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FeAu mixing for high-temperature control of light
scattering at the nanometer scale+

Anna V. Nominé,
Alexander |. Solomonov,
Salah-Eddine Benrazzougq,

Alexandre Nominé, %€ Thierry Belmonte*? and Valentin A. Milichko

Control of the optical properties of a nanoparticle (NP) through its
structural changes underlies optical data processing, dynamic col-
oring, and smart sensing at the nanometer scale. Here, we report
on the concept of controlling the light scattering by a NP through
mixing of weakly miscible chemical elements (Fe and Au), support-
ing a thermal-induced phase transformation. The transformation
corresponds to the transition from a homogeneous metastable
solid solution phase of the (Fe,Au) NP towards an equilibrium
biphasic Janus-type NP. We demonstrate that the phase transform-
ation is thermally activated by laser heating up to a threshold of
800 °C (for NPs with a size of hundreds of nm), leading to the
associated changes in the light scattering and color of the NP. The
results thereby pave the way for the implementation of optical
sensors triggered by a high temperature at the nanometer scale via

NPs based on metal alloys.

Nanoparticles (NPs) have emerged as an important class of
nanomaterials for optical application due to their unique pro-
perties, arising from their small size and high surface-to-
volume ratio, which are not characteristic of their bulk
counterparts. Localized surface plasmon resonances and
strong light scattering allow enhanced light absorption or elec-
tromagnetic field confinement/redirection for imaging,
sensing, and efficient energy conversion.'™ In the preliminary
stage, the optical properties of NPs can be easily tuned during
their synthesis allowing one to control their size, shape, and
composition.* As a result, such versatility has made them
attractive for diverse applications (such as biomedical
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imaging, photocatalysis, drug delivery, and optical data
storage).”™®

Next, tuning the optical properties of NPs of a fixed size,
shape, and composition extends the application of NPs for
optical data processing, dynamic colouring, and smart
scnsingg'l" due to the dynamic changes in their structure-
related optical properties under the action of external stimuli.
This approach became possible to implement through the use
of adaptive complex materials, which react structurally or elec-
tronically to optical, chemical
stimuli.’®'® To date, the control of the NP structure through
phase transitions remains one of the most efficient approaches
to precisely control the NP optical properties.'”” > However,
this approach is still in its infancy due to the limited list of
materials and structures undergoing effective phase transform-
ations at the nanometer scale and allowing simultancously
sustainable green tech transition in opto-
electronics.”

Here, we report on the concept of mixing weakly miscible
chemical elements (Fe and Au) via laser ablation to produce
metal alloy NPs possessing the ability to undergo phase trans-
formation at a specific temperature. The transformation
corresponds to a phase transition from a homogeneous meta-
stable solid solution phase of the (Fe,Au) NP towards an equili-
brium biphasic Janus-type NP. We also demonstrate that the
transformation is thermally activated by laser heating up to a
threshold of 800 °C (for NPs with a size of hundreds of nm).
As a result, one can observe the associated changes in the light
scattering and colour of the NPs. The results thereby pave the
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way for the implementation of optical high-temperature trig-
gers at the nanometer scale via NPs based on metal alloys.

In the first stage, we screened weakly miscible elements:
among the numerous possibilities, Au and Fe are of great
interest from the fundamental point of view due to their
extended miscibility gaps and deviating crystal structures
(Fig. 1c). Indeed, Au has a facecentred cubie (fec) structure,
while Fe demonstrates either a body-centred cubic (bec) or an
fee structure. Among the commonly encountered structures,
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Fig.1 (a) Types of bimetalic NPs with different distributions of
elements over the NP volume, including an alloy state, which can be
obtained by various physicochemical methods such as laser ablation (b).
(c) Scheme of (Fe,Au) NP transformation.

