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Recent studies have attracted intense attention on the quasi-2D kagome superconductors AV;Sbs
(A = K, Rb, and Cs) where the unexpected chiral flux phase (CFP) associates with the spontaneous time-
reversal symmetry breaking in charge density wave states. Here, commencing from the 2-by-2 charge
density wave phases, we bridge the gap between topological superconductivity and time-reversal
asymmetric CFP in kagome systems. Several chiral topological superconductor (TSC) states featuring
distinct Chern numbers emerge for an s-wave or a d-wave superconducting pairing symmetry. Importantly,
these CFP-based TSC phases possess unique gapless edge modes with mixed chiralities (i.e., both positive
and negative chiralities), but with the net chiralities consistent with the Bogoliubov—de Gennes Chern
numbers. We further study the transport properties of a two-terminal junction, using Chern insulator or
normal metal leads via atomic Green’s function method with Landauer-Biittiker formalism. In both cases,
the normal electron tunneling and the crossed Andreev reflection oscillate as the chemical potential
changes, but together contribute to plateau transmissions (1 and 3, respectively) that exhibit robustness
against disorder. These behaviors can be regarded as the signature of a TSC hosting edge states with mixed

chiralities.
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Introduction.—Dissipationless transport is long longed
for by scientific community. Its early realization is brought
up by the advent of superconductivity [1,2]. In a super-
conductor, electrons pair to form Cooper pairs, undergoing
condensation below the critical temperature, which carry a
nondissipative supercurrent. Another possibility is provided
by a more recent achievement on the states of matter with
nontrivial topology. Typical examples are the quantum Hall
state [3—5] and the quantum anomalous Hall state [6-8].
They exhibit vanishing longitudinal resistivity and are quite
robust because of their nature in topology [9]. Then what if a
conventional superconductor and the quantum Hall state are
combined? The answer could be time-reversal symmetry
breaking chiral topological superconductivity [10]. Chiral
topological superconductors (TSCs) accommodate Majorana
zero modes [11-16], which are attractive building blocks for
quantum computers [ 17-20], when creating superconducting
vortices. As naturally occurring chiral TSCs are rare, it is
important to engineer chiral TSCs in artificial structures,
where an external magnetic field or magnetization is usually
considered a necessary ingredient to break time-reversal
symmetry [10,21,22].

Very recently, the quasi-two-dimensional (2D) AV;Sbs
(A =K, Rb, and Cs) family of materials has been exper-
imentally confirmed as a platform for various exotic quantum
phenomena, including nontrivial band topology [23,24],
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unconventional charge density wave (CDW) ordered states
such as the 2-by-2 vector charge density wave (VCDW),
the charge bond order (CBO), and the time-reversal sym-
metry breaking chiral flux phase (CFP) [24-27], super-
conductivity [23,28-34], as well as their coexistence [35,36].
Moreover, although the materials themselves take three-
dimensional structures, those important features are
believed to originate from their 2D kagome lattice sub-
structure [37-42].

Specifically, in that family of materials, the supercon-
ducting pairing symmetry is at first supported as conven-
tional s wave [43-46], but experimental evidence of
unconventional pairing soon follows up, as the absence
of the Hebel-Slicheter resonant peak under pressure [35]
together with the V-shaped dI/dV curves from the
scanning tunneling microscopy measurement [47,48].
Additionally, inside superconducting vortices, a robust
and nonsplit zero-bias conductance peak has been
observed, indicating the possible presence of Majorana
bound states [47]. While relevant advancements are indeed
very encouraging, it has been largely unexplored whether
the coupling between superconductivity and time-reversal
symmetry breaking CFP induces novel nontrivial phenom-
ena. To be specific, there have been so far at least three
unclear issues about this family of materials: Issue (I) the
undetermined superconductivity pairing symmetry; Issue
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(IT) the connection between topological superconductivity
and time-reversal asymmetric CFP; and Issue (III) the basic
transport characteristics of corresponding gapless edge
states, if Issue (II) is established.

Motivated by the above issues, in this Letter, we study
the interplay between superconductivity and charge orders
in a Rashba spin-orbit coupled kagome lattice by consid-
ering three possible CDW orderings and two spin-singlet
(s and dp._» wave) pairing symmetries. We find that
starting from the time-reversal symmetry breaking CFP
state, chiral TSC phases emerge for both singlet pairings,
but with distinct phase diagrams and different scenarios for
chiralities of the gapless edge modes. Because of the status
of mixing chiralities, we focus on a two-terminal device
with two typical leads, such as Chern insulator and metal
leads, and the tunneling signals plateaus at distinct values 1
and % respectively, for the s-wave-based TSC with A/ = 1.
Moreover, we also investigate the transport property in the
presence of disorder, and the results show that the quan-
tized plateaus are robust. After clarifying all above, we then
naturally provide clues to the first issue in distinguishing
between pairing symmetries. Because in the situations we
have considered, there are no common TSC Chern numbers
between the s-wave and the d._.-wave cases.

