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We show that Floquet chiral topological superconductivity arises naturally in Josephson junctions made
of magnetic topological insulator-superconductor sandwich structures. The Josephson phase modulation
associated with an applied bias voltage across the junction drives the system into the anomalous Floquet
chiral topological superconductor hosting chiral Majorana edge modes in the quasienergy spectrum, with
the bulk Floquet bands carrying zero Chern numbers. The bias voltage acts as a tuning parameter enabling
novel Floquet topological quantum phase transitions driving the system into a myriad of exotic Majorana-
carrying Floquet topological superconducting phases. Our theory establishes a new paradigm for realizing
Floquet chiral topological superconductivity in solid-state systems, which should be experimentally
directly accessible.
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Introduction.—Ever since the discovery of the quantum
Hall effect [1,2], the concept of topological phases has
revolutionized our understanding of matter by challenging
the conventional Landau paradigm of classifying phases of
matter. Two phases, sharing exactly the same internal and
crystalline symmetries, could still be distinct in a topo-
logical sense, thus behaving differently in terms of their
physical properties. Besides the quantum Hall effect, other
well-known examples of topological phases include Chern
insulators [3,4], topological insulators [5–8], and topologi-
cal superconductors (TSCs) [9–11]. In particular, the
intrinsic connection between TSCs and non-Abelian
Majorana zero modes has inspired tremendous research
activity spanning condensed matter physics to quantum
computation [12–14]. The current work introduces a new
idea involving driven dynamical Floquet chiral Majorana
modes in TSCs.
Recently, far-from-equilibrium dynamical topological

phenomena have attracted research attention [15–22]. In
particular, Floquet systems subjected to time-periodic
dynamical driving may manifest new topological phases
emergent as a consequence of the quantum dynamics.
These Floquet systems may host boundary modes which
are simply impossible in static equilibrium systems [23–
32]. A well-known “beyond-static-topology” example is a
two-dimensional (2D) anomalous Floquet topological insu-
lator (AFTI) in the symmetry class A [23,25]. Remarkably,
the boundary of such an AFTI hosts chiral topological
modes just like a static Chern insulator, even though all its
Floquet bands are topologically trivial. Such an AFTI phase
has already been experimentally demonstrated in the state-
of-the-art photonic [33–36], acoustic [37], and atomic [38]
platforms. Despite the success in realizing AFTIs, however,

there have been surprisingly few theoretical studies [39–41]
and no experimental efforts on the corresponding super-
conducting counterpart, i.e., a 2D anomalous Floquet chiral
topological superconductor (AFCTSC) with Chern-num-
ber-independent chiral Majorana edge modes. Compared to
AFTIs, the key challenge to materialize an AFCTSC phase
is twofold: (i) the intrinsic difficulty in simulating super-
conductivity in artificial systems; (ii) the lack of a simple
and feasible dynamical driving protocol in superconducting
solid-state systems.
In this work, we propose an experimentally feasible and

highly tunable solid-state paradigm for achieving AFCTSC
and Floquet chiral Majorana physics. Our proposed plat-
form is based on a superconductor-magnetic topological
insulator/superconductor sandwich structure [see Fig. 1(a)],
which we call a chiral topological Josephson junction
(CTJJ). With a static bias voltage applied across the top
and bottom superconducting layers, the Josephson phase
(i.e., the relative phase between the superconductors)
modulates as a periodic function of time, offering a driving
protocol for this CTJJ. Remarkably, by simply tuning the
dc bias voltage, a series of Floquet topological phase
transitions occurs sequentially, as schematically shown in
Fig. 1(b). This leads to a wealth of novel Floquet TSC
states, including the AFCTSC state with anomalous chiral
Majorana edge modes. We provide a detailed theory for the
emergent Floquet topological phases, including their
dynamical formation and topological characterization.
Model Hamiltonian.—We start by introducing the model

Hamiltonian for the CTJJ system (Fig. 1). A key ingredient
here is the magnetic topological insulator thin film, which
can be effectively described by hMTIðkÞ ¼
vðsin kxσz ⊗ sy − sin kyσz ⊗ sxÞ þ tðkÞσx þ gzsz. Here σ
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and s are the Pauli matrices denoting the surface layer and
spin degrees of freedom, respectively. gz denotes the z-
directional Zeeman effect due to the bulk magnetization
and tðkÞ ¼ t0 − t1ðcos kx þ cos kyÞ describes the hybridi-
zation between top and bottom Dirac surface states. In the
presence of the superconductor layers, the effective
Bogoliubov–de Gennes (BdG) theory for the system is
given by

