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Abstract

Many dielectrics and semiconductors used for all-dielectric resonators or metasurfaces have low
absorption in the visible range down to 500 nm, but are lossy in the near ultraviolet (NUV) range
due to their low energy band gap. On the contrary, the dielectric ferroelectric lithium niobate
(LiNbOs3, LNO) has an energy band gap larger than 4 eV, and consequently, very low losses in the
NUYV range down to 310 nm. We propose LNO nanocubes as a new alternative material for

nonlinear photonics in the NUV range. We report that LNO nanocubes fabricated by solvothermal

synthesis with sizes from 200 to 300 nm effer-different-optical features-compared-to-typicalall-

the N range—They demonstrate strong second harmonic generation (SHG) emission below 400

nm due to Mie resonances, with an SHG enhancement of 107 compared to bulk LNO at 360 nm.
The LNO nanocubes presented in this work are novel efficient all-dielectric Mie resonant
nanostructures for the NUV with a wide range of possible photonics applications in the NUV

range, from nanophotolithography to metasurfaces and complex assemblies of nanostructures.
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Introduction

The development of photonics was marked by the invention of the laser and the subsequent
demonstration of nonlinear optical phenomena, such as sum- and difference-frequency generation,
third harmonic generation or optical parametric generation. These nonlinear phenomena are
utilized in many applications from optical communication and optical parametric amplification to

the development of multiphoton microscopy.'

hike-medes: In bulk materials, the wave propagation is linked to the wavelength dependent

refractive index. Hence, the nonlinear emission efficiency is high when phase matching conditions
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are fullfiled.? Several solutions are proposed to achieve phase matching in a material, such as
periodic poling,®> quasi-phase matching® or random phase matching.* Conversely, the phase
mismatch can also be reduced if the refractive index of the material is close to zero. This exotic
behavior is obtained in zero-index metamaterials, which are fabricated by structuring metal-
dielectric composites at the subwavelength level.> Nanostructuring of bulk materials opened the
way to photonic devices with new properties. In addition to metamaterials with exotic dielectric
functions, nanostructuring is used to miniaturize optical components such as lenses, filters,
polarizers with tunable, switchable or sensing functionalities.®® The nanostructures forming these
metamaterials have sizes smaller than the coherence length. Consequently, phase matching
techniques are not necessary and have no effect on their nonlinear emission efficiency. On the
other hand, nanostructures locally confine electromagnetic fields due to their limited size. This
confinement occurs at specific wavelengths that can be tuned by changing the size, shape and
material. Therefore, nanostructures have complex linear extinction spectra containing several
electric and magnetic multipole resonances’ that are used to enhance light-matter interaction and
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nonlinear signal emission efficiency, as well as the suppression of the linear scattering cross-

section in anapole-like modes.!” "

Metallic nanostructures with asymmetrical geometrical shapes have been successfully used as

nonlinear emitters.?>>* While such plasmonic nanostructures are rather easy to fabricate, their use

is limited in the visible (VIS) range due to high ohmic losses. ** theirmain-disadvantage are-their
high ohmiclossesinthevisiblerange>* Furthermore, noble metals have a centrosymmetric crystal

structure and their second order nonlinear optical properties originate only from the broken
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symmetry at the surface or from higher-order multipole resonance effects.?> Nanostructures

fabricated from high refractive index dielectric materials such as silicon (Si), gallium arsenide
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(GaAs) or germanium (Ge) have been proposed as an alternative without the ohmic losses of
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metals.
range; However, none of these materials possess bulk second order nonlinearities and low losses
in the VIS range at the same time. Furthermore, their performance reduces even more in the near
ultraviolent (NUV) range due to absorption coefficients higher than 1 at 350 nm.*%3! In conclusion,
new second order nonlinear materials for applications in the NUV-VIS range are required.

