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Temperature dependence of the surface
plasmon resonance in silver nanoparticles
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The temperature dependences of energy and width of the surface plasmon resonance
were studied for silver nanoparticles with sizes 24 nm and 60 nm in silica host matrix in
the temperature range of 17-700°C. The temperature increase leads to red shift and
broadening of the surface plasmon resonance in Ag nanoparticles. The obtained tempera-
ture dependences were analyzed within the framework of theoretical model considering the
thermal expansion of a nanoparticle, the electron-phonon scattering in the nanoparticle and
the temperature dependence of dielectric permittivity of the host matrix. The thermal expan-
sion was shown to be the main mechanism responsible for the temperature induced red shift
of the surface plasmon resonance in silver nanoparticles. Meanwhile, the increase of electron-
phonon scattering rate with increasing temperature was shown to be the dominant mechanism
of the surface plasmon resonance broadening in the silver nanoparticles.

TeMIIepaTypHble 3aBUCUMOCTY SHEPIUl U IIOJIYIIMPUHBI [IOBEPXHOCTHOI'O ILIAZMOHHOIO PE3o-
HAHCA B HAHOYACTUIAX cepebpa pasmepamu 24 M u 60 HM, MHKOPIOPHUPOBAHHLIX B KBAaPLIEBYIO
MATPUILy, UCCAEJOBAHLI B Auamnasone Temmeparyp 17-700°C. Yeenuuenue TeMIepaTyphl IPUBO-
IUT K KPACHOMY CABUTY U YIINPEHUIO ITOBEPXHOCTHOrO ILJIA3MOHHOIO PE30HANCA B HAHOUACTHUILAX
Ag. TlonyueHHble TeMIEpaTypHBIE 3aBUCUMOCTH IIPOAHAM3UPOBAHBI B PAMKAX TEOPETUYECKON
MOJEeIN, B KOTOPOHM YUNTLIBAIOTCA TEILIOBOE PAacCIINpeHne HAHOUACTUILI, JIeKTPOH-(POHOHHOE
paccesHrie B HAHOUACTUIE M TEeMIEPATYPHAA 3aBHCUMOCTL ANSJIEKTPUUYECKOMN IIPOHUIIAEMOCTH
MaTpuiisl. Ilokazano, 4TO TEIJIOBOE PACIIHUpPEHIe SBASEeTCA OCHOBHLIM MEeXaHW3MOM BLI3BAHHOTO
yBeIUYEeHNeM TeMIepaTypbl KPacHoro CABUATA MOBEPXHOCTHOIO INIA3MOHHOIO pPe3oHaHca B HAHO-
yacTuIlax cepebpa. B To Ke BpeMs IIOKAsaHo, YTO yBeJWUEHNE YACTOTHI DJICKTPOH-(POHOHHOTO
paccesHUA ¢ yBeJHUEHMEM TEeMIIEpaTyphl SABIAETCA AOMUHHPYIOIIAM MeXaHNU3MOM YIINPEHMS
MMOBEPXHOCTHOIO MIA3MOHHOIO pesoHaHca B HaHOUYACTHUIIAX cepebpa.

Temnepamypna 3anesxnicms no6epxXHe6020 NAA3ZMOHHOZ0 PE3OHAHCY 6 HAHOLACMUH-
kax cpibra. O.A.€uyenro, I.C.Bondapuyk, A AAnexceenro, A.B.Komko.

