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Percolation processes are ubiquitous in nature and are responsible for many critical 

phenomena, such as first-order phase transitions and infectious epidemic networks.  

The optical properties of a percolative medium can generally be captured by the 

effective medium approximation (EMA) when the degree of percolation and the 

properties of the constituent materials are properly addressed. However, the 

important local collective responses of nanoclusters in the deep subwavelength 

regime are often only phenomenologically addressed in the standard EMA 

formalism. A comprehensive method that measures local light-matter interactions 

and registers how the local responses influence global optical properties has yet to 

be established on a firm basis. In this letter, we use infrared nano-imaging/ 

spectroscopy to investigate percolative gold films at the vicinity of the critical 

percolation threshold. We demonstrate experimentally and theoretically that the 

near-field spectra yield quantitative information of the characteristic length scale of 

the local gold clusters and their relative oscillator strengths. As a result, EMA 

analysis can be augmented with near-field nano-spectroscopy to yield better 



predictability of the far-field reflection spectrum at the corresponding spectral 

range. 

1. INTRODUCTION 

Percolative metal-dielectric composites possess interesting electromagnetic properties. 

For example, the insulator-to-metal transitions in percolative metal thin films (PMFs) 

yield tunable dielectric constants that are anomalously high at the vicinity of the phase 

percolation[1].  Among complex metal-dielectric composites, random percolative metal-

dielectric thin films are exceptionally difficult to study because their nonuniform cluster 

size, irregular shape, and inhomogeneous distributions pose formidable obstacles for 

rigorous ab initio treatments[2,3]. In addition, local metal clusters at a length scale 

significantly smaller than the wavelength can play a dominant role in determining the 

plasmonic responses of the PMFs[4–9], which are difficult to address using areal 

averaging methods. Optical probes that can offer quantitative measurements of the 

microscopic details are therefore crucial for better modeling of the metal-insulator 

mixtures.  

     In a simple picture, PMFs can be modeled as a random arrangement of conducting 

bonds on an infinite grid. As the fraction of the metal distribution ݂ increases from 0 to 1, 

an electrically connected network gradually forms, and the system undergoes a transition 

from insulating to conducting. This transition occurs at a critical fraction ௖݂ whose value 

depends on many factors, such as the system dimensionality, lattice geometry, and the 

correlation between sites (e.g., ௖݂ 	= 0.5 for two-dimensional square lattice without 

correlation). The macroscopic physical properties, such as film sheet conductivity, of 

these systems can be derived from effective approaches such as the classical effective 

medium approximation (EMA)[10]. Although qualitative macroscopic properties can 

usually be well understood through EMA, local characteristics involving mesoscale 

collective electron interactions are generally overlooked[11–13]. This is why 

metamaterials or photonic crystals, for example, cannot be described satisfactorily using 

conventional EMA formulations. On the contrary, the metamaterial resonances can be 

described well in terms of local oscillators using equivalent LC circuit analysis or antenna 

theory at the single-unit-cell level (usually the inter-cell interaction is neglected)[14]. In 



the case of random PMFs, however, no unit cell can be specified, and a rigorous 

microscopic description is mathematically expensive. One way to solve this dilemma is 

to use a phenomenological and less intuitive EMA that describes the local variations of 

the inclusion[1,15]. Here, we demonstrate a new method to understand the local and 

global properties of PMFs: starting from the effective dielectric function using EMA, by 

incorporating the near-field-resolved local resonances into our analysis, the IR 

reflectance can be faithfully reproduced. 

