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Nonlinear optical nanostructured materials are gaining increased interest as optical limiters for
various applications, although many of them may suffer from reduced efficiencies at high-
light fluences due to photo-induced deterioration. Here we report the nonlinear optical
properties of ferrite core/shell nanoparticles showing their robustness for ultrafast optical
limiting applications. When excited by 100 fs ultrashort laser pulses the effective two-photon

absorption (2PA) coefficient shows a non-monotonic dependence on the shell thickness, with



a maximum value obtained for thin shells. In view of the local electric field confinement, this
indicates that core/shell may be an advantageous morphology to improve the nonlinear optical
parameters. These nanoparticles exhibit excellent optical limiting performance with effective
2PA coefficients in the range of 1012 cm/W for a 100 fs excitation, and optical limiting
threshold fluences in the range of 1.7 J/cm2. These values are comparable to, or better than,
most of the recently reported optical limiting materials.['-1% The quality of the open aperture
Z-scan data recorded from repeat measurements at intensities as high as 35 TW/cm?, indicate
their considerably high optical damage thresholds in a toluene dispersion, ensuring their
robustness in practical applications. Thus, the high photostability combined with the
remarkable nonlinear optical properties make these ferrite nanoparticles excellent candidates

for ultrafast optical limiting applications.

1. Introduction

Nanostructured materials are gaining increased interest both in industry and research due to
their novel and enhanced properties with respect to their bulk counterparts, which are leading
to countless applications in very diverse fields.['-18] In particular, in the field of optics,
nanoparticles are finding widespread uses.[*#15] For example, (i) metallic nanoparticles have
plasmonic properties which depend strongly on their size and shape, the dielectric
environment and the inter-particle distance;*8 (ii) transparent polymer films embedded with
nanoparticles have been shown to have tunable ultrahigh refractive indexes;!*" (iii) arrays of
metallic nanoparticles behave as photonic crystals;*8l and (iv) nanostructures can present
large third-order optical nonlinearities, with applications in fields such as optical

telecommunication, optical data storage, optical computing and information processing.*!

Many nonlinear optical (NLO) materials have been explored for optical limiting applications.

Optical limiters are devices used for protecting light detectors or other optical components
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(including human eyes) from accidental exposure to harmful high intensity radiation. Ideal
optical limiters should be fully transparent to light of low and moderate intensity, but fully
opaque to high intensity light. Despite their importance, the capabilities of existing optical
limiters are still far from ideal. Thus, diverse approaches, using different types of materials
such as metallic, semiconductor or organic,[2021 are being investigated to improve their
performance. However, high intensities result in photo-fragmentation and ligand desorption in
most of these materials, resulting in irreversible material damage.[>222% Thus, exploring new
materials with high stability (with higher intensity thresholds for laser-induced thermal
damage and dielectric breakdown) suitable for use in harsh/reactive environments is crucial

for the development of practical devices for optical limiting applications.

Interestingly, magnetic spinel ferrites (MxFesxO4, where M = transition metal, e.g., Fe, Co,
Mn, Ni, or Zn) are versatile nanomaterials which are known to be highly stable even in
extreme environments.?*l However, compared to other materials, optical nonlinearities in
ferrites have been relatively unexplored.[?5-271 Although modifications in optical nonlinearity
caused by the inclusion of different transition metals into a spinel ferrite system have been

reported,[?81 many archetypical ferrite materials like MnFe,O4 have not yet been investigated.

Core/shell architectures have become increasingly appealing among nanomaterials to develop
efficient ways to functionalize and improve the properties of single-phase nanoparticles['22%-
321 in distinct fields such as microelectronics, biomedicine, catalysis, optics, and magnetism,
among many others.[33-43 |n the particular case of optical limiters, core/shell structures have
been used to make certain materials stable at extreme conditions, where chemically inert
oxide shells have been grown for protective purposes.i* However, the use of non-optimized
protective shells may weaken the optical limiting capabilities of the material. On the other
hand, metal-semiconductor core/shell composite nanoparticles have been theoretically

predicted to exhibit strong enhancement in the nonlinear response compared to their single
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components counterparts.[**l Nevertheless, investigations on core/shell structures with
optically active shells for optical limiting purposes are still rather scarce,*?! in particular for

highly stable materials like all-oxide structures.

