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Topological photonics has emerged as a route to robust opti-
cal circuitry protected against disorder1,2 and now includes 
demonstrations such as topologically protected lasing3–5 and 
single-photon transport6. Recently, nonlinear optical topologi-
cal structures have attracted special theoretical interest7–11, as 
they enable tuning of topological properties by a change in the 
light intensity7,12 and can break optical reciprocity13–15 to real-
ize full topological protection. However, so far, non-reciprocal 
topological states have only been realized using magneto-
optical materials and macroscopic set-ups with external mag-
nets4,16, which is not feasible for nanoscale integration. Here 
we report the observation of a third-harmonic signal from a 
topologically non-trivial zigzag array of dielectric nanoparti-
cles and the demonstration of strong enhancement of the non-
linear photon generation at the edge states of the array. The 
signal enhancement is due to the interaction between the Mie 
resonances of silicon nanoparticles and the topological local-
ization of the electric field at the edges. The system is also 
robust against various perturbations and structural defects. 
Moreover, we show that the interplay between topology, bi-
anisotropy and nonlinearity makes parametric photon genera-
tion tunable and non-reciprocal. Our study brings nonlinear 
topological photonics concepts to the realm of nanoscience.

Most of the topological photonic systems explored so far have 
been based on waveguide geometries17–19, and the size of their build-
ing blocks is therefore larger than the wavelength of light. A zigzag 
array of coupled nanoresonators has emerged as the first nanoscale 
system with non-trivial topological states of light20, as has been 
observed experimentally in the reciprocal regimes of linear scatter-
ing21,22 and lasing from excitonic–polaritonic nanocavities at cryo-
genic temperatures3.

In our system, we use the intrinsic nonlinearity of silicon to gen-
erate a third-harmonic signal from such an array. The presence and 
interplay of Mie resonances of both electric and magnetic origin 
lead to an enhancement of the nonlinear light generation23. In addi-
tion, topological localization of the electric field at the edge of the 
array provides multifold enhancement of the nonlinear generation 
efficiency, which is also robust against perturbations.

Figure 1a presents the concept of nonlinear parametric genera-
tion of light driven by topological edge states. In the simplest case, 
formation of the edge states is described by a polarization-enriched 
generalized Su–Schrieffer–Heeger (SSH)-type model24,25 with a 
gauge-independent Z2 topological invariant24. An example of the 
experimentally studied topological zigzag array of nanodisks is 

shown in Fig. 1b. The nanodisks are 510 nm in diameter and 300 nm 
in height and are spaced with a gap of 20 nm. The samples were 
fabricated on a glass substrate using electron beam lithography (for 
details see Methods). We excited the zigzag array at 1,590 nm using 
femtosecond pulses from an optical parametric amplifier pumped 
by a mode-locked laser (see Methods). A spatial map of the third-
harmonic field in the 11-nanodisk-long zigzag array is shown in 
Fig. 2a for a horizontally polarized pump (corresponding to the 
electric field E along the x direction). Third-harmonic generation 
(THG) was observed at the edge, suggesting a topology-driven 
enhancement of the nonlinear effect. We studied the formation of 
edge states as a function of the length of the zigzag array, and the 
results are shown in Fig. 2b (additional information is provided in 
Supplementary Note 1 and Supplementary Fig. 1). THG was local-
ized at the edge for all cases, with the degree of localization increas-
ing with length in agreement with the topological nature of the 
system26. We also checked the formation of edge states by varying 
the polarization of the excitation; the results are shown in Fig. 2c 
(additional information is provided in Supplementary Note 2 and 
Supplementary Fig. 2). The experimental data follow the depen-
dences predicted theoretically and observed previously in the linear 
regime21,22; rotation of the pump by 90° swaps the hotspots at the left 
and right edges.

Next, we proceeded with a systematic study of the robustness of 
the topology-driven THG against disorder. For this, we fabricated 
a number of 11-nanodisk arrays with randomly generated bond 
angles between each of the three neighbouring disks as illustrated 
in Fig. 3a. The disorder shifted each bond angle by a random value 
δ, homogeneously distributed between −​Δ​φ and Δ​φ. Additionally, 
nanoparticles in the array were not allowed to overlap or form gaps 
smaller than 20 nm. An example of the fabricated arrays with artifi-
cially introduced disorder is shown in Fig. 3b.

