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The size and temperature dependences of the surface plasmon en-
ergy are studied for silver nanoparticles embedded in a silica host
matrix in the size range 11–30 nm and in the temperature inter-
val 293–650 K. It is revealed that the surface plasmon energy in
studied silver nanoparticles depends on the size and the temper-
ature of nanoparticles. As the size of nanoparticles decreases or
the temperature increases, the surface plasmon resonance shifts to
the red side. When the size of nanoparticles decreases, the rate of
scattering of the conduction electrons on the nanoparticle surface
increases, which results in a nonlinear red shift of the surface plas-
mon resonance. The temperature dependence of the red shift is
linear for larger nanoparticles and becomes nonlinear for smaller
ones. It is shown that the volume thermal expansion of nanopar-
ticles leads to a red shift of the surface plasmon resonance, as the
temperature increases. It is revealed that the thermal volume ex-
pansion coefficient depends on the size and the temperature. It
increases with decrease of the nanoparticle size and with increase
of the temperature.

1. Introduction

Noble metal nanoparticles have attracted a lot of at-
tention recently due to a wide range of potential appli-
cations in Surface Enhanced Raman Scattering (SERS)
[1–3], surface enhanced fluorescence [4–6], biochemical
imaging [7–9], cancer treatment [7,10–12], and subwave-
length optical waveguides [13–17], to name just a few.
The size confinement of conduction electrons is the factor
that influences considerably the optical and electronic
properties of metal nanoparticles [18–21]. Size effects in-
fluence both the position and the width of the collective
coherent excitation of free electrons, known as the Sur-
face Plasmon Resonance (SPR) band [18, 19, 22]. There

are two different effects in metal nanoparticles: external
and internal size effects. The external, or electrodynam-
ics size effect, is caused by the retardation of electromag-
netic waves and can be rationalized by the Mie theory
[23]. The confinement of conduction electrons inside the
nanoparticles leads to the scattering of electrons on the
surface of a particle and results in the internal size effect
[19, 24].

The size effect on the width of SPR excitation in
metal nanoparticles is well understood and results in the
broadening of the SPR band for very small and for large
nanoparticles [19]. The size confinement of the conduc-
tion electrons in metal nanoparticles broadens the SPR
band [18,19,23]. The increase of the bandwidth with de-
crease of the nanoparticle size is caused by the scattering
of te conduction electrons on the surface of a nanoparti-
cle. When the nanoparticle size increases, the SPR band
broadens again due to the radiation damping [6, 25–27].
The width of the SPR is a very important factor deter-
mining, for example, the local field enhancement due to
the SPR excitation, which is used in surface enhanced
spectroscopy. Meanwhile, the size dependence of the
SPR energy is somewhat ambiguous [18]. Though the
classical electrodynamics theory, such as the Mie theory,
predicts a blue shift for the SPR, when the nanoparticle
size decreases, some experiments revealed different shifts
of the SPR frequency. There are reports on both blue
shift and red shift of the SPR frequency, as the size of
nanoparticles decreases [18, 28, 29].

In addition to the size effect, the increase of the tem-
perature of nanoparticles leads to an additional shift of
the SPR band and its broadening [18]. The tempera-
ture and size dependence of the SPR band is crucial for
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pure and applied science of nanoparticles [18, 30]. The
temperature dependence of the SP resonance is impor-
tant because of the recent applications of noble metal
nanoparticles in the thermally assisted magnetic record-
ing [31], thermal cancer treatment [12, 32–34], catalysis,
nanostructure growth [35], and computer chips [36]. The
underlying physics of the size dependence of nanoparti-
cle parameters such as the coefficient of thermal expan-
sion is a precondition for the development of successful
and reliable applications and devices. The temperature
effects were addressed by many authors [18, 37]. The
size effects in the temperature dependence of the SPR
absorption band was studied, e.g., by Kreibig [18] and
Doremus [38]. Most of the effects related to the temper-
ature dependence of the SPR was observed at low tem-
peratures [18]. Link and El-Sayed studied the size and
temperature dependence of the SPR wavelength and the
bandwidth for gold colloidal nanoparticles [39]. Gold
colloidal nanoparticles within the size range of 9 nm up
to 99 nm were studied at elevated temperatures up to
72 ◦C. No significant influence of the temperature on
the SPR wavelength and bandwidth was found.

