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P H Y S I C S

Observation of quantum superposition of topological 
defects in a trapped-ion quantum simulator
Zhi-Jie Cheng1†, Yu-Kai Wu1,2†, Shi-Jiao Li1, Quan-Xin Mei3, Bo-Wen Li3, Gang-Xi Wang1,  
Yue Jiang1, Bin-Xiang Qi1, Zi-Chao Zhou1,2, Pan-Yu Hou1,2, Lu-Ming Duan1,2,4*

Topological defects are discontinuities of a system protected by global properties, with wide applications in math-
ematics and physics. While previous experimental studies mostly focused on their classical properties, it has been 
predicted that topological defects can exhibit quantum superposition. Despite the fundamental interest and po-
tential applications in understanding symmetry-breaking dynamics of quantum phase transitions, its experimen-
tal realization still remains a challenge. Here, we report the observation of quantum superposition of topological 
defects in a trapped-ion quantum simulator. By engineering long-range spin-spin interactions, we observe a spin 
kink splitting into a superposition of kinks at different positions, creating a “Schrodinger kink” that manifests 
nonlocality and quantum interference. Furthermore, by preparing superposition states of neighboring kinks with 
different phases, we observe the propagation of the wave packet in different directions, thus unambiguously 
verifying the quantum coherence in the superposition states. Our work provides useful tools for nonequilibrium 
dynamics in quantum Kibble-Zurek physics.

INTRODUCTION
Topological defects are low-dimensional irregular structures of a sys-
tem that are protected by global properties and cannot be created or 
destroyed by local perturbations (1). Apart from the fundamental 
mathematical interest, topological defects also play important roles in 
various fields of physics such as domain walls in ferromagnetic mate-
rials (2), vortices in high-temperature superconductors (3), magnetic 
monopoles in grand unified theories (4), and cosmic strings in cos-
mology (5). Topological defects can naturally appear when a system is 
quickly driven through a continuous phase transition, which is known 
as the Kibble-Zurek mechanism (6–9), because the relaxation time 
diverges at the transition point in the thermodynamic limit and be-
comes slower than the quench dynamics at any finite rate.

The Kibble-Zurek theory has also been advanced to the quantum 
regime (10–13) and has recently been demonstrated in the experi-
ment (14–17). In particular, it has been predicted that topological 
defects can be in quantum superposition states (18, 19), with their 
coherent oscillation governed by the property of the quantum phase 
transition. However, although quantum superposition has been 
tested in a wide range of physical systems from elementary particles 
to mesoscopic and macroscopic objects like ensembles of cold at-
oms (20), large organic molecules (21), mechanical oscillators (22), 
and superconducting quantum circuits (23), its demonstration for 
topological defects remains an experimental challenge. This is be-
cause, while topological defects can be viewed as localized quasipar-
ticles, their detection requires measuring global properties of the 
system and is thus subjected to decoherence and state-preparation-
and-measurement (SPAM) errors of the whole system. In previous 
experiments, only the density of topological defects is concerned, 
while the phase coherence between different sites has not been certi-
fied. Dziarmaga et al. (18) proposed to observe this phase coherence 

in a spin chain as shown in Fig. 1A, where a topological defect (a 
spin kink) initialized in the middle of the chain can propagate to the 
left or right. Analogous to a double-slit experiment, the wave pack-
ets of the kink moving to the left or the right overlap on the L sites 
in the middle, resulting in an interference fringe of the probability 
distribution of the kink location (blue curve in Fig. 1B). However, 
this scheme is still challenging for experiments, as the decoherence 
rate increases linearly with L, bringing the overlapped region into a 
mixture of two symmetry-breaking states.

Here, we report on the observation of quantum superposition 
of topological defects in a trapped-ion quantum simulator (24). 
Among the various physical platforms for quantum simulation, 
trapped ions have the advantages of high-fidelity state preparation 
and detection (25–27) and long qubit coherence time (28). Enabled 
by individual control of the ion qubits, we initialize the spin chain 
with a single kink in the middle. We then engineer long-range spin-
spin interactions (24) along with a transverse field to coherently split 
the single kink, allowing us to observe the quantum interference 
from the superposed spin kink. Furthermore, we directly prepare 
the ions in a superposition of two neighboring kinks and observe 
the directional propagation of the wave packet depending on the 
relative phase between the two kinks. This unambiguously verifies 
the quantum coherence in the prepared state. Our work provides 
useful tools for examining the quantum dynamics of superposed to-
pological defects in quantum Kibble-Zurek physics (18, 19).

