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Spin-polarized and possible pseudospin-polarized
scanning tunneling microscopy in kagome
metal FeSn
Si-Hong Lee1,4, Youngjae Kim1,4, Beopgil Cho1, Jaemun Park1, Min-Seok Kim1, Kidong Park1,2, Hoyeon Jeon1,

Minkyung Jung2,3, Keeseong Park 1✉, JaeDong Lee 1✉ & Jungpil Seo 1✉

A kagome lattice (KL) is a two-dimensional atomic network comprising hexagons inter-

spersed with triangles, which provides a fascinating platform for studying competing quan-

tum ground states. The KL contains three atoms in a unit cell, and their degrees of freedom

combine to yield Dirac bands and a flat band. Despite many studies to understand the flat

band in KL, exploring the pseudospin of Dirac bands in KL has been scarce. In this paper, we

suggest pseudospin-polarized scanning tunneling microscopy that is analogous to spin-

polarized scanning tunneling microscopy. Using a pseudospin-polarized tip, we possibly

observed the pseudospin texture of kagome metal FeSn in real space. Based on a simple tight-

binding calculation, we further simulated the pseudospin texture of KL, confirming the geo-

metric origin of pseudospin. This work potentially deepens our understanding of the lattice

symmetry-preserving tunneling process in Dirac materials.
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Over the last several years, kagome lattices (KLs) of
3d-transition metals have emerged as a new class of
materials for studying topological, frustrated, and corre-

lated electronic ground states1–8. The tight-binding model reveals
the presence of dispersionless flat bands and linear Dirac bands in
KLs, which suggests that the band topology and many-body
interactions are intertwined in this class of materials7–14.
Recently, the angle-resolved photoemission spectroscopy
(ARPES) study measured such flat bands in two-dimensional
(2D) kagome metal FeSn and CoSn7–9. However, an in-depth
study of pseudospin that can impose a non-trivial Berry’s phase to
Dirac bands has been lacking in KLs.

Pseudospin is a sublattice degree of freedom that has a
mathematical analogy to real spin in describing Dirac bands15–18.
The pseudospin operator Ŝz is diagonalized in natural sublattice
basis of a honeycomb lattice, and its eigenstates ms= ±1/2 denote
the pseudospin states19. In contrast, Ŝz is not diagonalized in
sublattice basis of KL, and the pseudospin states can be revealed
by superpositions between the sublattices. Although it is
demonstrated that the electron back scattering is suppressed in
graphene due to the pseudospin conservation17,20, it has been
challenging to visualize the pseudospin as a measurable quantity
in real space. Here, we have employed scanning tunneling
microscopy (STM) to reveal spin and pseudospin textures in
kagome metal FeSn. We suggest that the STM tip can be both
spin- and pseudospin-polarized when it is terminated with FeSn,
thus realizing spin-polarized scanning tunneling microscopy
(SPSTM) and pseudospin-polarized scanning tunneling micro-
scopy (pSPSTM). Combined with the density functional theory
(DFT) and tight-binding calculations, our STM work reveals the
potential mechanism of pseudospin-dependent tunneling in KLs.

Results and discussion
The FeSn crystal used in the experiment is shown in Fig. 1a. It is
made of repeatedly stacked Fe3Sn and Sn2 layers along the c-axis

(Fig. 1b)7,21. Scanning transmission electron microscopy (STEM)
images resolve the atomic configuration of the FeSn (Fig. 1c, d).
The Fe3Sn layers contain KLs formed by the Fe atoms, and the
Sn2 layers serve as buffer layers to separate the Fe3Sn layers.
Figure 1e depicts the KL in a Fe3Sn layer. A Star-of-David pattern
is featured by a red star as a kagome motif. In KLs, the electrons
are self-localized owing to the destructive interference around the
hexagonal structures, which leads to the formation of a flat
band7,22. When the flat band is located near the Fermi energy in
3d-transition kagome metals, the spin-degeneracy is lifted
through the Stoner transition23. Consistently, the Fe3Sn layers are
ferromagnetic in FeSn, whereas they are coupled anti-
ferromagnetically due to the indirect exchange interaction via the
Sn2 layers7,21,24.

Figure 1f shows an STM image of the FeSn measured with the
bias voltage (Vbias) of −50 mV and the tunneling current (It) of
100 pA. Two different surfaces are identified, denoted as Fe3Sn
and Sn2. While the Sn2 surface is free of defects, many vacant
islands are observed on the Fe3Sn surfaces. This is because the
Fe3Sn surface is thermodynamically unstable compared to the Sn2
surface, as confirmed by earlier DFT calculations21. A zoomed-in
image of the Fe3Sn surface is presented in Fig. 1g. When the STM
image is compared with the atomic model in Fig. 1e, it turns out
that the individual Fe atoms are not resolved. Instead, six equally
bright spots appear on the branches of the David star, which
agrees with the STM image simulated using the DFT calculations
(Fig. 1k).