In this paper, we present experimental results on the
size and temperature dependence of the SPR energy in
silver nanoparticles embedded in silica. As the size of
nanoparticles decreases, the SPR shifts to the red side.
We show that this shift is caused by the size dependence
of the scattering rate of free electrons in silver nanoparti-
cles. An increase of the temperature of the sample leads
to the red shift of the SPR. We show that it is caused by
the thermal volume expansion of the nanoparticles with
increasing temperature.

The paper is organized as following. After Introduc-
tion, we give a description of the procedure of synthesis
of nanoparticles, as well as the structural and optical
characterizations of silver nanoparticles. Section 3 de-
scribes the experimental observations of the red shift of
the SPR at a decrease of the nanoparticle size and an
increase of the temperature. Section 4 outlines a simple
theory of the size and temperature dependences of the
SPR energy. Section 5 discusses the significance of differ-
ent mechanisms leading to the shift of the SPR followed
by Conclusions.

2. Synthesis of Silver Nanoparticles and Their
Optical and Structural Characterizations

2.1. Synthesis

We used the published experimental procedure [40–42]
to synthesize silver nanoparticles of various sizes embed-

ded in a silica host matrix. Composite Ag/SiO2 samples
containing the silver nanoparticles were produced using
a modified conventional sol-gel technique based on the
hydrolysis of tetraethoxysilane (TEOS) with doping fol-
lowed by a chemical transformation of the dopants in air
or a controlled gaseous medium. A precursor sol was pre-
pared by the mixing of TEOS, water, and alcohol with
the acid catalysts HNO3 or HCl. Silica powder with par-
ticle size about 5–15 nm was added to the sol followed
by the ultrasonication in order to prevent a large vol-
ume contraction during drying. The next gelation step
resulted in the formation of gels. Porous materials (xe-
rogels) were obtained after the gels were dried at room
temperature. The porosity of SiO2 matrices was con-
trolled by annealing the samples in air at a temperature
of 600 ◦C during 1 h. The silver doping was performed
by the immersion of xerogels into an AgNO3 alcohol solu-
tion during 24 h. We used the AgNO3 alcohol solutions
with three concentrations: 0.15 mmol (AgNO3)/50 ml
(alcohol), 0.30 mmol/50 ml, and 0.45 mmol/50 ml.
Then, the silver-doped samples were dried in air at 40 ◦C
during 24 h. The further processing of the Ag-doped xe-
rogels was done in two different ways: (1) annealing in
air with a gradual increase of the temperature from 20 ◦C
to 1200 ◦C; (2) the same procedure but performed in the
hydrogen atmosphere. The annealing resulted in the re-
duction of Ag(I) to Ag(0) and then in the aggregation of
Ag atoms in the form of Ag nanoparticles. The samples
obtained by the annealing in air had a low optical den-
sity and were non-colored (labeled hereafter as samples
A), and the samples obtained using the annealing in the
hydrogen atmosphere had a higher optical density and
had yellow color (labeled as samples H). We fabricated
five samples: A0.30, A0.45 and H0.15, H0.30, H0.45 cor-
responding to different concentrations of AgNO3 in the
alcohol solution mentioned above.

2.2. Structural characterization

The transmission electron microscopy (TEM) of fabri-
cated Ag/SiO2 glass samples was done to determine the
size and shape distributions of nanoparticles. The TEM
characterization was performed using a JEOL 100CX
electron microscope operating at 100 kV. Figure 1 shows
some examples of the TEM images of silver nanoparti-
cles. The TEM measurements were performed for the
powdered pieces of Ag/SiO2 glass samples. The TEM
images were taken from the edges of fragments of the
powder, since only the edge can be probed (transmit-
ted) by the TEM electron beam. Therefore, different
areas of TEM images have different thicknesses and con-
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Fig. 1. TEM images with corresponding size distribution histograms of silver nanoparticles in silica glass for samples A0.15 (a) and
A0.45 (b) annealed in air, and H0.45 (c) annealed in hydrogen

trasts. The size distributions of silver nanoparticles
in different samples were obtained by analyzing 40–140
nanoparticles, depending on the sample. The nanopar-
ticles are isolated and have spherical shape, and the di-
ameter of particles was estimated for different samples
as: sample A0.30 (〈d〉 = 11 nm with standard deviation
σd = 4 nm), A0.45 (〈d〉 = 17 nm with σd = 6 nm), H0.15
(〈d〉 = 22 nm with σd = 9 nm), H0.30 (〈d〉 = 26 nm with
σd = 10 nm) and H0.45 (〈d〉 = 30 nm with σd = 13 nm).
The TEM results indicate a large separation between
nanoparticles exceeding the particle size from several
times to several tens times. Thus, the electrodynamical
coupling does not affect their optical spectra. One can
see that the increase of the concentration of salt AgNO3

in initial xerogel and the annealing in hydrogen lead to
the formation of larger silver nanoparticles.

