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The kagome lattice is a two-dimensional network of corner-sharing
triangles’ that is known to host exotic quantum magnetic states®*.
Theoretical work has predicted that kagome lattices may also host
Dirac electronic states® that could lead to topological® and Chern’
insulating phases, but these states have so far not been detected in
experiments. Here we study the d-electron kagome metal Fe;Sn,,
which is designed to support bulk massive Dirac fermions in
the presence of ferromagnetic order. We observe a temperature-
independent intrinsic anomalous Hall conductivity that persists
above room temperature, which is suggestive of prominent Berry
curvature from the time-reversal-symmetry-breaking electronic
bands of the kagome plane. Using angle-resolved photoemission
spectroscopy, we observe a pair of quasi-two-dimensional Dirac
cones near the Fermi level with a mass gap of 30 millielectronvolts,
which correspond to massive Dirac fermions that generate Berry-
curvature-induced Hall conductivity. We show that this behaviour is
a consequence of the underlying symmetry properties of the bilayer
kagome lattice in the ferromagnetic state and the atomic spin-orbit
coupling. This work provides evidence for a ferromagnetic kagome
metal and an example of emergent topological electronic properties
in a correlated electron system. Our results provide insight into the
recent discoveries of exotic electronic behaviour in kagome-lattice
antiferromagnets® 1% and may enable lattice-model realizations of
fractional topological quantum states!!2,

The kagome lattice (Fig. 1a) is a network with trihexagonal (3.6)?
Archimedes tiling that has been studied extensively in the context of
frustration-induced quantum-spin-liquid phases?™. In terms of elec-
tronic structure, simple tight-binding models on kagome lattices have
long been known to yield unusual features, including dispersionless
bands and Dirac points (Fig. 1b); the Dirac points appear in a man-
ner similar to those in hexagonal graphene lattices'®. Although such
features have not previously been observed in experiments, theo-
retical interest has persisted and lead to several further predictions.
Of particular interest are kagome networks in which time reversal
symmetry is broken via ferromagnetism (Fig. 1c)>”!!, which has the
effect of splitting the spin-degenerate Dirac bands (Fig. 1d). Further
inclusion of spin-orbit coupling (Fig. 1e) yields various gapped phases
(Fig. 1f) with integer’ or fractional 12 topological invariants (Chern
numbers). When the chemical potential is within the Dirac gap, the
intrinsic anomalous Hall effect, which results from the integration of
Berry curvature over the Brillouin zone, is quantized and in principle
affords detection of the Chern number of the wavefunction of the sys-
tem!*!°. More generally, with multiple bands and arbitrary positions
of the chemical potential, such measurements can detect the Berry
curvature that is concentrated by massive Dirac bands.

Despite a broad theoretical understanding of electronic Berry-
phase effects in ferromagnetic kagome models and extensive studies

of kagome insulators®, experimental realization of the former has been
challenging, in part owing to the relative rarity of kagome materials.
An approach to realizing metallic kagome networks in the hexagonal
transition-metal stannides A,Sn, (A =Mn, Fe or Co; x:y=3:1, 3:2 or
1:1) has been reported'”. As shown in Fig. 1g for A = Fe (studied here),
starting from a single layer of a hexagonal close-packed structure of
iron atoms, a kagome net emerges naturally by replacing a 2 x 2 sub-
lattice (dashed cell) with tin atoms, resulting in an Fe;Sn plane with an
underlying iron kagome lattice.

Here we study the bilayer kagome compound Fe;Sn, (space group
R3m; hexagonal lattice constants a =5.338 A and c=19.789 A)—a
structural variation of Fe,Sn, that includes a stanene layer sandwiched
between Fe;Sn bilayers (Fig. 1h). In Fig. 1h we also show a correspond-
ing transmission electron microscopy image of a (1010) cross-section
of a single crystal of Fe;Sn,, which reveals the Fe;Sn and stanene layers.
Previous studies'” have identified Fe;Sn, as an unusual magnetic con-
ductor with a high Curie temperature of Tc =670K. Although attention
was originally focused on the zero-field spin structure'$, recent studies
have focused on the formation of skyrmion bubbles'® and a substantial
anomalous Hall effect?®?! at finite field. The latter is particularly inter-
esting in comparison with the structurally related antiferromagnets
Mn;Sn and Mn3;Ge, which were recently reported to have a large
room-temperature anomalous Hall response®? and possible Weyl
fermion states'’.