Figure 1h shows the height profile taken along the yellow line
in Fig. 1f. The step height between the Fe3Sn layers is identified as
~4.4 Å, which is consistent with the literature21. The Sn2 surface
is not positioned right in the middle of the two Fe3Sn layers
because the inversion symmetry is broken at the Sn2 surface. We
measured the differential conductance (dI/dV) spectra on the
Fe3Sn and Sn2 surfaces, respectively (Fig. 1i). In the dI/dV spec-
trum of Fe3Sn surface, spectral peaks are found at the bias

Fig. 1 Scanning tunneling microscopy (STM) measurements on FeSn. a Optical microscopy image of a FeSn crystal. b Crystal model of FeSn. The FeSn
crystal consists of alternating Fe3Sn and Sn2 layers along the c-axis. The arrows indicate the relative spin orientation of the Fe3Sn layers. c Scanning
transmission electron microscopy (STEM) image of FeSn(001). d STEM image of FeSn(100). e Atomic model for the Fe3Sn layer. The Fe atoms constitute
the KL as featured by the red David star. The light blue lines represent the unit cell of the KL. f STM image of as-cleaved FeSn crystal. Both Fe3Sn and Sn2
surfaces are identified. A bias voltage (Vbias) of −50mV and tunneling current (It) of 100 pA are used in the measurement. g Zoomed-in image of the
Fe3Sn surface. Vbias=−50mV and It= 100 pA. h Height profile obtained along the yellow line in f. i dI/dV spectra of the Fe3Sn and Sn2 surfaces.
The spectral peaks are indicated by the vertical arrows. Vbias=−400mV, It= 100 pA and Vmod= 10 mVpp. Here Vmod denotes the lock-in modulation
amplitude and Vpp represents the peak-to-peak voltage. j Energy bands of FeSn calculated using the density functional theory (DFT). The orbital nature of
the surface bands is displayed by the red-blue-green color codes, and the line thickness represents the amplitude of the angular momentum projection of
the bands. The green arrow indicates the gap in the Dirac bands, ~260meV below Fermi energy. The gray color represents the bulk bands. k STM image
simulated using the DFT (see Methods).
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voltages of −50 mV and −260 mV. No notable features are
observed in the dI/dV spectrum of Sn2 surface.

To understand the origin of peaks in the dI/dV spectrum of
Fe3Sn surface, we performed DFT calculations on FeSn slabs
terminated with a Fe3Sn surface (see Methods). Figure 1j shows
the calculated band structure. In the band structure, the Dirac
bands of the dxy and dx2− y2 orbitals cross the Fermi energy and
continue to EF− 0.6 eV. Interestingly, the Dirac bands are gapped
near EF− 0.26 eV because the dxy and dx2− y2 orbitals hybridize
with the dxz and dyz orbitals due to the broken inversion sym-
metry at the surface21. Therefore, we attribute the peak at
Vbias=−260 mV to the less-dispersive surface bands consisting
of the hybridized orbitals. The peak at Vbias=−50 mV arises
from the van Hove singularity (VHS) of a dispersive band of FeSn
at M-point, as indicated by the yellow arrow in Fig. 1j.

In SPSTM, the tunneling current is sensitive to the spin states
of the sample with a spin-polarized STM tip25. For this SPSTM
operation, we intentionally indented the STM tip into the Fe3Sn
surface (see Methods). Since FeSn is a fragile material consisting
of layers, it is possible that the tip picks up small crystalline FeSn
fragments by indentation. Once the tip is terminated with Fe3Sn
layer, the tip is inherently spin-polarized because the Fe3Sn layer
is ferromagnetic (Fig. 2a). By this method, we could easily obtain
a spin-polarized STM tip.

To confirm the spin-polarization of the STM tip, we measured
the dI/dV spectra of two neighboring Fe3Sn terraces. As the Fe3Sn
layers are antiferromagnetically coupled, the spin orientations of
the two terraces are opposite. In Fig. 2b, the red curve represents
the case when the tip spin is parallel to the sample spin. The blue
curve is for the case when the spins are antiparallel. Note that we
do not determine the absolute spin direction of tip or sample, but

we measure the spin-polarized signals depending on the relative
spin alignment between tip and sample. The maximum spin-
polarization is found at Vbias=−50 mV, most likely due to the
spin-polarization of the VHS with high density of states. We then
measure a topographic image across several Fe3Sn terraces at this
bias voltage (Fig. 2c). Figure 2d presents a dI/dV map which is
simultaneously obtained with Fig. 2c. Interestingly, there exists a
contrast in the dI/dV map, implying that the spins of the terraces
are oriented differently.

