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Abstract

Electromagnetically-heated metal nanoparticles can be exploited as efficient heat sources at the

nanoscale. The assessment of their temperature is however often performed indirectly by modelling

their temperature-dependent dielectric response. Direct measurements of the optical properties of

metallic nanoparticles in equilibrium with a thermodynamic bath provide a calibration of their

thermo-optical response, to be exploited for refining current thermoplasmonic models or when-

ever direct temperature assessments are practically unfeasible. We investigated the plasmonic

response of supported Au nanoparticles in a thermodynamic bath from room temperature to 350

◦C. A model explicitly including the temperature-dependent dielectric function of the metal and

finite-size corrections to the nanoparticles permittivity correctly reproduced experimental data for

temperatures up to 75 ◦C. The model accuracy gradually faded for higher temperatures. Intro-

ducing a temperature-dependent correction that effectively mimics a surface-scattering-like source

of damping in the permittivity of the nanoparticles restored a good agreement with the data. A

finite-size thermodynamic effect such as surface premelting may be invoked to explain this effect.
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INTRODUCTION1

Metal nanoparticles (NPs) can be fruitfully exploited as efficient converters of electro-2

magnetic (EM) radiation, for localized heating [1–6], local melting [7, 8], steam generation3

[9] and more. In presence of a sizable localized surface plasmon resonance (LSPR) the light-4

absorption properties of such nanosystems can be flexibly manipulated in order to provide5

large EM absorption cross sections in spectral regions where limited bulk absorption occurs6

[10]. The photothermal properties of metal nanoparticles have attracted considerable inter-7

est in the recent past due to the intriguing possibilities to exploit particles as nano-heaters8

remotely activated by light [11–13]. Most of the applications exploit Au as the NP con-9

stituent, due to the broad tunability of its plasmonic response from the visible to the NIR,10

low reactivity, and possibility of selective functionalization.11

Measuring the temperature of EM-heated NPs is not an easy task. For steady-state illu-12

mination, where the temperature increase is usually quite small, some methods have indeed13

been devised [14–19], but in general the temperature assessment typically relies on models14

that necessarily simplify the complex temperature-dependent dielectric and thermodynamic15

response of nanosystems [4, 20–27]. Measuring the temperature-dependent optical response16

of nanostructures at the well-defined temperature T of a thermodynamic bath would help17

understanding their thermoplasmonics response, and represents a mean of calibration, es-18

pecially useful when direct temperature assessments are not feasible (e.g. in setups where19

nanoparticles are heated with ultrafast laser pulses [20–24, 28–31]).20

In this article, we report an investigation of the optical response of densely-packed 2-21

dimensional (2D) arrays of supported gold NPs, as a function of the temperature of their22

thermodynamic bath. The study was performed by means of spectroscopic ellipsometry23

(SE), maintaining the samples under high-vacuum conditions and varying T from room24

temperature to 350 ◦C. SE, especially when performed near the optical principal angle, is an25

extremely sensitive optical spectroscopy, particularly suited in detecting tiny variations of26

optical response, as expected in these T-dependent measurements. SE spectra may appear of27

less intuitive interpretation for plasmonics than absorbance measurements, yet they provide28

more abundant and reliable information and constitute a more stringent test for modelling.29

Sizable variations in the optical response of the system were observed as temperature was30

increased. Using a dedicated effective medium approximation (EMA) [32], we were able to31
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FIG. 1. Left: scheme of the experimental setup for real time, in-situ SE [33]. Right: AFM image

of the 2D Au NP array (black scale bar: 500 nm). Inset: pair-correlation function of the NP array

(white scale bar: 50 nm).

reproduce the optical response of this complex system at room temperature (RT). As the32

temperature increased above 100 ◦C, despite systematically employing the aptly-measured33

T-dependent dielectric function εNPAu (T), such an agreement steadily faded. We found that34

this issue can be simply addressed introducing an effective temperature-dependent surface-35

scattering-like correction to εNPAu (T). Given the nature of the correction that best reconciles36

experimental data with calculations, we suggest that our observations are due to the onset of37

surface premelting. Systematically introducing such a correction can therefore improve the38

optical modelling of thermoplasmonic systems, thus contributing to a better understanding39

of the behaviour of heated plasmonic nanoparticles.40

EXPERIMENTAL41

Our samples are constituted by closely-packed Au nanoparticles arranged in parallel42

rows and supported on a nanopatterned LiF substrate. A representative AFM image of the43

samples is reported in Fig. 1, right. The samples were fabricated according to a general44

procedure for realizing ordered systems of supported NPs of various metals (Au [34], Ag45