formed from liquid droplets made of Au and Fe, one finds
alloy NPs with a disordered solid solution mixture, core-shell
NPs with an Fe core and an Au shell, as well as nested core—
shell NPs with multiple cores.”® The final internal phase struc-
ture (also named “ultrastructure”) of (Fe,Au) NPs is strongly
affected by their composition and diameter.**”° In detail,
Kamp et al. reported”” that the metastable spherical core-shell
FegopAu,, NPs overcame the transformation to Janus-type or
cube-shaped Fe-rich core NPs with Au-rich pyramids by
heating up to 700 °C. However, for FesoAusy NPs, the Au-rich
shell solved into the Fe-rich core, and solid solution NPs
formed via an intermediate lamellar ultrastructure. In con-
trast, in the segregated structures, Au and Fe nanodomains of
5-10 nm size can be distinguished easily. Moreover, Fe and Au
exhibit limited solubility at room temperature (around 2 wt%
of Fe in Au and a fraction of wt% of Au in Fe), while at elevated
temperatures, miscibility can be achieved (~24 wt% of Fe in
Au and about 4 wt% of Au in Fe at 877 °C). Depending on the
temperature (Fig. S11), these elements might be mixed within
a single solid solution up to a concentration of 74 at% of Fe at
a temperature of 1027 °C, corresponding to the peritectic
point. This is presumably a favourable condition to stabilize
the solid solution at a temperature lower than the solubility
limit.

Based on this, we have fabricated thin films by simul-
taneous physical vapour deposition (PVD) of Fe and Au on
silica (see the ESIf). The resulting (Fe,Au) films with 660 +
40 nm thicknesses and closer to equimolar composition (56
at% of Au and 44 at% of Fe, Fig. 53, S4 and Table S1}) have
been then subjected to laser ablation in gases to obtain the
corresponding NPs (for experimental details, see the ESIf).
First, this process allows easy fabrication of multicomponent
alloys via non-equilibrium heating and cooling (Fig. 1b).*'?*
Second, the laser ablation in gases is related to the possibility
of controlling their size distribution® and the position of each

synthesized NP on the substrate for precise measurement of
their optical properties.’” For the gas atmosphere, we used air
and N, to tune the composition, morphology, and optical pro-
perties of the resulting NPs (see below).

Then, the NPs obtained were analysed by transmission elec-
tron microscopy (TEM) and elemental analysis. Fig. 2 shows
that the resulting NPs possess a spherical shape with dia-
meters from 10 to 300 nm (extended, with rare exceptions, up
to 600 nm, Fig. S8f). Herein, energy-dispersive X-ray (EDX)
analysis (Fig. 2e and k) revealed that the NPs obtained by laser
ablation in air contain 36 at% of O, 14 at% of Fe and 50 at% of
Au (Table S17), while the NPs obtained by laser ablation in N,
contain only 13 at% of O, 30 at% of Fe and 57 at% of Au
(Table S27). Elemental analysis also showed that the NPs
obtained in air demonstrate a core-shell structure with a high
concentration of Au in the core (Fig. 2g-1), while the NPs
obtained under an N, atmosphere possess a uniform distri-
bution of Fe and Au elements over the NP volume (Fig. 2a-f).
Moreover, high-resolution TEM revealed the high level of crys-
tallinity of the NPs, obtained under air (Fig. S107) and N,
(Fig. S117), and confirmed that they exhibit the same features
as those described by Kamp et al>”*® Based on these results,
we focus mostly on N,-produced NPs in order to stay closer to
the composition of the initial (Fe,Au) film. The size distri-
bution of such NPs (from 10 to 600 nm) is also presented in
Fig. S9.7

Next, to show experimentally the energetically favourable
process of separation of Fe and Au inside the NPs (Fig. 1c) and
its effect on their optical properties, we heated single NPs with
laser radiation. For that, we chose an effective absorption wave-
length for Fe and Au (350 nm) and analysed simultaneously
the light scattering by a single NP in dark field geometry*'™**
before and during the laser heating (see the ESIf). Fig. 3a
shows that the N,-produced NP with an average size of 200 =
50 nm before the heating exhibits broad peaks of light scatter-

