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Antiferromagnetic FeSn is considered to be a close realization of the ideal two-dimensional (2D)
kagome lattice, hosting Dirac cones, van Hove singularities, and flat bands, as it comprises Fe3Sn
kagome layers well separated by Sn buffer layers. We observe a pronounced optical anisotropy, with
the low-energy optical conductivity being surprisingly higher perpendicular to the kagome planes
than along the layers. This finding contradicts the prevalent picture of dominantly 2D electronic
structure for FeSn. Our material-specific theory reproduces the measured conductivity spectra
remarkarbly well. A site-specific decomposition of the optical response to individual excitation
channels shows that the optical conductivity for polarizations both parallel and perpendicular to the
kagome plane is dominated by interlayer transitions between kagome layers and adjacent Sn-based
layers. Moreover, the matrix elements corresponding to these transitions are highly anisotropic,
leading to larger out-of-plane conductivity. Our results evidence the crucial role of interstitial layers
in charge dynamics even in seemingly 2D systems.

The kagome lattice is a two-dimensional (2D) hexag-
onal network of corner-sharing triangles and is heavily
investigated recently due to the variety of emergent quan-
tum phases such as quantum spin liquid, Dirac or mag-
netic Weyl fermions, and magnetic skyrmions [1–5]. In its
tight-binding band structure, the kagome lattice hosts a
saddle point, leading to van Hove singularities in the den-
sity of states, two linearly dispersing Dirac-bands around
the K point, that can give rise to topologically nontrivial
Weyl points and nodal lines, and a flat band, emerging
from destructive interference of electronic wavefunctions.
Due to this interference, the electronic states become
geometrically confined within a kagome hexagon [6–13].
This localization and the related quench of kinetic energy
amplify electronic correlations, making the kagome lat-
tice an ideal playground to study the interplay between
geometry, topology, and correlation physics.
One fundamental question is how these prototypical

states evolve upon the stacking of kagome layers in three-
dimensional (3D) crystals. In other words, whether the
characteristic features of the kagome band structure are
still manifested in real materials. For example, it was
shown for the bilayer kagome material Fe3Sn2 that the
interplane hopping causes a double Dirac structure near

∗ These authors contributed equally to this work.

K, with Dirac points extending to helical nodal lines,
and the flat bands acquire dispersion [9, 14, 15]. As was
recently shown for the sister compound Co3Sn2S2, such
gapped nodal lines can leave fingerprints in the optical
response and dominate the anomalous Hall conductivity
[16, 17]. Also, in 3D flat band materials like the py-
rochlore metal CaNi2, containing stacked kagome layers,
deviations from flatness occur due to multiple vectorial
interferences of several Ni 3d orbitals [18]. Therefore,
sensitive spectroscopic probes are required both for the
identification of these states and for determining their
impact on the materials response, e. g., transport or op-
tical properties.

Our target material is the kagome metal FeSn with an-
tiferromagnetic (AFM) order below TN=365 K [19, 20].
It has been suggested to host Dirac fermions and flat
bands, exhibiting characteristic features of an individ-
ual kagome lattice despite the interlayer interactions in-
evitably present in 3D crystals. [8, 21, 22]. It crystallizes
in the hexagonal space group P6/mmm, where Fe3Sn
kagome layers in the ab plane are alternatingly stacked
with Sn honeycomb layers along the c direction [8]. FeSn
forms a kagome metal series together with Fe3Sn2 and
Fe3Sn. In this order, the electronic structure is claimed
to turn from dominantly 2D to 3D, with FeSn being the
closest realization of the independent kagome layers [8].

