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Abstract

The effect of the dielectric and chemical properties of the surrounding medium on the extinction spectra of silver island
films is determined. The shift of the plasmon resonance maximum towards low energies with an increase in the permittivity
of the medium (for SiO, and Al,O3) corresponds to the calculated value, essentially depending on the shape of nanoparti-
cles. Simultaneously with the shift, an increase in the optical density at the plasmon resonance frequency is observed. For
nanoparticles immersed in an anisotropic medium, liquid crystal in particular, the shift of the plasmon resonance maximum
depends on the local permittivity in the immediate vicinity of nanoparticles, i.e., on how exactly the surrounding molecule
interacts with the substrate and the nanoparticle. In this case, the displacement can either be completely absent or be sig-
nificantly greater than the displacement in isotropic media, depending on the shape of nanoparticles. The increase in optical
density also depends on the local permittivity. The partial oxidation of nanoparticles leads to an insignificant but noticeable

shift towards higher energies. In this case, the plasmon lifetime in the nanoparticle increases.
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1 Introduction

In most applications of metal nanoparticles, they are located
in various media, the permittivity of which differs from that
for vacuum. This applies biology and medicine [1-4], cataly-
sis [3, 6], to sensors for chemical analysis [7-9], etc. This
environment can consist of both simple and very complex
molecules.

As arule, due to the presence of localized plasmon reso-
nance (LPR), metal nanoparticles are used to amplify certain
signals. The position of the LPR in the extinction spectra,
its width and amplitude depend both on the permittivity of
the medium and on the nature of its molecules interaction
with the nanoparticle. This problem has been the subject
of numerous publications over the past decades. For exam-
ple, review [10] describes the possibilities of controlling an
LPR, in particular, by immersion in a dielectric medium
with variable parameters. In [11], a comparison is made
for the plasmon resonance width of silver clusters with a
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diameter of about 2 nm in different states (in the free state,
on a substrate, and as embedded in fused quartz). In [12],
the influence of adsorbed gasses on the position of plasmon
resonances of metal nanoparticles is studied. In [13], the
plasmon resonance wavelength of the spherical nanopar-
ticles immersed in a medium with a refractive index n as
function of n is described by the linear dependence based
on the Drude model. The results of calculations demonstrate
on the influence of a substrate with a known permittivity
on the plasmon resonance frequency. It follows from the
formula [13] that the dependence of this wavelength on the
refractive index should be linear. It is argued that a similar
dependence is also preserved for nonspherical nanoparticles.
For particles of more complex shape, the behavior of plas-
mon resonances is described by more complex calculations
in [13, 14].

Of particular interest are the properties of metal nanopar-
ticles in a shell of other substances, such as a semiconductor
or dielectric. In [15], the properties of metal nanoparticles in
a fullerene matrix were studied at different metal-to-fuller-
ene ratios. In [12], the influence of the oxide of the same
metal on the LPR of sodium nanoparticles was described,
demonstrating low energy shift of the resonance wavelength,
which should occur with an increase in the permittivity of
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the medium surrounding the particle. A theoretical substan-
tiation of this phenomenon is given.

Although the influence of the environment on the LPR of
nanoparticles has been studied in detail, both theoretically
and experimentally, the discrepancy between the results of
calculations and an experiment is sometimes quite large. The
discrepancy in the experimental results of different authors
is also great. Mostly, only the main regularities coincide—
such as, the linearity of the LPR peak position dependence
on the refractive index. Apparently, such parameters as the
position and width of the LPR, depend to a large extent on
the experimental conditions.

The purpose of this work is to experimentally determine
how the plasmon resonance of silver nanoparticles formed
on various dielectric substrates is changed after immersion
in various media, to determine the factors (except for the
dielectric permittivity) that affect the LPR parameters, and
to explain these changes within the framework of the model
ideas about the influence of the dielectric environment on
the spectral position and intensity of the localized plasmon
resonance.

