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Abstract: Dielectric nanoresonators uniquely support 
both magnetic and electric resonances across a wide 
wavelength range. They are thus being exploited in a 
growing number of groundbreaking applications. In 
particular, they have been recently suggested as prom-
ising nanoheaters. However, while the thermo-optical 
properties of silicon and germanium resonators have 
been exploited to realize tunable metasurfaces based on 
external thermal inputs, the effect of self-induced optical 
heating onto their resonances has so far been neglected. 
In this study, we address the problem of self-heating of 
a thermo-optical resonator. In particular, employing a 
recursive procedure to account for the interdependence 
between the absorption cross section and the tempera-
ture of the resonator, we show that self-heating gives rise 
to a complex, nonlinear relationship between illumina-
tion intensity and temperature. Using both analytical 
and numerical models, we also observe that self-induced 
optical heating has nonnegligible effects on the spectral 
position of electric and magnetic resonances of spheres 
as well as anapole modes of nanodisks, even for moder-
ate illumination intensities relevant for applications such 
as Raman scattering. Thus, our work demonstrates that 
self-induced optical heating must be properly accounted 
for when designing dielectric resonators for a wide range 
of devices.

Keywords: dielectric nanoresonators; self-induced optical 
heating; thermal tuning; dielectric nanophotonics; nano-
heating; thermo-optic effects.

1   Introduction
Dielectric nanoresonators emerged in the last decade [1, 2] 
as a very appealing alternative to plasmonic and metallic 
nanoparticles for concentrating and manipulating light at 
the nanoscale. Indeed, they possess extremely low optical 
losses, and distinctively, they exhibit strong magnetic res-
onances, in addition to electric ones. The wide variety of 
optical modes across the entire visible, near-infrared [3] and 
mid-infrared [4] spectrum has been exploited to achieve 
highly directional scattering [5], resonant absorption, elec-
tric and magnetic hotspots [6] ultrahigh Purcell enhance-
ment [7], and even strong coupling [8] between a metal and 
the dielectric. Most importantly, such unique combination 
of electric and magnetic modes [9] has opened entirely new 
opportunities for the design of dielectric metasurfaces with 
high optical efficiency [10–12], enabling the achievement 
of new functionalities. Furthermore, in dielectric nanoan-
tennas, the spectral overlap between a toroidal magnetic 
and an electric dipole gives rise to a peculiar nonradiating 
resonant feature called anapole resonance [13, 14]. This res-
onance entails strong field enhancements [15] while exhib-
iting nonradiating [16, 17] narrowband spectral features. It 
is thus well suited for a wide range of applications such as 
enhancement of third-harmonic generation, [18–21] Raman 
scattering [22], narrowband absorption [23], and refractive 
index sensing [24, 25]. Based on all these characteristics, 
dielectric nanoresonators have rapidly become invaluable 
building blocks for countless photonic structures [26] and 
optoelectronic devices [27–30].

Engineering of low-loss dielectric nanoresonators, 
whose resonances are below the material bandgap [e.g. 
near-infrared range for silicon (Si) or visible for GaN], 
has been pivotal for the realization of highly efficient 
dielectric metasurfaces [7, 31]. Recently, however, a 
growing attention has been devoted to the possibility of 
engineering also semiconducting nanoresonators with 
highly absorptive resonance modes at frequencies well 
above the material bandgap (e.g. visible range for Si). 
For example, this approach was exploited to realize sem-
iconductor metafilms with designer absorption spectra 
for photodetectors or solar cells [2]. Furthermore, a 
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strong interest has emerged toward the utilization 
of absorption in dielectric resonators for nanoscale 
heating [32, 33] and nanothermometry [34, 35]. Indeed, 
it was shown that, under visible and near-infrared 
light irradiation, Si nanospheres can be more effective 
nanoheaters than plasmonic gold nanoparticles, reach-
ing temperatures as high as 900  K [36]. Furthermore, 
light-induced heating of dielectric resonators has been 
employed in studies for photoinduced tumor treatment 
[25], and there are also reports of optical ignition under 
intense  illumination [37].

