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Materials hosting flat bands at the vicinity of the Fermi level promote exotic symmetry broken states.
Common to many of these are Van Hove singularities at saddle points of the dispersion or even higher-order
Van Hove singularities (HOVHSs) where the dispersion is flattened further. The band structure of kagome
metals hosts both a flat band and two regular saddle points flanking a Dirac node. We investigate the
kagome ferromagnetic metal Co3Sn2S2 using scanning tunneling spectroscopy. We identify a new
mechanism by which a triangular distortion on its kagome Co3Sn surface termination considerably flattens
the saddle point dispersion and induces an isolated HOVHS with algebraically divergent density of states
pinned to the Fermi energy. The distortion-induced HOVHS precipitates a Pomeranchuk instability of the
Fermi surface, resulting in the formation of a series of nematic electronic states. We visualize the nematic
order across an energy shell of about 100 meV in both real, reciprocal, and momentum spaces, as a cascade
of wave function distributions which spontaneously break the remaining rotational symmetry of the
underlying distorted kagome lattice, without generating any additional translational symmetry breaking. It
signifies the spontaneous removal of a subset of saddle points from the Fermi energy to lower energies. By
tracking the electronic wave function structure across the deformed Fermi surface, we further identify a
charge pumpinglike evolution of the wave function center of mass. The mechanism we find for the
generation of higher-order saddle points under a kagome distortion may be common to other kagome
materials, and potentially other lattice structures, suggesting a generic new avenue for inducing
unconventional electronic instabilities toward exotic states of matter.

DOI: 10.1103/2jst-psds Subject Areas: Condensed Matter Physics

I. INTRODUCTION

Recent years have seen increasing ability to manipulate
band structures and induce flat bands in the vicinity of the
Fermi energy. Ubiquitous to many of these systems are
saddle points in the dispersion which generate Van Hove
singularities (VHSs) in the density of states (DOS) [1].
Near these points, the DOS is logarithmically divergent,
leading to the appearance of exotic electronic states of

matter with spontaneously broken symmetries. There are a
few known mechanisms that further squeeze the dispersion
around such saddle points via inducing adjacent gaps in the
band structure. This enhances the logarithmic divergence
into a higher-order VHS (HOVHS) with an algebraically
divergent DOS, at which the leading momentum depend-
ence of the dispersion is of quartic or even higher power
[2–7]. The HOVHS breaks the weak coupling dominance
of superconducting pairing over density wave and nematic
orders, thus promoting high-temperature realizations of
exotic electronic order [7–9]. A prime example is given by
magic angle twisted bilayer graphene, in which hybridi-
zation of the Dirac bands from the two layers produces
minibands with a significantly reduced bandwidth. As the
hybridization gaps increase they progressively flatten the
band, generating an HOVHS [3]. A plethora of correlated
phases are found in this system at partial fillings [10,11],
yet the twisted angle is not an equilibrium state of the
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bilayer, resulting in twist angle disorder across the device
[12]. Bernal stacking of bilayer graphene, which is an
equilibrium configuration, also hosts a saddle point whose
dispersion can be further flattened by application of a
displacement field which gaps the adjacent Dirac nodes
[13–15], and similarly in the metastable rhombohedral
trilayer graphene [16,17]. All these scenarios require either
nonequilibrium stacking or the application of external
perturbations to generate an HOVHS and thereby induce
an electronic instability.
Kagome lattices intrinsically host spectroscopic features

with high DOS, as their band structure comprises both a flat
band and two sets of saddle points pinned to the M high
symmetry momenta at energies above and below a Dirac
node pinned at K. There are several material realizations of
layered kagome metals that display a variety of instabilities
or correlated states [18]. When the flat band is at the
vicinity of the Fermi level, heavy-fermion-like phenom-
enology appears to arise in Ni3In [19] and Mn3Sn [20], and
Mott-like phenomenology as in CoSn [21]. Yet, the flatness
of this band is not protected, and it can become dispersive
under various perturbations, such as the presence of longer-
range hoppings. In contrast, the saddle points are more
robust and support a variety of spontaneously symmetry
broken states, most commonly charge density waves
possibly with exotic character, as in the AV3Sb5 family
(A ¼ K, Rb, Cs) [22–28] and in FeGe [29,30]. Signatures
of nematic state unrelated to charge density wave order
have been reported in CsTi3Bi5 [31] and ScV6Sn6 [32].
However, their origin in an intrinsic motif of the kagome
band structure has remained unclear.

