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Recently, kagome materials have become an engrossing platform to study the interplay among
symmetry, magnetism, topology, and electron correlation. The latest works on RMn6Sn6 (R = rare
earth metal) compounds have illustrated that this family could be intriguing to investigate various
physical phenomena due to large spin-orbit coupling and strong magnetic ordering. However, com-
bined transport and spectroscopic studies in RMn6Sn6 materials are still limited. Here, we report
magnetic, magneto-transport, and angle-resolved photoemission spectroscopy measurements of a
kagome magnet ErMn6Sn6 that undergoes antiferromagnetic (TN = 345 K) to ferrimagnetic (TC =
68 K) phase transitions in the presence of field. We observe large anomalous and topological Hall
effects serving as transport signatures of the nontrivial Berry curvature. The isothermal magnetiza-
tion exhibits strong anisotropic nature and the topological Hall effect of the compound depends on
the critical field of metamagnetic transition. Our spectroscopic results complemented by theoretical
calculations show the multi-orbital kagome fermiology. This work provides new insight into the
tunability and interplay of topology and magnetism in a kagome magnet.

The interplay among magnetism, correlation, and
topology has captured enormous attention currently ow-
ing to exotic transport and electronic behaviors [1–5].
The kagome lattice, a two-dimensional network of a tri-
angular Bravais lattice sharing the corners, provides an
opportunity to study diverse quantum magnetic phases
[2, 6–10]. Due to the unusual lattice geometry and break-
ing of time-reversal symmetry, kagome magnets can sup-
port Dirac fermions [6, 11], intrinsic Chern quantum
phases [12, 13], and spin liquid phases [14] leading to
a sudden surge of research interest in these materials.
Kagome lattices possessing 3d transition metals such as
Fe3Sn2 and Co3Sn2S2 have bolstered the research in-
terests as they exhibit large Berry curvature fields and
giant magnetization driven electron nematicity [7, 15–
22]. Kagome systems with spin-orbit coupling (SOC)
and out-of-plane ferromagnetic order fulfill conditions for
Chern gapped Dirac fermion, that can give rise to quan-
tum anomalous Hall effect [12, 13]. It is worth noting
that binary kagome systems containing transition metals
usually lack strong out-of-plane magnetization, therefore
recent works are focused on the materials with strong
SOC and out-of-plane magnetization which can provide
an epitome of kagome materials in which one can pursue
the topologically gapped Dirac fermion [9, 13, 23, 24].
One such family is rare earth (R) basedRMn6Sn6 kagome
magnet, where presence of SOC and strong magnetic or-
der serve as an intriguing quantum key to realize near-
ideal quantum limit Chern magnet [9, 24].

These rare earth 166 compounds usually reveal
magnetic ordering at room temperature, with antifer-

romagnetic (AFM) ordering for non-magnetic R ions
and ferrimagnetic (FIM) ordering for 4f - local-moment-
carrying R ions [25, 26]. The compounds with R =
Gd-Ho are ferrimagnetic below the Curie temperature,
whereas the ones with R= Sc, Y, Tm and Lu exhibit
antiferromagnetic or helimagnetic behaviors. The
magnetic structure of RMn6Sn6 compounds consists of
two different subsystems: the R and Mn subsystems.
The interlayer Mn moments through the Mn-Sn1-Sn2-
Sn1-Mn planes along the c-axis are always ferromagnetic
whereas Mn-R-Mn and Mn-Sn-Mn magnetic moments
interactions depend on the nature of the rare earth
elements [27]. Interestingly, these compounds show
Shubnikov-de Haas quantum oscillations below 14 T
field identifying themselves as distinct type of kagome
magnets [24]. Despite a few works in transport mea-
surements [9, 12, 24, 28–30] comprehensive magnetic,
transport and spectroscopic measurements of the elec-
tronic structures of these materials are still limited,
therefore, understanding of the potentially interesting
obscured quantum phenomena are in demand. Among
these materials, ErMn6Sn6 shows a complex magnetic
behaviour displaying several transitions. At low tem-
perature (T<65 K) and under low or zero magnetic
field, it exhibits AFM (namely AFM1) ordering due
to antiparallel alignment of ferromagnetic sublattices
of Er and Mn, yet even low field can change AFM to
FIM state. In the intermediate temperature range 65
K≤ T ≤ 350 K, it contains an AFM Mn sublattice
and a paramagnetic (PM) Er sublattice resulting AFM
state (namely AFM2) which changes to FIM under the
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FIG. 1. Crystal structure and sample characterization of
ErMn6Sn6. (a) Crystal structure of ErMn6Sn6. Right panel
shows the top view of crystal structure forming the kagome
lattice. (b) Bulk 3D Brillouin zone (blue) along with the pro-
jected [001] surface Brillouin zone (green), where high sym-
metry points are labeled. (c) Electrical resistivity measured
as a function of temperature in zero field. The insets on the
top left corner and the bottom right corner show the magnetic
transitions. (d) First-principles calculations of the bulk band
of ErMn6Sn6 with considering spin-orbit coupling (SOC).