In this work, we propose to use ferroelectric dielectric metal oxide lithium niobate (LiNbO3,
LNO) nanostructures as an alternative new material for nonlinear photonic application in the NUV-
VIS range. In its bulk form, LNO is a transparent insulating material with a high energy bandgap
of 4 eV* and an absorption coefficient smaller than 107 at 350 nm.*? Additionally, LNO has a
hexagonal noncentrosymmetric crystal structure’>** with significant nonlinear effects such as
piezoelectricity, electro-optical effect and SHG. Due to these nonlinear effects, microstructures
and waveguides of LNO are an established material for a number of photonics applications such
as SHG, three wave mixing, optical parametric down-conversion or bieimagingand electro-optic
effect.35%

On the other hand, few studies were performed on LNO nanostructures. Efforts have been
directed towards fabricating nanometer-sized LNO nanostructures, mainly by bottom-up chemical
synthesis.***® The crystal structure of these LNO nanostructures is preserved down to diameters
as small as 5 nm.** Cube-shaped LNO nanoparticles were demonstrated as viable probes for
multiphoton imaging of biological samples.*® Such nanoparticles with nonlinear optical properties,
sometimes called harmonic nanoparticles, have been used as coherent subwavelength light
emitters or non-resonant microscopy markers.**~3 Their main advantages compared to fluorescent

probes are the lack of bleaching and blinking, the emission of coherent photons, the reduced



nonradiative losses and the natural selectivity. Also, since SHG is strongly linked to the crystal
structure of the material, orientation dependent polarization patterns can be measured.’?>¢
Additionally, metal oxide nanoparticles are robust and chemically inert in many environments,
which makes them biocompatible and non-toxic.>’*° Harmonic nanoparticles employed in bio-
imaging have contributed to overcoming the limitations of various microscopy techniques, leading
to improved resolution and detection sensitivity even in deep tissues or turbid media.* In the UV
range, the biological samples have increased absorption cross-section. This limits the usage of
harmonic nanoparticles as markers for bio-imaging, but opens possibilities for applications where
high absorptions is desirable, as in the case of teranostics and cancer cell apoptosis.®! Harmonic
nanoparticles are also successfully used to characterize, calibrate and standardize the metrology of

multiphoton microscopes with sub-diffraction limit over a broad spectral range.®?

Given the adwvantages properties of harmonic nanoparticles listed above, effertshavebeen

imaging-of bielogical samples-** Moreever; the low absorption of LNO in the NUV and the high

quality of the crystal structure of LNO nanocubes compared to nanospheres,*’ indieate we
investigate their potential for further applications in photonics beyond bioimaging as, for instance,

28.63-65 complex materials, nonlinear light converters®® or integrated

new types of metasurfaces,
photonics.>® Here; We show LNO nanocubes as Mie resonators and as efficient SHG emitters,
and demonstrate them as novel all-dielectric building blocks for nonlinear nanophotonics in the

NUV range. We exploit the larger energy band gap of LNO that makes it transparent down to 310

nm.*? Furthermore, LNO has an intrinsically non-centrosymmetric hexagonal crystal structure
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with a dominant component in the reduced second order susceptibility tensor d33 = -34 pm/V.*2
We perform a full spectral characterization of LNO nanocubes with sizes between 200 and 300
nm fabricated by solvothermal synthesis and demonstrate their high SHG efficiency values
between +5 1.7 - 107 1/W and 63 7.6 - 107 1/W in the NUV region at 360 nm. Additionally, we
show that the SHG from single LNO nanocubes is enhanced 107 times compared to bulk LNO.
We further show by SHG polarimetry that, compared to nanospheres, LNO nanocubes have
predictable SHG emission patterns and crystal orientations when they are deposited with a face
parallel to a flat substrate, which allows a better control of the building blocks for future

applications.

Results and Discussion

Fabrication of LNO nanocubes

We fabricate LNO powders by a solvothermal synthesis method (see Methods section). We
obtain powders containing LNO rhombohedra with sizes ranging from 100 to 400 nm. Examples
of single LNO rhombohedra are shown in the SEM micrographs in Figure 1(a). According to XRD
measurements (Figure S1(a)), the crystal structure of the LNO rhombohedra corresponds to the
hexagonal R3c symmetry. High-resolution TEM images (Figure S1 (b)) reveal that lattice planes
with a separation of about 0.38 nm are parallel to the lateral faces of the rhombohedra. This
interplanar distance is in good agreement with the value of 0.375 nm expected for the d-spacing
of the (012) lattice planes calculated using the reference lattice parameters of LNO, a = 0.5148 nm
and ¢ = 1.3863 nm.** Because of the 3-fold symmetry of the hexagonal system, the faces of the
rhombohedra correspond to three equivalent families of lattice planes, (012), (-102) and (1-12)

having the same d-spacing (Figure S1(c)). These planes form an angle of 32.76° with the c-axis,
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i.e. the direction of the spontaneous polarization vector.>* Therefore, the polarization axis of the
LNO crystal is oriented along the diagonal of the rhombohedron in such a way that its projection
on the lateral faces lies along their major diagonal. From the SEM micrographs, we determine that
the angles between the facets of rhombohedra have values of 93.8° and 86.7°, in good agreement
with the angles formed by the planes (012), (1-12) and (-102) (Figure S1(d)). For simplicity, and
since their width, length and height are almost equal, the LNO rhombohedra are called LNO
nanocubes in this work.