[35], Al [36], AuAg alloys [37] etc.). In brief, 4 nm of Au are deposited at glancing angle46

by molecular beam epitaxy at p ≈10−9 mbar on a nanopatterned LiF(110) substrate [34] in47

a dedicated chamber. The LiF nanopattern consists of coherently-oriented uniaxial surface48

ripples, with triangular-wave cross-section, originated from the spontaneous re-organization49
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of the 110-oriented substrate in 100-type nano-facets [38]. The Au/LiF system is annealed50

at 400 ◦C in the deposition chamber, resulting in the morphology reported in the atomic-51

force microscopy (AFM) image of Fig. 1, right. In the AFM image, aligned chains of52

closely-spaced, small Au NPs can be clearly seen.53

Digital image analysis allows to obtain the pair-correlation function (PCF) of the NPs54

(Fig. 1 right, inset); the relative spacing of the PCF maxima yields the mean array pitch55

of 37±2 nm along the chains, 33±4 nm across the chains, and the mean NP volume of56

(7300± 400) nm3, obtained dividing the equivalent Au thickness by the areal density of the57

NPs. The in-plane aspect ratio of the NPs was estimated at ∼ 1.2, meaning that the NPs58

are slightly elongated along the ripple axis.59

Once preparation was completed, we loaded the samples inside a custom roll-on/roll-off60

high-vacuum (HV) chamber placed between the arms of a J. A. Woollam M2000 spectro-61

scopic ellipsometer (245-1450 nm range) [33]. The sample was oriented with the NP chains62

parallel to the plane of incidence (Fig. 1, left). The base pressure was 1 · 10−7 mbar, and63

the angle of incidence for the in-situ SE measurements was chosen as θ = 66◦, as close as64

possible to the principal angle of the system (Fig. 1, left). M2000 acquires data simultane-65

ously along the full spectrum, so that one full SE measurement can be performed in a few66

seconds. Several annealing/cooling cycles were performed in order to remove ambient con-67

taminants and ensure that the system had reached a thermodynamically-stable morphology.68

SE spectra were acquired during several heating ramps from room temperature to 350 ◦C.69

Typical heating rate was 5 ◦C/min, and the pressure remained below 10−6 mbar during the70

whole process.71

Ψ, ∆ spectra measured at different temperature reveal the changes in the optical prop-72

erties of our samples, and constitute the main experimental feature of this work. Ψ,∆ are7374

defined according to the equation:75

ρ =
rp
rs

=
|rp|eiδp
|rs|eiδs

=
|rp|
|rs|

ei(δp−δs) = tan Ψei∆, (1)

where rs,p = |rs,p|eiδs,p are the s, p-polarized complex Fresnel reflection coefficients of the76

system. According to Eq. 1, ∆ = δp − δs and Ψ = arctan |rp|/|rs|; the units for both Ψ and77

∆ are degrees.78

The experimental Ψ, ∆ spectra are reported in Fig. 2 as a function of temperature. The79

traces correspond to the sample temperature according to the color scale on the right. RT80
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FIG. 2. Ψ(λ) (top panel) and ∆(λ) (bottom panel) measured on the Au NPs sample, in high

vacuum, at temperatures ranging from 25 ◦C to 350 ◦C. Inset: zoom over the 500-600 nm region

of Ψ(λ).

data are represented by the violet trace, whereas high-temperature (HT) data are reported81

as the red curves. The Ψ spectra (top panel) are essentially dominated at all temperatures82

by a well-defined dip around λ ≈ 550 nm, that gradually smoothens and gets shallower for83

increasing T (see inset). The ∆ spectra exhibit two different regimes: at low T, ∆ shows84

a sharp transition from low to high values around λ ≈ 550 nm. For T > 50 ◦C, ∆ shows85

instead a wiggled shape, that gets smoother and smoother for increasing T. The dip in Ψ86

and the corresponding wiggle in ∆ are the ellipsometric fingerprints of the system’s LSPR,87

as measured at θ = 66◦. We notice that these spectral features are significantly sharper88

than the corresponding spectral width of the LSPR as seen in reflectivity measurements89