TemuepaTypHi 3aiexHoCTi eHeprii Ta HiBIIMPUHN IIOBEPXHEBOTO ILJIA3MOHHOI'O PE30HAHCY
B HAHOUYACTHHKAX cpibaa posmipamvu 24 um i 60 HM, iIHKOPIOPOBAHMX B KBapILeBy MATPHUIO,
mocaimskeHo B miamasoni Temmepatyp 17-700°C. 36inbmieHHs TeMIepaTypu TPUSBOAUTE IO
YEePBOHOT'O0 3CYBY 1 POINMIMPEHHS ITOBEPXHEBOr'0 IILIA3MOHHOI'0 PE30HAHCY Y HAHOUACTHUHKAX
Ag. Orpumani remueparypHi 3aJeKHOCTI HpOaHAIi30BAHO B PaMKaxX TeOPeTUIHOI Momgesi, B
SAKil BpaxoBaHO TEIJIOBe POSIIMPEHHS HAHOYACTUHKM, eJeKTPOH-(POHOHHE PO3CidAHHA Y HAHO-
YAaCTHHIII Ta TeMIIepaTypHY S3ajJeXKHicTh maiemeKkTpuunHoi mpoHmkKHocTi marpuri. Ilokasano,
110 TEIJIOBE PO3IIMPEHHSI € OCHOBHUM MEXaHi3MOM BHKJIMKAHOTO 301JbIIEHHAM TEMIIEPATYPHU
YEePBOHOI'O 3CYBY IIOBEPXHEBOI'0 ILIA3MOHHOI'O PE30HAHCY B HAHOUYACTHHKAaX cpibiaa. ¥V Toi e
yac MOKAa3aHo, IO 30LIbIIEHHSA YacTOTU €JeKTPOH-POHOHHOrO po3cisHHS 3i sbinbimenmaM
TeMIIePATYyPU € JOMIHYIOUNM MEXAHISMOM POSIIMPEHHSA [IOBEPXHEBOr'O ILJIA3MOHHOI'O PE30HAH-
Cy B HAHOYACTHUHKAX cpibia.
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1. Introduction

Noble metal nanoparticles (NPs) exhibit
unique optical properties, such as resonant
absorption and scattering of light, not
found in bulk counterparts [1, 2]. Collective
coherent excitations of free electrons in the
conduction band, also known as Surface
Plasmon Resonance (SPR), are responsible
for the strong absorption and scattering of
light by the particles [1]. The energy and
width of the SPR depend on the size, mor-
phology, spatial orientation and optical con-
stants of the particles and the embedding
medium [1, 2]. An influence of the tempera-
ture on the SPR in metal NPs is crucial for
pure and applied science of the NPs [1, 3].
The temperature dependence of the SPR is
important because of the recent applications
of noble metal NPs in thermally assisted
magnetic recording [4], thermal cancer
treatment [5—7] catalysis and nanostructure
growth [8], and computer chips [9]. How-
ever, the SP temperature dependence was
not studied in detail to date because a broad
temperature interval requires a usage of
materials with high thermal stability. Col-
loids, thin films, and glasses, which are
major media in optical materials with metal
NPs, possess no enough thermal stability
(~500-600°C at maximum for glasses). The
more advanced material which is highly
transparent in the optical range is silica,
and the facile sol-gel technique allows pro-
duce metal NPs of the different chemical
nature and size range within the matrix
that is stable in air up to 1300°C. In the
present work, we use the silica sol-gel
glasses admitting the usage of wider tem-
perature interval without the sample de-
struction. Also, the full reversibility in
variation of optical properties occurred for
these samples.

