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Temperature-dependent permittivity of silver and implications for thermoplasmonics
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Silver is an extremely appealing metal for plasmonics due to its very low optical losses in the visible and near-
ultraviolet range and its relatively low reactivity. Within the emerging field of thermoplasmonics, where light-
metal interactions are exploited to generate heat on the nanometric scale, knowledge of temperature-dependent
complex permittivities of plasmonic materials is indispensable. We extracted the temperature-dependent complex
permittivity of silver εAg by spectroscopic ellipsometry under high-vacuum conditions. For rising T , we
observed an increase of the free-electron contribution to the imaginary part of the permittivity Im[εAg] and a
temperature-dependent absorption band splitting off the interband absorption edge in the 320–360-nm range.
Around 340 nm the relative increase of Im[εAg] at 600 K with respect to its room-temperature value is around
500%. In order to understand the implications of this behavior on silver thermoplasmonics, we computed the
temperature-dependent extinction efficiency of oblate Ag ellipsoids with localized plasmon resonance within
the 320–360-nm range. We predict that dramatic damping of the plasmon resonance occurs for increasing
temperature, possibly leading to intriguing self-limiting effects in Ag thermoplasmonics.
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I. INTRODUCTION

Silver is a noble metal widely appreciated and exploited
for outstanding properties such as low electrical resistivity
and low optical losses in the visible (VIS)-light regime [1–3].
The latter property is widely exploited in plasmonics, where
Ag yields localized surface plasmon resonances (LSPRs) with
the highest quality factor among all metals [2–7]. This has
promoted the widespread use of Ag whenever experimen-
tal requirements such as sharp LSPRs or ultrahigh field-
enhancement factors are a must [8–14].

Given its huge relevance for applications in optics and
photonics, the complex permittivity of bulk Ag εAg has been
widely investigated from both theoretical and experimental
points of view [15–21]. For photon energies below 3.9 eV
the optical response of Ag is well described in the framework
of the free-electron model. For higher energies, interband
transitions come into play, with a subsequent increase of
Im[εAg] in correspondence with the sharp absorption edge,
while Re[εAg] assumes positive values in the near-ultraviolet
range [15,19,22,23]. It is important to notice that, as for
almost any material, sample preparation issues, contamination
effects, and measurement protocols vary from case to case,
so that, even for room-temperature data, somewhat different
values of εAg are reported in the literature, as highlighted, e.g.,
in Ref. [20].

The recent rise of thermoplasmonics, where plasmonic
metallic structures are exploited as localized heat genera-
tors at the nanometer scale [4,24–26], has brought renewed
interest to the temperature-dependent optical properties of
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plasmonic metals [27,28]. Indeed, assessing the thermoplas-
monic response of metallic nanostructures mandatorily re-
quires knowledge of their temperature-dependent complex
dielectric permittivity ε(T ) [26,27,29]. The εAg(T ) for bulk
and thin-film silver has been investigated in the distant and
more recent past [22,23,30–33]; recent investigations, how-
ever, either especially focused on the free-electron part of the
spectrum [23] or addressed also the interband region but were
partly hindered by sample purity issues [22,30–32].

In this work, we present a study of the temperature-
dependent complex dielectric permittivity of silver εAg(T )
spanning the ultraviolet (UV) interband range and the near-
infrared (NIR) intraband spectral region. The study was per-
formed by means of spectroscopic ellipsometry (SE) under
high-vacuum (HV) conditions in order to prevent any kind
of contamination and covered the 298–610 K temperature
range. In the NIR we observed that the dielectric function
of Ag varies in a smooth fashion as a function of tempera-
ture, resulting in a gradual, expected rise of the free-electron
contribution (so-called Drude tail) [23]. In the UV, we wit-
nessed the appearance of a marked absorption band in the
320–360-nm wavelength interval, which splits off from the
room-temperature (RT) interband edge with rising T [29].
Around λ = 340 nm, such a feature yields a 500% rela-
tive increase of the optical dissipation upon a few-hundred-
degree variation of temperature, potentially yielding strong
temperature-dependent plasmonic effects in aptly designed
Ag nanostructures.