Electronic band structure calculations of FeSn indeed
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predicted flat bands around 0.5 eV above the Fermi en-
ergy EF and a Dirac cone located at the K point around
0.4 eV below EF, together with a corresponding nodal
line along K −H [8, 14, 23, 24]. Furthermore, flat bands
in limited regions of the Brillouin zone were predicted
[14, 25], as well as observed by angle resolved photoe-
mission spectroscopy (ARPES) and scanning tunneling
spectroscopy, in both FeSn and Fe3Sn2 [8, 21]. ARPES
measurements also revealed the predicted Dirac cone(s)
in FeSn and Fe3Sn2, respectively [8, 9]. For Fe3Sn2 it
was shown that electronic correlation effects cannot be
neglected, since they cause a reorganization of the energy
bands close to EF [15]. It should also be noted that there
are several additional conventional energy bands in the
vicinity of EF according to electronic band structure cal-
culations [15]. Nevertheless, recent optical spectroscopy
studies on Fe3Sn2 observed features in the low-energy
optical conductivity spectrum, which were interpreted as
excitations of Dirac cones, helical nodal lines and flat
bands close to EF [15, 26].

In this Letter, we report the anisotropic optical con-
ductivity of the kagome magnet FeSn based on a com-
bined experimental and theoretical study. We find a
pronounced anisotropy in the low-energy optical con-
ductivity, with a higher magnitude perpendicular to the
kagome plane. This is opposite to the general expecta-
tions, where the reduced dimensionality of the crystal
structure is directly manifested in the optical anisotropy
[27]. By comparing the experimental optical conductivity
with material-specific theory calculated in the framework
of density functional theory we can attribute the spectral
features to specific intra- and interlayer excitations, re-
vealing significant contributions of the interstitial Sn lay-
ers to both in- and out-of-plane conductivity. No clear
sign of flat band transitions and Dirac electron excita-
tions is detected in the optical conductivity of FeSn.

A comparison of the experimental optical conductiv-
ity spectra of single-crystalline FeSn for the polarization
directions E‖a (parallel to the kagome plane) and E‖c
(perpendicular to the kagome plane) is presented in Fig. 1
(a) and (b), respectively. The experimental details about
the crystal growth, the reflectivity measurements and the
corresponding polarization- and temperature-dependent
reflectivity spectra can be found in the supplemental
material (SM) [28] (see also references [15, 26, 29–38]
therein). For E‖a we observe a pronounced absorption
band at around 3100 cm−1 (∼0.38 eV) and a dip in the
frequency range 1000 - 1300 cm−1 (∼0.12 - 0.16 eV)
followed by the low-frequency Drude contribution. The
metallic Drude response is also resolved for E‖c, in fact,
it is stronger than in the in-plane conductivity. The out-
of-plane conductivity spectrum also shows an absorption
band around 3100 cm−1 and an additional one around
800 cm−1. For both polarization directions the observed
absorption bands hardly shift with decreasing temper-
ature but only sharpen. Most interestingly, for energies
below 9000 cm−1 (∼1.1 eV) the optical conductivity per-
pendicular to the kagome layers is higher than along the
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FIG. 1. Experimental optical conductivity spectra σ1 of FeSn
for polarization direction (a) E‖a and (b) E‖c as a function
of temperature. Inset of (b): Comparison of E‖a and E‖c
optical conductivity at 6 K.

kagome plane, as illustrated in the inset of Fig. 1(b).
These results clearly demonstrate a strong anisotropy of
charge excitations in FeSn, but in the opposite way as
one would expect for independent kagome layers.
This behavior contradicts the frequently made assump-

tion that transport in layered systems is mostly confined
to the individual layers. In fact, similar behavior has
been recently reported for the dc transport character-
istics in the sister compound CoSn [39]. Huang et al.

attributed the observed anomalous dc transport in CoSn
to the unique properties of flat band electrons with large
in-plane effective mass. In addition, a larger dc conduc-
tivity along the c direction was also reported for other
layered kagome magnets such as HoAgGe [40], YCr6Ge6
[41], Fe3Sn [42], Fe3Sn2 [43], and recently suggested for
FeSn [20]. The last three examples show that this “re-
versed” conductivity anisotropy is a general attribute of
iron-tin kagome magnets.
For the separation of intra- and interband transitions
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FIG. 2. Comparison between the experimental and theoretical interband optical conductivity spectra of FeSn for polarization
direction (a) E‖a and (b) E‖c. Panels (c) and (d) show the site-specific contributions to the calculated σxx and σzz, namely
intralayer excitations within the Fe kagome plane (Fe-Fe), intralayer excitations within the Sn plane (Sn-Sn), and interlayer
excitations between the Fe kagome plane and the Sn plane (Fe-Sn). The intralayer and interlayer excitations are illustrated in
(e) showing the crystal structure of FeSn. The Fe3Sn kagome layers and the Sn buffer layers are highlighted in green and blue,
respectively. The two black arrows indicate the A-type antiferromagnetic order of Fe magnetic moments, as described in the
text.

