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a b s t r a c t

The temperature dependence of the optical/spectroscopic properties of metallic nanoparticles (in
particular nanoshells) including absorption, scattering, and enhanced-Raman scattering for admolecules
is studied via theoretical modeling. For core-shell particles, we focus on both the high frequency
(symmetric) and low frequency (antisymmetric) plasmon resonancemodes of the nanoshells. It is found,
that while these properties in general have optimal values at a certain temperature specific to the shell
configuration except for relatively thin shells, the SERS enhancement generally has more appreciable
variations and decreases when the nanoshells get heated up from room temperature. Implications for
various applications with these nanoparticles are discussed.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Among the many plasmonic systems recently developed,
metallic nanoparticles – in particular metallic nanoshells – have
been recognized as one of the most versatile systems due to
its high tunability in optical resonance and its capability of
creating strongly-enhanced local electromagnetic fields. Since
its first fabrication in 1998 [1], the nanoshell system has been
studied intensively for the past decade, with focus both on
its fundamental optical properties and in its large variety of
applications: from enhanced spectroscopy to photothermal cancer
therapy [2]. Experimentally, both dielectric [3,4] and hollow [5,
6] cores can be fabricated using methods of colloidal chemistry.
Furthermore, by varying themetal shell thickness towards the thin
shell limit (in the order of a few nm), the plasmon frequency can
be adjusted across the whole visible spectrum — from near UV to
near IR [3].
Over the years, contributions from both theoretical and

experimental studies have revealed many aspects of these shells
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such as their optical absorption and extinction properties [7];
their role in surface enhanced Raman scattering (SERS) [8–
10]; etc. However, these studies have been mostly carried out
at room temperatures; and a systematic investigation on how
these nanoshell properties vary as a function of environmental
temperature seems to have been lacking thus far. It is expected
that these temperature effects could be significant just as in the
case with ordinary metallic nanoparticles, in which the SERS effect
is largely depreciated at elevated temperatures [11]. One possible
significance of this temperature effect with the metallic nanoshell
can take place in its application in cancer therapy employing
photothermal effects, since in this process the heat generated
(which is used to destroy cancer cells) will in turn affect possibly
the absorption peak of these shells to make it go off-resonance and
thus affecting the therapeutic efficiency [2].
It is our purpose in the present study to present a theoretical

model which simulates these temperature effects to reveal how
the optical absorption and enhanced SERS by these nanoshells will
be affected, and we shall focus on each of the two (symmetric
and antisymmetric) plasmon resonance modes of the core-
shell particle. A recent work has also carried out a modeling
study on the thermalplasmonic effects for a spheroidal core-
shell particle [12]. However, this work was limited only to the
calculation of extinction for the ‘‘low frequency mode’’ since the
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splitting into symmetric and antisymmetric modes for the prolate
spheroidal particle studied was not obvious with the dimensions
studied in Ref. [12]. Furthermore, the temperature effects on
SERS from these nanoshells were not studied previously and
also the semiconducting core used in [12] can have complicated
temperature effects not accounted for in the previous modeling.
Here we shall devote our study to spherical nanoshells with an
insulating core so that the temperature effects will be mainly
due to the metal shells and the splitting into the high and low
plasmonic resonance modes is distinctly obvious. We shall limit
ourselves to a classical phenomenological optothermal model and
a modest temperature range from 100 K to 400 K, over which the
nanoshell structure will likely remain stable.

2. Theoretical model

To construct a model which will describe the temperature
dependence of the optical absorption, scattering, and SERS effect
from a metallic nanoshell, we shall employ several of our
previously-published works for the present simulation. Since
the nanoshell sizes we consider will be much smaller than
the optical wavelengths, we shall adopt a long-wavelength
approximation within which the optical response of the nanoshell
can be completely accounted for using the following multipole
polarizability of the shell [9]:
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where we have assumed a nanoshell of dimension a (inner radius)
and b (outer radius), and the shell is made of a metal of dielectric
function ε coated on an insulator core of dielectric constant ε′. To
study how light (of wavelength λ) interacts with these nanoshells,
we shall calculate the absorption and scattering efficiencies of
these systems which can be expressed in terms of the dipole
polarizability