influence of strong field. Beyond, 350 K it shows PM
due to PM sublattices of Er and Mn [25, 26, 31, 32].
Therefore, ErMn6Sn6 could provide a unique system
to study the evolution of transport and electronic
structures with magnetic regimes.

In this article, we report magnetic, magneto-transport,
and electronic structure measurements of ErMn6Sn6 in
two magnetic regimes. Transport measurements show
anisotropically large anomalous Hall effect (AHE) and
topological Hall effect (THE) as an indication of non-
trivial topology linked with the kagome material. Our
angle-resolved photoemission spectroscopic (ARPES)
measurements supported by first-principles calculations
demonstrate the presence of multi-orbital kagome bands
in the vicinity of the Fermi level with the occurrence
of a Dirac-like dispersion at the K point. Our results
provide a novel platform to investigate the conundrum
of interplay between magnetism and topology in kagome
materials.

High-quality single crystals of ErMn6Sn6 were synthe-
sized using the Flux method (see Supplemental Material
[33]). Resistivity and Hall measurements were performed
in a Physical Property Measurement System (PPMS)
following the conventional 4-probe method. ARPES
measurements were performed at the 5-2 endstation in
Stanford Synchrotron Radiation Lightsource (SSRL)
beamline using a DA30L analyser. The first-principles
electronic structure calculations are carried out within
the density-functional theory (DFT) formalism [34–37]

as implemented in the Vienna ab initio simulation
package (VASP) [36, 37]. For details, see Sec. 1.4 of the
SM [33] and Refs.[34–44] therein for details).

ErMn6Sn6 crystallizes in the hexagonal MgFe6Ge6-
type structure with space group P6/mmm (No. 191) as
shown in Fig. 1(a) with Er at 1(a) (0, 0, 0), Mn at 6(i)
(1/2, 0, z∼0.249), Sn at 2(c) (1/3, 2/3, 0), 2(d) (1/3, 2/3,
1/2) and 2(e) (0, 0, z∼0.34) [26]. The Er and Sn3 atoms
lie in the same plane and Mn-Sn1-Sn2-Sn1-Mn atoms are
stacked along the c-axis alternatingly. The Mn atoms
form two kagome layers and the Sn2 and Sn3 atoms form
a hexagonal structure. The hexagonal structure formed
by Sn3 atoms can be clearly seen from the right panel
of Fig. 1(a) when viewed from the c-axis. Since Sn2
is below the Sn3 layers, it cannot be seen from this top
view. The Er atoms lie at the centre of the hexagons
formed by the Sn3 atoms. The Sn1 atoms lie at the cen-
tre of the hexagons of the Mn layers but they are below
or above those Mn layers. The magnetic configuration is
characterized by the ferromagnetic (001) Mn planes [31].
The Mn planes and the in-plane nearest neighbor Mn-Mn
bonds dMn−Mn= 2.75 Å are crystallographically equiv-
alent but the interplanar Mn-Mn bonds along the c-axis
are different dMn−Mn= 4.5 Å. The complex magnetic
phase transitions in ErMn6Sn6 originate from the com-
plicated interplay among the R-Mn, R-R and Mn-Mn
exchange interactions and the competing magnetocrys-
talline anisotropies of the two sublattices [27]. In the
antiferromagnetic state, metamagnetic behavior was also
observed [26] and neutron diffraction studies have con-
firmed a high-temperature helimagnetic structure and
a low-temperature ferrimagnetic structure in this com-
pound [26]. In Fig. 1(b) the three-dimensional Brillouin
zone is presented, which is projected onto the (001) plane
forming a hexagonal pattern. Resistivity as a function of
temperature, shown in Fig. 1(c), indicates the metal-
lic nature of the sample over the measured temperature
range of 2 K - 400 K. The derivative of the resistance
shows two distinct peaks: the inset on the bottom right
corner represents the magnetic phase transition (TC =
68 K), and the inset on the top left corner represents
another magnetic phase transition (TN= 345 K). The
first-principles calculation with SOC at the FIM phase
is presented in Fig. 1(d), which shows that multiple
bands cross the Fermi level indicating ErMn6Sn6 to be
a metal which is in accord with the transport measure-
ments. Electron-like bulk bands are seen along the Γ-K
direction. Two Dirac dispersions are seen at the K point,
one Dirac cone appears above the Fermi level, whereas
another Dirac cone lies below the Fermi level. A flat
band is seen ∼400 meV above the Fermi level. The bulk-
band calculations in the AFM-state show some changes
in the electronic structures, such as shifting of flat bands
upwards (see SM for bulk-band calculations [33]). Mag-
netic properties as functions of both temperature and
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FIG. 2. Magnetic properties of ErMn6Sn6 sin-
gle crystals measured along both H//ab and
H//c planes. (a) Magnetization as a function
of temperature, M(T), measured along H//ab
at H = 0.1 T. Inset in (a) shows M(T) mea-
sured along H//c plane at H = 0.1 T. (b)
Magnetization as a function of magnetic field,
M(H) measured along both H//ab, and H//c
plane at T = 2K. The M(H) was measured up
to 9 T, only up to 3 T is shown for clarity. (c)
and (d) Magnetization as a function of mag-
netic field measured along H//ab, and H//c,
respectively at different temperatures. Inset
in (c) shows selected part of M(H) to show the
metamagnetic transition around 1.4 T at T =
200 K. Hall resistivity of ErMn6Sn6 at differ-
ent temperatures with (e) H//c, and (f) H//ab
direction.