RESULTS
Experimental scheme
We confine a chain of either 20 or 21 171Yb+ ions in a blade-style 
linear Paul trap. The choice of an even or odd number of ions is de-
termined by our initial state of a spin kink located at the central one 
or two sites as described below. The details of the experimental ap-
paratus can be found in our previous works (17, 29). We encode spin 
states in two clock states, ∣↑⟩ ≡ ∣S1/2, F = 1, mF = 0⟩ and ∣↓⟩ ≡ ∣S1/2, 
F = 0, mF = 0⟩. In each experimental trial, ions are first Doppler 
cooled by a near-resonance 370-nm laser, and then the transverse 
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modes are sideband cooled by counterpropagating global 355-nm 
Raman laser beams to near the ground states (25, 29). All the ions 
are prepared in ∣↓⟩ by optical pumping. The qubit states are detected 
simultaneously by using a global resonant laser and an imaging 
charge-coupled device (CCD). The detection error is ~2 to 3%, in-
creasing from central to edge ions.

To observe the dynamics of topological defects, we apply bichro-
matic Raman laser beams to generate a transverse-field Ising model 
Hamiltonian (17)

where Jij denotes the Ising coupling strength between the ith and jth 
spins and is governed by the phonon modes of the ion chain and the 
laser parameters (24). By setting the laser detuning above the high-
est transverse phonon mode, we obtain roughly a power-law decay 
Jij ≈ J0/∣i − j∣α with J0 > 0 and α ∈ [1,2] typically. The minus sign of 
the coupling strength is obtained by considering the highest eigen-
states of the Ising interaction as the ground states. A uniform trans-
verse field can be generated by shifting the frequencies of the 
blue- and the red-detuned components of the bichromatic laser in 
the same direction (29).

When g = 0, the two ground states of Eq. 1 are ∣+⟩⊗N and ∣−⟩⊗N, 
where N is the ion number and ∣ ±⟩ ≡ (∣ ↑⟩± ∣↓⟩)∕

√
2 . When 

these two spin orientations coexist, a domain wall or a spin kink ap-
pears at their interface, leading to higher energy. For an Ising model 
with homogeneous nearest-neighbor interactions, the increased 
energy will be a constant 2J0 independent of the kink location (18). 
Here, because of the long-range interaction, the increased energy 
Vn = 2∑i≤n,j>n Jij is site dependent, which can be regarded as a potential 

for the spin kink defined on a dual lattice with N − 1 sites, as 
sketched in Fig. 1B.

In the following, we focus on states with a single kink in the form 
of ∣n⟩ ≡ ∣+⟩⊗n ∣−⟩⊗(N−n) (n = 1, ⋯, N − 1), which can be prepared 
by an individual 370-nm laser together with global microwave and 
Raman laser pulses (see Materials and Methods). The Ising interac-
tion can be expressed as H (1)

xx =
∑

n
V
n
∣n⟩⟨n∣ , where the superscript 

“(1)” represents the single-kink subspace. The transverse field Hz 
can flip all the spins independently, potentially creating more spin 
kinks with even higher energy. However, in the weak driving regime 
with g ≪ J0, such off-resonant excitations are largely suppressed, 
and we are left with the terms σn

z
 and σn+1

z
 coupling ∣n⟩ to ∣n − 1⟩ 

and ∣n + 1⟩, respectively. As a consequence, when restricting to the 
single-kink subspace, the effect of the transverse field can be approx-
imated by a hopping Hamiltonian

Combining H (1)
xx  and H (1)

z  , a spin kink initially localized in the 
middle of the chain can propagate to the left or right, resulting in an 
interference pattern in the middle as shown in the lower panel of 
Fig. 1B. Because of the long-range Ising interaction Jij and thus the 
nonuniform kink potential Vn, the wave packet will bounce back be-
fore it can propagate far away from the center. Therefore, it is desir-
able to use a longer ion chain for a wider flat potential in the middle, 
allowing the spin kink to travel further away and making quantum 
interference more pronounced. In addition, using a longer ion chain 
suppresses edge effects from affecting the dynamics of the kink in 
the middle. This is because, at the boundaries, the energy required 
to create a new topological defect is halved, making it more vulner-
able to off-resonant excitations. However, increasing the ion num-
ber also leads to larger decoherence and SPAM errors, potentially 
making the observation of quantum interference more difficult. To 
verify the quantum coherence of the spin kink, it is sufficient to al-
low the wave packet to propagate by a few sites.