2.3. Optical Characterization

A tungsten-halogen incandescent lamp was used as a
light source for the absorption and diffuse reflectance
(DR) measurements. A single grating spectrometer
MDR-3 was used for the registration of the spectra.
Since the measurements of the absorption spectra of
silver nanoparticles were hindered by the scattering of
light by the host medium, we studied the experimental
DR spectra of the composites, which give the spectral
dependence of the light scattering efficiency by the sam-
ples. We used diffuse reflectance spectra because, in the
common (mirror) reflection spectra, the low intensity of

the SPR band is mixed with the high intensity of the
reflected lamp beam. Therefore, it is difficult to extract
the low-intensity SPR band in the mirror reflection spec-
trum. In the diffuse reflectance spectrum, the intense
background (lamp beam) is absent, and the SPR band
can be easily measured. During the DR spectra measure-
ments, the mirror-reflected light beam did not pass into
the lens collecting the scattered light, which allowed us
to exclude the intense background of reflected light. The
angular dependence of the intensity of scattered light
has maxima at θ = 0 and 180◦. Therefore, we used the
near-backscattering geometry of scattering spectra. DR
spectra were recorded in the near-backscattering geom-
etry, where the angle between the incident and reflected
beams was about 15◦.

The scattering of light by the matrix is due to the
presence of nano-sized bubbles of gases in the matrix as
a result of the annealing of the samples. The scattering
indicatrix of our samples proves this assumption, as the
experimental indicatrix is well fitted by the calculated
one obtained for a model which includes three compo-
nents in the system: silica matrix, silver nanoparticles,
and nano-sized gas bubbles.

3. Experimentally Observed Size and
Temperature Changes in the SPR’s
Spectral Characteristics

The DR spectra for various sizes of nanoparticles and
temperatures are shown in Fig. 2. The SPR band can
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Fig. 2. Diffuse reflectance spectra in near-backscattering geometry of Ag/SiO2 nanocomposite glasses containing silver nanoparticles
of various sizes measured at a temperature of 293 K (a) and diffuse reflectance spectra of the Ag/SiO2 sample containing the silver
nanoparticles of 11-nm size measured at various temperatures (b). The dotted line shows the shift of the SPR with changing size (a)
and temperature (b)

be identified as peaks at 395–410 nm depending on the
sample, which is typical of silver nanoparticles embed-
ded in silica [18, 43]. Since the experimental spectral
positions of the SP band in our samples coincide with
the common values of the SPR spectral position for Ag
nanoparticles in monolithic silica, we can conclude that
the Ag nanoparticles in the studied samples are entirely
surrounded by silica, and the gas bubbles are located
between nanoparticles. In addition, as we have shown in
our previous study [44] of the low-temperature melting
of Ag nanoparticles in the same samples as studied in
present work, the full reversibility of the spectra is ob-
served at several cycles of heating and cooling up to tem-
peratures exceeding ones reached in the present experi-
ments. So, we conclude that no diffusion of melted Ag
nanoparticles has occurred in our melting experiments.
It is the additional evidence that Ag nanoparticles are
entirely surrounded by solid silica in the studied sam-
ples. Thus, we can finally conclude that the observed
band in DR spectra located at 395–410 nm, depending
on the sample, corresponds to the SR resonance in Ag
nanoparticles in silica.

Below, we analyze the size and temperature depen-
dences of the SPR peak that is identified from the to-
tal DR spectrum. We determined the SPR energy and

the bandwidth based on the decomposition of the DR
spectra by using Lorentzian spectral contours. The er-
rors in the decomposition of the SPR spectral band were
small, specifically the error in the determination of the
SPR energy was within 1%. In the determination of the
SPR bandwidth, the error was within 5%. Therefore,
the SPR peak was isolated from other bands quite accu-
rately. This allows us to obtain the reliable size and tem-
perature dependences of the SPR energy and bandwidth
despite the broad size distribution of Ag nanoparticles.