(
αS` = α

S
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)
of the shells as follows:
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and the sum of which will give the total extinction coefficient
of the nanoshell. To study enhanced molecular spectroscopy
induced by these nanoshells, we shall consider the following SERS
enhancement ratio [9,11]:
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where we have assumed a molecular dipole of polarizability α
located along the radial direction and at a distance d from the shell,
and the ‘‘image factor’’ in (4) is given by:

G⊥ =
∑
`

αS`
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. (5)

To study the effects of temperature on the quantities in Eqs. (2)–
(4), we have to account for (a) the temperature dependence of the
metal dielectric function ε, and (b) the expansion/contraction of
the shell dimensions.
To account for the effect in (a), we briefly summarize a previous

model we established to describe these effects [13]. To begin, we
describe the dielectric response of metal using the Drude model:

ε = 1−
ω2P

ω (ω + iωc)
, (6)

where ωc is the collision frequency and ωp the plasma frequency
given by:

ωp =

√
4πNe2

m∗
, (7)

with N and m∗ the density and effective mass of the electrons,
respectively. Hence, assuming the variation of m∗ with T can
be ignored [13], ωp depends on T via volumetric effects as
follows [14]:

ωp = ωp0[1+ γ (T − T0)]−1/2, (8)

where γ is the expansion coefficient of the metal, and T0 is a refer-
ence temperature taken to be the room temperature. The collision
frequency will have contributions from both phonon–electron and
electron–electron scattering, as well as a surface scattering term
from the two shell boundaries:

ωc = ωcp + ωce + ωs, (9)

and can be modeled using the various scattering models in the
literature. We thus obtain [13]:
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where θ is the Debye temperature and ω0 is a constant to be
determined from the static limit of the above expression together
with the knowledge of the d.c. conductivity. In addition, we have:

ωce(T ) =
1
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π3
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h̄EF
[(kBT )2 + (h̄ω/2π)2], (11)

where Γ and∆ are constants as described in [13]; and

ωs =
AvF

[b(T )− a(T )]
, (12)

with vF being the Fermi velocity of the metal, a geometrical factor
A of unity order of magnitude, and the shell radii as functions of
temperature given by b(T ) = b0

[
1+ γ

3 (T − T0)
]
, etc., in terms

of the volume expansivity of the metal. Thus Eqs. (6)–(12) provide
a model for the temperature dependence of ε, which when used
in (1) will describe the temperature variation of the multipole
polarizability of the nanoshell. This then will predict how the
various quantities in (2)–(4) vary with temperature.

3. Numerical results and discussion

Wehave performed some numerical studies of the temperature
effects on the quantities in Eqs. (2)–(4) for a silver nanoshell using
the parameters given in Ref. [13].
Fig. 1 shows frequency spectra of the quantities in Eqs. (2)–

(4) at room temperature (T = 300 K) for a silver shell of
aspect ratio (b/a) = 50 nm/40 nm. The two resonances
(i.e. symmetric and antisymmetricmodes) are clearly seen from all
the spectra. This arises from the greater restoring force (provided
by the positive background in the jellium model) present in
the antibonding (symmetric) modes which in turn leads to a
higher resonance frequency compared to that for the bonding
(antisymmetric) modes [15]. This is in complete analogy to the
so-called long- and short-range plasmons first discovered in 1981
from the cross-coupling of the two interfacial plasmons across a
planar thin metal film [16]. We also see that scattering generally
dominates over absorption in the extinction process for incident
light onto this relatively large nanoshells. Moreover, appreciable
SERS enhancement (∼106) can be obtained at frequency close
to that for the bonding mode. Next, we study the temperature
effects on these quantities. Figs. 2 and 3 show that while all
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Fig. 1. SERS enhancement ratio (R), absorption efficiencies (Qab) and scattering.
efficiencies (Qsc ) of a silver shell with aspect ratio (b/a) = 50 nm/40 nm at room
temperature (T = 300 K).

Fig. 2. Temperature dependence of the peak values for the SERS enhancement
ratio, absorption efficiencies, and scattering efficiencies of a silver shell with aspect
ratio (b/a) = 50 nm/40 nm at the low resonance frequency (ω− = 0.308ωP ).