To understand the spin contrast in the dI/dV map, we have
measured the height profile across the terraces along the dashed
line in Fig. 2c, as shown in Fig. 2e. The vertical bars represent the
single-step heights of Fe3Sn, which is identified as ~4.4 Å in
Fig. 1h. The height of the terraces is determined from the bottom
terrace in units of single-step height. It is numbered on the ter-
races in Fig. 2e. We confirm that the spin-polarization of the
terrace does not affect the count of the terrace height (see Sup-
plementary Figs. 1–4). Because the Fe3Sn layers are anti-
ferromagnetically coupled, the even-numbered terraces hold the
same spin as the bottom terrace. In contrast, the odd-numbered
terraces have the opposite spins. According to this interpretation,
the relative spin orientations of the terraces are assigned by the
blue and red arrows in Fig. 2e. Remarkably, the spin configuration
perfectly agrees with the spin contrast measured in Fig. 2d. The
spin contrast in the dI/dV map was not observed when a clean tip
was used, confirming that the contrast is due to the spin-
polarization of the tip (see Supplementary Fig. 5).

Now, we take a closer look into the Fe3Sn surfaces using the
Fe3Sn-terminated STM tip. Surprisingly, the STM image obtained
with this functionalized tip is very different from that measured
using a clean tip. Figure 3a shows a typical Fe3Sn surface imaged

Fig. 2 Spin-polarized scanning tunneling microscopy (SPSTM) measurements on FeSn. a Illustration of SPSTM. The tip is terminated with Fe3Sn and
spin-polarized (see Methods). b dI/dV spectra when the tip spin and the sample spin are parallel and antiparallel. By convention, the parallel spin
configuration is assigned to the red curve since the spectral intensity of the red curve is higher than that of the blue curve at the Fermi energy.
Vbias=−600mV, It= 200 pA and Vmod= 10 mVpp. Here Vbias, It and Vmod represent bias voltage, tunneling current and lock-in modulation amplitude in
peak-to-peak voltage, respectively. c Topographic image of Fe3Sn terraces measured using the Fe3Sn-terminated tip. Vbias=−50mV and It= 100 pA. The
color bar indicates the topographic height in the image. d dI/dV map simultaneously obtained with c. Vmod= 10 mVpp. The color bar shows the dI/dV
intensity in the dI/dV map. e Height profile measured along the dashed line in c, showing multi-unit-cell steps. The unit cell height is denoted by orange
bars. The arrows indicate the relative spin orientations of the terraces, which are marked based on the rule that the neighboring Fe3Sn layers are
antiferromagnetically coupled.
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by the Fe3Sn-terminated tip. The tunneling conditions are same
as those for Fig. 1b (Vbias=−50 mV and It= 100 pA). Strikingly,
three spots are brighter than the other three spots on the David
star, which breaks the apparent C6 rotational symmetry around
the David star in Fig. 1g. The bright spots constitute a triangle,
and the triangular orientation represents the flavor of the broken
symmetry. Figure 3b displays the height profile recorded along
the blue line in Fig. 3a. It clearly shows that the brighter spots are
1.7 pm taller than the darker spots.

One can attribute the broken symmetry to the possibility that
the Sn2 layer affects the symmetry of the Fe3Sn layer. In fact, the
underlying layers break the symmetry of KLs for several 3d-
transition kagome metals, such as Fe3Sn2 and Co3Sn2S21,23,26.
In these materials, three spots of the David star are brighter
than the other three spots, similar to our observation. However,
in FeSn, the Sn atoms in Sn2 layer are equally positioned under
the branches of the David star (Fig. 1c), preserving the sym-
metry of the KL. The dI/dV spectra measured using a clean tip
show no spectral difference between those spots (see Supple-
mentary Fig. 6). Therefore, this possibility can be safely dis-
carded. Another possibility is that the magnetization of the
Fe3Sn layer breaks the symmetry of the KL. This scenario is
plausible because the Fe3Sn layer is in-plane magnetized, and so
the spin texture can break the in-plane rotational symmetry. To
verify this possibility, we examined the Fe3Sn terraces of dif-
ferent spins (Fig. 3c). If the symmetry breaking is due to the
magnetization, the triangular orientation will be reversed
depending on the spin of the Fe3Sn terraces. However, Fig. 3c

reveals that the triangular orientation remains the same
regardless of the spin direction, which concludes that the
symmetry breaking is not caused by the magnetization. Thus,
this scenario should also be excluded. Since the symmetry
breaking is only observed by the functionalized STM tip (see
Supplementary Fig. 7), we suggest that this phenomenon is
associated with the pseudospin physics of KLs.