2 Experimental details

Silver island films were obtained by thermal evaporation in a
Kurt Lesker vacuum setup. The films were deposited on pol-
ished substrates (sapphire or fused quartz, refractive index
1.772 and 1.458, respectively), and on about 100-nm thick
films of ITO (indium tin oxide) and on ITO films coated
with a thin film of carbon. ITO contained 90 wt% In,O5 and
10 wt% Sn,O and was transparent in the visible region. ITO
films were formed by magnetron sputtering.

Before sputtering, the substrates were cleaned in an ultra-
sonic bath in ethanol and distilled water. The deposition rate
of silver films was varied from 0.1 to 0.4 A/s and controlled
by a quartz microbalance. The same microbalance was used
to measure the equivalent thickness of the deposited film.
The thickness of silver films varied from 2 to 6 nm. Depos-
ited films could be heated (annealed) in a vacuum chamber
at a temperature 200-250 °C. Refractory dielectrics (quartz
and sapphire) were deposited by the electron beam evapora-
tion in the same chamber.

In addition to quartz and sapphire, a nematic liquid crys-
tal ZhK-1282 (NIOPIK, Moscow) and a thin polymethyl
methacrylate (PMMA) film formed by applying a solution
in its own monomer, were used as immersion media in con-
tact with the surface of silver granular films.

These substances do not absorb light in the visible region.
ZhK-1282 is cyanobiphenyl-based electropositive crystal
(ordinary and extraordinary refractive indices 1.50 and
1.67, respectively, dielectric anisotropy Ae=9.9 (e ll=15.5
and € 1 =5.6) [16]. The polarizability of LC molecules with
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positive dielectric anisotropy (Ae>0) along the director
direction is larger than in the perpendicular direction [17].
The ZhK-1282 consists of alkoxycyanobiphenyls (80%),
Demus ether (16%), and Gray ether (4%). Its nematic phase
exists in the temperature range from 253.1 to 335.1 K. The
mixture is characterized by the presence of both strongly and
weakly polar components [18].

The dye 3,3'-diethyl-thiadicarbocyanine iodide (dicarbo-
cyanine) was also deposited on silver films according to the
procedure described in [19].

Nanoparticles were oxidized in a vacuum chamber of
laboratory design [20]. For oxidation, two procedures were
applied: a film placed in an oxygen atmosphere was either
illuminated in the wavelength range of 300-350 nm with
an UV light of a lamp [20], or it was slightly heated in the
oven inside the chamber. Ultrapure oxygen was run from a
cylinder into the vacuum chamber to a pressure of several
units to several hundred Torr.

The extinction spectra were obtained on an SF-56 spec-
trophotometer of OKB Spektr-LOMO. SEM images of nan-
oparticles on a sapphire substrate and ITO were obtained
using a Merlin scanning electron microscope (Carl Zeiss).

3 Major results

To understand the shape and size of nanoparticles obtained
during deposition and annealing, SEM images of silver
island films were taken (Fig. 1).

It can be seen that the unannealed film (Fig. 1a) is a set of
shapeless nanoparticles. At the same time, the surface area
occupied by the islands is larger than for the annealed film
(Fig. 1b), that is, these islands are flatter than the islands
of the annealed film. Most islands of the annealed film are
round and 20-50 nm in diameter.

In our experiments, the influence of the dielectric envi-
ronment on the position and shape of the silver nanoparticle
localized plasmon resonance was determined primarily for
isotropic media (quartz and sapphire). For depositing a sil-
ver film with an effective thickness of 5 nm, we used four
substrates for each medium (fused quartz and sapphire). Two
films on each substrate were annealed at a temperature of
200 °C. Thick (more than 10 nm) films of the corresponding
substrate (quartz or sapphire) were deposited on half of each
of the four silver films so that silver nanoparticles could be
considered completely immersed in a particular medium.
The other half of the substrate was masked with a foil dur-
ing sputtering.