Calibrating the kink potential
To calibrate the effective potential Vn, we calculate the interaction co-
efficients Jij using experimental parameters including the carrier Rabi 
frequency of each ion and the phonon mode parameters, which are 
calibrated independently in experiments (see Materials and Methods).

Specifically, we set the detunings of the bichromatic Raman laser 
from the carrier transition ∣↑⟩ ↔ ∣↓⟩ to be δ ± μ. The common de-
tuning δ of the two tones determines the transverse field strength 
with δ = 2g = 2π × 100 Hz. We set the differential detuning μ = 
ωCOM + 3ηCOMΩc, where Ωc is the carrier Rabi frequency of the cen-
tral ion, and ωCOM = 2π × 3.16 MHz and ηCOM = 0.08 are the fre-
quency and Lamb-Dicke parameter of the center-of-mass (COM) 
mode, respectively. Such a large detuning from all the transverse 
motional sidebands ensures that they are only virtually excited with 
an excitation number bounded by about 0.1 (24). The calculated Jij 
matrix for 21 ions is shown as a heatmap in Fig. 2A, with Jmax ≡ 
maxij{Jij} = 2π × 184 Hz. For the experiment with 20 ions, Jmax = 
2π × 155 Hz is smaller because of the slightly larger ion spacing, 
while the laser intensity remains unchanged.

In principle, the Jij coefficients can also be measured directly in 
the experiment by the coherent imaging spectroscopy method (30). 
However, measuring all the O(N2) coefficients requires O(N) frequency 

H =−
∑

i<j

J
ij
σi
x
σ
j

x+g

∑

i

σi
z
≡H

xx
+H

z (1)

H (1)
z

= g

N−2�

n=1

∣n⟩⟨n + 1 ∣ + h. c (2)

A B

Fig. 1. Coherent dynamics of topological defects. (A) A spin chain is initialized in 
a configuration with a topological defect under the ferromagnetic Ising interaction 
(represented by black arrows in the upper panel). A kink appears in the middle of 
two ferromagnetic phases with opposite spin orientations and can propagate to the 
left or the right under a weak transverse field. Consequently, the spin chain evolves 
into a nonlocal superposition state, where the kink is simultaneously located at dif-
ferent positions, separated by L sites. (B) The dynamics can be understood using a 
quasiparticle picture. The Ising interaction acts as a potential (purple curve) that con-
fines the kink (blue balls), while the weak transverse field acts as kinetic energy, driv-
ing the kink to neighboring sites. As the system evolves into a superposed kink state 
shown in the lower panel, the wave packets of the two components interfere and 
create fringes (blue curve), analogous to the double-slit experiment.
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scans and sequentially preparing states with more spin flips. Here, for 
simplicity, we follow our previous work (17) to partially verify the 
calculated Jij’s in the experiment. We initialize the spins in ∣−⟩⊗N 
and measure the spin-flip energy ΔEi = 2∑j≠i Jij for all ions (30). 
We implement the Hamiltonian Hprobe = Hxx + B(t)

∑
i σ

i
y
 where a 

weak probe field B(t) = Bpsin(ωpt) (Bp ≪ J0) is generated by a third 
tone in the Raman laser resonant with the carrier transition (17). By 
scanning ωp and measuring individual spin states, we obtain ΔEi for 
each spin. The experimental results (blue dots in Fig. 2B) agree with 
the theoretical predictions (red dots), in particular for the central 
ions, indicating the validity of the calculated Jij matrix and the effec-
tive potential Vn shown in Fig. 2C.

Quantum interference of superposed kink states
We observe the coherent dynamics of a single kink in a 20-ion chain 
and compare the experimental results to numerical simulations. The 
experimental pulse sequence is shown in Fig. 3A. We initialize the 
spin chain in ∣↑⟩⊗10 ∣↓⟩⊗10 and then apply a global Raman laser π/2 
pulse to rotate it into ∣n = 10⟩ = ∣+⟩⊗10 ∣−⟩⊗10. The system is evolved 
under the Hamiltonian (1) for various times t. Last, we rotate the 
spins back to the σz basis for single-qubit detection.