Measurements of magnetization M as a function of magnetic induc-
tion B along the c axis (Fig. 2a) demonstrate that the system is a soft
ferromagnet, with the saturation field and saturation magnetization M
depending mildly on temperature T. The saturation magnetization M
reaches approximately 1.9y per iron atom at low temperature T (where
g is the Bohr magneton; Fig. 2a, inset). The crystals exhibit high
metallicity, with the residual resistivity ratio of p(300K)/p(2K) ~25
(Extended Data Fig. 1) allowing characterization by electrical transport.
The transverse resistivity in the kagome plane p,.(B) (Fig. 2b) strongly
reflects M(B)—a characteristic of the anomalous Hall effect*?!. In fer-
romagnetic conductors it is conventional'® to express pyx(B) in terms
of contributions from the ordinary (Lorentz-force) Hall coefficient Ry
and the anomalous Hall coefficient Rg: = RoB + RsM; as shown in
the inset of Fig. 2b, Ry depends mildly on T (corresponding to 6 x 10*!
electrons per cm® at low T), whereas R; is much larger but decreases
with decreasing T.

To elucidate the role of the bilayer kagome lattice further, we examine
the associated Hall conductivities in the kagome plane. The contribu-
tions to the total Hall conductivity Oy = oY+ aﬁy, where the super-
script ‘N’ (A’) denotes the normal (anomeﬁ/ous) component, can be
separated by using the field linearity of o in the low-Hall-angle limit
(Methods). Although oi\y is known to have contributions of both intrin-
sic (Berry curvature) and extrinsic (scattering) origin®, it has recently
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Figure 1 | The kagome structure and Fe;Sn,. a, b, Structure of the
kagome lattice (a) and the associated Dirac point in the nearest-neighbour
tight-binding model (b), with the Brillouin zone shown in the inset. The
band is degenerate, as denoted with red and blue spins. ¢, d, Ferromagnetic
kagome lattice with broken time-reversal symmetry (moments in blue) (c)
and the associated spin-polarized Dirac band with coupling between the
magnetization and spin (d). e, f, Spin-orbit-coupled ferromagnetic
kagome lattice with Berry phase ¢ accrued via hopping (e) and the
corresponding gapped Dirac spectrum (f). g, The Fe;Sn kagome plane in
Fes;Sn,, with the kagome network shown in red. h, Transmission electron
microscopy cross-section of Fe;Sn; and the corresponding Fe;Sn and
stanene layers viewed from the [1010] direction.

been demonstrated that the insensitivity of the latter to thermal excita-
tions allows the parameterization 0’ =f(Oxx,0) 0’ + af}‘f, where f(0x0)
is a function of the residual conductiVity Oxx00 Oxx 18 the conductivity
and o"}lf is the intrinsic anomalous Hall conductivity??. Because a“}f
does not depend on the scattering rate, in a system with substantial
Berry curvature, ™™ is then the remnant ¢ that is observed aso’ —0
(Fig. 2c¢, top inset). Figure 2¢ demonstrates that foph (T) remains rela-
tively unchanged from this remnant value at high temperature until
T~ 100K at which an upturn concomitant with increasing o(T) is
observed. This upturn is indicative of the onset of an extrinsic response,
which is expected!® with the longer relaxation time in this range of 73
the subsequent o2, scaling of the additional o (Fig. 2c, top inset) is
also consistent with an extrinsic origin®***."The scattering-rate-
independent value of ¢ at high T persists, varying by about 10% down
to T=2K (158 £16 Q~'cm™!), which corresponds to approximately
0.27¢*/h per kagome bilayer, where e is the electronic charge and h is
the Planck constant. We identify this contribution as o' (Fig. 2¢), with
behaviour akin to that expected from a massive Dirac ‘band®.

These observations point to a substantial Berry-curvature contri-
bution to the transport response in Fe;Sn, in a geometry that samples
the kagome planes (Fig. 2¢, middle inset). We also measured the
Hall response perpendicular to the kagome plane o, (Fig. 2¢, lower
inset). This out-of-plane signal is much smaller (Fig. 2¢), with
the ratio g?x/gﬁy being less than 10% at the highest T, indicating a
large relative enhancement of the Berry curvature in the kagome
plane.
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To examine the origin of this Hall response further, we measured
the electronic structure of Fe;Sn; by using angle-resolved photoemis-
sion spectroscopy (ARPES). In Fig. 3a, b we show the experimen-
tal Fermi surface and energy-momentum dispersion, respectively,
of the electronic bands along high-symmetry directions parallel to
the kagome planes, measured at T=20K (see also Extended Data
Fig. 2). A rich spectrum of electronic excitations with hexagonal
symmetry is observed, consistent with the metallicity and crystal-
lographic structure described above. More notably, linearly dispers-
ing Dirac cones are observed at the corner points K and K’ of the
Brillouin zone. This spectrum, which is reminiscent of the electronic
structure of graphene®, is the long-sought realization of kagome-
derived Dirac fermions’. These Dirac-like bands are shown in detail
in the high-resolution energy-momentum section of the ARPES data
across the K point in Fig. 3¢ (data are collected along the blue dashed
line in Fig. 3a and then symmetrized in momentum about K); two Dirac
cones, separated in energy but centred at K, are resolved. Hereafter, we
focus on these bands and their role in generating Berry curvature.

