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Topological boundary states emerged at the spatial boundary between topological non-trivial and trivial
phases, are usually gapless, or commonly referred as metallic states. For example, the surface state of a
topological insulator is a gapless Dirac state. These metallic topological boundary states are typically well
described by non-interacting fermions. However, the behavior of topological boundary states with signif-
icant electron-electron interactions, which could turn the gapless boundary states into gapped ordered
states, e.g., density wave states or superconducting states, is of great interest theoretically, but is still

?ciyvgl(:)rdisc:al boundary states lacking evidence experimentally. Here, we report the observation of incommensurable charge density
Fefmi f’rcs v wave (CDW) formed on the topological boundary states driven by the electron-electron interactions

on the (001) surface of CoSi. The wavevector of CDW varies as the temperature changes, which coincides
with the evolution of topological surface Fermi arcs with temperature. The orientation of the CDW phase
is determined by the chirality of the Fermi arcs, which indicates a direct association between CDW and
Fermi arcs. Our finding will stimulate the search of more interactions-driven ordered states, such as

superconductivity and magnetism, on the boundaries of topological materials.
© 2023 Science China Press. Published by Elsevier B.V. and Science China Press. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The discovery of topological materials revolutionized our view
on phase classification in condensed matter physics [1-5]. A com-
mon characteristic of topological materials, like topological insula-
tors and semimetals, is the presence of nontrivial gapless boundary
states, which are normally robust against symmetry-allowed

* Corresponding authors.
E-mail addresses: xujp@iphy.ac.cn (J. Xu), hlei@ruc.edu.cn (H. Lei), sunyj@sus-
tech.edu.cn (Y.-J. Sun).
1 These authors contributed equally to this work.
2 Current affiliation: Tsung-Dao Lee Institute & School of Physics and Astronomy,
Shanghai Jiao Tong University, Shanghai 200240, China.

https://doi.org/10.1016/j.scib.2023.01.001

perturbations owing to topological protection of the bulk. The
topological boundary states not only directly reflect their topolog-
ical properties, but also result in many exotic physical phenomena,
such as quantum Hall conductivity [6,7], chiral magnetic effect [8]
and anomalous quantum oscillations [9,10]. Typically, the physics
of topological boundary states of topological materials are well
captured from the perspective of non-interacting fermions. For
example, density functional calculations have scored tremendous
successes in predicting topological electronic materials and their
boundary states [11-13]. On the other hand, electron-electron
interactions also give rise to many fascinating phenomena, includ-
ing unconventional superconductivity [14,15], Mott transition [16]
and charge density wave (CDW) [17,18]. Therefore, the destiny of
topological boundary states under electron-electron interactions
emerges as an interesting question.

2095-9273/© 2023 Science China Press. Published by Elsevier B.V. and Science China Press.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.scib.2023.01.001
http://creativecommons.org/licenses/by/4.0/
mailto:xujp@iphy.ac.cn
mailto:hlei@ruc.edu.cn
mailto:sunyj@sustech.edu.cn
mailto:sunyj@sustech.edu.cn
https://doi.org/10.1016/j.scib.2023.01.001
http://www.sciencedirect.com/science/journal/20959273
http://www.elsevier.com/locate/scib

Z. Rao et al.

In Dirac and triply-degenerate semimetals, the “Fermi arcs”
formed by topological boundary states are not topologically pro-
tected since the Chern number is zero for Dirac nodes and unde-
fined for three-degenerate nodes [19-22]. Though the topological
boundary states form robust Fermi arcs in Weyl semimetals, such
as TaAs-family [23,24], (Mo,W)Te, [25,26] and CosSn,S, [27], all
these Weyl semimetals are not good candidates for studying the
many-body effect of topological boundary states because of narrow
nontrivial energy windows, short Fermi arcs, and other trivial
states coexisting. Drumhead-like boundary states in topological
nodal-line semimetals have been proposed as ideal candidates
for the many-body effect in theory due to the nearly flat surface
band with large density of states in the vicinity of Fermi energy
(Eg) [28]. However, clear experimental evidence is still elusive.