Positon (ren)

Fig. 2 Bright field scanning TEM (STEM) micrographs of the NPs
obtained by laser ablation of the (Fe,Au) film under an N, (a—d) and air
(g=j) atmosphere, respectively; (e and k) bidimensional EDX spec-
troscopy maps of the selected NPs obtained under an N, and air atmo-
sphere, respectively, and (f and 1) their EDX elemental line scan analysis.
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Fig. 3 Dark field scattering spectra of single Ny-produced NPs (200 +
50 nm in diameter) upon laser heating under an air (a) and N, (b) atmo-
sphere, respectively, with the corresponding optical image of the NP
before heating under an N, atmosphere (inset).

ing at 650 and 900 nm. However, upon heating in air, a new
peak centred at 750 nm appears in 1 min followed by a
30-50 nm blue shift of 650 and 750 nm peaks (during 5 to
30 min of continuous heating). Herein, a 950 nm peak
remains unchanged. A similar spectrum of light scattering is
obtained for the N,-produced NPs with an average size of 200
+ 50 nm heated under an N, atmosphere (Fig. 3b): broad peaks
centred at 650 and 900 nm, as well as a narrow one at 500 nm.
Upon heating under N, these peaks also demonstrate a blue
shift by 2-5 nm, thereby eliminating the negative effect of Fe
oxidation on the spectral changes. The latter is also supported
by the fact that laser heating for more than 25 min supports
no changes in the light scattering for N,-produced NPs, while
the potential oxidation process of 30% Fe inside these NPs
should lead to more sufficient and continuous spectral
changes upon continuous laser heating.'” Statistical analysis™®
of the effect of heating on the change of the light scattering
spectrum for NPs of different sizes and arbitrary element con-
centrations is also presented in Fig. S20.7

To shed light on the mechanism of transformation of the
NP533738
heating, we performed in situ TEM analysis in the heating
mode. As one can see in Fig. 4a-c and S12-14,7 the heating of
spherical homogeneous NPs (produced under an N, atmo-
sphere) to a temperature of 800 = 100 °C (depending on the Fe/

Au ratio and the NP size) leads to a separation of elements
33-38

and accompanying optical changes during the laser

over the NP volume.
and the Fe/Au ratio remain unchanged. Indeed, if the trans-
formation from a metastable solid solution to a biphasic

Herein, the initial spherical shape

system is thermodynamically favourable, such diffusive trans-
formation should be time- and temperature-dependent. This is
why such transformation is faster to observe at higher temp-
erature. However, this temperature should be as close as poss-
ible to the solubility limit (e.g. 875 °C for an equimolar (Fe,Au)
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Fig. 4 (a—c) High-angle annular dark-field (HAADF) STEM micrographs
and EDX analysis of in situ heated Np-produced NPs in a TEM chamber
from room temperature (a) up to 800 °C (b). (d) HAADF STEM micro-
graph of the obtained Janus-type (Fe,Au) NP. (e) Scattering cross-
section of the NP before (black curve) and after laser heating (red curve)
with the corresponding decomposition of electromagnetic modes (f).
(g) Electric field distribution (at wavelengths of 593 nm (bottom),
700 nm (middle), and 907 nm (top)) for a single NP after heating.

system under ambient conditions, Fig. S1f). The results
obtained confirm that varying the Fe/Au ratio provides smooth
control of the separation temperature, thereby opening up the
possibility of creating optical triggers controlled by extreme
temperatures. Intriguingly, according to the phase diagram
(Fig. S17), it should be theoretically possible to realize the
reverse transformation (from a Janus-type to a homogeneous
metastable solid solution phase) provided that the temperature
is sufficiently high. However, the cooling would have to be
extremely fast to stabilize the phase. Moreover, the heating



would have to be at a sufficiently high temperature to trigger
the transformation, but not so high to avoid transition to a
liquid. The latter implies dewetting and a strong modification
of the NP shape (from spherical to hemispherical). In
addition, we have analyzed the dependence of the transform-
ation temperature on the NP size (Fig. $157) and revealed that
an increase in the NP size (from 10 to 600 nm) yields an
increase in the transition temperature from 400 to 800 °C
(with 100 °C error). However, due to the diffusive nature of the
transformation, its observation is also possible over time at
low temperatures.