HCTJJðk; tÞ ¼
�
hMTIðkÞ − μ hΔðtÞ

h†ΔðtÞ −hTMTIð−kÞ þ μ

�
ð1Þ

where the isotropic s-wave pairing is given by

hΔðtÞ ¼
�
−iΔteiφðtÞsy 0

0 −iΔbsy

�
: ð2Þ

Here, ΔtðbÞ is the proximitized superconducting order for
the top (bottom) surfaces of the magnetic topological
insulator, μ is the chemical potential, and φðtÞ is the
Josephson phase between Δt and Δb [42]. We have defined
σ� ¼ ðσ0 � σzÞ=2.

When a constant bias voltage V0 is applied between the
superconductor layers, eiφðtÞ starts to periodically modulate
according to the second Josephson relation

φðtÞ ¼ φ0 þ 2eV0t: ð3Þ

This converts the CTJJ to an effective Floquet super-
conducting system with a driving frequency of
ω ¼ 2eV0, although the dynamics here is intrinsically
generated by the Josephson effect and not by any explicit
external time dependent field. The stroboscopic dynamics
of the CTJJ is captured by the Floquet Hamiltonian
HF, which, in the frequency domain, manifests as an

infinite-dimensional matrix [19] with ðHFÞll0 ¼ hðl−l
0Þ

ω þ
ωlδll0 for l; l0 ∈ Z. Here we have defined hðl−l

0Þ
ω ¼

1=T
R
T
0 HCTJJðtÞeiðl−l0Þωtdt with the driving period

T ¼ 2π=ω. It is straightforward to show that

hð0Þω ¼ HCTJJðΔt → 0Þ;

hð1Þω ¼ Δt

2
ðτy ⊗ σþ ⊗ sy − iτx ⊗ σþ ⊗ syÞ; ð4Þ

along with hð−1Þω ¼ ðhð1Þω Þ† and hðlÞω ¼ 0 if jlj > 1. Here,
τ0;x;y;z are the Pauli matrices for the particle-hole degree of
freedom.
High-frequency limit.—When the energy scale of eV0 is

much larger than the bandwidth of hð0Þω , the system enters
the high-frequency regime and the corresponding topo-

logical physics is governed by hð0Þω , the zeroth order term in
the high-frequency expansion of HF [19].

When μ ¼ 0, the eigenspectrum of hð0Þω is analytically
tractable with

Eð0Þ
ω ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2k2 þ

�
gz �

Δb

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2

b þ 4tðkÞ2
q

2

�vuut
; ð5Þ

where k2 ¼ k2x þ k2y. Then it is straightforward to show that

the bulk gap-closing condition for hð0Þω at a high-symmetry
momentum ki is simply

Δb ¼ � tðkiÞ2 − g2z
gz

: ð6Þ

By defining α ¼ 2t1=t0, we have tðΓÞ ¼ ð1þ αÞt0,
tðX=YÞ ¼ t0, tðMÞ ¼ ð1 − αÞt0 for the high-symmetry
momenta Γ ¼ ð0; 0Þ, X ¼ ðπ; 0Þ, Y ¼ ð0; πÞ, and
M ¼ ðπ; πÞ. Therefore, the topological phase boundaries

for hð0Þω at μ ¼ 0 are completely determined by three
independent parameters: gz, Δb, and α.
In Figs. 2(a) and 2(b), we map out the topological phase

diagram for hð0Þω with α ¼ 1 and α ¼ 1
2
, respectively. We

(a)

(b)

FIG. 1. (a) A chiral topological Josephson junction. The low-
energy physics is governed by the gapped Dirac surface states of
the magnetic topological insulator thin film, along with the
intersurface tunneling tðkÞ and the proximitized superconducting
orders Δt;b. Applying a bias voltage V0 achieves a modulation of
the Josephson phase φðtÞ and drives the system into a Floquet
superconductor. (b) Tuning V0 induces the Floquet topological
phase transition, which further leads to the anomalous Floquet
chiral TSC phase. The anomalous chiral Majorana edge modes
denote those that cannot be explained by the BdG Chern number
of the Floquet bulk bands.