Interestingly, both Si and germanium (Ge), widely 
exploited materials for dielectric nanoresonators and 
metasurfaces [38], thanks to a combination of high dielec-
tric constants and prominent technological relevance, 
exhibit very strong thermo-optical coefficients [39]. This 
entails that changes in the temperature of Si or Ge dielec-
tric resonators will result in a modification of their optical 
resonances both in terms of spectral position and ampli-
tude (Figure 1A). Recently, reconfigurable Si metasurface 
functionality was demonstrated by controlling the meta-
surface temperature via a heating stage [40]. This has 
been generalized in various meta-optics [41] and meta-
lenses based on indium antimonide (InSb) [42]. However, 
to this date, studies of light-induced heating of dielectric 
nanoresonators have not taken into consideration the 
temperature-dependent optical properties of the mate-
rial. Consequently, any thermo-optically induced change 

in the spectral characteristics of the nanoheaters during 
irradiation has been so far neglected.

Contrary to external heating where temperature is an 
independently controlled parameter (Figure 1A), during 
self-induced optical heating temperature depends on 
the absorbed energy. This, in turn, strongly depends on 
the spectral characteristics of the resonators and hence 
its temperature (Figure 1B). The final steady-state condi-
tion is therefore determined by this recursive dependence 
between the absorbed energy and the resonator tempera-
ture. Under sufficiently intense irradiation, the resonance 
modes will be thus different in spectral position and ampli-
tude from the desired ones, designed using room-temper-
ature optical properties. This self-induced thermo-optical 
effect can have dramatic consequences in applications 
that employ high optical intensities such as Raman scat-
tering [22], sensing [24, 25], and nonlinear optics [20]. 
Therefore, spectral shifts imposed by self-induced optical 
heating need to be quantitatively estimated.

In this work, we perform a detailed study of the pro-
cesses and consequences of thermo-optical effects during 
self-induced optical heating of dielectric nanoresonators. 
We begin by developing a recursive analytical model to 
quantify spectral shifts and local temperatures in various 
Si spheres in air as a function of the mode utilized for reso-
nant absorption. Importantly, we prove that self-heating 
induces notable spectral changes even for relatively low 
incident intensities (0.1–1 GW/m2). Our recursive method 

Figure 1: Conceptual representation of external heating and self-induced optical heating.
Externally triggered (A) and self-induced (B) thermo-optical effects on the shift of the optical properties of dielectric nanoresonators. Panel 
(B) visualizes our recursive method that calculates a new absorption cross-section spectrum at every new temperature reached until the 
temperature and absorption equilibrate under continuous wave illumination.
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is then generalized with a numerical approach, applicable 
to any type of resonator and asymmetric environments. 
We are then able to confirm that self-heating significantly 
affects the optical response of Si spheres on a fused silica 
substrate. In particular, we demonstrate that an initially 
on-resonance illumination can result in a significantly off-
resonance excitation at steady state, due to the self-induced 
thermo-optical shift of the mode. Finally, we apply our 
numerical approach to the technologically relevant case 
of anapole modes in Si and Ge nanodisks and show the 
nonlinear dependence of the spectral shifts of the anapole 
resonances with increasing light intensity. Overall, by dem-
onstrating the importance of self-induced thermo-optical 
effects in dielectric resonators, our work will inform better 
design and performance optimization of dielectric-based 
nanosystems, from metalenses [43] to nanothermometers, 
unlocking their full technological potential.

2   Methods

2.1   Analytical methods

To analytically calculate the effect of self-heating for a Si 
dielectric nanosphere, we developed a recursive MATLAB 
(MathWorks Inc., Natick, MA, USA) code that combines 
the following:
(a) The Mie solution for the optical spectrum of an arbitrary 

dielectric nanosphere is given in (1) through (12) [44].
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tive index, and n″ is the absorption coefficient), and ns, 
the refractive index of the surrounding medium. The wave 
vector of the incoming plane electro-magnetic (EM) wave 
is defined as k, the diameter of the sphere as D, and the 
wavelength as λ0. Dimensionless parameters v and w are 
defined accordingly. The Riccati–Bessel functions ψj and 
ξj seen in (5) and (6) are defined with the help of the Bessel 
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in MATLAB functions.
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Using the ψ and ξ definitions, we are able to express 
the α and β Mie coefficients in a compact form:
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Summing over the Mie coefficients for a number of 
iterations N, calculated by (9) [44],