magnetic field for ErMn6Sn6 were studied along H//ab
and H//c planes by physical property measurement sys-
tem (PPMS, Quantum Design) between temperatures 2
to 400 K and magnetic field up to 9 T. The iso-field mag-
netization, M(T), measured along H//ab at H = 0.1 T is
shown in Fig. 2(a). The compound orders antiferromag-
netically at TN = 345 K and the magnetization is almost
zero between temperatures 300 and 100 K, suggesting the
AFM state. The isothermal magnetization curves, M(H),
at a low magnetic field further support the AFM state
in this temperature region (see Fig. 2(c)). Upon fur-
ther cooling, the exchange interaction between Er and
Mn sublattices becomes strong resulting in the ferrimag-
netic (FIM) behavior with TC = 68 K at H = 0.1 T for
H//ab. The isothermal magnetization curves, M(H), at
intermediate temperatures at a low magnetic field, fur-
ther support the AFM state (see Fig. 2(c)). The appli-
cation of the magnetic field shows a strong effect on the
magnetic structure along the H//c. The M(T) measured
along H//c shows a similar transition in H//ab, however,
the nature of the magnetization curves are quite differ-
ent and highly anisotropic (inset, Fig. 2(a)). The value
of magnetization is negligible compared to that for in
H//ab. Comparing the M(H) for both H//ab and H//c
(Fig. 2c, 2d), the transitions require a larger applied field
for H//c. At T = 2K and H//ab, magnetization initially
increases almost linearly with field until H≤0.7 T then a
sharp increase in magnetization occurs at a critical mag-
netic field Hc ∼0.7 T, indicating the field-induced meta-
magnetic transition (see Fig. 2(b)). A strong change in
magnetization occurs both in magnetizing and demagne-
tizing field with a relatively large magnetic hysteresis of
0.63 T, suggesting a field-induced first-order transition.
The metamagnetic transition indicates the field-induced
transformation from AFM to FIM state in ErMn6Sn6.
Unlike along H//c, the M(H) measured along the H//ab,
however, does not show a metamagnetic transition at the
corresponding temperature, suggesting easy magnetiza-

FIG. 3. Realization of anomalous and topological Hall ef-
fect. Hall resistivity and its three different components in (a)
H//ab-plane, and (b) in H//c-axis at a temperature of 200
K. Inset in (a) and (b) shows ρT vs H for clarity along H//ab,
and H//c, respectively

tion direction along the ab-plane. As reported by Clat-
terbuck and Gschneidner [25] the application of a mag-
netic field increases the low-temperature transition while
decreasing the high-temperature transition, and the two
transitions merge at H ∼ 1.75 T.
The saturation magnetic moments (Ms), obtained by M

vs. H−1 graphs by extrapolating the curves to H−1 = 0
are 4.7 µB/f.u. and 4.3 µB/f.u. along H//ab and H//c,
respectively, which shows the FIM structure at high field.
The critical magnetic field to induce the AFM to FIM
state for H//c increases until T = 170 K and slowly and
decreases with further increase in temperature (e.g. Hc
∼5.5 T for T = 200 K). At T = 200 K and H = 9 T,
the magnetic moment is 8.47 and 8.06 µB/f.u. along the
H//ab and H//c, respectively which is twice the value of
Ms obtained at T = 2 K.

