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TEMPERATURE EFFECTS ON THE SURFACE PLASMON
RESONANCE IN COPPER NANOPARTICLES

The temperature dependences of the energy and the width of a surface plasmon resonance
are studied for copper manoparticles 17-59 nm in size in the silica host matriz in the tem-
perature interval 293-460 K. An increase of the temperature leads to the red shift and the
broadening of the surface plasmon resonance in Cu nanoparticles. The obtained dependences
are analyzed within the framework of a theoretical model considering the thermal expansion of
a nanoparticle, the electron-phonon scattering in a nanoparticle, and the temperature depen-
dence of the dielectric permittivity of the host matrixz. The thermal expansion is shown to be
the main mechanism responsible for the temperature-induced red shift of the surface plasmon
resonance in copper nanoparticles. The thermal volume expansion coefficient for Cu nanopar-
ticles is found to be size-independent in the studied size range. Meanwhile, the increase of the
electron-phonon scattering rate with the temperature is shown to be the dominant mechanism
of the surface plasmon resonance broadening in copper nanoparticles.
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1. Introduction

Noble metal nanoparticles exhibit unique optical
properties such as the resonant absorption and the
scattering of light, which are not found in bulk coun-
terparts [1,2]. Collective coherent oscillations of the
free electrons in the conduction band, also known as a
Surface Plasmon (SP) resonance, are responsible for
the strong absorption and the scattering of light by
particles [1]. The energy and the width of an SP res-
onance depend on the size, morphology, spatial orien-
tation, and optical constants of particles and the em-
bedding medium [1,2]. The excitation of an SP res-
onance in a metal nanoparticle leads to an enhanced
local electric field close to the surface of the particle
[1-4]. Therefore, noble metal nanoparticles have at-
tracted a lot of attention recently due to a wide range
of potential applications in the surface enhanced Ra-
man scattering (SERS) [5-7], surface enhanced flu-
orescence [8-10], biochemical imaging [11-13], can-
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cer treatment [11, 14-16], and subwavelength optical
waveguides [17-21], to name just a few.

An influence of the temperature on the SP reso-
nance in metal nanoparticles is crucial for the pure
and applied science of nanoparticles [1, 22]. The
temperature dependence of the SP resonance is im-
portant because of the recent applications of noble
metal nanoparticles to the thermally assisted mag-
netic recording [23], thermal cancer treatment [16,24—
26] catalysis and nanostructure growth [27], and com-
puter chips [28]. However, the SP temperature de-
pendence was not studied in detail to date, because a
broad temperature interval requires a usage of mate-
rials with high thermal stability. Colloids, thin films,
and glasses, which are major media in optical materi-
als with metal nanoparticles, possess no enough ther-
mal stability (800-900 K at maximum for glasses).
The more advanced material which is highly transpar-
ent in the optical range is silica, and the facile sol-gel
technique allows one to produce metal nanoparticles
of the different chemical nature and the size range
within the matrix that is stable in air up to 1600 K.
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In the present work, we use the silica sol-gel glasses
admitting the usage of a wider temperature interval
without the sample destruction. For these samples,
the full reversibility in the variation of optical prop-
erties occurred.

The underlying physics of the temperature depen-
dence of optical properties of metal nanoparticles is
a precondition for the development of successful and
reliable applications and devices. The temperature
effects for the SP resonance absorption band in metal
nanoparticles were studied, e.g., by Kreibig [1, 29],
Doremus [30,31], and the origin of temperature effects
upon the SP resonance was analyzed by Mulvaney
[32]. Recently, the influence of the temperature on the
SP resonance in Au-based plasmonic nanostructures
was reported for low temperatures 80-400 K in Ref.
[33], where the appreciable red shift and the SP reso-
nance broadening with increasing temperature were
observed. The temperature-induced broadening of
the SP extinction band leaded to an appreciable de-
crease of the light exctinction at the SP resonance
frequency and, respectively, to an increase of the ex-
tinction on the wings of the SP extinction band. The
interplay of temperature effects and a material quality
in nanoscale plasmonic waveguiding structures was
discussed in Ref. [34]. So, most of the effects related
to the temperature dependence of the SP resonance
were observed for low temperatures [1, 33]. There-
fore, there is a lack of data on the influence of the
temperature on an SP resonance in metal nanostruc-
tures for temperatures higher than room one. The
temperature dependence of the SP resonance energy
and bandwidth for gold colloidal nanoparticles was
studied by Link and El-Sayed [35] for temperatures
higher than room one. Gold colloidal nanoparticles
within the size range from 9 nm to 99 nm were stud-
ied at elevated temperatures up to 365 K. No signif-
icant influence of the temperature on the SP reso-
nance energy and bandwidth was found. In our re-
cent work [36], we studied the temperature depen-
dence of the SP resonance in silver nanoparticles at
high temperatures in the silica matrix similar to that
in the present work. We observed the noticeable red
shift and the broadening of the SP resonance in Ag
nanoparticles with increasing temperature, which is
in full accordance with effects reported for plasmonic
Au-nanostructures at low temperatures.