The two-fold Dirac cones can also be identified in constant-energy
contours (Fig. 3d). At the Fermi energy Er (Fig. 3d, top layer), a pair of
Dirac cones forms two electron pockets centred at K: a circular inner
pocket and a trigonally warped outer pocket. Moving down from Eg
each pocket shrinks, forming apparent Dirac points at binding energies
of 70meV (Fig. 3d, second layer) and 180 meV (Fig. 3d, bottom layer).
At the midpoint energy (125meV), the two Dirac cones cross and,
within our experimental resolution, form a ring of Dirac points in the
x-y momentum plane. The experimental electronic structure near the
K point is therefore characterized by two energy-split (AE=110meV)
interpenetrating Dirac cones. This splitting is a natural consequence
of the bilayer kagome structure, similarly to the case of multilayer
graphene®*, whereas the exchange splitting due to magnetic order
is expected® to be much larger (in excess of 2eV). Photon-energy-
dependent ARPES (Extended Data Fig. 4) reveals negligible variation
in the Dirac bands as a function of out-of-plane momentum k., indi-
cating quasi-two-dimensional (quasi-2D) bands confined to the iron
kagome bilayer.

Having established the Dirac fermiology of Fe;Sn,, we focus on
the role of spin-orbit coupling and the possible mass acquisition
of the Dirac bands. Inspection of the raw ARPES data reveals that
the spectral intensity at the Dirac point is suppressed substantially
(Extended Data Fig. 3d), which is more clearly visualized in the second
derivative of the ARPES map (Fig. 3e). Analysis of the energy distri-
bution curves displayed in Fig. 3f reveals a break between the upper
and lower branches of the Dirac cone, which signals the opening of an
energy gap A. A quantitative analysis performed by fitting the energy
distribution curves with Gaussian peaks returns A=30=+5meV
(Methods). This value is similar to that predicted previously for spin-
orbit-coupled 3d transition metals in kagome lattices’, but smaller
than that observed in magnetically doped topological insulators (about
50meV)?*?” and in hydrogen-decorated graphene (at least 0.5eV)?®

The emergence of massive Dirac fermions in Fe;Sn, can be under-
stood as a combination of ferromagnetic splitting and spin-orbit cou-
pling in the underlying kagome geometry. Motivated by the weak k.
dispersion observed in ARPES, we consider a stacked system of kagome
layers. In Fig. 4a we show a perfect Fe;Sn kagome layer and the corre-
sponding Brillouin zone. The kagome layer has two-fold and three-fold
rotational symmetries (Cy, and Cs,, respectively) that leave the K and
K’ points invariant and thus form point group Dj. In the absence of
spin-orbit coupling, the two-fold-degenerate crossing (Dirac) points
at K and K’ belong to a two-fold irreducible representation (E) and
are therefore protected. As illustrated in Fig. 4b, a Dirac crossing can
be observed at K in a tight-binding model Hk for nearest-neighbour
hopping on the kagome sites:

HK:Z tClTCj (1)
(i)
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Figure 2 | Anomalous Hall response of Fe3Sn,. a, Magnetization M of
FesSn, along the c axis as a function of magnetic induction B at room
temperature (T=300K; orange) and low temperature (T=2K; black). The
inset shows the saturation magnetization M, (measured at 2T) asa
function of temperature T. b, Hall resistivity p,, as a function of B. The
inset shows the ordinary and anomalous Hall coefficients R, (black) and R;
(purple), respectively, as a function of T. ¢, Anomalous Hall conductivities

where (ij) indexes nearest-neighbour pairs, ¢ is the hopping integral
and ¢; (cj) is the fermion annihilation (creation) operator, which is
taken to be spin-polarized owing to exchange. The kagome bilayers in
Fe;Sn, (Fig. 4c¢) are tiled by triangles of two different bond lengths,
2.59 A and 2.75 A, as indicated by the red and blue shading. However,
the combined unit of these kagome layers and the intervening stanene
layer preserves the {C,,, Cs,} symmetry of the perfect kagome lattice
and the Dirac points are thus protected by crystal symmetry in the
absence of spin-orbit coupling. The additional layer degree of freedom
further enriches the electronic structure. In particular, the ABA layer
stacking of the structure in Fig. 4c gives rise to bonding-antibonding
splitting?®, as seen in a simple tight-binding model with this additional
hopping (Fig. 4d).