 = + +1/3   4   2N v v  (9)

where v is given by (3), we are able to obtain the extinction, 
scattering and absorption cross sections of the sphere as 
seen in (10–12).
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(b) The temperature profile of a self-heating sphere in a 
homogenous medium is expressed as [45]:
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where ΔT is the resulting optically induced temperature 
difference, � Q is the total heat source within the sphere, 
σabs is the absorption cross section of the sphere, Inm is the 
spectral density of the incident illumination, I is the inten-
sity of a monochromatic illumination with wavelength λexc, 
ks is the thermal conductivity of the environment, and D is 
the diameter of the sphere. Thus, the optical and thermal 
equations are connected via the temperature-dependent 
absorption cross section of the material. For Si, we used 
the temperature-dependent dielectric properties of Si pre-
sented by Vuye et al. [46].

Based on the above expressions, we implement a 
recursive analytical method to calculate the response to 
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self-heating of a dielectric nanosphere made of a thermo-
optical material (Si). We start from the MATLAB code given 
by Baffou [45]. This piece of code provides a vectorized cal-
culation of the α and β Mie coefficients, utilizing the built-
in Riccati–Bessel functions in the MATLAB programming 
environment. The order of the coefficients is determined 
by a condition based on the relative magnitudes of the 
sphere radius r = D/2 and the wave vector k. We sweep this 
Mie solution over a range of wavelengths, λ, and sphere 
diameters, D. We then sweep over the temperature range 
of the bibliographically available data [46]. This results in 
a wavelength, temperature- and size-dependent absorp-
tion cross-section matrix, σabs(λ, T, D). For a given sphere 
diameter and a monochromatic illumination, we extract 
the corresponding σabs(λ, Troom), and then we calculate the 
expected increase in temperature, ΔT, and hence the new 
temperature of the system, Ti = Troom + ΔT. If the material 
were not thermo-optical, this would be the final tempera-
ture of our system. However, in the case of a thermo-opti-
cal material, it is necessary to determine the new σabs(λ, 
Ti) ≠ σabs(λ, Troom). A change in the amount of absorbed light 
consequently leads to a different temperature, Ti+1 = Ti + ΔT. 
This calculation must be recursively implemented until the 
values of σabs(λ, TN−1) and σabs(λ, TN) are identical (within a 
provided code definition tolerance). Overall, this method 
simulates the thermo-optical response of a dielectric 
nanosphere under continuous wave illumination. The full 
MATLAB code used is given in the supporting information.

With this code, we investigate two separate aspects. 
On the one hand, we calculate the temperature change ΔΤ 
of the dielectric nanosphere as a function of the intensity 
of the incident light Ι. During this calculation, the code 
also outputs the absorption, scattering, or extinction 
cross-section spectra at every step. On the other hand, we 
use the code to automatically identify the magnetic and 
electric dipole in the nanosphere absorption spectrum, 
and we track their shift as a function of the temperature 
change, due to increasing values of the light intensity. The 
possibility of identifying also the electric (EQ) and mag-
netic quadrupoles (MQ) is also included in the code.

2.2   Numerical methods

In order to numerically solve for the optical properties of 
any given shape, size, and dielectric character of a thermo-
optically sensitive nanoresonator, as well as for asymmet-
ric environments (e.g. resonator on a substrate), we use a 
multiphysics finite element software (COMSOL Inc., Burl-
ington, MA, USA), solving for both the EM and heat trans-
fer equations. We first determine the optical response of 

the nanoresonator on a substrate. Then we couple the 
EM solution to the heat-transfer part to determine the 
temperature reached under illumination. Similarly to the 
analytical case, we then update the optical properties and 
compute again the EM solution. We iterate until no further 
change is observed in temperature between two subse-
quent calculations.

To calculate for the optical properties of the nanores-
onator on the substrate, we assume a linearly polarized 
electric field incident on a substrate where the nanoreso-
nator is deposited (interface between the substrate and 
the resonator coincides with z = 0). We introduce the inci-
dent, reflected, and transmitted waves, assuming normal 
incidence on the substrate, as seen in (14) for the geomet-
rical domains on top and inside the substrate.
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where E0 is the incident electric field amplitude, and rs 
and ts are the Fresnel coefficients for normal incidence 
[47]. We then solve the time-averaged wave equation for 
all the domains assigned with frequency-dependent die-
lectric properties as seen in (15). Fresnel coefficients rs and 
ts are updated for every wavelength solved.
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The magnetic permeability is set to zero, μr = 1, in all 
domains, whereas for the nanoresonator, we introduce 
the frequency- and temperature-dependent relative elec-
tric permittivity εr (f, T) [46, 48]. Applying a nonscattering 
boundary condition and a fully absorbing layer surround-
ing the finely meshed domains, we secure that the elec-
tric field solution is not affected by local artifact features 
and can be generalized for a number of noninteracting 
nanoresonators.