As the size of the nanoparticles decreases, the SPR
shifts from 395 nm for 30-nm nanoparticles to 410 nm
for 11-nm ones, see Fig. 2,a. Figure 3,a depicts the size
dependences of the SPR energy for silver nanoparticles
at several temperatures: 293 K, 375 K, and 477 K. The
red shift of the SPR contradicts the electrodynamics cal-
culations according to the Mie theory, which usually give
a blue shift of the SPR as the size of particles decreases
[18, 45]. We discuss the unusual shift of the SPR in de-
tails in the next sections. Figure 2,b shows the tempera-
ture dependence of the DR spectra of the Ag/SiO2 sam-
ple containing silver nanoparticles of 11-nm size. The
increase of the temperature of the sample from 273 K
up to 477 K leads to a red shift of the SPR. Figure
3,b) shows the nonlinear dependence of the SPR energy
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Fig. 3. (a) Size dependences of the SPR energy in silver nanoparticles in silica measured at various temperatures. The experimental
points are fitted by expression (17). (b) Temperature dependences of the SPR energy for silver nanoparticles of various sizes. The
experimental points are fitted by expression (20)

on the temperature for different sizes of nanoparticles:
11 nm, 17 nm, 22 nm, 26 nm, and 30 nm.

Figure 4 shows the size and temperature dependences
of the SPR bandwidth. It is seen from Fig. 4,a that a
decrease of the nanoparticle size leads to the broadening
of the SPR band. Such a dependence is described by the
well-known 1/R law and is due to an increase of the rate
of scattering of free electrons on the surface of a nanopar-
ticle at a decrease of the nanoparticle size [18]. Figure 4,b
demonstrates the broadening of the SPR band with in-
creasing temperature. The temperature broadening is a
result of the increase of the rate of electron-phonon scat-
tering, which increases with the temperature [40, 42], as
is well known.

4. Size and Temperature Induced Shift of the
SPR: Theory

In this section, we analyze several possible mechanisms
of the red shift of the SPR, when the size of nanoparticles
decreases and/or the temperature of particles increases.
The size and temperature effects can appear from the
surface damping [19,23,48], spill-out [46], and electronic
environment effects [46]. In addition, the temperature

effect arises from the thermal expansion of nanoparticles
[47].

Let us note that the index of refraction of silica de-
pends on the temperature, i.e. n increases with T (see
[49]). However, this dependence is not significant: the
increase in T from 300 K to 744 K results in the growth
of n from 1.470 to 1.475. Such increase in n would lead
to a red shift of the SPR band by 0.005 eV. Meanwhile,
we observed a significantly larger shift: from 0.02 to 0.07
eV. Therefore, the observed red shift of the SPR band
cannot be explained by the increase in the temperature
of the silica matrix.

4.1. Thermal expansion and surface damping

The first possible mechanisms which can lead to the red
shift of the SPR are the thermal expansion and the sur-
face damping. Here, we develop a theoretical framework
for the observed red shift of the SPR based on a simple
analysis of the thermal expansion of nanoparticles and a
dependence of the expansion coefficient on the tempera-
ture for silver nanoparticles.

Let the particles be much smaller than the wavelength
of light (d � λ). In other words, let us use the electro-
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Fig. 4. (a) Size dependence of the SPR bandwidth in silver nanoparticles in silica measured at various temperatures. (b) Temperature
dependence of the SPR bandwidth for silver nanoparticles of various sizes

static approximation. Then the absorption and scatter-
ing cross sections of light are given by [18, 45]

σabs = 4π
ω

c
ε
1/2
h R3Im

(
ε− εh
ε+ 2εh

)
,

σsca =
8π
3

(ω
c

)4

ε2hR
6

∣∣∣∣ ε− εhε+ 2εh

∣∣∣∣2 , (1)

where ε(ω) = ε1(ω) + iε2(ω) is the complex dielectric
permittivity of the metal, εh is the real dielectric per-
mittivity of the host matrix, c is the speed of light, R is
the radius of a nanoparticle, and ω is the frequency of an
electromagnetic wave. Both the absorption and scatter-
ing cross sections have a maximum, which corresponds
to the SPR energy, when the denominator reaches a min-
imum. The SP resonance condition (for small damping
ε2 � |ε1 + 2εh|) reads

ε1 (ω) + 2εh = 0 . (2)

The SPR energy is then obtained by substituting the
complex dielectric permittivity for a metal nanoparticle
in the Drude formula

ε (ω) = 1−
ω2
p

ω2 − iγω
+ εib (ω) , (3)

where εib(ω) = εib1(ω)+iεib2(ω) is the complex contribu-
tion to ε (ω) caused by interband electronic transitions,
and γ is the scattering rate of free electrons in the metal
[18, 45]. Substituting (3) in (2) gives the expression for
the SPR frequency