We next introduce Kane—Mele-type spin—orbit coupling Hsoy to the
tight-binding model Hy, with

— i) t
HSOI— IZ /\ij(CiTCjT — Cilcjl)

(i) @

where \;; represents the effect of spin-orbit coupling and T and
| denote the spin quantum number*. Writing Aij= A(Ejj X Ryj) - s,
where A is the spin-orbit coupling constant, E is the electric field
on the hopping path, R is the hopping vector and s represents the
electron spin, for spin-polarized bands near K and K’ with non-zero
z polarization s,, Hso; effectively reduces to the Haldane term?’'.
Accordingly, for the single-layer case (Fig. 4b), when Ep is positioned
in the Dirac gap, the system enters a Chern insulating phase with
quantized anomalous Hall conductance”?!.

640 | NATURE | VOL 555 | 29 MARCH 2018

O'fy (red, left axis) and U?x (black, left axis) in the x—y and z—x planes,
respectively, along with the longitudinal conductivity o, (blue, right axis)
and estimated intrinsic Hall conductivity ¢™' (orange, left axis). The
measurement configurations for oy, (top) and o, (bottom) are shown in
the lower inset; I represents the charge current. The upper inset shows U?y
plotted against o'%,; the solid and dashed lines are the scaling curves

(see text).

To connect with the Hall response, we construct a k - p Hamiltonian
near K and K’ for the dual Dirac fermions and fit to the ARPES data
(Fig. 4e, inset; Methods). We then calculate the contribution of the
massive Dirac bands to the Hall response by integrating the Berry
curvature of the filled states, which yields 0<!° = (0.3140.05)e?/h at
Ep for a kagome bilayer (Fig. 4e), comparable to the observed value
of o™ =(0.2740.03)e?/h per bilayer. Remarkably, despite the
simplicity of our model, the action of the quasi-2D massive Dirac
fermions at K and K’ largely accounts for the observed Hall response
with the crystal viewed as a parallel network of bilayer kagome planes.
However, there are limitations; for example, for a 2D model there is
no contribution to the out-of-plane Hall response. We suggest instead
that this out-of-plane response originates from the three-dimensional
(3D) network of tin atoms and the associated k,-dispersive bands
near I' (Methods). The relative smallness of a?x is then consistent
with a minor contribution of tin-atom-derived bands to the overall
Berry curvature. More generally, the model evidences the role of the
concentration of Berry curvature in the quasi-2D massive Dirac
bands, which have small Ex comparable to the spin-orbit coupling
strength'®. The robustness of the Hall response observed here is
comparable to that of the Hall response that is driven by chiral
antiferromagnetic order in Mn3Sn (ref. 8) and Mn;Ge (ref. 9);
however, instead of originating from 3D Weyl nodes'’, the Hall
response observed here is driven by quasi-2D Dirac fermions in a
ferromagnetic kagome network interleaved with stanene layers.

By combining electrical transport measurements, ARPES and
theoretical analysis, this study provides a comprehensive proof of

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Figure 3 | Massive Dirac fermion at the zone corner of Fe;Sny.

a, Experimentally obtained Fermi surface of Fe;Sn,. The hexagonal
Brillouin zone (red dashed lines) and high-symmetry points (black dots)
are marked. b, Experimentally determined band dispersion of Fe;Sn, along
the high-symmetry directions. ¢, High-resolution ARPES data, measured
along the blue dashed line in a and then symmetrized with respect to K.
The complete band dispersion is shown in Extended Data Fig. 3 (with a
modified colour scale). d, Constant-energy maps at binding energies of
0meV, 70 meV, 125 meV and 180 meV. Two electron pockets (top layer),

principle for engineering band-structure singularities and topolog-
ical phenomena in correlated systems. In particular, we realize lat-
tice-driven®”*3! topological 3d electronic bands, which we suggest
exhibit the defining properties of a ferromagnetic kagome metal.
Viewed in isolation, the bands near K can be considered to exhibit
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a first Dirac point (second layer), a Dirac circle (third layer) and a second
Dirac point (bottom layer) can be clearly detected from the maps. The
corresponding energies and Brillouin zone contours are marked with
coloured dashed lines in c and d. e, f, The second-derivative plot (e) and
the stack of energy distribution curves (f) across the Dirac points. Both
panels share the momentum range and direction with c. The red double-
headed arrow marks the discontinuity between the upper and lower
branches of the Dirac cone. Coloured markers indicate the fitted band
energies. All data were obtained using 92-eV photons.