This type of disorder is of special interest, both practically and 
theoretically, and can appear in self-assembled nanostructures such 
as chains of colloidal particles. From a theoretical point of view, bond-
angle disorder preserves the chiral symmetry of the Hamiltonian 
and the edge state energies24. This robustness can be clearly seen in 
the calculated disorder-averaged spectra of the photon density of 
states (DOS) versus the disorder parameter Δ​φ (Fig. 3c). The spec-
trum has a distinct gap with degenerate topological edge states for 
Δ​φ up to ~20°. The edge states are topologically protected up to the 
point when the spectral gap collapses. We next calculated the field 
distributions excited in 104 random cases of disordered zigzags and 
confirmed that, while the spectral gap is open, the hot spots at the 
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edges are always present (for details see Methods). Once the gap is 
quenched, the edge states are no longer topologically protected, and 
the probability of their formation drops rapidly (Fig. 3d). We veri-
fied these predictions experimentally by fabricating and measuring 
a number of disordered zigzags with Δ​φ ranging from 5° to 90°. 
Representative cases are shown in Fig. 3e, and an extended set of 
measurements is provided in Supplementary Fig. 3. In our experi-
ments, for Δ​φ <​ 20°, the edge states were observed in all cases. For 
Δ​φ >​ 20°, the number of arrays supporting edge states drops rapidly 
as Δ​φ increases.

Thus, the dependence of the observed nanoscale THG hot spots 
on pump polarization, structure length and disorder strength, 
as presented in Figs. 2 and 3, allows us to unambiguously attri-
bute them to nonlinear light generation from topologically pro-
tected edge states. Our experiments were also corroborated by 
full-wave finite-element nonlinear numerical simulations of 
THG in COMSOL (for details see Supplementary Section 4 and 
Supplementary Figs. 4 and 5).

Next, we proceeded with additional studies of THG in an undis-
torted 11-nanodisk zigzag array by varying the pump wavelength 
from 1,590 to 1,650 nm. The experiment was performed for two 
cases of illumination, from the air side and from the substrate side, 
and the results are summarized in Fig. 4. We observed that the THG 
distribution does not change qualitatively for wavelengths up to 

~1,605 nm. For longer wavelengths, when illuminating through the 
substrate (Fig. 4b) the THG hot spot moves from one edge to the 
other, while for illumination from air (Fig. 4a) the position of the 
hot spot remains constant. Moreover, not only the position of the 
hot spot, but also the total integrated intensity of the THG signal 
depends strongly on the direction of illumination, which is a direct 
experimental signature of non-reciprocal photonic effects27,28.

To explain this behaviour, first we note that in this spectral 
range the response of an individual nanodisk is dominated by 
two overlapping resonances, the electric dipole (ED) and mag-
netic dipole (MD) resonances (see Fig. 5a for multipolar scat-
tering spectra calculated in COMSOL, with details provided in 
Supplementary Note 5). The presence of a substrate (Fig. 5b,c) 
introduces a bi-anisotropic coupling between the ED and MD 
modes. Such coupling is not limited to the substrate effects, and 
it can be observed in other types of asymmetric scatterers29,30 (for 
examples see Supplementary Fig. 6). Specifically, the coupling sup-
presses the MD mode under illumination from air (Fig. 5b) and, 
in contrast, under illumination from the substrate the coupling 
enhances the MD mode (Fig. 5c). The total linear scattering of a 
nanodisk placed on a substrate does not depend on the direction 
of the pump excitation (see the identical black curves in Fig. 5b,c), 
as required by reciprocity in the linear regime. We next calculated 
THG from the nanodisks using the bulk nonlinearity of silicon 
as the source of nonlinear effects. Because THG depends on both 
the properties at the fundamental wavelength and the properties at 
the harmonic wavelength31, we performed multipolar decomposi-
tions of the THG fields (for details see Supplementary Fig. 7). The 
response at the third-harmonic frequency is dominated by the MD 
mode because of the stronger field localization and has smaller 
contributions from the other multipoles.

