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Abstract: The localized surface plasmon resonance of metallic nanostructures produces strongly
localized and enhanced near-field light, significantly contributing to nanophotonics research
and applications. Plasmon nanofocusing represents another method for generating near-field
light through the propagation and condensation of plasmons on tapered plasmonic structures. In
both methods, the intensity of near-field light is a critical aspect for many applications. In this
study, we numerically inspect and compare the intensities of near-field light generated by either
localized plasmon resonance or plasmon nanofocusing. To account for the light-induced changes
in the optical properties of plasmonic structures, which in turn influence the near-field light
intensity, we couple electromagnetic and thermal calculations to consider in a fully self-consistent
manner the effects of the incident light and the light-induced temperature rise within the metal. A
gold nanorod and a cone were adopted for exciting the localized plasmon resonance and plasmon
nanofocusing, respectively. We find that plasmon nanofocusing generates approximately 1.5
times as strong near-field light as localized plasmon resonance. Our research provides a necessary
foundation for generating near-field light, which is crucial for advancing the applications of
near-field optics.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Strongly localized and enhanced near-field light produced by plasmonic nanostructures has been
widely applied in various fields from material science to biology, having realized a number
of optical applications in the past few decades, such as enhanced optical spectroscopy, super-
resolution microscopy, light harvesting, plasmonic lasers [1–8]. Near-field light is usually
achieved by exciting the localized surface plasmon resonance (LSPR) of metallic nanostructures
that work as optical antennas, with gold nanoparticles and nanorods being among the most
typically employed systems [9,10]. In recent years, plasmon nanofocusing has caught considerable
attention as another method for generating near-field light. In the process of plasmon nanofocusing,
surface plasmon polaritons propagate along a metallic tapered structure, such as a gold conical
structure, toward the apex while compressing their energy, and eventually create strong near-field
light at the nanometrically sharp apex [11–14]. A grating structure fabricated on the shaft of a
tapered structure is often used as a coupler to excite plasmons. Because the grating structure is
located far from the apex, one of the advantages of nanofocusing is that it is background-free
from incident light, contrary to the LSPR approach, where the direct incident light illumination
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of plasmonic nanostructures spatially overlaps with near-field light [15–18]. The broadband
characteristic of plasmon nanofocusing has also recently been recognized as another unique
property. Plasmon nanofocusing can be achieved over a wide frequency range, because it is based
on the propagation of plasmons, unlike plasmon resonances occurring within a specific spectral
range [19–22].

Considering the two methods of LSPR and plasmon nanofocusing, one of the fundamental
but pivotal questions is which method generates more intense near-field light, as the near-field
light intensity is a basic and important optical property for many applications. With respect
to LSPR, the strength of near-field light has often been described as the enhancement factor,
which is calculated as the ratio of the near-field light intensity to the incident light intensity. For
plasmon nanofocusing, the amount of incident light energy converted to near-field light, that
is, the conversion efficiency, has usually been investigated. Although the enhancement factor
and efficiency are important for evaluating the near-field light intensity, they are normalized
by the incident light intensity. As such, they do not provide direct information on the absolute
value of the near-field light intensity for both methods, which in fact can also be critical from
an application standpoint. In particular, upon increasing the incident light intensity, which in
turn increases the near-field light intensity, plasmonic structures can be melted and irreversibly
destroyed due to the heat generated by ohmic losses [23–27]. This suggests that the maximum
threshold incident light intensity can be defined as the one causing a temperature increase right
below the melting point of plasmonic structures. In these terms, the photogeneration of heat
contributing to the temperature rise is a key factor to gauge the maximum allowed incident light
intensity and the corresponding maximum near-field light intensity for both LSPR and plasmon
nanofocusing.