       A series of gold PMFs on c-cut sapphire substrates are prepared by thermal vacuum 

deposition method. Their sheet resistance is closely monitored during the deposition 

process so that they span across the percolative threshold. This is verified by scanning 

electron microscope (SEM) and DC resistance measurements, where samples with 

similar morphology show dramatically different sheet resistances (Fig. 1(a)-(c)). Films 

exhibiting infinite and finite sheet resistance are classified as insulating films (IFs) and 

conductive films (CFs), respectively. Here we focus our attention on the optical 

properties of 4 (out of 9) characteristic samples with sheet resistance 20 Ω/□ (sample A), 

14.5 ݇Ω/□ (sample B), and ∞ Ω/□ (sample C and D). The detailed growth conditions 

and DC measurements of the full sample set will be reported in a separate article. 
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                                                			௙൫ఌ೒ିఌ౛౜౜൯ఌ೒ାఌ౛౜౜ + (ଵି௙)(ఌ౗౟౨ିఌ౛౜౜)ఌ౗౟౨ାக౛౜౜ = 0	,																																																								(1) 
where ݂ is the filling fraction of gold[12,16,17]. In this model, the effective percolation 

threshold is ௖݂ = 0.5, which is lower than the expected value ௖݂௘௫௣ > 0.9 estimated from 

SEM images of our films. Nonetheless, this approach provides a reasonable qualitative 

description and a more intuitive picture than other complex models. We note here that 

since the gold clusters have a uniform and isotropic distribution, for simplicity, we use an 

EMA with isotropic circular inclusions and avoid other geometries such as elliptical and 

needle-like shapes. This also “turns off” the inter-cluster interactions[1]. 

      As shown in Fig. 2(c), the far-field reflectance is calculated using the multilayer 

Fresnel equation considering a layer with EMA permittivity ୣߝ୤୤  on top of a sapphire 

substrate. Gold is described by a conventional Drude model and the complex dielectric 

permittivity is given by 

௚ߝ                                                      = 1 − ఠ೛మఠమା௜ஓఠ ,                                                         (2) 
where γ = ଵఛ is the relaxation rate and ߱௣ is the plasma frequency[18]. Over the years 

inconsistent values of both ߱௣ and γ have been experimentally measured mainly due to 

sample growth and experimental conditions[19,20]. Here we adopt the values from the 

relatively new study by Olmon et al.[21] where ߬  is found to be ~14	݂ݏ  and ߱௣ =8.45	ܸ݁. On the other hand, sapphire exhibits anisotropy where the dielectric functions 

for ordinary (o) and extraordinary (e) axes are different. The dielectric function is given 

by 

ఓߝ                                             = ஶ,ఓߝ ∏ ఠೕಽೀ,ഋమ ିఠమି௜ఊೕಽೀ,ഋఠఠೕ೅ೀ,ഋమ ିఠమି௜ఊೕ೅ೀ,ഋఠ௝ ,                                           (3) 

where ߤ = ߤ) ݋ = ݁) for ordinary (extraordinary) axes, ௝߱௅ை,ఓ  ( ௝்߱ை,ఓ) and ߛ௝௅ை,ఓ (ߛ௝்ை,ఓ) 

are the resonant frequency and relaxation rate of the ݆-th longitudinal (transverse) optical 

mode. Numeric values of those parameters can be found in the literature[22,23]. The 

reflectance is therefore calculated as  

                                                   ܴ = ଶ|ݎ| = ቚ ௥బభା௥భమ௘మ೔ഇଵା௥బభ௥భమ௘మ೔ഇቚଶ,                                             (4) 



where ݎ௜௝ = ௡೔ି௡ೕ௡೔ା௡ೕ  stands for reflection coefficient between the ݅-th and ݆-th layer and ߠ = ଶగ௡భௗఒ  with ݀ the film thickness and ߣ the free space wavelength. Realistically the 

mean film thickness varies from 24 nm to 37.5 nm. As the thickness does not drastically 

change the calculation result, here for simplicity, we set ݀ = 30	݊݉  without loss of 

generality. 