PHYSICAL REVIEW LETTERS 127, 067001 (2021)

067001-2



have identified a plethora of chiral topological super-
conducting phases with a nonzero BdG Chern number C
for the occupied band manifold, all of which feature jCj
number of chiral Majorana edge modes. In particular, C is
defined by integrating the Berry curvature throughout the
2D momentum-space Brillouin zone (BZ) for all the
occupied BdG bands [2,43]. Whenever a single Dirac
transition occurs at Γ or M (denoted by the orange and
red lines, respectively), we find that the BdG Chern number
C changes by �1. Since our model is invariant under the
fourfold rotation symmetry, the bulk gap will simultane-
ously close at X and Y (denoted by the blue line), changing
the value of C by �2. In Figs. 2(c) and 2(d), we choose the
parameter set μ ¼ 0, v ¼ 0.8, Δb ¼ 0.4, gz ¼ 0.6, α ¼ 0.5

in units of t0 and plot the bulk and edge spectra of hð0Þω ,
respectively. These parameters should generate a C ¼ 1
chiral TSC phase based on Fig. 2(b), which is further
confirmed by the chirally dispersing Majorana edge mode
shown in Fig. 2(d).

Notably, the phase diagram of hð0Þω should be directly
interpreted as the Floquet topological phase diagram for
HF in the ω → ∞ limit. For the purpose of discussing
Majorana physics in this work, the BdG Chern number C
for HF [e.g., the ones shown in Figs. 2(a) and 2(b)] is
always defined for all quasienergy bands lying between

ð−ω=2; 0�. We expect the quasienergy band set within
ð0;ω=2� to carry an opposite C. While the Floquet chiral
TSC in the high-frequency limit is adiabatically equivalent
to a static chiral TSC with the same BdG Chern number, it
serves as a good starting point for introducing the anoma-
lous Floquet chiral TSC physics via quantum dynamics,
which we do next.
Floquet topological phase transitions.—With the

Floquet chiral TSC phase, we are now ready to move
away from its high-frequency limit by gradually reducing
the driving frequency ω. Practically, this process simply
amounts to reducing the bias voltage V0 in the experimental
setting. We note that the value of ω=2 sets the boundary of
the Floquet Brillouin zone for the quasienergy ε. Therefore,
whenever the reference line of ε ¼ ω=2 intersects with the

energy bands of hð0Þω at a high-symmetry momentum ki, the
bulk Floquet gap at ki must close at ε ¼ ω=2 as well,
inducing a Floquet topological phase transition (FTPT).
Throughout our work, we will refer to FTPT as the phase
transition occurring on the Floquet BZ boundary ε ¼ ω=2.
Without loss of generality, we start with the same

Floquet chiral TSC phase in Figs. 2(c) and 2(d) as an
example to demonstrate the key physics here. By gradually
increasing the driving period from T ¼ 0 to T ¼ 2.5 (in
units of 1=t0), five FTPTs take place successively as shown
in Fig. 3(a). In particular, we find that the first FTPT
happening at M has two seemingly “contradictory” con-
sequences: (i) it trivializes the original BdG Chern number
C for the bulk Floquet bands; (ii) it cannot trivialize the
preexisting chiral Majorana edge mode around ε ¼ 0.
Therefore, the only possible scenario compatible with
the above contradictions is that the chiral Majorana edge
mode must cross both the quasienergy gaps at ε ¼ 0 and
ε ¼ ω=2 simultaneously, regardless of a vanishing C.
We then proceed to calculate the ŷ-directional Floquet

edge spectrum at T ¼ 1.5, right after the first FTPT. As
shown in Fig. 3(c), we find a pair of chiral Majorana edge
modes living inside both quasienergy gaps as expected,
which confirmsour conjectured edge scenario. Such a pair of
anomalous chiral Majorana edge modes are exactly the
defining characteristics of the anomalousFloquet chiral TSC
phase that we have defined in the introduction. This
AFCTSC phase should be clearly distinguished from the
conventional Floquet chiral TSCs (like the onewe find in the
high-frequency limit), since its edge Majorana physics
cannot be accounted for by calculating the BdG Chern
numberC. In fact, the relevant topological invariant for such
an AFCTSC is a homotopy-based winding number [25,29]

