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Topological insulators host topology-linked boundary states, whose spin and charge degrees of freedom
could be exploited to design topological devices with enhanced functionality. We experimentally observe
that dissipationless chiral edge states in a spin-orbit coupled anomalous Floquet topological phase exhibit
topological spin texture on boundaries, realized via a two-dimensional quantum walk. Our experiment
shows that, for a walker traveling around a closed loop along the boundary in real space, its spin evolves
and winds through a great circle on the Bloch sphere, which implies that edge-spin texture has nontrivial
winding. This topological spin winding is protected by a chiral-like symmetry emerging for the low-energy
Hamiltonian. Our experiment confirms that two-dimensional anomalous Floquet topological systems
exhibit topological spin texture on the boundary, which could inspire novel topology-based spintronic
phenomena and devices.

DOI: 10.1103/PhysRevLett.129.046401

Topological materials host protected boundary states that
could have applications to topology-based electronic devi-
ces [1–7]. For example, time-reversal invariant topological
insulators (TIs) have helical boundary modes that are
spin-momentum locked due to strong spin-orbit coupling
and can be exploited to generate spin currents [8–10] by
applying an external field. Fabrication of such TI surfaces
and magnetic materials could facilitate control of magnetic
domains via spin-transfer torque induced through coupling
to surface spin currents [11,12], thereby realizing a
key building block of spin-based logic devices [13,14].
Breaking time-reversal symmetry with ferromagnetic
ordering could drive the TI into a quantum anomalous
Hall (QAH) insulator [15] in the two-dimensional (2D)
regime, in which case TI helical edge states transform into
chiral modes [16]. QAH insulators are widely studied
in solid-state systems [17–24] and also ultracold atoms
[25–35]. For a two-band spin-orbit-coupled QAH insulator,
chiral edge states are spin polarized [36–38]. Furthermore,
when the low-energy Hamiltonian has chiral-like sym-
metry, the corresponding chiral edge mode exhibits exotic
topological spin texture over the one-dimensional (1D)
closed boundary [39], which is observed experimentally
here for the first time.

Here, we investigate spin texture of chiral edge states in a
2D Floquet quantum walk system. Though the Chern
number of the effective Hamiltonian vanishes, our 2D
discrete-time quantum walk (2DQW) model is topo-
logically nontrivial when a winding number W defined
in time-and-momentum space is nonzero [40–45]. Building
on previous experiments [46–55], we push the modulation
speed and evolution time of our setup to the limit to create
an inhomogeneous square lattice, which can be divided into
an outer region and an inner region of 9 × 13 sites. Chiral
edge modes exist on the 1D closed boundary when the
topological phases of the inner and outer regions are
distinct. In particular, we introduce spin tomography to
map out the real-time spin vector of the walker when it
moves along the 1D closed boundary.
We successfully observe that, when a walker travels over

the whole closed boundary, its spin evolves and realizes a
spin winding in the σx-σz plane of the Bloch sphere, which
is linked to chiral-like symmetry of our low-energy
Hamiltonian. Opposite spin winding of chiral edge states
controlled by tuning experimental parameters is confirmed
by our experiment. The local spins on the edge show small
fluctuation due to experimental imperfections; however,
the overall spin winding is robust. Our experiment yields
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insight into manipulating the spin degree of freedom
through dissipationless topological edge states. Topo-
logical spin texture of chiral edge states can be applied
to generate spin-polarized currents, which could have
applications for versatile spintronic devices such as effi-
cient spin generators and spin filters [39].
We commence with describing the model for our experi-

ment. 2DQWs describe the evolution of a spin-½ particle
on a square lattice under repeated applications of a unitary
step operation comprising spin rotation and spin-dependent
translation. Given the basis vector jx; y; si for internal spin
state s and walker coordinates x, y on the 2D lattice, the
unitary step operator is

UðθÞ ¼ TyRðθ2ÞTxRðθ1Þ ð1Þ

for θ ¼ ðθ1; θ2Þ the parameter space and

RðθiÞ ¼ e−i
θi
2
σy ; σy ¼

�
0 −i
i 0

�
; ð2Þ

a spin rotation around the y axis. Spin-dependent trans-
lation in position space is

