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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.1–3 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.4 As a result, such versatility has made them
attractive for diverse applications (such as biomedical

imaging, photocatalysis, drug delivery, and optical data
storage).5–8

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
sensing9–14 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 external optical, electronic or chemical
stimuli.15,16 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.17–23 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 simultaneously
sustainable green tech transition in micro- and opto-
electronics.24

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
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 face-centred cubic (fcc) structure,
while Fe demonstrates either a body-centred cubic (bcc) or an
fcc structure. Among the commonly encountered structures,

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3nr05117j
‡Equal contribution.

aInstitut Jean Lamour, Université de Lorraine, UMR CNRS 7198, 54011 Nancy,

France. E-mail: valentin.milichko@univ-lorraine.fr,

thierry.belmonte@univ-lorraine.fr
bSchool of Physics and Engineering, ITMO University, St. Petersburg, 197101, Russia
cLoffe Institute, St. Petersburg 194021, Russia
dLORIA, University of Lorraine – INRIA - CNRS, Vandoeuvre lès Nancy, France
eDepartment of Gaseous Electronics, Jožef Stefan Institute, Ljubljana, Slovenia

This journal is © The Royal Society of Chemistry 2024 Nanoscale, 2024, 16, 2289–2294 | 2289

Pu
bl

is
he

d 
on

 0
8 

 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
9.

07
.2

02
5 

08
:0

3:
20

. 

View Article Online
View Journal  | View Issue

http://rsc.li/nanoscale
http://orcid.org/0000-0003-3996-5152
http://orcid.org/0000-0003-1348-5951
http://orcid.org/0000-0002-8917-2583
http://orcid.org/0000-0003-3351-0712
http://orcid.org/0000-0002-8461-0804
https://doi.org/10.1039/d3nr05117j
https://doi.org/10.1039/d3nr05117j
https://doi.org/10.1039/d3nr05117j
http://crossmark.crossref.org/dialog/?doi=10.1039/d3nr05117j&domain=pdf&date_stamp=2024-01-30
https://doi.org/10.1039/d3nr05117j
https://rsc.66557.net/en/journals/journal/NR
https://rsc.66557.net/en/journals/journal/NR?issueid=NR016005


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.25 The final internal phase struc-
ture (also named “ultrastructure”) of (Fe,Au) NPs is strongly
affected by their composition and diameter.26–30 In detail,
Kamp et al. reported27 that the metastable spherical core–shell
Fe80Au20 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 Fe50Au50 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. S1†), 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 ESI†). 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. S3, S4 and Table S1†) have
been then subjected to laser ablation in gases to obtain the
corresponding NPs (for experimental details, see the ESI†).
First, this process allows easy fabrication of multicomponent
alloys via non-equilibrium heating and cooling (Fig. 1b).31–38

Second, the laser ablation in gases is related to the possibility
of controlling their size distribution39 and the position of each

synthesized NP on the substrate for precise measurement of
their optical properties.40 For the gas atmosphere, we used air
and N2 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. S8†). 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 S1†), while the NPs obtained by laser ablation in N2

contain only 13 at% of O, 30 at% of Fe and 57 at% of Au
(Table S2†). 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–l), while the NPs
obtained under an N2 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. S10†) and N2

(Fig. S11†), and confirmed that they exhibit the same features
as those described by Kamp et al.27,28 Based on these results,
we focus mostly on N2-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.†

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 geometry41–44

before and during the laser heating (see the ESI†). Fig. 3a
shows that the N2-produced NP with an average size of 200 ±
50 nm before the heating exhibits broad peaks of light scatter-

Fig. 1 (a) Types of bimetallic 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.

Fig. 2 Bright field scanning TEM (STEM) micrographs of the NPs
obtained by laser ablation of the (Fe,Au) film under an N2 (a–d) and air
(g–j) atmosphere, respectively; (e and k) bidimensional EDX spec-
troscopy maps of the selected NPs obtained under an N2 and air atmo-
sphere, respectively, and (f and l) their EDX elemental line scan analysis.
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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 N2-produced NPs with an average size of 200
± 50 nm heated under an N2 atmosphere (Fig. 3b): broad peaks
centred at 650 and 900 nm, as well as a narrow one at 500 nm.
Upon heating under N2, 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 N2-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.45 Statistical analysis46

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.†

To shed light on the mechanism of transformation of the
NPs33–38 and accompanying optical changes during the laser
heating, we performed in situ TEM analysis in the heating
mode. As one can see in Fig. 4a–c and S12–14,† the heating of
spherical homogeneous NPs (produced under an N2 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
over the NP volume.33–38 Herein, the initial spherical shape
and the Fe/Au ratio remain unchanged. Indeed, if the trans-
formation from a metastable solid solution to a biphasic
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)

system under ambient conditions, Fig. S1†). 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. S1†), 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

Fig. 3 Dark field scattering spectra of single N2-produced NPs (200 ±
50 nm in diameter) upon laser heating under an air (a) and N2 (b) atmo-
sphere, respectively, with the corresponding optical image of the NP
before heating under an N2 atmosphere (inset).

Fig. 4 (a–c) High-angle annular dark-field (HAADF) STEM micrographs
and EDX analysis of in situ heated N2-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.
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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. S15†) 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. S16a†), excited with
a linearly p-polarized white light at an angle of 65° to the pole
axis of the NP.47 Then, we integrated the scattering light in a
0.7π solid angle corresponding to a 0.42 numerical aperture of
the objective (see the ESI†). 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.33–38 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 S16c†). 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:48 an effective permit-
tivity εeff of the NP before heating has been calculated using
the Lorentz–Lorenz relation (εeff − 1)/(εeff + 2) = δ(εAu − 1)/(εAu
+ 2) + (1 − δ)(εFe − 1)/(εFe + 2), where δ is the fraction of Au in
the NP ranging from 0 to 1 and εAu and εFe 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 electric 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. 4g):49 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
S19†).50 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 sensors51,52 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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