W ¼ 1

8π2

Z
dtdk2tr

�
ϵl1l2l3

Y3
j¼1

ðŨ−1∂lj ŨÞ
�
∈ Z; ð7Þ

where ϵl1l2l3 is the Levi-Civita symbol for l1;2;3 ∈ fkx; ky; tg.
Here Ũðk; tÞ is the micromotion operator for the driven

(a) (b)

(c) (d)

FIG. 2. (a) and (b) show the topological phase diagram of hð0Þω

for α ¼ 1 and α ¼ 1
2
, respectively. The orange, blue, and red phase

boundaries denote band gap closing at zero energy at Γ, X and Y,

andM, respectively. (c) Bulk band spectrum of hð0Þω for our choice
of parameters with the BdG Chern number C ¼ 1. (d) Edge
spectrum of the C ¼ 1 phase, which clearly shows a single chiral
Majorana edge mode. Γ̃ and Ỹ are the high-symmetry momenta in
the edge BZ.
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system [44]. Starting from the time-evolution unitary
Uðk; tÞ ¼ T exp½−i R t

0 HCTJJðk; tÞdt� with T denoting the
time ordering, we have Ũðk; tÞ ¼ Uðk; tÞ ×Uðk; TÞ−t=T ,
where the logarithmic branch cut is chosen to beω=2 for our
purpose. Crucially, it is both the BdG Chern number C and
the winding invariant W that together determine the com-
plete topological properties of a general 2D classD Floquet
TSC, including both the anomalous and nonanomalous
ones, leading to a Z × Z topological classification.
The general relation between the bulk topological

indices ðC;WÞ and the edge Majorana physics can be
understood as follows. Let us first denote the numbers of
chiral Majorana modes within the ε ¼ γ gap as nedgeðγÞ for
γ ¼ 0, ω=2. In particular, when nedgeðγÞ is positive (neg-
ative), it indicates jnedgej number of right-moving (left-
moving) chiral Majorana modes. Then the bulk-edge
correspondence is given by

nedgeð0Þ ¼ CþW; nedge

�
ω

2

�
¼ W: ð8Þ

Specifically, the anomalous chiral Majorana configuration
in Fig. 3(c) corresponds to ðC;WÞ ¼ ð0; 1Þ, which agrees
with our calculations of bulk topological indices.

One can similarly identify the topological nature of all
Floquet phases induced by the other four FTPTs in
Fig. 3(a), by calculating both their topological indices
and the corresponding edge quasienergy spectra. In gen-
eral, we find that (i) a FTPT at Γ or M will change both C
and W by �1 simultaneously; (ii) a FTPT at both X and Y
will change both C and W by �2. As a result, the driving
induced topological phase diagram is mapped out in
Fig. 3(b), with each phase labeled by its topological indices
ðC;WÞ. As another example, we also calculate the edge
spectrum of the ðC;WÞ ¼ ð2;−1Þ phase at T ¼ 2.5 in
Fig. 3(d), where a right-moving (left-moving) chiral
Majorana edge mode is found with the ε ¼ 0 (ε ¼ ω=2)
gap, in agreement with the prediction in Eq. (8).
In general, the possible outcome of driving-induced

FTPTs sensitively depends on the choice of static param-
eters (e.g., gz, Δb, α, etc.), so that it is not possible to map
out a complete topological phase diagram in the high-
dimensional generic parameter space. Nevertheless, based
on Eq. (8), we expect that by gradually reducing V0 from
the high-frequency limit, the FTPT will always generate a
Floquet state with chiral Majorana edge modes across the
ω=2 quasienergy gap, which, crucially, is independent of
(i) the topological nature of the initial high-frequency limit;
(ii) the precise position of the FTPT occurring in the
momentum space. Namely, even starting from a

(a) (b)

(c) (d)