Tx¼
X
x

½jxþ1ihxj⊗ j↑ih↑ jþjx−1ihxj⊗ j↓ih↓j� ð3Þ

and Ty ¼ Txðx → yÞ denotes translation in the y direction.
In terms of Floquet band theory for Uðθ1; θ2Þ, the

effective Hamiltonian in momentum space [51] is

HeffðθÞ ¼
Z

d2k½EðkÞnðkÞ · σ�|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
HeffðkÞ

⊗ jkihkj; ð4Þ

with σ ¼ ðσx; σy; σzÞ the Pauli matrix vector and θ present
but notationally suppressed in EðkÞ and nðkÞ. Here, we
explore the chiral edge states at the interface between two
different phases in the phase diagram [Fig. 1(a)] with
topological invariant W ¼ þ= − 1, respectively, as tuned
by manipulating the parameters θ.
To investigate the properties of edge states that emerge at

low energy, we make a low-energy approximation of the
bulk Hamiltonian around k0, which are the gap closing
points in momentum space when θ is set at topological
phase-transition boundaries as shown in Fig. 1(b). In the
2DQW model, when edge states correspond to the phase
transition across the 45°-diagonal phase boundaries, where
the gap closing points are at k0 ¼ ½�ðπ=2Þ;∓ ðπ=2Þ�, we
obtain the approximate low-energy Hamiltonian around k0

as H̃ðnÞ ¼ n · σ=sincðθ−Þ for θ� ≔ ðθ1 � θ2Þ=2 and

n ¼

0
B@

sin θþδkx þ sin θ−δky

sin θ−
2−δk2x−δk2y

2
− sin θþδkxδky

− cos θþδkx − cos θ−δky

1
CA ð5Þ

with jδkj the deviation from k0. Contrariwise, when
corresponding to −45°-diagonal phase boundaries, band-
gap closing points are k0 ∈ fð�π; 0Þ; ð0;�πÞg, which
exchanges θþ ↔ θ− in the approximate Hamiltonian
(see Supplemental Material [56] for details).
Now we analyze symmetry of the low-energy

Hamiltonian for chiral edge states. In our experiments, we
set θ2 ¼ ðπ=2Þ. In this case, our low-energy Hamiltonian
satisfies chiral-like symmetry (SH̃ ¼ −H̃S), the central
ingredient for the emergence of topological spin texture
[39,56]. Consider a topological 2DQW that is periodic
along the x direction and has open boundary in the
y direction. We have chiral-like symmetry operator
S ¼ CxMx for low-energy Hamiltonian in Eq. (5), with
Cx ¼ cos θ−σx þ sin θ−σz and Mx the spatial reflection
operator along the x direction. Having the chiral-like
symmetry, the edge states with low energies on two
opposite edges are the mutually orthogonal eigenstates
of the Cx, akin to the end states of a 1D chiral TI [39].
Moreover, when the direction of the edge changes, the spin
on the edge changes with the edge in the same way, which
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FIG. 1. Phase diagram, band structure, and sketches of spin
texture for chiral edge states. (a) Phase diagram of 2DQWs in
parameter space θ. Two distinct topological phases are present,
whose winding numbers are −1 (yellow) and 1 (green), respec-
tively. Black lines denote phase boundaries. (b) Schematic band
structure. When choosing θ at phase boundaries, the band gap
closes at k0 in momentum space. (c) spin texture on a rectangular
edge when the inner and outer regions are ruled by θin1 ¼ ðπ=6Þ,
θout1 ¼ ð5π=6Þ, which are represented by ① and ②, respectively.

θin=out2 are always fixed at ðπ=2Þ. Chirality of the edge states is
indicated by the black arrowed line along the edge. (d) Spin
winding on the Bloch sphere of spin texture shown in (c).
(e) Schematic spin texture on a rectangular edge when the
inner region and outer region are ruled by θin1 ¼ ð11π=6Þ,
θout1 ¼ ð7π=6Þ, represented by ④ and ③, respectively. (f) Spin
winding on the Bloch sphere of spin texture shown in (e).
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gives rise to the topological spin winding on a closed
edge [56].
The chiral-like symmetry does not involve the σy