In graphene, the pseudospin denotes a sublattice degree-of-
freedom. Here, up- and down-pseudospins are imposed on the
sublattices A and B, respectively, as eigenstates of Ŝz27,28. In
momentum space, a linear combination of the up- and down-
pseudospins leads to a chiral pseudospin texture around a Dirac
cone. Compared to graphene, it is not straightforward to con-
struct the sublattice bases corresponding to up- and down-
pseudospins in a KL. Since there are three atoms in the unit
cell of KL, the pseudospin structure can be only revealed by
the superposition of the three atomic bases. Equation 1 shows the
tight-binding Hamiltonian of a KL in the basis space of
�φ ¼ ½φAφBφC�T , where φA, φB, and φC are three atomic bases of
the KL. q denotes the momentum state measured at the K-point
of the Brillouin-zone. We perform a basis transformation using a
unitary matrix (U) to obtain a Hamiltonian representing Dirac
bands and a flat band (see Methods). We find that the basis space
�ψ ¼ Uy�φ ¼ ½ψþψ�ψF �T transforms the Hamiltonian in Eq. 1 into
a Hamiltonian that contains a 2 × 2 Dirac Hamiltonian (left-
upper block) and a 1 × 1 flat band Hamiltonian (right-lower
block) (Eq. 2). In the Dirac Hamiltonian, ψ+ and ψ− are analo-
gous to the sublattices A and B in graphene, corresponding to the

Fig. 3 Pseudospin-polarized scanning tunneling microscopy (pSPSTM) measurements on FeSn. a Topography of Fe3Sn surface measured with a Fe3Sn-
terminated tip. The yellow circles indicate the bright spots in the David star. The C6 rotational symmetry around the David star is broken at this surface.
The triangle indicates the pattern of broken symmetry. Vbias=−50mV and It= 100 pA. Here Vbias and It represent bias voltage and tunneling current,
respectively. b Height profile measured along the blue line in a. c Topographic images of Fe3Sn terraces with opposite spin directions. Vbias=−50mV and
It= 100 pA. The spin-polarized image (dI/dVmap) was obtained with the imaging condition Vbias=−50mV, It= 200 pA and Vmod= 10mVpp, where Vmod

denotes lock-in modulation amplitude measured in peak-to-peak voltage. The pattern of the broken symmetry remains the same, regardless of the spin
direction of the terraces. d Real space representation of up-pseudospin in kagome lattice (KL). The unit cell is represented by the orange lines. e Real space
representation of down-pseudospin in KL. f Illustration of pSPSTM. The tunneling current is significantly suppressed when the pseudospins between the tip
and sample are antiparallel. (+) and (−) signs denote the up- and down-pseudospins in KL, respectively. g Pseudospin-dependent tunneling in
momentum space.
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up- and down-pseudospins, respectively. ψF represents the flat
band of the KL.
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To plot |ψ+|2 and |ψ−|2 in real space, we assume that the
wavefunction localized on the kagome atoms is isotropic, refer-
ring to s-orbitals (see Methods). The essence of the pseudospin is
captured within this assumption, revealing the pseudospin’s
geometric origin. Figure 3d, e present the distribution of |ψ+ (x,
y)|2 and |ψ− (x, y)|2 in real space, respectively. Obviously, the
lattice sites for the up- and down-pseudospins are spatially
separated in the KL; the up-pseudospin is localized within the
upward-triangles of the KL, and the down-pseudospin is in
downward-triangles.

Since the pseudospins are spatially polarized on the Fe3Sn
layer, the STM tip can be also pseudospin-polarized if it is ter-
minated with the Fe3Sn layer, realizing pSPSTM (Fig. 3f). The
pseudospins are real angular momenta27, which are represented
by the eigenstates of Ŝz in |ψ+ (x, y)|2 and |ψ− (x, y)|2 19,28–30.
Pseudospin-excitations of such sublattices are recently demon-
strated in artificial photonic graphene and Lieb lattices31,32.
Further, it has been shown that the pseudospins of the sublattices
are aligned along the pseudo-magnetic field in straining
graphene29,33–36. For pSPSTM, when the pseudospins are parallel
between the tip and the sample, the wavefunction overlap is
maximized, with large tunneling current flows. When the pseu-
dospins are antiparallel, the wavefunction overlap should be zero,
suppressing the electron tunneling. However, the pseudospin-
polarization does not reach 100 % in FeSn due to the bands
irrelevant to pseudospin (Fig. 1j). The maximum pseudospin-
polarization is obtained about 38 % in the experiment. The
pseudospin-polarization depending on the bias voltage is pro-
vided in Supplementary Information (Supplementary Fig. 8).