From the obtained electric field solution, we inte-
grate for the energy rates absorbed and scattered by the 
nanoresonator volume and surface area, respectively, as 
found in (16).
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By dividing each with the incident irradiance (17), we 
finally obtain the absorption and scattering cross  sections 
(18).
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From the tridimensional electric field solution and 
using the exact same geometrical configuration, domains, 
and meshing properties, we calculate the total dissipated 
optical heat on the nanoresonator in the presence of the 
substrate according to (19).
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Based on each material thermal capacity (Cp), thermal 
conductivity (k), and density (ρ) [49], we solve for a steady-
state heat transfer equation as seen in (20).

 
ρ ⋅∇ = ∇⋅ − ∇ +( )pC T k T Qu  (20)

We apply a T = T0 boundary condition on the outer layer 
of the computational domain. We optimize the size of this 
boundary by test modeling of well-known systems from 
bibliography [50, 51].

Finally, we obtain the equilibrium temperature of the 
system. We average it over the volume of the nanoresona-
tors, update the optical properties according to the εr (f, 
T) tables, and repeat for both the EM part and the heat 
transfer one.

3   Results and discussion

3.1   An analytical method for self-induced 
optical heating of a dielectric nanosphere

The type (electric or magnetic), order (dipole, quadru-
pole, etc.), and spectral position (wavelength) of the 
resonant modes that characterize the absorption, scatter-
ing, and extinction spectrum of a dielectric nanosphere 
are strongly dependent on its size. When the constituent 
material exhibits a significant thermo-optical effect, the 
characteristic wavelength and amplitude of these modes 
will also change, depending on the temperature (Supple-
mentary Information Figure S3). As shown in Figure 2A–C, 

Figure 2: Relationship between optical properties and heating.
(A, B) Redshift of the MD mode peak position of a 103-nm Si nanosphere with temperature upon external heating. (C) Linear proportionality 
of the provided energy input and the temperature increase. (D) Redshift of the MD mode peak position with temperature upon illumination 
with 475 nm (blue line). Initially, on-resonance illumination (blue line on green spectrum) becomes off-resonance (red spectrum) as the 
temperature increases, determining a reduction of the input energy. Initially off-resonance illumination with 490 nm (pink line on red 
spectrum) can become on-resonance (dashed line on beige spectrum) with a significant increase of the input energy. (E) Shift of the 
absorption cross section (Δσabs) with input intensity for 475-nm illumination (initially on resonance that gradually becomes off resonance, 
blue line) and for 490-nm illumination (initially off resonance that gradually becomes on resonance, pink line). (F) Initially on-resonance 
illumination thus results in a self-limiting heating as a function of the effective absorbed power (blue line), whereas off-resonance 
illumination results in a divergent heating (pink line).
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when heat is provided externally, a defined change in tem-
perature can be arbitrarily imposed, and a corresponding 
shift in the optical response of a sphere will be observed 
due to thermo-optical effects. As an example, in the case 
of a Si sphere with diameter of 103  nm, heating from 
room temperature to 430 K will result in a 15-nm shift of 
the prominent magnetic dipole (MD) resonance. As indi-
cated by (13) between the heat provided externally and 
the increase in temperature of the sphere, there is a linear 
dependence (Figure 2C).