Here we report ultrafast optical nonlinearities measured in a series of ferrite core/shell
nanoparticles, MnFe;O4/CoFe204 and CoFe,04/MnFe204, with different core diameter and
shell thickness, studied by the open aperture Z-scan technique. The results show that for 100
fs, 800 nm laser pulses, the core/shell architecture leads to an enhanced optical limiting
performance, with optical limiting efficiencies comparable to, or better than, those of
benchmark materials reported in the literature.l-2° It may be noted that the 800 nm
wavelength is rather common for biomedical applications given the minimal absorption of

water (and other biological fluids) around this wavelength.[]

2. Results and discussion

Three different series of CoFe204/MnFe204 core/shell nanoparticles have been synthesized;
two based on Co-ferrite cores and Mn-ferrite shells (Col@Mn and Co2@Mn, with two
different core sizes) and one in the inverted MnzFe>O4/CoFe20s (Mn1l@Co) core/shell
architecture. Figures 1 and S1 show the transmission electron microscopy (TEM) images and
their respective particle size histograms for the three series: Mn1@Co, Col@Mn and
Co2@Mn. Single phase seeds for the Mn1@Co and Col@Mn series (i.e., Col and Mnl)
present similar 6(1) nm particle sizes. After the different shell deposition steps both core/shell
series show the similar increase in overall diameter, reaching particle sizes of 9, 11 and 12
nm, i.e., shell thicknesses of 1.5, 2.5 and 3 nm, respectively (see Table S1). Conversely, the
Co2@Mn series starts with slightly larger 8(1) nm CoFe204 seeds and similar shell thickness
increase, i.e., 0.5, 1.5 and 2 nm, after each deposition step (see Table S1). All nanoparticles

depict a rather regular spherical shape with a narrow particle size distribution (< 15 %). In
4



order to corroborate the core/shell structure of the nanoparticles an electron energy loss
spectroscopy (EELS) analysis of the structure has been performed.*84% The EELS mappings
for the sample Col@Mn1 clearly confirm the core/shell morphology, where manganese and
cobalt ions are confined only in the shell and core regions, respectively (see Figure 2). The x-
ray diffraction (XRD) patterns for the Col series, depicted in the Figure S2, show the
formation of a single crystallographic phase, which can be indexed as cubic spinel. The series
of diffractograms reveals the expected gradual narrowing of the peaks associated with the
increase of particle size. The crystallite sizes, evaluated from the diffraction patterns, are
consistent with those obtained from the TEM images, indicating the growth of single
crystalline nanoparticles (see Table S1). In addition, the cell parameter depicts a linear
increase as the shell thickness becomes larger, in agreement with the expected variation of the
unit cell values between the CoFe>O4 core and the MnFe>O4 shell, (i.e. acore204 = 8.4 and
amnre204 ~ 8.5; see Table S1). Interestingly, the core/shell structure is further supported by
their magnetic behaviour (see Supplementary Information and Figure S3). Moreover, the
linear absorption of the ferrite core/shell nanoparticles in the visible-near infrared region has
been measured showing the typical profile for iron-based oxides with a decay of the

absorption from lower to higher wavelengths (see Figure S$4).501

The nonlinear optical response of the ferrite core/shell nanoparticles dispersed in toluene was
measured at 800 nm by the open aperture Z-scan technique, using ultrashort laser pulses of
100 fs duration. Note that the calibration curves, i.e., Z-scans measured in pure toluene, do not

show any nonlinear absorption (see Figure S5).

The normalized transmittance of the sample (i.e., the measured transmission normalized to the
linear transmission at low input light levels) plotted as a function of the input optical intensity
and fluence is given in Figure 3 (Col@Mn series), Figure S6 (Mn1@Co series) and Figure S7

(Co2@Mn series), respectively. These curves are calculated from the open aperture Z-scan



curves (which are shown as the insets) using the divergence properties of a focusing Gaussian
beam (see the Experimental Section). For all three series of nanoparticles the normalized
transmittance is strongly dependent on the input intensity, depicting a strong absorptive
nonlinearity. The smooth valley in the Z-scans (which is symmetric about the beam focus, z =
0) confirms a strong reduction in the optical transmission at higher intensities. A weaker, but
measurable increase in transmission can be seen at moderate intensities, which arises from

saturable absorption.