component; thus, low-energy edge states are always polar-
ized in the σx-σz plane. Define spin winding ws as the
winding of a walker’s spin on the Bloch sphere when the
walker encircles the closed edge. ws is �1 when the edge-
spin texture corresponding to �45° phase boundaries,
respectively (see Supplemental Material [56]). Notice that
here S is θ1-dependent; thus, the spin vector along the edge
also depends on θ1, which is different from the earlier case
[39]. However, the topological spin winding number is
independent of θ1 and protected by chiral-like symmetry,
hence robust [56]. For edge states of high energy, low-
energy Hamiltonian is not valid, and spin polarization does
not strictly lie in σx-σz plane [56].
Experimentally, we measure spin texture on the rectan-

gular edge shown in Figs. 1(c) and 1(e). In both settings,
the topological invariants of the inner and outer bulks are
set to be W ¼ −1 and W ¼ 1, respectively. Because the
anticlockwise-moving edge states at the interface between
phases ① and ② (③ and ④) correspond to 45° (−45°) phase
boundaries, the two settings have opposite ws as shown in
Figs. 1(d) and 1(f). Governed by different low-energy
Hamiltonians, spin polarization on the outer and inner
sides of the edge is different and can be measured
independently. Here, we only focus on the spin texture
of the outer edge, but similar analysis pertains for spin
on the inner edge [56]. For the setting in Fig. 1(c), chiral-
like symmetry with Cx ¼ cosðπ=6Þσx þ sinðπ=6Þσz
(Cy ¼ cosð2π=3Þσx þ sinð2π=3Þσz) holds for low-energy
Hamiltonian with edges along x (y) direction. Similarly,
for the setting in Fig. 1(e), we have Cx ¼ cosð5π=6Þσx þ
sinð5π=6Þσz and Cy ¼ cosðπ=3Þσx þ sinðπ=3Þσz,
where the sign of the coefficient before term σx gets
flipped [56].
In our experiment, we measure spin polarization of a

walker traveling over a 9 × 13 sized closed rectangular
edge in real space. Here, we devise a laser pulse coherently
distributed into different temporal modes after repeatedly
going through a nested fiber-loop setup [Fig. 2(a)] to
simulate a quantum walk on a periodic square lattice.
The walker’s spin degree of freedom is manifested by the
laser-pulse optical polarization with spin up (down) rep-
resented by horizontal (vertical) polarization. Elements of
one walking step, Eq. (1), namely Rðθ1Þ, Tx, Rðθ2Þ, and Ty,
are implemented successively by a fast-switching electro-
optic modulator (EOM), a polarization-dependent (PD)
optical delay, a half-wave plate (HWP), and another PD
optical delay. The operation Rðθ1Þ of the first step is
incorporated into the initial polarization preparation. All
optical elements are finely tuned, and decoherence is
negligible due to the stability of the optical delays during
the evolution time in the circuit of each incident laser pulse
(about 30 μs).

After loops of traveling, laser pulses split off from the
initial laser pulse are attenuated to the single-photon level
and are coupled out passively by a 3%-reflectivity beam
splitter for measurement. The measurement consists of
reading out spin polarization and tagging the arrival time of
each pulse. Each photon’s polarization is measured in σx;y;z
basis by a set comprising a HWP, a quarter-wave plate
(QWP), and a polarization beam splitter (PBS). Arrival
time is recorded by single-photon detectors of time reso-
lution 50 ps with the assistance of an acoustic-optical
modulator (AOM) serving as an optical switch to remove
undesired pulses.
To effectively implement inhomogeneous 2D quantum

walk with a rectangular edge [Fig. 2(b)], the mapping
between temporal axis and spatial coordinate must be
established. The nearest two time bins separated by
1.49 ns correspond to two sites in the same column with
a difference of 2 in the y axis; similarly, two sequences of
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FIG. 2. Experimental realization of 2DQWs with a rectangular
edge. (a) Experimental setup. An 895 nm laser pulse with 30 ps
pulse width is coupled into the main optical loop of by an AOM.
This pulse evolves into a pulse sequence after going through a
6 m PD fiber delay, a HWP, a 45 cm free-space optical delay, and
a fast-shifting EOM successively and repeatedly. The pulse
sequence is coupled out by a beam splitter, projected in the
σx;y;z bases and measured by single-photon detectors (SPDs). PC,
phase compensator. (b) Mapping between the position space and
the temporal space. The walker’s evolution in green (outer) and
yellow (inner) regions belongs to distinct topological phases.
The coordinate of the white point is (0,0). Guided by markers
1–6, each time bin finds its correspondence in position space
and is also colored in green or yellow accordingly. A modulated