On the other hand, when a sphere is illuminated 
with intense light, the thermo-optical effect depends 
on the self-induced optical heating, and hence the shift 
in the σabs spectrum of the sphere will depend on the 
equilibration between the varying absorbed power and 
the changing temperature, as graphically presented in 
Figure 1B. Considering again a sphere of 103-nm dia-
meter, in the case of monochromatic light excitation with 
λ = λMD (Troom) (Figure 2D, green curve and blue line), we 
observe that the resonance redshifts as the particle heats 
up (Figure 2D, red and yellow curves). As a result, at equi-
librium, the absorption will be lower than at room tem-
perature. This gradually changing absorption is plotted 
in Figure 2E for a case of an on-resonance illumination 
that gradually becomes off-resonance and vice versa due 
to the self-induced heating and the concomitant absorp-
tion shifts. The increase in temperature with respect to 
the effective absorbed power at room temperature (σabs 
(λ, Troom) × I) will be thus sublinear, resulting in an appar-
ent self-limiting heating behavior (Figure 2E, blue curve). 
In the case of monochromatic light excitation slightly on 
the right of the resonance [λ >  λMD(Troom) Figure 2D, dashed 
pink line], instead, as the particle heats up, the absorp-
tion increases, due to the same redshifts of the resonance 
mode with temperature. As a result, the temperature 
increases faster than expected based on the designed 
absorbed power, and a divergent heating behavior can 
be observed (Figure 2E, pink curve). Overall, due to the 
optothermally induced shifts of the resonant modes, 
initially off-resonance monochromatic excitation can 
become on-resonant and vice versa. As a result, upon 
increasing the intensity of the incident radiation, tem-
perature changes are not necessarily linearly depend-
ent on it, both super- and sublinear behaviors being 
possible. This complex dependence of excitation power 
and local temperature entails that self-induced optical 
heating must be precisely assessed in order to unlock 
its full potential in applications ranging from sensing to 
tunable metasurfaces.

To gain deeper insight into the complex interaction 
of thermo-optical effects with the resonant modes of 

the dielectric nanoantennas during self-induced optical 
heating, we use our analytical model to study the temper-
ature evolution of three Si nanospheres as a function of 
light intensity for different monochromatic illuminations 
(Figure 3). We specifically choose three sizes that exhibit 
different relative amplitudes of the ED and MD modes in 
the absorption spectrum. Note that, as discussed in Figure 
S10 in the SI, the relative intensities of the absorption 
peaks do not follow the trends observed in the scattering 
ones. For 80-nm diameter, the MD mode is dominant; for 
103-nm diameter, the MD and ED modes have the same 
magnitude, and for 130-nm diameter, the ED mode is 
dominant. We then assess how the temperature changes 
during monochromatic illumination with increasing 
intensity, both on- and off-resonance, across all the reso-
nant modes. We note that for strong and sharp resonant 
modes (e.g. MD for 80 nm, both ED and MD for 103 nm, 
and ED for 130 nm) on-resonant excitation leads to a self-
limiting dependence of the ΔT on the effective absorbed 
power, as expected from our previous discussion. Instead, 
the significantly weaker EQ and MQ modes (within the 80- 
to 130-nm Si sphere diameter regime) exhibit an almost 
linear dependence of the ΔT on the equivalent absorbed 
power, analogous to external heating. Hence, the strong 
resonances excited in dielectric resonators are critical to 
observe the unique trends in ΔT during self-induced optical 
heating. Finally, we observe that off-resonance excitation, 
both for λexcitation > λresonance and for λexcitation < λresonance, leads 
to a divergent trend in ΔT. These rules apply consistently 
to resonance modes with peak wavelength shorter than 
500 nm. Instead, in the case of the 130-nm Si sphere, both 
the MD and the local minimum at 500 nm exhibit a fluctu-
ating behavior that shifts between self-limiting and diver-
gent to the end of the available temperature-dependent 
dielectric data for Si [46]. To understand this behavior, it is 
necessary to consider the temperature dependence of the 
absorption cross section for each of these spheres (Sup-
plementary Information Figure S1). When a resonance 
occurs at wavelengths shorter than 475  nm, it redshifts, 
broadens, and decreases in intensity and as tempera-
ture rises. Resonance peaks around 450 nm redshift and 
broaden but do not change in intensity as temperature 
rises. Modes at wavelengths longer than 475 nm also red-
shift and broaden, but they uniquely increase in intensity 
as temperature rises. Therefore, in this wavelength range, 
the increases in intensity of the resonance counteract the 
lower absorbed power caused by the redshift of the peak, 
resulting in the fluctuating behavior seen in the magenta 
and the gray lines in Figure 3F.

