calculation for YbMngSng as
well. On the other hand, the calculation also revealed a high
peak of AHC around 0.15 eV above the Fermi energy of
LiMngSng. Although the Yb atom has an intermediate valence
between 3+ and 2+, the AHC of YbMngSng is not as high as
the prediction in band structure calculations.

This large discrepancy between the DFT calculation and
experimental results may come from the over-simplified treat-
ment of the intermediate valence of Yb atoms. A rigid band
approximation may not be valid for the intermediate valence
compounds. In YbMngSng, the Yb atoms are nonmagnetic
while the relatively large electronic specific heat coefficient y
indicates a high Kondo temperature T over several hundred
Kelvins through scaling relations.[*>=71 On the other hand, if
the crystal field splitting does not lift the degeneracy when Yb
atoms are Kondo screened, the multiplet ground state leads to
a Kondo temperature of Tx = % =219 K, which is com-
parable to the 7c. This value is consistent with the inferred
high Tk through scaling relations, which is comparable or even
higher than 7¢, indicating that the Yb ions have been fully
Kondo screened at the FM state. Very recently, we have dis-
covered large AHE in several heavy fermion ferromagnets. Or
particular, the strong hybridization of 4f and conduction elec-
trons in an FM Kondo lattice CeCoyAs; generates topologi-
cal nodal loops near the Fermi level, which is a potent source
of the Berry curvature field.[*®! The intermediate valence of
Yb has much stronger Kondo effects in YbMngSng, but the
influence of the Kondo effect on the AHE needs to be ex-
plored in the future. Previous studies on a series of solid solu-

tions of polycrystalline YbMngGeg_,Sn, unveiled the change
of the valence of Yb ions and even a quantum critical point
when x equals 5.23.[2426:4547.49-511 The AHE of the series of

YbMngGeg—,Sn, will be interesting.

5. Summary

We grew high-quality single crystals of YbMngSng which
demonstrate an in-plane FM ordering of Mn moments at 7¢ ~
277 K. The Yb atom is nonmagnetic and the intermediate va-
lence of Yb leads to a large ¥ = 127 mJ-mol~!-K~2. The in-
trinsic mechanism plays a crucial role in the AHE when the
magnetization is along the c¢ axis, leading to an enhanced in-

trinsic AHC as 0'};‘ = 146.3 Q !l.cm™!, comparable to the

FiM RMngSng. The DFT calculations partially explain the ex-
perimental results, but the influence of the Kondo effect on the
Berry curvature field and the AHE needs further exploration.
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