     As ݂ increases across the percolation threshold, the spectrum changes dramatically 

and agrees qualitatively with the experimental data (Fig. 1(b)). In particular, the redshift 

of the dip of the resonance is reproduced well by the current model, reaching ~800 cm−1 

at ௖݂ = 0.5 . This redshift in the far-field responses is therefore likely to be a 

manifestation of the percolation behavior. To better illustrate this, we plot the calculated 

IR reflectance as a function of frequency and ݂ in Fig. 2(d) and zoom into the redshifted 

region around ௖݂ = 0.5	in Fig. 2(e). As shown in Fig. 2(f), experimental data replotted as 

a function of frequency and sheet resistance show the same trend as in Fig. 2(e). 

Therefore, the general far-field IR responses in our gold films are qualitatively 

characterized by EMA with 	݂  close to ௖݂ = 0.5 . However, the long spectral tails 

calculated by EMA above the ~900 cm−1 range [Fig. 1(c)] significantly underestimate the 

IR reflectance from experiments [Fig. 1(b)]. As we will show below, the local plasmonic 

behavior of the gold clusters emerge as a dominant factor at frequencies above 900 cm−1 

and contribute to the spectral weight lost in EMA. These local optical responses are 

expected to demonstrate strong variations depending on the local geometries of the 

granular domains and are totally averaged out in the far-field measurements[24–27].  

3. NEAR-FIELD INFRARED SPECTROSCOPY AND NANO-IMAGING 

     Near-field nano-imaging and nano-spectroscopy are therefore useful in probing the 

local optical responses of the gold clusters and revealing the characteristics of their 

plasmonic behaviors[28–30]. The near-field experiment is schematically shown in Fig. 

3(a). In the terahertz (THz) region ( ߣ ≈ 300	μm ), nano-imaging reveals a rather 

homogeneous response in all samples. In Figs. 3(b) and (c), we show two representative 

THz s-SNOM images of samples A (20 Ω/□) and D (∞). It is worth noting that although 

optical inhomogeneity is absent, the global THz near-field signal levels differ 
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Fig. 4 (a)-(d) Near-field spectra taken at random locations in two CFs (sample A and B) and 

two IFs (sample C and D), respectively. All curves are shifted for clarity. Arrows in (a), (b), 

and (c) mark the local resonance peaks. (e) IR near-field spectra taken from a CF and bare 

sapphire compared with theoretically calculated spectra. (f) Far-field reflectance using only 

EMA (blue curve) and EMA with local resonators (red curve). For comparison, one 

experimental spectrum from Fig. 1(b) is also shown (red dashed curve). 

4. THEORETICAL MODELLING  

      We propose that the s-SNOM probes the local permittivity of the gold films, which 

can be described by the sum of the macroscopic effective medium background and local 

Lorentzian resonators: 

௚௡ߝ                                                 = ୤୤ୣߝ + ∑ ௦ೕఠ೚ೕమ ିఠమା௜ఠఊೕ 	,																																																		(5)௝  

where ݏ௝ is the oscillator strength, ߱଴௝ is the resonant frequency, and ߛ௝ is the damping 

coefficient. ୣߝ୤୤ is given by equation (1). We used ݂ = 0.5 in the following calculation. 

Higher (lower) f corresponds to more metallic (insulating) behavior, which only affects 

the overall signal intensity in the near-field measurement but has minimal influence on 

the resonance. This phenomenon has been observed similarly in artificial percolation 

system with scanning microwave impedance microscopy[35]. These resonators emerge 

because of the strong plasmonic resonances. The near-field response can be calculated 

analytically or numerically by modeling the AFM tip as a point dipole, elongated 

spheroid, or cone[23,36–41]. Here we adopt the finite-dipole model as detailed in the 

work by Cvitkovic et al.[36]. The essence is that the scattered field, which is 

experimentally detected in s-SNOM, is given by  

ୱୡୟܧ                                                    ∝ ൫1 + ,	୤୤ୣߙ௣൯ଶݎ               (6)    	
where ୣߙ୤୤(ߚ) is the tip effective polarizability that is proportional to the induced dipole 

moment on the tip. ୣߙ୤୤ reflects how strong the near-field tip-sample interaction is. In the 