Taking these results into account and considering the
differences in melting and dew points of Fe and Au, we per-
formed the numerical simulation of the light scattering by
such NPs before and after their transformation (Fig. 4e-g). For
this, we considered a 300 nm spherical NP as a model with a
homogeneous Fe and Au distribution (Fig. S16at), excited with
a linearly p-polarized white light at an angle of 65° to the pole
axis of the NP.*” Then, we integrated the scattering light in a
0.7x solid angle corresponding to a 0.42 numerical aperture of
the objective (see the ESIT). We also proposed that cubic
domains of Au and Fe of 10 nm size formed upon heating, fol-
lowed by domain wall growth, leading to more pronounced
separation of Fe and Au.**™** In the final stage of heating, com-
plete separation of Fe and Au happened inside the NP with the
appearance of two hemispheres (Fig. 4b, d and Si6ct). The
corresponding spectra of light scattering by the NP before the
laser heating are shown in Fig. 4e: two broad peaks are
observed at 630 nm and 920 nm, in good agreement with the
experimental results (Fig. 3a and b). To determine the origin
of these peaks, we applied Mie theory with an averaged permit-
tivity, using the effective medium theory:*® an effective permit-
tivity eqgr Of the NP before heating has been calculated using
the Lorentz-Lorenz relation (eeg — 1)/(€eer + 2) = S(ean — 1)/(€au
+2) + (1 — 6)(epe — 1)/(epe + 2), where 6 is the fraction of Au in
the NP ranging from 0 to 1 and ¢,, and &g, are the complex
permittivity of Au and Fe, respectively. Based on this, we attrib-
uted the 920 nm peak in Fig. 4e to the broadband surface
plasmon resonance with an eleetric dipole (ED) field profile,
while the 630 nm peak corresponds to the surface plasmon
resonance with an electric quadrupole (EQ) field profile com-
bined with an ED (Fig. 4f). Herein, magnetic dipole and quad-
rupole (MD and MQ) make a negligible contribution to light
scattering efficiency. However, after the heating, the calcu-
lation determined the scattering resonances at 593 nm,
700 nm, and 907 nm (Fig. 4e). The multipole expansion
revealed their origin (Fig. 4¢):"? the peak centred at 907 nm
corresponds to a surface plasmon resonance with an ED field
profile (as for the 920 nm peak of the NP before heating) and
the 700 nm peak corresponds to the same localized plasmon
resonance combined with the EQ mode, while the 593 nm
peak corresponds to a localized plasmon resonance with the
EQ field profile combined with electric and magnetic dipole
modes (ED and MD). The latter indicates that the laser heating
initiates a 20-40 nm blue shift for the light scattering, which
is in good agreement with the experimental data in Fig. 3a and

b. In addition, we numerically investigated the effect of the
uncertain orientation of the Janus-type (Fe,Au) NPs relative to
the incident light on their scattering spectra (Fig. S18 and
$197).> As one can see, an arbitrary position of such NPs
demonstrates negligible impact on the spectral position of the
scattering resonances, as well as the total scattering spectrum.
Finally, the calculated data qualitatively describe the experi-
mental evolution of the light scattering by the NP during the
laser heating. This supports the proposed concept of energeti-
cally favourable separation of the weakly miscible elements
leading to the change in the optical properties of the corres-
ponding NP. However, since the element separation process
requires some energy, it appeared to be a threshold effect,
which opens up great prospects for the use of such NPs as
optical sensors®™** at the nanometre scale, triggered by
specific extreme temperatures (depending on the element
ratio). In addition, due to the wide list of immiscible (or
weakly miscible) elements such as Fe and Au, Au and Cu, Cu
and W, Cu and Ag, Al and Zn, and Pb and Sn, the chemical
composition of the NPs can be varied, which also provides
(besides the varied ratio of elements) an opportunity to tune
the threshold temperature initiating the NP transformation.