II. RESULTS

Co3Sn2S2 is a member of the shandite material family
and develops ferromagnetic order below 175 K. It is
characterized as a time-reversal symmetry broken Weyl
semimetal, with Weyl nodes residing about 105 meVabove
the Fermi energy [33,34]. The layered crystal structure of
Co3Sn2S2 consists of Co3Sn layers in which the Co ions are
arranged in a kagome structure [Fig. 1(a)], and are
covalently bonded to triangularly coordinated S and Sn
layers. STM measurements require freshly cleaved surfa-
ces, where the common cleave planes expose either the Sn
or the S termination. The kagome nature has been pre-
viously probed indirectly through the Sn or S termination
layers [35]. Very rarely, however, a Co3Sn termination is
exposed, allowing direct investigation of the electronic
spectroscopy in the presence of the kagome structure. The
topographic images depicted in Fig. 1(b) demonstrate such
a termination where a flat Co3Sn terrace appears among a
dense sequence of rough crystallographic step edges cleaved
along a plane about 3.5° above the (001). Higher resolution
imaging [Fig. 1(c)] reveals a hexagonal pattern characteristic
of kagome surfaces. Our identification of the distinct surface
terminations [36], and particularly that of Co3Sn, relies on a

combination of topography, spectroscopy, quasiparticle
interference (QPI), defect structures, and step edges among
surfaces [33]. It agrees with more recent identifications
based on STM [41] as well as atomic force microscopy [42].
Finer resolution topography [Fig. 1(d)] further finds that the
C6 symmetry of the kagome Co3Sn layer is broken on the
surface down to C3 as three out of the six corner-sharing
triangular sites around the hexagon appear slightly elevated
relative to the other three, as was also imaged by others [43].
Such a surface reconstruction is rather natural due to the
explicit inversion symmetry breaking introduced by cleav-
ing. Indeed,ab initio calculations find that theCo3Sn surface
strongly reconstructs by an inward shift of the Co ions by
about 10% of the initial Co–Co bond length away from the S
ions, a layer below [Fig. 1(e)].
In differential conductance (dI=dV) spectroscopy, we

find a signature for the existence of a singular DOS at
the Fermi level in the form of a robust zero-bias peak
[Fig. 1(f)]. It is unique to the Co3Sn termination of
Co3Sn2S2 (see spectroscopies of Sn and S [36]). The sharp
rise of the DOS on negative energies is better captured by a
power law characteristic of an HOVHS than a logarithm
that signifies regular VHS [Fig. 1(f) inset, pink and blue
lines, respectively]. Once we allow both the exponent and a
constant offset dI=dV to be free-fitting parameters, which
may originate from either surface or bulk contributions, the
best fit yields a power of −1=4. This is in agreement with an
HOVHS with a quartic first nonvanishing expansion
coefficient for the dispersion. Excluding such background,
the fit finds a stronger divergence characterized by a power
of −1=2 [36], suggesting the zero-bias divergence is of at
least power −1=4. Intriguingly, on the Sn termination of
Co3Sn2S2, we find quasiparticle interference patterns that
seem to correspond to an HOVHS in the vicinity of the
Fermi energy [36].
In the ab initio surface-projected band structure