Recently, transition metal silicides (CoSi-family) with nonsym-
morphic space group P2:3, dubbed as chiral crystals, have
attracted wide attentions [29-35]. The topological nodes of bulk
states at the Brillouin zone (BZ) center I" and corner R points carry
opposite Chern numbers near Er [31-34]. On the surface of chiral
crystals, the Fermi surface (FS) just consists of two Fermi arcs
traversing the whole surface BZ, as shown in angle-resolved pho-
toemission spectroscopy (ARPES) intensity map at the Fermi level
(Eg) (Fig. 1b). The extremely long Fermi arcs and the simplicity of
the chiral crystals provide an ideal platform to explore the many-
body effect induced by the topological boundary states.

In this work, we report the observation of an incommensurable
CDW on the (001) surface of CoSi while this CDW is missing on the
bulk and other surfaces. This incommensurate CDW is directly
related to the instability of CoSi long Fermi arc and correlation,
which provides a standard example of correlated topological
boundary states.

2. Materials and methods
2.1. Materials

Single crystals of CoSi were grown by the chemical vapor trans-
port method. Co and Si powders in 1:1 molar ratio were put into a
silica tube with a length of 200 mm and an inner diameter of
14 mm. Then, 200 mg I, was added into the tube as a transport
reagent. The tube was evacuated down to 102 Pa and sealed under
the vacuum. The tubes were placed in a two-zone horizontal tube
furnace. The source and growth zones were raised to 950 and 800 K
in 2 days, and were then held there for 7 days. Shiny crystals with
lateral dimensions up to several millimeters can be obtained.

2.2. Surface preparation of CoSi

The structure of CoSi single crystal is simple cubic. It is difficult
to obtain a flat surface by mechanical cleaving owing to the strong
covalent bond and lack of a preferred cleaving plane. So, we used
the in-situ sputtering and annealing method to obtain an atomi-
cally flat plane on the (001) and (111) surfaces [36]. Firstly, we
verified the (001) and (111) surfaces of CoSi by Laue and X-ray
diffraction (XRD) and subsequently mechanically polished them
to a mirror finish on the surface. The atomically flat surface was
prepared by Ar ion sputtering for 1 h and annealing at 760 °C for
30 min repeatedly in an ultra-high vacuum with a base pressure
of 1x107° torr. Reflection high-energy electron diffraction (RHEED)
was carried out to monitor the quality of the sample surface.

2.3. Scanning tunneling microscope (STM) and ARPES measurements

STM experiments were carried out in a low temperature ultra-
high vacuum STM system, Unisoku USM-1300. Topographic
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images were acquired in the constant-current mode with a tung-
sten tip. Before the measurements, STM tips were heated by e-
beam and calibrated on a clean Ag surface. The scanning settings
of all the topographies were under 500 mV of bias voltages and
100 pA of setpoints unless specifically mentioned. Differential con-
ductance spectra were acquired by a standard lock-in technique at
a reference frequency of 973 Hz unless specifically mentioned.
ARPES measurements were performed at the “Dreamline” beam-
line of the Shanghai Synchrotron Radiation Facility (SSRF) with a
Scienta Omicron DA3O0L analyzer. The Fermi level is calibrated by
measuring a clean gold sample at corresponding temperatures.
All measurements were in-situ performed. The kinetic energy of
low energy electron diffraction (LEED) patterns is 218 keV.

2.4. Transmission electron microscopy measurements

The microscopic characterizations of CoSi were performed with
a JEOL-2100F electron microscope operated at a voltage of 200 kV.
The specimen was prepared by crashing the crystals in acetone and
deposited on a carbon film suspended on a copper grid. In-situ low-
temperature TEM experiments were performed using a liquid-
nitrogen-cooled specimen holder. High quality of CoSi crystals
was confirmed by high resolution transmission electron micro-
scope (HRTEM).

3. Results and discussion

We carried out scanning tunneling microscopy/spectroscopy
(STM/S) experiments on the atomically flat CoSi surfaces prepared
by in-situ repeated sputtering and annealing (see Section 2.2 Mate-
rials and methods for details). Fig. 1e presents an STM topographic
image obtained on the (001) surface at 4.2 K. The square lattice
with a period of ~4.43 A (the lattice constant is 4.44 A) shows that
the structure of the (001) surface is stable after the sputtering-
annealing process. In addition, a stripe-like superlattice modula-
tion is also discernible. We extracted the period /. and angle o of
the superlattice modulation by fast Fourier transformation (FFT),
as shown in Fig. 1g. The value of 1 is about 8.16a, and the angle
o between the superlattice and the [100] direction is about
34.2°, which indicates that the stripe-like superlattice modulation
has an incommensurable period.