FIG. 3. (a) The Floquet topological phase transition happens whenever the reference line of ε ¼ ω=2 intersects with the static bands of

hð0Þω at high-symmetry momenta. Here we only plot the upper half spectrum of hð0Þω [i.e., the E > 0 part of Fig. 2(c)] for simplicity.
(b) Driving-induced topological phase diagram as a function of the driving period T. Each phase is labeled by two integer-valued
topological invariants: the BdG Chern number C and the winding numberW. (c) Edge spectrum of the AFCTSC phase at T ¼ 1.5 with
ðC;WÞ ¼ ð0; 1Þ. This phase features a single right-moving chiral Majorana edge mode penetrating the quasienergy gaps at both ε ¼ 0
and ε ¼ ω=2. (d) Another Floquet TSC phase with ðC;WÞ ¼ ð2;−1Þ occurs at T ¼ 2.5. This phase features a right-moving (left-
moving) chiral Majorana edge mode within the ε ¼ 0 (ε ¼ ω=2) gap. The zoomed plots in (c) and (d) range from 0.45ω to 0.55ω.
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topologically trivial state with C ¼ 0 [like the ones shown
in Figs. 2(a) and 2(b)], the Floquet engineering from
Josephson phase modulation can always lead to various
anomalous Floquet topological phenomena in the CTJJ
through simply changing the bias voltage V0. The Floquet
TSC physics with Majorana edge modes is generated
entirely by the intrinsic dynamics arising from the
dc-biased Josephson effect in the CTJJ.
Conclusion.—To summarize, we have proposed a topo-

logical Josephson junction as a new experimentally feasible
paradigm for achieving anomalous Floquet chiral Majorana
modes in solid-state systems. The remarkable electrical
tunability of the CTJJ allows for the realization of Floquet
chiral TSC physics, with the Josephson dc voltage being
the key control knob. We note that the topological insu-
lator-superconductor sandwich structures have already
been fabricated experimentally with either Pb [45] or Nb
[46] as the superconductor layers. Meanwhile, magnetic
topological insulator-superconductor heterostructures have
been realized in experiments with thin films of Cr-doped
ðBi; SbÞ2Te3 and Nb [47–49]. Therefore, we believe that
the proposed CTJJ structure, as well as its Floquet chiral
TSC physics, should soon be experimentally realizable. In
the Supplemental Material (SM) [50], we propose to use
scanning tunneling microscopy technique to identify three
complementary experimental signatures, the combination
of which can convincingly demonstrate the existence of
Floquet chiral TSC physics in experiment. An estimate of
experimentally relevant model parameters is also provided
in the SM. Finally, we mention that in the presence of an
external magnetic field, our system should host vortex
Majorana bound states at quasienergies 0 and/or ω=2,
because of its chiral TSC nature. How to design new
braiding protocols for these Floquet Majorana bound states
to implement fault-tolerant logic gate operations is an
intriguing challenge for the future.

R.-X. Z thanks Zhi-Cheng Yang and Jiabin Yu for
helpful discussions. This work is supported by the
Laboratory of Physical Sciences. R.-X. Z acknowledges
a JQI Postdoctoral Fellowship.

Note added.—Recently, we became aware of a work [55]
proposing a planar Josephson junction on a 2DEG system
in order to achieve Floquet topological superconductivity in
one dimension.

*ruixing@umd.edu
[1] K. V. Klitzing, G. Dorda, and M. Pepper, Phys. Rev. Lett.

45, 494 (1980).
[2] D. J. Thouless, M. Kohmoto, M. P. Nightingale, and M. den

Nijs, Phys. Rev. Lett. 49, 405 (1982).
[3] F. D. M. Haldane, Phys. Rev. Lett. 61, 2015 (1988).
[4] C.-X. Liu, S.-C. Zhang, and X.-L. Qi, Annu. Rev. Condens.

Matter Phys. 7, 301 (2016).

[5] C. L. Kane and E. J. Mele, Phys. Rev. Lett. 95, 146802
(2005).

[6] B. A. Bernevig and S.-C. Zhang, Phys. Rev. Lett. 96,
106802 (2006).

[7] M. Z.HasanandC. L.Kane,Rev.Mod.Phys.82,3045(2010).
[8] X.-L. Qi and S.-C. Zhang, Rev. Mod. Phys. 83, 1057 (2011).
[9] N. Read and D. Green, Phys. Rev. B 61, 10267 (2000).

[10] A. Y. Kitaev, Phys. Usp. 44, 131 (2001).
[11] R. M. Lutchyn, J. D. Sau, and S. Das Sarma, Phys. Rev.

Lett. 105, 077001 (2010).
[12] S. D. Sarma, M. Freedman, and C. Nayak, npj Quantum Inf.