In this paper, we present experimental results on
the temperature dependence of the SP resonance en-
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ergy and width in copper nanoparticles 17-59 nm in
size embedded in the silica matrix in the tempera-
ture interval 293-460 K. We have observed that an
increase of the temperature of a sample leads to the
red shift and the broadening of the SP resonance,
which is similar to our results [36] obtained for Ag
nanoparticles in silica at high temperatures and to
results of Bouillard et al. [33] obtained for Au nanos-
tructures at low temperatures. We analyze the ob-
served temperature dependence of the SP resonance
within the framework of a theoretical model consid-
ering such phenomena as the thermal volume expan-
sion of a nanoparticle, electron-phonon scattering in a
nanoparticle, and temperature dependence of the di-
electric permittivity of the host matrix. We show that
the main mechanism of the red shift of the SP reso-
nance with increasing temperature is the thermal vol-
ume expansion of a nanoparticle, while the electron-
phonon scattering in a nanoparticle is the dominant
mechanism of SP resonance broadening. The paper
is organized as follows. After the introduction, we
give a short description of the procedure of synthesis
of copper nanoparticles and a structural and optical
characterization of nanoparticles. In Section 3, we de-
scribe the experimental observations of the red shift
and the broadening of the SP resonance, as the tem-
perature increases. In Section 4, we outline a theoret-
ical model of the temperature dependence of the SP
resonance energy and width. In Section 5, we give the
comparative analysis of experimental data and results
of theoretical calculations and discuss the significance
of different mechanisms leading to the temperature-
induced red shift and the broadening of the SP res-
onance in copper nanoparticles. In Conclusions, we
summarize the main obtained results.

2. Synthesis of Copper Nanoparticles
and Their Optical and Structural
Characterization

Composite Cu/SiOy samples with copper nanopar-
ticles were produced, by using the modified sol-gel
technique based on hydrolysis of tetraethoxysilane
(TEOS) with Cu-doping followed by a chemical trans-
formation of the precursors of dopants under anneal-
ing in air or controlled gaseous medium. A precursor
sol was prepared by the mixing of TEOS, water, and
ethyl alcohol with the acid catalyst such as HNOg3 or
HCI. The silica powder with a particle size of about
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5-15 nm (the specific surface area is 380 &+ 30 m?/g)
was added to the sol followed by ultrasonication in or-
der to prevent a large volume contraction during dry-
ing. The next gelation step resulted in the formation
of gels from sols. Porous materials (xerogels) were
obtained, after the gels were dried at room temper-
ature. The porosity of SiOs matrices was controlled
by annealing the samples in air at 600 °C during 1 h.
Doping by copper was performed by immersion of xe-
rogels into a Cu(NO3)y alcohol solution during 24 h.
Then the impregnated samples have been dried in
air at 40 °C during 24 h. The further processing of
the Cu-doped xerogels was done by two pathways.
(1) The initial annealing in air with gradual increase
of the temperature from 20 °C to 1200 °C (annealing
time at 1200 °C: 5 min), then the annealing in the
atmosphere of molecular hydrogen at a temperature
of 800 °C during 1 h. (2) An annealing in Hy with
gradual increase of the temperature from 20 °C to
1200 °C (annealing time at 1200 °C: 5 min). The
annealing resulted in the decomposition of Cu(NO3)s
followed by the nucleation and the aggregation of Cu
clusters resulting in the formation of Cu nanoparti-
cles of various sizes. Glass samples fabricated were
polished up to a thickness of about 1 mm for optical
measurements. The sets of samples were prepared.
The samples obtained at the successive annealing in
air and hydrogen are light-pink colored (samples AH);
ones obtained at annealing in hydrogen are red col-
ored (samples H).