We have so far analyzed the patterns of self-induced 
optical heating of the particle while illuminating on and 
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off the most prominent resonant modes. However, this 
does not yet describe how these modes shift during illu-
mination. The complex coupling between the self-induced 
optical heating and the thermo-optical effects is indeed 
reflected in the shift of each resonance wavelength, Δλ, as 
a function of the average increase in temperature of the 
nanoparticle, ΔT. For systems with no significant absorp-
tion, this shift can be adequately predicted by the temper-
ature dependence of the thermo-optical coefficient, which 
encapsulates the shift in the refractive index of a material 
with respect to the changing material temperature [52–54]. 
In self-induced optothermal heating, however, one has to 
account for the change in both the real and the imagi-
nary part of the dielectric function with temperature (see 
Supplementary Information Figure S4). Following recent 

literature [55], we thus define the self-induced thermo-
optical shift for each mode and illumination condition 
by measuring Δλ with respect to ΔT. We note that at these 
frequencies the complex refractive index has a nonnegli-
gible dispersion. Therefore, as discussed above for the ΔT 
(I · σabs), the self-induced thermo-optical shift of a mode 
strongly depends on the illumination wavelength.

With our MATLAB code, we indeed track the shift of 
the four fundamental resonant modes of Si spheres (MD, 
ED, MQ, and EQ) for excitation at different illumination 
wavelengths. In particular, in Figure 4, we compare the 
spectral shifts of the MD and ED modes of Si spheres with 
diameters of 80, 103, 130, and 140 nm, during on- resonance 
illumination for each mode [λ =  λMD(D) or λ =  λED(D)]. We 
do that for both the scattering and the absorption peaks 

Figure 3: Analytical analysis of self-induced heating of Si nanospheres.
(A–C) Absorption cross section at room temperature of three Si spheres with diameters of 80-, 103-, and 130-nm Si sphere; (D–F) 
temperature increase observed upon illumination at the indicated on- or off-resonance wavelengths as a function of the effective absorbed 
power. Self-limiting, linear, divergent, and fluctuating behaviors are observed, illustrating the complexity of self-induced optical heating.
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while illuminating at the ED and MD modes of the absorp-
tion. Our code allows for one to design their dielectric 
nanoresonator application by tracking any of the four 
modes under any illumination. In Figure 4, we observe 
that, in most cases, the self-induced thermo-optical shifts 
(Δλ/ΔT) present two linear dependences with decreasing 
slopes, below and above ΔT ~ 50  K. Furthermore, up to 
ΔT = 350 K, most curves appear to be almost linear for both 
scattering and absorption peak tracking. Uniquely, the 
Δλ/ΔT of the MD mode for the 130- and 140-nm Si spheres 
increases linearly within a small ΔT range and then fluctu-
ates to the end of the available data. This behavior reflects 
the previous discussion on the increase in intensity of 
the resonant modes with peak wavelength longer than 
475 nm. We thus conclude that the larger the temperature 
increase and the sphere radius, the more fluctuating and 
nonlinear the self-induced thermo-optical shifts become.

Overall, with our simple analytical approach, we 
showed that, when a Si nanosphere system is illuminated 
with intensity I > 0.5 GW/m2, or equivalently, it absorbs 
more than ~1 μW, it is critical to account for the self-induced 

optical heating for the design of the resonator. Further-
more, we observed that self-induced heating results in sig-
nificant, nonlinear spectral shifts of the resonant modes as 
a function of the effective absorbed power. Although this 
approach is computationally efficient, its applicability is 
limited to simple geometries – sphere – and homogeneous 
environments. Therefore, we used a numerical approach to 
extend the analysis to more complex geometries.

3.2   A numerical method for self-induced 
optical heating of any dielectric 
nanoresonator on any substrate

For dielectric nanoresonators of increasing anisotropy, 
either from a shape or an environment perspective, we 
have developed a numerical method using the com-
mercially available software COMSOL multiphysics as 
described in the Methods section. This recursive method 
calculates numerically for the optical properties of an arbi-
trary nanoresonator. The heat generated by the optical 