in the optical conductivity spectra, we carried out simul-
taneous fittings of reflectivity and optical conductivity
data using the Drude-Lorentz model. Before investigat-
ing the interband excitations, utilizing the results of the
intraband excitations, we will briefly comment on the es-
timation of the electronic correlation strength, which is
often discussed for kagome materials [15]. From optical
conductivity, we can estimate the electronic correlation
strength by calculating the ratio between the electronic
kinetic energy derived from the experimentally measured
Drude weight and the calculated plasma frequency from
the band theory (ωpl,ii) [44–46]. The plasma frequency is
directly linked to the Drude spectral weight as described
in Ref. [47]. The results of the ωpl,ii from the experi-
ments (calculations) are 1.62 eV (2.40 eV) and 2.38 eV
(2.06 eV) for ωpl,xx and ωpl,zz, respectively. Details are
given in the Supplemental Material (SM) [28]. We can
see that in both the in-plane and out-of-plane direction,
the plasma frequency is in the same order of magnitude,
making the electron kinetic energy ratio expected to fall
around 1. This means that FeSn is a conventional metal,
i.e., it is weakly correlated.

Here, we refocus back on the contributions of interband
excitations to the optical conductivity and therefore sub-
tract the Drude contributions from the measured conduc-
tivity spectra. The resulting interband optical conductiv-

ity σ1,interband at 6 K is depicted in Figs. 2(a) and 2(b) for
E‖a and E‖c, respectively (the fit of the σ1-spectra with
all fitting contributions can be found in the SM [28]). For
both polarization directions, we find two distinct absorp-
tion bands in the energy range below∼0.6 eV, centered at
around 80 meV (105 meV) and 380 meV (380 meV) for
E‖a (E‖c), respectively. The higher-energy transitions
cause a broad excitation continuum in the conductivity
profile for both polarizations.

To understand the pronounced anisotropy in the opti-
cal response of FeSn and to specify the excitations con-
tributing to its interband optical conductivity (IOC),
we carried out ab initio calculations in the framework
of density functional theory. Note that the calculations
are conducted for an A-type AFM FeSn [i.e., magnetic
moments of the Fe atoms are ferromagnetically aligned
within each kagome plane but AFM-coupled along the
c axis, see Fig. 2(e)] without considering spin-orbit cou-
pling. Fig. S4 in the SM [28] displays the results with
and without the spin-orbit coupling, and we can see that
the spin-orbit coupling has a minor effect on the diagonal
part of IOC in FeSn. The IOC can be obtained from the
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Kubo-Greenwood formula written as follows [37]:

σk,αβ(~ω) =
ie2

~V

∑

k,n,m

(fm,k − fn,k)·

ǫm,k − ǫn,k
ǫm,k − ǫn,k − (~ω + iη)

A(H)
nm,α(k)A

(H)
nm,β(k) (1)

where

A(H)
nm,α = 〈un,k|i∇kα

|um,k〉 (2)

is the Berry connection written in the Hamiltonian gauge.
The α and β are the indices in the Cartesian coordi-
nates, V is the cell volume, fn,k = f(ǫn,k) is the Fermi-
Dirac distribution function, ω is the optical frequency
and η > 0 is the smearing parameter. Under the Wannier
interpolation, every object inside Eqn. 2 should consis-
tently be in either the Hamiltonian gauge (A(H)) or the
Wannier gauge (A(W)) [48]. The Hamiltonian gauge la-
bels n,m as band indices of the projected band structures
in the Hilbert space, while the Wannier gauge labels n,m
as state vectors in the “tight-binding space” defined by
the real-space Wannier functions [48]. A unitary rotation
matrix connects these two gauges. Importantly, this al-
lows us to locate particular transitions not only in and/or
associate them with by energy bands in k-space (after
the similarity transformation), but also by the real-space
Wannier functions (before the similarity transformation).
First of all, we highlight that the IOCs, including their