1, 15001 (2015).
[13] R. M. Lutchyn, E. P. A. M. Bakkers, L. P. Kouwenhoven, P.

Krogstrup, C. M. Marcus, and Y. Oreg, Nat. Rev. Mater. 3,
52 (2018).

[14] E. Prada, P. San-Jose, M.W. A. de Moor, A. Geresdi, E. J.
H. Lee, J. Klinovaja, D. Loss, J. Nygård, R. Aguado, and L.
P. Kouwenhoven, Nat. Rev. Phys. 2, 575 (2020).

[15] T. Oka and H. Aoki, Phys. Rev. B 79, 081406 (2009).
[16] N. H. Lindner, G. Refael, and V. Galitski, Nat. Phys. 7, 490

(2011).
[17] J. Cayssol, B. Dóra, F. Simon, and R. Moessner, Phys.

Status Solidi RRL 7, 101 (2013).
[18] P. M. Perez-Piskunow, G. Usaj, C. A. Balseiro, and L. E. F.

F. Torres, Phys. Rev. B 89, 121401 (2014).
[19] T. Oka and S. Kitamura, Annu. Rev. Condens. Matter Phys.

10, 387 (2019).
[20] L. Fidkowski, H. C. Po, A. C. Potter, and A. Vishwanath,

Phys. Rev. B 99, 085115 (2019).
[21] F. Harper, R. Roy, M. S. Rudner, and S. Sondhi, Annu. Rev.

Condens. Matter Phys. 11, 345 (2020).
[22] R.-X. Zhang and Z.-C. Yang, arXiv:2005.08970.
[23] T. Kitagawa, E. Berg, M. Rudner, and E. Demler, Phys. Rev.

B 82, 235114 (2010).
[24] L. Jiang, T. Kitagawa, J. Alicea, A. R. Akhmerov, D.

Pekker, G. Refael, J. I. Cirac, E. Demler, M. D. Lukin,
and P. Zoller, Phys. Rev. Lett. 106, 220402 (2011).

[25] M. S. Rudner, N. H. Lindner, E. Berg, and M. Levin, Phys.
Rev. X 3, 031005 (2013).

[26] F. Nathan and M. S. Rudner, New J. Phys. 17, 125014
(2015).

[27] P. M. Perez-Piskunow, L. E. F. Foa Torres, and G. Usaj,
Phys. Rev. A 91, 043625 (2015).

[28] T. Morimoto, H. C. Po, and A. Vishwanath, Phys. Rev. B 95,
195155 (2017).

[29] S. Yao, Z. Yan, and Z. Wang, Phys. Rev. B 96, 195303
(2017).

[30] Y. Peng and G. Refael, Phys. Rev. Lett. 123, 016806 (2019).
[31] P. Molignini, W. Chen, and R. Chitra, Phys. Rev. B 101,

165106 (2020).
[32] R.-X. Zhang and Z.-C. Yang, arXiv:2010.07945.
[33] S. Mukherjee, A. Spracklen, M. Valiente, E. Andersson, P.

Öhberg, N. Goldman, and R. R. Thomson, Nat. Commun. 8,
1 (2017).

[34] L. J. Maczewsky, J. M. Zeuner, S. Nolte, and A. Szameit,
Nat. Commun. 8, 13756 (2017).

[35] S. Afzal, T. J. Zimmerling, Y. Ren, D. Perron, and V. Van,
Phys. Rev. Lett. 124, 253601 (2020).

[36] S. Mukherjee and M. C. Rechtsman, Science 368, 856
(2020).

PHYSICAL REVIEW LETTERS 127, 067001 (2021)