a 2D ‘Chern gap' —a time-reversal-symmetry-broken topologically
non-trivial phase that is intrinsic to stoichiometric materials and has
a dominant contribution to the electrical response at temperatures of
up to 300K and above. To isolate these bands, as a step towards reali-
zing high-temperature dissipationless modes'>, we propose finding
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Figure 4 | Tight binding and hall conductivity of a kagome bilayer.

a, Two-fold (C,,) and three-fold (Cs,) rotation-axis symmetry operations
of a single Fe;Sn kagome layer. b, Tight-binding band model of the single-
layer kagome lattice with (red) and without (blue) spin-orbit coupling.
The inset shows a magnified view of the (avoided) crossing near K. ¢, Cy
and Cs, symmetries of the ‘breathing’ kagome (illustrated by the red and
blue inequivalent bonds) and stanene layers. d, Tight-binding band model
of the double-layer kagome lattice with in-plane hopping ¢ and inter-plane

hopping 0.3¢, with (red) and without (blue) spin-orbit coupling. The

inset shows a magnified view of the double Dirac structure near K. The
spin-orbit coupling strength A= 0.05¢ for b and d. e, Anomalous Hall
conductivity oy, as a function of Fermi energy Eg from the k - p model
(black solid curve; see text). The red and blue dashed curves represent the
contributions from the upper and lower Dirac bands, respectively. The
inset shows the fit (solid lines) of a massive Dirac dispersion to the ARPES
results (circles) near K.
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simplified structures with a single kagome layer per unit cell or pur-
suing 2D morphologies via thin films or exfoliation of related materi-
als with van der Waals bonding. Furthermore, the frustrated hopping
network of kagome lattices is predicted to support electronic bands
(as in Fig. 4d) with non-zero Chern number and enhanced electronic
correlation®. Searching for these bands by chemically doping Fe;Sn,,
by using alternative structures and stoichiometries in A,Sn, or by using
other spin-orbit-coupled 4d and 5d kagome metals are key to realizing
new, magnetically driven fractionalized phases of matter!>'2.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Single-crystal growth. Single crystals of Fe;Sn, were grown using an I,-catalysed
reaction. A stoichiometric ratio of Fe and Sn powders was sealed in a quartz tube
with approximately 1% I, by mass and kept in a horizontal three-zone furnace
with a temperature gradient from 750 °C to 650 °C for five weeks followed by
water quenching to stabilize the Fe;Sn, phase. Hexagonal, plate-like crystals of sub-
millimetre size (Extended Data Fig. 1a, inset) formed near the high-temperature
region as has been reported previously*? for Fe;Ge. The hexagonal surfaces were
confirmed as (0001) kagome planes by using single-crystal X-ray diffraction.
Magnetization measurements. Magnetization measurements were performed
using a commercial superconducting quantum interference device (SQUID)
magnetometer with the field oriented along the ¢ axis and in the a-b plane.
Demagnetization corrections were performed for all measurements. The
measured saturation moment (1.9up per Fe atom) is consistent with previous
reports'®1%33,

Transport measurements. Four probe transport measurements were performed
for longitudinal and Hall resistivity in a commercial cryostat with a superconduct-
ing magnet. High-field transport measurements in fields of up to 31 T were per-
formed in a He-3 cryostat at Cell-9 of the National High Magnetic Field Laboratory.
For measurements in the kagome plane, the field was applied along the [0001]
direction with current and voltages in the kagome plane. For Hall measurements
perpendicular to the kagome plane, the magnetic field and current were applied
orthogonally in the kagome plane and the out-of-plane voltage is measured. The
choice of coordination for in-plane and out-of-plane Hall measurements is such
that, for the ordinary Hall effect of holes, o, > 0 when the field is applied along
the +z direction and o, > 0 (04, < 0) when the field is applied along the +y
direction. Electrical signals were detected using standard AC lock-in techniques
with a typical current density of 10 A cm ™2 To correct for contact misalignment,
the measured longitudinal and transverse voltages were field-symmetrized and
field-antisymmetrized, respectively. Demagnetization corrections were performed
for all measurements.