Conclusions

In summary, we report on a new concept of controlling the
optical properties of a single NP through the mixing of weakly
miscible elements such as Fe and Au, supporting a phase
transformation at a precise given temperature. Such transform-
ation corresponds to a phase transition from a homogeneous
metastable solid solution phase of the NP containing Fe and
Au towards an equilibrium biphasic system with pure Fe and
Au forming a Janus-type NP. We reveal that the transformation
can be thermally activated by laser heating up to 800 °C,
leading to the associated changes of optical scattering of the
NPs, confirmed numerically and experimentally. The results
pave the way for the implementation of optical high-tempera-
ture triggers at the nanometer scale via NPs based on weakly
miscible alloys.
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SUPPORTING INFORMATION

FeAu mixing for high-temperature control of light scattering at the nanometer scale

Anna V. Nominé,*’ Ekaterina V. Gunina,’" Semyon V. Bachinin,® Alexander I. Solomonov,’
Mikhail V. Rybin,® Sergey A. Shipilovskih,® Salah-Eddine Benrazzougq,? Jaafar Ghanbaja,?
Thomas Gries,* Stephanie Bruyére,* Alexandre Nominé,>*d Thierry Belmonte,** Valentin A.

Milichko®b*

Part I. Experimental Methods

PVD Deposition: FeAu films have been deposited on pre-cleaned substrates by DC magnetron
co-sputtering from two metallic targets: iron target (50 mm in diameter, 0.25 mm thick,
99.5% purity) and gold target (50 mm in diameter, 3 mm thick, 99.9% purity). Quartz and Si
wafers were used as substrates for laser ablation and plasma treatment, respectively. Two
independent magnetrons (Figure S2) connected to independent DC current generators allow
the simultaneous deposition of two different metals from 2 sputtering targets (composite
targets can also be used to increase the number of deposited elements). The magnetrons
focused on the center of the substrate holder and inclined by 30 degrees with respect to the
substrate normal were used. During the deposition, the sample holder is rotated at 26 rpm to
ensure the homogeneity of the deposition. Target to substrate distance was set to 10 cm. The
base pressure in the sputtering chamber during deposition was 0.58 Pa in an atmosphere
containing 10 vol% H, and 90 vol% Ar. The compositions of the thin films were controlled by
the adjustment of the power applied to metallic target and stoichiometric FeAu films were
obtained at 120 W on Fe target and 40 W on Au target, respectively (Figure S2c). Before the
film deposition, a shutter was placed in front of the target to isolate the substrate during 2 min
in order to remove native oxide layers. The thickness was controlled by adjusting the
sputtering time. Thin films were deposited without external heating and the deposition
temperatures were below 50 °C.

The layer thickness was determined as an average value of 10 measurements (Figure S3)
carried out on profilometer Dektak XT Bruker Nano GmbH, Germany, while the atomic
elemental composition of the deposited films was verified on a SEM Zeiss Gemini 500 with
an Oxford X-Max EDS-SDD detector with a real active surface of 80 mm? which are 56 at.%
of Au and 44 at.% of Fe (Table S1).
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Laser ablation: FeAu NPs have been produced from the FeAu film on a glass. The fabrication
of the NPs has been done by laser ablation (Figure S5) with femtosecond system (Light
Conversion Pharos: 200 fs pulse duration, 1030 nm operating wavelength, 1 MHz repetition
frequency, 10 W average power, 10 uJ pulse energy). The ablation took place in a chamber
(Figure S5) filled with N, or air. The laser radiation was focused by an objective Mitutoyo M
Plan NIR VIS 50x/0.42NA. The obtained NPs then have been transferred to quartz substrate

and TEM carbon grid for subsequent optical and electronic characterization.

