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Abstract: We report on the synthesis of Ni nanoparticles via thin film thermal annealing. The
as prepared particles exhibit a tunable average diameter ranging from 13 nm to 44 nm depending
on the initial deposited film thickness and are covered with a stable NiO x shell. This technique
is suitable for large scale fabrication of Ni nanoparticles onto substrates. The study of the
magnetic and optical properties of these nanostructures revealed a ferromagnetic behaviour
at room temperature and a localized surface plasmon resonance in the UV-range, promoting
Ni nanoparticles as a suitable material for UV-plasmonic applications. The coupling between
plasmon and interband transitions have also been studied.
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1.

Introduction

Many investigations have been reported on Ni, Co or Fe nanoparticles (NPs) due to their ferromagnetic properties and their high potential for applications in various fields such as permanent
magnets [1], racetrack memories [2] or biomedicine [3]. Recently, more attention was paid to
nanostructures combining optical and magnetic properties [4–6]. Due to the strong plasmon
damping in pure ferromagnetic nanostructures, many studies focused on hybrid nanostructures
made of a noble metal layer and a ferromagnetic one. Such hybrid structures have indeed
shown enhanced magneto-optical activity [5, 7]. However, few pioneering groups started investigating the possibility to use pure nickel for plasmonics [8, 9]. In particular, it has been
evidenced that pure Ni nanostructures exhibit Localized Surface Plasmon Resonances (LSPR) in
the UV-visible range [10]. Moreover, Ni nanoparticles offer the possibility to combine LSPR and
magneto-optical activity leading to the control of reflected light polarization by both magnetic
and plasmonic manipulation [8]. Taking advantage of both magnetic and plasmonic non linear
response in G-shaped Ni nanostructures, the possibility to reveal the direction of the magnetization through the surface plasmon contribution to the magnetisation-induced second harmonic
generation has also been demonstrated [11]. Meanwhile, it has also been shown that a strong
coupling between LPSR and interband transitions can occur in Ni nanoantennas [12]. These
results open new perspectives for the use of Ni as a magnetoplasmonic material. If electron beam
lithography is a suitable nanofabrication process for fundamental studies, other routes more
adapted to large-scale Ni NPs synthesis start to be developed like chemical synthesis [13–16].
Among large-scale metallic NPs synthesis routes, thin film thermal annealing has known a great
success for gold [17], silver [18], and more recently aluminum [19]. In this study, we propose the
adaptation of such process to Ni and evidence the tunability of the NPs LSPR wavelength from
296 nm to 325 nm via a control of the Ni NPs morphology. Structural as well as magnetic and optical characterizations have been performed showing, in particular, that the coupling/decoupling
between the LSPR and the interband transitions (IBT) might be tuned by an accurate control of
the Ni NPs size.
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2.

Results and discussion

Nanoparticles synthesis. Silicon or glass substrates were cleaned in successive ultra-sonic
baths of (1) surfactant (Decon 90) mixed with water (2) isopropanol, (3) acetone and (4) pure
isopropanol for rinsing before being dried under Ar flux. In the next step, a Ni thin film was
deposited under vacuum (7.5 10 −8 Torr) using e-beam evaporator. The layer thickness was set
from 5nm to 15nm depending on the targeted Ni particles diameter. Then thermal annealing
was proceeded under vacuum (8 10 −5 Torr) using a Rapid Thermal Annealing (RTA) oven.
The samples were annealed at 800 ◦ Celsius degrees during 5 min. This process, schematically
summarized in Fig. 1, is based on the Ni film dewetting and leads to the formation of quasihemispherical Ni NPs.
Quartz substrate

E-beam
deposition
Ni

Thermal
annealing

Fig. 1. Scheme of the synthesis process. A thin Ni layer is deposited by e-beam evaporator
in vacuum then this layer is annealed at low pressure.