Scanning transmission electron microscopy (STEM). STEM experiments were
conducted at a probe-corrected STEM (JEOL ARM) operated at an acceleration
voltage of 200kV. Fe;Sn, samples were prepared by a Helios focused-ion beam
(FEI), operated at an acceleration voltage of 30kV for the gallium beam during
lift-out and of 2kV during polishing. Additional polishing was performed at 1kV
and 0.5kV with a NanoMill (Fischione). At both acceleration voltages, samples
were polished for 20 min on each side.

Angle-resolved photoemission spectroscopy (ARPES). ARPES experiments were
conducted at the Microscopic and Electronic Structure Observatory (MAESTRO)
at beamline 7 (main data) and at the meV Resolution Soft X-ray Inelastic Scattering
Beamline (MERLIN) at beamline 4 (preliminary measurement) of the Advanced
Light Source. The two ARPES endstations are equipped with R4000 hemispherical
electron analysers (VG scienta, Sweden). Data in Fig. 3 and Extended Data Fig. 3
were collected at 20 K with a photon energy of 92 eV, which maximizes the ARPES
spectral weight of the Dirac bands. The photon-energy-dependent measurement
was conducted from 45eV to 120 eV (Extended Data Fig. 4). Energy and momen-
tum resolutions were better than 15meV and 0.01 A=Y, respectively. Fe;Sn, samples
were cleaved in the ultrahigh-vacuum chamber with a base pressure of better than
4x 107" torr. All of the data were collected within 8 h after cleaving to minimize
the effect of sample degradation. Six different samples from various growth batches
were analysed to confirm the consistency of results.

Longitudinal electrical transport. The resistivity in the kagome plane of sample
Cl as a function of temperature, p(T), is shown in Extended Data Fig. 1a. A metallic
response is seen at all T, with a residual resistivity ratio of p(300K)/p(2 K) =25.
The magnetoresistance for magnetic induction B normal to and within the kagome
plane is shown in Extended Data Fig. 1b, ¢, respectively. In both figures, the electri-
cal current I is perpendicular to the applied field. For Bl ¢ (Extended Data Fig. 1b),
we observe a non-monotonic response below the saturation field (B < 1.2T),
which may reflect a transition through a skyrmion bubble phase, as was reported
recently'?. This structure is absent for B | ¢ (Extended Data Fig. 1c). In addition,
for both Bl cand B L ¢, a negative linear magnetoresistance characteristic of mag-
non suppression®! is observed at high T.

Analysis of the Hall effect. In a ferromagnetic metal, the total Hall conductivity
is composed of contributions from the normal Hall effect (‘N’) induced by Lorentz
force and the anomalous Hall effect (X): oy, = U,Ij), + aﬁy. In the limit of small Hall

angle (O = Pyx /P K 1), we have gy, ~ B/ (nepix), where n is the carrier density
and e is the electronic charge. Given the relatively small magnetoresistance, we
extract UXN from a linear fit of o, (B) for fields above saturation (1.7 T to 5T), with
the intercept returning o (Extended Data Fig. 2a). That the condition O < 1is
satisfied is confirmed to high field, with @y < 0.04 for fields up to 30 T (Extended

Data Fig. 2b).
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We measured the anomalous Hall effect at temperature T=300 K in multiple
samples. We find a consistently enhanced anomalous Hall conductivity in the
kagome plane aﬁy relative to out of the kagome planecr?x. For samples C1, C4 and
C5, the observed value of o? is 163.6 Q2 'em™1, 179.1Q 'em ™! and
138.8Q2 1em ™!, respectively. For samples C2, C4, C5 and C6, the observed value
ofa?x is20.5Q 1em™, 22,002 'em ™1, 55.6 Q' em ! and 53.7 Q" em ™, respec-
tively. The T dependence for C1 and C4 is shown in Fig. 2.