Figure 4: Self-Induced thermo-optical shifts of the magnetic dipole (MD) and the electric dipole (ED) resonances of silicon nanospheres of 
increasing radii.
In (A) and (B), we track the shifts of the MD and ED modes for λ = MD and λ = ED on-resonance illuminations for the absorption cross-section 
peaks. In (C) and (D), we track the resonant shifts of the MD and ED modes of the scattering cross-section spectra when illuminating at 
the MD and ED of the absorption. As seen in Figure S10, the MD mode maxima appear at almost the same wavelengths for scattering and 
absorption, whereas the ED mode has few nanometer shifts. The behavior changes from almost linear at smaller radii to nonlinear and 
fluctuating as the size increases, especially for the MD resonance of the absorption.
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losses in the nanoresonator’s volume is then used to cal-
culate for the temperature rise in both the nanoresonator 
and its environment. We average the temperature on the 
nanoresonator and apply the respective shift in the dielec-
tric properties and repeat from step 1 (Figure 5A). Figure 
5B shows the self-induced thermo-optical effect for a 
350-nm Si sphere on a fused silica substrate. We choose 
this nanoresonator because it exhibits a strong MQ reso-
nance at 631 nm, close to the fundamental emission line of 
a helium–neon laser at ~633 nm, which we assume as our 
light source. Initial illumination is thus redshifted com-
pared to the designed resonance mode (Figure 5B, black 
and red lines). However, upon excitation with I = 2 GW/m2, 
the temperature increases dramatically due to self-induced 
optical heating and hence redshifts the mode until the exci-
tation wavelength becomes blueshifted (peak resonance 
~640 nm at ~575 K; Figure 5B, C). At this point, because 
of the significantly reduced absorption cross section 
(Figure 5B, light gray curve), the system cools down, and 
the resonance shifts back, eventually setting on an equi-
librium temperature that balances the optothermal energy 
input with the nanoresonator temperature. Strikingly, we 
observe that while by design we aimed at illuminating on 

the right of the resonance, at equilibrium the illumination 
is blueshifted compared to the resonance peak, which has 
shifted by ~4 nm. With this realistic case, we show that even 
with an intensity of 2 GW/m2 (or the equivalent of a 20-μW 
absorbed power) we experience a notable shift. Also, we 
observe that, although our calculations are performed as 
a series of sequential equilibrium states, in reality during 
the heating phase the system must be rapidly fluctuating 
on and off resonance. Interesting questions thus emerge 
regarding the time scale of the heating phenomena and the 
thermo-optical dynamics that can be observed as a conse-
quence of it, which will be the subject of future studies. 
Overall, this realistic example further confirms the impor-
tance of carefully accounting for thermo-optical effects 
during the design phase of dielectric nanoresonators.

3.3   Self-induced optothermal heating 
of anapole nanoresonators

Given the prominent technological relevance of anapole 
modes in resonators, we analyze the self-induced thermo-
optical effect in two commonly studied systems: a 

Figure 5: Recursive numerical modeling of self-induced optical heating.
(A) Schematic illustration of the recursive numerical calculation that continuously iterates between electromagnetic and thermal 
calculations, updating the absorbed power and dielectric properties accordingly. (B) Absorption cross-section spectrum of a Si nanosphere 
of 350-nm diameter on a fused silica substrate as a function of temperature for different steps of the iterative procedure. The black line 
represents the initial situation at room temperature, whereas the green line is the spectrum at equilibrium. The red line is the chosen 
illumination wavelength. (C) Average temperature of the nanosphere as a function of the iteration step.
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50-nm-thick Si nanodisk with a diameter of 200 nm [5, 15] 
and a 100-nm-thick Ge nanodisk with a diameter of 500 nm 
[20]. As discussed in the introduction, anapole modes are 
very appealing because they exhibit a strong minimum 
in scattering. However, we note that such resonators also 
exhibit a pronounced absorption peak at approximately 
the same wavelength as the anapole scattering dip (Figure 
S5). As recently shown, nanodisk metasurface proper-
ties can be thermally tuned with externally provided heat 
[40, 56]. Indeed, both Si and Ge anapole nanodisks reso-
nances shift linearly with externally provided heat (Figure 

S6 and S7). However, based on our previous analysis, we 
expect the self-induced optical heating to result in a more 
complex behavior.