dipole scattering framework, the scattered field is proportional to the dipole moment thus 

proportional to ୣߙ୤୤ ௣ݎ .  is the p-polarized reflection coefficient and ൫1 + ௣൯ଶݎ  is 

commonly referred to as the “far-field factor” due to direct surface reflection. This factor 

is found to play a minor role so is ignored for simplicity[42]. ߚ is the sample response 



function, which is related to sample permittivity. For bulk samples with permittivity ߚ ,ߝ = ߝ) − 1) ߝ) + 1)⁄  is the quasi-static reflection coefficient. For our gold thin 

film/sapphire structure, ߝ as an approximation can be interpreted as an effective value 

derived directly from the Fresnel equation 

∗ߝ                                             = ௚௡ߝ ఌೞାఌ೒೙ ୲ୟ୬୦(௤∗ௗ)ఌ೒೙ାఌೞ ୲ୟ୬୦(௤∗ௗ)	,           (7) 

where ߝ௦ = ඥߝ௢ߝ௘  is the averaged permittivity of sapphire[42], ݀ is the film thickness, 

and 1~∗ݍ (10ܽ)⁄  is the phenomenological effective in-plane momentum[43]. For a 

direct comparison with the experimental near-field spectrum, ߙ௘௙௙  needs to be 

demodulated to 2nd harmonics of the tip tapping frequency and normalized to a gold 

reference. As a demonstration, in Fig. 4(e) we compare our model calculation (solid 

curves) 

                                               ܵଶ ∝ 	  ଶ௡ௗ                                       (8)(	୰ୣ୤ୣ୰ୣ୬ୡୣߙ)/ଶ௡ௗ(	୤୤ୣߙ)

to experimental data (dashed curves). The near-field spectra of film A (red) and sapphire 

substrate (black) are well fitted. Most importantly, the partially screened sapphire phonon 

responses and the local resonators of the gold films can be well reproduced.  

     From the above analysis, extra information of the local resonators that is missing from 

the macroscopic EMA modeling can be readily extracted from the near-field 

investigation. These local resonators contribute to the far-field spectra significantly, 

similar to an array of antennas. It is therefore reasonable to reconstruct better modeling of 

the far-field reflectance from the obtained near-field information. That is, the 

contributions from the local resonators should be included in the EMA permittivity. The 

resonance frequency ߱଴௝ , oscillator strength ݏ௝ , and the damping coefficient ߛ௝  of the 

local resonators are expected to follow a specific distribution function ܦ(߱଴, ,ݏ  ,That is .(ߛ

the macroscopic permittivity of the gold film is then given by 

୤୤ᇱୣߝ                                          = ୤୤ୣߝ + ׬ ,଴߱)ܦ ,ݏ (ߛ ௦ఠబమିఠమା௜ఊఠ೘ೌೣఠ೘೔೙	 	݀߱଴                         (9) 

instead of simply ୣߝ୤୤ given by equation (1). The exact form of ܦ(߱଴, ,ݏ  is complex (ߛ

and intimately related to the particular gold films under investigation. As a proof-of-
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inhomogeneous optical responses are clearly observed at mid-IR frequencies but are 

completely absent at much longer wavelengths in the THz regime. The elevated far-field 

reflectance above ~900 cm−1 is found to be a direct consequence of the collective 

response of micro-resonators formed by the local gold clusters. Standard EMA methods 

do not address the local resonances therefore underestimates the IR reflectance at certain 

frequency ranges. We conclude that a collaborative investigation of both far-field and 

near-field properties paints a more complete picture of the system under study: EMA 

provides a general background effective permittivity of the percolating gold films, which 

can be augmented by contributions from local resonators probed by near-field optics. 

This work can be instructional for future studies of random or quasi-random photonic 

structures using near-field methods, which are potentially important for applications of 

field enhancement, light trapping, and energy storage[44,45]. 
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