We then performed scanning tunneling spectroscopy (STS)
measurements on the stripe superlattice region (Fig. 1¢), and found
that the differential conductance spectrum exhibits an energy gap-
like feature extending from —22 to +20 meV around Eg. On the con-
trary, on the defect-rich surface, the density of states is gapless
near Er (Fig. S6¢ online). It suggests that the energy gap near Eg
is induced by the superlattice. Furtherly, it is noted that the super-
lattice seems to only appear on high-quality surfaces, while it is
absent on defect-rich surfaces (Fig. S6¢c online). On their corre-
sponding surface, the ARPES intensity plot also shows that the
Fermi arcs are disconnected around time reversal invariant point

X on high-quality surface (Fig. 1b) while they are continuous in
defect-rich samples (Fig. S6f online).

We also performed STM measurements on the (11 1) surface of
CoSi, on which the Fermi arcs are absent because the I' and R
points are projected onto the same point on surface BZ. Fig. 1f
and h show the atomically resolved hexagon lattice while the
stripe superlattice modulation disappears on the surface. The fact
that the stripe superlattice only exists on a specific surface implies
that its origin is not from the bulk states. In addition, we carried
out high-resolution transmission electron microscope (TEM) mea-
surements on the (00 1) surface of CoSi (Fig. 1d). The absence of the
satellite spots corresponding to the stripe-like superlattice in the
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Fig. 1. (Color online) Stripe-like superlattice modulation on (00 1) surface of CoSi. (a) Crystal structure of CoSi. (b) ARPES intensity map at Er, measured with hv = 55 eV. The
dashed lines indicate the Fermi arcs. (¢) Tunneling differential conductance spectrum. An energy gap-like feature extends from —20 to +22 meV around Eg. (d) Typical selected
area electron diffraction pattern taken along the [001] zone axis at 100 K, showing the stripe-like modulation absent in the bulk of CoSi. (e) Atomically resolved STM
topographic image (40 nm x 40 nm) of the CoSi (001) surface taken at 4.2 K, showing the stripe-like superlattice. (f) STM topographic of the CoSi (11 1) surface taken at 4.2 K,
showing a hexagonal lattice structure. (g) Fourier transform of the (00 1) surface topographic image of CoSi. The zoom-in image (insert) marked by the blue box shows the
spots (green circle) corresponding to the stripe-like superlattice modulation. (h) Fourier transform of the (111) surface topographic image, showing no superlattice on the

(111) surface.

selected area electron diffraction (SAED) pattern also confirms that
it is absent in the bulk of CoSi. Therefore, we conclude that the
stripe-like superlattice originates from the (001) surface of CoSi.

We next demonstrate the evolution of the superlattice modula-
tion with temperature in Fig. 2 and Fig. S3 (online). A similar
stripe-like superlattice clearly appears at 77 K but becomes less
obvious at 300 K. The enlarged FFT images corresponding to the
STM topographic data at different temperatures are plotted in
Fig. 2d-f, showing that the spots of superlattice are well-defined
at low temperatures but fade away at 300 K. Fig. 2g shows that
the peak of the spots in the FFT image broadens as the temperature
raised, and the corresponding peak becomes ill-defined at the
room temperature, suggesting that the period of the modulation
is gradually melting (Fig. 2g). We note that the wavevector of the
superlattice is temperature- and position-dependent (Fig. 2h and
Fig. S4 online). To clarity it, we summarize the wavelength and
the angle of the superlattice wave vectors at different tempera-
tures from two samples in two STM systems in Fig. 2h. The wave-
length and angle trend up with temperature decreasing. On Fourier
space, the distribution of wavevector of superlattice also follows a
certain trend with temperature.