voltage is applied on the EOM to implement effective RðθinðoutÞ1 Þ
for yellow (green) time bins. Blue lines denote two edges parallel
to the x axis. The rising and falling edge of EOM signal is
about 5 ns.
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time bins separated by 33.16 ns represent two columns with
a distance of 2 lattice sites in the x axis. Compared with the
previous experiment [51], apart from edges along the y
axis, we also need to create edges along the x direction
(blue lines), for which the complicated modulation with
fast voltage switching between adjacent time bins of
different y coordinates is desired. Given the rising and
falling time of our EOM, the varying of the voltage takes
about 5 ns, which is about three times the separation
between two time bins. Therefore, along the x direction a
blunt edge across several sites can be constructed. Taking
the shadowed region in the left panel of Fig. 2(b) as an
example, depending on which region the time bins belong
to, voltages either related to Rðθin1 Þ or Rðθout1 Þ are applied on
the EOM (guided by markers 1–6). Time-dependent EOM
signals need to be modulated and precisely aligned.
Here, we present experimental results for parameters

with θin1 ¼ ðπ=6Þ, θout1 ¼ ð5π=6Þ, and θin=out2 ¼ ðπ=2Þ. The
walker is initialized on the edge, and its spin is tuned to
ensure the initial state has prominent overlap with edge
states with E ≈ 0, while the wave packet in general is a
superposition of many edge states of different quasimo-
menta. Because the σy values of the spin for the high-
energy edge states with �Δk momenta deviation from k0

point are opposite, out-of-plane spin polarization of the
superposed high-energy edge states cancels on average
[56]. The walker’s wave function diffuses into the 2D
lattice after several walking steps. However, with a prob-
ability about 0.3, the walker is found to keep moving along
the edge anticlockwise, which can be regarded as edge
states. The walker’s probability distribution on the lattice
after 28 walking steps is shown in Fig. 3. Combining
the evolution path in Figs. 3(a) and 3(b), the walker encircle
the whole 9 × 13 rectangular edge. To describe the sim-
ilarity between the measured probability distribution

and theoretically simulated distribution, similarity is
defined as S¼P

x;y

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pthðx;yÞPexpðx;yÞ

p
. For the measured

Pexpðx; yÞ shown in Figs. 3(a) and 3(b), their similarities are
0.943� 0.003 and 0.938� 0.003, respectively.
As the walker moves along the boundary, its spin

polarization evolves. As depicted in Fig. 4(a), antisym-
metric spin texture is observed experimentally, namely that
spin is approximately polarized in the opposite direction for
the walker going through two positions ðx; yÞ and ð−x;−yÞ
on the edge. For clarity, we expand the rectangular edge
into a 1D chain that starts from the lower left corner
ð−5;−7Þ, proceeds to the lower right corner ð5;−7Þ, then
follows the edge, and finally returns back to coordinate
ð−5;−7Þ, shown as the horizontal axis of Fig. 4(b). From
the expanded edge, we sample 24 positions, with two
neighboring ones having a spacing of 2 (see Supplemental
Material [56] for details). Measured spin polarizations in
the σx;y;z basis vs those sampled positions are plotted in
Fig. 4(b). The numerical simulation is obtained by analyz-
ing the edge state of the effective 2DQW Hamiltonian on a
23 × 23 2D lattice with a 9 × 13-sized topologically dis-
tinct region inside. Experimentally measured values match
well with simulated ones overall, where hσyi vanishes
along the whole edge. The main sources of imperfections in

(a)

x
y

x
y

0.094
(b)

FIG. 3. Measured 2DQW probability distributions after 28
steps when θin1 ¼ ðπ=6Þ, θout1 ¼ ð5π=6Þ, and θin=out2 ¼ ðπ=2Þ.
(a),(b) are the results of a walker starting at ð−4; 4Þ and
ð4;−4Þ, marked by white circles, with spin initially polarized
in V and H, respectively. A 9 × 13 sized red rectangle centered at
the origin shows the ideal boundary. White-arrow lines denote the
evolution direction of the wave packet. Joining the paths in (a)
and (b), the walker go around the whole boundary.