The copper nanoparticles formed were character-
ized with transmission electron microscopy (TEM)
to determine their mean size and morphology. TEM
characterization was performed with the use a JEOL
JEM-2000EX electron microscope. Figure 1 shows
the typical TEM micrographs of some samples. It
can be seen that TEM indicates a large separation
between nanoparticles. Therefore, the electrodynam-
ical coupling cannot affect their optical spectra, and
we use one-particle models for simulations below.
The micrographs prove the creation of spherical Cu
nanoparticles of various sizes in the matrix in de-
pendence on the annealing conditions. Nanoparticles
with mean sizes of 17 nm and 35 nm are formed in
the samples annealed successively in air and then in
molecular hydrogen (samples AH). Cu nanoparticles
with mean sizes of 48 nm and 59 nm are formed in the
samples annealed in Hy (samples H). TEM shows that
Cu nanoparticles in the studied samples are charac-
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Fig. 1. Typical TEM micrographs of Cu nanoparticles in the
silica matrix. a — AH2 sample annealed successively in air and
hydrogen ({(d) = 17 nm), b — H1 sample annealed in hydrogen
((d) = 48 nm)

terized by the Gaussian size distribution with clear-
featured maximum. The dispersion of the size distri-
bution is quite low in all the samples being in range of
11-17 % depending on the sample. Since the distri-
bution dispersion is small, it is reasonable to conclude
that the effect of the particle size distribution would
not affect the shape and the width of the SP absorp-
tion band of copper nanoparticles.

A tungsten-halogen incandescent lamp was used
as a light source in the measurements of absorption
spectra. A single grating spectrometer MDR-3 was
used for the registration of spectra. The samples were
placed into an open furnace during the spectral mea-
surements. Each spectrum was measured at its own
stabilized temperature.

3. Temperature Dependence
of Surface Plasmon Resonance
in Cu Nanoparticles: Experiment

We measured the absorption spectra of copper
nanoparticles in the silica host matrix. Samples con-
taining Cu nanoparticles with mean sizes of 17, 35,
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Fig. 2. Measured evolution of the absorption spectrum of Cu

nanoparticles with a mean size of 59 nm in silica with grad-
ual increase of the temperature from 293 to 437 K (a). Inset
illustrates the decomposition of the total spectrum into basic
spectral Lorentzian contours, where SPR is the SP resonance
band in a Cu nanoparticle. Calculated evolution of the ab-
sorption spectrum of a 59-nm Cu nanoparticle in silica with
increasing temperature (b)

48, and 59 nm were studied. Absorption spectra were
measured in the temperature interval 293-460 K. The
aim was to study the effects of the influence of the
temperature on the spectral characteristics (energy
and bandwidth) of the surface plasmon resonance in
copper nanoparticles. Evolution of the experimental
absorption spectrum of the composite sample con-
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taining Cu nanoparticles with a mean size of 59 nm
is shown in Fig. 2, a.

We performed the decomposition of the total ab-
sorption spectra into basic Lorentzian spectral con-
tours. The studied absorption spectra contain two
bands. The high-energy band is caused by the inter-
band transitions in copper, and the low-energy one is
caused by the excitation of surface plasmons in Cu
nanoparticles. For the studied samples, the SP band
is located in the spectral range 570 nm (2.18 eV)-580
nm (2.14 ¢V) depending on the nanoparticle size and
the temperature. Such spectral position of the SP
band is typical of copper nanoparticles embedded in
silica [1]. Thus, the spectral decomposition allowed
us to extract the surface plasmon band from the to-
tal spectrum and determine the spectral characteris-
tics of this band such as the spectral position (energy
of SP resonance) and the bandwidth (SP resonance
width). The errors of the multipeak analysis were
small, specifically the error of determination of the
SP energy was about 0.5-0.7% and one of determina-
tion of the SP bandwidth was within 5%. Therefore,
the SP band was extracted from the total absorption
spectrum quite accurately. This allowed us to obtain
width reliable experimental temperature dependences
of the SP resonance energy and bandwidth.