Depending on the linear absorption spectrum of the sample, excitation wavelength, laser
fluence, intensity and pulse width, nonlinear absorption can originate from diverse processes
such as multi-photon absorption (two-photon absorption (2PA), three-photon absorption
(3PA) etc.), excited state absorption (ESA), and saturable absorption (SA).5152 Since the
samples are concentrated enough to have some linear absorption at 800 nm (the linear
transmission of 70% indicates about 22% linear absorption, after accounting for about 8%
reflection losses from the sample cuvette), ESA is a logical contributor to the observed
nonlinear absorption.b2581 At the same time, given the high intensities provided by the
ultrashort laser pulses (beyond 103 W/cm? in the present study) 2PA will play also a
significant role.l5253 Therefore we refer to the combined effect as effective 2PA, following
convention.®?l Taking the SA seen at moderate intensities also into consideration, the

nonlinear absorption coefficient can be written as [
%

where B is the effective 2PA coefficient and Is is the saturation intensity. oo is the linear

a(z) =

absorption coefficient, and 1 is the incident intensity. The corresponding light propagation

equation is given by:
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where z" denotes the axis of propagation through the sample. The solution to this equation is

numerically fitted to the measured nonlinear transmission data to obtain the values of Is and f3,

which are given in Table S2.

From Figure 4 it can be seen that [ initially increases with shell thickness for both Co-ferrite
and Mn-ferrite morphologies. Interestingly, B turns out to be maximum for particles of
intermediate sizes, for which the shells are relatively thin. The enhancement is in the range of
22% to 50% when compared to the pure ferrite cores. When the particle size increases beyond
the intermediate range due to thicker shells, however, {3 is found to decrease. The nonlinearity
improvement observed for nanoparticles with thin shells may be attributed to the local electric
field enhancement associated with the core/shell structure. Considering the optical irradiation
of core/shell composite particles dispersed in a surrounding dielectric medium, the local field
enhancement can be calculated by solving Laplace’s equation with appropriate boundary
conditions, employing FDTD (finite-difference time-domain) simulation techniques. Note
that, the local field enhancement will be most prominent in metal nanoparticles which have a
surface plasmon resonance, where it will be maximized when the optical field is in exact
resonance with the surface plasmon frequency. [l However, in oxide nanoparticles (typically
insulating) surface plasmon resonances do not occur. For the core/shell/dielectric
morphology, the FDTD simulations show that the local field enhancement is a minimum
within the shell volume, compared to the other regions (see Fig.6 and the corresponding
discussion below). The increase of the shell volume for a fixed core volume obviously
reduces the core volume fraction in the case of thicker shells. Since the core has a higher local

field enhancement compared to the shell, this leads to an overall reduction in the nonlinearity



of the nanoparticles with thicker shells. Note that, similar non-monotonic size dependent
enhancement of ultrafast optical nonlinearity (fs or ps pulse excitations) has been previously
reported in CdSe/CdS colloidal core/shell nanocrystals,[®] Mn-doped ZnSe nanocrystals(®®]
and Au-SiO, core/shell nanoparticles.>] However, in contrast to quantum dots and noble
metals, ferrite nanoparticles are environmentally friendly, inexpensive and very stable with
temperature or in reactive environments. Additionally, oxide nanoparticles do not present any
bleaching effects, which could be an important limitation for the application of quantum dots

in devices.

In order to better understand the improved nonlinear optical response due to the field
enhancement we selected the Col and Mn1 series for further theoretical analysis (however,
note that samples from all three series exhibit the same trend of nonlinearity). From the (3
values obtained for the seed nanoparticles of the Col and Mn1 series, the corresponding third-
order nonlinear susceptibility values of the core materials, ym®, can be determined by the
expression:>4
ym® = BAcno? g0/37 (3)

where A is excitation wavelength, no is the linear refractive index, c is the speed of light in
vacuum and & is the dielectric constant. For Col seed and Mn1 seed, ym® is calculated to be
2.4 x 102! m?/V? and 1.96 x 102t m?/V?, respectively. Now, according to the local field
theory, the effective nonlinear susceptibility of the core/shell system dispersed in a dielectric