The underlying physics of the tempera-
ture dependence of optical properties of
metal NPs is a precondition for the develop-
ment of successful and reliable applications
and devices. The temperature effects on the
SPR absorption band in metal NPs were
studied e.g. by Kreibig [1, 10], Doremus
[11, 12], and the origin of the temperature
effects upon the SPR was analyzed by Mul-
vaney [13]. Recently, the influence of tem-
perature on SPR in Au-based plasmonic
nanostructures was reported for low tem-
peratures in [14] and for high temperatures
in [15], where appreciable red shift and
broadening of SPR with increasing tempera-
ture were observed. The temperature in-
duced broadening of SP extinction band
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leaded to an appreciable decrease of the
light extinction at the frequency of SPR
and, correspondingly, to an increase of ex-
tinction on the wings of SP extinction band.
The interplay of temperature effects and
material quality in nanoscale plasmonic
waveguiding structures is also discussed in
[16]. Let us note that most of the effects
related to the temperature dependence of
the SPR were observed for low tempera-
tures. Therefore, there is a lack of data on
influence of temperature on SPR in metal
nanostructures for temperatures higher
than the room one. Link and El-Sayed stud-
ied the temperature dependence of the SPR
energy and bandwidth for gold colloidal
NPs [17] for temperatures higher than the
room one. Gold colloidal NPs within the size
range of 9 nm up to 99 nm were studied at
elevated temperatures up to 72°C. No sig-
nificant influence of the temperature on the
SPR energy and bandwidth was found that
is due to quite narrow temperature range
studied. In our recent work [15] we have
studied the temperature dependences of
SPR in the gold NPs at high temperatures
in the silica matrix similar to that of the
present work. We observed the noticeable
red shift and the broadening of SPR in Au
NPs with increasing of temperature that is
in full accordance with effects reported for
plasmonic Au-nanostructures at low tem-
peratures [14].

In this paper, we present experimental
results on the temperature dependence of
the SPR energy and width in 24 nm and
60 nm silver NPs embedded in the silica
matrix in the wide temperature range of
17-700°C. We have observed that in Ag
NPs an increase of the temperature of the
sample leads to the red shift and broadening
of the SPR that is similar to our results
[15] obtained for Au NPs in silica at high
temperatures and to results of Bouillard et
al. [14] obtained for Au nanostructures at
low temperatures. We analyze the observed
temperature dependence of SPR within the
framework of theoretical model considering
such phenomena as thermal volume expan-
sion of the NP, electron-phonon scattering
in the NP and temperature dependence of
dielectric permittivity of the host matrix.
We show that the main cause of the red
shift of the SPR with increasing tempera-
ture is the thermal volume expansion of the
NP, while the electron-phonon scattering in
the NP is the dominant mechanism of the
SPR broadening.
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Fig. 1. Measured (a) and calculated (b) evolution of the absorption spectrum of Ag NPs with size of
24 nm in silica with gradual increase of temperature.

2. Synthesis of silver
nanoparticles and their
characterization

Composite Ag/SiO, samples containing
silver NPs were produced using the modi-
fied sol-gel technique based on hydrolysis of
tetraethoxysilane (TEOS) with Ag-doping
followed by a chemical transformation of
the dopants precursors under annealing in
molecular hydrogen. A precursor sol was
prepared by mixing of TEOS, water and
ethyl alcohol with the acid catalyst HNOg.
Silica powder (named as aerosil A-300) was
added to the sol followed by ultrasonication
in order to prevent a large volume contrac-
tion during drying. The next gelation step
resulted in formation of gels from the sols.
Porous materials (xerogels) were obtained,
after the gels were dried at the room tem-
perature. The porosity of SiO, matrices was
controlled by annealing the samples in air
at 600°C during 1 h. Doping by silver was
performed by immersion of xerogels into
AgNOj3 alcohol solution during 24 h. We
used AgNOj solutions with two concentra-
tions (mmol/50 ml): 0.01 and 0.02. Then,
the Ag-doped samples were dried in air and
annealed in hydrogen with gradual increase
of temperature from 20°C to 1200°C. The
annealing resulted in the decomposition of
AgNO; followed by a nucleation and aggre-
gation of Ag clusters resulting in formation
of Ag NPs. We fabricated two sets of sam-
ples using the two different concentrations
of AgNOj in the solution mentioned above:
HO0.01 and HO0.02, correspondingly.