In this study, we numerically investigated which between LSPR and plasmon nanofocusing
generates more intense near-field light, by including the effects of light-induced heat generation
and temperature rise in plasmonic structures. We selected a gold nanorod and a gold cone as
the plasmonic systems typically used for the excitation of LSPR and plasmon nanofocusing,
respectively. We examined the temperature and near-field light intensity by varying the incident
light intensity. The maximum incident light intensities and the resulting maximum near-field
light intensities were evaluated, and were found to be different between LSPR and plasmon
nanofocusing, owing to the difference in the geometrical configurations between the gold nanorod
and cone. We found that plasmon nanofocusing allows for achieving a higher near-field light
intensity than LSPR when optimal input powers were exerted on each structure. As for plasmon
nanofocusing, we also observed a saturation followed by an inverse change in the near-field light
intensity with respect to the incident light intensity, which our model explained by coupling
electromagnetic and thermal problems consistently. Finally, since the melting temperature of
gold (1337 K) is relatively high for most applications, we also considered moderate illumination
conditions and temperature increases up to 40°C (313.15 K) and 100°C (373.15 K), which are
relevant for practical situations [28].

2. Calculation model

We used the finite element method-based commercial software COMSOL Multiphysics to
calculate the steady-state electric field intensity and temperature field of the plasmonic structures
under scrutiny. The schematics of our numerical models are shown in Fig. 1. We chose 785 nm as
the incident light wavelength, which is typical in various optical measurements and applications.
The incident light has a Gaussian space profile, with a beam waist of 550 nm. Both nanostructures
are embedded in air. For the gold nanorod, we set the rod diameter and length to 20 and 105
nm, respectively, to tune the longitudinal LSPR wavelength to 785 nm (Fig. S1). As for the
gold cone, the cone apex size is 20 nm, which is the same as the gold nanorod diameter, so that
the plasmonic confinement of near-field light is comparable with that of the nanorod. The cone
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length was set to 7 µm. We designed a grating structure 3.75 µm away from the apex, which
is far enough to separate the incident light from the near-field light. It is composed of three
grooves, whose period and depth are 680 and 100 nm, respectively, and it is optimized for the
best plasmon coupling efficiency at a wavelength of 785 nm, as shown in Fig. S2. The entire
gold nanorod was exposed to illumination, whereas the grating structure was irradiated by the
incident light for the gold cone, as illustrated in Figs. 1(a) and 1(b). Therefore, the grating can
receive a greater number of photons owing to its large structure compared with the small nanorod
in the same illumination condition, which is another characteristic of plasmon nanofocusing.

Fig. 1. Schematics of calculation models of (a) localized plasmon resonance and (b) plasmon
nanofocusing

For the gold nanorod and the cone, the electric field intensity and temperature were calculated
by solving Maxwell’s equations coupled to the heat transfer. The initial temperature was set to
room temperature (293.15 K/20 °C). When the incident light irradiates the structure, not only
near-field light but also Joule heating is generated, following photon absorption and subsequent
electromagnetic dissipation, which leads to a temperature increase in these metallic structures
[29,30]. In turn, the permittivity of gold is modified by such an increase of the metal temperature.
Specifically, we accounted for this effect by considering a temperature-dependent damping factor
in an analytical Drude-Lorentz-like permittivity, which is suited for gold in this wavelength
range [31–33]. The change in the permittivity of gold alters the electromagnetic response of
the plasmonic system, including the near-field light intensity and electric field inside the gold
structures, causing a change in the amount of Joule heating. Therefore, by coupling the optical
and photothermal responses of the considered nanostructures, our numerical model treats this
interdependence fully consistently until convergence to the steady state. The calculation details
are thoroughly described in Supplement 1 Note S1.

3. Results and discussion

We first investigated the effects of exciting the LSPR of the nanorod. As shown in Fig. 2(a),
when the gold nanorod is irradiated, near-field light appears at both ends of the nanorod, which is
the typical electric field distribution of the longitudinal plasmonic mode of nanorods. Here, the
incident light intensity was set to 1.33× 107 W/m2, by referring to the maximum intensity at the
center of the Gaussian distribution of the incident light, which corresponds to a total power of 12.6
µW. This incident intensity produced a near-field light intensity of 2.75× 109 W/m2, indicating
an approximately 207 times intensity enhancement. In particular, the near-field light intensity
was monitored 3 nm away from the end of the gold nanorod. As expected, when the incident
light intensity increased, the near-field light intensity also increased, as shown in Figs. 2(b) and
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2(c). Specifically, we obtained near-field light intensities of 14.92× 109 and 47.77× 109 W/m2