[Fig. 1(g)], we find a single isolated surface band with a
saddle point which crosses the Fermi level at the M point
[36]. The dispersion turns from holelike along the M–Γ
direction to electronlike along M–K (blue and red seg-
ments, respectively), reminiscent of the saddle point of a
kagome layer. Since it has no trace in the bulk band
structure [36], we conclude that it results from a two-
dimensional surface state bound at the Co3Sn termination,
which exhibits the kagome potential. It does not disperse
through the Weyl node [36] so it is not a Fermi-arc state but
a trivial surface band that forms on the Co3Sn termination.
The hole side of the dispersion alongM–Γ is extremely flat,
decreasing only by aboutW ≈ 20 meV across a third of the
Brillouin zone, on the same order as canonical flat band
systems [44–46], especially considering the strong inter-
actions U they were shown to exhibit [47], yielding
U=W > 100. We fit the dispersion along the M–Γ and
M–K directions with a polynomial [Fig. 1(h) [36] ]. While
the electronlike dispersion is fairly quadratic, the holelike
dispersion alongM–Γ has a null quadratic coefficient, a finite
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quartic coefficient, and requires a dominant sixth-power
coefficient to accurately capture the flattened dispersion.
This formally endows the saddle point as an HOVHS, where
the Jacobian and Hessian of the dispersion vanish.
We trace the generation of the HOVHS to the surface

reconstruction. We compare the surface-projected ab initio

slab calculations with and without the Co reconstruction
[36]. The most prominent change is a downward shift in the
saddle point energy by about 100 meV. Since the bands at
the Γ and K points are hardly affected, it results in a
pronounced flattening of the holelike dispersion along
Γ–M that generates the HOVHS, without any apparent
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FIG. 1. Higher-order Van Hove singularity in a distorted kagome lattice. (a) The crystal structure of Co3Sn2S2 with kagome Co
arrangement. (b) Topographic images of the Co3Sn terrace. (c) Enlarged topography. (d) Highest resolution topography shows triangular
reconstruction. (e) The reconstruction away from the underlying S ions that explicitly break the symmetry. (f) dI=dV spectrum showing
a zero-bias peak. The inset enlarges the negative bias side of the zero-bias peak (circles correspond to the same dataset, squares and
triangles are taken from two other datasets) with best fits to a logarithm, ln jEj (blue linear line in semi-log plot), and to a power law with
constant offset yielding a power of −1=4 (pink line). (g) DFT calculation of Co3Sn2S2 band structure projected to the Co3Sn surface,
relaxed by triangular reconstruction. The blue and red segments correspond to the holelike and electronlike dispersions around M,
respectively. (h) Flat saddle point extracted from DFT and fitted with quadratic and quartic polynomials (red and blue lines,
respectively). (i) Valence band of a distorted kagome lattice with HOVHS at the equienergy contour denoted by a purple line. (j) Tight-
binding band structure of an unperturbed kagome lattice, kagome with lowest order triangular distortion (t1 > t2), and kagome also with
opposite sign interunit cell hopping (t3 ¼ −t4) shown in blue, grey and black, respectively.
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fine-tuning. The Fermi surface develops a pointed, snow-
flake shape, near which the DOS diverges as a power law
[36], both characteristic of an HOVHS. The chemical
potential becomes pinned to the saddle point due to its
large DOS.
This, therefore, marks a novel mechanism for generat-

ing an HOVHS in kagome metals. We demonstrate its
generality by reproducing it in a minimal tight-binding
model of a distorted kagome lattice. We position the dz2
orbitals of the Co atoms, which contribute the most to the
orbital weight at the saddle point [36], on a distorted
kagome lattice. We consider hopping terms ti up to the
fourth nearest neighbor, i ¼ 1–4 [arrows in Fig. 1(e)].
Setting t1 ¼ t2 and t3 ¼ t4 ¼ 0 reproduces the undis-
torted kagome band structure [Fig. 1(j), blue lines]. We
first break the symmetry between nearest neighbor
hopping on the distorted triangles by setting t1 > t2
while t3 ¼ t4 ¼ 0. The main outcome of such distortion
[Fig. 1(j), gray lines] is the gapping of the Dirac node at
the K point due to broken C2 symmetry. We next include
symmetry breaking in the higher-order hopping terms by
setting t3 ¼ −t4. Consequently, the m-type saddle point
shifts downward in energy while the bands at the Γ and
K points are unaffected. We confirm that this results in a
considerable flattening of the hole dispersion of the
saddle point, generating an HOVHS. Fitting the func-
tional dependence of the DOS in the vicinity of the VHS
yields algebraic energy dependence with a power of
−0.25 [36] signifying an HOVHS.