The silver NPs formed were charac-
terized with transmission electron micros-
copy (TEM) to determine their mean size
and morphology. TEM characterization was
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performed using JEOL JEM-100CX electron
microscope operating at 100 kV. TEM indi-
cates that NPs are isolated and have spheri-
cal shape. As well, TEM shows a large sepa-
ration between NPs. Therefore, the electro-
dynamical coupling cannot affeet their
optical spectra, and we use one-particle
model for simulations below. TEM gives the
mean sizes of Ag NPs in different sets of
samples as <d> = 24 nm with standard de-
viation 6y, =6 nm for HO0.01 samples, and
<d> =60 nm with o;=12 nm for H0.02
samples. One can see that the increase of
the concentration of AQNOj3 in initial xero-
gel leads to formation of larger silver NPs
that is quite expectable.

A tungsten-halogen incandescent lamp
was used as a light source at the measure-
ments of absorption spectra. The single
grating spectrometer DFS-12 was used for
the registration of the spectra. The samples
were placed into an open furnace during the
spectral measurements. Each spectrum was
measured at its own stabilized temperature.

3. Temperature dependence of
SPR in AgQ nanoparticles:
experiment

We measured absorption spectra of silver
NPs in silica host matrix. The samples con-
taining Ag NPs with a mean size of 24 nm
and 60 nm, respectively, were studied. Ab-
sorption spectra were measured in the tem-
perature range of 17-700°C. The aim was to
study the effects of temperature influence
on the spectral characteristics (energy and
bandwidth) of SPR in silver NPs. Evolution
of the experimental absorption spectrum of
the composite sample containing Ag NPs
with a mean size of 24 nm is shown in
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Fig. 2. Dependences of the SPR energy (a) and bandwidth (b) for silver NPs of various sizes in
silica. Filled circles and solid line for 24 nm NPs, open circles and dashed line — 60 nm NPs.
Points are related to the experiment, lines — to the theory.

Fig. la. We determined the energy and
width of SPR by fitting of the observed SP
absorption band by Lorentzian function. For
the samples studied, the SP band is located
in the spectral range of 2.93-3.06 eV de-
pending on NP size and temperature. Such
spectral position of SP band is typical for
silver NPs embedded in silica [1]. The er-
rors of peak fitting were small, specifically
the error of determination of the SPR en-
ergy was about 0.5-0.8 % and one of deter-
mination of the SPR bandwidth was within
5 % . This allowed us to obtain reliable ex-
perimental temperature dependences of the
SPR energy and bandwidth.

Fig. 2 presents the obtained temperature
dependences of the SPR energy and band-
width for the silver NPs of various sizes.
Figs. 1 and 2 show that monotonous in-
crease of the temperature from 17 to 700°C
leads to monotonous red shift (shift to
lower frequencies) of SPR band and its
broadening. One can see that the manifesta-
tions of temperature effects on the SPR in
silver NPs are quite prominent. It is seen
that obtained dependences are not qualita-
tively different for the silver NPs with dif-
ferent sizes. Note that observed tempera-
ture dependences for Ag NPs in silica are
quite similar to ones observed for Au NPs in
the same host matrix [15], i.e. the red shift
and broadening of SPR with increasing tem-
perature.

Let us note that we measured the absorp-
tion spectra of Ag/SiO, composite samples
both at their heating and cooling. We ob-
served the full reversibility of the tempera-
ture behaviour of the spectra. This indicates
the high thermal stability and high optical
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quality of the sol-gel prepared Ag/SiO,
nanocomposites. It is important for applica-
tions of such nanocomposites in the optical
devices working at extreme thermal condi-
tions.

4. Temperature dependence of
SPR in metal nanoparticles:
theory

In this section we give the theoretical
analysis of the various mechanisms that can
cause the observed temperature effects,
namely the red shift and broadening of SPR
in silver NPs occurring with the tempera-
ture increase. Those effects are: (1) elec-
tron-phonon scattering in the NP, (2) ther-
mal expansion of the NP and (3) tempera-
ture dependence of  the dielectric
permittivity of the silica host matrix.