ΩSPR =

√
ω2
p

1 + 2εh + εib1
− γ2. (4)

The plasma frequency is given by [18]

ωp =

√
ne2

ε0m∗
, (5)

where n is the free electron density, ε0 is the permittiv-
ity of the free space, m∗ is the effective electron mass,
and e is the electron charge. The density of free elec-
trons in a metal particle is given by n = N/V , where
N is the number of electrons, and V is the volume of
a particle. The volume of a nanoparticle increases with
the temperature

V = V0 (1 + βΔT ) , (6)

where β is the volume thermal expansion coefficient
(β = 5.67 × 10−5 K−1 for bulk silver) [50], ΔT =
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T = T − T293 is a change in the temperature, and V0

is the particle volume at room temperature T293 = 293
K. By n0, we denote the free electron density at room
temperature. Since the total number of free electrons
in a nanoparticle is temperature-independent [51], i.e.,
N = n0V0 = n(T )V (T ), we combine Eqs. (5) and (6)
and obtain the following expression for the plasma fre-
quency:

ωp =

√
n0e2

ε0m∗ (1 + βΔT )
. (7)

Substituting Eq. (7) into (4), we obtain the SPR fre-
quency for a metal nanoparticle:

ΩSPR =

√
ω2
p0

(1 + 2εh + εib1) (1 + βΔT )
− γ2. (8)

Here, ωp0 =
√
n0e2/ε0m∗. The damping constant for

the motion of free electrons in a metal nanoparticle is
[18, 19]

γ = γ∞ +A
vF
R
, (9)

where γ∞ is the scattering rate of free electrons in a bulk
metal, A is a constant [23], vF is the Fermi velocity of
electrons, and R is the particle radius. In view of the
relation between the radius and the volume of a parti-
cle v = 4πR3/3, the temperature-dependent radius of a
particle is given by

R = R0 (1 + βΔT )1/3 , (10)

where R0 is the initial radius of the particle at room
temperature. The volume expansion coefficient can be a
nonlinear function of the temperature T [47]:

β =
192ρkB

r0φ (16ρ− 7kBT )2
. (11)

Here, kB is the Boltzmann constant, and ρ, φ, and r0
are the parameters of the Morse potential used in [47] to
describe the interatomic interaction potential in silver,
U(r) = ρ

[
e−2φ(r−r0) − 2e−φ(r−r0)

]
. The linear and vol-

ume expansion coefficients satisfy the relation α = β/3.
Equations (8)–(11) give the expressions for the size- and
temperature-dependent SPR energy, which will be used
to fit the experimental results described above.

The SPR frequency is proportional to the plasma fre-
quency, which is proportional, in turn, to the square root
of the concentration of free electrons in a nanoparticle.

The concentration of free electrons decreases under the
thermal expansion of a nanoparticle. Thus, the thermal
expansion of a nanoparticle leads to the red shift of SPR
with increasing temperature. The size dependence of the
SPR frequency is described by Eqs. (4) (or (8)) and (9).
A decrease of the nanoparticle size leads to an increase
of the SP damping constant γ ∝ 1/R and to a decrease
of the SPR frequency, i.e., to a red shift of the SPR.

4.2. Spill-out effect and the SPR red shift
induced by the electronic environment

In addition to the thermal expansion and the surface
damping, the electronic environment effect caused by the
interaction of conduction electrons with the electrons in
deeper bands and the spill-out effect can cause a red shift
of the SPR at a decrease of the nanoparticle size or/and
at an increase of the temperature. The spill-out effect
caused by a non-zero probability to find electrons outside
the particles leads to a decrease of the concentration of
free electrons in a nanoparticle. As one can see from
Eqs. (7) and (8), this leads to a red shift of the SPR.
The spill-out effect can be taken into account, by using
the expression for the SPR frequency [46]

Ω̃SPR = ΩSPR

√
1− Nout

N
, (12)

where Nout is the number of free electrons outside the
geometric boundaries of a particle, and N is the number
of free electrons in the particle. The number of free
electrons outside the particle can be calculated using the
formula [46]

Nout

N
=

3
8kFR

ζ

(
EF

V0
,
T

TF

)
, (13)

where V0 = EF + W , W is the work function for elec-
trons in silver, EF is the Fermi energy, ~kF is the Fermi
momentum, and ζ

(
x, TTF

)
is a monotonous function [46]

ζ

(
x,

T

TF

)
= ζ0 (x) + ζ2 (x)