Figure 3 presents the obtained temperature depen-
dences of the SP resonance energy and bandwidth for
copper nanoparticles of various sizes. Figures 2 and
3 show that the monotonous increase of the temper-
ature from 293 to 460 K leads to the monotonous red
shift (shift to lower frequencies) of the surface plas-
mon band and to its broadening. It is seen that the
manifestations of the temperature effects on the sur-
face plasmon resonance in copper nanoparticles are
quite prominent. One can see that the obtained de-
pendences are not qualitatively different for copper
nanoparticles with different sizes in the studied size
range. Note that the observed temperature depen-
dences for Cu nanoparticles in silica are quite similar
to ones observed for Ag nanoparticles in the same
host matrix [36], i.e. the red shift and the broaden-
ing of the SP resonance with increasing temperature.
We note that we measured the absorption spectra of
Cu/SiO; composite samples both at their heating and
cooling. We observed the full reversibility of the tem-
perature behavior of the spectra. This indicates the
high thermal stability and the high optical quality
of sol-gel prepared Cu/SiOs nanocomposites. This is
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important for applications of such nanocomposites in
optical devices working under extreme thermal con-
ditions.

4. Temperature Dependence
of Surface Plasmon Resonance
in Metal Nanoparticles: Theory

In this section, we give the theoretical analysis of var-
ious mechanisms that can cause the observed temper-
ature effects, namely the red shift and the broadening
of the SP resonance in metal (copper, in particular)
nanoparticles occurring with increasing temperature.
Those effects are: (1) electron-phonon scattering in a
nanoparticle, (2) thermal expansion of a nanoparti-
cle and (3) temperature dependence of the dielectric
permittivity of the silica host matrix.

It is well known (see, e.g., [1,2]) that the absorp-
tion coefficient of a composite with non-interacting
spherical metal nanoparticles much smaller than the
light wavelength (d < A) is

B 9fwsf’,{2 &9

¢ (e142em)? +e2’

K (w) (1)
where w is the frequency, ¢ is the light velocity,
e(w) = e1(w) + ie2(w) is the dielectric permittiv-
ity of a nanoparticle, f is the filling factor of the
composite, €, is the dielectric permittivity of the
host matrix. It is clear that the temperature depen-
dence of the permittivities of a nanoparticle and the
host matrix would affect the energy and the width
of the SP resonance in a nanoparticle and, respec-
tively, affect the absorption spectrum of the compos-
ite. The dielectric permittivity of a metal can be
expressed as

e(w) = ein(w) +ep(w), (2)

where e;,(w) = €1 (w) + i€ip2(w) is the contribution
of the interband transitions (bound electrons) to the
dielectric permittivity of a metal, and ep(w) is the
contribution of the free electrons that is given by the
Drude theory as

w2

N [ 3
€D ((U) w2 ¥ ’L’)/LAJ ( )
Here,

4mne?
Wp = m (4)
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Fig. 3. Dependences of the SP resonance energy (a) and the
bandwidth () for copper nanoparticles of various sizes in silica.
Points — experiment, lines — theory

is the bulk plasmon frequency, where n is the concen-
tration of free electrons, e is the electron charge, m* is
the effective mass of a free electron; « is the damping
constant of plasma oscillations. In the approximation
of small damping (g2 < |1 + 2&,,|), which is quite
good for noble metals, the condition of excitation of
the SP resonance in the nanoparticles much smaller
than the light wavelength is as follows [1]:

e1(w) = 2. (5)
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The SP resonance energy is then obtained by substi-
tuting the complex dielectric permittivity for a metal
nanoparticle from Egs. (2) and (3) into Eq. (5):

e ©)
Wop = 1+ Eipl T 25m L

Here, ;31 is the real part of the contribution of inter-
band transitions to the permittivity of a nanoparti-
cle. The plasmon damping constant can be expressed
[1,2] as

7:700+A (7)