(a) (b) (c)

(d) (e) (f)

FIG. 4. Measured spin texture hσi of spin on the edge and spin
evolution on the Bloch sphere. (a) Measured spin texture on the
edge when θin1 ¼ ðπ=6Þ and θout1 ¼ ð5π=6Þ. The 2D lattice
is divided into inner (yellow) and outer (green) regions, with
Win ¼ 1 and Wout ¼ −1, respectively. Measured spin polariza-
tion of the walker going through some typical positions on the
edge are depicted as points on the Bloch sphere and directed by
red vectors from the origin. The coordinates of the selected
positions are labeled beside. (b) Measured hσxi, hσyi, and hσzi of
the walker’s spin vs the walker’s positions on the expanded edge.
Numerically simulated results are plotted with dashed lines, and
points with error bars denote experimentally measured values.
(c) Spin evolution along the edge shown on the Bloch sphere.
Reconstructed spin by pairs of ðhσxi; hσyi; hσziÞ in (b) are plotted
as red points, except for the position ð−5;−7Þ, whose spin is
colored in green. All spin points are connected by a blue arrowed
line to indicate the spin-evolution direction. (d)–(f) Experimental
results as those in (a)–(c) for 2DQWs when θin=out2 ¼ ðπ=2Þ and
θin1 ¼ ð11π=6Þ, θout1 ¼ ð7π=6Þ.
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our experiments arise from deviations in calibrating optical
delay and aligning the EOM signal.
Using state tomography, we reconstruct the spin state

from each set of means hσi obtained by measurements. In
Fig. 4(c), the reconstructed spin states obtained from
measured expectation values shown in Fig. 4(b) are
represented by points almost on the Bloch sphere. Those
points are connected by a blue line in the order that their
spatial coordinates are arranged on the expanded 1D chain.
When a walker goes through a closed path along the edge
anticlockwise, its spin polarization also winds a loop along
a great circle of the Bloch sphere. The area subtended by
the spin evolution loop in Fig. 4(c) is close to a hemisphere
[covering the point (0,1,0)] with resultant solid angle
of 2πð0.992� 0.017Þ sr.
We further perform measurements with θin1 ¼ ð11π=6Þ,

θout1 ¼ ð7π=6Þ, and θin=out2 ¼ ðπ=2Þ. Similar probability
distributions after 28 steps of 2DQWs in Fig. 3 are
measured and can be found in the Supplemental
Material [56]. The spin texture on the outer edge is
presented in Fig. 4(d). Accordingly, the measured hσi of
the spin on the edge is shown in Fig. 4(e), with the spin
polarization being almost oppositely projected in the σx
basis compared to that in Fig. 4(b). As expected, the
winding direction of the spin evolution on the Bloch
sphere is opposite [Fig. 4(f)]. The area enclosed by the
spin-evolution loop, with the point (0, 1, 0) being covered,
corresponds to a solid angle of 2πð0.998� 0.030Þ sr.
Because of EOM signal noise in experiment, disorder in

θ1 arises naturally leading to spins on the edge showing
fluctuating projection in σx and σz bases [Figs. 4(b)
and 4(e)]. However, protected by chiral-like symmetry,
the overall spin winding is robust [Figs. 4(c) and 4(f)]. To
see whether the spin texture depends on the geometry of the
edge, inhomogeneous 2DQWs with a 17 × 13 rectangular
boundary are implemented. Similar results that spin polari-
zation changes whenever the walker runs into the corners
of the rectangular edge and robust spin winding are
observed [56].
In summary, we have reported the observation of real-

space topological spin texture of chiral edge states in a
Floquet topological system simulated with photonic
2DQWs. The edge-spin texture in real space also reflects
spin-orbit coupling in that the spin changes whenever the
walker changes local conducting direction, like turning a
corner. Further, we demonstrated control of topology of the
edge-spin textures by varying parameters. Our observation
shows that, aside from known bulk-edge correspondence
connecting bulk topology and the number of edge states,
the edge states exhibit richer exotic features of topological
spin texture that correspond to the symmetry of the low-
energy Hamiltonian. We note that, whereas real topological
materials could be complicated compared with our Floquet
2DQW model, our results could inspire new spintronic
applications with topology-based devices.
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