when the incident light intensities increased to 8.31× 107 and 47.79× 107 W/m2, indicating
intensity enhancements of ∼ 180 and ∼ 101 times, respectively. Interestingly, the enhancement
of the electric field intensity decreased with increasing incident light intensity. We ascribe this
saturation effect to the larger damping factor at higher temperatures, as described in detail in
the following. For comparison, results obtained assuming a constant damping factor are also
presented (see Fig. S3). The temperature distributions were then calculated for the same incident
light intensities, as shown in Figs. 2(d)–2(f). The temperature was uniform over the gold nanorod
because of the high thermal diffusion of the metal, in stark contrast with the inhomogeneous
electric field distributions. As expected, the temperature also increased as the incident light
intensity increased. When the incident light intensity was 1.33× 107 W/m2, the temperature,
evaluated as the surface average over the entire gold nanorod, increased from 293.15 K to 318 K.
It increased to 418 and 721 K with incident light intensities of 8.31× 107 and 47.79× 107 W/m2,
respectively.

Fig. 2. Electric field distributions at incident light intensities of (a) 1.33× 107, (b) 8.31× 107,
and (c) 47.79× 107 W/m2. Temperature distributions at the same incident light intensities of
(d) 1.33× 107 (318 K), (e) 8.31× 107 (418 K), and (f) 47.79× 107 (721 K). (g) Dependence
of near-field light intensity and temperature of the gold nanorod on the incident light intensity.

To further inspect the dependence of the near-field light intensity and light-induced temperature
increase upon increasing the illumination intensity, as shown in Fig. 2(g), we varied the incident
light intensity up to 2.80× 109 W/m2, to reach a temperature close to the melting point of gold
(1337 K, as indicated by the red dashed line). Both the near-field light intensity and temperature
increased as the incident light intensity increased, yet following a sub-linear behavior. The
nonlinear change in the near-field light intensity is explained as the result of the change in the
damping factor of gold. We found that the maximum near-field light intensity, that is, slightly
below the melting point, was 112.70× 109 W/m2, corresponding to an incident light intensity of
2.39× 109 W/m2.

Please note that the melting point of 1337 K is for bulk gold [34]. However, the melting point
can be reduced for nano-sized materials due to the effects of size. In fact, the reduction in the
melting point was estimated to be only a few tens of degrees for a gold nanosphere with a diameter
of 10 nm, according to previous studies [34–36]. Compared to the 10-nm-large gold nanospheres,
the size effect should be much smaller for the 105-nm-long gold nanorod. In addition, it is not
straightforward to accurately evaluate the size effect on the melting point decrement of the gold
nanorod. Therefore, we ignored the size effect and used the melting point of bulk gold in this
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study. If the size effect is considered, the maximum incident light intensity and the resulting
near-field light intensity should be slightly lower.

For plasmon nanofocusing on the gold cone, we also investigated the electric field intensity
and temperature in a manner similar to that detailed above for the gold nanorod. Figure 3(a)
shows the electric field distribution map around the gold cone structure under the incident light
illumination of the grating coupler with an intensity of 107.73× 107 W/m2. Surface plasmons
were excited at the grating and propagated along the surface of the gold cone structure, generating
highly confined near-field light at the apex. The enlarged map around the apex is shown in
Fig. 3(d), which clearly confirms plasmon nanofocusing inducing the near-field light at the apex.
The near-field light intensity obtained at 3 nm away from the tip apex was 94.09× 109 W/m2,
indicating an intensity enhancement of ∼ 87 times. The temperature distribution under the same
condition is shown in Fig. 3(b). Similar to the gold nanorod, the temperature uniformly increased
to 420 K over the entire gold cone. The enlarged temperature map around the apex is also shown
in Fig. 3(g). We then reduced the incident intensity to 11.97× 107 W/m2 (Fig. 3(c)) and increased
it to 430.92× 107 W/m2 (Fig. 3(e)). With a smaller incident light intensity of 11.97× 107 W/m2,
we obtained a near-field light intensity of 13.08× 109 W/m2. The near-field light intensity
was 178.39× 109 W/m2 in the case of a larger incident light intensity of 430.92× 107 W/m2.
Therefore, similar to the case of LSPR, the near-field light intensity increased with the incident
light intensity in the plasmon nanofocusing. Accordingly, the temperature was also increased
from 307 to 805 K by increasing the incident light intensity from 11.97× 107 to 430.92× 107