(
T

TF

)2

, (14)

where ζ0 (x) and ζ2 (x) are the functions introduced in
[46]. Finally, a red shift of the SPR induced by the
electronic environment [46] can be written as

Ω̂SPR = Ω̃SPR − δ, (15)

where

δ =
3vF
4R

j

(
EF

~ΩSPR
,
T

TsF

)
, (16)
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Fig. 5. (a) Calculated SPR energy for silver nanoparticles embedded in silica glass as a function of the size of nanoparticles for three
different temperatures reached in the experiments. The parameters used in calculations are: φ = 13.535 nm−1, r0 = 0.31300 nm,
ρ = 0.3257 eV [61], A = 0.3 (taken from fitting the experimental size dependence of the SPR bandwidth by Eq. (9)), and γ∞ = 0.01

eV. (b) Calculated SPR energy as a function of the temperature for various sizes of particles used in experiments. The parameters used
in calculations are the same as in Fig. 5,a

j
(
x, TTF

)
= j0 (x) + j2 (x)

(
T
TF

)2

is a monotonous func-
tion, and j0(x) and j2(x) are the functions introduced in
[46].

5. Results and Discussions

In this section, we use the theory outlined above to ex-
plain the experimental dependences of the SPR energy
on the temperature and the size of silver nanoparticles.

5.1. Size dependence of the SPR energy

Figure 3,a shows the experimentally observed shift of the
SPR band as a function of the size of nanoparticles for
several temperatures of the sample (293, 375, and 477
K). As the size of the nanoparticles decreases, the SPR
energy nonlinearly decreases (a red shift of the SPR for
smaller nanoparticles). The red shift seen with decreas-
ing the size in our experiment can be rationalized by
the size dependence of the scattering rate of conduction
electrons on the surfaces of nanoparticles, Eqs. (8), and
(9). As the size of nanoparticles decreases, the scatter-

ing rate of conduction electrons increases, Eq. (9), and
the SPR energy decreases, Eq. (8). Figure 5,it a shows
the results of theoretical calculations of the dependence
of the SPR energy on the size of nanoparticles. We used
Eqs. (8)–(11) to calculate these dependences for several
different temperatures used in the experiment. The the-
ory matches almost perfectly the experimental results as
indicated in Figs. 3,a and 4,a.

Note that a simple formula for the SPR energy as a
function of the size follows from Eqs. (8) and (9). For
small damping rates γ � ωsp and for the small surface
damping of the oscillations of free electrons as compared
to the bulk one AvF/R � γ∞, which is true for silver
nanoparticles within the given size range, we obtain the
following approximate size dependence for the SPR en-
ergy:

ΩSPR (R) = ΩSPR1

(
1− Λ

R

)
. (17)

Here, ΩSPR1 =
√

Ω2
SPR0 − γ2

∞, ΩSPR0 =
ωp/
√

1 + 2εh + εib1, and Λ = AVFγ∞/Ω2
SPR1.

There are two additional mechanisms of a red shift
of the SPR energy, as we mentioned in Subsection 4.2:
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the spill-out and electronic environment effects [46]. We
calculated the SPR shift caused by these two effects us-
ing Eqs. (12)–(16). Our calculations indicate that the
contribution of these two mechanisms to the red shift is
10−5 eV. This value is negligibly small as compared to
the shift (10−1 eV) caused by an increase of the scatter-
ing rate of free electrons, as the size decreases, Eqs. (8)
and (9). Therefore, we conclude that the red shift of the
SPR, when the size of nanoparticles decreases down to
about 10 nm, which is caused only by an increase of the
surface scattering rate of electrons. The spill-out and
electronic environment effects do not affect the SPR en-
ergy in silver nanoparticles in the studied size range d ≥
10 nm.