The distorted tight-binding dispersion captures well
the ab initio surface band structure [36]. We find the
analytic dependence of the saddle point dispersion in the
tight-binding model, εðkÞ ¼ axk2x − ayk2y þ bxk4x − byk4y þ
bxyk2xk2y þ � � �, on the hopping coefficients, t1…; t4 [36].
The coefficients that make the prefactor of the quadratic
hole term vanish, ayðt1…; t4Þ ¼ 0, are consistent with the
polynomial fitting of the density functional theory
(DFT). We note that t3;4 do not have to be exactly equal
in magnitude for the quadratic coefficient of the dispersion
to vanish [36]. The generation of an HOVHS under such a
perturbation is unique to the m-type saddle point, and does
not develop for the p-type VHS. Consistently, the m-type
nature may enforce the relative π phase of the higher-order
hopping terms as the M point position at the edge of the
Brillouin zone implies a relative sign flip among those rows
of contributing sites, marked in Fig. 1(e).
Next, we show that in the presence of the HOVHS at

the Fermi energy, the surface electrons on the distorted
Co3Sn surface exhibit a spontaneous symmetry breaking.
We image spectroscopically the spatial distribution of
the local DOS across the Co3Sn termination in a region
free from any topographically visible surface impurities
[Fig. 2(a)]. We then image the spatial modulation of the
differential conductance over that surface with subatomic
resolution across the bias interval of −250 to 250 meV
[Fig. 2(b) [36] ]. All these patterns appear similar as they
have the same periodicity. Accordingly, no new Bragg
peaks are detected in Fourier space. However, when we
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FIG. 2. Cascade of nematic phase shifts. (a) Topographic image of the Co3Sn surface with a commensurate kagome lattice overlaid.
(b) dI=dV maps of the same region in (a) at various energies with the kagome lattice overlaid at a fixed position. (c) The amplitudes of
the three Bragg peaks of the FT dI=dV maps (see one shown explicitly in the inset with enlarged panels on the peaks). (d) Phase
evolution of the same three Bragg peaks in energy.
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attempt to position the kagome-coordinated Co atoms, we
fail to do so in a way that will respect the symmetry of the
periodic patterns across all energies imaged. We succeed in
doing so consistently only away from the Fermi energy at
high and low bias—below about −100 meV and above
50 meV. At all intermediate energies about the Fermi
energy, we find atomic scale dI=dV distributions that seem
to peak at locations that are not symmetry points of the
underlying ionic kagome crystal, which remains fixed
throughout the measurement.
Yet, the bare spatial resolution within a single unit cell

provided by the spectroscopic raw mappings is marginal for
firmly concluding that the electronic structure breaks the
symmetry imposed by the ionic lattice. Nevertheless, the
extended two-dimensional spatial mapping of hundreds of
identical unit cells introduces redundancy, which we use to
demonstrate nematicity beyond doubt. One method to
exploit this is by a Fourier transformation (FT), which
resolves the periodic patterns across the extended field of
view. We clearly identify the three nonequivalent Bragg
peaks corresponding to the unit cell period in the spatial
spectroscopic mappings, circled in the inset of Fig. 2(c).
The right-hand panels of the inset show enlarged images of
the Bragg peaks and their corresponding colors. They
consist of a single strong pixel surrounded by a faint
crosslike halo that originates mainly from the finite window
size, while drift seems negligible. The main panel shows
the energy dependence of the amplitudes of the central
pixels of the three Bragg peaks, colored accordingly. We
find a series of approximate sharp nodes around zero bias at
which the amplitude of some or all Bragg peaks almost
vanishes. Between those nodes, the amplitudes of the
Bragg peaks are strongly unbalanced, while beyond this
interval, they are all finite and fairly equal. We note that,
unlike the reproducibility of the nodes and phase shifts at
intermediate energies, the slight anisotropy in the magni-
tude of the Bragg peaks at low and high energies seems to
somewhat vary between different spectroscopic maps [36]
and thus does not seem to signify nematicity.
Even more striking, though, is what we find in the phase