medium (toluene in the present case) is given by 5581

et = P(3e0/(2€0 + €efr) ) ym™® 4)
where P is the volume fraction of nanoclusters in the dispersion, and (3eo/(2e0+eefr))* is the
local field enhancement factor. eer is given by &ot3ePb, where b = (e-
goH(e0t2e2)p1f3)/ (212802 (e2-€0)paf®), With p1=(e1-£2)/(e112¢2); T is the ratio between the radii

of core (r1) and core/shell (r2); and eo, €1 and &> are the dielectric constants of the dielectric,



core material and the shell material, respectively. For the Col series, €o, €1 and & are 2.21,
5.29 and 6.15 respectively, while for the Mn1l series, these values are 2.21, 6.15 and 5.29

respectively.

The theoretically calculated (using Equation 4) and experimentally estimated yer® values,
plotted as a function of shell thickness (Figure 5), are in excellent agreement with each other.
The nonlinear susceptibility increases up to a shell thickness of 2 nm, and slightly decreases
thereafter. The measured values show a slight deviation from the theoretical curve for samples
with thicker shells, which might be due to the presence of non-radiative surface traps formed

due to the strain and lattice mismatch at the core/shell interface.[>>59.60]

To calculate the distribution of enhanced electric fields in and around the core/shell
nanoparticles dispersed in toluene, FDTD simulations were carried out. In the FDTD method
space is divided into discrete grids and then the electromagnetic field is evolved in time by
using discrete steps. The electric field vector components in a volume of space are solved at a
given instant in time, and the magnetic field vector components in the same spatial volume
are solved at the next instant in time. The process is repeated until the desired transient or
steady-state electromagnetic field behavior is fully evolved. For our FDTD simulations,
optical constants were obtained from literature for CoFe,04®1 and MnFe204.12 The thinnest
shell (1.5 nm) enhances the field by about 11% compared to the bare seeds, while the 2.5 nm
shell enhances the field by about 100% (see Figure 6). No further enhancement is seen for the
3 nm shell. This trend is in qualitative agreement with the enhancement of B and y#® values
measured for the nanoparticles in the presence of thin shells. FDTD simulations carried out
for excitation at the wavelength of 400 nm (where the particles show a much stronger
absorption) are given in Figure S8. Since the strong absorption does not arise from SPR, no
relevant enhancement in the field is observed. In fact, for the ColMn2 nanoparticle, the

enhancement at 800 nm is found to be larger than that at 400 nm.



Remarkably, the experimental B values are in the range of 10*? to 10*® cm/W, which are
comparable to those recently reported in CuO/Graphene hybrids (B ~ 1012 cm/W),EI reduced
graphene oxide (B ~ 102 cm/W),[M BiFeOsz (B ~ 1022 cm/W), ! Fe,03 (B ~ 10713 cm/W),E!
SiO2-Se (B ~ 4.8 x 10" cm/W),16] CuS nanoparticles (B ~ 6 x 102 cm/W) and CuS quantum
dots (B ~ 2.3 x 1022 cm/W).I"l The B values are also comparable to those of CdSe quantum
dots (in the size range of 2 to 3.9 nm) dispersed in hexane, which are in the range of 1012
cm/W.I In addition, the optical limiting efficiency of the ferrite core/shell nanoparticles is
very good, with limiting threshold (input fluence at which the transmission drops to 50% of
the linear transmission value) values in the range 1.66 to 2.24 J/cm? (see Table S2). These are
similar to or better than those of previously reported bench-mark materials like Ceo (2 J/cm?),
carbon black (2.2 J/cm?),l! graphene-Ag (1.9 J/cm?),l®! and graphene-Pt (1.8 J/cm?),1*% and
are considerably better compared to those obtained for Pt (33.1 J/cm?) and Pd (24.2 J/cm?)

nanoparticles. 1]