We use our numerical recursive approach to determine 
the equilibration temperature (Figure 6A, B) and scat-
tering spectra (Figure 6C, D) of the Si and Ge nanodisks 
as a function of light intensity for excitation at the room 
temperature anapole scattering minimum (Figure 6C, D, 
black curves). As seen in Figure 6B and D, Ge anapoles are 
very sensitive to self-induced optical heating: a 4-GW/m2 
illumination intensity induces a ΔT of ~200 K and a Δλ of 

Figure 6: Self-induced optical heating of Si and Ge nanodisks supporting anapole modes.
(A, B) Evolution of the average temperature of the nanodisks as a function of the iteration until equilibrium, for different illumination 
intensities; (C, D) scattering cross-section spectrum of the Si and Ge nanodisks exhibiting an anapole dip. Black curves are the room 
temperature spectra, whereas the colored curves represent the shift of the anapole mode due to self-induced optical heating, resulting in 
the indicated equilibrium temperature. The used illumination is shown in (A) and (B). The green and red vertical lines indicate the respective 
excitation wavelengths. (E, F) Spectral shift of the anapole mode as a function of the illumination intensity. The respective illumination 
wavelengths are shown in (C) and (D). Complex nonlinear behaviors are observed for self-induced optical heating of these resonators.
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80 nm, while a 12 GW/m2 causes a ΔT of ~550 K and a Δλ of 
110 nm. Silicon anapoles are less sensitive to the incoming 
intensity, but they still experience nonnegligible optical 
shifts (~20-nm shift for a 24-GW/m2 intensity). As a term 
of comparison, this intensity is roughly one-fifth of the 
optical intensities used for Raman scattering and 1000 
less than the ones used for nonlinear optical applications 
such as third-harmonic generation (Figure S9). While com-
pensation of thermo-optical effects is routinely performed 
in nonlinear optics experiments, these results show that 
they should be taken carefully into account also for less 
intense illumination conditions. Finally, when tracing the 
shift of the anapole mode dip as a function of illumination 
intensity, we observe that the trends are far from linear. In 
particular, while Si nanodisks exhibit two different linear 
regimes, Ge nanodisks exhibit a nonmonotonic redshift 
of the mode (Figure 5E, F). Our study was limited by the 
available temperature range for the dielectric properties of 
Si and Ge, but it is expected that further shifts and other 
nontrivial trends might occur for even higher intensity. 
Therefore, self-induced optical heating must be carefully 
assessed prior to employing these resonators in sensing 
applications where the shift in the resonance-mode dip is 
utilized to determine local events. In fact, even in the pres-
ence of a substrate and for moderate illumination inten-
sities, heating can be sufficient to significantly shift the 
mode, with nontrivial dependence on the intensity.

4   Conclusions
In summary, in this work, we have discussed the impor-
tance of self-induced optical heating in dielectric nanores-
onators made of materials (Si and Ge) that exhibit strong 
thermo-optical effects. We have provided both an analyti-
cal and a numerical method that recursively solve the EM 
and thermal aspects of the problem, ultimately account-
ing for the complex interaction between them. We used 
both approaches to showcase the significant impact of 
self-induced optical heating onto the equilibrium temper-
ature of Si nanospheres. In particular, we observed that, 
contrary to self-heating, with this approach it is possible 
to design systems with self-limiting or divergent thermal 
behaviors. Further optimization could thus enable the 
design of optical heaters that can be robust against fluc-
tuations of the light source or optical sensors for rapid 
detection of changes in the source intensity. Finally, we 
demonstrated the importance of assessing self-induced 
optical heating in applications that exploit anapole 
nanoresonators, one of the most successful and interest-
ing dielectric systems. In fact, even at mild intensities, 

relevant for sensing or Raman applications, these resona-
tors can absorb significant amounts of energy resulting 
in a prominent shift of the mode, with nonlinear depend-
ence on the illumination intensities. Moving forward, we 
foresee interesting opportunities in the understanding of 
the time evolution of these effects at fast time scales. This 
work employs a steady-state approach on the self-induced 
thermal effects of known and widely used systems in the 
visible and in the infrared. We are currently focusing on 
anomalous thermo-optic effects that shift the resonances 
in both directions and/or change their behavior with 
intensity and resonant wavelength.

Overall, our work highlights the necessity of assess-
ing the self-induced optical heating in a wider range of 
thermo-optically sensitive materials. The universality 
of the used analytical and numerical methods provides 
a widely applicable platform. We hence expect that this 
work will have a momentous impact in the fields of dielec-
tric and plasmonic nanoresonators, dielectric metasur-
faces and metamaterials, and anapole resonator systems 
by stimulating further investigation and debate on the 
potential of self-induced thermo-optical effects.
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