Energy-momentum dispersion along high-symmetry directions. Extended Data
Fig. 3a, e shows the experimental Fermi surface of Fe;Sn, obtained from different
orientations of the crystal axis with respect to the photoelectron emission plane.
Extended Data Fig. 3b-d, f, g shows the experimental band dispersion of Fe;Sn,
along high-symmetry directions. Despite the occurrence of a complex-matrix-el-
ements effect near the K point, the structure of the two interpenetrating Dirac
cones is clearly visible in all momentum directions probed in this experiment.
In Extended Data Fig. 3h, energy distribution curves at different Brillouin-zone
corner points are shown. All energy distribution curves show a consistent two-peak
structure near the first Dirac point, signalling a gap opening. The velocity of the
Dirac fermions vp is found to be isotropic in the kagome plane, with magnitude
vp=(1.76£0.11) x 10°m s~!, comparable to that observed recently in iron pnic-
tide* and selenide®® superconductors, but lower than in graphene®”*%, possibly
reflecting the correlated character of the Fe-3d states.
Photon-energy-dependent ARPES. Photon-energy-dependent ARPES probes
the variation of the band structure along the momentum direction perpendicular
to the sample surface (the k, direction in our geometry)®. The experiment here
was conducted by varying the photon energy from 55eV to 120eV. The ARPES
spectral weight of the localized d electrons is suppressed at low photon energy,
so we report only the results from 90eV to 120 eV. Considering the large c-axis
lattice constant (c=19.8 A), the photon energy range presented here spans more
than three complete Brillouin zones. The dependence on photon energy varies
substantially between different bands. For example, the dispersion of the innermost
electron pocket at I' (Extended Data Fig. 4b) depends critically on the photon
energy (k;), whereas the dispersion of Dirac bands shows negligible dependence
on k. The latter finding demonstrates the pronounced 2D nature of the Dirac
fermions that we observed. We ascribe the highly dispersive bands centred at I" to
the 3D network of Sn atoms within the crystal structure.

Tight-binding models. We use a simple 2D tight-binding model to capture the
symmetry-protected Dirac nodes at K and K’ in the single-layer (Fig. 4a) and bilayer
(Fig. 4c) kagome lattice. Starting with the former, in the absence of spin-orbit cou-
pling, the nearest-neighbour tight-binding model Hx (equation (1)) yields Dirac
bands and a dispersionless band (Fig. 4b). For the bilayer kagome lattice, we include
additional hopping t, = 0.3t between the vertically displaced sites on each kagome
layer, which introduces a layer splitting of the Dirac states in energy (Fig. 4d)*.
We examine the effect of the spin-orbit interaction by adding a Kane-Mele-type
term® Hgop (equation (2)) in the leading-order nearest-neighbour hopping to
the tight-binding model H with strength given by A(E; X R;) - s. The magnetic
moments in FesSn, have been proposed to be subjected to spin reorientation and
microscopic domain formation'***; contributions to \; arise from orthogonality
of the hopping path and local electric-field and spin directions in each domain. In
the simplified hopping model, these contributions are represented by an in-plane
electric field and s;, with \;;=0.05¢ in Fig. 4b, d. Similar Hamiltonians***! have
been used in the spin sector for insulating materials with kagome structures'*-%3.
Model calculation of Hall conductivity. To connect with the Hall response, we
first construct a k - p Hamiltonian near K and K’ for the dual Dirac fermions
observed in the ARPES spectra:

Hp = [hvi(kioy — ky0)] @ [+ Eoi + mo, (3)

where o; (i=x, y, z) are the Pauli matrices of pseudospin for each Dirac band, E,
is the energy splitting of the Dirac bands described by the Pauli matrix 7, and
m = A/2 is the Dirac mass. To obtain the band parameters, we fit the observed
dispersion E(k) to the massive Dirac model E', (k) = + ./ (hkvp)® + (A/2)* + E.),
where Ef) is the energy offset of the upper (i=1) and lower (i=2) Dirac bands
from Ep. As shown in the inset of Fig. 4e, a satisfactory fit is found with
vp=(1.85+0.15) x 10°m s~ ', A=32+3meV, Eg=—73 + 5meV and
EZ=—182 + 5meV. The Dirac band centred at 73 meV can be analysed reliably,
whereas matrix-element effects and the proximity of neighbouring bands interfere
with the intensity distribution of the lower Dirac point. Applying the same set of
Fermi velocity and mass for the upper and lower Dirac bands, we then calculate
the contribution of the massive Dirac bands to the Hall response by integrating the
Berry curvature over the filled states described by equation (3) as follows.

The Hall conductivity o, can be considered a geometric quantity that charac-
terizes the mapping from the k,~k, momentum plane to the two-component
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Dirac band structure*!. For a general two-level Hamiltonian d(k) - o, (where
o={o 0y, 0;} and d(k) is a generic vector), the wave functions may be
represented as points on the unit Bloch sphere by +d(k) = d(k) /|d(k)|, where
the - denotes the two eigenstates of the Hamiltonian at a given k. oy, then takes
the form**

=" [ d-@dxo,dakdk, @
filled states

where the integrand (the Berry curvature) can be seen as the Jacobian associated
with mapping the k,-k, plane to the unit sphere. Therefore, o, is proportional to
the total area covered on the unit sphere by the filled states. Also, because the
integrand in equation (4) is a pseudoscalar, the states represented by ==d have
opposite contributions to o,.