Model Hamiltonian.—To achieve the purpose stated
above, we build a Bogoliubov—de Gennes (BdG) model
based on the 2-by-2 CDW tight-binding Hamiltonian [24,25]
with ingredients including Rashba spin-orbit coupling
(RSOC) due to the breaking of inversion symmetry by the
substrate and two kinds of superconducting pairing terms:
the conventional s wave and the unconventional d,>_ > wave.
In the second quantization form, it can be written as

Hgqg = Hy + HCDW + Hgsoc + Hsc»

H0:Z- —|—Zc

HCDW = ZC A}/CDW>C,' + ZCI- —/ISBO - IASFP>C],
(ij)
HRSOC = IGZC Z ],
HSC_ZTAS ZTAH +Hec., (1)
where cj = (cl.TT, cji) is the electron creation operator at the

site i with the spin degree of freedom included. The pristine
term H contains the chemical potential u and the nearest
hopping t = 1, which we choose to be the energy unit
hereafter. The second term H -y describes the three kinds of
CDW states, among which we consider only one ata time and
they can be quantitatively mapped to graphs, respectively,
into panels (a)-(c) of Fig. 1. The bracket (---) under the
summation symbol means the first nearest neighbors. The
third term Hyrgoc 1s the RSOC measured by the parameter o
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FIG. 1. Panels (a)—(c): Graph representations of the three kinds
of CDW states, where the light-blue-edged hexagons represent
the primitive cells. In panel (a), the blue and green nodes have
negative and positive on-site energy modification to the chemical
potential —(u + 2YPW), and the black edge connecting a pair of
nodes represents the nearest-neighbor hopping. In panel (b), all
the on-site energies are the same, but the hoppings are modified:
the red edges stands for the normal hopping —¢, the thicker green
ones enhanced —(7 + A°B9), and the thinner blue ones weakened
—(t = 2A°B9). In panel (c), the hopping is modified by a pure
imaginary number to account for the chiral flux —(z % iA®F?),
where the sign is indicated by the directions of the arrows. Panel
(d): A schematic depiction of a two-terminal device to study
quantum transport behavior of the topological superconducting
phase discovered in this work, where an (L x W)-sized central
scattering region is constructed by translating the inset minimal
unit along the red and green vectors L and W times, respectively,
with the atoms (with dangling bonds) on both edges trimmed.

and d ;18 the unit vector along the hopping direction from the
site j to the site i, and s = (51, 55, §3) is the spin Pauli matrix
vector. The last term H g accounts for the spin-singlet s wave

and d,2_,» wave superconductivity with pairing potentlal

respectively, the isotropic A* and the anisotropic Ai ; =
A2 cos(2¢;;) [49-53], where ¢;; is the azimuthal angle of
d ij» and more details on model construction can be found in
Sec. SI of the Supplemental Materials (SM) [54].
Topological superconducting phases.—The model
Eq. (1) provides us the opportunity to study the quantum
phases from the combination of the three CDW orderings
and the two superconducting parings. As shown by the
dashed red bands in panels (a)-(f) of Fig. 2, when the
system is free of RSOC (a = 0.0), with a proper set of
parameters, insulating states can be obtained across all the
situations under consideration. And the two superconduct-
ing pairings do not render the band structures with much
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FIG. 2. Bulk band structures by combination of three CDW
phases and two superconducting pairings. Panels (a)—(d): With-
out breaking the time-reversal symmetry, a phase with a non-
vanishing BAG Chern number cannot be found from the first two
CDW phases. Panels (e),(f): Topologically nontrivial supercon-
ducting phases emerge from the last CDW order. Other param-
eters are u = 0.1, \YCPW/CBO/CFP — 25 A =(0.065, and
A% = 0.15. All energy dimensioned quantities are measured
in t.

difference for each CDW state. Because the first two CDW
(vCDW and CBO) states respect time-reversal symmetry, a
nonzero BAG Chern number is not expectable. On the
contrary, as the pure CFP carries a nonvanishing Chern
number C =2 (with spin degeneracy), a corresponding
BdG model in the same phase reasonably doubles that
value. The RSOC (a = 0.1) lifts degeneracy at most of the
lattice momentum points. Although it makes the band
structures more complicated, for vCDW and CBO states, a
nontrivial phase is still missing. However, the RSOC
induces topological phase transitions for the CFP order,
and odd integer BAG Chern numbers can be acquired
N =1 for s-wave and N/ = =5 for d,_,-wave pairing,
respectively.