The results of the experiment are shown in Fig. 2.

Full immersion in a dielectric medium leads to a shift in
the plasmon resonance peak, in accordance with the theory
[13]. Table 1 lists the position of the LPR peaks for films
deposited on quartz and sapphire, both unannealed and
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Fig. 1 SEM images of silver island films with an effective thickness of 4 nm on sapphire substrates. a No annealing and b annealing at 200 °C

Fig.2 Optical density of 08
unannealed a and annealed b 064 4
silver nanoparticles on fused '
quartz and sapphire substrates. %‘ % 0,61
1, 2—silver film on quartz and S 04l S
sapphire substrates, respec- a = Q 4]
tively. 3, 4—silver film coated 8 g
with a thick film of quartz and a 3 a
sapphire, respectively O 024 © 0,2
1
0,0 T T T T 0,0 T T T T
400 600 800 1000 400 600 800 1000
A, Nm A, NM
a) b)

Table 1 The position of the maximum of localized plasmon reso-
nance for samples before and after deposition of quartz and sapphire

Sample Unan- Annealed (eV) Shift for Shift for
nealed unannealed  annealed
(eV) V) V)
Ag on SiO, 2.36 2.79
Agon 2.28 2.63 0.08 0.16
Si0, +Si0,
Ag on Sap 2.35 2.77
Agon 222 2.56 0.13 0.21
Sap+ Sap

annealed, and the shift of these peaks owing to the burying
into quartz or sapphire, respectively.

First of all, we note that the positions of the LPR peaks of
both annealed and unannealed films on quartz and sapphire
substrates differ slightly, only in hundredths of eV. Conse-
quently, the dielectric properties of the substrate exert slight
effect on the LPR position. The same can be said about the
resonance half-width. At the same time, for nanoparticles

fully buried into the corresponding medium, the peak is
already shifted significantly and the half-width is increased.
The shift for a nanoparticle completely “buried” into quartz
is less than for a nanoparticle “buried” into sapphire, which
may be expected due to their refractive indices (1.772 for
sapphire and 1.458 for quartz).

At the same time, for annealed nanoparticles the LPR
shift is almost twice as large compared with unannealed par-
ticles for both materials. Therefore, the dielectric medium
acts on a spherical particle more strongly than on a flat parti-
cle. In addition, the absorption of silver nanoparticles notice-
ably increases after complete immersion, and this increase
is also greater for annealed films.

In the case of immersion of nanoparticles in an aniso-
tropic medium, the results were somewhat different. Nematic
liquid crystals (LCs) are viscous liquids with dielectric prop-
erties, which are characterized by a long-range orientational
order and complete freedom of movement of gravity centers
of individual molecules in space. The predominant direction
of LC molecules orientation can be obtained as a result of
their interfacial interaction with a solid anisotropic surface,
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which orients the molecules near the surface along a certain
direction. The forces of intermolecular interaction orient the
molecules in the volume in the same direction [16, 21, 22].
The result of the experiments with a film deposited on a sap-
phire substrate and immersed in a liquid crystal are shown
in Fig. 3.

Like immersion in isotropic medium, the immersion in
anisotropic medium causes nanoparticle plasmon resonance
to shift, with some differences observed. For initial particles,
the resonance shift before annealing is either very small or
absent, whereas that for the annealed particles, is larger than
for immersion in isotropic medium. (For the island film in
Fig. 3, the shift for initial and annealed particles is 0 and
0.30 eV, respectively). Consequently, for immersion in ani-
sotropic medium the dependence of LPR shift on the shape
of nanoparticles is more pronounced compared to immersion
in isotropic medium.

The shape of nanoparticles, is more important than how
they are obtained. In our case, it does not matter whether
the annealing process took place or the spherical islands
were formed by different processes. On some surfaces with
weak adhesion, carbon films in particular, the islands acquire
a close to spherical shape without annealing, immediately
after deposition (Fig. 4).