spectral shape and anisotropy, are nicely captured by
the theoretical calculations, as shown in Figs. 2(a), (b).
Peaks at 0.05, 0.34 eV for σxx (in-plane polarization)
and 0.1, 0.36 eV for σzz (out-of-plane polarization) coin-
cide well with the experimental data, respectively. The
largest predicted optical anisotropy σzz/σxx in the low-
frequency region is 7.37 at 0.13 eV. The ratio σzz/σxx

persists to be greater than one up to 1.67 eV.
In order to assign spectral features and to evaluate

the origin of the optical anisotropy, we select excitations
by real-space orbital sites, as there is an overwhelming
amount of possible transitions in the metallic bands of
FeSn (see Fig. S7 in the SM [28]). Therefore, we can dis-
tinguish intralayer excitations between sites within the
Fe-kagome- and within the Sn-planes from interlayer ex-
citations between the Fe-kagome-plane and the adjacent
Sn-buffer plane, as illustrated in Fig. 2(e). Note that the
long-range interlayer excitations between the two distinct
kagome planes and between the two distinct Sn planes
[labeled ”Long-range” in Fig. 2(e)] are relatively small.
The results are summarized in Figs. 2(c) and (d), where
the black line denotes the overall IOC for σxx and σzz

calculated via Eqn. 1 and the others are the site-selected
IOC. In certain frequency windows, the individual con-
tributions, especially for the Fe-Sn excitation, are larger
than the total IOC. We would like to address this issue
before looking into the site-selected IOC in more detail.
Instead of a truncated integration by omitting some

band indices, what we manipulate during the site selec-

tion is the Berry connection A
(W)
nm,α itself. Since the Berry

connection is a complex matrix, after the unitary trans-

formation and the complex conjugation of A
(H)
nm,αA

(H)
mn,β ,

matrix elements may cancel each other. Therefore, block-
ing certain terms during the site selection may lead to an
optical spectrum larger than the total spectrum. Alter-
natively, we could picture the optical excitations in real
space. Excitation due to a certain frequency photon ex-
cites not just one but various sites simultaneously. The
final measurement is the result of the interference be-
tween all these signals. Blocking out terms before the

complex conjugation A
(H)
nm,αA

(H)
mn,β ignores such interfer-

ence. Thus, site-dependent IOC can be larger than the
total IOC. Such a scenario works better in low-energy re-
gions where possible excitations are limited, as we com-
pare the data of σzz below and above 1.4 eV.
With this clarification, we notice that for σzz the in-

terlayer excitation Fe-Sn dominates the optical spectrum
below 1.5 eV, as would be expected for transitions for
this polarization. Surprisingly, this contribution is also
the largest for the in-plane conductivity σxx: The inter-
layer excitations are dominant between 0.45 and 1.0 eV
and are still larger below 0.45 eV, where the intralayer
excitations are of the same order. This indicates that in-
plane polarization would excite all possible transitions,
even favoring Fe-Sn interlayer transitions in certain en-
ergy windows, while z-polarized light (E‖c) would highly
favor the transitions between the Fe-kagome plane and
the Sn-buffer plane. While most investigations focus on
the kagome plane, this finding clearly reveals the cru-
cial role of interstitial layers in the optical properties of
kagome materials.
Next, we discuss whether the characteristic signatures

