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The last two decades have witnessed rapid growth of photonic metamaterials – engineered 18	

composite materials, comprised of rationally designed nanoscopic (often metallic) inclusions 19	

embedded into a dielectric matrix [1-3]. Theoretically predicted and experimentally 20	

demonstrated applications and functionalities of metamaterials and related nanophotonic 21	

structures include negative index of refraction [4,5], invisibility optical cloaking [6,7], 22	

nanocircuits operating at optical frequencies [8], optical topological insulators [9,10], artificial 23	

intelligence [11], and many others. Historically, most metamaterials have been fabricated in 24	

cleanroom environments (using a “top-down” engineering approach) and their sizes did not 25	

exceed ~100 µm x 100 µm [1-3]. At the same time, real-life applications (including 26	

photovoltaics [12], thermal radiation control [13], and multi-functional conformal coatings [14]) 27	

call for inexpensive “bottom-up” mass-produced metamaterials [15-18], whose dimensions 28	

exceed a square inch (or a square meter) and whose responses to electromagnetic waves can be 29	

tuned at the fabrication stage or in situ. The latter demand motivated the present study of the 30	
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polymer-gold composite material, whose optical properties can be easily controlled by a flexural 31	

stress applied to a thin glass substrate. 	32	

 In sample preparation, poly(methyl) methacrylate (PMMA) polymer (with an average 33	

molecular weight 120,000) was dissolved in a dichloromethane (DCM) solvent, in concentration 34	

116 g/l, and sonicated, at room temperature, for a total of 90 minutes. A laser dye, 2-[7-(1,3-35	

Dihydro-1,3,3-trimethyl-2H-indol-2-ylidene)-1,3,5-heptatrienyl]-1,3,3-trimethyl-3H-indolium 36	

iodide (HITC), was added to the polymer solution for better visibility, as discussed below, in the 37	

concentration 30 g/l (in solid state). The solution was then spin coated onto 0.2 mm thick glass 38	

cover slips from VWR, using a 6800 Spin Coater from Specialty Coating Systems with an 39	

applied vacuum pressure of approximately 2 psi (according to the manufacturer’s specifications). 40	

The spin coating was performed at 555 RPM for 3 seconds, followed by 5000 RPM for 25 41	

seconds, and finally at 7500 RPM for 16 seconds. By using the relatively high concentration of 42	

PMMA in DCM, the films were intentionally made scattering (milky) to provide for visibility of 43	

the patterns discussed below, Fig. 1a.	44	

 45	

     			  46	
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Figure 1: (a) HITC:PMMA film deposited onto 25x25 mm glass slip at applied flexural stress 47	

(vacuum suction). (b) Photograph of the chuck holding the sample, showing the hole for the 48	

vacuum suction, two slits forming a cross, elevated metallic ring and the rubber o-ring (black).	49	

The chuck of the spin coater, holding the sample by applied vacuum, had a small hole in 50	

the center for a vacuum suction, o-ring for keeping the vacuum, and two slits (forming a cross) 51	

for a uniform distribution of the vacuum, Fig. 1b. As we see below, the latter functionality was 52	

not highly efficient and the stress applied to the sample by vacuum (strictly speaking, by 53	

atmospheric pressure) was highly non-uniform. As the vacuum was turned on, the glass slip bent, 54	

forming a bowl shape. Subsequently, the PMMA film was deposited onto a curved surface. In 55	

the end of the spinning cycle, when the rotation stopped, the vacuum was broken and the glass 56	

substrate with the deposited HITC:PMMA film popped up, becoming plane again. 	57	

Almost instantaneously, an intense greenish-bluish image of the cross and the ring 58	

appeared and become clearly visible (the greenish-bluish coloration was characteristic of HITC 59	

dye and was never observed in PMMA films without dye), Fig. 1a. This observation, suggesting 60	

that the flexural stress provided by vacuum is strongly inhomogeneous at the 1 mm scale, is one 61	

of the most intriguing results of this study. The thickness of the HITC:PMMA film measured 62	

(using DekTak XT stylus profilometer from Bruker) in the arm of the cross, 120 nm ±10%, was 63	

similar, within the experimental error, to that measured outside or the cross. We infer that the 64	

intense coloration of the cross and the ring were due to smaller amount of scattering in the 65	

respective local areas, determined by local non-uniformity of the flexure stress. (An alternative 66	

explanation accounting for a segregation of the dye molecules and their higher concentrations in 67	

the positions of the cross and the ring appears to be less likely.)	68	
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We then deposited thin Au films (using a Nano 36 thermal evaporator from Kurt J. 69	

Lesker) on top of HITC:PMMA films, with the images of the cross and the ring described above 70	

(Fig. 1a), photographed them (Fig. 2), and took their transmission and reflection spectra (using a 71	

Lambda 900 spectrophotometer, PerkinElmer) from the local areas corresponding to the arms of 72	

the cross and the spots outside of the ring and the cross (Fig. 3). The size of the light spot on the 73	

sample was 3.6 mm x 1.3 mm in the transmission experiments and 8 mm x 1.2 mm in the 74	

reflection experiments. 	75	

	    76	

Figure 2: (a) Photograph of the glass slip sample with deposited HITC:PMMA and Au films, 77	

taken in the transmission mode. The greenish-bluish coloration dominating the area of the 78	

sample is characteristic of “regular” unstressed Au films, the deformed cross is pink and blue, 79	

while the ring surrounding the cross is grayish-bluish. (b) Photograph of the ring taken in the 80	

reflection mode. The 43 µm “crater” is one of many “open sphere” features created in the ring 81	

area in the course of fabrication.	82	

 83	
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 84	

Figure 3: Transmission (a) and reflection (b) spectra of the HITC:PMMA films measured 85	

outside of the ring (trace 1) and in the position of the cross’ arm (trace 2). 	86	