information of the FT Bragg peaks, displayed in Fig. 2(d).
Since the DOS we image is a real positive quantity, its FT is
a complex number, Aq expðiΦqÞ. Its phase Φq entails the
phase shift δq with which the periodic pattern of corre-
sponding wavelength q is positioned in real space, such that
Φq ¼ q · δq. For the Bragg peaks that we inspect here, the q
values are the three reciprocal wave vectors of the kagome
crystal. Remarkably, we find at the vicinity of zero bias a
sequence of three abrupt phase jumps by a fraction of 2π
and thus correspond to real space shifts of the electronic
wave function by a fraction of the unit cell vectors [36]. As
the real-space direct mapping hints, at least some of the
wave function distributions about the Fermi energy violate
the symmetry imposed by the ionic lattice and are thus
nematic. Between high and low energies, on the other hand,

the phases of the Bragg peaks differ by approximately
integer multiples of 2π, confirming that away from zero bias
the wave function structure adheres to the underlying ionic
lattice. Intriguingly, however, the phases at highest bias do
not recover to their values at low bias, as will be discussed
later. Every abrupt phase jump is accompanied by a node in
the Bragg peak amplitude. We use the phase jumps and
nodes to identify five energy intervals, indicated by the color
bar in Fig. 2(d) and in later figures. We obtain the
corresponding evolution of the real-space DOS distribution
by inverse Fourier transforming the amplitude and phase
information of the Bragg peaks [36]. Far from the Fermi
energy we indeed recover DOS distributions that respect the
underlying symmetries of the kagome lattice, while at the
Fermi energy and slightly below it they seem to break
the rotational symmetry of the lattice.
Yet, in order to directly obtain the exact wave function

patterns and their changes with respect to the quenched
ionic lattice, we aim to achieve superior resolution directly
in real space. For this, we use the redundancy in mapping
multiple equivalent unit cells to construct a superresolved
single unit cell [48]. It relies on the incommensurability
between the ionic lattice, which in the present case has a
kagome structure, and the rectangular grid at which the
STM measurement probes, as well as the inevitable
mismatch in the exact lattice constants of the two. As a
result, the unit cell is repeatedly probed at thousands of
different points over the periodic unit cell structure, which
can be collapsed into a single, superresolved unit cell [36].
The results of applying this procedure are presented in

Fig. 3(a) [36]. It shows the wave function distribution
across the superresolved unit cell at different energies of
interest, each tiled six more times to make the spatial
periodicity apparent. We indeed confirm with great clarity
that the wave function distribution at low and high energies,
below −150 meV and above 50 meV (Tri1− and Tri1+
panels, respectively), is the same. Above−150 meV and up
to about −80 meV, the wave function shifts within the unit
cell to a different position. To compare wave function
distributions across different energy intervals, we extract
equi-intensity contours at a value 10% below the maxi-
mum. Such wave function contours, representative of the
three energy intervals discussed thus far, are overlaid in
Fig. 3(b). The similar distribution at the highest and lowest
energy intervals (red and magenta, respectively) is evident.
The contours from the adjacent negative energy interval
(blue contours) reside over subsurface S sites, comple-
menting them to a kagome pattern. We thus use these
unperturbed wave function distributions to position the
underlying kagome lattice [balls and sticks in Fig. 3(a) and
gray triangles in Figs. 3(b) and 3(c)] in agreement with the
symmetry of the topographic image.
Remarkably, the remaining energy interval closest to the