W/m2, as shown in Figs. 3(f)–(h).
Furthermore, we extensively investigated the dependences of near-field light intensity and

temperature increase on the incident light intensity, as shown in Fig. 3(i). We changed the
incident light intensity up to 10.00× 109 W/m2. Interestingly, the near-field light intensity first
increases with increasing incident light intensity, and subsequently decreases even though the
incident light intensity increases. In contrast, the temperature monotonically increases with the
incident light intensity across the entire range we spanned. The linear increase in temperature,
which differs from the nonlinear behavior of the gold nanorod, can be due to the size of the
gold cone. The gold cone is much larger than the gold nanorod, which can lead to a larger heat
capacity and a linear temperature increase. The counterintuitive highly nonlinear inverse trend
in the near-field light intensity is explained by the fact that, as mentioned previously, a higher
temperature produces a larger damping factor of gold, which negatively influences the near-field
light intensity to be reduced. Although increasing the incident light intensity simply increases
the near-field light intensity, the higher temperature caused by the larger incident light intensity
causes a reduction in the near-field light intensity. Therefore, depending on the balance between
these two effects, the near-field light intensity can be decreased even upon increasing the incident
light intensity. In particular, because plasmon nanofocusing involves the propagation of plasmons
for a certain distance, the damping factor can dominate the process to a larger extent than LSPR,
which does not involve propagation. We therefore evaluated the decrement of near-field light
intensity due to larger damping factors at high temperatures for plasmon nanofocusing. We found
indeed that this effect impacted more dominantly than the increment of near-field light intensity
for increasing incident light intensities, leading thus to the reduction of near-field light intensity
(as discussed in detail in Supporting Information Note S5).

In plasmon nanofocusing, we found that the maximum near-field light intensity of 178.45× 109

W/m2 was achieved for an incident light intensity of 4.55× 109 W/m2, where the temperature was
834 K. The near-field light intensity monotonically decreased for incident light intensities greater
than this value. When the temperature approached the melting point, the near-field light intensity
was 138.53× 109 W/m2, where the incident light intensity was 8.99× 109 W/m2. Therefore, we
concluded that the maximum near-field light intensity obtained by plasmon nanofocusing on the
gold cone was 178.45× 109 W/m2. As the maximum near-field light intensity was 112.70× 109
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Fig. 3. (a) Electric field distribution and (b) temperature distribution of the gold cone at an
incident light intensity of 107.73× 107 W/m2. Electric field distribution maps enlarged near
the apex at incident light intensities of (c) 11.97× 107, (d) 107.73× 107, and (e) 430.92× 107

W/m2. Temperature distribution maps enlarged near the apex at incident light intensities
of (f) 11.97× 107 (307 K), (g) 107.73× 107 (420 K), and (h) 430.92× 107 W/m2 (805
K). (i) Dependence of the near-field light intensity and temperature of the gold cone on
the incident light intensity. For comparison, the near-field light intensity and temperature
obtained for the gold nanorod are also shown as light blue and red curves, respectively,
which were obtained from Fig. 2(g).

W/m2 for LSPR, plasmon nanofocusing induces near-field light approximately 1.5 times stronger
than that for LSPR.

So far, we have considered a temperature close to the melting point; however, this is not
practical as the temperature of the melting point is too high for most applications and rather sets
an upper boundary of operation. Therefore, we investigated the illumination conditions required
to reach moderate maximum temperatures, such as 40°C (Fig. 4(a)) and 100°C (Fig. 4(b)). Here,
we increased the incident light intensity up to 80.00× 107 W/m2. Temperatures of 40°C (313.15
K) and 100°C (373.15 K) are indicated by the green and orange dashed lines, respectively.
Both the near-field light intensities and temperatures increase as the incident light intensity
increases for both the gold nanorod and cone. It is evident that the temperature of the gold
nanorod rises quickly with the incident light intensity due to its smaller size compared to the
gold cone. Therefore, the temperature easily reached the limit (40 or 100°C) with low incident
light intensities. At a temperature of 40°C, the near-field light intensity generated by LSPR
was only 2.41× 109 W/m2 (corresponding to an incident light intensity of 1.08× 107 W/m2),
whereas the near-field light intensity generated by plasmon nanofocusing was 18.35× 109 W/m2