TEM analysis: The in situ microstructural observations of synthesized NPs were carried out
on a JEM-ARM 200F transmission electron microscope (JEOL Co., Japan) Cold FEG
TEM/STEM operating at 200 kV and equipped with a spherical aberration (Cs) probe, image
correctors (point resolution 0.12 nm in TEM mode and 0.078 nm in STEM mode), and EDS
with JEOL Centurio detector (1 sr).

Optical characterization: To measure the optical scattering in a dark field geometry (Figure
S6), the radiation from a white lamp (AvaLight-HAL-S-Mini Compact Halogen Light Source)
was focused to the sample through an Mitutoyo M Plan APO 10x/0.28NA objective at an
angle of 65 degrees. The scattering signal was collected through the upper Mitutoyo M Plan
APO NIR 50%/0.42NA objective. For heating process, a femtosecond laser TEMA (150 fs
pulse duration, 1047 nm operating wavelength, 80 MHz repetition frequency) was used.
Further, the laser radiation passed through a harmonic generator (Avesta ATsG-O-W) to
convert the incoming wavelength into the third harmonic (350 nm). This radiation was filtered
by a laser-line filter and focused using Mitutoyo NUV 20x/0.42NA objective through the

bottom optical channel.
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Part II. Thin film fabrication
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Figure S1. The Au—Fe phase diagram.
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Figure S2. (a) Sputtering chamber during deposition process. (b) Schematic representation of

PVD set up. (c) PVD co-deposited (Fe,Au) films on quartz substrates.
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Figure S3. (Fe,Au) films thickness profilometry measurements.
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Table S1. SEM EDS data of atomic elemental composition of (Fe, Au) film.

Spectrum: FeAu 1 (SEM analysis)

EI AN Series Cnorm. CAtom. CError(1Sigma)
[wt.%] [at.%] [wt.%]
Au 79 L-series 87036 82 56 2,08
Fe 26 K-series 53634 18 44 0,49
Total: 100 100

200 nm

Figure S4. Cross-sectional TEM (a, b) and HAADF STEM image (c) with corresponding
EDS elemental mapping of the PVD fabricated thin film on SiO, substrate FIB cross section.
Inset in the DF TEM micrograph show selected area electron diffraction pattern of the region

indicated by the red circle.
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Part I11. NP ablation and optical analysis
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Figure S5. The scheme of the laser ablation of (Fe,Au) NPs in the chamber (N, or air

atmosphere).
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Part IV. Electronic Discharges in Dielectric Liquid methods (EDDL) for the NPs

synthesis

The experimental set-up used for the synthesis of NPs by discharges in liquid nitrogen is
shown in Figure S7. A high voltage is delivered by a DC voltage power supply (Technix
SR15-R-1200—15 kV— 80 mA) which feeds a high voltage solid-state switch (HTS-301-03-
GSM). The switch is driven by a function generator that delivers a high voltage pulse instead
of a DC voltage. The frequency, amplitude and the pulse width are applied to the power
electrode (W pin). The second electrode (a PVD thin film on Si substrate) is connected to the
ground and serves as cathode. The two electrodes are immersed in a 100 ml Dewar filled with
liquid nitrogen. The inter-electrode gap distance is kept constant during the process by
continuously adjusting it by micrometric screws. This enables breakdown, otherwise the
process stops. The working electrode is a Tungsten wire of 1 mm in diameter, the grounded
electrode is made of a thin film of iron and gold mixture (Fe, Au) deposited on Si wafer by
PVD (Figure S7¢). NPs were synthesized by erosion of the (Fe, Au) layers produced by co-
sputtering, following parameters were applied: the high voltage pulse applied to the electrode
is 5 kV, the pulse duration is 100 ns, the frequency of 10 Hz and the treatment duration of 30

min.