Ur
R )
where R is the nanoparticle radius, 7. is the size-
independent damping constant caused by the scat-
tering of free electrons on electrons, phonons, and
lattice defects, A is a theory-dependent parameter
that includes details of the scattering process (e.g.,
isotropic or diffuse scattering [1, 37, 38|), and vp is
the Fermi velocity in a bulk metal (1.57 x 10% cm/s
in bulk copper [39]). Note, that there exists a more
correct theory of the size dependence of the surface
plasmon damping constant y(R) [40]. This theory
predicts the oscillating character of v(R), which is
a result of the quasidiscrete spectrum of phonons
in a nanoparticle. Really, the electron scattering
on long-wave phonons dominates in metal, and the
long-wave spectrum for metal nanoparticles is lim-
ited by the size of a particle that has to lead to
oscillations in the +(R) dependence. Note, how-
ever, that noticeable oscillations in the dependence
~(R) appear for the size of nanoparticles smaller than
about 15 nm. For larger particles, the oscillations
are small and decrease with increasing size. As a re-
sult, the dependence v(R) for larger particles is nearly
monotonically decreasing and, respectively, is well de-
scribed by expression (7). The nanoparticles stud-
ied in our work are quite large (17-59 nm), so our
choice of the simplified expression (7) to describe the
size dependence of the surface plasmon damping con-
stant is quite correct. Moreover, since the nanopar-
ticles in the samples under study are not monosize,
their size distribution has to lead to the blurring of
slight oscillations of the damping constant for large
nanoparticles.

Let us analyze the influence of the temperature on
the energy and the width of the SP resonance in a
metal nanoparticle embedded in the host matrix. The
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first mechanism of the dependence of the SP reso-
nance on the temperature is the electron-phonon scat-
tering in a metal nanoparticle. The size-independent
damping constant 7., depends on the temperature
due to the temperature dependence of the electron-
phonon scattering rate. Really, at an increase of the
temperature, the phonon population in a metal in-
creases, which leads to an increase of the probability
of the electron-phonon scattering, which results in the
increased scattering rate for electrons. The voo(T) de-
pendence caused by the electron-phonon scattering is
given by [41]

0/T

Yoo (T) = K'T" /

0

ztdz

er —1’

®)

where 0 = 343 K is the Debye temperature for copper
[39], and K is a constant [41]. Knowing the bulk
damping constant v, at a certain temperature (e.g.,
at room one, Ty = 293 K), K' can be calculated as

0/T,

K =)/ (15 [

0

z4dz

e —1

9)

For bulk copper at Ty = 293 K, we have 7., = 0.09
eV [42]. Thus, an increase of the electron-phonon
scattering rate with the temperature would lead to
an increase of the damping constant v.,. Apparently,
this would lead to the SP resonance broadening and
to its red shift in accordance with Eq. (6).

The second mechanism of the dependence ¢(7T) is
the thermal expansion of a nanoparticle. Indeed, the
nanoparticle volume increases with the temperature,
V(T) =Vo (14 BAT), (10)
where AT = T — Ty is the change in the temper-
ature from room one (T, = 293 K), 8 is the vol-
ume thermal expansion coefficient (5.1x107% K~ for
bulk copper [39]), V; is the volume of a nanoparticle
at Ty = 293 K. The density of free electrons in a
metal particle is given by n = N/V, where N is the
number of electrons, and V is the particle volume.
We denote the free electron density at room tem-
perature by ng. Since the total number of free elec-

trons in a nanoparticle is temperature-independent
[43], N = noVp = n(T)V(T), we combine Eqs. (4)
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and (10) and obtain the expression for the frequency
of a bulk plasmon:

4mnge?

m* (1 + BAT)" (11)

wp:

Substituting Eq. (10) in Eq. (6), we obtain the ex-
pression for the frequency of the SP resonance in a
metal nanoparticle

= “po 2 (12)
Wsp = (14 &1 + 2em) (1 + BAT) A

where wyg = \/4mnge?/m* is the bulk plasmon fre-
quency at room temperature. Thus, the thermal ex-

pansion of a nanoparticle would lead to a decrease of
the concentration of free electrons in a nanoparticle
and, respectively, to a decrease of the SP resonance
energy, i.e. to its red shift with increasing temper-
ature. It is well known [1| that the damping con-
stant of plasma oscillations depends on the size of a
nanoparticle as y(R) o 1/R (see Eq. (7)). That is
due to the scattering of free electrons on the surface
of a nanoparticle. Under the thermal expansion, the
radius of a nanoparticle increases as
R(T) = Ry (1+ BAT)"?, (13)
where Ry is the nanoparticle radius at room temper-
ature. Therefore, the thermal expansion of nanopar-
ticles would affect the SP resonance frequency not
only through the frequency of a bulk plasmon, but
through the size-dependent part of the plasmon
damping constant as well. The volume expansion

coeflicient depends on the temperature according
to [44] as

192pkp
ro¢ (16p — 7TTkg)”’

B(T) = (14)

where kp is the Boltzmann constant, and p, ¢, and
ro are parameters of the Morse potential used in Ref.
[44] to describe the interatomic interaction potential
in metal, U(r) = p [6_2‘15(”_7’0) — 2e~?(r=ro)].