The above formulation for o, of a single Dirac fermion is illustrated in Extended
Data Fig. 5 for the gapless and gapped cases. For the former (Extended Data
Fig. 5a), the wavefunction of the Dirac fermions is confined to the equator of the
Bloch sphere and therefore o, = 0. Extended Data Fig. 5b shows the case in which
the lower branch of the massive Dirac cone is filled. In this case, the occupied states
span the lower hemisphere and yield 0, = 0.5¢*/h. When the upper branch of the
gapped Dirac fermion is partially filled (Extended Data Fig. 5¢), a contribution
of opposite sign appears. The resulting o, for a single Dirac fermion is therefore

2
s for S<2w

o — h 4w

Xy — 2 -~
edn =S for $>2x
h 4x

where S is the total area of the filled states on the Bloch sphere; this is shown in
Extended Data Fig. 5d as a function of energy E normalized by hvg (where vr. is
the Fermi velocity).

The above formulation is consistent with that expected from the semi-classical
Boltzmann equation and Kubo formalism for a single massive Dirac fermion*’:

o _é A2
Y h J(A)2)7 + (hveke)? ®)

where A is the size of the Dirac gap and kg is the Fermi wavevector. From
equation (5) and Extended Data Fig. 5c, we see that o, is maximized to e*/(2h)
when Ey is within the gap and drops outside the gap with a long tail**’.
Importantly, the massive Dirac fermions at the K and K’ valleys are related by
inversion symmetry and therefore contribute similarly to the Berry curvature; the
contribution from equation (5) is therefore doubled. With the experimental fits to

equation (3) and adding up the contributions from the upper and lower Dirac
points to the anomalous Hall conductivity described by equations (4) and (5), we
obtain the energy-dependent 2D Hall conductance U?y (Fig. 4e). The Hall conduc-
tivity at the Fermi level evaluates to 0., (Eg) = (0.31 £ 0.05)e*/h. The uncertainty
within this model arises from fitting the experimental band parameters near K;
developing models that use the complete electronic structure and Berry curvature
to compare to the experimental results is an important future direction.

Data availability. The data that support the findings of this study are available
from the corresponding authors on reasonable request.
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Extended Data Figure 1 | Metallic transport in Fe;Sn,. a, Resistivity

p as a function of temperature T in the kagome plane for Fe;Sn,
sample C1. The inset shows a photograph of Fe;Sn, single crystals.

B (T) B(T)

b, ¢, Magnetoresistance (defined as MR = [ pxx(B) — pxx(0)]/pxx(0)) at
selected T with B applied perpendicular (b) or parallel (c) to the kagome
plane and B L I (schematics of the configurations are shown as insets).
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Extended Data Figure 2 | Extracting anomalous Hall conductivity and linear fit to af:'y. The data at 2K and 50K have been scaled by the factors
high-field transport. a, In-plane Hall conductivity o, as a function of shown for clarity. b, Magnetoresistance (main panel) and Hall effect (inset)

magnetic induction B at selected temperatures. Dashed lines represent the of FesSn, with applied magnetic field yoH || ¢ up to 317T.
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Extended Data Figure 3 | Momentum and energy-dependent band
structure along high-symmetry directions. a, e, Fermi surface of Fe;Sn,
obtained from different experimental geometries. b-d, £, g, Band
dispersion of FesSn; along high-symmetry directions. The panels
correspond to the momentum directions along the red (b), orange (c),
green (d), magenta (f) and purple (g) dotted lines in a and e. The inset
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in d shows the raw data of Fig. 3¢ (with the same energy and momentum
range), highlighting the spectral weight distribution near the Dirac
points. h, Energy distribution curves at different K points indicated in

¢, d, fand g. The curves are shifted along the vertical direction for clarity.
The inset shows an example of Gaussian fits; the extracted gap size is
A=30+5meV.
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Extended Data Figure 4 | Photon-energy dependence of ARPES spectra.
ARPES intensity plot for Fe;Sn, taken along the I'-K direction as a
function of binding energy k and photon energy.
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Extended Data Figure 5 | Berry curvature and Hall conductivity for a
massive Dirac fermion. a—c, Schematics of 2D Dirac fermions and the
corresponding Bloch-sphere representation of the wavefunction of filled

states for the gapless case (a) and the gapped case with Ep in (b) and out of
(c) the gap. d, Fermi energy Er dependence of oy, for the case of a single

massive Dirac fermion with gap A and Fermi velocity vg.
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