On immersion in LC, the extinction spectrum on such
a substrate changes in the same way as the spectrum of an
annealed film. After sputtering, LC was poured onto the sur-
face of the substrates (ITO and ITO + C). The film deposited
on carbon immediately changed color. For the film depos-
ited on ITO, no visible changes were observed. The extinc-
tion spectra of both films are plotted in Fig. 5. As seen, the
spectrum of the film on carbon has changed significantly:
the resonance is shifted to the red side and the extinction is
increased. The spectrum of the film on ITO almost did not
change.

In addition to LC, the influence of another substance
with a complex structure, polymethyl methacrylate, on the

Optical Density

400 600 800 1000
A, NM

Fig.3 Optical density of unannealed and annealed particles on a sap-
phire substrate. The effective thickness of silver film is 2 nm. 1, 2—
annealed and non-annealed films. 3, 4—the same films after LC fill-

ing
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Fig.4 SEM—images of a silver island film deposited on a carbon
film. The film was not annealed

position of the LPR was studied. It is not clear how the
polymer chain affects the permittivity in the vicinity of a
nanoparticle. It is possible that during the coating of the
island film, when PMMA is dissolved, the chain breaks up
and methyl methacrylate monomers are formed. As for the
LPR, PMMA produces an effect largely similar to that pro-
duced by a liquid crystal. The peak shift is 0.07 eV due to
pouring PMMA onto unannealed film deposited on quartz,
whereas it is 0.37 eV due to pouring onto the annealed film.
For the annealed film the absorption is increased nearly
two-fold, whereas for the unannealed film, it is increased
insignificantly.

Of particular interest is how dyes, another type of organic
molecules with intense absorption and luminescence bands
in the visible spectral region, affect the absorption of nano-
particles. Numerous studies have been carried out with a sig-
nificant overlap of the absorption band of dyes and plasmon
resonance of nanoparticles to obtain strong coupling [23-25]

0,61
P
)
C
8 o044
©
O
a
O 0,24
0,0 . : : .
400 600 800 1000
A, M

Fig.5 Extinction spectra of silver films deposited on ITO and carbon.
1—film on ITO. 2—film on ITO, filled with liquid crystal. 3—film on
carbon. 4—film on carbon, filled with liquid crystal
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Fig. 6 Extinction spectra of an island (curve 1) and a film coated with
a dye layer, as well as the absorption spectrum of a molecular layer
(curve 3) of dicarbocyanine

and laser generation [26-28]. In our experiment, the absorp-
tion spectra overlapped, however, to small extent. We used
a silver island film annealed at temperatures below 200 °C,
i.e., with nanoparticles far from spherical in shape and iso-
lated from each other. The dicarbocyanine dye was selected,
because its absorption band slightly overlaps the LPR peak
of the film, which allows determination of the dye effect on
nanoparticles (Fig. 6). The effect of photoluminescence on
plasmon resonance is absent, because photoluminescence is
located spectrally in the longer wavelength region.

Figure 6 shows the extinction spectra of a silver island
film before and after applying the dye layer. The LPR peak is
shifted by 0.135 eV. For nanoparticles the whose shape is far
from spherical, this is a rather large shift. The absorption in
this spectral region is also increased (Note, the absorption in
the dye band is increased tremendously). That is, the effect
of the dye on the absorbance of the island film is similar
to that of other organic molecules such as LC and PMMA.

Partial oxidation of the films gives somewhat unexpected
results: the oxidation leads to the appearance of a relatively
thin coating around the metal nanoparticle (Fig. 7).

This “shirt” has permittivity, greater than that of the nan-
oparticle. It should lead to a long-wave shift of the plasmon
resonance. However, the effect is opposite (Fig. 8).

As seen, the plasmon resonance half-width is slightly
decreased, and the maximum is shifted towards short wave-
lengths. Obviously, there is a parameter whose change is
opposite to the effect of the dielectric environment on the
plasmon resonance position and shape. The oxidation of
films on substrates made of another material (quartz) and
UV oxidation in an oxygen atmosphere lead to the same
results.