Note that we consider the thermal expansion of
a nanoparticle, by assuming that it is free. How-
ever, the nanoparticle is embedded in the silica ma-
trix. Respectively, since the volume thermal ex-
pansion coefficient for silica is considerably smaller
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(1.65x107% K~ for fused silica) than one for cop-
per (5.1x107% K~1), it seems at first glance that
the silica host matrix would block the expansion of a
nanoparticle. However, our procedure of fabrication
of Cu/SiOy composite samples is such that the forma-
tion of Cu nanoparticles in silica occurs at the tem-
perature 1473 K, which is considerably higher than
the maximum temperature used in our optical mea-
surements (460 K). So, the sizes of a nanoparticle and
a hosting cavity of the silica matrix are equal only at
the highest temperature, i.e., at 1473 K. After an-
nealing at 1473 K, the samples were cooled down to
room temperature. At cooling, both the nanoparti-
cle and the hosting cavity contracted. But, due to
a considerable difference of the coefficients of ther-
mal expansion, the copper nanoparticle contracted
considerably stronger, than the hosting cavity did.
Thus, at any temperature lower than 1473 K, in-
cluding the entire temperature range 293-460 K used
in our experiments, the copper nanoparticle size is
smaller than one of a hosting cavity of the silica ma-
trix. Therefore, we can conclude that the copper
nanoparticles in our experiments expanded freely, i.e.
the matrix did not affect the thermal expansion of
nanoparticles.

At last, the third mechanism of the temperature
dependence of the SP resonance can be the tempera-
ture dependence of the dielectric permittivity of the
host matrix &,,(T). Indeed, the reference data [45]
show that the permittivity of silica increases with
the temperature. It is seen from Eq. (12) that
such temperature-induced increase of ¢,, would lead
to a red shift of the SP resonance as well. Thus,
summarizing the above arguments, we obtain expres-
sions given below that explain the temperature de-
pendences of the energy and the width of the SP res-
onance in metal (copper, in particular) nanoparticles
in the silica host matrix:

w2

%P:V&1+am+2&gi%u+;wmAT)_V%T%
(15)
9T) = 7ee((T) + A (16)

Here, the dependences voo(T), R(T), and B(T) are
given by Egs. (8), (13), and (14), respectively.
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5. Comparison of Experiment and Theory
for Cu Nanoparticles. Discussion

In this section, we use the theory outlined in the pre-
vious section to rationalize the experimental temper-
ature dependences of the SP resonance energy and

d=59nm
0 == RLTiTi—al
-3
%
g
=1
4
&
5 )
\
\
\
——total
- - - expansion
..... e.ph scattel‘ing
9| ---- matrix
300 350 400 450
Temperature (K)
a
d =59 nm
13F
——total
- - —expansion
..... e-ph scattering

SPR broadening (rel. un.)

300 350 400 450
Temperature (K)
b

Fig. 4. Calculation of the contributions of different mecha-
nisms to the temperature-induced (a) shift and (b) broadening
(the ratio v(T")/v293) of the SP resonance in a 59-nm copper
nanoparticle in silica. Solid lines mark the total shift or broad-
ening, dashed lines — contribution of the thermal expansion
of a nanoparticle, dotted lines — the electron-phonon scatter-
ing in the nanoparticle, dash-dotted lines — the temperature
dependence of the dielectric permittivity of the host matrix
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bandwidth for copper nanoparticles in silica. We cal-
culate the absorption spectra of Cu nanoparticles in
silica at various temperatures by Eq. (1). The tem-
perature dependence of the silica host matrix was
taken from Ref. [45]. To take the temperature depen-
dence of the dielectric permittivity of a nanoparticle
into account, we firstly calculate the contribution of
interband transitions to € of a nanoparticle as

(W) = €00 (W) — €D, 00 (W), (17)

where e, (w) is the dielectric permittivity of copper
taken from Ref. [46], and ep oo (w) is the Drude term
for bulk copper (contribution of free electrons) calcu-
lated by Eq. (3). In calculations, we used w, = 7.6 eV
and Yoo = 0.09 eV [42]. Then we calculated the
temperature-dependent dielectric permittivity of a
nanoparticle as follows:

e(w,T) =ep(w) +ep(w,T). (18)