 87	

Outside of the cross and the ring, the transmitted light was greenish-bluish (Fig. 2a), 88	

characteristic of thin Au films [19,20], and the transmission spectrum featured the well known 89	

peak at 500 nm, trace 1 in Fig. 3a. By comparing the experimental transmission spectrum with 90	

the one calculated using the on-line transfer matrix solver [21], we evaluated the thickness of the 91	

gold film to be equal to 61 nm, while the thickness determined using the profilometer was ~40 92	

nm. The characteristic reflection spectra of the “outer” area (outside of the ring) were typical of 93	

thin Au films, trace 1 in Fig. 3b. 	94	

At the same time, the transmission of the local areas with the patterned cross was 95	

strikingly different from that described above. Thus, in the arms of the cross, the transmitted 96	

light was pink and dark blue, see Fig. 2a. The corresponding transmission spectrum had the 97	

maximum at λ≈470 nm, the minimum at λ≈550 nm, and the growth (with increase of the 98	

wavelength) at λ≥550 nm, trace 2 in Fig. 3a. (In this particular measurement, the size of the 99	

focused light spot, 3.6 mm x 1.3 mm, was commeasurable with the arm of the cross, ~3 mm x 1 100	

mm.) The corresponding reflection spectrum was not much different from that measured outside 101	

of the cross and the ring (Fig. 3b, trace 2), possibly because the size of the light spot in the 102	
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reflection measurements (~8 mm x 1.2 mm) was significantly larger than the size of the cross’ 103	

arm and most of the reflected light was coming from the low-stressed area. Microphotographs of 104	

the gold-coated samples showed neat rows of ~10 µm cavities or craters, Fig. 2b. However, the 105	

morphology features determining the color and the spectra of the transmitted light must be much 106	

smaller.	107	

The dip in transmission at λ≈550 nm followed by the transmission’s growth at the longer 108	

wavelengths is characteristic of gold nanospheres embedded into a dielectric matrix [22]. 109	

Therefore, we attempted to fit the transmission and reflection spectra of the HITC:PMMA:Au 110	

films using the Maxwell Garnett model [23] (for Au nanospheres in the HITC:PMMA matrix). 111	

Toward this end, the effective medium spectra of the composite materials were calculated using 112	

the formula:	113	

            (1)	114	

where f is the filling fraction of inclusions, ϵh is the permittivity of the host material 115	

(HITC:PMMA), ϵi is the permittivity of the inclusions (Au) and εeff is the permittivity of 116	

effective medium. The spectra of dielectric permittivities of Au and PMMA were taken from 117	

Refs. [24,25] and [26], respectively. 	118	

We further used the analytical formulas derived in Ref. [27] to calculate the reflection 119	

and transmission spectra of a three-layered structure, such as glass/HITC:PMMA:Au/air 120	

(assuming the thickness of the Au film to be 61 nm). Although a qualitative (but not quantitative) 121	

agreement between the experimental transmission spectra of the cross and those calculated at Au 122	

filling factors f≤0.3 can be seen (in e.g. Fig. 4a), even a qualitative agreement ceases to exist, for 123	

the same filling factors, if the experimental and the calculated reflection spectra are compared to 124	
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each other, Fig. 4a. On the other hand, a modest agreement between the experimental and the 125	

calculated transmission spectra of the composite material can be found at Au filling factor f≥0.8, 126	

far beyond the range of applicability of the Maxwell Garnett model, when the experimental and 127	

the calculated transmission spectra have nothing in common. Note that the disagreement between 128	

the theory and the experiment can be partly due to a higher optical loss in our experimental Au 129	

films than that reported in the literature [24,25].	130	

    131	

Figure 4: Calculated (traces 1 and 2) and experimental (traces 3 and 4) reflection (traces 1 and 132	

3) and transmission (traces 2 and 4) spectra of the composite HITC:PMMA:Au media, as 133	

explained in the text. Au filling factor f=0.2 (a) and f=0.9 (b).	134	

 135	

We, thus, conclude that the transmission and the reflection spectra of HITC:PMMA:Au 136	

composites cannot be described in term of the Maxwell Garnett model. We further ran the 137	

calculations for an “inverted” Maxwell Garnett model (for HITC:PMMA “bubbles” in a gold 138	

matrix) and the agreement between the experiment and the calculation was not any better. 139	

Application of more complicated effective media theories, such as Bruggeman model [28], 140	

Bergman-Milton model [29,30], etc., is the subject of a separate study to be published elsewhere.	141	
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To summarize, we have demonstrated that optical properties of HITC:PMMA:Au composite 142	

materials can be strongly altered by flexural stress applied to thin glass substrates during the spin 143	

coating. (This result is in accord with Ref. [31] reporting on mechanical tuning of optical 144	

properties of a metamaterial.) While the pattern of the stress distribution was seen in scattering of 145	

HITC:PMMA films without any metal, the gold film, deposited on top of the stressed polymeric 146	

film, changed the color of the transmitted light from greenish-bluish to pink or dark blue. 147	

Particularly intriguing and important result of this study is the high spatial resolution of the stress 148	

pattern determining the composite’s optical properties and dispersion, which can find application 149	

in controlling incident light and spontaneous emission. 	150	

The morphology of the composite material, the spectrum of its effective dielectric 151	

permittivity as well as in situ control of the material’s optical properties are subjects of further 152	

studies to be published elsewhere.	153	
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