Ideally, the number of topological defects is conserved during 
the evolution. However, because of experimental imperfections and 
decoherence, we observe that more than one kink can appear and 
that the average number of kinks grows as the evolution time in-
creases. We postselect measured spin configurations with a single 
kink and normalize the obtained probability distribution p(n; t) 
(n = 1, 2, …, 19) of the kink being at the nth site after an evolution 
time of t.

The heatmap for the measured probabilities p(n; t) is shown in 
Fig.  3C and is in good agreement with the numerical simulation 
based on the effective single-kink Hamiltonian H (1)

xx +H
(1)
z  as dis-

played in Fig. 3B. In particular, an interference pattern is observed 
as the wave packet propagates to the left and right. The dynamics 
can be seen more clearly from the data measured at distinct time 
points in Fig. 3 (D to G) with Jmaxt/π = 0, 0.31, 0.62, 1.09. The ex-
perimental data (blue dots) are plotted together with the simulation 
results (red dots) and an error band (red shaded regions) that repre-
sents a frequency drift of Δg = ±2π × 15 Hz for the Raman lasers 
[our scheme is less sensitive to frequency drifts in the phonon fre-
quency (29)]. When t = 0 (Fig. 3D), we obtain p(n; t = 0) ≈ δn,10 as 
expected. Small populations at neighboring sites are primarily due 
to imperfections in state preparation. As the evolution time t grows, 
the wave packet spreads to the left and the right, and we observe a 
broader distribution p(n; t) in Fig. 3 (E and F). However, distinct 
from the classical diffusion of a wave packet (see the Supplementary 
Materials for more details), here, the quantum wave packet can 
demonstrate an interference pattern from the superposition of the 
left- and right-going components. In Fig. 3G with Jmaxt = 1.09π, we 
clearly see two peaks in p(n; t) at n = 9 and n = 11, with a suppressed 

A C

B

Fig. 2. Characterization of the Ising interaction and the effective potential of the 
topological defect. (A) The heatmap of the theoretical spin-spin coupling coeffi-
cients Jij in a 21-ion chain, which is calculated from independently calibrated experi-
mental parameters. (B) Measured spin-flip energies (blue dots) versus the calculated 
values (red dots) using the Jij matrix in (A). Error bars of the experimental data repre-
sent 1 SD. The error band of the theoretical results accounts for a laser frequency 
fluctuation of ±2π × 500 Hz. (C) The effective potential of the kink calculated from the 
Jij matrix. We have redefined the zero point of the potential at the center.

A

B C

D E

F G

Fig. 3. Observation of superposed topological defects. (A) Experimental pulse 
sequence. After initializing the spin chain with a kink in the σz basis, we apply a 
global π/2 pulse to rotate it into the σx basis. Then, the system is evolved for various 
times t under the transverse-field Ising Hamiltonian. Last, we apply the second π/2 
pulse and the state detection. (B) Numerical simulation and (C) experimental re-
sults of the dynamics of a single kink initialized at the center of a 20-ion chain. We 
perform measurements at Jmaxt/π = 0,0.31,0.62,1.09, with Jmax = 2π × 155 Hz. (D to 
G) Population distribution of the kink at different sites p(n) for different evolution 
times. Blue dots are experimental data with 1-SD error bars. Red dots are simulated 
data, connected by red dashed lines as the guides to the eye. The red error band 
accounts for a theoretical shift of ±2π × 15 Hz in the Raman laser frequency.
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probability at n =  10 due to the destructive interference. For this 
N = 20 case, the two wave packets will start to bounce back at a lon-
ger evolution time. For a longer ion chain, theoretically, the wave 
packet can propagate farther away from the center, and it is possible 
to observe more interference fringes.

Directional propagation of superposed kink states
Last, we directly verify the quantum coherence of the superposed 
kink by showing that the different initial phases in the superposition 
states can lead to the propagation of the kink in different directions. 
For this purpose, we consider a chain of N = 21 ions with N − 1 = 
20 sites for the spin kink. The experimental sequence is similar to 
that in Fig. 3A, while the ions are prepared in a superposition state 
(∣n=10⟩± i ∣n=11⟩)∕

√
2 before the Ising evolution (see Materials 

and Methods). According to Eq. 2, after a short evolution time Δt, 
each localized kink can propagate to the neighboring sites with a 
relative amplitude of −igΔt. Therefore, when we initialize the kink at 
two adjacent sites with a relative phase of ±π/2, it will result in con-
structive interference in one direction and destructive interference 
in the other direction, hence the directional propagation of the 
wave packet.