There is another phenomenon, the explanation of which
is not obvious. It is known [30] that the lifetime of a plas-
mon in a nanoparticle is determined, among other properties,
by the state of the nanoparticle surface, since electrons are

Fig.7 Schematic representation of a silver nanoparticle in a shell of
silver oxide

scattered on the surface. Therefore, it is natural to assume
that the plasmon lifetime in a nanoparticle with a thin oxide
layer on the surface is shorter than in an non-oxidized nano-
particle. The plasmon lifetime was determined for the exper-
iments conducted by the method of spectral hole burning
described in [30, 31]. Figure 8b shows the difference spectra
obtained by single-pulse irradiation before and after the oxi-
dation. It turned out that the width of the peak in the differ-
ence spectrum for the oxidized film is smaller, although not
much, than for the non-oxidized one. Therefore, the plasmon
lifetime in the oxidized film is somewhat longer.

4 Discussion

We determined that the immersion of a metal nanoparti-
cle in a medium with a permittivity different from that for
vacuum leads to a shift in the LPR maximum, an increase in
its half-width, and an increase in absorption. It is interesting
to compare the shift of the LPR maximum in our case with
the calculated and experimental data available.

Our calculations by the Mie theory [32] coincide with the
experiment in order of magnitude. At the same time, the cal-
culated peak positions of resonances for spherical nanoparti-
cles immersed in quartz and sapphire have an energy of 2.85
and 2.62 eV, respectively, which exceeds the experimental
values for the annealed particles: 2.63 and 2.56 (Table 1).
(These results are for the annealed particles, with close to
spherical shape). The diameter of the particles substituted
in the formula was 50 nm. Most of the nanoparticles have a
smaller diameter (see Fig. 1). At the same time, the contri-
bution of large nanoparticles to the optical density largely
exceeds the contribution of smaller ones, since the extinc-
tion cross section is proportional to volume. Therefore, this
approximation is justified. The discrepancy can be attributed
to the deviation of nanoparticles from the spherical shape.
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Fig. 8 a Extinction spectra of a 0.4
silver island film 6 nm thick on
sapphire. 1—before oxidation.
2—after oxidation. The same
figure shows the same spectra
after irradiation with a laser
pulse with an energy of 4.5 mJ.
b Difference spectra for 1-non-
oxidized and 2-for oxidized
films
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Apparently, these particles are slightly flattened, which is
not visible in the SEM image.

In [14], DDA calculations was made for a silver nanopar-
ticle in the form of a truncated tetrahedron on substrates with
different refractive indices. The graph shows both theoreti-
cal and experimental values of the LPR maximum position
depending on the refractive index [14]. In the same work,
the calculated and experimental results are presented for the
complete immersion of a nanoparticle in media with differ-
ent refractive indices. The theoretical values of the position
of the LPR maximum differ noticeably from the experi-
mental ones. If the difference in the positions of the LPR
maxima on different substrates of experimental values [14]
is compared with the results, presented in this study, then in
[14] this difference is three times larger (0.06 and 0.02 eV,
respectively). The results for complete immersion of the
nanoparticle in the medium also differ by approximately a
factor of three. The discrepancy can be explained by the fact
that when quartz or sapphire is deposited on an island film, a
porous structure is formed with a refractive index lower than
that of solid materials [33]. However, the difference is vis-
ible only in the second decimal place. The refractive index of
quartz and sapphire films was estimated in the experiments
conducted from the interference oscillations of the optical
density of these films deposited on the corresponding sub-
strates and the Sellmeier equation. Therefore, for massive
fused quartz, the refractive index is 1.458, while for a porous
film it is near 1.440. The difference in the shift of the LPR
maximum in this case should be 3 nm (calculated by the Mie
formula [32]). The smallest LPR shift (Fig. 2a) observed for
an unannealed silver film on a fused quartz substrate and the
same film immersed in quartz—was 26 nm, which is much
larger than 3 nm. In the case of annealed film or film on sap-
phire, the shift was even greater.