II. EXPERIMENT

The sample was an optically thick and morphologically
flat polycrystalline Ag film, deposited by molecular beam
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FIG. 1. (a) SE �(λ), �(λ) spectra vs temperature. The sample temperature is indicated by the color scale. The temperature difference
between adjacent traces is around 12.5 K. Insets: zoom over the 245–450-nm wavelength range. (b) Polar plot of the complex function ρ(λ)
at RT.

epitaxy on a silicon wafer with a native oxide substrate within
a HV chamber with base pressure p ≈ 2 × 10−9 mbar. The
film thickness was about 150 nm, enough to consider it semi-
infinite from an optical point of view. After deposition, the
sample was transferred into a dedicated roll-on/roll-off HV
chamber (base pressure ≈10−7 mbar), specially designed to
fit between the arms of a J.A. Woollam M-2000 spectroscopic
ellipsometer and endowed with a heating stage to perform
real-time, in situ SE at variable temperature [28,34]. The sam-
ple was briefly exposed to the atmosphere during the transfer.
SE was performed in the λ = 245–1700 nm wavelength range,
at an angle of incidence θi = 66◦. The unavoidable influence
of optical viewports was compensated by appropriate algo-
rithms [34,35]. The sample was annealed at T = 610 K in
the chamber, and SE measurements were acquired during
the subsequent cooling ramp, setting the sample at various
temperatures between 610 K and RT. The pressure did not
exceed 10−6 mbar during the whole experiment.

The wavelength-dependent � and � ellipsometric spectra
are defined according to

ρ = rp

rs
= |rp|eiδp

|rs|eiδs
= |rp|

|rs| ei(δp−δs ) = tan �ei�, (1)

where rp,s are the p, s-polarized complex Fresnel reflection
coefficients of the system [36].

In Fig. 1(a), we report the �(λ) and �(λ) spectra of Ag as
a function of temperature T . The � spectra are flat throughout
the VIS-NIR spectral range at � ≈ 45◦ before showing a

very marked dip around 310 nm and increasing again towards
lower wavelengths. For increasing T , we observe that the edge
of the � plateau gradually smears, while the dip in � becomes
significantly shallower and blueshifts to 300 nm.

The � spectra monotonously decrease with decreasing
wavelength from the NIR, where � reads ≈160◦, to the VIS
range, before exhibiting a very narrow dip around 320 nm
and increasing again for lower λ. For growing temperature,
� remains nearly unchanged in the VIS-NIR region, whereas
the UV dip gradually gets shallower. The dips in � and �

are roughly located in the spectral region where interband
absorption sets in, at a photon energy of about 3.9 eV [37].

The SE spectra that we report are representative of a clean
and flat Ag film; under these conditions, the dielectric function
can be simply extracted from the SE spectra according to

〈ε(λ)〉 = εAg = sin2 θi

[
1 + tan2 θi

(
1 − ρ(λ)

1 + ρ(λ)

)2
]
. (2)

Here, we notice that, at large wavelengths, ρ → −1 in the
complex plane (as tan � → 1 and � → 180◦), as represented
in the polar plot of Fig. 1(b) (RT data). Under these conditions,

the expression ( 1−ρ

1+ρ
)
2

diverges, yielding a very large sensi-
tivity of εAg upon small changes of � and �. At this stage
even very slight deviations from optimal behavior of optical
viewports in � and � can have a large influence on εAg.
Now, the temperature dependence of εAg in the NIR range has
been thoroughly addressed in previous articles [23]. However,
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FIG. 2. (a) Real (left) and imaginary (right) parts of εAg in the 245–1450-nm spectral range from RT (violet) to HT (dark red) extracted
from the SE experimental data of Fig. 1. (b) Zoom of the 245–450-nm spectral range (2.8–5.1 eV).

Ref. [23] did not fully investigate the interband range. For this
reason, in this paper we forgo the NIR range and focus mostly
on the UV-VIS part, reporting εAg in only the 245–1450-nm
range.

III. DISCUSSION

A. Temperature-dependent dielectric permittivity

In Fig. 2(a), we present the real and imaginary parts
of εAg for temperatures ranging from RT to 610 K in the
245–1450-nm (0.9–5.1-eV) spectral range (see Supplemental
Material [38]). Let us focus on RT data first. The εAg clearly
shows two distinct contributions: the free-electron part dom-
inates the VIS-NIR spectral range, whereas the interband
transitions represent the major contribution below 400 nm.
We will first discuss the RT values and assess their compat-
ibility with reported values and then move on to describe the
temperature dependence of εAg.

In the free-electron part, our data at RT are fully compatible
with the recent data of Ref. [23] for e-beam-deposited poly-
crystalline Ag film and of Ref. [19] for template-stripped Ag
films. It is worth noting that in the intraband spectral range,
Im[ε] is strongly influenced by both grain size and surface
roughness, as shown in detail in Ref. [39]: this can explain
minor variations in the Drude tail from sample to sample.