Similar to Fig.  3, we measure the kink population p(n; t) at 
Jmaxt/π = 0, 0.36, 0.73, 1.09 in Fig. 4. Again, we compare the experi-
mental results (blue dots with error bars) with numerical simulations 
(red dots with error bands). We observe that the wave packet of the 
single kink moves to the left for an initial phase of π/2 (Fig. 4A) while 
to the right with a phase of −π/2 (Fig. 4B). We note that the experimen-
tal results for the initial phase of −π/2 show larger deviations from the 
simulation results compared to the π/2 phase because of larger cross-
talk errors in state preparation (see Materials and Methods).

DISCUSSION
In summary, we observe the nonequilibrium quantum dynamics of 
a single spin kink in a one-dimensional ion chain. We verify the 
quantum coherence of a superposed spin kink by observing the 
quantum interference pattern and the directional propagation con-
trolled by the initial phase. More intriguing phenomena may be ob-
served by preparing more spin kinks (31, 32), including more ions, 
and increasing the evolution time. The last two are currently limited 
by the laser intensity and the coherence time of our apparatus, 
which will be improved in future upgrades. The approach may also 
be extended to the recently developed two-dimensional trapped-ion 
simulator (33) for exploring coherent dynamics of other types of to-
pological defects.

MATERIALS AND METHODS
Topological-defect state preparation
We prepare initial topological defect states by using a Ramsey inter-
ferometry sequence, where an individual addressing laser pulse is 
embedded to cause an ac Stark shift on selected ions (34). The indi-
vidual addressing laser beam is at 370 nm and detuned ~43.6 GHz 
from the S1/2 → P1/2 transition. This beam addresses one ion at a 
time, and the beam pointing is controlled by the radio frequency 
(rf) of an acousto-optic deflector. Figure S1 shows the rf ’s to address 
each ion in the 21-ion chain. The pulse duration to realize an Rz(π) 
rotation is further calibrated for each ion. This individual addressing 
beam has a half width at half maximum of ~1.3 μm compared to the 

ion spacing ranging from 4.7 to 8.0 μm. This can cause cross-talk 
errors, defined as the probability of changing the qubit state of a 
spectator ion during individual addressing operations. Cross-talk 
errors are more pronounced when addressing central ions com-
pared to edge ions. Because of beam aberration, the cross-talk error 
is asymmetric and is measured to be about 2.5% for the left side and 
about 5% for the right side when addressing central ions. In the ex-
periment, we choose to address the ions on the right side to mini-
mize state preparation errors caused by cross-talk. The cross-talk 
error to the left side when addressing the first target ion is smaller, 
while the cross-talk error to the right side can be compensated by 
adjusting the duration of the next pulse and so on.

To prepare the ion chain with a kink in the middle of the 20-ion 
chain, we first apply a global microwave π/2 pulse followed by the 
individual addressing pulses to implement the Rz(π) rotation for the 
right 10 ions. The second microwave π/2 pulse brings the right 10 
ions to ∣↓⟩ while the left 10 ions to ∣↑⟩. A Raman laser π/2 pulse can 
be applied to prepare the ions in the desired single-kink state ∣n = 
10⟩ ≡ ∣+⟩⊗10 ∣−⟩⊗10 while maintaining the phase coherence with the 
σx basis of the Ising interaction. To mitigate the error due to the 

A B

Fig. 4. Directional propagation of a superposed topological defect. Time evo-
lution of an initial superposed kink with a relative phase (A) π/2 or (B) −π/2 at vari-
ous times t. Blue dots are experimental data with 1-SD error bars. Red dots are 
simulated data connected by red dashed lines as the guides to the eye, while the 
red error band accounts for a shift of ±2π × 15 Hz in the Raman laser frequency. 
Whether the superposed kink propagates to the left or right depends on the initial 
phase of the superposition state, verifying its quantum coherence. The vertical 
dashed lines denote the initial location of the kink.
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inhomogeneous laser intensity, we use the composite BB1 pulse (35) 
for the global π/2 pulses.