Fermi energy of the superresolved unit cells reveals three
distinct wave function distributions that do not respect the
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determined ionic lattice symmetry, in accordance with the
FT phase analysis [Fig. 2(d)]. Within the energy interval
−80 to −35 meV, we find a stripelike wave function
distribution. Picking one stripe orientation over the other

two constitutes a spontaneous symmetry breaking of the C3

rotation. We note that indeed within this energy interval the
amplitude of a single Bragg peak dominates while the other
two almost vanish, as shown in Fig. 2(c). About the Fermi
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FIG. 3. Superresolution of spontaneous symmetry broken states. (a) Superresolved cells at the different energies with the kagome
lattice overlaid on them. The circles mark the wave function’s center of mass position. (b) [(c)] Contour maps of the wave functions from
the superresolved cells at different energies away from [at the vicinity of] the Fermi energy in corresponding color. The inset of (c) shows
the excess dI=dV spectrum localized within the positions of the nematic inner edge and stripe states (yellow and blue lines, respectively)
relative to the extended background (averaged within the dotted square). (d) Energy evolution of the wave function’s center of mass
position. (e) Position path of the center of mass across all energies imaged showing a unit cell displacement is acquired.
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energy and within the interval of −20 to 50 meV, the wave
function localizes at the inner edge of the central hexagon
of the kagome pattern. Again, this location is equivalent to
the two other edges related by C3 symmetry and thus
hallmarks spontaneous breaking of the C3 symmetry of the
original kagome lattice. In the narrow energy interval
between −35 to −20 meV, the superresolved unit cell
shows a distinct distribution which seems to be localized
over a Co–Co bond and again breaks the C3 symmetry. The
narrow energy interval over which we observe the bond
distribution may suggest it is an intermediate configuration
between the edge and stripe states at higher and lower
energy intervals.
The equidensity contour lines of the symmetry broken

nematic states within the distorted kagome unit cell are
displayed in Fig. 3(c). The location of the underlying
kagome ions, fixed at high and low energies, is given by the
gray triangles. The symmetry broken states seem to occupy
different inner edges of the hexagonal region at different
energy intervals. It also becomes clear that no position of
the kagome ionic lattice will be commensurate with the
wave function distributions across all energies. We rule out
strain as the mechanism behind the symmetry broken wave
function distributions because a distorted lattice results in
distorted electronic states at all energies (as we demonstrate
via ab initio calculations [36]) while the symmetry break-
ing we observe is limited to the vicinity of the Fermi
energy. The superior intraunit cell resolution enables us
also to extract the full energy spectrum of the excess DOS
at specific points within it, where specific wave function
distributions uniquely reside [Fig. 3(c) inset]. This further
reveals that, while the zero-bias peak is localized on the
yellow spots in Fig. 3(c), the striped distribution corre-
sponds to a second peak in the DOS, with about half the
density. This suggests that the nematic electronic distribu-
tion is accompanied by a splitting of a third of the DOS,
which corresponds to the HOVHSs away from the Fermi
energy.
This may still leave room for a response to feeble strain

in case of strong nematic susceptibility, as seen for instance
in FeSe compounds [49,50]. Since we do not detect any
deviation of the Bragg peaks in high-resolution topographic
images [36], we can put an upper bound for the amount of
unit cell distortion, δ < 0.11%. On the other hand, the
energy scale of the Fermi surface deformation we find,
Enem ≈ 100 meV, is rather large [51]. These would yield an
enormous lower bound for the Co3Sn nematic susceptibil-
ity, χ ¼ Enem=δ > 91 eV, almost an order of magnitude
larger than that found in FeSe [52]. However, we find no
modification in the magnitude or directionality of the
nematic states in the vicinity of adatoms and step edges
[36], which surely modify the local strain field [53,54]. We
thus conclude that the nematic wave function structures do
not result from the conjunction of feeble strain and strong
nematic susceptibility. We also learn from FeSe that, in

bulk crystals, the nematic domains are very large in size,
tens or even hundreds of microns [55,56]. It is only in thin
films where nanometer-scale domains are formed [57,58],
which may explain why we did not detect any domains
within the spontaneously symmetry broken states in the
Co3Sn termination of bulk Co3Sn2S2. We also rule out tip
effects in inducing the nematic distributions, by mapping
the spectroscopy across the Co3Sn to S step edge [36],
showing that the latter does not exhibit nematicity while the
former does.
The superresolved cells enable us to closely follow the

exact redistribution of the wave function with energy
beyond the representative snapshots displayed in
Fig. 3(a). For this, we calculate the “center of mass” of
the wave function as a function of energy: rc:m: ¼R
uc dr