We have noted that many defects and/or impurities introduced
during sample preparation are randomly distributed on the (001)
surface from the topographic data. Energy-dispersive X-ray spec-
troscopy measurements also show the ratio of Co and Si is not
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strictly 1:1 (about 0.86-0.97:1). When these defects are intensively
distributed in some regions, the CDW can even be destroyed, as
shown in Fig. 1e. Therefore, these defects may have an impact, but
if the quantity of the defects is within a certain range, they do not
affect the nature of the topology. In fact, the band structures of sur-
face states for all materials are related to surface conditions. For
topological materials, the surface state bands can be modified by
surface conditions, whereas the bulk/surface correspondence will
not be changed. But if the amount of the defects exceeds the toler-
ance of the system, the nature of the topology will be destroyed.

It is known that there are several possibilities that can induce
the stripe-like superlattice modulation on a surface, such as surface
reconstruction, Moiré pattern, surface strain and CDW. The possi-
bilities of surface reconstruction, Moiré pattern and surface strain
can be ruled out (see the Supplementary materials Note 1 for
details). A careful analysis of spatially resolved dI/dV maps is
shown in Fig. S4 (Online). Obvious contrast reversal of the stripe
patterns can be observed under different biases in dI/dV mapping,
which is a character of a CDW modulation. We thus conclude that
the stripe-like superlattice modulation is a CDW order phase on
the (001) surface, and the gap shown in STS is a CDW gap. We
notice that in the weak coupling limit, the gap should be of order
24 3.52kgT., suggesting that the observed energy gap
of ~42 meV is smaller compared to that of the transition temper-
ature of T. > 300 K. We will discuss the reason later.



Z. Rao et al.

Science Bulletin 68 (2023) 165-172

. — 4K
S i — 77K
s 06 — 300 K
$ 0.4+
o
~_ 0.2
\U'
0.0-
-0 0.0 041
k (11/a)

o . ATTK = .
E " A-4.2K .
\E 03 -1 e B-77K n "
S * B-4.2K T et
E = 8 . ’ .'. 05
q’ -1 L} IM ®
m 0.2 - IR I
; !- - -

10 20 30 40

Angle (°)

Fig. 2. (Color online) Evolution of stripe-like superlattice modulation with temperatures. (a)-(c) STM topographic image (10 nm x 10 nm) of the (001) surface of CoSi
showing the stripe-like superlattice at 4.2, 77, and 300 K, respectively. (d)-(f) Zoom-in Fourier transform images of (a)-(c), with the spots corresponding to the stripe-like
superlattice modulation marked by the blue circle. (g) Intensity plot along two spots of the stripe-like superlattice in (d)-(f), showing the period of superlattice slightly
enlarging with temperature. (h) Relationship between the wavelength and the angle of the wave vectors at different temperatures from two samples in two STM systems (the

two STM systems, A and B, are indicated in the legend).

To explore the reason why the wave vector of CDW varies with
temperature, we measured the Fermi surface at different tempera-
tures by ARPES. Fig. 3a-d show ARPES intensity maps at Er from 50
to 200 K. The FSs at different temperatures consist of two similar

Fermi arcs connecting I' and M. However, it is noteworthy that
the Fermi arcs undergo significant deformation at different tem-
peratures. To quantitatively describe the change of Fermi arcs,
we show the momentum distribution curves (MDCs) along the yel-
low cut in Fig. 3d at four different temperatures (Fig. 3f). The dis-
tance between the two peaks is shown in Fig. 3e. The two Fermi
arcs gradually move away from each other as the temperature
decreases. Comparing MDCs at Er of the spectrum along the cut
indicated in Fig. S5c (online) at different temperatures, we found
that the surface chemical potential shifts up 18 meV from 12 to
200 K. Since the Fermi arcs are formed by the helical surface states
[37], the lifting of the surface chemical potential results in the two
Fermi arcs approaching to each other (see the Supplementary
materials Note 3 for details). So, the observed temperature-
dependence of the wave vector of CDW is understandable. And
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the change of the two Fermi arcs at different temperatures leads
to a different effective energy gap, which echoes the question of
the observed smaller energy gap in our system compared with that
from a simple weak coupling system.

