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ABSTRACT: In this work we show the effect of high
temperature on the plasmonic properties of metallic nanorods.
Within this context, the dielectric function of metal has been
modified to keep into account both the electron—electron and
electron—phonon temperature dependent scattering mecha-
nisms. In fact, the mentioned damping processes are very
sensible to temperature variation. It is found that the damping
modifications due to temperature change substantially modify
both the near and far field optical response of metallic
nanorods. Furthermore, the response alteration can be very
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different depending on the rod aspect ratio, suggesting the need of accurate investigations when metallic nanostructures are to be
employed within high-temperature environments or under high intensity irradiation. In this regard, by taking into account
different nanorods aspect ratio and incident powers, we provide detailed calculations showing the error committed in evaluating
absorption, scattering efficiencies, and near-field enhancement if the temperature dependence effect is neglected.
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MetaHic nanostructures exhibit localized plasmon reso-
nances (LPRs) that can be widely tuned by tailoring
their shapes and background conditions.'~"* This characteristic
is very appealing inasmuch as the resonance tuning represents a
fundamental aspect for sensing applications. In this regard, gold
plays a major role owing to its plasmonic properties and its
chemical resistance, which persist even at hlgh temperatures
where commercial sensors are still limited."> Even though both
shape and geometry can be affected before reaching the melting
temperature,'* in the case of gold its stability has been
preserved up to 800 °C'*'® if nanoparticles are properly
functionalized and placed, for instance, in a silica surrounding
matrix. Interestingly, intrinsic plasmonic properties such as
absorption and scattering efficiencies can be considerably
modified when the environment temperature changes.'®"
During the past decade, a lot of effort has been dedicated to the
study of thermal effects due to energy dissipation by metallic
nanostructures and the role played by temperature.'*'*7>* The

main channel through which temperature influences the optical
response of a metal is the damping factor, which enters its
dielectric function. Recently, the authors proposed a nonlinear
model to describe the permittivity of noble metals by taking
into account the role of temperature while interacting with an
electromagnetic field. The model was applied to gold spherical
nanoparticles showing a sensible decrease of both scattering
and absorption efficiency by temperature increase in good
agreement with experimental measurements. 25 Here, we
analyze gold nanorods®'® with different aspect ratios showing
that, dissimilarly from spherical nanoparticles, a nonmonotone
behavior is found with the temperature change. In particular, it
is found that changing the radius of nanorods endowed with
the same height can radically modify the trend of the
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absorption efliciency while tuning the background temperature.
The results are compared with the outcomes from analogous
geometrical systems where the standard permittivity description
(no temperature-dependence) was instead assumed, finding
striking differences. Therefore, the present study highlights the
importance of a temperature-dependent damping term that can
become quite crucial, especially when high temperature or high
1nten51ty radiation sources are considered, such as in photo-
catalysis®®”” or for photon-enhanced thermionic emission
applied to solar systems.”® Indeed, the degrading of the optical
parameters of gold, when exposed to high temperature, has led
scientists to consider other plasmonic materials that can
maintain their own stability in even more extreme con-
ditions.” "

Any metal dielectric function can be described by the Drude
model combined with multiple Lorentzian oscillators that
account for interband transitions:*>

Z
1)

where I'p,q is the damping coefficient deﬁned for bulk metals.
In a more elaborated and realistic version® of eq 1, the T'p, .
term is temperature T dependent (I'pge — F(T)) and it
includes the electron—electron (I',,) and electron—phonon
(T, ph) scattering mechanisms whose dependence on temper-
ature was extensively studied.>™*' Furthermore, we chose to
describe the electron-surface (I, ) scattering term as a
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temperature independent quantity. More details about the
modeling of the dielectric function and damping parameters
can be found elsewhere.”> However, it must be noticed that at
optical or IR frequencies only electron—phonon scattering has a
sensible dependence on temperature (linearly increasing).>®
We consider isolated metallic nanorods in air with height h =
1 pm and radius R between 10 and 50 nm. The light source is a
Gaussian beam defined by power P = 100 yW and beam waist
wy = 1 pm impinging normal to the rods axis. The rationale is:
under beam illumination dissipated energy is converted into
heat, which increases the temperature of the nanorod. In turn,
the temperature modifies the optical response of the system.
This process leads to an iterative loop which eventually
converges to a different solution than the result given by
calculations with constant (no dependence on T) permittivity.
Within this framework, optical quantities such as absorption,
scattering, electric field distribution, current density and in turn
the temperature variation were calculated using two methods
(see Figure la and 1b): standard linear (L) calculations by
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Figure 1. (a, b) Schematic comparison between the linear (L) and
nonlinear (L) calculation paths. (c) Numerical calculations (Comsol
Multiphysics) of a golden rod with 50 nm radius and 1 ym length
interacting with an electromagnetic wave of power P = 100 4W and
beam waist w, = 1 ym. Both the L and NL schemes are considered for
comparison. The electric field distribution/current density, generated
heat, and temperature distribution are shown (left to right). Color
maps are shown for the NL case only.