It is well known (see, e.g. [1, 2]) that
absorption coefficient of the composite con-
taining the non-interacting spherical metal
NPs much smaller than the light wave-
length (d < A) is

9fwe3;{12 €9

¢ (g +2e,)% + €%

() = (1)

where o is a frequency, ¢ is a light velocity,
e(w) = g(w) + ien(w) is a dielectric permittiv-
ity of the NP, 1is a filling factor of the
composite, ¢, is a dielectric permittivity of
the host matrix. It is clear that the tem-
perature dependence of the permittivities of
NP and host matrix would affect the energy
and width of SPR in the NP and, corre-
spondingly, affect the absorption spectrum

Functional materials, 20, 3, 2013
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of the composite. The dielectric permittivity
of metal can be expressed as

e(w) = g;(0) + ep(w), (2)

where g;,(0) = g;,;(w) + ig;o(w) is the contri-
bution of interband transitions (bound elec-
trons) in dielectric permittivity of metal,
and ep(w) is the contribution of free elec-
trons that is given by Drude theory as

w2 3

—1- .
ep(®) 0?2 + iyo

Here

o = /4nne2 4)

p m*

is a bulk plasmon frequency, where n is free
electrons concentration, e is an electron
charge, m” is an effective mass of the free
electron; y is the damping constant of
plasma oscillations. In approximation of
small damping (g9 < |81 + 28m|), that is quite
good for noble metals, the condition of exci-
tation of the SPR in the NPs much smaller
than light wavelength is the following [1]

g1(0) = —2¢,,. )

The SPR energy is then obtained by sub-
stituting the dielectric permittivity for
metal NP from Eqgs. (2) and (3) into Eq. (5):

G ®

W, = NT——FF— —vy4,

P 1+2e, +¢

where €;,; is a real part of the contribution
of interband transitions to permittivity of
NP. The plasmon damping constant can be
expressed [1, 2] as

Y= +at @

where R is a radius of the NP, y_ is the
size-independent damping constant caused
by scattering 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, 18, 19]) and vy is the
Fermi velocity in bulk metal (v, =
1.839-108 ecm/sec in bulk silver [20]). Note,
that there exists more correct theory on the
size dependence of surface plasmon damping
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constant y(R) [21]. This theory predicts the
oscillating character of the dependence y(R)
that is the result of quasidiscrete spectrum
of phonons in the NP. Really, electron scat-
tering on long-wave phonons dominates in
metal, and for metal NPs long-wave spec-
trum is limited by the size of the particle
that has to lead to oscillations in Y(R) de-
pendence. Note, however, that noticeable os-
cillations in dependence Y(R) appear for NPs
smaller than about 15 nm. For larger parti-
cles the oscillations are small and decrease
with the increasing size. As a result, for
larger particles the dependence Y(R) is
nearly monotonically decreasing and, corre-
spondingly, is described well by expression
(7). The NPs studied in our work are quite
large (24 and 60 nm), so our choice of sim-
plified expression (7) to describe the size
dependence of surface plasmon damping
constant is quite correct. Moreover, since
the NPs in studied samples are not
monosize, their size distribution has to lead
to blurring of the slight oscillations of
damping constant for the large NPs.

Let us analyze an influence of tempera-
ture on the energy and width of SPR in
metal NP embedded in the host matrix.
First mechanism of the dependence of SPR
on temperature is electron-phonon scatter-
ing in the metal NP. The size-independent
damping constant vy, depends on tempera-
ture due to the temperature dependence of
electron-phonon scattering rate. Really, at
the temperature increase the phonon popu-
lations in the metal increase that leads to
the increase of electron-phonon scattering
probability, which results in the increased
scattering rate for the electrons. The y_(T)
dependence caused by electron-phonon scat-
tering is given by [22]

0/T (8)

, 24dz
VAT) = KT | 205,
0

where 0 = —48°C is the Debye temperature
for silver [20] and K’ is a constant [22].
Knowing bulk damping constant vy, for cer-
tain temperature, e.g. for
Ty = 20°C, K’ can be calculated as

room one
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AT 9)
K = Yo To) .
0/T, .
T8 '[ eZZ iizl
0
For bulk silver at Ty=20°C: vy, =

0.02 eV [23]. Thus, the increase of electron-
phonon scattering rate with increasing tem-
perature would lead to increase of damping
constant y.. Apparently, this would lead to
the broadening of SPR as well as to its red
shift, in accordance with Eqgs. (6) and (7).