The Drude contribution smoothly and regularly decreases
with increasing photon energy right up to the interband thresh-
old, indicative of a contamination-free surface [20]. Thus, the
thin oxide layer that might have formed during the sample
transfer is efficiently decomposed by the HV annealing. The

minimum of Im[εAg] is located at E ≈ 3.7 eV and reads 0.26,
similar to that in Refs. [19,23] and in agreement with previous
values [16,40–42].

Moving towards the high-energy part of the spectrum,
interband transitions set in. Im[εAg] reaches the maximum
value of 4 around 4.4 eV, compatible with the values reported
in the literature [15,19,43,44], and correspondingly, Re[εAg]
becomes positive and reaches values greater than 2 around
4.0 eV, similar to those in Refs. [19,43].

Moving to the temperature-dependent data, we notice a
gradual rise of the Drude tail in Im[εAg] with increasing T due
to the enhanced electronic scattering by phonons [23,45]. In
the NIR, Re[εAg] increases in absolute value with increasing
T , possibly due to the increase of plasma frequency with T
[23,46]. It is worth noting that εAg exhibits very weak changes
with T all across the VIS regime (400–700 nm), seemingly
at variance with data by Reddy et al. [23] while in agreement
with Ref. [31], although the latter data report higher Im[εAg]
throughout this range.

Zooming into the interband region [Fig. 2(b)], interesting
spectral details can be appreciated. Indeed, we observe that
an absorption peak progressively splits off from the interband
edge with increasing T , yielding an increased optical dissipa-
tion in the 320–360-nm range. Meanwhile, in the 260–310-nm
range, the increasing T leads to a decrease of Im[εAg], so that
there exists a narrow spectral window [highlighted in light
gray in Fig. 2(b)], labeled the X region, where Im[εAg] is
almost T invariant [29,31]. The invariance of Im[εAg] in the
X region has its roots in the invariance of the energy gap
of the electronic bands involved in the interband transitions
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FIG. 3. Spectral dependence of �Re[εAg]/�T and �Im[εAg]/�T in the 245–450-nm wavelength interval.

at this energy, which undergo approximately identical energy
shifts vs T [29,31,32]. These variations are reflected also in
the T dependence of Re[εAg], where a localized decrease vs
T in the spectral region around 320 nm is observed. The
appearance of the extra-absorption feature in Im[εAg] around
the 320–360-nm range is related to the interband transition
between conduction bands in the proximity of the interband
critical point L4− → L4+ : the energy gap between the conduc-
tion bands involved in this transition is strongly temperature
dependent, and it is reflected in the variation of the dielectric
response of the system upon heating [22,30,31].

In order to better highlight the temperature gradients in
the optical response, in Fig. 3, we plot �εAg/�T (real and
imaginary parts) in the 245–450-nm spectral region extracted
from the data of Fig. 2. The data were obtained by taking
the difference between sets of εAg(T ) curves 50 K apart from
each other in order to limit the noise levels. The temperature
of each �εAg/�T curve is the average temperature between
the two εAg(T ) curves employed to calculate the derivative.
Both sets of curves assume typical values on the order of
10−3 K−1, in agreement with previous results [22,47–49].
Clearly, the major feature of the �εAg/�T curves is local-
ized across the interband threshold, reflecting the unusual
temperature evolution of εAg in that range. We suggest that
these data can represent a new benchmark for exploitation in
thermoplasmonics models [48] or comparison with theoretical
models of out-of-equilibrium dielectric functions [50].

B. Implications for thermoplasmonics

Interestingly, we notice that the extra absorption appearing
in the 320–360-nm range [30] features two relevant char-
acteristics. The first is that it falls within a region where
the corresponding RT values of Im[εAg] are extremely low,
below 0.3, so that the relative increase of Im[εAg] with T is
almost fivefold (i.e., a 500% increase). The second is that
this region is potentially still within reach of LSPRs of Ag
nanostructures. The combination of these facts envisages a po-
tentially interesting thermoplasmonic response of Ag nanos-
tructures, where the quantitative evaluation of the temperature

dependence of the Ag dielectric function becomes pivotal
[47–49].