of interband transitions of Dirac cones or excitations be-
tween flat bands can be observed in the profile of our opti-
cal conductivity spectra. Interband transitions of linearly
dispersing bands close to the Dirac/Weyl nodes are ex-
pected to cause a power-law behavior in the optical con-
ductivity according to σ1∼ωd−2, where d is the dimen-
sionality of the system [49]. Flat band excitations should
lead to sharp peaks in the σ1 spectrum. Indeed, the
3D Weyl semimetal Co3Sn2S2 with Co3Sn kagome layers
shows both a linear-in-frequency behavior and a sharp
low-energy peak in its optical conductivity [6, 17, 50].
For the kagome magnet TbMn6Sn6, a flat behavior of
σ1 due to quasi-2D Dirac bands was observed [38]. For
Fe3Sn2, signatures of interband transitions of the double
Dirac structure and flat band excitations in the optical
conductivity were reported [26] but could not be con-
firmed [15].
For FeSn, the most pronounced contributions to

the measured IOC are two absorption peaks below
0.6 eV present for both polarization directions [see
Figs. 2(a) and (b)]. It is important to note that a
linear-in-frequency (3D Weyl/Dirac cone) or frequency-
independent (2D Weyl/Dirac cone) behavior of σ1 is not
observed in our data. According to the electronic band
structure of FeSn depicted in Fig. S7(a) in the SM [28],
a Dirac nodal line is located at 0.4 eV below EF at the
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K −H line. Furthermore, flat bands occur in only lim-
ited k-space regions at -0.2 eV or considerably further
away from EF, consistent with earlier reports [23]. In
Fig. S7(b) [28], we show the band-selected IOC of vari-
ous band sets. We highlight the band-selected IOC from
band 30 to band 32 to address the excitation between
Dirac nodal lines. We notice a flat band-selected IOC
for σxx from 0.42 eV to 0.61 eV, similar to the feature
reported in [38], which could be related to the transitions
between Dirac nodal lines and linearly dispersed bands
around the H point and along the Γ−A line. Neverthe-
less, neither σxx nor σzz from band 30 to 32 contributes
significantly to the spectrum. In addition, the results
with and without spin-orbit coupling are similar, mean-
ing that the gap opening of Dirac nodal lines has minor
effects on the interband optical transition (Fig. S6). We
thus conclude that no dominant optical signature of flat
bands and Dirac fermions are found in the optical spectra
of FeSn as they are overwhelmed by transitions between
trivial bands.

Finally, we remark on the influence of AFM order
on the optical conductivity by comparing the electronic
structures and IOC between nonmagnetic and AFM
FeSn. While transitioning from nonmagnetic to AFM
FeSn, band splitting happens due to the magnetic mo-
ments, as pointed out in Fig. S8(a) [28]. Spin channels
of the same kagome layer lose spin-degeneracy but form
degeneracy with the neighboring kagome layer of the op-
posite spin to maintain zero net magnetization, shown in
Fig. S8(b) [28]. IOC of nonmagnetic FeSn is given in
Fig. S9 [28]. The mentioned band splitting is the main
factor of the changes in the IOC as we observe similar
spectral patterns but peak shifts for σxx and σzz . Never-
theless, despite the peak shifting, the optical anisotropy
of σzz > σxx is still observed in the nonmagnetic phase,
consistent with the fact of overwhelming trivial bands
plus the dominant role of kagome to Sn excitations in

our target system FeSn.
In conclusion, our combined experimental and theo-

retical study of the kagome magnet FeSn reveals a pro-
nounced anisotropy in the optical response, with a sur-
prisingly higher optical conductivity for the polarization
perpendicular to the kagome layers than along the layers
for energies below ∼1.1 eV. According to our material-
specific calculations, the main contributions to the low-
energy optical conductivity stem from interlayer tran-
sitions between the Fe-kagome layers and the adjacent
Sn-buffer layers for both polarization directions paral-
lel and perpendicular to the kagome plane. The optical
conductivity does not reveal the typical signatures of in-
terband transitions of linearly dispersing bands close to
the Dirac/Weyl nodes and flat band excitations.
Our study shows that the nature of charge dynamics in

FeSn, as revealed in the real compound, is in strong con-
trast to what is expected for this material on the kagome-
model-system level. In general, one should be cautious
when deriving or interpreting material properties based
on certain structural motifs, such as the kagome layers,
instead of investigating the system in its full complexity.
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weiser, Junfeng Qiao, Florian Thöle, Stepan S Tsirkin,
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