It is also worth considering how the pseudospin-dependent
tunneling takes place in momentum space. Similar to graphene,
the chiral pseudospin textures are imposed on the Dirac cones of
the KL at K- and K’-points. The K- and K’-points are dis-
tinguished by the valley index characterized by pseudospin
chirality. Figure 3g depicts the electron tunneling depending on
the pseudospin configuration in momentum space. In the parallel
pseudospin configuration (left panels in Fig. 3g), the tip KL
coincides with the sample KL when viewed from the top. Thus,
the Dirac cones of the tip and sample KLs have the same valley
indices at the Brillouin-zone-corners, enabling tunneling between
the tip and the sample. By contrast, in the antiparallel config-
uration (right panels in Fig. 3g), the up-pseudospin site of the tip
KL is placed on top of the down-pseudospin site of the sample
KL. Two KLs are then inversion symmetric. Therefore, the Dirac
cones of the tip and sample KLs have opposite valley indices at
the Brillouin-zone-corners, suppressing the electron tunneling.
This valley-selective tunneling is responsible for the broken
symmetry in Fig. 3a, and its origin is rooted in the pseudospin-
dependent tunneling.

Equation (2) shows that the Hamiltonian for Dirac bands is
block-diagonalized, and the pseudospin is only associated with
the Dirac bands. Therefore, tunneling into parabolic bands will be

insensitive to the pseudospin-polarization of the tip. To confirm
this, we measured the dI/dV maps at the bias voltages of −50 mV
and −260 mV. Figure 4a shows the simultaneously measured
topography and dI/dV map at Vbias=−50 mV, where the Dirac
band is located. The symmetry of the David star is broken due to
the pseudospin-dependent tunneling. Figure 4b shows the topo-
graphy and dI/dV map measured at Vbias=−260 mV, where the
Dirac band is gapped. Remarkably, the dI/dVmap in the flat band
exhibits the full KL without symmetry breaking. To understand
our observation, we calculated STM images of KL based on the
tight-binding model (see Methods). When a pseudospin-
polarized tip is used in the calculation, strong pseudospin-
polarization is observed in the simulated image, agreeing very
well with the experiment. This further advocates our claim that
pseudospin is involved in the electron tunneling between KLs.

In summary, we have used STM to investigate spin and
pseudospin textures of kagome metal FeSn. We have found that
the STM tip becomes spin-polarized when it is terminated with
Fe3Sn layers, realizing SPSTM. We have confirmed that the Fe3Sn
layers are ferromagnetic while the interlayer coupling is anti-
ferromagnetic. Furthermore, we have shown that the Fe3Sn-
terminated tip could be also pseudospin-polarized, which is
supported by the DFT and tight-binding calculations. Our
experiments suggest possible lattice symmetry-preserving tun-
neling in Dirac materials. If the angle between the tip and sample

Fig. 4 Pseudospin-polarized tunneling into Dirac and non-Dirac bands of
FeSn. a Topography of Fe3Sn surface and dI/dV map at Vbias=−50mV.
Vbias represents bias voltage. An Fe3Sn-terminated tip is used. The C6

symmetry is broken due to the pseudospin-dependent tunneling between
the tip and the sample. Vbias=−50mV, It= 100 pA and Vmod= 10 mVpp.
Here It and Vmod denote tunneling current and lock-in modulation amplitude
measured in peak-to-peak voltage, respectively. b Topography and dI/dV
map at Vbias=−260mV where the Dirac band is gapped. The dI/dV map
shows the full kagome lattice without symmetry breaking.
Vbias=−260mV, It= 100 pA and Vmod= 10mVpp. The sepia color bar
indicates the topographic height in the topographic images and the gray
color bar shows the dI/dV intensity in the dI/dV maps.
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KLs can be controlled, one could study the pseudospin-dependent
tunneling in a more systematic way. The in-situ rotation of the
sample would be one of such ways, but requires further instru-
mental development in STM.

Methods
Sample growth. Single crystals of FeSn were synthesized by the Sn-flux method
with a molar ratio of Fe:Sn= 1:49. Fe granule (Alfa Aesar 99.95%) and Sn shot
(Alfa Aesar 99.99+ %) were placed in an alumina crucible. The crucible was then
sealed in a quartz tube under a partial Argon atmosphere. The quartz tube was
placed in a furnace and kept at 900 °C for 2 days to obtain a homogeneous metallic
solution, and then was cooled from 800 °C to 650 °C at a rate of 2.5 °C per hour.
Single crystals of millimeter-size were obtained by removing Sn flux using a cen-
trifuge at 650 °C.