A more thorough perspective can be obtained by inves-
tigating the topological phase diagram in the A-u space,
with color encoding the logarithm of band gap. We first
check the case of s wave in Fig. 3. When RSOC does not
exist (o = 0.0), the BdG model in Eq. (1) just simply
doubles the CFP (N = 4 = 2C) in most area of the phase
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FIG. 3. Phase diagrams for CFP with s-wave superconducting
pairings and relevant gapless edge states for TSC. Panel (a):
Without RSOC, most region occupied by the N =4 phase,
whose corresponding edge states are shown in panel (c), with spin
degeneracy. Panel (b): With RSOC, TSC phases appear, where
the region of interest is enlarged in panel (d), and the edge states
of two typical TSC phases are respectively shown in panels (e)
and (f). The horizontal line segment in panel (d) indicates the
parameter samplings for transport study part of this work shown
in Fig. 4.

space [see Fig. 3(a)] and its corresponding spectral function
data is presented in Fig. 3(c), where the gapless edge state
chirality concurs with the BdG Chern number, with the spin
degeneracy understood. There is a major yellow phase
boundary (seemly a circle), beyond which it is a totally
trivial phase. And the size of that phase border is directly
related to the value of Acpp. When a finite RSOC plays its
role (@ = 0.1), some new regions with various shapes and
corresponding boundaries appear accordingly from the
vanishing-Rashba framework [see Fig. 3(b) and its relevant
part enlarged in Fig. 3(d)]. At least two adiabatically
unconnected TSC phases both with N'=1 are among
them, whose corresponding scenarios of gapless modes are
displayed, respectively, in the panels (e) and (f) of Fig. 3.
One can see that, although possessing the same Chern
number, the situations of gapless modes of the two phases
are very different from each other. This CFP-based
TSC phase diagram possesses more complexity than its
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square-lattice counterpart [10]. The situations for the case
of d,»_,» wave bear many similarities, where TSC phases
appear with the first three negative odd BdG Chern
numbers, more on which can be found in the Sec. SIV
of the SM [54]. All of the TSC phases shown here have the
same characteristics that the total number of edge states is
larger than the corresponding Chern number, but none of
the net chirality is violated. Besides, we also study the
influence of stacking on TSC phases in the third dimension,
such as the ¢ direction perpendicular to the kagome plane,
which depends on the strength of interlayer coupling. As
shown in Fig. S2 of the SM [54], the three-dimensional
system would stay in the original chiral TSC phases for a
weak interlayer coupling, while exotic topological nodal-
point superconductivity can be found when the interlayer
coupling is strong. This nodal TSC exhibits Weyl nodes in
the bulk and the coexisting flat-band and dispersive
Majorana states on the surface. In experiments, the bulk
and surface properties of the nodal TSC can be investigated
through the thermal Hall transport and angle-resolved
photoemission measurements [54].

Transport properties of the gapless edge states.—Now
that those TSC phases whose gapless edge modes possess
mixed chiralities have been figured out, more can be
elucidated by studying their quantum transport behaviors.
To start with, we focus on the s-wave case with N/ = 1, and
choose the area where the values of parameters are not very
large, where we indicate a straight line path [see Fig. 3(d)]
with a fixed pairing potential but a varying chemical
potential that walks through the topologically trivial and
nontrivial superconducting states. Also in view of the fact
that a junction with Chern insulator leads and its derivatives
has been shown to have a close relationship with Majorana
braiding operations [19], and metal leads are the most
experimentally accessible, we build up corresponding two-
terminal devices containing a finite sheet with sufficient
sizes as its central scattering region, as schematized in
Fig. 1(d). The Chern insulator leads are in the state shown
in Fig. 3(c) and the metallic leads are those with merely the
t term in Fig. (1) and all other parameters are set to be zero.
We then find out the coefficients during the processes of the
normal electron tunneling (NET), the crossed Andreev
reflection (CAR), and the local Andreev reflection (LAR)
through the lattice Green’s function method with Landauer-
Biittiker formalism, with the adaptive partition of the
central scattering region used. More on transport study
can be found in the Sec. SVI of the SM [54]. The major
results are presented in Fig. 4 for a central scattering region
with a size of L x W, where the width along the y direction
is fixed at a sufficiently large value as W = 80, so that the
chiral edge states on the upper and the lower edges hardly
mix, and the length along the x direction is chosen as
L =40, 50, and 60. The two leads each have an appropriate
semi-infinite lattice translational symmetry along the x
direction [67].

Transmission Coefficients

< Tner = TiaR = Tear — Tnet +Tcar

0.0 01 0.