Second mechanism of the dependence
&(T) is thermal expansion of the NP. In-
deed, at the increase of temperature the vol-
ume of NP increases as

V(T) = V(1 + BAT), (10)

where AT = T-T, is a change in tempera-
ture from the room one T, = 20°C, B is the
volume thermal expansion coefficient
(5.67-107° K~1 for bulk silver [20]), V, is
volume of NP at Ty = 20°C. The free elec-
trons density in a metal particle is given by
n=N/V, where N is the number of elec-
trons and V is the particle volume. Let us
denote the free electron density at the room
temperature n;, then, since the total num-
ber of free electrons in the NP is tempera-
ture-independent [24], N =nyVy=
n(T)V(T ), and combining Egs.(4) and (10),
we can obtain expression for the frequency
of bulk plasmon

4nngye (11)
P T mr + BAT)

Substituting Eq.(11) into Eq.(6), we ob-
tain the expression for the SPR frequency
in metal NP

4
o - \/ wZo 2 (12)
P (1 + 2e,, + g7)(1 + PAT) ’

\[dnngeZ
where = ” is bulk plasmon fre-

p m*
quency at room temperature. Thus, the
thermal expansion of NP would lead to de-
crease of a concentration of free electrons
in the NP and, correspondingly, to decrease
of energy of SPR, i.e. to its red shift with
increasing temperature. It is well known [1]
that the damping constant of plasma oscilla-
tions depends on the size of NP as y(R)<1/R
(see Eq. (7)). That is due to the free electrons
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scattering on the NP surface. At the ther-
mal expansion the NP radius increases as

R(T) = Ry(1 + BAT)", (13)

where R is the NP radius at room tempera-
ture. Therefore, the NP thermal expansion
would affect the SPR frequency not only
through the frequency of bulk plasmon but
through the size-dependent part of the plas-
mon damping constant as well. The volume
expansion coefficient depends on tempera-
ture according to [25] as

1920k, (14)

BT = 2 o(16p — TRy

where k;, is the Boltzmann constant, and p,
¢, rg are the parameters of Morse potential
used in [25] to describe the potential of
interatomic interaction in silver,
U(r) = p| e 20(m = 7¢) — 2e=0(r = 7¢) |,

Note, that we consider the NP thermal
expansion, assuming that it is free. How-
ever, the NP is embedded in the silica matrix.
Correspondingly, taking into account that
volume thermal expansion coefficient for
silica is considerably smaller (1.65-1076 K1
for fused silica) than one for silver
(5.67-10°° K1), at first glance it seems
that the silica host matrix would block the
expansion of the NP. However, our proce-
dure of fabrication of Ag/SiO, composite
samples is that the formation of Ag NPs in
silica occurs at temperature 1200°C that is
higher than maximum temperature used in
our optical measurements (700°C). So, the
sizes of the NP and the hosting cavity of
silica matrix are equal only at the highest
temperature, i.e. at 1200°C. After anneal-
ing at 1200°C the samples were cooled down
to room temperature. At the cooling both
the NP and hosting cavity contracted, but
due to considerable difference of the ther-
mal expansion coefficients the silver NP
contracted considerably stronger than the
hosting cavity. Thus, at any temperature
lower than 1200°C, including entire tem-
perature range of 17—-700°C used in our ex-
periments, the silver NP size is smaller
than one of the hosting cavity of silica ma-
trix. Therefore, we can conclude that in our
experiments the silver NPs expanded freely,
i.e. the matrix did not affect the thermal
expansion of the NPs.