STM measurements. STM experiments have been performed using a cryogen-free
low temperature STM (Panscan Freedom, RHK) working at the temperature of
15 K. The FeSn crystal which had been pre-cooled at 80 K was cleaved in the ultra-
high vacuum (UHV) chamber and immediately plugged into the STM head for the
measurement. To acquire dI/dV spectra and dI/dV maps, we used a standard lock-
in technique with a modulation frequency of f= 718 Hz. In the tip indentation, we
indented the tip 5 nm deep into the FeSn with a speed of 1 Å per second, stayed for
10 s, and then retraced the tip back with the same speed. The probability that the
indented tip was spin-polarized was ~60 % and the probability that the spin-
polarized tip was pseudospin-polarized was ~50 %. The quality of the Fe3Sn-
terminated tip was checked on Cu(111) after the measurements (see Supplemen-
tary Fig. 9).

DFT calculations. Calculations for ground states of the layered FeSn were com-
puted by using the all-electron linearized augmented planewave (APW) method
implemented in ELK code (http://elk.sourceforge.net). The maximum length for
the momentums multiplying averaged muffin-tin radius is fixed to be 6.8. To
stabilize variational self-consistent calculations for the slab structure, we adopt
large cutoff for reciprocal lattice to be 20 a.u. (atomic unit) with the Broyden
mixing37. To simulate kagome (Fe3Sn)-terminated surface states, we considered the
four slabs FeSn as a model system where a single slab of FeSn is composed of Fe3Sn
layer and Sn2 layer as shown in Fig. 5. The two kinds of surfaces can be found to
have Fe3Sn-terminated surface and Sn-terminated surface. By considering the
experimental results, we mainly focus on the Fe3Sn-terminated surface which is
denoted by the top surface Fe3Sn of the 1st slab as given in Fig. 5. The lattice
parameters of in-plane the bulk hexagonal P6/mmm (191) is 5.3 Å and that of out-
of-plane is 4.48 Å38. We performed the spin-polarized PW-CA local-density
approximation with non-collinear spin basis aligned to the in-planar direction39.
We confirmed the convergence of the electronic structures with a sampling of the
first Brillouin zone of 15 × 15 × 1.

STM image simulation. STM image simulation was performed based on the
Tersoff-Hamann model. Since the tip wavefunction is ignored here, we assume the
spectral density of the Fe3Sn is directly proportional to the measured topography

intensity, i.e., I x; y; h;V ¼ �50meV
� � / ∑n

R
FBZdq

R EF
EF�VdE ψnq x; y; h

� ����
���2

δðEnq � EÞ with smeared delta-function with standard deviation of 20 meV. The
ψnq (r) is the real-space Kohn-Sham wave function of FeSn found in DFT calcu-
lation. h is the height from the topmost surface of FeSn to the measured point of
spectral density, i.e., h= 2 Å.

Tight-binding models. We have generated 3 × 3 tight-binding Hamiltonian with
three atomic bases belonging to the three Fe atoms in the kagome lattice (Fig. 6),

HTB kð Þ ¼ HAC kð ÞcþA cC þHAB kð ÞcþA cB þHBC kð ÞcþB cC þ h:c: ð3Þ

From the tight-binding geometry shown, each hopping element can be defined
to HAC kð Þ ¼ t0 e�ik�δ1 þ e�ik�δ4

� �
, HAB kð Þ ¼ t0 e�ik�δ2 þ e�ik�δ3

� �
, and

HBC kð Þ ¼ t0 e�ik�δ5 þ e�ik�δ6
� �

. The t0 indicates the nearest-neighbor hopping
between atomic bases. The Hamiltonian (3) can be written in the matrix
representation as,

HTB kð Þ ¼

0 2t0cos kxL0
� �

2t0cos kx
L0
2 þ ky

ffiffi
3

p
2 L0

� �

2t0cos kxL0
� �

0 2t0cos �kx
L0
2 þ ky

ffiffi
3

p
2 L0

� �

2t0cos kx
L0
2 þ ky

ffiffi
3

p
2 L0

� �
2t0cos �kx

L0
2 þ ky

ffiffi
3

p
2 L0

� �
0

2
66664

3
77775:

ð4Þ
To understand electronic structures around the Dirac cone vertex, we defined

momentum q to be expanded from the Dirac cone vertex, i.e., q= k+ K or q ¼
k þ K 0 and |q|≪ 1. For the brevity, we set t0= 1/2 and L0= 1 in the calculation.

The expanded Hamiltonian is given,

HTB qð Þ ¼

0 �1� ffiffiffi
3

p
qx 1� ffiffiffi

3
p

1
2 qx þ

ffiffi
3

p
2 qy

� �

�1� ffiffiffi
3

p
qx 0 1� ffiffiffi

3
p

1
2 qx �

ffiffi
3

p
2 qy

� �

1� ffiffiffi
3

p
1
2 qx þ

ffiffi
3

p
2 qy

� �
1� ffiffiffi

3
p

1
2 qx �

ffiffi
3

p
2 qy

� �
0

2
66664

3
77775:

ð5Þ
From the Hamiltonian (5) in the atomic basis space, one can directly obtain the

diagonalized Hamiltonian in the eigenstate basis space by rotating the HTB (k), that

Fig. 5 Layered model system of four-slabs FeSn structures. The gold and
silver balls indicate the sites of Fe and Sn, respectively. The unit cell of the
slab structure is marked by the green line.