After extracting the approximate scattering parameters for a 
single nanodisk from our numerical calculations, we introduced 
a simplistic discrete dipole model for a zigzag array of N coupled 
nanodisks (for details see Methods). For the case of decoupled ED 
and MD modes, our system splits into two non-interacting general-
ized SSH models. The magnetic and electric energy spectra in this 
limit are shown in Fig. 5d. The gap for the ED spectrum is wider 
than that of the MD as this resonance is broader. As the order of 
strong and weak coupling is opposite for the electric and magnetic 
models22, their edge states are localized at the opposite edges of the 
array. We now added bi-anisotropic coupling between the ED and 
MD modes and proceeded with the THG modelling. Because THG 
at the MD resonance is known to be up to two orders of magnitude 
stronger than that at the ED resonance23, we assumed that the THG 
intensity was proportional to the sixth power of the MD amplitude 
|m|6. Thus the ED mode renders the THG distribution only indi-
rectly via its bi-anisotropic coupling to the MD mode.
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Fig. 1 | Nonlinear parametric generation of light from topological zigzag 
arrays. a, Concept of THG from a topological edge state in a zigzag array 
of nanoresonators. A beam of light with frequency ω illuminates the array, 
and the nonlinear signal at frequency 3ω is generated from its edge. b, A 
scanning electron microscopy (SEM) image of a fabricated zigzag array of 
Mie-resonant dielectric nanodisks.

1
2
3
4
5
6
7

7 9 11 13 15

C
on

tr
as

t I
1/
I N

c

T
H

G
 in

te
ns

ity
 (

a.
u.

)

Polarization 
rotation

angleN
um

be
r

of
 d

is
ks

 

a

0

1

E

H

x

y

b

0 Max
x

y

Fig. 2 | Experimental observations of the third-harmonic signal from zigzag arrays. a, Measured distribution of the third-harmonic field generated from 
an 11-nanodisk zigzag array. The intensity of the third harmonic is normalized to its maximum. b, Contrast of the THG intensity for various lengths of zigzag 
array. c, Experimentally retrieved brightness of THG from the top resonator (red) and bottom resonator (blue) in a 15-nanodisk zigzag as a function of the 
pump polarization angle with respect to the x axis.
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When the array was pumped with the frequency localized 
inside the gap of the MD spectrum (purple region in Fig. 5d,e), 
we observed a multifold enhancement of the THG efficiency at 
the left edge of the array due to the topological MD edge state. 
Within the bandgap, the THG distribution was robust against 
both a change of the pump frequency and a change of the direc-
tion of illumination. Thus, the nonlinear generation of light was 
strongly enhanced and protected by the topological edge state. 
This regime corresponds to the experimental observations around 
the 1,590 nm pump wavelength.

As the pump frequency was detuned further (blue region in  
Fig. 5d,e), it still remained in the gap of the ED spectrum; however, 
it excites MD bulk modes. Here the interplay between coupled bulk 

MD modes and topological ED states at the right edge leads to a 
strong dependence of THG on both wavelength and direction of 
illumination, and, in particular, to switching of the hot spot from 
the left to the right edge (Supplementary Note 6 and Supplementary 
Figs. 8–12). Thus, in our theoretical model the combination of bi-
anisotropy with nonlinearity results in non-reciprocal THG (Fig. 5e).  
This agrees well with our experimental results, shown in Fig. 4.

Our findings suggest novel opportunities for active and nonlinear 
topological photonics enabling enhanced and robust light genera-
tion at topological edge states, and opens the way to novel nonlin-
earity-induced topological effects. Previous studies of all-optical 
nonlinear nonreciprocal effects13,15,27,28,32 focused on light propaga-
tion and frequency conversion in one spatial direction. While the 
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Fig. 3 | Topological protection of the edge states against disorder. a, A random distortion to the zigzag angles −​Δ​φ ≤​ δ ≤​ Δ​>φ. b, Electron microscope 
image of a disordered zigzag chain. c, Photon DOS versus disorder parameter Δ​φ. d, Analytically calculated probability of edge states forming versus  
Δ​φ. The dashed part corresponds to larger Δ​φ where the accuracy of the analytical model decreases. e, A representative set of experimentally observed 
distributions of THG in disordered zigzag chains. The edge states were observed for all cases where Δ​φ <​ 20°.
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recent observations of photonic Weyl points33 and proposals of 
three-dimensional photonic topological insulators30 suggest dra-
matically richer linear optics in three dimensions, omnidirectional 
and volumetric control of photons in nonlinear processes remain 
practically uncharted. In this regard, our results provide the first 
step towards fully three-dimensional guiding of light topologically 
protected from disorder.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
s41565-018-0324-7.
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Methods
Sample fabrication. The zigzag arrays of nanoparticles were fabricated from 
amorphous silicon on a fused-silica substrate (500 μ​m thick). First, a 300 nm 
amorphous silicon layer was deposited onto the substrate by low-pressure chemical 
vapour deposition. Subsequently, a thin layer of an electron-resist PMMA A4  
950 was spin-coated onto the sample, followed by electron beam lithography  
(JEOL 100 eV) and development. A thin Cr film was evaporated onto the sample, 
followed by a liftoff process to generate a Cr mask. Reactive-ion etching was  
used to transfer the Cr mask pattern into the silicon film. Finally, the residual  
Cr mask was removed via wet Cr etching. For the details of the fabrication 
procedure see also ref. 34.