The discrepancy can also be explained by the difference
in the shapes of the nanoparticles. In our case, the particles,
apparently, have a shape close to spheroid. In this case, the
area of contact with the substrate is small and, thus, the
effect of the substrate on the position of the LPR maximum
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is small. A possible reason may also be the deviation from
linearity in the dependence of the LPR wavelength on the
refractive index. In our case, the LPR maximum is at shorter
wavelengths than in [14].

At the same time, we see that changes in the LPR spec-
trum depend not only on the dielectric permittivity, but also
on the degree of anisotropy of the immersion medium. For
different anisotropic media, these changes can be signifi-
cantly different. In addition, we see that changes in the LPR
spectrum depend on the nanoparticle shape.

The causes of changes in the extinction spectra of nano-
particles by the example of immersion in a liquid crystal
should be revealed. The experiments performed show that
these changes can be either very significant, or absent. This
depends on the orientation of LC molecules near the nano-
particle [34]. In the LC we used, the molecules have a per-
manent dipole moment parallel to the axis. In the case of
unannealed films, particles of small height and large area,
the orientation of the dipoles perpendicular to the substrate
predominates. In this case, the polarizability of LC mol-
ecules in the direction of polarization of a normally inci-
dent electromagnetic wave is minimal. This leads to minimal
changes in the extinction spectra or the complete absence
of such changes. Annealed films are composed of particles
with a shape close to spherical. In this case, the fraction of
molecules oriented parallel to the electric field strength is
large. This leads to an increase in the permittivity in the
vicinity of the nanoparticle, which, in turn, shifts the plas-
mon resonance in the extinction spectrum and increases the
optical density at the frequency of this resonance.

In addition, it should be considered that the orientation
of LC molecules is affected not only by the shape of the
island, but also by the degree of filling of the substrate with
metal nanoparticles. During annealing, the degree of filling
decreases significantly, and the area of the unfilled substrate
surface increases (Fig. 1). Orientation of LC molecules on
conducting and dielectric surfaces differs significantly. On
smooth metal surfaces, homeotropic orientation with weak
adhesion is common. On a smooth metal surface of spherical
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shape, the LC molecules are oriented along the normal to the
tangent in the absence of other influences.

Cyanobiphenyl liquid crystals, to which ZhK-1282
belongs, have high adhesion forces to the surface of such
dielectrics as quartz, which ensures a planar orientation with
strong coupling on a pure quartz substrate [35, 36]. Thus,
the ordering of LC molecules is affected not only by the
shape of the island, but also by the filling factor, i.e., area of
the “clean” surface of the substrate, which increases signifi-
cantly upon annealing. This leads to the maximum interac-
tion with the light wave and, consequently, to the maximum
changes in the extinction spectra (Fig. 9).

The extinction spectra of the nanoparticles formed during
deposition depend on their shape, since the plasmon reso-
nance energy depends on the shape of the island [14, 37, 38].
In turn, the structure of the films and the shape of the islands
obtained by sputtering are largely determined by the surface
of the substrate. Thus, the spectra of films deposited on ITO
differ significantly from the spectra of films deposited on
a carbon substrate. The plasmon resonance for unannealed
films deposited on carbon is much narrower, which indi-
cates a greater homogeneity of island shapes than for films
deposited on ITO. SEMs show that the islands on carbon
are isolated to larger extent (Fig. 4). Many of them have a
rounded shape, that is, they look like islands of an annealed
film. Hence, there is a completely different nature of the LC
action on films (Fig. 5).