means of a temperature independent damping term I'y =",
+ Dogut (Tramp = 53 meV, corresponds to the room
temperature damping value of gold,”* while I, keeps into
account the electron—surface scattering and depends on the
nanostructure geometry”>**), and nonlinear (NL) calculations,
where the damping term is instead temperature dependent
(I'ne = Tne(T) + Tegue). The results were compared through
the ratio (NL-L)/L (efficiency), calculated for each type of
nanorod at its near-field resonant frequency. Figure 1c shows
an example of L and NL numerical simulations where a golden
rod 1 ym long with 50 nm radius was interacting with a
Gaussian source of power 100 4#W and beam waist 1 ym. The
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overlap of the near field distribution with the current density,
the heat generation and the temperature distribution are shown
in the figure. Interestingly, the temperature values predicted by
the two models show a discrepancy of roughly 100 K.

Figure 2 demonstrates that the temperature dependent
nonlinear model leads to very different results with respect to
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Figure 2. Ratio (NL-L)/L for (a) absorption efficiency (o),
scattering efficiency (0,), and extinction efficiency (0.); (b)
temperature and near field enhancement calculated at 1 nm from
the top of the metallic rod. The schematic of the isolated gold
nanorods is shown in (b). The EM radiation is polarized along the rod
main axis with power P = 100 4W and beam waist wy = 1 pm. The
height of the rod is h = 1 um. Different radii are considered: R = 10,
20, 30, 40, and 50 nm. The calculation was performed at the near field
resonant wavelengths.

the linear model. Interestingly, for different radii, that is, at
different resonant wavelengths, the mismatch among the
solutions of the two models can be either positive or negative.
Hence, it is not straightforward to predict the error which can
be committed if temperature dependence is neglected. Rules of
thumb or approximations might become difficult especially
when high temperatures/high power sources are involved. In
particular, we notice how the absorption efficiency oy, (Figure
2a) is under/overestimated by the L model for big/small radii.
This effect explains the behavior of temperature increase shown
in Figure 2b: since the absorption efficiency is related to Ohmic
losses, it is connected to the temperature from a direct
proportionality relation. In different words, the higher the
absorption efficiency the higher the temperature, namely, a
larger fraction of photons is converted into heat.

Regarding the other physical quantities shown in Figure 2,
we observe how the NL model predicts lower values for
scattering, near field enhancement and extinction than the L
model for all the considered radii. These trends can have strong
implications in different research fields, for example molecular
nanophotonics, where nanoantennas are widely utilized,*> or
plasmonic photovoltaic, where the counterbalance between
absorption and scattering })lays a crucial role in the efficiency
generation of e—h pairs.”* In fact, a diminished scattering
efficiency means less photons reirradiated from the nanostruc-
tures thus hindering detection measurements. A decreased near
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field enhancement makes the system less efficient as near-field
effects play an important role in a number of applications and,
finally, a lower extinction translates into a reduced interaction
between the structure and the incident electromagnetic field
affecting the overall system performance.

In Figure 3 are presented the absorption and scattering
efficiencies, calculated with the NL model, as a function of the
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Figure 3. Nonlinear absorption and scattering efficiencies depending
on incident wavelength and damping. (a) Absorption efficiency for 10
nm radius, (b) scattering efficiency for 10 nm radius, (c) absorption
efficiency for SO nm radius, (d) scattering efficiency for SO nm radius.
Rods height is kept constant at 1 ym. (a, c) also show the resonant
wavelength A for the 10 and 50 nm rod cases, respectively.
Furthermore, (c) and (d) show the profile (orange curves) of the
absorption and scattering efficiency calculated along the respective A,
lines for the S0 nm rod configuration. Finally, the R = 10 nm case,
illustrates the I values associated with the electron-surface scattering
(15 meV) and to the ambient temperature (53 meV). In particular, the
maximum values of 6, (6,) corresponding to I', . = 1S meV and
to Dpymy, = 53 meV are 112 (50) and 45 (6), respectively, as
highlighted by the horizontal lines crossing the scale bars in (a) and
(b).