In order to evaluate the consequences of the Ag thermo-
optical response for plasmonics, we performed a simple cal-
culation of the temperature-dependent extinction coefficients
of Ag nanoellipsoids. In order to obtain a sizable LSPR in
the wavelength interval of 320–360 nm, we chose a silver
oblate nanospheroid, with a high aspect ratio, in order to have
transverse plasmonic resonances in the UV. We chose the
long semiaxes ax = ay = 20 nm and short semiaxis az = 5 nm
[Fig. 4(a)] in order to have neither a size-dependent LSPR
redshift nor strong finite-size effects on εAg. We calculated
its extinction efficiency Qext (defined as the ratio between
the extinction cross section and the projected area of the
nanospheroid) within the modified long-wavelength approx-
imation (MLWA) [51,52], including finite-size corrections
to the free-electron part of εAg [53,54]. Due to the system
symmetry, we yield different Qext spectra for electric field
oriented along the long ellipsoid semiaxis, the so-called lon-
gitudinal mode (LM), and along the short semiaxis, which
corresponds to the transverse mode (TM). The depolarization
factors employed in the calculations are Lx = Ly = 0.1482
and Lz = 0.7036, respectively [55].

In Fig. 4(b), we present the calculated Qext at T = 298 K
(blue line) and at T = 610 K (red line) for an Ag ellipsoid
immersed in vacuum (εM = 1) for the LM mode (thin line)
and the TM mode (thick line). At RT, the LM peak falls
within the VIS range, peaking at about 2.9 eV, while the
TM excitation falls within the interband transitions region,
with a narrow resonant peak at E ≈ 3.7 eV. The tempera-
ture evolution of Qext is amazingly different for LM and
TM resonances. Indeed, the LM peak undergoes a small
blueshift of about 4 nm and a tiny intensity drop, while its
width is approximately unchanged, whereas the TM peak is
strongly affected by the extra-absorption band at HT in the
320–360-nm interval, which causes a huge (fourfold) intensity
drop and a resonance broadening. These are variations much
larger than most thermoplasmonic responses.

In order to address whether these effects persist under
more realistic conditions, we calculated the RT and high-T
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FIG. 4. (a) Geometry of the oblate silver nanospheroid (aspect ratio ax/az = 4). (b) Extinction efficiency for light polarized along the x
axis (LM, thin line) and along the z axis (TM, thick line) at 298 K (blue) and 610 K (red). (c) Extinction efficiency of the Ag nanospheroid
embedded in transparent media with increasing Re[εm] for light polarized along the z axis (TM) at 298 K (blue) and 610 K (red).

extinction efficiencies of the TM for Ag ellipsoids embedded
within transparent hosts with Re[εm] = 2 and Re[εm] = 3
[Fig. 4(c)]. The LSPR gradually redshifts with increasing per-
mittivity of the host, and the differences between RT and high-
T gradually fade, while still remaining sizable up to εm = 3.
This suggests that large thermoplasmonic effects should
indeed be observable in experimentally accessible conditions;
furthermore, these experiments, if performed, could provide
interesting information about the potential role of finite-size
effects in the thermo-optical response of Ag compared to the
present calculations performed by means of bulk values of εAg.

IV. CONCLUSION

We have investigated the thermo-optical response of Ag by
means of in situ spectroscopic ellipsometry from RT to 610 K
in the 245–1450-nm λ range. The study was performed under
high-vacuum conditions in order to prevent Ag contamination.
For increasing T we observed an increase of the Drude tail
in Im[εAg] due to the electron-scattering enhancement and
a corresponding decrease in Re[εAg] due to the plasma fre-
quency increase with T [23,45,46]. In the near-UV region, we
observed a T -dependent absorption band gradually splitting
off the main interband edge [22,30,31] such that, around
340 nm, the relative increase of Im[εAg] at 610 K with respect
to its RT value is around 500%.

In order to test the potential impact of this effect within the
emerging field of thermoplasmonics, we employed these data
to calculate the extinction efficiency of oblate Ag ellipsoids
within the MLWA approximation, applying finite-size correc-
tions to the free-electron part of the experimental εAg. We
showed that the T -dependent absorption band strongly damp-
ens and broadens the LSPR for Ag nanostructures with res-
onance in the near-UV range. More generally, our data show
that an accurate evaluation of the temperature dependence of
the Ag dielectric function is mandatory to correctly model
the thermo-optical properties of Ag-based plasmonic systems.
The temperature dependence of Qext is also of interest because
of its potential of self-limited heating of aptly designed Ag
nanostructures. Indeed, as T rises, the extinction efficiency
gradually drops, allowing a subtle equilibrium between ex-
tinction and dissipation to be found at temperature values
significantly different with respect to simple expectations
based on the RT dielectric permittivity.
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