In order to investigate the signature of the anomalous
quantum Hall effect, we present the transverse resistivity
response as a function of the magnetic field applied
parallel to the c-axis and ab-plane as depicted in Figs.
2(e) and 2(f), respectively. The Hall resistivity follows
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different trends in the different magnetic regimes. In
the ferrimagnetic regime, the ρH does not significantly
change with the field, where a small, linear increase
of ρH is observed that does not saturate in fields up
to 9 T for both H//ab plane and H//c-axis configu-
rations. On the other hand, in the antiferromagnetic
regime, T = 200 K and 300 K, ρH increases rapidly
with the field H//c higher than the respective critical
field for metamagnetic transition (Figs. 2e-2f). The
overall behavior of Hall resistivity resembles the M(H)
data shown in Fig. 2(c) and Fig. 2(d), respectively.
Furthermore, similarly to M(H) behavior, a narrow
hysteresis of ρH was observed in the AFM phase
when the field is applied along with ab plane while no
hysteretic behavior is observed for the field applied par-
allel to the c-axis (see Fig. S3 in SM [33] for more detail).

In topological magnetic materials, the total Hall resis-
tivity (ρH) can be expressed as

ρH = ρN + ρA + ρT , (1)

where, ρN (H) = R0H is the normal Hall resistivity, and
R0 is dubbed as the coefficient of normal Hall resistivity,
which is defined by the number of carriers (for a multi-
band metal system it is defined as the weighted average
of the carriers with their mobilities)[28]). Similarly,
ρA(M) = RS4πM is the anomalous Hall resistivity, and
ρT refers to the topological Hall resistivity, which origi-
nates from the Berry phase gained by electrons owing
to spatially varying magnetization [45, 46]. Figure 3(a)
shows the three different components of Hall resistivity
at 200 K when H//ab. In the high field saturation re-
gion, Eq. 1 can be written as ρH = R0H + RS4πM. The
slope R0 and intercept 4πRS can be estimated from the
linear plot of ρH/M versus B/M in the high-field region.
The perfect linear behavior of the ρH/M versus B/M at
high field indicates that the anomalous Hall resistivity
(ρA) is the dominant component in the Hall resistivity.
The R0 derived for H//ab is negative whereas it is
positive for H//c at 200 K which gives ρN negative and
positive, respectively as shown in Fig. 3(b). The sign
change of R0 could be the result of change in electronic
structure as suggested in recent work [29, 47], it requires
further investigations. The slopes 4πRS are found to
be positive for both configurations. The topological
Hall resistivity (ρT ) is estimated by subtracting normal
and anomalous components of the Hall resistivity from
the total Hall resistivity and its contribution is small
compared to anomalous Hall resistivity in both in-plane
and c-axis configuration. The topological Hall effect is
more pronounced when the magnetic field is applied in
the ab-plane and it reaches to 1.8 µΩ-cm at 1.5T (Fig.
3a, inset). The obtained value of ρT along ab-plane
in ErMn6Sn6 is 100% higher and more importantly
it observed at a much lower applied magnetic field
compared to YMn6Sn6 compound reported in ref. [28]

FIG. 4. Electronic structure of ErMn6Sn6. (a) Fermi surface
map at different temperatures. The temperature values are
noted in the plots. (b) Calculated Fermi surface map. (c)
Dispersion maps along the M-Γ-M, K-Γ-K, and K-M-K di-
rection, respectively the FIM phase. ARPES measurements
were performed at the SSRL beamline 5-2 using 100 eV pho-
ton energy with s-polarization.