At last, third mechanism of the SPR
temperature dependence can be temperature
dependence of the dielectric permittivity of

Functional materials, 20, 3, 2013
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host matrix €,(T). Indeed, the reference
data [26] show that the permittivity of sil-
ica increases with the temperature increas-
ing. It is seen from Eq.(12) that such tem-
perature induced an increase of g, would
lead to the red shift of SPR as well. Thus,
summarizing the above arguments, we ob-
tain below expressions that explain the tem-
perature dependences of the SPR energy
and width in silver NPs in the silica host
matrix

0s(T) = (15)
_ ®50
T (1 + 28, (T) + £55)(1 + B(T)AT)

- y2(T) ’

_YF (16)

Y(T) =v.(T) + A RT)

where dependences v_(T), R(T) and B(T) are
given by Egs.(8), (18) and (14), correspond-
ingly.

5. Results and discussion

In this section we use the theory outlined
in the previous section to rationalize the
experimental temperature dependences of
the SPR energy and bandwidth for silver
NPs in silica. We calculated the absorption
spectra of Ag NPs in silica at various tem-
peratures by Eq.(1). The temperature de-
pendence of the silica host matrix was taken
from [26]. To take into account the tem-
perature dependence of the NP dielectric
permittivity we first calculated the contri-

bution of interband transitions in € of the
NP as

gip(0) = €,(0) — €p (0), (17)

where ¢ () is a dielectric permittivity of
the bulk silver taken from [27], €p (W) 1is
the Drude term for the bulk silver (contri-
bution of free electrons) calculated by
Eq.(8). At the calculations we used: 0, =
8.97 eV and y,, = 0.02 eV [23]. Then we cal-
culated the temperature dependent dielec-
tric permittivity of the NP as following

e(w,T) = g;(w) + ep(w,T), (18)

where ep(w, T) was calculated by Eq.(3). At
calculations of ep(w, T): (1) the temperature
dependent bulk plasmon frequency was cal-

Q)
culated as wp(T) = TB}%’W’ where Wy =
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8.97 eV and the volume thermal expansion
coefficient was calculated by Eq.(14); (2)
the temperature dependent damping con-
stant y(T) was calculated by Eq.(16), where
Y..(T) was calculated by Eqgs.(8)—(9) and R(T)
— by Eq.(13). Additionally, in the calcula-
tions we used v_, = 1.89:108 for Fermi veloc-
ity in the bulk silver, A =1, and the pa-
rameters of Morse potential p = 0.3257 eV,

¢ =138.585 nm™1, r;=0.81300 nm from
[28].

The evolution of the calculated absorp-
tion spectrum of 24 nm silver NPs in silica
with increasing temperature is presented in
Fig. 1b. It is seen that an increase of the
temperature has to lead to the red shift and
broadening of the SPR band. This trend is
similar to the one observed experimentally.
To check quantitatively our above assump-
tions of the physical mechanisms of these
two phenomena we also calculated the tem-
perature dependences of the SPR shift and
broadening in silver NPs. To compare the
respective experimental and calculated de-
pendences correctly, we obtained the theo-
retical values of SP energy and bandwidth
by fitting of the calculated spectra by
Lorentzian function, since the correspond-
ing experimental values we determined
from the fitting of the experimental spectra
as well. The obtained calculated tempera-
ture dependences of the SPR energy and
bandwidth are presented in Fig. 2. The re-
spective experimental dependences are
shown on this figure as well. It is seen that
quite good agreement of the experimental
and calculated dependences takes place. This
fact proves the correctness of our theoreti-
cal model.