0jΨðE; r0Þj2r0. For example, the center of mass loca-
tions calculated for the snapshots in Fig. 3(a) are given by
the solid circles, while their full energy evolution is shown
in Fig. 3(d). The distribution of the unoccupied states, as
well as that of core energies, is completely quenched,
showing no energy dependence. Only a thin shell of about
100 meV around the Fermi level of mainly occupied states
shows rapid redistribution. The edge and stripe states
(yellow and light blue, respectively) are stable over finite
energy intervals. In contrast, the intermediate bond state
(green) indeed seems more as a transient between them.
Following accurately the wave function center of mass

progression across the distorted kagome unit cell, as shown
in Fig. 3(e), reveals another remarkable property that is not
apparent through the individual snapshots. We find that the
high- and low-energy distributions, which at first glance
appear identical, rather accumulate a relative shift of a full
unit cell vector. This unit cell shift is in accord with the
relative 2π phase offsets of the Bragg peaks between high
and low energies we have observed in Fig. 2(d). Recently, it
has been shown that the evolution of the charge center with
bias voltage can be directly tied to band topology [59,60],
but we leave a closer analysis of this question to future
work. We speculate it may have an effect on boundaries at
step edge terminations, where we have indeed previously
reported the appearance of an edge accumulation at about
−100 meV [61].
We thus identify two nematic electronic states, one at the

Fermi energy and one about 60 meV below it, that
spontaneously break rotational symmetry of the under-
lying lattice but do not break its translational symmetry.
We attribute the appearance of the two nematic states to
a d-wave Pomeranchuk instability. With the onset of
Pomeranchuk order, the distorted kagome band structure
further deforms such that saddle points at a subset of theM
points are pushed down away from the Fermi energy,
demonstrated in Fig. 4(a) by comparison of M1 with M2

and M3, spontaneously breaking the threefold rotational
symmetry of the distorted kagome lattice. To describe the
interacting instabilities of this theory, we develop a patch
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model that incorporates the degrees of freedom located near
the three M points where the DOS is largest [36]. The
interacting model of an HOVHS is equivalent to a model
developed previously [7], though the renormalization
group equations themselves differ slightly due to the fact
that Co3Sn2S2 is a ferromagnet, and so there is no spin
degeneracy in the present case. With the assumption that
the largest interaction matrix elements are between states
with small momentum transfer, d-wave Pomeranchuk order
appears already at the mean-field level. We find, moreover,
that d-wave Pomeranchuk order remains the leading
instability of the model upon including corrections beyond
mean field, introduced by integrating out the degrees of
freedom away from the Fermi surface, which produces a
renormalization group flow.
The resulting ground state is a linear combination of two

d-wave form factors O1ðk2x − k2yÞ þO22kxky. The fact that
these states are translationally symmetric charge orders
means the Landau free energy possesses a cubic term
F 3 ¼ O3

1 − 3O1O2
2, resulting in a minimum of the free

energy in which O1;2 are nonzero at all three M points, but
largest at one particular spontaneously chosen M point,
producing a charge nematic state as shown in Fig. 4(a).
Adding such a Pomeranchuk order parameter to the tight-
binding model, we calculate the resulting local DOS at
different energies [corresponding to equienergy contours in
Fig. 4(a)] shown in Figs. 4(b)–4(e). At intermediate
energies [Figs. 4(c) and 4(d)], we indeed recover a nematic
wave function distribution following from the d-wave
Pomeranchuk distortion of the Fermi surface. The wave
function at lower energies resembles a stripe distribution,
and the wave function at higher energies localizes at a point
that breaks the rotational symmetry of the lattice. We stress
that both these nematic distributions reflect the single