To prepare a 21-ion chain in a superposition state with two  
neighboring kinks, (∣n=10⟩± i ∣n=11⟩)∕

√
2= ± i ∣+⟩⊗10 ∣ ∓y⟩∣−⟩⊗10 , 

where ∣ ±y⟩ = (∣ ↑⟩± i∣ ↓⟩)∕
√
2 . We first prepare the ions in ∣+⟩⊗10 

∣−⟩⊗11, similar to the 20-ion chain preparation. We further apply an ad-
ditional Rz(π/2) or Rz(3π/2) rotation on the 11th ion using the individual 
addressing beam, thus preparing the 11th ion in ∣± y⟩. Note that the 
Rz(3π/2) pulse is longer and causes larger cross-talk errors on nearby 
ions than the Rz(π/2) rotation, which is reflected in the experimental re-
sults shown in Fig. 4.

Calculation of the effective spin-spin interaction
The Ising coupling coefficients are calculated by using Jij =
ΩiΩj

∑
k η

2

k
bikbjkωk ∕

�
μ2−ω2

k

�
 from the experimental parameters 

(17, 24). The carrier Rabi frequencies Ωi of each ion under the glob-
al Raman laser beams are obtained by preparing all ions in the ∣↓⟩ 
state, driving the carrier transition by the Raman lasers, and mea-
suring the qubit states after various evolution times t. The experi-
ments are repeated 200 times, and the average transition probability 
of each ion is calculated and shown as heatmaps in fig. S2A for a 
20-ion chain and in fig. S2D for a 21-ion chain. The Rabi oscillation 
for each ion is fitted to yield the Rabi frequency Ωi, which is repre-
sented by blue dots in fig. S2 (B and E). The Rabi frequencies follow 
a Gaussian distribution (red curves) with the full width at half max-
imum fitted to be ~143 μm.

The phonon mode frequencies ωk are measured from the blue-
sideband spectrum as shown in fig. S2 (C and F) for the two ion crys-
tals, respectively. We first cool all the transverse modes near the ground 
states by sideband cooling and initialize all the ions in ∣↓⟩. Then, we 
apply a weak global Raman pulse near the blue motional sideband at a 
variable frequency with a fixed duration, and last, we perform the fluo-
rescence detection. In this calibration, the scattered photons are count-
ed by a photomultiplier. The photon counts of 100 experimental trials 
are compared to a threshold of one to obtain the probability that at 
least one ion has been successfully excited. The probabilities are plotted 
versus the detuning from the carrier transition Δω in fig. S2 (C and F) 
for a 20-ion and a 21-ion chain, respectively.

These measured phonon mode frequencies, together with a rough 
estimation of the ion spacings from the image of the ion chain on the 
CCD camera, are then used to fit more accurate ion spacings (29). These 
data further allow us to calculate the normal mode vectors bik, the 
Lamb-Dicke parameters ηk, and lastly the Jij matrix shown in Fig. 2A.

Numerical simulation in single-kink subspace
The numerical simulations in the main text are performed for a qua-
siparticle restricted in the single-kink subspace under the Hamiltonian

where the effective potential is given by Vn = 2∑i≤n,j>n Jij. This is a 
quantum system with a total dimension of N − 1 and can be com-
puted efficiently even for a large N.

It is worthwhile to compute the energy gap between the single-kink 
subspace and the other multikink states that can be reached by the 
Hamiltonian evolution. Specifically, here, we consider the excitation 
energy when applying σi

z
 on ∣n⟩ with i ≠ n, n + 1, which is given by

For simplicity, here, we use the power-law fitting Jij ≈ J0/∣i − j∣α 
with α ≈ 1.3. As expected, such energies are smallest when the kink 
is near the boundary (n ≈ 0 or n ≈ N − 1), but for n ≈ N/2 as in our 
experiment, the energy gap is larger than 3J0. Therefore, by setting 
g = J0/3 = 2π × 50 Hz in this experiment, the probability of escaping 
from the single-kink subspace due to the off-resonant excitation will 
be small. In the experiment, we attribute the main error sources for 
the leakage outside the single-kink subspace to the decoherence of 
the system.

Supplementary Materials
This PDF file includes:
Supplementary Note
Figs. S1 to S3
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