The samples for the optical measurements are prepared as follows. We spin coat a diluted
suspension of LNO nanocubes powder in ethanol on an ITO covered fused quartz substrate with
patterned coordinates. Using dark field microscopy-and-SEM, we locate well-spaced individual
nanostructures and we determine by SEM that they are single LNO nanocubes. For the subsequent
measurements, we record the positions of only single LNO nanocubes that are at least 10 um apart
from all other structures on the substrate.-and We determine their size with SEM (Figure 1(a)) and
AFM measurements.

Linear extinction measurements

We measure the linear scattering cross-section of single LNO nanocubes by using a dark field
spectroscopy setup that we adapt for an extended detection range in the NUV. The schematic of
the UV-extended setup is shown in Figure S2. We equip the body of an inverted transmission
microscope with UV compatible optical components. We employ aluminum coated mirrors and
we use fused silica lenses to collimate a xenon arc lamp with high emission efficiency in the UV
range. We use a 50x apochromat objective to collect the scattered light in order to reduce losses
due to the chromatic aberrations of the standard achromat objectives. We detect the linear

scattering spectrum with an imaging spectrometer equipped with a CCD camera containing an
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extended UV window.

The measured linear scattering cross-section spectra of the LNO nanocubes from Figure 1(a) are
shown in Figure 1(b-e). Remarkably, we detect scattering resonances below 400 nm, in the NUV.
To better understand the scattering cross-section of the single LNO nanocubes and the nature of
the scattering peaks, we perform finite element method (FEM) simulations. The simulation model
considers an LNO nanocube on a fused quartz substrate. The length, width and height of the
nanocube are set to the values deduced from SEM and AFM micrographs, respectively. The model
calculates the scattered field from the LNO nanocube and integrates the Poynting vector over a
solid angle corresponding to the numerical aperture of the collection objective. Furthermore, using
a FEM model described elsewhere,!” the expansion of the scattering cross-section into individual
spherical harmonics according to Mie theory’ allows us to calculate the contributions from
individual multipoles. The calculated scattering cross-sections for the LNO nanocubes (Cube 1 —
4) are shown in Figure 1(f-1). The numerical simulations show that a strong scattering efficiency
is expected below 400 nm for every LNO nanocube, which is confirmed by the linear
measurements. Furthermore, an additional peak above 400 nm followed by a shoulder is observed
both in the measurements and the simulations for the LNO nanocubes with sizes below 300 nm.
The size estimation error of each nanocube causes differences between the measured and simulated
spectra. Our FEM simulations show that a size difference ef as small as 20 nm leads to a shift of
the peaks of about 25 nm. Indeed, the measured spectra of Cube 1 and 2 (Figure 1 (b) and (c))
appear blue-shifted by 20-30 nm. As a consequence, the peaks expected below 400 nm for Cube
1 (Figure 1(f)) is not observed. In case of Cube 2, the expected peak below 400 nm (Figure 1(g))

1s observed, but with a reduced intensity. For Cubes 3 and 4, we observe a good agreement between
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measurements and simulations, especially below 450 nm. Mereever—since—the-microsecope

e We compare the UV extended setup with a standard previously used dark field spectroscopy
setup!®!” (Figure S3). We observe that the measurement range of UV extended setup is increased
down to 350 nm, corresponding to a 90 nm extension of the measurement range. The upper limit
of the measurement range is determined by the detection sensitivity limit of the sCMOS camera,

which is around 1050 nm.

hmiting the measurementrange-of thesetup- A further improvement of the dark field spectroscopy

setup in the UV range is challenging because of the lack of objectives which have both a high

transmission in the UV range and no chromatic aberrations across the UV to visible range.
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Figure 1: Scattering cross section of single LNO nanocubes (a) SEM micrographs of the isolated

single nanocubes (Cube 1, 2, 3 and 4, respectively). (b-e) The measured scattering cross-section
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and (f-1) the simulated scattering cross-section of the single LNO nanocubes from (a). The labels
indicate the corresponding nanocubes. (j) Spherical multipole expansion calculated with the FEM
model from the total scattering cross-section (solid red line) for the LNO nanocube 1. ED — electric
dipole , MD — magnetic dipole, EQ — electric quadrupole, MQ — magnetic quadrupole, EO —

electric octupole, MO — magnetic octupole.