5.2. Temperature dependence of SPR energy

The increase of the temperature of nanoparticles leads
to a decrease of the SPR energy, that is, to the red shift
of the SPR band. Figure 3,b shows the dependence of
the SPR energy on the temperature for nanoparticles of
different sizes (11 nm, 17 nm, 22 nm, 26 nm, and 30 nm).
As the temperature of the sample increases, the SPR en-
ergy decreases almost linearly for large particles (26 nm
and 30 nm), see Fig. 3,b. As the size of the nanoparticles
decreases, the red shift of the SPR energy becomes non-
linear (namely superlinear), see Fig. 3,b. We calculated
the SPR energy as a function of the temperature (for
the temperature interval 300–700 K), using the simple
theory of temperature-dependent SPR energy outlined
in Subsection 4.1 (Eqs. (8)–(11)). As the temperature of
a sample increases, the volume of nanoparticles increases
due to the thermal expansion, Eq. (6). The increase of
the temperature leads to a decrease of the concentration
of free electrons in nanoparticles and to the red shift of
the SPR, Eqs. (6)–(8). The volume thermal expansion
coefficient depends on the temperature, Eq. (11). The
dependence of the thermal expansion coefficient on the
temperature results in the nonlinear shift of the SPR, as
the temperature varies. Figure 5,b shows the results of
theoretical calculations of the temperature dependence
of the SPR energy. The calculations confirm qualita-
tively the experimental red shift of SPR with increase of
the temperature, Fig. 3,b. The magnitude of the SPR
shift is in agreement with the experimental results. How-
ever, the theory provides the same values of shift of the
SPR for all sizes of nanoparticles, Fig. 5,b. The experi-
ment, on the other side, exhibits the linear shift only for
large particles (26 nm, and 30 nm). For smaller nanopar-
ticles (11nm, and 17 nm), the shift becomes nonlinear.
Specifically, the smaller the nanoparticles, the stronger

is the nonlinearity of the SPR energy dependence on the
temperature, Fig. 3,b. Our calculations do not reproduce
this trend in the shift of the SPR energy.

Our simple theory outlined in Subsection 4.1 did not
assume that the volume thermal expansion coefficient β
depends on the size of nanoparticles. However, some ex-
periments suggest that the thermal expansion coefficient
does depend on the size of nanoparticles [52–57]. The re-
ported size dependence of the thermal expansion coeffi-
cient is somewhat ambiguous. Some experiments suggest
that the volume expansion coefficient β increases, as the
nanoparticle size decreases [53–55]. Others report that
dependence of the thermal expansion coefficient on the
size β(R) may be non-monotonic [56, 57]. As a result,
the nanoparticles of different sizes may have thermal ex-
pansion coefficients both larger and smaller than one of
a bulk metal. Theoretical studies show some ambiguity
too [58–60]. Some theoretical models predict an increase
of β(R) with the nanoparticle size [58, 59], but others
indicate the opposite [60]. Thus, there are the large dis-
crepancies and the ambiguity regarding the dependence
β(R).

Note that a simple dependence of ΩSPR on T can be
obtained when the damping is small. Taking βΔT � 1
and Eq. (8) into account, we obtain

ΩSPR = ΩSPR0

(
1− 1

2
βΔT

)
. (18)

Therefore, given β = const, the red shift of the SPR
has to be linear when the temperature of the sample
increases. However, as one can see from Eq. (11), the
thermal expansion coefficient depends on the tempera-
ture. For small κΔT � 1, the volume thermal expansion
coefficient is given by

β = 3α ≈ β0 (1 + κΔT ) , (19)

where β0 = 3kB/4rφρ and κ = 7kB/8ρ. The tempera-
ture dependence of the volume thermal expansion coef-
ficient has to lead to a nonlinear dependence of the SPR
energy on the temperature:

ΩSPR = ΩSPR0

(
1− 1

2
β0ΔT −

1
2
β1ΔT 2

)
, (20)

where β1 = β0κ. We used Eq. (20) to fit the experi-
mental dependences of the SPR energy on the temper-
ature for silver nanoparticles of different sizes. Taking
the fitting parameters κ0 and κ1 obtained for different
nanoparticle sizes, we calculated the volume thermal co-
efficients for nanoparticles of different sizes, i.e., the size
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dependence β(R) (see Fig. 6). The calculation by Eq.
(19) predicts the fivefold increase of the volume ther-
mal expansion coefficient, as the size of the nanoparti-
cles decreases from 30 nm down to 11 nm. Note the
good agreement of the calculated thermal expansion co-
efficient β = 6.34 × 10−5 K−1 for the largest nanopar-
ticles (30 nm) and the tabulated value β = 5.67× 10−5

K−1 for bulk silver [50]. This proves the validity of our
calculation of the size dependence of the thermal expan-
sion coefficient.