067001-5

https://doi.org/10.1103/PhysRevLett.45.494
https://doi.org/10.1103/PhysRevLett.45.494
https://doi.org/10.1103/PhysRevLett.49.405
https://doi.org/10.1103/PhysRevLett.61.2015
https://doi.org/10.1146/annurev-conmatphys-031115-011417
https://doi.org/10.1146/annurev-conmatphys-031115-011417
https://doi.org/10.1103/PhysRevLett.95.146802
https://doi.org/10.1103/PhysRevLett.95.146802
https://doi.org/10.1103/PhysRevLett.96.106802
https://doi.org/10.1103/PhysRevLett.96.106802
https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.1103/RevModPhys.83.1057
https://doi.org/10.1103/PhysRevB.61.10267
https://doi.org/10.1070/1063-7869/44/10S/S29
https://doi.org/10.1103/PhysRevLett.105.077001
https://doi.org/10.1103/PhysRevLett.105.077001
https://doi.org/10.1038/npjqi.2015.1
https://doi.org/10.1038/npjqi.2015.1
https://doi.org/10.1038/s41578-018-0003-1
https://doi.org/10.1038/s41578-018-0003-1
https://doi.org/10.1038/s42254-020-0228-y
https://doi.org/10.1103/PhysRevB.79.081406
https://doi.org/10.1038/nphys1926
https://doi.org/10.1038/nphys1926
https://doi.org/10.1002/pssr.201206451
https://doi.org/10.1002/pssr.201206451
https://doi.org/10.1103/PhysRevB.89.121401
https://doi.org/10.1146/annurev-conmatphys-031218-013423
https://doi.org/10.1146/annurev-conmatphys-031218-013423
https://doi.org/10.1103/PhysRevB.99.085115
https://doi.org/10.1146/annurev-conmatphys-031218-013721
https://doi.org/10.1146/annurev-conmatphys-031218-013721
https://arXiv.org/abs/2005.08970
https://doi.org/10.1103/PhysRevB.82.235114
https://doi.org/10.1103/PhysRevB.82.235114
https://doi.org/10.1103/PhysRevLett.106.220402
https://doi.org/10.1103/PhysRevX.3.031005
https://doi.org/10.1103/PhysRevX.3.031005
https://doi.org/10.1088/1367-2630/17/12/125014
https://doi.org/10.1088/1367-2630/17/12/125014
https://doi.org/10.1103/PhysRevA.91.043625
https://doi.org/10.1103/PhysRevB.95.195155
https://doi.org/10.1103/PhysRevB.95.195155
https://doi.org/10.1103/PhysRevB.96.195303
https://doi.org/10.1103/PhysRevB.96.195303
https://doi.org/10.1103/PhysRevLett.123.016806
https://doi.org/10.1103/PhysRevB.101.165106
https://doi.org/10.1103/PhysRevB.101.165106
https://arXiv.org/abs/2010.07945
https://doi.org/10.1038/s41467-016-0009-6
https://doi.org/10.1038/s41467-016-0009-6
https://doi.org/10.1038/ncomms13756
https://doi.org/10.1103/PhysRevLett.124.253601
https://doi.org/10.1126/science.aba8725
https://doi.org/10.1126/science.aba8725


[37] Y.-G. Peng, C.-Z. Qin, D.-G. Zhao, Y.-X. Shen, X.-Y. Xu,
M. Bao, H. Jia, and X.-F. Zhu, Nat. Commun. 7, 1 (2016).

[38] K. Wintersperger, C. Braun, F. N. Ünal, A. Eckardt, M. D.
Liberto, N. Goldman, I. Bloch, and M. Aidelsburger, Nat.
Phys. 16, 1058 (2020).

[39] P. D. Sacramento, Phys. Rev. B 91, 214518 (2015).
[40] H. C. Po, L. Fidkowski, A. Vishwanath, and A. C. Potter,

Phys. Rev. B 96, 245116 (2017).
[41] X. Yang, B. Huang, and Z. Wang, Sci. Rep. 8, 2243 (2018).
[42] We note that by performing a time-dependent unitary

transformation, we can move the time-evolving phase factor
from the top superconductor to the bottom one. This process
manifests as a transformation of the reference frame and can
quantitatively change the quasienergy spectrum. Nonethe-
less, the chiral Majorana edge mode near the π-quasienergy
can always be achieved by lowering the driving frequency,
which is independent of the explicit choice of the reference
frame.

[43] X.-L. Qi, T. L. Hughes, and S.-C. Zhang, Phys. Rev. B 82,
184516 (2010).

[44] N. Goldman and J. Dalibard, Phys. Rev. X 4, 031027
(2014).

[45] F. Qu, F. Yang, J. Shen, Y. Ding, J. Chen, Z. Ji, G. Liu, J.
Fan, X. Jing, C. Yang, and L. Lu, Sci. Rep. 2, 339 (2012).