High voltage Low frequency
power supply signal generator

High voltage
nanosecond switch

Micrometric
control of
3 axes

Figure S7. (a) Schematic representation of experimental set up of EDDL process. (b) Image

of the electrodes during the experiment and (c) the electrodes after the treatment.
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Part V. TEM analysis

Table S2. Composition of (Fe,Au) NPs obtained by laser ablation in N, and air atmosphere
and by EDDL process (Part IV).

Element Laser ablation in | Laser ablation in | EDDL
air (at.%) N, (at.%)

OK 36 13 17

Fe K 14 30 33

AuM 50 57 45

SiK 0 0 5

Total 100 100 100

Figure S8. TEM micrographs of the NPs obtained by laser ablation of (Fe,Au) film in N, (a-
d) and air (e-h) atmosphere.
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Figure S9. Size distribution of (Fe,Au) NPs obtained by laser ablation in N, correlating with
that of the NPs obtained by EDDL.
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10 nm

Figure S10. Example of (Fe, Au) NPs obtained by laser ablation in air atmosphere. (a,b)
HRTEM micrographs of (Fe,Au) NPs. (c-d) BF and HAADF HR STEM micrographs of

smaller nanoparticles showing a good crystallinity.
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Figure S11. Example of (Fe, Au) NPs obtained by laser ablation in N, atmosphere. (a)
HRTEM micrographs of (Fe, Au) NP with b) his corresponding SAED pattern. (c-d) BF and
HAADF HR STEM micrographs of smaller nanoparticles showing a good crystallinity. The
SAED pattern demonstrates that diffraction spots indexed to the (-1 1 -1), (-1 1 1) and (002)
reflections with zone axis [110], suggesting that AuFe nanoparticle is a well-defined single

crystal that can be associated to the AusoFeso.
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Figure S12. HAADF and BF STEM images showing the structure evolution of two selected
(Fe,Au) NPs during the in-situ TEM heating from room temperature up to 900 °C.
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Figure S13. HAADF and BF STEM images showing the structure evolution of other two
selected (Fe,Au) NPs during the in-situ TEM heating from room temperature up to 900 °C.
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Figure S14. EDS elemental mapping image of the selected NPs before and after in-sitru TEM
heating from room temperature up to 900°C. Silicon is the contamination of the NPs,

appeared during the EDDL process.
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Figure S15. (a) Dependance of the transformation temperature on the NP size, obtained by in
situ TEM analysis with heating mode. (b,c) The transformation of homogeneous metastable
solid solution phase of the (Fe,Au) NP of 20 nm size towards an equilibrium biphasic Janus-

type NP. Scale bar, 20 nm.
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Part VI. Numerical modeling
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Figure S16. (a) Initial (Fe,Au) NPs represented as a random mixture of small Fe and Au
clusters. (b) Corresponding effective dielectric permittivity of initial (Fe,Au) NP, obtained

using Lorentz-Lorenz relation. (c) The NP after laser heating: Yellow - Au domain, White -

Fe domain.
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Figure S17. Dependence of fraction Au and Fe portions in NP on total scattering.
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Figure S18. Total scattering of 50%-Au 50%-Fe NP for different angles of incidence.
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Figure S19. Total scattering of 50%-Au 50%-Fe NP for different azimuthal angles for 65°
rotated particle.
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Figure S20. Statistical analysis of the effect of the heating (by light, 350 nm, 1.5 to 3 mW of
the integral power) on the change of the light scattering spectrum for the (Fe,Au) NPs of
different size and arbitrary element concentration (obtained in N, atmosphere), confirming
that the concept of controlling the light scattering through the NP transformation is valid for
diverse (Fe,Au) NPs.
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