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Abstract—Gold nanoparticles (GNPs) have proven to be good nano-

sources of heat in the presence of  specific electromagnetic radiation. 
This process, in fact, becomes strongly enhanced under plasmon 

resonance. In particular, the amount of generated heat and the 

consequent temperature increase depend on the number of GNPs that are 
collectively excited and on their relative distance. As a result, the regime 

of heat localization is deeply controlled by this last parameter.    

 

 

  Thermo-plasmonics is one of the most emerging and 

fastest growing research fields of the recent years. Based 

on the use of noble metal nanoparticles (NPs) to control 

temperature at the nanoscale, thermo-plasmonics exploits 

the localized surface plasmon resonance (LSPR) [1-3], 

which occurs when the conduction electrons of NPs 

oscillate in resonance with the electric field of an 

impinging light, thus producing a photo-induced heating 

process of the entire nanostructure [4]. In fact, LSPR 

represents the way to transfer energy in such small nano-

objects: absorbed light induces unavoidable damping of 

the LSPR and generates a non-equilibrium electron 

distribution that decays via electron-electron collisions 

[5]. The hot electron gas re-establishes the equilibrium via 

lattice phonons that transfer generated energy to the 

surrounding medium, resulting in heat generation by the 

Joule  effect. This heat generation increases the 

temperature inside the sample and brings the system out 

of equilibrium. The temperature of the environment is 

thus increased to reach a new equilibrium [4-5].  

Since nano-localized temperature variation is the most 

important effect for applications ranging from 

nanomedicine to photonics, an important challenge in this 

research field is represented by the ability to estimate and 

measure the temperature variation at the surface of the 

NPs under optical illumination. 

  To explore the process of photo-induced heating, we 

consider a spherical metallic NP surrounded by air and 

illuminated by a monochromatic light characterized by an 

intensity of the external electric field amplitude 

E010V/m and a wavelength =532nm, corresponding to 

the LSPR maximum frequency of an Au NP (Fig. 1, left). 

In this condition, in fact, a significant local enhancement 

of the electric field strength near the metal/dielectric 

interface occurs [6]. 

  Simulations based on the finite element method are used 

to implement both geometrical and thermal models. In 

particular, a 2D simulation is built by considering a 

spherical nanoparticle characterized by a radius 

Rnp=10nm and surrounded by air in order to estimate the 

enhancement of the electric field around the NP and the 

consequent temperature variation.   

Due to strong resonance, the near-field around the NP is 

greatly enhanced with respect to the incident field E0 at 

the frequency corresponding to the LSPR. In the dipolar 

limit, the electric field E at the surface of a metal NP is 

given by [7]: 

         
       
       

   (1) 

where   is the dielectric function of the metal,  m is the 

dielectric constant of the surrounding medium, k is the  

shape factor that incorporates the dependence of the 

polarizability on the geometry of the surface that defines 

the electron oscillations (for a sphere k =2) [8-9].  As we 

can see from Fig. 1 (on the right) the maximum of the 

electric field around the NP reaches the value 2.7 10
2
V/m.  

 
Fig. 1. Left: Sketch of the system. Right: Map of the electric field 

around the NP. 

 

Once the enhancement of the electric field around the NP 

is estimated, in order to obtain the corresponding 

temperature increase with respect to the environment 

temperature (T−T0), we solve the equation governing 

purely conductive heat transfer: 

   

  

  
             (2) 

where:  is the volumetric mass density (SI unit: kg/m
3
), 

Cp is the specific heat capacity at constant pressure (SI 

unit: J/(kg·K)), T is the absolute temperature (SI unit: K), 
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k is the thermal conductivity (SI unit: W/(m·K)), Q is the 

heat sources density (SI unit: W/m
3
). In this way, we can 

obtain a map of the temperature increase (T−T0) given by 

the  Coulomb potential outside the NP [10] (Fig. 2, left). 

The dimensional analysis of Eq. 2 leads to the estimation 

of a typical time scale required to reach the steady-state 

regime, which in our system is reached in about 0.1s 

(see Fig. 2, right). The maximum temperature variation 

obtained for a single NP, after this time, turns to be equal 

to (1.04×10
-6

) °K. 

 

 
Fig. 2. Left: Map of temperature variation around the Au NP. 

Right: Temperature variation around the Au NP surface as a function of 
time, in the range 10−140ns. 

 

 

As reported in literature, this thermal effect is strongly 

related to the plasmonic coupling between GNPs [10-11].  

Thus, in order to evaluate the minimum distance at which 

the thermal effect related to adjacent NPs can be 

considered as addictive, we place a second nanoparticle in 

the system, at a certain distance d (edge-to-edge) from the 

first one (Fig. 3, inset).  

It can be argued that, when the two metal NPs are brought 

close to each other, a near-field interaction takes place 

due to the overlap of the plasmon oscillations of the two 

NPs [12-13]. In this case, the electric field E acting on 

each particle can be written as the sum of the incident 

light field E0 and the near-field Enf that is due to the 

neighboring particle: 

 

         (3) 

 

In order to quantify the contribution of this coupling 

effect, finite element method based simulations of the 

system have been performed and the results are reported 

in Fig. 3. A strong enhancement of the electric field, 

estimated on the surface of one of the two NPs, is 

observed when the inter-particle gap is approximately less 

than ten particle radii (Rnp).  

 

 

Fig. 3. Electric field estimated on the surface of an Au NP as a function 

of the distance with a second NPs. 

 

The calculated maximum amplitude of the field is about 

3.5×10
2
V/m, corresponding to the edge-to-edge distance 

d=2Rnp. The field decreases to the single particle value 

(2.7×10
2 

V/m, Fig. 1) when the gap is increased to 

d  250Rnp and the NPs can be considered uncoupled.  

This trend has a strong impact on the temperature 

variation, estimated on the Au NP surface, showing 

behavior very close to that observed for the electric field.  

 
Fig. 4. Temperature variation estimated on the surface of an Au NP as a 

function of the inter-particle gap d (edge-to-edge). The distance d is 
calculated as a multiple of the radius Rnp of the Au NP. 

 

Indeed, as reported in Fig. 4, by exceeding the d=50Rnp 

distance, we find again the same temperature variation 

characteristics observed for a single NP (1.04×10
-6
°K). 

This suggests that, in a collection of NPs, if the average 

inter-distance is quite large, we can find a condition of 

spatially localized temperature in which the thermal effect 

due to each NP can be considered as "isolated" despite 

NPs being part of a collection.  
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The analysis presented here shows how the distance 

between two NPs plays a key role in the confinement of 

light induced temperature variations at the nanoscale. In a 

collection of metallic NPs, the thermal response of a 

single plasmonic unit, in fact, strongly depends on the 

plasmonic coupling with close NPs. The substantial 

degree of control achieved through simulations over the 

temperature profile represents a useful tool to develop a 

model to investigate both localized and non-localized 

opto-thermal effects. 
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