Finally, to evaluate the optical damage behaviour of the ferrite core/shell particles, samples
Col and Col@Mn1 were irradiated using high intensity laser pulses(®364 (fluence is 3.5
Jicm?, beam spot size at focus is 24 um, and intensity is 35 TW/cm?). The Z-scan curves do
not exhibit signs of laser induced damage, like loss of symmetry of the curve, or scattering of
data points near the beam focus (z = 0), even after several runs of the experiment. This
indicates that when the nanoparticles are measured in solution, sample damage is not
observed at least up to 35 TW/cm?. It may be noted that high intensities can be achieved at
relatively low pulse energies, provided that the pulse width is small, as in the present case.
Since lower energies result in lesser heating, thermal damage will be less. On the other hand
high optical intensities can result in dielectric breakdown of the material, but since the Z-scan

curves remain robust even after repeated measurements, we can assume that dielectric
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breakdown does not occur in these samples. To assess whether the nanoparticles are indeed
getting photodamaged at the beam focus is rather complex. However, even if that was the
case, the diffusion of the nanoparticles in the liquid medium would ensure that the irradiated
volume is constantly being restored, so that the optical limiting performance is not
compromised (thus, such high optical stability might not be attained if the particles are
dispersed in a solid matrix). The intensity of 35 TW/cm? is well above the damage thresholds
of Au nanowires (3 TW/cm?)[®] and multi-walled carbon nanotubes (11 TW/cm?), and
comparable to multilayered graphene embedded in proteins (34 TW/cm?).[%] Consequently,
their remarkably high endurance of intense ultrashort laser pulses ensures that these ferrite

core/shell nanoparticles are excellent materials for optical limiting applications.

3. Conclusions

In conclusion, we have carried out systematic measurements of the nonlinear optical
transmission of three series of ferrite core/shell nanoparticles with different shell thicknesses
(MnFe204/CoFez04, and CoFexO4/MnFe20s -with two different core sizes-), excited by
ultrashort (100 fs) laser pulses at 800 nm. The results show that the effective two-photon
absorption coefficient and the effective third order susceptibility reach maximum values for
relatively small shell thicknesses, for all the three series. FDTD simulations reveal that the
core/shell morphology improves local electric field enhancement, particularly for the smaller
cores. The optical limiting performance (limiting threshold fluence in the range of 1.66 J/cm?)
and photostability (apparent lack of photodamage up to 35 TW/cm? in liquid dispersions) of
these ferrite core/shell nanoparticles is high, compared to most of the recently investigated
materials and benchmark materials like Cgo or carbon nanotubes. In fact, the robustness of the
physiochemical properties of ferrite materials, even in harsh environments, together with the

outstanding optical limiting efficiency of ferrite core/shell nanoparticles, make them very
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promising materials for fabricating optical limiters, for protecting human eyes and optical

sensors from hazardous laser radiation.

4. Experimental Section

The synthesis was carried out using standard airless procedures and commercially available
reagents: 1-octadecene (ODE, 90%), ethanol (EtOH, >99.8%), hexane (Hx, >95%), oleic acid
(OAc, 90%), Oleylamine (OAm, 70 %), iron(lll) acetylacetonate (Fe(acac)s, >97%),
cobalt(ll) acetylacetonate (Co(acac)z2, >97%). All starting materials were purchased from
Sigma-Aldrich.

Monodisperse spherical NPs were synthesized through thermal decomposition of the metal-
surfactant complex in a high-boiling solvent containing OAc and OAm as stabilizing
surfactant.[1 Briefly, in order to synthesize 6 nm MnFe,O4 nanoparticles Mn(acac). (3.25
mmol) and Fe(acac)s (5 mmol) were placed in a 50 mL three-neck round-bottom flask in the
presence of Oac (6 mmol), Oam (6 mmol) and 20 mL of Bz,O. The reaction mixture was
heated at 200°C for 2 hour and posteriorly at 300 °C for 1 h and, after removing the heat
source, the reaction products were cooled to room temperature. Posteriorly 40 mg of as-
synthesized MnFe>O4 nanoparticles were mixed with Co(acac)2 (3.25 mmol), Fe(acac)s (5
mmol) Oac (6 mmol), Oam (6 mmol) and 20 mL of Bz,O and heated to 300 °C during 1 hour
for the growth of a 1.5 nm Co-ferrite shell. Larger Co-ferrite shell thickness was obtained
repeating the same procedure using Mn-ferrite/Co-ferrite core/shell nanoparticles as a seeds.
All NPs were washed by several cycles of coagulation with ethanol, centrifugation at 5000

rpm, disposal of supernatant solution and re-dispersion in hexane.