(incident light intensity: 16.99× 107 W/m2). We thus found that plasmon nanofocusing generated
near-field light ∼7.6 times stronger than that generated by LSPR to reach the same temperature.
Considering a temperature of 100°C, the near-field light intensity was 9.63× 109 W/m2 for
LSPR (incident light intensity of 4.90× 107 W/m2). In contrast, the near-field light intensity
generated by plasmon nanofocusing was 64.87× 109 W/m2 (incident light intensity: 67.77× 107
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W/m2), which was ∼6.7 times stronger than that of LSPR. These results indicate that plasmon
nanofocusing is more advantageous as it generates significantly stronger near-field light compared
to LSPR when used in a practical situation at a moderate temperature. 

Fig. 4. Dependences of the near-field light intensity and temperature on the incident light
intensity at a lower intensity range for the gold nanorod and cone. Lower temperature
limitations of (a) 40°C and (b) 100°C were considered.

4. Conclusion

In conclusion, we investigated which between LSPR or plasmon nanofocusing generates stronger
near-field light. The maximum near-field light intensity was determined by considering the light-
induced heat generation and temperature increase in the gold structures. It was 112.70× 109 W/m2

for LSPR of the gold nanorod, whereas it was 178.45× 109 W/m2 for plasmon nanofocusing
of the gold cone, when the incident light intensities were 2.39× 109 and 4.55× 109 W/m2,
respectively. Therefore, plasmon nanofocusing generates approximately 1.5 times as strong
near-field light as that generated by LSPR. Moreover, the near-field intensity could be enhanced
more by further optimizing the gold cone geometrical parameters, including the cone angle and
the grating structure. We used a cone angle of 28 degrees. Although a smaller angle is better for
adiabatic nanofocusing, it can reduce the size of the grating and the amount of excited plasmons.
Furthermore, while the distance between the grating and the tip in our calculations was limited
to 3.75 µm due to the machine power, a longer distance is preferable to reduce the influence of
incident light while increasing the plasmon propagation loss.

The input powers are in the range of several milliwatts within a micrometer-order focal spot,
which is not far from our expectation of causing the destruction of gold nanostructures [37].
We thus believe that our simulation results are within a reasonable range compared with actual
experiments. The experimental validation of our calculations could be achieved, for instance, by
Raman spectroscopy, which measures a local temperature through the intensity ratio of Stokes and
anti-Stokes Raman signals. Note that some differences are anticipated between our simulations
and actual experiments. For example, the gold structures suspended in air were considered in
our simulations, whereas gold structures are usually placed on a substrate in actual experiments,
which can have a relevant role in dissipating heat. The thermal conductivities of typical substrates
(e.g., glass or silicon) are much higher than that of air. Therefore, they facilitate thermal diffusion,
which are expected to increase the maximum threshold incident light intensity and the resulting
near-field light intensity.

Considering lower temperature regions, plasmon nanofocusing was more effective, as several
times stronger near-field light was obtained compared with LSPR. These results provide crucial
insights for actual applications when integrated into plasmonic platforms or devices for stronger
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near-field light while maintaining a sufficiently low temperature. In addition, our investigation
will be important for the study of fragile biological samples, which are prone to be degraded
at high temperatures. In this study, we only considered the specific condition with the gold
nanorod and cone with an incident wavelength of 785 nm. The results can differ between different
materials and shapes of the plasmonic structures. For example, silver is another representative
plasmonic material with a slightly higher thermal conductivity and lower melting point than
gold. TiN2 is an interesting plasmonic material with a high melting point (3203 K) and a very
low thermal conductivity (29 W/(m·K)) [38]. Moreover, it is worth investigating not only the
typical dipole mode considered in this study, but also various types of resonance modes, such
as the magnetic dipole, toroidal dipole, and anapole modes [39–41]. More extensive studies as
future works under various conditions, exploiting the comparative approach proposed here, are
crucial for elucidating the near-field light intensity for both LSPR and plasmon nanofocusing.
This fundamental study provides important and practical insights relevant to various applications
based on nanophotonics and plasmonics.
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