[32]; indeed, SE is particularly well-suited to detect the small changes occurring for growing90

T.91
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We modelled the system as a 3-layer dielectric stack with Fresnel boundary conditions,92

where we find (bottom to top) the semi-infinite LiF substrate, an EMA layer representing93

the NP array, and the ambient.94

The effective dielectric tensor ←→ε eff of the EMA layer is represented according to a model95

described in detail in Ref. 32 after the theoretical treatment of Barrera et al. [39–41]. In96

brief, the NPs are modelled as point dipoles lying on a planar rectangular lattice. The effec-97

tive polarizability tensor ←→α of each NP is calculated taking the modified long-wavelength98

approximation and then effectively incorporating the contribution of the EM interactions99

among the particles and their image dipoles in←→α [39–41]. The NPs are assumed ellipsoidal100

in shape with x-, y-, and z-semiaxes matching the mean experimental volume and aspect101

ratio derived from AFM (ax, ay, az) = (13.4, 11.4, 11.4) nm. The pitch of the rectangular102

lattice is derived from the experimental pair correlation function. The x-, y-, z-axes are103

parallel to the ripples, normal to the ripples, normal to the surface. The effective dielectric104

tensor ←→ε eff of the EMA layer is derived from ←→α via a Maxwell-Garnett approach. Given105

the nanopatterned nature of the surface region, the dielectric function of the ”host” material106

is approximated as a 50%-50% linear combination of the bulk LiF and the vacuum dielectric107

functions. ←→ε eff is diagonal and biaxial (i.e. εxx 6= εyy 6= εzz) and the EMA thickness is set108

equal to the ripple hemi-periodicity [32].109

The temperature dependence of the optical response is obtained incorporating into the110

model the temperature-dependent εAu(T), extracted from independent SE measurements111

performed in the HV chamber on an optically-thick and morphologically-flat Au film, and112

applying the formula [42]:113

ε = sin2 θ

[
1 + tan2 θ

(
1− ρ
1 + ρ

)2]
(2)

The experimental εAu(T) spectra are reported in Fig.3 A, B (blue to red curves for increasing114

T). The real part of permittivity (ε1) remains almost unchanged for increasing temperature,115

apart from a very slight decrease observable at the highest wavelengths, originating from a116

blueshift of the Au plasma frequency ωp [43]. The imaginary part (ε2) exhibits a gradual117

smoothening of the interband transitions accompanied by a regular increase of the Drude118

tail with increasing T, ascribed to a shorter electron mean free path due to the increased119
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phonon population. The free-electron part of εAu(T) is represented by the Drude formula:120

εDrude(T) = ε∞ −
ω2
p

ω2 − iωΓ(T)
(3)

where ωp = (ne2/ε0me)
1/2 is the Drude plasma frequency and Γ(T) is the electron collision121

frequency [44]. The permittivity of the NPs, εNPAu , from which their ←→α is derived, was122

obtained adding an extra scattering term Γsurf accounting for finite-size effects [45, 46].123

Thus, in eq. 3, Γ(T)=Γ∞Au(T)+Γsurf , where Γ∞Au(T) is the temperature-dependent electron-124

collision rate of bulk Au.125

Coming back to the optical model, once ←→ε eff (T) is calculated, we can compute the126

Ψ,∆(λ,T). In Fig. 3 C, E we report the theoretical Ψ,∆ spectra at RT (dashed black lines)127

along with the corresponding experimental data (violet markers). The theoretical curves128

correctly reproduce the plasmon-related experimental features like the sharp dip in Ψ at129

λ =550 nm and the corresponding sharp transition in ∆. Some discrepancies appear in the130