Fig. 6 Schematic structures of ideal single-orbital kagome lattice.
Kagome lattice is composed of three identical atomic basis, |ϕτ〉, i.e., ϕA, ϕB

and ϕC. Red arrows represent six irreducible hopping channels between the
atomic bases. The primitive vectors of the kagome lattice are given as
a1 ¼ ð2L0;0Þ; a2 ¼ ð2L0cosðπ=3Þ; 2L0sinðπ=3ÞÞ, and L0 is the nearest
neighbor distance between atomic orbitals.
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is, Uþ
E qð ÞHTB qð ÞUE qð Þ ¼ Eq . To determine the pseudospin components from the

atomic basis space, we additionally defined modified-O(3) rotation matrix to rotate
the HTB (q) to the pseudospin basis space through the UE (q). Here we assume the
rotation matrix as,

Uþ
U qð Þ ¼

1=
ffiffiffi
2

p
eiθq=

ffiffiffi
2

p
0

�e�iθq=
ffiffiffi
2

p
1=

ffiffiffi
2

p
0

0 0 1

2
64

3
75; ð6Þ

where the θq denotes the polar angle between the momentum q and the kx
-direction and thus the qx and qy become qcosθq and qsinθq. Finally, from the
successive rotation by using the UE and UU, one can reach the Hamiltonian in the
pseudospin basis space,

Uþ
U qð ÞUþ

E qð ÞHTB qð ÞUE qð ÞUU qð Þ ¼
�E0 qx � iqy 0

qx þ iqy �E0 0

0 0 Eflat

2
64

3
75: ð7Þ

Here the E0 and Eflat the energy level of the up- and down-pseudospin states
and flat band of the kagome lattice, respectively. It is notable that the upper left
2 × 2 block of the rotated matrix (7) clearly corresponds to the general
formulation of the Dirac Hamiltonian and, therefore, the first and second
column vectors of the UE (q) UU (q)(=U(q)) directly delivers coefficients to
connect between the atomic basis space and the pseudospin basis space.
Eventually, each pseudospin basis |ψ+〉 and |ψ−〉 can be obtained as linear
combinations of the atomic basis |ϕτ〉, that is, jψþi ¼ 1=

ffiffiffi
2

p ð∑τuτ;1ðqÞjϕτi �
e�iθq∑τuτ;2ðqÞjϕτiÞ and jψ�i ¼ 1=

ffiffiffi
2

p ðeiθq∑τuτ;1ðqÞjϕτi þ∑τuτ;2ðqÞjϕτiÞ, which
corresponds to the up- and down-pseudospin basis states, respectively. In the
above relation, un,m (q) is the matrix element of (n, m) of UE (q).

Real space representation. The real space representation of the pseudospin basis |
ψ+〉 and |ψ−〉 can be directly computed by the wavefunction representations of the
pseudospin eigenvectors, 〈r|ψ+〉 and 〈r|ψ−〉, respectively. In case of up-pseudospin
basis, one can write the wavefunction as,

r; j;ψþ� 	 ¼ 1=
ffiffiffi
2

p
∑τuτ;1 qð Þ rjϕτ

� 	� e�iθq∑τuτ;2 qð Þ rjϕτ
� 	� �

; ð8Þ

where the wavefunction of the atomic basis |ϕτ〉 becomes infinite combination of
identical atoms of ϕ(r), so that rjϕτ

� 	 ¼ ∑l∑τe iq � Rl þ Rτ

� �� �
ϕ r�Rl�Rτ

� �
. The

Rl and Rτ are the position of l-th unit cell and τ-th atomic position inside a single
unit cell, respectively. Down-pseudospin basis could be obtained in a similar
manner. The real-space atomic orbital ϕ(r) is assumed to be 1s-like state. Finally,

|hr ψþ�� 	j2 and jhr ψ��� 	j2 represent the real-space electronic density of pseudospin
up and down, respectively.

Pseudospin-polarization simulation. To simulate the pseudospin-polarization in
the dI/dV maps, we have employed 6 × 6 tight-binding Hamiltonian that describes
bilayer kagome lattice, which reads,

HTB kð Þ ¼ ∑i2 1;�1f g HAiCi
kð ÞcþAi

cCi
þHAiBi

kð ÞcþAi
cBi

þ HBiCi
kð ÞcþBi

cCi

n o
þ h:c:þ Vi;

ð9Þ
where the index i represents the top layer (i= 1) and the bottom layer (i=−1) of
the bilayer kagome lattice. The top and bottom layers correspond to the tip and the
sample, respectively, and they do not interact. V is a small bias voltage introduced
for the computational purpose of lifting the degeneracy of the Dirac cones.