Fig. 3. Same as in Fig. 2, but for values at the high resonance frequency (ω+ =
0.899ωP ).

the quantities decrease more or less monotonically with the
increase of temperature at the low resonance frequency case,
there exists an ‘‘optimal temperature’’ (∼250–300 K) for them to
acquire maximum values in the high resonance frequency case.
The interesting implication is that in either case, all of them
will become less efficient if the nanoshell temperature starts to
increase from room temperature. This finding may have relevance

Fig. 4. Temperature variation of the maximum possible peak values of the SERS
enhancement ratio, absorption efficiencies and scattering efficiencies for the silver
shell in Fig. 2 at the low resonance frequency.

Fig. 5. Same as in Fig. 2, but for a silver shell with aspect ratio (b/a) =
50 nm/20 nm at the low resonance frequency (ω− = 0.517ωP ).

for the application of these nanoshells in cancer therapy utilizing
the heat generated via resonant absorption of near IR radiation [2].
However, since the resonance frequencies are actually changing
with temperatures, it would be more interesting to study the
maximum possible values of these quantities at one temperature.
Fig. 4 plots how these peak values at the low resonance frequency
vary with temperature, and it is seen that an almost monotonic
decrease of these quantities takes place as temperatures increases.
A similar phenomenon is observed (not shown) for these peak
values at the high frequency resonance, except that the SERS
ratio is almost 3 orders of magnitude smaller at the symmetric
modes for this nanoshell. Next we study the same effects for a
thicker nanoshell with aspect ratio 50 nm/20 nm. The results
shown in Figs. 5–7 behave quite similar to those in Figs. 2–4
for the thinner nanoshell, except that all the three quantities at
frequency close to the low resonance frequency no more decrease
monotonically with the rise of temperature. Instead, there exist
optimum temperatures for these quantities at frequencies closed
to both the high and low resonance frequency. Moreover, the
values of all the three quantities are in general higher than those
for the thinner shell. One interesting implication from these results
is that if one intends to increase these quantities by lowering the
nanoshell temperature, one has to be aware of the existence of a
certain ‘‘critical temperature’’ below which these quantities will
start to decrease with the lowering of temperatures — except for
thin shells at frequencies close to that of the antisymmetricmodes.
We have further study the same phenomena with a metallic nano
particle of the same material for various dimensions, and have
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Fig. 6. Same as in Fig. 5, but for values at the high resonance frequency (ω+ =
0.741ωP ).

Fig. 7. Temperature variation of the maximum possible peak values of the SERS
enhancement ratio, absorption efficiencies and scattering efficiencies for the silver
shell in Fig. 5 at the low resonance frequency.

found results very similar to those for the thick shell (i.e. the one
with a/b = 50 nm/20 nm), as shown in Fig. 8. These results are
obtained by setting an exceedingly small value (∼0.5 nm) for the
inner radius. While experimental testing of these results may be
relatively easier, it seems to imply that there may exist a critical
value for the inner shell radius, above which all quantities will
optimize their values at a certain temperature. This information
will be useful for one to try to optimize these quantities in various
applications via the control of the nanoshell temperature.

4. Conclusion

In this work, we have studied the temperature dependence of
various enhanced optical processes using metallic nanoparticles
and shells. These include optical absorption, scattering, and SERS
from shells of two different thicknesses as well as for a solid
particle. It was found that in general all these optical/spectroscopic
efficiencies decrease as temperature rises from that at room
temperature. However, such efficiencies will increase at lower
temperatures — reaching an optimum value except for the thin
shells in which case the increase could be monotonic at optical
frequencies close to the symmetric SP mode of the nanoshell. The

Fig. 8. Temperature dependence of the peak values for the SERS enhancement
ratio, absorption efficiencies, and scattering efficiencies of a silver shell with aspect
ratio (b/a) = (1) 50 nm/0.5 nm, (2) 40 nm/0.5 nm, (3) 30 nm/0.5 nm at the
resonance frequency (ω = 0.577ωP ), respectively.

physical explanation for such temperature-dependence to arise
is complicated, and depends on the coupling efficiency between
the ‘‘surface mode’’ and the ‘‘cavity mode’’ across the metal
shell as temperature varies. While the effects on absorption may
be significant for applications such as in the near IR thermal
therapy using these nanoshells; those on SERS may have useful
implications to a broader class of possible catalytic photochemical
processes employing the SP enhancements from these nanoshells.
Future experiments conducted to investigate these temperature
effects will be of interest.
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