Optical experiments. For nonlinear optical measurements we pumped the zigzag 
arrays with a tunable optical parametric amplifier (MIROPA-fs-M from Hotlight 
Systems) that generates 300 fs duration pulses at a repetition rate of 21 MHz 
and average power ranging from 100 to 300 mW. The short-pulse laser system 
is similar to the system in ref. 34. The polarization of the pump was controlled 
with an achromatic half-wave plate. The pump beam was loosely focused with 
an achromatic doublet lens with 50 cm focus onto the sample, resulting in an 
illumination spot much larger than an individual zigzag array. The third-harmonic 
radiation was collected in the forward direction by an objective lens (×​100 0.9 NA), 
filtered from the pump and imaged onto a cooled Trius 694 camera with an 
achromatic doublet lens with 15 cm focal length.

Discrete dipole model in a disordered zigzag. The DOS and third harmonic 
distribution in the disordered zigzag structure, shown in Fig. 3, were calculated 
from the following system of equations for the magnetic dipole modes:
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where H is the incident magnetic field polarized along the y direction (Fig. 2a) 
and α(ω) =​ Γ0,MD/(ωMD −​ ω −​ iΓMD) is the resonant magnetic dipole susceptibility, 
and ωMD, Γ0,MD and ΓMD are the position, oscillator strength and damping of the 
MD resonance, respectively. The nearest-neighbour coupling matrix is given 
by [gj,j′]μν =​ (2nL,μnL,ν −​ nT,νnT,μ)t, where μ, ν =​ x, y, nL and nT are the unit vectors 
longitudinal and transverse to the link between the disks j and j′​, g1,0 ≡​ g0,N+1 =​ 0 and 
t is the coupling strength. The ratio −​2 of the transverse and longitudinal coupling 
coefficients was found from the electrostatic approximation. The disorder-
dependent DOS, averaged over 250 disorder realizations (Fig. 3c), was calculated 
for t =​ 1, Γ0,MD =​ 2, N =​ 50 disks, and neglecting the resonance damping ΓMD. The 
probability of formation of hot spots in the THG distribution at the structure 
edges was found for ΓMD =​ Γ0,MD and N =​ 11 disks by averaging over 104 disorder 
realizations. The hot spot was considered to be present in a given realization if the 
value of |m|6 for the corresponding edge disk was at least 1.5 times higher than for 
all other disks.

Bi-anisotropic discrete dipole model. In the case of the ordered zigzag, we 
included both ED and MD modes to describe the asymmetry between the 
illumination from the air and from the substrate. The coupled-mode equations for 
the ED and MD modes can be written as
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where the nearest-neighbour coupling is described by the matrices

= = − = = −
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Here the effective couplings are the same for both ED and MD modes. The 
hybridization between the ED and MD modes is captured by a bi-anisotropic 
polarizability tensor:













α ω

ω ω

ω ω
=

− − Γ
Γ

−
− − Γ
Γ

−
b

b
( )

i
i

i
i

(4)1

ED ED

0,ED

MD MD

0,MD

The couplings between ED and MD modes excited at different nanodisks (that 
is, the off-diagonal terms in equation (3)) were neglected. The distribution of 
the dipole modes was calculated for two illumination geometries, with electric 
and magnetic fields given by Ex =​ ±​Hy, where the sign +​ (−​) corresponds to 
illumination from air (substrate).

The energy spectra of the decoupled magnetic and electric Bloch modes  
in a periodic zigzag, presented in Fig. 5, were given by ω ±Γ ∣ − ∣t 2 e k

MD 0,MD
i x ,  

ω ±Γ ∣ − ∣t 2 e k
ED 0,ED

i x , for electric and magnetic modes, respectively, with 
ΓED =​ Γ0,ED =​ 4ΓMD. Other parameters are the same as in Fig. 3. The THG 
distribution, depending on the wavelength and the illumination direction (Fig. 5), 
was found taking into account the bi-anisotropic coupling of ED and MD modes. 
The coupling parameter b =​ 1/2 was estimated from comparison of the single disk 
susceptibility equation (4) with the full-wave simulations in Fig. 5.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon reasonable request.
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