As we note above, the theoretically calcu-
lated dependences contain contribution of
three mechanisms. Those are electron-pho-
non scattering in the NP, thermal expan-
sion of the NP and temperature dependence
of the dielectric permittivity 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
corresponding calculations for both the tem-
perature dependence of the SPR energy and
width. The results for 24 nm Ag NPs in
silica are presented in Fig. 8. It is seen
from Fig. 8a that the thermal expansion is
the dominant mechanism of the temperature
induced red shift of SPR in silver NPs.
Contributions of the increase of electron-
phonon scattering rate and the increase of
the permittivity of the host matrix with the
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Fig. 3. Calculation of the different mechanisms contributions to the temperature induced shift (a)
and broadening (b) of SPR in 24 nm silver NP in silica. Solid lines mark the total shift or
broadening, dashed lines — contribution of the thermal expansion of the NP, dotted lines — the
electron-phonon scattering in the NP, dash-dotted lines — the temperature dependences of dielec-

tric permittivity of the host matrix.

temperature increasing are close to each
other and are quite small comparing to the
one of the thermal expansion. Meanwhile,
the dominant mechanism of the temperature
induced SPR broadening in silver NPs is
the electron-phonon scattering that is seen
from Fig. 3b. Thermal expansion of the NP
leads to a very small decrease of the SPR
width. However, this decrease is negligibly
small and it can be neglected. The tempera-
ture dependence of the host matrix permit-
tivity does not affect the width of SPR.
Note that a good agreement of the experi-
ment with outlined above theory takes place
as well for the temperature dependences of
SPR in gold NPs [15]. This proves the simi-
larity of the physical mechanisms of ob-
served temperature dependences for the
SPR in silver and gold NPs, i.e. the thermal
expansion of the NP as a cause of the red
shift and electron-phonon scattering as a
cause of the SPR broadening.

It is seen from Fig. 2a that a rate of the
SPR red shift with the temperature increas-
ing is the same for Ag NPs of both studied
sizes. This indicates that the volume ther-
mal expansion coefficient is the size-inde-
pendent in studied range (24—60 nm) of the
NP sizes. Concerning the temperature de-
pendences of the SPR width (damping con-
stant) Y(T), it is seen from Fig. 2b that both
the experimental and theoretical depend-
ences are linear. This observation agrees en-
tirely with the well known fact that the rate
of electron-phonon scattering increases line-
arly with the temperature increasing, when
the temperature exceeds considerably the

Debye temperature T > 0. This is clear from
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Eq.(8). Since the Debye temperature for sil-
ver 6 = —48°C [20], the condition T > 0 is
satisfied well for temperatures used in our
study.

6. Conclusions

Thus temperature dependences of the
SPR energy and width in silver NPs with
mean sizes 24 nm and 60 nm embedded in
silica glass host matrix were studied in the
temperature range of 17-700°C. We ob-
served that as the temperature increases the
red shift and broadening of SPR occur. The
theoretical model including the phenomena
of electron-phonon scattering in the NP, the
NP thermal expansion and the temperature
dependence of the dielectric permittivity of
the host matrix was considered to rational-
ize the observed temperature behaviour of
SPR in silver NPs. As the temperature of
the particle increases, the NP volume in-
creases while the density of the free elec-
trons decreases. The lower electron density
leads to the lower plasma frequency of the
electrons and subsequently to the SPR red
shift. The rate of electron-phonon scatter-
ing increases with the temperature increas-
ing. This leads to an increase of the damp-
ing constant of the plasma oscillations and,
as a result, to the red SPR shift. The dielec-
tric permittivity of silica increases with the
temperature increasing that leads to the
SPR red shift as well. The performed calcu-
lations of the temperature dependences of
SPR energy and width are in a very good
agreement with the respective experimental
data that proves the validity of the used
theoretical model. It was shown that the
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thermal expansion of silver NPs is the
dominant mechanism of the temperature in-
duced red shift of SPR in the silver NPs.
Meanwhile, the dominant mechanism of the
SPR broadening occurring with the increase
of temperature is the electron-phonon scat-
tering in the NP.
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