0.0 0.1 0.2

FIG. 4. TSC-related transport coefficients for a two-terminal
device with an (L x W)-sized sheet as its central scattering
region. For all panels, the sheet width is fixed at W = 80, the
superconducting pairing potential is A* = 0.065, and E = 0*.
Panels (a)-(c): Chern insulator leads with the sheet length
L =40, 50, and 60, respectively. Panel (d): Metallic leads with
the length L = 60. Though the curves behave in a more complex
manner, tunneling plateau signals (1 and %) are still accessible,
despite the size of sheet or the category of leads. y in unit of .

With the superconducting pairing potential fixed at A* =
0.065 and E = 07, each coefficient varies with respect to
the change of the chemical potential u € [—0.05,0.20],
corresponding to the selected path shown in the phase
diagram in Fig. 3(d), where one can see that around
1. ~0.07 there is a topological phase transition.
Therefore when the chemical potential is small and the
central scattering region is in ' = 4 phase, none of the
coefficients exceed 2 [Figs. 4(a)—4(c)] because there are
only two injecting electron chiral edge states when the
leads are all in a quantum anomalous Hall state with C = 2.
Specifically, the process of LAR is totally suppressed, and
that for NET oscillates under the value of 2, so does the
other tunneling process of CAR, so that even though each
one of them individually vibrates but together contribute to
a plateau signal of 2.

When the chemical potential continues increasing to pass
over the critical value (u.~ 0.07), a topological phase
transition occurs and now the finite flake enters the TSC
phase with A/ = 1. Then one can see that the amplitudes of
coefficients of the both tunneling processes (the NET and
the CAR) are reduced, however the LAR coefficient obtains
its finite values and largely the same pace with that of the
CAR. This coincidence behavior between the two kinds of
transport processes has been reported previously [68], but
now neither of them is constant with respect to the chemical
potential. On the other hand, the tunneling processes
together still provide plateau information at a unit value,
which can be understood, as the two incoming electron
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chiral edge states invoke the two Majorana chiral edge
states with the same moving direction in the central
scattering region, so that the plateau value drops a half
in magnitude after the topological phase transition happens,
which moreover is insensitive to the length of the finite
sheet [Figs. 4(a)-4(c)]. Finally, when the chemical potential
gets close to 0.2, the tunneling plateau rises up to 2 again,
and simultaneously the LAR is vanishing, because the
system crosses the phase border the second time. We notice
that in the course of phase transition (within two small
windows of u around 0.07 and 0.18), the tunneling
coefficients experience drastic oscillations. What happens
there is yet to be studied but beyond the scope of
present work.

With other conditions maintained, now we change the
leads to a normal metallic state so that the incoming states
not only increase in number but also include bulk wave
functions, and the corresponding transport behavior is
shown in Fig. 4(d). One can see that in this case, a large
number of inscattering electrons are responded by the
process for reflection of holes. And the tunneling processes
provide a plateau of 2, same as the case with Chern
insulating leads [Figs. 4(a)-4(c)] when A/ = 4, and there
is an obvious window of chemical potential where the NET
and the CAR approximately have the same coefficient
value. When N =1, however, the plateau changes its
previous unit value to 1 with an extra half. This is also
comprehensible because now the Majorana chiral edge
state with the opposite chirality but localized at the opposite
edge is also invoked, so there are totally three Majorana
chiral edge states participating in the transport processes.

Furthermore, we study the transport of the chiral TSCs in
the presence of disorder and find that they are quite robust
against the Anderson-type disorder with a strength well
larger than the bulk gap. However, sufficiently strong
disorder will destroy the TSC states. More details about
the disorder are concluded in Sec. SVII of the SM [54].

Summary and discussion.—To summarize, we establish
the connection between topological superconductivity and
time-reversal asymmetric CFP state and then confirm a
series of chiral TSC phases in the CDW-ordered kagome
systems. However, unlike the conventional cases, those
new phases are found that edge states highly possibly carry
mixed chiralities, e.g., a unit BAG Chern number can
support three chiral edge states, yet without violating the
chirality constraint. So those phases are expected to provide
multiple transport channels and more complexity possibly
would be introduced, which is verified in the result of
transport coefficients for a two-terminal device. Taken as an
example, for the s-wave case with N' =1, when Chern
insulator is used as the leads, the tunneling processes
together lead to a unity plateau, and the same kind of
plateau becomes % when there are an abundant of incoming
metallic states. Our work reveals the basic transport
properties of topological superconductivity when its

gapless edge states carry mixed chiralities, which is differ-
ent from both the pure chiral and the helical topological
superconductors. Moreover, the transport of chiral TSCs
exhibits strong robustness with respect to disorder [54].
Because the s wave and the d,._,» wave correspond to
different chiral TSC phases, these findings not only provide
a clue to distinguish between the superconductivity pairing
symmetries but also offer a promising avenue for exploring
novel quantum phenomena in the kagome materi-
als AV3Sb5
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