For initial layer thicknesses of 5, 10 and 15nm, we measured a final average diameter of
respectively 13 ± 8.9nm, 23 ± 15.6nm and 44 ± 34.1 nm respectively. Particles size distributions
are presented in Figs. 2(a), 2(b) and 2(c). A clear correlation is noticeable between the final
average particles size and the initial thickness of Ni layer as shown in Fig. 2(d). Conversely, for
a deposited Ni film thickness larger than 20 nm, the dewetting is not complete and a percolated
film is observed.
Optical characterization. Optical properties of the Ni NPs have been analyzed using extinction measurements performed in a UV-Visible spectrophotometer. Incident light comes from a
deuterium arc lamp. The extinction spectra of the Ni NPs have been measured with a transmission
optical microscope coupled to a micro-spectrometer using a multimode optical fiber as confocal
filtering. A 100 × objective lens (N A = 0, 96) allows for a detection area of about 100µm2 .
Figure 3(a) shows a comparison between the extinction spectra of a typical thin film and of Ni
NPs obtained after thermal annealing of the thin film. Optical extinction spectra for the 5nm
thin film exhibit only one peak around 250 nm while those for Ni NPs obtained after thermal
annealing of the thin film show two peaks.
Deconvolutions of the experimental optical spectra were undertaken in order to put into
evidence the size dependency of these two peaks in Figs. 3(b) and 3(c). The first low-wavelength
peak is around 250 nm and slightly red-shifted for bigger Ni NPs. The second one is located
in the spectral range 290 nm - 330 nm and is strongly red-shifted for larger Ni NPs. Thus the
large-wavelength peak exhibits a strong spectral size-dependency- characteristic of Localized
Surface Plasmons- and the related wavelengths are in agreement with the literature [20]. This
confirms the formation of Ni NPs during the annealing process. The low-wavelength peak,
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Fig. 2. A, B and C: Size distribution of Ni particles after dewetting of a Ni layer whose
initial thickness is 5 nm (A), 10 nm (B) and 15 nm (C). SEM pictures correspond to each
size distribution with a scale bar of 200 nm. The average diameter is assessed to 13, 23 and
44 nm respectively. The Full-Width at High Maximum (FWHM) is 8.9 nm, 15.6 nm and
34.1 nm for graph A, B, C, respectively, which indicates a relative dispersion of Ni size. D:
evolution of the average size of Ni particles depending on the initial layer thickness. The
balance bar corresponds to the FWHM for each average size.The NPs sizes were determined
by statistical SEM images analysis over more than 300 NPs.

located around 250 nm for all the samples, is typical of the interband transitions (IBT) [21] and
its spectral dependency will be discussed later in the article.
We first tried to retrieve our experimental data by Mie theory calculation performed by freely
available code [22] with an external refracting index of 1.26 which corresponds to the average of
the real part of the refracting index around our NPs. However, the numerical optical extinction
spectra exhibit LSPR which are much more blue-shifted compared to the experimental ones.
Therefore the discrepancy between experimental and the Mie theory has enabled us to come up
with the hypothesis that the Ni NPs are partially oxidized and covered with a NiO x shell. The
oxidation probably takes place during the annealing process because of residual oxygen in the
oven and forms a passivation layer [13] which probably explains the chemical stability of the NPs
and their optical properties in time. Consequently, we tried to introduce a dielectric NiO x shell
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Fig. 3. A: Extinction spectrum of Ni layer of 5 nm thick, before thermal annealing (blue
curve) and after thermal annealing (pink curve). The interband transitions peak and the
plasmonic peak are visible on the pink curve respectively at 233 nm and 296 nm. The 10 nm
layer after annealing is represented by the red curve and the 15 nm layer after annealing by
the brown curve. B: Spectrum of the plasmonic component from the extinction spectrum
of Ni particles obtained by thermal annealing of 5 nm thick (pink curve), 10 nm thick (red
curve) and 15 nm thick (brown curve). C: Spectrum of the interband transitions component
from the extinction spectrum of Ni particles obtained by thermal annealing of 5 nm thick
(light blue curve), 10 nm thick (blue curve) and 15 nm thick (dark blue curve).

with variable thickness in our Mie calculations. We varied the NiO x shell thickness from 0 nm to
a maximum thickness corresponding of the NP radius. In order to compare experimental and
numerical data, we proceeded to a deconvolution of the overlapping IBT and LSPR peaks. Using
the procedure described above we present in Fig. 4(a) the calculated spectra for Ni nanoparticles
of 13 nm, 23 nm and 44 nm diameter with a shell thicknesses of 1.25 nm, 2.5 nm and 7.5 nm
respectively. The LSPR peaks are deduced from those spectra in Fig. 4(b). It appears that LSPR
peaks are located at 296, 308 and 327 nm.
Similarly, in Fig. 4(c) the IBT peak wavelength using the Mie theory is 218, 224 and 240
nm for thickness of 13 nm, 23 nm and 44 nm. The calculated LSPR wavelengths are in full
agreement with the experimental results. The calculated IBT wavelength presented in Fig. 4(c)
wavelength shows a slight discrepancy of about 13.7 nm in average. Therefore, the comparison
between calculated and experimental optical extinction spectra tends to confirm the presence of
a NiO x shell around the Ni NPs.
Further SEM measurements on the largest particles were taken to confirm the presence of
a NiO x shell. Due to the backscattered electron’s energy (which is sensitive to the electronic
density of the material) we could visualize the shell position on the surface of the largest NPs.
We measured the contrast difference on the SEM images shown in Fig. 5(a) to retrieve the shell
thickness. The thicknesses distribution in Fig. 5(b) was fitted by a gaussian curve yielding to
an average thickness of 7.8 nm. This value is close to the calculated one of 7.5 nm. Those
experimental measurements are thus in good agreement with the prediction of a NiO x shell and
with the Mie calculation.
Besides, in order to better understand the size dependency of the LSPR and IBT wavelengths,
we proceeded to mathematical deconvolutions of the experimental optical extinction spectra.
Such deconvolutions were done using multiple gaussian peak fitting. The results are shown in
Fig. 3(b) for the LSPR and in Fig. 3(c) for the IBTs, respectively. They indicate as expected
that the LSPR wavelengths are respectively 296, 308 and 327 nm for 13, 23 and 44 nm large
in average Ni NPs. The LSPR shift with the Ni NPs size is due to the increased polarizability
of the NPs. In Fig. 3(a) it can also be observed that the absorbance increases with increasing
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Fig. 4. A: Calculated extinction spectrum of Ni nanoparticles of 10.5, 18, and 29 nm diameter
with an external refracting index of 1.32. The corresponding shell thickness are 1.25, 2.5 and
7.5 nm. B: Plasmonic component from the theoretical extinction spectrum of Ni particles
obtained by thermal annealing. C: Spectrum of the interband transitions component from
the theoretical extinction spectrum of Ni particles