UV region, likely due to finite-size effects on the interband transitions whose treatment is131

beyond the scope of the present work.132

In Fig. 3 D, F we report instead the theoretical HT (350 ◦C) Ψ,∆ spectra (dashed133

black line) along with the experimental data (red markers). We notice that, whereas the134

experimental features are still generally well reproduced (e.g. the switch of the ∆ spectrum135

to a wiggled shape), the calculated spectra exhibit larger discrepancies with respect to the136

experimental data. The calculations systematically yield sharper features in the Ψ dip (inset137

of Fig. 3 D) and in the wiggled transition in ∆. The deviation between experimental data138

and the calculated spectra begins to be noticeable at 125 ◦C, and from then onwards, it139

regularly rises with increasing temperature (see Supporting Information S1 and S2-1, S2-2,140

S2-3 for theoretical and experimental spectra at all intermediate temperatures). Making the141

reasonable assumption that smoother spectral features arise from larger dissipation, then142

the growing discrepancy between experiment and model with increasing T implies that the143

system exhibits an unaccounted temperature-dependent source of damping. We introduced144

such an extra damping in our model, finding that a temperature-dependent increase of145

electron scattering rate, indicated as Γ*(T), effectively restored a much better agreement146

with experimental data. For reasons that will be discussed later, we rename Γ*(T) to147

Γmelt(T ). The total scattering rate in eq. 3 thus reads Γ(T)=Γ∞Au(T ) + Γsurf + Γmelt(T ).148

At 350 ◦C, the best agreement between experimental and calculated Ψ,∆(λ) is found in149
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FIG. 3. Panels A, B: Colors from violet to red: experimental real and imaginary part of εAu as a

function of temperature. Black lines: εNPAu corrected for temperature effects. Inset of B: zoom over

the Au interband region. Panels C, E : experimental (violet markers) and calculated (black dashed

line) Ψ and ∆ spectra at 25 ◦C. Panels D, F: red markers: experimental Ψ and ∆ spectra at 350

◦C; black dashed line: calculated Ψ and ∆ spectra using εNPAu (350 ◦C); continuous black line: Ψ

and ∆ spectra calculated using εNPAu (350 ◦C) corrected for temperature effects. Panel G: magnitude

of the temperature-driven correction Γmelt required to achieve the best fit between experiment and

model.
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correspondence of the εNPAu reported as the solid black lines in Fig. 3 A, B. The corrected150

Ψ,∆(λ) are reported as the solid black lines in Fig. 3 D, F: the improvement in the fit is151

significant. The magnitude of the temperature-dependent scattering-rate correction required152

to achieve the best fit is reported as the orange markers in Fig. 3 G: Γmelt starts to rise153

at T= 125 ◦C and monotonously grows with T. The corrected Ψ,∆(λ) for all intermediate154

temperatures (experimental and theoretical) are reported in the Supporting Information155

(Figure S2-1, S2-2, S2-3), along with the effective dielectric tensor calculated at RT and HT156

(Figure S3).157

DISCUSSION158

The improved agreement between experiments and simulations suggests that the NPs159

may undergo a temperature-dependent alteration not accountable, from the optical point of160

view, by the bulk dielectric constants εAu(T ). A fitting explanation for this observation is the161

occurrence of surface premelting in the NPs. It is known that the melting of solids begins162

at their surface [47, 48] at temperatures below the respective bulk melting temperature,163

and that the actual melting is preceded by a gradual softening (or pre-melting) at surfaces.164

In NPs, surface premelting [49–51] is a function of particle size and has been observed at165

temperatures much lower than the bulk counterpart: for example, Inasawa et al. [52] showed166

that Au particles could already exhibit a molten layer at temperatures as low as 400 ◦C,167

whereas Plech et al. [51] experimentally showed that even just ∼100 ◦C may be enough168

for this purpose. The latter report is potentially compatible with our observation, since we169

saw that a surface-scattering adjustment is required already at T= 125 ◦C. This suggests170

that surface premelting is at play in our system; indeed, this is the reason why the extra171

contribution to the electron scattering rate was named Γmelt(T).172

In principle, other temperature-dependent mechanisms may also be invoked to explain173

a variation of the optical properties of nanoparticles. We considered for example: the174

desorption of water or contaminants from the NPs surface; temperature-induced variations175

of the substrate dielectric function; the thermal expansions in the system; adjustments176

in the system morphology as a result of increased temperature. However, several heating177