Immersion of nanoparticles in media with an increased
refractive index always leads to an increase in the optical
density in the absorption bands associated with the LPR
excitation. However, the degree of this increase, as well as
the shift of the LPR maximum, depends on the shape of the
nanoparticles. This is well illustrated by Figs. 2, 3 and 5.
That is, the conditions for increasing the optical density are
the same as the conditions for shifting the LPR maximum.
The nature of this increase can be explained as follows: the
molecules of the environment are polarized under the influ-
ence of light. In the vicinity of the nanoparticle at the plas-
mon resonance frequency, this polarization is greater due to
the increase in the field near the nanoparticle. The greater
polarization, the greater the polarizability of the molecules
surrounding the nanoparticle.

The effect on the extinction spectra of a liquid crystal is
an extreme case. Many other complex molecules have less
dipole moment and less polarizability than liquid crystal
molecules. However, the nature of their interaction with
nanoparticles does not fundamentally change. An example
are dye molecules, which interaction with nanoparticles also
leads to a shift in the LPR maximum and an increase in
absorption. It should be noted that the orientation of the
studied cyanine dye and its aggregates is the same both on
conductive and dielectric substrates—the dipole moments of
molecules have significant deviations relative to the normal
to the surface (of the order of 50-80°), depending on their
structure [29].

For a metal nanoparticle surrounded by a shell of its own
metal oxide, the situation is quite different. The LPR shift
occurs in the direction opposite to that predicted by the the-
ory. One of the possible explanations for this behavior can
be simply a decrease in the particle size, which leads to a
decrease in the width of the resonance and its shift towards
short wavelengths [7, 39]. However, an insignificant depth
of oxidation (of the order of 1 nm, i.e., 1-3% of the parti-
cle diameter) is unlikely to lead to a noticeable decrease in
size. In addition, the maximum optical density of the oxi-
dized nanoparticle is no less than that of the non-oxidized
one (Fig. 8a). Probably, the oxidation occurs unevenly in
thickness. Non-smooth, protruding areas of the nanoparticle
surface are oxidized larger. In this case, metal fractions of
nanoparticles become more uniform in shape, which should
lead to a decrease in the LPR width. This process is oppo-
site to the shift of the LPR towards low energies due to the
immersion of the particle in a medium with a permittivity
larger than that of the air.

5 Conclusion

The dependence of the spectral position of the plasmonic
absorption band on the dielectric environment and the shape
of the particles constituting the island film is experimentally
demonstrated by the example of the most commonly used
sapphire and quartz substrates.

L O\
8--g

I\

Fig. 9 Schematic representation of LC molecules on the surface of silver nanoparticles. The left picture shows an unannealed film. The right—

annealed
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For nanoparticles immersed in a medium of elongated,
polarized and, at the same time, mobile molecules, changes
in the extinction spectra, i.e., a shift in the plasmon reso-
nance and an increase in extinction at the resonance fre-
quency, can differ significantly from calculations made only
considering the permittivity.

The reason for the differences is the local change in the
refractive index of the medium in close proximity to the
metal particles, The change is determined both by the shape
of the particles and by the filling factor of the substrate and
its material. If the resulting distribution of medium mol-
ecules with anisotropic polarizability near the metal film is
dominated by an orientation parallel to the electric vector of
the incident electromagnetic wave, then the spectral changes
are maximum. This orientation is facilitated by the spherical
shape of the metal islands and the low filling factor of the
substrate, which occurs in the case of annealed films. For
unannealed films, on the contrary, molecules are oriented in
such a way that their electronic polarizability in the direc-
tion of the electric wave vector is minimal predominate. The
wave does not interact with them and there is no weakening.

Partial oxidation of nanoparticles (formation of an oxide
shell) leads to results opposite to those predicted by the
naive theory, considers only the change in the dielectric
environment of particles of an unchanged shape. The experi-
ment showed that a change in the shape and dimensions of
the metal core also plays a significant role. The LPR shifts
towards higher energies, and its half-width decreases. The
lifetime of a plasmon in a nanoparticle increases.
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