Here, ep(w,T) was calculated by Eq. (3). In calcu-
lations of ep(w,T), (1) the temperature-dependent
bulk plasmon frequency was calculated as w, =
= wpo/+/1+ B(T)AT, where wyy = 7.6 €V, and the
volume thermal expansion coefficient was calculated
by Eq. (14); (2) the temperature-dependent damp-
ing constant (T") was calculated by Eq. (16), where
Yoo (T') was calculated by Egs. (8) and (9), and R(T)
was determined from Eq. (13). In calculations, we
also used vp = 1.57 x 10® cm/s for the Fermi ve-
locity in bulk copper, A = 0.11 was estimated from
the fitting of the experimental size dependence of the
SP resonance bandwidth at Tp = 293 K, and the
parameters of the Morse potential p = 0.3287 €V,
¢ = 13.123 nm~', and rq = 0.28985 nm were taken
from Ref. [47].

The evolution of the calculated absorption spec-
trum of 59-nm copper nanoparticles in silica with
increasing temperature is presented in Fig. 2 b. It
is seen that an increase of the temperature has to
lead to the red shift and the broadening of the sur-
face plasmon band. This trend is similar to one ob-
served experimentally. To check quantitatively our
above assumptions of the physical mechanisms of
these two phenomena, we also calculated the tem-
perature dependences of the shift and the broadening
of the SP resonance in copper nanoparticles. To com-
pare the respective experimental and calculated de-
pendences properly, we obtained the theoretical val-
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ues of SP energy and bandwidth by the decomposi-
tion of the calculated spectra to the basic spectral
Lorentzian contours, since the corresponding exper-
imental values we determined from the decomposi-
tion of the experimental spectra. The obtained cal-
culated temperature dependences of the SP resonance
energy and bandwidth are presented in Fig. 3. The re-
spective experimental dependences are shown in this
figure as well. It is seen that a quite good agree-
ment of the experimental and calculated dependences
takes place. This fact proves the correctness of our
theoretical model.

As was noted above, the theoretically calculated
dependences contain contributions of three mecha-
nisms. Those are the electron-phonon scattering in
a nanoparticle, thermal expansion of a nanoparticle,
and temperature dependence of the dielectric permit-
tivity of the host matrix. It is important to know the
relative contribution of each mechanism to the total
temperature effect. To do so, we performed such cal-
culations for the temperature dependences of the SP
resonance energy and width. The results for 59-nm
Cu nanoparticles in silica are presented in Fig. 4. It
is seen from Fig. 4, a that the thermal expansion is
the dominant mechanism of the temperature-induced
red shift of the SP resonance in copper nanoparticles.
Contributions of the increase of both the electron-
phonon scattering rate and the dielectric permittiv-
ity of the host matrix with increasing temperature
are close to each other and are quite small as com-
pared with the contribution of the thermal expan-
sion. Meanwhile, the dominant mechanism of the
temperature-induced broadening of the SP resonance
in copper nanoparticles is the electron-phonon scat-
tering, which is seen from Fig. 4, b. Thermal ex-
pansion of a nanoparticle leads to a very small de-
crease of the SP resonance width. However, this de-
crease is negligibly small and can be neglected. The
temperature dependence of the dielectric permittiv-
ity of the host matrix does not affect the SP reso-
nance width. Note that the good agreement of ex-
periments with the above-outlined theory takes place
as well for the temperature dependence of the SP
resonance in silver nanoparticles [36]. This proves
the similarity of the physical mechanisms of the ob-
served temperature dependences for SP resonances
in copper and silver nanoparticles, i.e. the thermal
expansion of a nanoparticle as a cause of the red
shift and the electron-phonon scattering as a cause

ISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 3

of the broadening of the SP resonance. It is seen
from Fig. 3, a that the red shift rate of the SP
resonance with increasing temperature is the same
for Cu nanoparticles of all studied sizes. This indi-
cates that the volume thermal expansion coefficient
is size-independent in the studied range of Cu nano-
particle sizes.