The results of the spherical multipole expansion is shown in Figure 1(j) for Cube 1 and in Figure
S4 for all the other LNO nanocubes presented in this work. For the smaller LNO nanocubes 1 to
3, the linear scattering cross-section continuum between 450 nm and 650 nm is the result of
overlapping contributions from the electric and magnetic dipoles and quadrupoles. The peak
appearing between 350 and 450 nm consists of overlapping contributions from the magnetic
dipole, electric quadrupole and electric and magnetic octupoles. A similar behavior is observed in
Cube 4, but, due to its larger size, the peak and the continuum are shifted further in the visible
range. The strong overlap between the multipole contributions is a consequence of refractive index
value of LNO which, compared to Si, GaAs or Ge, has smaller values (2.4 at 400 nm).** This
overlap between the magnetic dipole and octopole, and the electric quadrupole in the case of the
LNO nanocubes also has a significant impact on the SHG efficiency, as demonstrated in the
following section. Finally, in comparison to higher refractive index nanostructures, the scattering
cross-section also contains a continuum (for instance, from 450 nm to 600 nm for Cube 1, Figure
1(b)). This makes LNO nanocubes promising structures for broad spectrum applications like
spectroscopy.

Second-harmonic generation measurements

As we show that the measured LNO nanocubes scatter light efficiently in the NUV range, we

investigate if the nonlinear response from the nanocubes is also strong in this range by measuring
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the SHG signal from the individual LNO nanocubes 1 to 4. For this, we use a home-built SHG
transmission microscope setup (Figure S5). Prior to full SHG spectra measurements, we show that
the signal emitted from a single LNO nanocube consists only of the SHG response by detecting
the emission spectrum of a single nanocube with an imaging spectrometer (Figure S6).

First, we measure the SHG spectrum by sweeping the full laser wavelength range from 700 to

1040 nm in steps of 10 nm and recording the corresponding SHG spanning from 350 to 520 nm.
We determine the SHG conversion efficiency a% y by dividing the measured SHG irradianee

power by the squared laser #radianee power. The values of %% y for all LNO nanocubes 1 to 4

are shown in Figure 2(a-d). The data are normalized to the spectral sensitivity of the experimental

setup. The normalization procedure and the calculation of 9%]/ are detailed in Supporting

Information, Section 3, where we also estimate the effective second order susceptibility )(Sc)f

(Figure S7). All LNO nanocubes demonstrate efficient SHG emission below 400 nm, particularly
the cubes smaller than 300 nm. The measured SHG spectra are also compared to numerical
simulations (Figure 2 (e-h)) done with an FEM model. To calculate the SHG from a single LNO
cube, we determine the second order polarization from the second order susceptibility tensor
(Supporting Information, Section 4) and the electric field distribution of the incident light inside
the nanocube. The second order polarization acts as an electromagnetic wave source that radiates
into the far field. The SHG power is obtained by integrating the Poynting vector of this source
over the solid angle corresponding to the numerical aperture of the collection objective. This
method is described in detail in previous works.!”*” We extended this method by taking the crystal

orientation of the LNO nanocube into account (Supporting Informtion, Section 4).
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Figure 2: SHG from single LNO nanocubes (a-d) The measured effeetive SHG conversion
efficiency y and (e-h) the simulated SHG conversion efficiency y of the single LNO nanocubes
from Figure 1(a). The labels indicate to which nanocube the measurement and simulation

correspond.

The results of the calculated SHG conversion efficiency y simwlations are shown in Figure 2(e-
h) and Figure S4 (thick dotted lines). By comparing the calculated linear scattering cross-section

with the calculated SHG intensity conversion efficiency, we observe that the SHG intensity
14