A

B

Shell thikness distribution

Fig. 5. A: SEM image of Ni NPs whose diameter distribution is centered at 44nm. The shell
is visible by the difference of contrast on the surface of the NPs. The scale bar is 100 nm. B:
Thickness distribution of measured shell thickness on SEM images. The average value of
7.8 nm is determined by Gaussian fit on measurement.

particle size, which is due to the increase of the extinction cross section. As for the Ni NPs
IBT wavelength presented in Fig. 3(c), it exhibits a slight redshift of about 12nm for all the
NP diameters as well as a strong decrease of the intensity. This shift was not apriori expected
because the interband transitions only depend on the bulk physical properties [23]. However this
kind of observation has recently been discussed [12] and experimentally evidenced [21], thus
confirming our experimental results. The IBT shift which is here observed is in fact characteristic
of strongly coupled system [24]. In our case, it deals with strong coupling between LSPR and
interband transitions [21]. When the Ni NPs size increases, a splitting is noticeable by the IBT
red shift. In concordance with this splitting, the optical density of the IBT is significantly reduced
while the NPs grow larger and larger. Indeed, for the average particle diameter of 13 nm, 23 nm
and 44 nm, the optical density of the interband transitions are respectively of 0.077, 0.066 and
0.057. So by changing the particles sizes, it is possible to tune and decrease the contribution
from the interband transitions to the optical extinction of the system.
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M/Ms

Magnetic characterization. The magnetic properties at room temperature of such NiO x @Ni
NPs were characterized using a vibrating sample magnetometer (VSM) with the external field
applied in the plane of the sample. Figure 6 presents the hysteresis cycle of Ni particles obtained
by thermal annealing of a 10 nm thick Ni layer (for NPs with an average size of 23 ± 4.7
nm). It shows that the as-prepared Ni NPs are ferromagnetic at room temperature exhibiting a
coercitivity of 95 Oe. Bulk NiO x is known to be anti-ferromagnetic [25] with a Neel temperature
T N =523K [26]. The presence of an antiferromagnetic shell around the Ni NPs should thus induce
exchange bias [27] at room temperature. However, the experimental hysteresis cycle is symmetric
and no exchange bias is observed with our samples at room temperature. One explanation for the
absence of exchange bias at room temperature might come from a superparamagnetic behaviour
of the NiO x shell at room temperature [28] due its nanometric size.

H (Oe)

Fig. 6. Hysteresis cycle of the Ni particles obtained by thermal annealing of a 10nm Ni thin
film layer. The hysteresis cycle was measured at room temperature using a vibrating sample
magnetometer (VSM).

3.

Conclusion

To conclude it has been here demonstrated that the dewetting of thin films may lead to the
formation of NiO x @Ni nanoparticles with well-controlled sizes in the range of 13-44 nm. The
as-prepared NiO x @Ni NPs exhibit interesting plasmonic properties in the UV spectral range, in
particular a Localized Surface Plasmon Resonance around 300nm which may couple with the
interband transitions peak fo the smallest Ni NPs. Moreover, it has been shown that although the
NiO x layer does not generate exchange bias due to its too thin thickness, it contributes to the
spectral redshift of the LSPR peak above 250nm when compared Ni NPs without any oxide layer.
That could be highly interesting to look for coupling effect between fluorophores emmitting
in the UV range and Ni particles without absorption from the interband transition. Another
promising application for these magnetoplasmonic NPs could lie in UV circular dichroism.
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