TEM images were obtained using a Jeol JEM-2010 microscope with a LaB6 filament
operated at 200 kV. HAADF images and EELS analysis were performed in a FEI Tecnai F20

equipped with a Quantum GIF EELS spectrometer.
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XRD patterns were collected using a Panalytical X’Pert Pro diffractometer with Cu Ka
radiation. The measurements were carried out in the range 25-70°, with a step size of 0.03°
and a collection time of 1.5 s. Quantitative analysis of the XRD data was performed with a
full pattern fitting procedure based on the fundamental parameter approach (Rietveld method)

using MAUD software. (€]

The magnetic properties of the nanoparticles were measured on tightly packed powdered
samples using a superconducting quantum interference device (SQUID, Quantum Design)
magnetometer with 70 kOe maximum field. The magnetization versus temperature

measurements were performed in zero field cooled (ZFC) conditions in 50 Oe.

The open-aperture Z-scan technique was used for measuring the nonlinear optical
transmittance of the samples. In this method, the nonlinear transmission of light through the
material is measured as a function of input fluence (energy per unit area) or intensity (fluence
divided by laser pulse width). The input light fluence (and hence the intensity) is varied by
moving the sample through the focal region of a focused laser beam. A regeneratively
amplified Ti:Sapphire laser (TSA-10, Spectra Physics) producing 100 fs laser pulses at 800
nm, at a repetition rate of 10 Hz, was used for excitation. An electronically synchronized fast
mechanical shutter was used in the beam path to select single pulses from the 10 Hz pulse
train so that at the sample, there was approximately 5 seconds interval between each
successive laser shot. By using a beam expander and a diamond aperture the spatial profile of
the laser beam was further improved to provide a near-perfect Gaussian (TEMgo) mode. The
laser pulse energy used was 10 pJ. A plano-convex lens having a focal length of 10.75 cm
was used to focus the laser beam, which gives a focal spot radius of about 24 microns.
Samples uniformly dispersed in toluene by ultra-sonication were taken in 1 mm path length
glass cuvettes for the measurement. Concentrations were adjusted such that all samples had a

linear transmission of 70% at the excitation wavelength. By mounting the sample cuvette on a
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precision translation stage, fine movement along the z-direction through the beam focus was
facilitated (focal point is taken as z = 0). The experiment was automated using a LabVIEW
program, which controlled the movement of the translation stage, activation of the shutter,
data acquisition from the oscilloscope (to which the energy meters are connected) and storage
in a computer. A plot of the sample transmission against sample position gives the open
aperture Z-scan curve. Following convention, the transmission is normalized to the linear
transmission measured at low input intensities (corresponding to large z values). For example,
if the linear transmission measured at low input intensity is 70%, and the transmission drops
to 35% at the beam focus (due to the nonlinearity), the normalized transmission at the focus is
35/70 = 0.5. From the Z-scan curve it is possible to plot the sample transmission against input
laser fluence or intensity since for a spatially Gaussian beam, the light fluence Fin(z) at any
position z can be calculated from the corresponding beam radius w(z) and the input laser pulse
energy Ein. The beam radius is given by!®]

o(2) = o(0) [1+(z/z0)°]?, (5)

the position-dependent fluence is given by!®°]
Fin(z) = 4(In 2)Y2 Ein/n®? o (2)?, (6)
and the position dependent intensity is given by!®°]
lin(z) = Fin(2)/7, (7)
where o(0) is the focal spot radius, zo = nw(0)%/A is the Rayleigh range, and < is the laser

pulsewidth.
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Figure 1. (a-d) TEM images and (e) their respective particle size histograms for Mn1@Co core/shell
nanoparticle series. Scale bars correspond to a length of 20 nm.
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Figure 2. (a) High-angle annular dark-field (HAADF) TEM image for sample Col@Mn3 and their
respective (b) Mn and (c) Co maps of integrated L23 edge signal. (d) Co/Mn EELS mapping
reconstruction (red and green colors refer to cobalt and manganese L edge signal, respectively).