By diagonalizing the Hamiltonian (9), we obtain the eigenstates of the Dirac

bands; ψfig
nkðrÞ ¼ ∑l;τj

un;kðτjÞeik�ðRlþRτj
Þ
ϕðr�Rl�Rτj

Þ, where the superscript {i}

denotes the tip layer (i= 1) and the sample layer (i= 2). Rl and Rτj
represent the l-

th unit cell and τj-th atomic position in the unit cell, respectively. τ1 2 {sample; A1,
B1, and C1} and τ�1 2 {tip; A−1, B−1, and C−1}. un,k (τj) is the diagonalization
coefficient. The subscript n is the band index. Therefore, ψ 1f g

n¼1;k represents the
bottom Dirac band (n= 1) of the tip kagome lattice composed of three tight-
binding basis orbitals at Rτ1

ψ �1f g
n¼2;k indicates the bottom Dirac band (n= 2) of the

sample kagome lattice made of the three orbitals at Rτ�1
. The band indices n= 3

and n= 4 represent the top Dirac bands of the tip and sample, respectively. Here,
we only consider tunneling between the bottom Dirac bands (n= 1 and n= 2).

The wavefunction of the bottom Dirac band of the top layer is,

ψ 1f g
n¼1;k rð Þ ¼ ∑l;τ1

un¼1;k τ1
� �

eik� RlþRτ1

� �
ϕ r�Rl�Rτ1

� �
: ð10Þ

Since STM operation demands local tunneling, we insert a local tunneling

parameter e� Rl�Rl0ð Þ=L0 into Eq. 10, defining the tip wavefunction ðψtip
Dirac rð ÞÞ. This

term says that only three Fe atoms at a given unit cell Rl0 mainly contribute to
constructing the STM image.

ψtip
DiracðrÞ ¼ ∑l;τ1

un¼1;kðτ1Þe� Rl�Rl0ð Þ=L0 eik� RlþRτ1

� �
ϕ r�Rl�Rτ1

� �
: ð11Þ

We also define the non-Dirac tip wavefunction (ψtip
non�Dirac rð Þ) by dropping the

coefficient un;kðτjÞ in Eq. 11. It describes three Fe atoms at the tip apex without a
Dirac band.

ψtip
non�Dirac rð Þ ¼ ∑l;τ1

e� Rl�Rl0ð Þ=L0 eik� RlþRτ1

� �
ϕ r�Rl�Rτ1

� �
: ð12Þ

As we have already found, the Dirac sample wavefunction (ψsample
Dirac r;Δrð Þ) is,

ψsample
Dirac r;Δrð Þ ¼ ∑l;τ�1

un¼2;k τð Þeik� RlþRτ�1
�Δr

� �
ϕ r�Rl�Rτ�1

�Δr
� �

; ð13Þ

where Δr denotes the in-plane displacement between the Rτ1
and Rτ�1

, which
corresponds to the lateral displacement of the tip in the experiment. We then
construct the STM tunneling matrix by plane integration at the middle of the tip-
sample gap;40

Mk Δrð Þ ¼
Z
S
dS � ψtip

nk

�
rð Þ∇zψ

sample
nk r;Δrð Þ�ψsample

nk r;Δrð Þ∇zψ
tip
nk

�
rð Þ

n o
: ð14Þ

We finally obtain the calculated dI/dV map by integrating Eq. 14 over the
momentum space,

S Δrð Þ ¼ ∑k
1
Nk

MkTS Δrð Þ
�� ��2δðE n¼1ð Þk � EFÞδðE n¼2ð Þk � EFÞ: ð15Þ

In the calculation, we set the tip-to-sample distance of zh= 2L0, and assume the

s-wave orbital as a tight-binding basis, ϕðr�r0Þ¼ðπa03Þ�0:5e�
r�r0j j
a0 , with a radius

parameter of a0= 0.3L0.
The calculated dI/dV maps are shown in Fig. 7. If the coefficient of eigenvectors

un;kðτjÞ is not taken into account for the tip, the tunneling current results from a
trivial overlap between the tip wavefunction and the sample wavefunction. In this
case, the pseudospin-polarization is not observed (Fig. 7a). However, considering
the eigenvector coefficients to compute the tunneling matrix elements, the
pseudospin alignment between the tip and the sample is naturally defined and
directly affects the tunneling matrix. As a result, the dI/dV map shows a strong
pseudospin-polarization (Fig. 7b).
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