[46] H. Zhang, X. Ma, L. Li, D. Langenberg, C. G. Zeng, and G.
X. Miao, J. Mater. Res. 33, 2423 (2018).

[47] Q. L. He, L. Pan, A. L. Stern, E. C. Burks, X. Che, G. Yin, J.
Wang, B. Lian, Q. Zhou, E. S. Choi, K. Murata, X. Kou, Z.
Chen, T. Nie, Q. Shao, Y. Fan, S.-C. Zhang, K. Liu, J. Xia,
and K. L. Wang, Science 357, 294 (2017).

[48] J. Shen, J. Lyu, J. Z. Gao, Y.-M. Xie, C.-Z. Chen, C.-w. Cho,
O. Atanov, Z. Chen, K. Liu, Y. J. Hu, K. Y. Yip, S. K. Goh,
Q. L. He, L. Pan, K. L. Wang, K. T. Law, and R. Lortz, Proc.
Natl. Acad. Sci. U.S.A. 117, 238 (2020).

[49] M. Kayyalha, D. Xiao, R. Zhang, J. Shin, J. Jiang, F. Wang,
Y.-F. Zhao, R. Xiao, L. Zhang, K. M. Fijalkowski, P.
Mandal, M. Winnerlein, C. Gould, Q. Li, L. W. Molenkamp,
M. H.W. Chan, N. Samarth, and C.-Z. Chang, Science 367,
64 (2020).

[50] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.127.067001 for an
elaboration on the experimental detection of anomalous
Floquet chiral topological superconductor, as well as an
estimate of realistic model parameters in experiments, which
includes Refs. [51–54].

[51] S. Kezilebieke, M. N. Huda, V. Vaňo, M. Aapro, S. C.
Ganguli, O. J. Silveira, S. Głodzik, A. S. Foster, T. Ojanen,
and P. Liljeroth, Nature (London) 588, 424 (2020).

[52] M.-X. Wang, C. Liu, J.-P. Xu, F. Yang, L. Miao, M.-Y. Yao,
C. L. Gao, C. Shen, X. Ma, X. Chen, Z.-A. Xu, Y. Liu, S.-C.
Zhang, D. Qian, J.-F. Jia, and Q.-K. Xue, Science 336, 52
(2012).

[53] C.-X. Liu, H. Zhang, B. Yan, X.-L. Qi, T. Frauenheim, X.
Dai, Z. Fang, and S.-C. Zhang, Phys. Rev. B 81, 041307
(2010).

[54] T. Machida, Y. Sun, S. Pyon, S. Takeda, Y. Kohsaka, T.
Hanaguri, T. Sasagawa, and T. Tamegai, Nat. Mater. 18, 811
(2019).

[55] C. Peng, A. Haim, T. Karzig, Y. Peng, and G. Refael,
arXiv:2011.06000.

PHYSICAL REVIEW LETTERS 127, 067001 (2021)

067001-6

https://doi.org/10.1038/ncomms12688
https://doi.org/10.1038/s41567-020-0949-y
https://doi.org/10.1038/s41567-020-0949-y
https://doi.org/10.1103/PhysRevB.91.214518
https://doi.org/10.1103/PhysRevB.96.245116
https://doi.org/10.1038/s41598-018-20604-w
https://doi.org/10.1103/PhysRevB.82.184516
https://doi.org/10.1103/PhysRevB.82.184516
https://doi.org/10.1103/PhysRevX.4.031027
https://doi.org/10.1103/PhysRevX.4.031027
https://doi.org/10.1038/srep00339
https://doi.org/10.1557/jmr.2018.195
https://doi.org/10.1126/science.aag2792
https://doi.org/10.1073/pnas.1910967117
https://doi.org/10.1073/pnas.1910967117
https://doi.org/10.1126/science.aax6361
https://doi.org/10.1126/science.aax6361
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.067001
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.067001
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.067001
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.067001
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.067001
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.067001
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.067001
https://doi.org/10.1038/s41586-020-2989-y
https://doi.org/10.1126/science.1216466
https://doi.org/10.1126/science.1216466
https://doi.org/10.1103/PhysRevB.81.041307
https://doi.org/10.1103/PhysRevB.81.041307
https://doi.org/10.1038/s41563-019-0397-1
https://doi.org/10.1038/s41563-019-0397-1
https://arXiv.org/abs/2011.06000