19



Input Fluence (J/cm?)
1

Col Seed

e
®

g
i

[
o]

Normalized Transmittance
o
oC

<
o

5

-+ Z(":nm)
. 10" 10
Input Intensity (W/cm?)

Figure 3. Normalized optical transmittance (for 800 nm, 10 uJ, 100 fs pulses) obtained for the
Col@Mn series as a function of input intensity, calculated from the Z-scan curves (shown in
the insets). The input fluence values also are shown. Symbols are experimental data, while the
solid curves are numerical fits obtained using Equation (2), from which the 3 and Is values are
determined.
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nonlinear susceptibility (ye«®) values for the Col and Mnl series for different shell

thicknesses.
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Figure 6. FDTD simulation results for (a) Col and (b,c,d) Col@Mn nanoparticles
periodically dispersed in the dielectric medium toluene, with an inter-particle separation of 30
nm. The electric field amplitude within the nanoparticle and in its vicinity is plotted in a color
scale, where the input field has been taken as unity. The core diameter is 6 nm for all samples,
while the shell thickness is 0 nm, 1.5 nm, 2.5 nm and 3 nm for a, b, ¢, and d, respectively.
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Ultrashort laser pulse (100 fs) excitation of spinel based core/shell nanoparticles reveals a
non-monotonic variation of the effective two-photon absorption coefficient, with a maximum
value seen for relatively thin shells. Considering local field enhancement effects, nonlinear
transmission studies and FDTD simulations indicate that core/shell is an advantageous
morphology to improve the nonlinearity of the composite for applications like ultrafast optical
limiting.

Keywords: nonlinear absorption; core/shell nanoparticles; optical limiting; oxide
heterostructures; FDTD simulations
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Figure S1.(a-d, f-i) TEM images and (e, j) their respective particle size histograms for Col@Mn and
Co2@Mncore/shell nanoparticle series. Scale bars correspond to a length of 20 nm.
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Magnetic Characterization

As can be seen in Figure S3a, as the shell thickness increases the blocking temperature, Tg, of
the nanoparticles (estimated form the maximum of the temperature dependence of the
magnetization, M(T)) becomes higher. Since the blocking temperature is proportional to the
effective anisotropy, Kk, and the volume, V (Teoc KefV), we can readily obtain Kes from the
data in the inset of Figure S3b. It can be observed that Kes decreases rather fast as the shell
thickness increases (see Figure S3b). This is expected since the core is composed of Co-ferrite
with a high anisotropy (Kco-ferrite ~ 108 erg/cm?3), while the shell is a soft ferrimagnet (Kwmn-errite
~ 10% erg/cmq). In fact, if the thickness of the soft counterpart is sufficiently thin (as in the
case of core/shell structures), Kes when coupling a hard and a soft material is given by Kgs =
fsoftKsoft + fhardKnard, Where fsor and frara are the volume fractions of the soft and hard
materials, respectively.l!l Given that Kmn-ferrite<<Kco-ferrite, Kest becomes Kes = frardKnard,
where fhad is given by the core/shell geometry: fhad = Veore/Viot = Reore® (tshel + Rcore)®.
Consequently, since Rcore is constant for all samples, if the samples have a core/shell
morphology we would expect Kes to decay as 1/(tshen + Rcore)® @s tsnen increases. Indeed, as
shown by the continuous line in Fig. S3(b) the decrease of Kes follow nicely the expected

1/(tshen + Rcore)® behaviour, thus confirming the core/shell architecture.
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Figure S3. (a) Temperature dependence of the normalized zero field cooled magnetization
(Mzrc/Mwmax) for a series of core/shell nanoparticles with a Co-ferrite core with a radius Rcore
= 2.5 nm and different Mn-ferrite shells with thicknesses (tshen = 0, 2, 3, 3.5 nm). (b)
Dependence of the effective anisotropy, Kes, on the shell thickness, tsnen. The symbols
correspond to the experimental results, while the continuous line shows a Kg# oc
1/(Reore*tsnen)® dependence with Reore = 2.5 nm. Shown in the inset is the dependence of the