incident wavelength A;,. and the damping value I" for the 10
and 50 nm radius cases. From the figure we observe a quite
limited influence of the damping I" on the resonant wavelength
Ares value, namely, the resonant wavelength is quite constant all
across the observed I range. It depends only on the radius R.
By taking into account the results of Figure 4a, namely the
linear dependence between temperature T and damping I', we
can move further by stating that the resonant wavelength A,
does not depend on the temperature value.

Another important result shown in Figure 3a,c is the
opposite behavior of o,;,, between the 10 and 50 nm radii cases,
where the former shows a decrease of o, by increasing I', vice
versa the latter. These results can be explained by observing
that the absorption efficiency is defined by the formula:

1 2 2
Ope = — / Re(0)IEI"(r)dr/(cs,0qP/a”)
2 Jy )
where ¢ is the electrical conductivity, cs,.q and a* are the cross
section of the metallic rod and the overall area seen by the
incoming radiation with power Py, respectively. In fact, from
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Figure 4. (a) Relation between the electron—phonon damping term
I.;n and the temperature T. Left and right vertical axis report the units
in rad/s and eV, respectively. (b) Real part of the conductivity versus
the total damping I'. Different behaviors are found with respect to the
near field resonant wavelengths, that is, rods aspect ratio.

eq 1 we see how the Re[6(4,I")] term plays a role in defining
the absorption efficiency together with the electric field
E(4T,R). When the combination of the three independent
variables (A,I,R) is such to maximize both ¢ and E, the
maximum 0, is reached. For example, the opposite behavior
versus I shown by the 10 and 50 nm radii cases, can be
explained in terms of Re[6(4,I")], as shown in Figure 4b: the A
= 4.82 ym (namely, R = 10 nm) plot illustrates a strong
decrease of Re[o] by increasing I', which supports the plot of
Figure 3a. On the other hand, when the 4 = 2.88 ym (namely,
R =50 nm) plot is considered, a monotone increase of Re[c] is
observed up to a plateau. This well describes Figure 3c.
Importantly, analogous considerations can be done based on
the behavior of the imaginary part of the permittivity, being &
and ¢ intimately related (Re(s) = Im(e)wey; Im(o) = (1 —
Re(e))wey).

In Figure 3 is also reported the lowest I" limit (i.e., Iequ),
which is reached by reducing the temperature (limp_, ['(T) =
I'. o). In particular, it is shown only for the R = 10 nm case
(Teques = 15 meV); in fact, this value is neglectable for the R =
50 nm case. For completeness, also the total I' value at room
temperature is shown.

The concept of lowest I" limit plays a crucial role for the
optimization of the extinction efficiency . = Gy + Oase As
shown by Figure 3, this condition tends to be reached by
employing high-aspect ratio cylinders and low temperatures'’
in order to reduce I'. However, due to the electron-surface
interaction, there is a lower limit in the I" value, therefore
setting a cap for the maximum o, Thus, extremely high
absorption and scattering values seem hardly achievable in
practice due to thermal and geometrical limitations.

Finally, by analyzing absorption and scattering under the
temperature dependent model, we observe that for high
damping conditions and lower aspect ratio structures (e.g, R
= S0 nm), scattering and absorption values become
comparable, in contrast with the general plasmonic behavior
of metallic plasmonic structures, which sees scattering as the
main process for large particles*’ (Figure 3c,d).

Figure 5 shows the dependence of the absorption efliciency
on the damping I, the former calculated at the resonant
wavelengths /., for golden rods with radius from 10 to 50 nm
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Figure S. Absorption efficiency of isolated nanorods in air, calculated
at the near field resonant wavelengths, versus the damping coefficient
I'. The nanorods have height equal to 1 ym and different radii (log
scale). The circles display the steady-state temperature of the
structures when interacting with an EM wave of power P = 100 yW
and beam waist wy = 1 ym. The black circles are associated with the
linear (L) model, namely, I'| = [’ + Deque Color circles show the
steady-state temperature when the nonlinear (NL) model is utilized,
that is, I, = Ty (T) + I. e The slight bending of the dashed curve is
associated with the change in the I', ¢ due to the geometry variation

(the smaller the rods radius, the higher I, o).

