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The CoSi family hosts unconventional topological nodes with nonzero Chern numbers. The nontrivial topology is manifested by
conspicuous surface Fermi arcs connecting surface projections of the nodes. Here, using angle-resolved photoemission spec-
troscopy, we have systematically investigated the (001) surface states of pristine and Ni-doped CoSi. The surface states form
saddle-like band structures at/near the time-reversal invariant point near the Fermi level. The Fermi arcs undergo consecutive
Lifshitz transitions at the saddle points X, leading to changes of the Fermi arc configuration. As the density of states has a van
Hove singularity at the saddle points, exotic many-body physical phenomena may emerge accompanied by the topological

transitions of surface Fermi arcs.

topological transition, Fermi arcs, saddle point

PACS number(s): 73.20.At, 68.37.-d, 03.65.Vf

Citation:

Z. Rao, S. Tian, S. Gao, Q. Hu, W. Fan, J. Huang, C. Tang, Y. Huang, H. Lei, Y. Sun, T. Qian, and H. Ding, Consecutive topological transitions of

helical Fermi arcs at saddle points in CoSi, Sci. China-Phys. Mech. Astron. 65, 257013 (2022), https://doi.org/10.1007/s11433-021-1867-y

1 Introduction

The nontrivial topology in materials is manifested by pro-
tected electronic states on the boundary due to the bulk-
boundary correspondence. In three-dimensional (3D) topo-
logical semimetals, when a band-crossing nodal point carries
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a nonzero Chern number (C), such as the well-known Weyl
nodes (C = +£1), its surface projection is surrounded by sur-
face states with a helical band structure [1-5]. The helical
surface states are two-dimensional (2D) analogy of the chiral
edge states of integer quantum Hall insulators. The constant-
energy contours of helical surface states are open Fermi arcs,
which connect the surface projections of a pair of topological
nodes with opposite chirality, i.e., the sign of Chern numbers
[1-5], as illustrated in Figure 1(e). The Fermi arcs have been
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observed in a range of Weyl semimetals, such as the TaAs
family [6-11], (Mo,W)Te, [12-14], and Co;Sn,S, [15,16], as
well as the CoSi family [17-21], which has topological nodes
with higher Chern numbers, in angle-resolved photoemission
spectroscopy (ARPES) experiments. The Fermi arcs not only
play a key role in experimental identification of topological
semimetals, but also result in many unusual physical prop-
erties, such as periodic-in-1/B quantum oscillations in den-
sity of states (DOS) [22,23], 3D quantum Hall effect [24,25],
and chiral magnetic effects [26,27].

So far, these behaviors related to the Fermi arcs have been
well understood in the framework of non-interacting fer-
mions. On the other hand, many-body interactions in con-
densed matter systems also give rise to many fascinating
phenomena, such as unconventional superconductivity, Mott
insulators, and charge density wave (CDW). While super-
conductivity, CDW, and magnetic order have been found in
the bulk of many topological materials, many-body effects
on the topological surface states have remained elusive for a
long time. Very recently, we have observed an in-
commensurable CDW persisting even up to room tempera-
ture on the (001) surface of CoSi, which was attributed to
many-body interactions associated with the Fermi arcs [28].
The intriguing behavior inspires us to systematically in-
vestigate the (001) surface states of pristine and Ni-doped
CoSi single crystals. Our ARPES results reveal that the he-
lical surface states on the (001) surface of CoSi form mul-
tiple saddle points, at which the Fermi arcs undergo
consecutive topological transitions. Since electron correla-
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tions are significantly enhanced at the saddle points, it is
expected to uncover more physical phenomena induced by
many-body interactions in the topological surface states.

2 Methods

High-quality single crystals of pristine and Ni-doped CoSi
were grown by the chemical vapor transport method. ARPES
measurements were carried out at the “Dreamline” beamline
of the Shanghai Synchrotron Radiation Facility with a Sci-
enta Omicron DA30L analyzer. To obtain atomically flat
surfaces for the ARPES measurements, we polished the
(001) surface of single crystals, and then repeatedly sputtered
the surfaces and annealed the samples until clear reflection
high-energy electron diffraction patterns appeared [29].

3 Results and discussion

CoSi crystalizes in space group P2,3 (No. 198) with chiral
cubic lattices, which have no mirror, inversion, and roto-
inversion symmetries. Figure 1(b) shows that when spin-
orbit coupling (SOC) is not included, the band structure near
the Fermi level (Ef) has three- and four-fold degenerate
nodal points at I and R, respectively. The calculations have
indicated that the nodes carry nonzero Chern numbers +2
without SOC [30-33]. On the (001) surface, the two nodes at
I and R are projected to the surface Brillouin zone (BZ)
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(Color online) Nontrivial topological properties in CoSi. (a) Bulk BZ and (001) surface BZ of CoSi. (b) Calculated bulk band structure along high-

symmetry lines without SOC. (c) ARPES intensity map at £ measured with Av =110 eV on the (001) surface of CoSi. (d) Core-level photoemission spectra
of pristine and Ni-doped CoSi samples. (¢) Schematic of helical surface states near the projections of a pair of Weyl nodes with opposite chirality.
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center I' and corner M, respectively (Figure 1(a)). Two Fermi
arcs emanate from the projection of each node on the (001)
surface corresponding to C = £2. When SOC is included,
because of the lack of inversion symmetry, finite spin split-
ting is induced in all surface bands and most bulk bands, and
the nodes at I" and R carry Chern numbers +4 [31,32]. Four
Fermi arcs emanate from the projection of each node on the
(001) surface corresponding to C = +4. However, owing to
the weak SOC strength in CoSi, the splitting in both bulk and
surface bands is too small to be resolved in the ARPES
experiments. Therefore, we discuss the experimental results
under the framework without SOC.