increases significantly around the Mie resonances consisting of the overlap of four multipole
contributions (magnetic dipole, electric quadrupole, electric and magnetic octupoles).
Additionally, the SHG tensity conversion efficiency has a shoulder at the overlap between the
electric and magnetic quadrupoles (for example, at 425 nm for Cube 1 in Figure S4 (a)). The major
features of the calculated SHG spectra are reproduced by the SHG measurements (Figure 2 (a-d)).
For Cube 1, 2 and 3 we observe a peak in the SHG intensity from 350 to 450 nm, depending on
the cube size, followed by a shoulder and a subsequent faster decrease. However, compared to the
calculated values, the SHG peaks of Cube 1 and 4 are red-shifted by 75 nm and blue-shifted by 35
nm, respectively. Here, the estimation error of the LNO nanocube sizes leads to a shift of the peak
position of 20 — 30 nm (calculated using the FEM model), which cannot fully explain the
significant shift in the case of Cube 1. Furthermore, we observe an additional peak at 400 nm in
the SHG spectrum of Cube 4. A likely reason for these discrepancies is the morphology of the
LNO nanocubes. For example, Cube 4 (Figure 1(a)) has a defect along one edge, which reduces
its geometric symmetry. Also, it cannot be excluded that the nanocubes are formed by two or more
single crystals that have maximum SHG emission efficiency at different wavelengths.
Nevertheless, all measured LNO nanocubes have significant SHG conversion efficiency values
between +5-1.7 - 107 1/W and 63 7.6 - 1077 1/W at 360 nm, in the NUV region, for an incident
peak irradiance of 1.7 GW/cm?. The simulation of the SHG conversion efficiency predicts even
bigger values around 10~ 1/W for the measured y. We attribute this difference to multiple causes.
First, the LNO nanocube size estimation error causes about 50% variations of the measured y.
Secondly, the excitation in the experiment is done with a focused Gaussian beam, whereas in the
simulation we assume a linearly polarized plane wave. Also, any imperfections in the alignment
of the SHG measurement setup causes a reduction of the measured y.
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Additionally, we alse detect an SHG enhancement value of 107 compared to the SHG emitted
by bulk LNO at 360 nm. The enhancement calculation procedure is described elsewhere.!® The
efficient SHG emission in the NUV range is therefore another feature of interest of the LNO cube
for NUV photonic applications. Moreover, for LNO nanocubes with sizes below 250 nm, the SHG
emission in the NUV range is even more efficient than in the visible range. This is a consequence
of the refractive index value of LNO. For materials such as LNO, which have a lower refractive
index than Si, Ge or GaAs, the electromagnetic field is more confined inside the nanostructure for
lower wavelengths that correspond to the higher multipole resonances (Figure S8) where the LNO
nanocube interacts more efficiently with the incident electromagnetic field. As the SHG
enhancement in harmonic nanoparticles is a consequence of the electromagnetic field confinement
in the volume at Mie resonances, '° the SHG signal in the NUV will be higher than in the visible-
infrared.

Due to its tensorial nature, the SHG is highly dependent on the crystal orientation of the
material.>*%® Therefore, we investigate the dependence of the SHG signal on the polarization of
the incident laser beam. We rotate the polarization of the incident laser beam using a half-wave
plate and we measure the SHG at 400 nm for each LNO nanocube (Figure 3). Remarkably, for all
the tested LNO nanocubes, the maximal SHG is obtained when the incident electromagnetic field
is polarized along the diagonal of the top face of the LNO nanocube. In the case of Cube 4 (Figure
3(d)), there is a small angular displacement between the diagonal of the top face of nanocube and
the axis of the SHG polar plot (Figure 3(d)). This, together with SHG spectrum of Cube 4 (Figure
2(d)), strongly indicate that this cube has morphological defects that lead to the discrepancies of

its optical properties compared to Cubes 1 to 3.
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Figure 3: SHG polar plots of single LNO nanocubes (a-d) SEM images of single LNO nanocubes
and (e-h) the corresponding SHG polarization dependence at 400 nm. The dashed orange lines

serve as a guide to the eye.

The orientation of the SHG polar plots confirms the link between the crystal lattice orientation
and the geometrical shape of the LNO nanocubes, which prescribes that the faces of the nanocubes
correspond to well-defined families of lattice planes. The polar c-axis of the LNO crystal and the
big diagonal of the nanocube are parallel. This indicates that the maximum SHG intensity is
obtained when the projection of the incident electromagnetic field on the polar c-axis is
maximized. For this particular orientation of the incident electromagnetic field we exploit the ds
component of the reduced y® tensor of LNO, which has a significantly larger value than the rest
of the tensor components (-34 pm/V compared to the next closest one -4.88 pm/V, see Supporting
Information Section 4). The SHG polarimetry plots combined with the HRTEM measurements
(Figure S1(b)) indicate that LNO nanocubes placed on a flat surface have three equivalent

orientations depending on which of the (012), (-102) and (1-12) faces the nanocube stands. This
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feature increases the control and predictability of the SHG emission for applications, as the

randomness of the crystalline orientation typical to spherical nanostructures is not present.
Conclusion