(the choice of a I" independent 4, is supported by Figure 3).
The dashed line represents the linear calculation performed at
I't = 'ramb + Dequr for different rod radii, while the continuous
lines represent the corresponding non linear case. The slight
bending of the dashed line results from the dependence of the
damping term I, ¢ on the rods radius. The black/color circles
describe the steady-state temperature reached by the system
either under L/NL calculation when a 100 4W power beam
with 1 pm waist is considered. By focusing on the NL case, for a
10 nm radius we observe, in most of the I'" range, a rather steep
decrease of absorption while the damping (ie., temperature)
increases: the more the structure heats up and its temperature
increases, the less the nanorods are likely to dissipate photons
into heat. This explains why the NL steady-state temperature
(550 K) is lower than the prediction from the linear calculation
(773 K, with about 220 K difference): in a L calculation the
damping value is fixed (I'y = T'rymp + Dequr) and intersects the
absorption curves at higher values than the NL case implying a
higher capability of converting EM energy into heat (~47
instead of ~21). On the other hand, by unlocking the damping
temperature dependence, the solution converges toward a
lower value compared to the linear calculations.

By moving to the 50 nm radius configuration we can observe
a reverse situation. In fact, being the slope positive in the NL
calculation, higher absorption efficiency pushes the final
temperature at a higher value with respect to the L case (Ty
=587 K, T, = 481 K). From these results we can conclude that,
both for the L and the NL case, there is no monotone relation
between the temperature change and the aspect ratio of the
metallic rods.

Figure S also confirms the o,,, maps of Figure 3a,c. In fact, it
clearly shows that for a 10 nm radius rod, the absorption
efficiency tends to decrease for larger I', whereas for the 50 nm
radius rod it has an opposite behavior.

As previously seen and reported in ref 15, the maxima in the
absorption o, shown in Figure 3 correspond to the
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maximization of the dissipated power P = J X E. By expressing
this expression as P = Re(6)IEI*, we can establish general rules
of thumb for its optimization. In fact, while the electric field |EI
resonant wavelength is set by the geometry and is weakly
influenced by I’ the real part of electric conductivity o presents
a maximum when I is equal to the frequency w of the incoming
radiation.”> As a consequence, a number of aspect ratios
showing a rather small difference in the absorption efficiency
values between the L and NL models can be easily found. For
example, in Figure S we see how the red curve related to R = 30
nm (4, = 3.03 pum) exhibits almost the same absorption
efficiency and thus the same final temperature both for the L
and NL models.

Finally, in order to enhance the difference between the L and
NL models, Figure 6 compares the o,;, and o, obtained from
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Figure 6. Error committed in calculating 6,,, (a) and 6, (b) by the
linear calculation with respect to the NL model when both the input
power and the aspect ratio of the golden nanorods are varied. The
nanorods have height # = 1 ym and radius varying from 10 to 50 nm.
The calculations are performed at the near field resonant wavelengths.
The Gaussian source has a beam waist wy = 1 ym. White regions
correspond to combination of aspect ratio and input power for which
the absolute error of the linear calculation is less than 10%.

the two models by varying the input power and the rods aspect
ratio equal to /1/2R. The plots are calculated in terms of relative
difference between the linear and the nonlinear calculation,
defined as linear calculation error. Clearly, Figure 6a,b shows
quite a different behavior which results from the different
dependence of o, and o0y, on the temperature. By
considering +10% as acceptable error value, it is evident that
a linear calculation predicts fair values of both absorption and
scattering only for low input power (P < 10 #W) and low aspect
ratio (<30). This important result should be taken into account
any time high input power is considered.

To conclude, we have presented temperature dependent
electromagnetic calculations on isolated gold nanorods showing
the effect of high temperature/intensity incident fields on the
optical response of the rods. In general, strong differences are
observed between the results from the temperature dependent
model and the standard temperature independent model. In
particular, striking differences between the two models in
absorption efficiency, scattering efficiency and near field
enhancement rise by increasing the input power/rods aspect
ratio. The presented results are of crucial importance especially
when metallic nanodevices, such as sensors, are employed in
high temperature environments or when interacting with high
intensity electromagnetic sources.
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