blocking temperature, Tg, 0N tshel.
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Figure S4. UV-Vis linear absorption spectra measured for the Col@ series of nanoparticles.
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Figure S5. Open aperture Z-scan measured for the dispersing medium (pure toluene) used in
the experiments (using 100 fs, 800 nm, 10 uJ laser pulses). From the graph it is clear that
toluene does not show any nonlinearity under these excitation conditions.
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Z-scans for 800 nm — 100fs pulses
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Figure S6. Normalized optical transmittance (for 800 nm, 10 uJ, 100 fs pulses) obtained for
the Mn1@Co series as a function of input intensity, calculated from the Z-scan curves (shown
in the insets). The input fluence values also are shown. Symbols are experimental data, while

the solid curves are numerical fits obtained using Equation (2), from which the  and Is values

are determined.
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Figure S7. Normalized optical transmittance (for 800 nm, 10 uJ, 100 fs pulses) obtained for
the Co2@Mn series as a function of input intensity, calculated from the Z-scan curves (shown
in the insets). The input fluence values also are shown. Symbols are experimental data, while
the solid curves are numerical fits obtained using Equation (2), from which the  and Is values

are determined.
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(ii)

Figure S8. FDTD simulations for (a) CoFe.O4/MnFe;O4 (core diameter = 8 nm, shell
thickness = 1.5 nm), (b) MnFe,O4/CoFe.04 (core diameter = 6 nm, shell thickness = 2.5 nm),
and (c) CoFe204/MnFe204 (core diameter = 6 nm, shell thickness = 2.5 nm) for (i) 800 nm
excitation, (ii) 400 nm excitation. The nanoparticles are periodically dispersed in the dielectric
medium toluene, with an inter-particle separation of 30 nm. The electric field amplitude
within the nanoparticle and in its vicinity is plotted in a color scale, where the input field has
been taken as unity.
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Tables

Table S1. Particle size, core diameter, shell thickness and crystallographic composition of
core/shell Mn1@Co , Col@Mn and Co2@Mn series.

Sample  Total particle ~ Core Shell Cell Crystallite Crystallographic
code size- TEM  diameter thickness parameter size - XRD Phase
(nm) (nm) (nm) (nm) (nm)

Mn1 seed 6(1) 6 0 e e MnFe204

Mnl1Col 9(2) 6 15 e e MnFe204/CoFe204
Mn1Co2 11(1) 6 25 e e MnFe204/CoFe204
Mn1Co3 12(1) 6 3 e e MnFe204/CoFe204

“Colseed 6(1) 6 0 083743) 72) CoFe:0s

ColMnl 9(1) 6 15 0.8389(5) 11(3) CoFe204/MnFe204
ColMn2 11(2) 6 2.5 0.8400(1) 12(1) CoFe204/MnFe204
ColMn3 12(1) 6 3 0.8425(3) 13(2) CoFe204/MnFe204
Co2 seed 8(1) 8 0 e e CoFe204

Co2Mn1 9(1) 8 05 e e CoFe204/MnFe204
Co2Mn2 11(2) 8 15 e e CoFe204/MnFe204
Co2Mn3 12(2) 8 2 e e CoFe204/MnFe204

*Shown in brackets are the standard deviations of the Gaussian fit of the particle size distribution,
see Figs. 1and S1

Table S2. Effective two-photon absorption coefficients (B) and saturation
intensities (Is) obtained for 100 fs pulse excitation at 800 nm.

Sample B (cm/W) Is (W/cm?) OL" threshold
Mn1 seed 6.0 x10'13 2.8 x10% --
Mn1Col 8.0 x1013 1.0 x10%? 1.92
Mn1Co2 6.4 x1013 1.7 x10%? -
Mn1Co3 6.3 x103 1.7 x10% --

""" Colseed  80x10B T 1ox10% T
ColMnl 1.2 x107%? 2.0 x10%? 1.66
ColMn2 1.1 x10*? 2.0 x10%? 1.94
ColMn3 1.0 x10*? 2.0 x10%? 2.00

""" Co2seed  9.0x10% T 17x10% 204
Co2Mn1 1.1 x10*? 3.0 x10%? 1.75
Co2Mn2 9.3 x10%3 3.0 x10%? -
Co2Mn3 7.8 x101 2.8 x10% -

“For some of the nanoparticles the OL threshold could not be
accurately determined.
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