We notice that the two long Fermi arcs near the time-reversal

invariant point X are almost parallel, which is in accord with the
FS nesting condition. When the Fermi arcs approach to each other
with increasing temperature, the length and angle of nesting con-
dition gradually decrease. The temperature evolution of Fermi arcs
is consistent with the variation of wave vector of CDW, suggesting
that the CDW is related to the Fermi arcs on the surface. We plot-

ted the extracted q cpy at 4.2 K on FS in Fig. 4c and d (q cpy at 77
and 300 K on FS in Fig. S7 online). We also found that the ARPES
intensity loss from high quality samples is near where their FS fits
nesting condition. The good agreement between the nesting condi-
tion of two Fermi arcs and the wave vector of CDW provides a pos-
sible explanation that the CDW is induced by the partially nested
Fermi arcs, which originates from the electron-electron
interactions.
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Fig. 3. (Color online) Surface chemical potential varying with temperatures. (a)-(d) ARPES intensity maps at E, measured with 55 eV light at (a) 50 K, (b) 100 K, (c) 150 K and
(d) 200 K . The dashed lines are the guides to the eye for the Fermi arcs. (e) Relationship of the distance between two peaks shown in (f) and temperature showing the two
Fermi arcs approach to each other with increasing temperature. (f) Momentum distribution curves (MDCs) along the yellow cut in Fig. 3d at four different temperatures.

In CoSi crystals, there are two kinds of enantiomers with oppo-
site chirality in the lattices (Fig. S1a, b online), while the bulk band
dispersions are exactly the same. But the signs of Chern numbers at
the topological nodes are reversed because of the reversal of chiral
lattice, resulting in the reversed surface Fermi arcs on the (001)
surface (Fig. S1 online, details in the Supplementary materials Note
5). If the CDW is directly related to the Fermi arcs, it should be mir-
rored on these two enantiomers of CoSi. To verify it, we carried out
measurements on the two enantiomers of CoSi. First, we per-
formed the LEED measurements on the (001) surface of CoSi to
distinguish the two enantiomers, and the mirrored Z-shaped
enhanced intensity distribution manifests the opposite chirality
between the two enantiomers (Fig. 4a, b). In Fig. 4c, d, the ARPES
intensity maps on the two enantiomers show the mirrored config-
urations of the Fermi arcs, which indicates the chirality of Fermi
arcs reversals (Fig. S1 online). Second, we observed mirrored stripe
superlattices on the two enantiomers (Fig. 4e, f). This mirror effect
can also be seen from the FFT of the topographic images (Fig. 4e, f).
The mirrored CDW verifies that it is related to the nesting condi-
tion of Fermi arcs. In addition, the two enantiomers of CoSi host

169

the same bulk FS and the same trivial pockets at the X point
(Fig. 4c, d). Consequently, it furtherly indicates that the CDW is
directly related to the surface Fermi arcs.

4. Conclusion

Our results provide strong evidence for the charge instability
related to topological surface Fermi arcs towards a CDW phase in
chiral crystal CoSi, which is the first experimental observation of
many-body effect on topological boundary states. Unlike the con-
ventional CDW phase [38-41], the wavevector of this kind of
CDW is temperature-dependent. As a result, it is easy to tune the
CDW phase continuously by temperature. The interaction-driven
charge instability of surface Fermi arcs represents a new avenue
for investigating the interplay between many-body interactions
and topological boundary states. Whether other many-body
responses, such as unconventional superconductivity and long-
range magnetic orders, can be linked to topological boundary
states remains to be further explored.
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Fig. 4. (Color online) CDW phases on two enantiomers with opposite chirality. (a), (b) LEED patterns of two enantiomers with opposite chirality. The mirrored Z-shaped (the
red dashed lines as the guides to the eye) enhanced intensity diffraction spots show the opposite chirality of crystal structure of two enantiomers. (c), (d) ARPES intensity
maps of the two enantiomers at Eg, showing reversal chirality of Fermi arcs on the Fermi surface. The yellow dashed lines are the guides to the eye for the Fermi arcs. (e), (f)
Atomically resolved STM topographic images (20 nm x 20 nm) of the two enantiomers taken at 4.2 K, showing different orientations of the CDW phases on two enantiomers.
The spots (green circle) correspond to the CDW phases in the enlarged FFT images (insert), indicating that the CDW phases on the two enantiomers of CoSi are mirrored.
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