6. Conclusions

The temperature dependences of the SP resonance
energy and width in copper nanoparticles with mean
sizes of 17, 35, 48, and 59 nm embedded in the sil-
ica glass host matrix are studied in the temperature
range 293-460 K. We observed that, as the temper-
ature increases, the red shift and the broadening of
the SP resonance occur. A theoretical model includ-
ing the phenomena of electron-phonon scattering in a
nanoparticle, the thermal expansion of the nanopar-
ticles, and the temperature dependence of the di-
electric permittivity of the host matrix is considered
to rationalize the observed temperature behavior of
the SP resonance in copper nanoparticles. As the
temperature of a particle increases, the nanoparti-
cle volume increases, and the density of free elec-
trons decreases. The lower electron density leads to
the lower plasma frequency of electrons and subse-
quently to the red shift of the SP resonance. The
rate of electron-phonon scattering increases with the
temperature. This leads to an increase of the damp-
ing constant of plasma oscillations and, as a result,
to the red shift of the SP resonance. The dielectric
permittivity of silica increases with the temperature,
which leads to a red shift of the SP resonance as well.
The results of calculations of the temperature depen-
dences of the SP resonance energy and width are in
very good agreement with the respective experimen-
tal data, which proves the validity of the used theoret-
ical model. It is shown that the thermal expansion
of copper nanoparticles is the dominant mechanism
of the temperature-induced red shift of the SP reso-
nance in copper nanoparticles. Meanwhile, the domi-
nant mechanism of the SP resonance broadening with
increasing temperature is the electron-phonon scat-
tering in Cu nanoparticles.

The author thanks Dr. A.A. Alexeenko for sam-
ples of Cu/SiOy nanocomposite, Dr. A.M. Dmytruk
for TEM measurements, and Prof. I.M. Dmitruk for
fruitful discussions.
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0.A. Cuwenko

BILJIUB TEMIIEPATYPU
HA IIOBEPXHEBUI IIJTABMOHHNI
PE3OHAHC B HAHOYACTUHKAX MIII

Received 22.11.12

Pezowme

HocmiizkeHo TeMIiepaTypHi 3aJ1€2KHOCTI eHepril Ta HiBIIUPUHI
IIOBEPXHEBOTO IJIA3MOHHOI'O PE30HAHCY B CPEPUYHUX HAHOYA-
CTUHKaX Mizi po3mipamu 17-59 HM y KBapueBiit MaTpurli B iH-
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TepBasi Temueparyp 293-460 K. Ilokazano, mo mnigBuineHHS
TEeMIIEPATyPU IPUBOJUTH JIO YEPBOHOI'O 3CYyBY Ta PO3IIMPEH-
HsI ITOBEPXHEBOI'O IIA3MOHHOI'O PE30HAHCY B HAHOYACTHUHKAX
Cu. Orpumani 3a1€2KHOCT] IPOAHAII30BAaHO B PaAMKaX Teope-
TUYIHOI MOJei, siKa BKJIIOYAE TEIJIOBE PO3MIMPEHHsI HaHOYa-
CTUHKH, €JIEKTPOH-(POHOHHE PO3CisIHHS Y HAHOYACTHUHIII Ta T€M-
nepaTypHy 3aJ€XKHICTh JIieJIEKTPUIHOI TPOHUKHOCTI MaTPHIL.
ITokazaHo, 110 TEIJIOBE PO3IIMPEHHS € OCHOBHUM MEXaHI3MOM,
10 3yMOBJIIOE TEMIIEPATYPHUN YEPBOHUI 3CYB IOBEPXHEBOI'O
IIA3MOHHOT'O PE30HAHCY B HAHOYACTHHKAX Mini. BusBieno, mo
06’eMHUIT KOEMIIIEHT TEIJIOBOIO PO3IIMPEHHsS] HAHOYACTUHOK
Cu He 3aJI€KUTh BiJl pO3MIPY YACTUHKH B JIOCJIIJIXKEHOMY Jlia-
ma30Hi po3MipiB. ¥ CBOIO Yepry IOKa3aHO, 110 301/IbIIEHHs Ya-
CTOTU €JIEKTPOH-(POHOHHOTO PO3CISTHHS MTPH 301/IbIIIEHH] TeMIIe-
paTypH € JOMIHYIOYNM MEXaHI3MOM PO3IIUPEHHS [IOBEPXHEBOT'O
[JITA3MOHHOI'O PE30HAHCY B HAHOYACTHUHKAX Misji.
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