Figure 1(c) shows the ARPES intensity map at Ex mea-
sured at photon energy 4v = 110 eV. Our previous study has
indicated that most ARPES spectra detected with vacuum
ultraviolet light come from the surface states of CoSi because
of the short mean free path of excited photoelectrons [17].
The intensity map exhibits that two Fermi arcs emanate from
T, diagonally cross the surface BZ, and end at M, corre-
sponding to C = £2 without SOC. At the (001) surface, al-
most all lattice symmetries in the bulk are broken, and only
in-plane translation symmetry and time-reversal symmetry
are preserved. The Fermi arcs are related by = rotation with

respect to the time-reversal invariant points T', M, or X,

Sci. China-Phys. Mech. Astron.

(a) (b)
~ P =
] i N
£ 1 ” £ e (©
X i ;
. ) v R
—1 WA - 3 Q
o E
-1 0 1
k, (T/a)
(d)
] :
—~ 024" : f
2 zﬁ Lt i
E oottty
0 L :—I\&ﬂx -A-- 45 meV
-0.2- T ¥ o g
. i —1-o —25meV
(e) -0.2 0.2
1.2 ;
g L
E 1043 ;':r“'ﬁ,zé
' T F
: : -o-- =40 meV
-1.2-1.0-0.8
ky (Va)

X7-0.2

X 08

May (2022) Vol.65 No.5 257013-3

which is constrained by time-reversal symmetry [33].

We first investigate the helical surface states in the vicinity
of T and M. We have performed ARPES measurements on
CoSi samples at 195 K. The Fermi-Dirac distribution func-
tion is broadened at finite temperatures, resulting in partial
occupation within a few kgT above Ep. Therefore, the
ARPES experiments at 195 K can detect the electronic states
within tens of meV above Er. Figure 2(b) and (c) show the
ARPES intensity maps at different constant energies around
T and M. The Fermi arcs almost connect to T', whereas they
do not reach M since the node at M is enclosed by projected
Fermi surfaces (FSs) of bulk states. The Fermi arcs at dif-
ferent energy levels are plotted together in Figure 2(d) and
(e). With raising the energy, the Fermi arcs rotate clockwise
and anticlockwise with respect to T' and M, respectively.
Figure 2(f) and (g) show surface band dispersions on the
loops encircling T' and M, respectively. There are two par-
allel bands on each loop, but the bands between the two loops
have opposite signs of velocity, which is dictated by opposite
Chern numbers of the nodes at I' and R. We combine the
Fermi arcs and surface bands in Figure 2(h) and (i). It is clear
that the rotation of Fermi arcs with energy arises from the
helical surface states around surface projections of the nodes.

As seen in Figure 3(a), since two ends of the Fermi arcs
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Figure 2 (Color online) Helical surface bands and Fermi arcs around T and M. (a) ARPES intensity map at £ measured with Av = 55 ¢V. (b) ARPES
intensity maps at —25 meV (left), Er (middle), and 45 meV (right) around T'. (¢) ARPES intensity maps at —40 meV (left), Er (middle), and 40 meV (right)
around M. (d), (e) Fermi arcs extracted from the data in (b) and (c), respectively. ARPES intensity plots showing surface band dispersions along loops #1 (f)
and #2 (g), whose momentum locations are indicated as orange and cyan circles in (a). 3D plots of the extracted Fermi arcs and surface bands around T (h)

and M (i).
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Figure 3 (Color online) Saddle point of the surface states at X. (a) Fermi arcs at £ on the (001) surface of CoSi. The arrows indicate the moving directions
of the Fermi arcs with raising the energy. (b) Schematic of the saddle-like band structure. SP is the abbreviation of saddle point. (c) ARPES intensity plots
showing the saddle-like band dispersions near X. (d) ARPES intensity maps around X at 15, 25, 35, 45, and 55 meV, showing that the Fermi arcs undergo a
Lifshitz transition at 35 meV. Red and green dashed lines are guide to eyes for the band dispersions below and above the saddle point, respectively.

rotate clockwise and anticlockwise, respectively, the middle
part of the Fermi arcs will stretch toward the X point with
energy shift. Figure 3(d) shows evolution of the Fermi arcs
around X above Ep. With raising the energy, the two Fermi
arcs first approach gradually, touch each other at X at
35 meV, and separate again at higher energies. The evolution
of Fermi arcs with energy indicates that the surface states
form a saddle point at 35 meV above Ey at X, as illustrated in
Figure 3(b). To further illuminate the saddle point, we plot
surface band dispersions near X in Figure 3(c), which exhibit
hole-like bands along the &, direction below the saddle point
but electron-like bands along the k, direction above the
saddle point. These results demonstrate that the helical sur-
face states form a saddle point at the time-reversal invariant
point X, at which the Fermi arcs undergo a Lifshitz transi-
tion.