(0.75 µΩ-cm at H=4 T and T=200 K). It is also much
larger than reported for thin films correlated oxides
[48] and non-cubic AFM Mn5Si3 [49]. Interestingly,
a large anisotropic topological Hall effect of a similar
magnitude to ErMn6Sn6 has been reported recently
for the hexagonal non-collinear magnet, Fe5Sn3 [50].
In addition, ρT along c-plane exhibit significantly low
value, but interestingly, it oscillates between negative
0.2 µΩ-cm at 2.2 T to positive and +0.1 µΩ-cm at 5 T
(Fig. 3(b), inset). The critical magnetic field for peak in
the ρT vs H matches excellently with that obtained from
M(H) at 200 K (see Fig. 2(c) inset and Fig. 2(d)). The
peak value of topological Hall resisitivity could be an
indication of the presence of a new magnetic phase that
may exhibit strong Hall resistivity. Further experimental
and theoretical works are required to shed light on this
intriguing result. Furthermore, the large difference of
critical field between the ab and c-plane suggest the
ErMn6Sn6 is highly anisotropy and which also play a
crucial role in anomalous and topological Hall effect.
The ρT disappears in high field region (above saturation
field) indicating that it cannot host a non-trivial spin
structure. Interestingly, the signs of ρT are opposite for
the H//ab and H//c directions. The opposite signs of
the topological Hall effect in different directions of the
ErMn6Sn6 may be related to the anisotropic magnetic
behavior in this material, which can induce opposite
spin chirality along with the two directions [50].

In order to investigate the electronic structures of
ErMn6Sn6, we performed ARPES measurements using
VUV-photon source. Figure 4(a) shows Fermi surface
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map parallel to the kagome plane, measured at a
temperature of 15 K of 80 K, respectively. The Fermi
map shows the hexagonal symmetry as suggested by the
crystal structure; the circular blobs are seen at the K
points, manifesting an excellent hexagonal symmetry.
The intense blobs probably appear as a consequence
of manifold bulk bands. Several energy pockets at the
edges of the hexagonal system indicate the complex
band structure of this material, however all features
are not discernible in the photoemission intensity plots
presented in Fig. 4(a). We present the dispersion maps
along the high symmetry directions i.e. M-Γ-M, K-Γ-K,
and K-M-K directions, respectively. Electron like bands
are seen along the M-Γ-M and K-Γ-K directions. The
presence of an electron like pocket at the Γ can be further
confirmed by the constant energy contours presented in
the SM [33]. Dispersion map along the M-Γ-M direction
shows a quasi-two dimensional nature; as the band does
not disperse with photon energies (26-120 eV) [33].
The 2D-like bands can be attributed to be originated
from the orbitals related to the kagome lattice (Mn)
[51]. Our orbital-projected first principles calculations
show that electron-like bands along the Γ-K direction
are contributed by Mn dxz and Mn dz2 (see Fig. S6
and Fig. S11 [33]). The dispersion maps along the
K-M-K exhibit the lower Dirac cone-like features at the
K points. The observation of Dirac cones at the K point,
characteristics features observed in many other kagome
materials, suggests the possible origin of the anomalous
Hall effect in this material. Major ARPES features are
captured in the first-principles calculations (see Fig.
S11 for side by side comparison [33]), which suggest the
presence of Dirac cone at the K point. Presence of
various factors such as intrinsic magnetism, correlation,
matrix elements effects, etc. play crucial roles for some
discrepancies between ARPES and calculated plots.
A 3D system with quasi-2D electronic structures can
provide a condition for the anomalous Hall effect
originated from the Berry curvature. First-principles
calculations predict that the Chern gap lies above the
Fermi level. ARPES measurements and first-principles
calculations indicate the orbital-selective Dirac fermi-
ology as seen in various kagome materials [51–54]. As
suggested by ref. [25], the controlling interaction in
ErMn6Sn6 is mainly contributed by Mn-Mn interactions,
therefore one can anticipate the crucial role of the
kagome layer in this system for exotic magnetic and
transport properties. Additionally, the flat bands cover
almost all of the Brillouin zone, however they locate
above the Fermi level. Thus, it does not contribute for
the correlation. By possible electron-doping the flat
band can be brought to Fermi level which could give
rise to the correlated system. Further, replacing or
doping with lighter compounds might add an interesting
insight in these type of materials [55]. In conclusion, by
performing detailed magneto-transport measurements,

we report a direct observation of anisotropically large
anomalous and topological Hall effect in ErMn6Sn6. Our
combined experimental and theoretical investigations
demonstrate the multi-orbital kagome band structure at
the Fermi level. Our study suggests a new platform to
study the interplay of correlation and magnetism in a
kagome magnet system.
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