cycles on our system demonstrated that the observed variations are reversible. This piece178

of information was pivotal, because none of the mechanisms just mentioned can induce179
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reversible changes and, at the same time, reproduce the trend observed in our data. Surface180

premelting is therefore the only mechanism which can credibly explain our data; in addition181

to that, it is matched by direct observations in the literature.182

We point out that Γmelt is an effective parameter, therefore it does not provide a micro-183

scopic description of the nanoparticles, such as the extent of the surface premelting. Even184

so, our analysis allows us to identify the onset of the surface premelting. Moreover, the trend185

in Fig. 3 G suggests that the degree of surface premelting increases as the temperature rises,186

in accordance with simulations [53]. We also observe that values of Γmelt reported in Fig.187

3 G are in the same magnitude range compared to Γ∞Au(T ) and Γsurf (which read 33 · 1012
188

Hz and 137 · 1012 Hz at RT, respectively). It may be argued that more information could189

be obtained with a more sophisticated model, such as a core-shell structure, with solid core190

and pre-molten shell. We did not implement this approach because surface premelting is191

not expected to be homogeneous [54] and because a core-shell model requires independent192

knowledge of the thickness and optical properties of the shell, none of which are readily193

available, neither from experiment nor from theory [55, 56].194

We believe that the value of this work goes beyond the mere detection of surface premelt-195

ing. In fact, we presented a mean of calibration which relates the temperature of nanosystems196

to their measured optical response; this can be useful whenever a direct measurement of the197

temperature is not feasible. Concerning our arrays of Au NPs, we presented experimen-198

tal data and developed a model to demonstrate the optical properties of Au nanoparticles199

deviate from expectations when temperature rises; we noticed that an effective correction200

restores agreement between our model and the experimental data; and finally, we indicated201

surface premelting as the most likely cause of the deviation between the uncorrected model202

and experimental data.203

For this work, it was crucial to have access to the properties of a plasmonic system at204

well-defined and externally-controlled temperature, because it allowed to gather unambigu-205

ous evidence about the deviation of the system optical response from simplified expectations.206

At present, indeed, most experiments deduce NP temperature by the analysis of its optical re-207

sponse, neglecting the impact of thermodynamic finite-size effects on the dielectric response.208

The availability of experimental data in conditions of thermodynamic equilibrium at tem-209

perature T between electron gas, lattice and ambient, can also be precious for comparing210

with the results of ultrafast-heated nanosystems, where a direct temperature measurement211
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is not conceivable and out-of-equilibrium conditions are typically created. This approach212

can thus significantly affect the current way of modelling the response of nanosystems to213

laser irradiation. In this respect, we suggest that the dielectric correction discussed in this214

work should become common practice in thermoplasmonics.215

CONCLUSIONS216

We have reported a temperature-dependent investigation of the optical response of217

densely-packed 2D arrays of gold nanoparticles supported on an insulating substrate. As218

a function of increasing T, the measured SE spectra showed a clear evolution. Using a219

dedicated effective medium approximation based on the actual sample morphology [32], we220

could reproduce the experimental spectra employing the appropriate temperature-dependent221

dielectric function of the constituent metal εAu(T ). The agreement between experimental222

data and model, very good at RT, gradually faded as the tempeature increased. We ascribed223

the discrepancy to the the onset of surface premelting, observable indeed at temperatures224

far below the corresponding Au-bulk melting temperature.225

The implications of our findings are manifold. Our data and model showed that the226

optical properties of Au nanoparticles deviate from expectations when temperature rises.227

We noticed that an effective correction restores a good agreement between our model and228

the experimental data, and we indicated surface premelting as the most likely cause of the229

observed deviations. Therefore our work suggests that a dielectric correction such as Γmelt230

should be considered when modelling the optical properties of hot plasmonic nanosytems.231

The experimental procedure used in this work provides an accurate temperature calibration;232

in principle this can be applied to any system, as long as the temperature-induced variations233

in its optical properties are large enough to be detected by SE.234

CONFLICTS OF INTEREST235

There are no conflicts of interest to declare.236

11



ACKNOWLEDGMENTS237

We acknowledge support from the Ministero dell’Istruzione, dell’Università e della Ricerca238
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