Figure 4(a)-(f) exhibit that the Lifshitz transition sig-
nificantly changes the topological configuration of Fermi
arcs in CoSi. For convenience, we divide M into M, and M,
and X into X, and X, in the surface BZ, as indicated in
Figure 4(a). Figure 4(a)-(d) show that when the energy levels
lie below the saddle point at 35 meV, the Fermi arcs keep
connecting between I' and M,. When the energy level rises
above the saddle point, the Fermi arc configuration switches
to the connection between T’ and M, in Figure 4(e) and (f).

As the energy level continues to rise, we observe another
Lifshitz transition near X ,» Which results in the Fermi arc
configuration switching again. The Fermi arcs gradually
approach the FS surrounding iz with raising the energy, as

marked with red arrows in Figure 4(d)-(f). We estimate that
the Fermi arcs would touch the FS at ~80 meV above Ep in
CoSi. However, owing to the limitation of the Fermi-Dirac
distribution function, the band structures at higher energies
cannot be detected in pristine CoSi samples. Therefore, we
have performed ARPES measurements on Co;_NiSi sam-
ples, whose chemical potential is elevated by electron dop-
ing, allowing us to investigate the band structures at higher
energies. Figure 4(g)-(i) show the constant-energy maps of
Co,_,Ni,Si at =170 meV, —85 meV and E¥, respectively. The
Fermi arcs almost touch the FS at iz in Figure 4(g), while the
Fermi arcs and FS combine into new Fermi arcs in Figure
4(h). The Fermi arcs undergo another Lifshitz transition
between Figure 4(g) and (h). Likewise, the Lifshitz transition
occurs at a saddle point, at which the Fermi arc touches the
FS at iz. The Lifshitz transition results in the Fermi arc

configuration switching to the connection between T and M,
as seen in Figure 4(g) and (h).

We plot three representative contours of surface states at
different energy levels in Figure 4(j), where the Fermi arcs
stretch along M I'-M,, M, T-M,, and M-T-M, in se-
quence. To illustrate the topological transition of Fermi arcs,
we draw a schematic plot of combined surface states of two
pairs of topological nodes in Figure 5(a). The interplay of the
helical surface states generates a saddle-like band structure.
The Fermi arcs meet when sweeping the energy through the
saddle point, resulting in a Lifshitz transition, whereas they
are less affected near the nodes. As a result, the Fermi arc
configuration is changed through the saddle point. Based on
the scenario, we summarize the evolution of the Fermi arc
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Figure 4 (Color online) Lifshitz transitions of helical Fermi arcs in CoSi and Co,_Ni,Si. (a)-(f) ARPES intensity maps at —50, —25, 0, 20, 40, and 60 meV
at 196 K in CoSi. Cyan dashed lines are guide to eyes for the Fermi arcs. (g)-(i) ARPES intensity maps at —170 meV, —85 meV and £y at 30 K in Ni-doped
CoSi. (j) Extracted Fermi arcs at Ep (top) and 60 meV (middle) in CoSi and at £y (bottom) in Ni-doped CoSi.
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Figure 5 (Color online) Consecutive topological transitions of helical Fermi arcs. (a) Schematic of combined helical surface states of two pairs of
topological nodes. Purple and green lines represent the Fermi arcs lying above and below a saddle point, respectively. (b) Schematics of the evolution of
Fermi arcs with sweeping the energy in CoSi, illustrating consecutive topological transitions of helical Fermi arcs at saddle points. Arrows between the
schematics refer to the upward energy shift.

configuration with energy in CoSi in Figure 5(b). For sim- states form saddle points at the X point. The Fermi arcs rotate
plicity, we ignore the FS at X,, which arises from local continuously with sweeping the energy. When the Fermi arcs
distortion of the surface band structures. The helical surface meet at the saddle points, a Lifshitz transition occurs, re-
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sulting in a switch of the topological configuration of the
Fermi arcs. The configuration is restored when it switches
twice with sweeping the energy, forming a closed loop as
shown in Figure 5(b). The topological transitions occur re-
peatedly until the projected FSs of the nodes expand to
connect with each other.

4 Conclusion

Our results have revealed that the helical surface states on the
(001) surface of CoSi form multiple saddle points, at which
the Fermi arcs undergo topological transitions. At a saddle
point of band dispersions in 2D systems, the density of states
has a van Hove singularity of logarithmic divergency. The
chemical potential of CoSi can be easily tuned via element
substitution. When the saddle points approach Eg, the in-
creased density of states enhances electron correlations,
which would lead to various instabilities, such as super-
conductivity [34], magnetism [35], and charge/spin density
wave [36,37]. As the CDW instability has been observed in
the topological surface states of CoSi, it is promising to
uncover more fascinating phenomena induced by electron
correlations by finely tuning the chemical potential of the
surface states in the future.
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