In summary, we show that LNO nanocubes with sizes from 200 to 300 nm have efficient linear
and non-linear scattering in the NUV range, with nonlinear conversion efficiencies as large as 63
7.6 - 107 1/W and a 107 SHG enhancement compared to bulk LNO at 360 nm. Further, we
characterized the linear and SHG spectra of single LNO nanocubes both experimentally and
numerically, demonstrating their optical properties using the Mie theory formalism. The numerical
analysis completed by the spherical multipole expansion of the linear scattering cross-section
shows that multiple Mie resonances contribute to the total scattering cross-section and that these
resonances are highly tunable with the size of the nanocubes. The high order Mie resonances lead
to a strong SHG enhancement that can be achieved in the NUV region for nanocubes with sizes
around 200 nm. Furthermore, due to the link between the crystal structure and the geometry of
these LNO nanocubes, they have predictable crystal orientation. The LNO nanocubes shown in
this work represent a novel material for nonlinear photonics applications like single emitters of
sum-frequency generation or single photons sources in the NUV. Moreover, they can serve as
building blocks of metasurfaces or composite materials for random scattering in a wider

wavelength range that is not accessible with typical semiconductor or other dielectric materials.
Methods

Fabrication of LNO nanocubes. We fabricate LNO powders by a solvothermal synthesis
method. We disperse 3 g of Nb20O5 (H.C. Starck, 99.92%) and 0.689 g of LiOH (Aldrich, 98%) in
60 cc of Ethylene Glycol. The suspension is ultrasonicated for 5 min, poured in a PTFE-lined

stainless-steel acid digestion bomb (model PA4748, volume 120 mL, Parr Instrument Company)
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and hydrothermally treated at 250°C for 70 h. After cooling, the reaction product is washed several
times with water. The final powder suspension is then freeze-dried.

UV-extended dark field spectroscopy. We built a dark field spectroscopy setup that has an
extended detection range in the UV. The schematic of the UV-extended setup is shown in Figure
S2. The light from the xenon arc lamp (150 W, Gilden Photonics) is focused onto the sample using
a condenser (Zeiss 20x Epiplan-Neofluar dark field objective with an opaque disk to block the
center of the light beam). We place an aperture in front of the lamp to create a virtual light source
and avoid imaging the lamp electrodes at the sample position. The light scattered by the sample is
collected with a 50x objective (Zeiss 50x Epiplan-Neofluar, NA =0.55) and detected by a standard
CMOS camera and an imaging spectrometer (Princeton Instruments Acton S303 spectrograph)
equipped with a CCD camera with an extended UV window (Pixis:256E). The 200 um core fiber
of the imaging spectrometer acts as a pinhole, which allows us to detect only the signal from
individual LNO cubes . For each measurement, we adjust the position of single
LNO cubes using a CMOS camera. The linear scattering cross-section spectra are obtained by
normalizing the signal from a single LNO nanocube to the signal coming directly from the lamp,
after subtraction of the dark current counts of the
camera.

SHG measurements. We measure the SHG from individual LNO nanocubes using a home-built
SHG microscope. The setup is shown in Figure S5. The laser beam from a pulsed Ti:Sapphire laser
(Spectra Physics MaiTai DeepSee) is focused onto an LNO nanocube using a lens (f = 25 mm).
The SHG and the transmitted laser beam are collected by a 100x objective (Zeiss Neofluar NA =
0.75). The laser beam is removed using a colored glass bandpass filter (Schott BG39) and the SHG

signal is measured with a scientific CMOS camera (Andor Zyla 4.2). We control the polarization
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of the incident laser beam with a half-wave plate mounted on a motorized rotation stage. We test
the emission spectrum from a single nanocube excited by the laser beam to confirm that only SHG
is emitted. For this, we measure the signal collected by the objective with an imaging spectrometer

(Princeton Instruments Acton S303 spectrograph equipped with a CCD camera Pixis:256E).

Supporting Information: Crystal lattice characterization of LNO nanocubes. UV-extended dark
field spectroscopy and SHG measurement setups with spectra normalization procedure and
calculation of the effective second order susceptibility. Details about the second order
susceptibility tensor of LNO. Electric field maps inside the LNO nanocubes at the Mie resonances.

This material is available free of charge online.
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