We note that the sufficiently different values of the vol-
ume thermal expansion coefficients of the silica matrix
and silver nanoparticles can affect the thermal expansion
of a nanoparticle as distinct from the case of the expan-
sion of free nanoparticles. Since the respective coefficient
for bulk silica, 1.8×10−6 K−1, is sufficiently smaller that
one for bulk silver, 56.7 × 10−6 K−1, the silica matrix
should counteract the expansion of a nanoparticle. Thus,
taking into account this fact, it is most probable that the
obtained values of β for Ag nanoparticles are lower than
the respective values for free nanoparticles. Therefore,
one can suppose that, for the free Ag nanoparticles, the
increase of the volume thermal expansion coefficient with
a decrease of the size and an increase of the temperature
should be even stronger than that for Ag nanoparticles
embedded in silica.

As we noted above, other mechanisms that can induce
a shift of the SPR band with change of the tempera-
ture are the spill-out and electronic environment effects.
We calculated the spill-out and electronic environment
induced shifts, by using Eqs. (12)–(16). The obtained
values of the shift (10−5 eV) indicate the negligible con-
tribution of these two effects into the temperature de-
pendence of the SPR band shift. Therefore, we conclude
that red shift of the SPR band observed, as temperature
of the nanoparticles increases up to 640 K, is caused by
the thermal expansion of the nanoparticle.

6. Conclusions

The SPR energy in silver nanoparticles embedded in a
silica glass host matrix depends on the size and the tem-
perature of nanoparticles. Our experiments exhibit the
nonlinear red shift of the SPR, as the size of he nanopar-
ticles decreases. The increase of the surface scattering
rate of free electrons causes the red shift of the SPR en-
ergy, as the particle size decreases. As the temperature
of the sample increases, the SPR shifts to the red side.
The volume thermal expansion of the nanoparticles leads
to a red shift of the SPR. As the temperature of the par-
ticle increases, the volume of the nanoparticle increases,
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Fig. 6. The size dependence of the volume thermal expansion
coefficient of silver nanoparticles in silica. Dashed line points the
value of the expansion coefficient in bulk silver

and the density of free electrons decreases. The lower
electron density leads to the lower plasma frequency of
electrons and subsequently to the red shift of the SPR.
The red shift of SPR with increase of the temperature
is linear for large (25 nm and 30 nm) silver nanopar-
ticles and becomes nonlinear (superlinear) for smaller
nanoparticles (17 nm, 11 nm). The nonlinearity of the
dependence of the SPR energy on the temperature be-
comes stronger for smaller nanoparticles (17 nm, 11 nm).
These two effects can be rationalized by the dependence
of the coefficient of volume thermal expansion on the size
and the temperature of nanoparticles, The coefficient of
volume thermal expansion increases when the nanopar-
ticle size decreases and with increase of the temperature
of a nanoparticle.

The spill-out and electronic environmental effects were
considered as possible mechanisms of a shift of the SPR
as the temperature and the size of nanoparticles change.
The calculations of the SPR shift caused by these two
effects show that it is negligibly small.
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РОЗМIРНА ТА ТЕМПЕРАТУРНА ЗАЛЕЖНОСТI
ПОВЕРХНЕВОГО ПЛАЗМОННОГО РЕЗОНАНСУ
В НАНОЧАСТИНКАХ СРIБЛА

О.А. Єщенко, I.М. Дмитрук, А.А. Алексеєнко, А.В. Котко,
Дж. Вердал, А.О. Пiнчук

Р е з ю м е

Було дослiджено розмiрну i температурну залежностi енергiї
поверхневого плазмонного резонансу у сферичних наночастин-
ках срiбла, iнкорпорованих у кварцову матрицю, в дiапазонi
розмiрiв 11–30 нм та iнтервалi температур 293–650 K. Було ви-
явлено, що енергiя поверхневого плазмонного резонансу в до-
слiджених наночастинках срiбла залежить вiд розмiру та тем-
ператури наночастинки. При зменшеннi розмiру наночастин-
ки або при збiльшеннi її температури спостерiгається черво-
ний зсув поверхневого плазмонного резонансу. При зменшеннi
розмiру наночастинки збiльшується частота розсiяння вiльних
електронiв на поверхнi наночастинки, що приводить до чер-
воного нелiнiйного зсуву поверхневого плазмонного резонансу.
Червоний температурний зсув є лiнiйним для великих нано-
частинок, але стає нелiнiйним для малих наночастинок. Бу-
ло показано, що теплове розширення наночастинки є причи-
ною червоного зсуву поверхневого плазмонного резонансу при
збiльшеннi температури. Було виявлено, що об’ємний коефi-
цiєнт теплового розширення залежить як вiд розмiру наноча-
стинки, так i вiд температури. Вiн збiльшується при зменшеннi
розмiру наночастинки i збiльшеннi температури.
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