Pomeranchuk distortion of the band structure by which a
single pair of HOVHS shifts to lower energies by about
80 meV, while a double pair remains degenerate at zero
bias. It is also consistent with the splitting of the two DOS
peaks shown in the inset of Fig. 3(c). At high and low
energies, the wave function distribution becomes symmet-
ric, as observed experimentally [Figs. 4(b) and 4(e)]. While
our accompanying theoretical investigation suggests a
d-wave Pomeranchuk instability, further theory refinement
will be necessary to rationalize all detailed features of the
nematic phase we observe.
Finally, we carefully examine QPI patterns acquired over

regions containing visible adatom impurities, which act as
scatterers. As the scattered electrons interfere, they
embed the wavelength of the transferred momentum q
in the LDOS that can be resolved by FT. Such FT images
are presented in Figs. 4(f)–4(h), close to and above the
Fermi energy. Remarkably, close to the Fermi energy
[Fig. 4(g)], we identify among the fairly symmetric QPI
patterns an additional pattern dispersing radially along a
single Γ–M direction. We attribute the absence of the C3

symmetric counterparts to the removal of saddle points
from the Fermi energy that eliminates those elastic
scattering processes. Indeed, the deformed band structure
under the Pomeranchuk instability hosts an elongated
open pocket along the Γ–M1 direction [Fig. 4(a)]. It is
formed by the shift of a single pair of VHS relative to the
other two. Such an open Fermi surface would host a
similar scattering process. The QPI pattern goes sym-
metric away from the Fermi energy as demonstrated in
Figs. 4(f) and 4(h) [36].
In summary, we have identified a mechanism by which

distorted kagome lattices develop HOVHS at their m-type
saddle point, realized on the Co3Sn surface of

(a)

(b) (c) (d) (e)

(f) (g) (h)

(arb. units)

(a
rb

. u
ni

ts
)

FIG. 4. d-wave Pomeranchuk instability to a nematic state. (a) Calculated kagome band structure of the tight-binding Hamiltonian
perturbed by the d-wave Pomeranchuk order parameter. (b)–(e) Local DOS calculated using the perturbed tight-binding Hamiltonian,
ranging from high to low energies [frame color corresponds to equienergy contours in (a)]. The lattice sites are denoted by blue spheres.
At low and high energies, the DOS respects the lattice symmetry, while close to the Fermi energy we find nematic distributions (middle
panels). (f)–(h) QPI showing C3 symmetry broken pattern at the vicinity of the Fermi energy (g) and symmetric away from it (f) and (h).
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ferromagnetic Co3Sn2S2, where the HOVHS is pinned at
the Fermi energy. The manifestation of this effect is that the
Fermi surface deforms, undergoing a Pomeranchuk insta-
bility by spontaneously displacing a subset of the three
distinct saddle points to lower energies. As a result, the
electronic states become nematic, and the wave functions
break the symmetries of the underlying distorted kagome
lattice, which we trace both in real space through the
construction of superresolved unit cells and in reciprocal
spaces through the phase and amplitude of the Bragg peaks.
Our observations open the path for further explorations of
HOVHS generation in other distorted kagome materials.
Similar breathing kagome structures appear in the bulk of
various materials. The M3X family, as Mn3Sn [20], Fe3Sn
[62], and Ni3In [45], all host a breathing kagome structure,
and so does Ta2V3.1Si0.9 [63]. Moreover, various breathing
distortions may result from charge density wave instabil-
ities, which are common in kagome metals, as in CsV3Sb5
[24] that hosts a peculiar HOVHS near the Fermi level. It
would be interesting to apply this mechanism to other flat
band structural motifs, such as bipartite and pyrochlore
lattices, wherein other forms of instabilities may be
established.
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