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We theoretically investigate the building of optical resonators based on the levitation properties of
thin films subjected to strong repulsive Casimir-Lifshitz forces when immersed in an adequate
medium and confronted to a planar substrate. We propose a design in which cavities supporting
high Q-factor optical modes at visible frequencies can be achieved by means of combining
commonly found materials, such as silicon oxide, polystyrene or gold, with glycerol as a mediating
medium. We use the balance between flotation and repulsive Casimir-Lifshitz forces in the system
to accurately tune the optical cavity thickness and hence its modes. The effects of other forces,
such as electrostatic, that may come into play are also considered. Our results constitute a proof of

concept that may open the route to the design of photonic architectures in environments in which



dispersion forces play a substantial role, and could be of particular relevance for devising novel

microfluidic optical resonators.
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Very recently, repulsive Casimir-Lifshitz forces, Fi¢c_), have been demonstrated in metallic plates
through an appropriate stratification of the inner dielectric media in a beautiful cutting-edge
experiment.! In it, a gold nanoplate is submerged in ethanol in the vicinity of a Teflon-coated gold
substrate. This scheme displays levitation due to the balance of buoyancy, F,, and repulsive
Casimir-Lifshitz forces, crowning the levitation phenomena previously proposed in literature,?¢
and opening the path for a variety of applications such as contact-free nanomachines, ultrasensitive

force sensors, and nanoscale manipulations based on such pursued repulsive dispersion force.”?°

Here, we further explore theoretically the possibility of building optical resonators supporting high
Q-factor optical modes at visible frequencies formed by a bilayer metal plate in front of a planar
substrate that levitates in a suitable liquid medium due to the balance of F;, and repulsive Fc_p).
The spectroscopic characterization of the optical resonator will yield the size of the cavity and,

indirectly, the equilibrium distance at which the bilayer structure levitates. In an experiment based



on this approach in which quantum stable levitation is detected by spectroscopic techniques, and
the equilibrium distance is quantified indirectly by measuring reflectance properties of the optical
cavity formed by the facing metal plates, it is mandatory to have an excellent control on the
measured layer thickness of all materials in the stratified cavity, and a perfect alignment between
the parallel plates to accurately determine their spectral reflectance response and exclude dynamic
situations out of equilibrium. In this context, the narrower the spectral features (provided by high
Q-factor optical resonators), the better the precision of the geometrical parameters yielding the
defined spectral response. In our design, optical resonators can be achieved by means of combining
well-known materials, such as silicon dioxide (SiO2), polystyrene (PS) and gold (Au), immersed
in glycerol. Such solid materials present exceptional optical quality, and a fine tuning of their
thicknesses is possible experimentally.?!> Additionally, in contrast to alcohols suffering from
evaporation, glycerol presents stable dissipation properties with potential applications in
promising technologies based on such levitation effect. In our approach, we use the balance
between flotation and repulsive Casimir-Lifshitz forces acting on the system to accurately tune the
optical cavity thickness and hence the modes in the devised optical resonator. The effects of other
forces that may come into play, such as electrostatic ones, are also evaluated. Our results
demonstrate a novel framework for the design and manipulation of photonic systems governed by

dispersion forces.
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Figure 1: a) Scheme of the optical resonator proposed displaying levitation due to the balance of
Fc-1) and Fy: it consists on a SiOz-coated Au substrate with a suspended Au/PS bilayer on top.
The whole arrangement is immersed in glycerol. Glycerol layer thickness between the substrate
and the bilayer is denoted by d,. In the case of levitation, dy = d,4. b) Dielectric permittivities
evaluated at Matsubara frequencies, €(i&,,), for the materials of choice: SiO- (in grey), PS (in blue),
glycerol (in navy) and Au (in yellow).

A scheme of the proposed optical resonator is shown in Figure 1a. A Au substrate coated by a
Si0; layer of variable thickness acts as one of the mirrors in the optical resonator design, on top
of which the second mirror consisting on a golden PS bilayer of tunable thickness is immersed in
glycerol at a separation distance d,,. Corresponding dielectric permittivities evaluated at Matsubara
frequencies (£(i&,,)), extracted from refs. [17,23-27], are shown in Figure 1b. The chosen materials
are carefully selected, and they obey the following decisive conditions: 1) their relative values of
the imaginary part of the dielectric permittivities expressed in Matsubara frequencies fulfill the
necessary inequation”!! to attain repulsive Fic_py, i.e., £502(i&,) < eIVeer0l(ig,) < e (i&,,);
i1) their density difference enables force balance and levitation at separation distances of hundreds
of nanometers; and iii) their reflectivity in the visible spectral range is such that very fine spectral

features impose high accuracy prediction on the gap distance in the optical resonator. Most



importantly, the design offers the possibility to tune one by one the effects on the interplay between
Fc_y and F;, (despite these ones are intimately related through variations on the layers
thicknesses). Roughly speaking, changes on the Au slab thickness of the suspended bilayer film
will mainly modify the Q-factor of the optical resonator, whereas variations on the SiO; coating

and PS film thicknesses will predominantly alter F_;y and Fj, respectively.
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Figure 2: Modulus of the dominant forces (in logarithmic scale) acting on an exemplary levitating
system (consisting on a 100 nm SiO> coating layer, and a Au/PS bilayer of 30 nm and 1500 nm
thickness, respectively), as a function of the separation distance. Fc_y, is shown in yellow color,
and Fi_py + Fp + Fe; assuming either F,; = 0 or the addition of a monovalent salt with
concentrations 3 mM and 60 mM are shown in light green, dark green and dashed green colors,
respectively.

Calculations of the dominant forces (in logarithmic scale) as a function of the separation distance
between the SiO2 coating and the suspended bilayer are shown in Figure 2 for one exemplary
optical resonator scheme. It consists on a SiO; coating of dg;p, = 100 nm, and a levitating Au/PS

bilayer of dpg = 1500 nm and d,,, = 30 nm thickness, respectively, immersed in glycerol. The



modulus of F_py is depicted in yellow color. Also, the modulus of Fc_;y + Fp, + Fe; is shown

in the same graph, taking either F,; = 0 (in light green) or the effect of repulsive electrostatic
forces assuming a monovalent salt concentration of 3 mM (in dark green) or 60 mM (with dashed
green line) dissolved in glycerol. Details of the force calculations, and the formalism employed,’-*%-
31 are provided in the Supporting Information. The nature of the force (or sum of forces) changes
with the separation distance from repulsive to attractive, and such a change is visible with an abrupt

minimum in the figure, occurring at a separation distance dy = dgiyceror ~ 80 nm. This separation

distance, in turn, corresponds to the equilibrium position, d,,, at which the bilayer levitates. In

eq>
this specific case, dgq is hardly modified by the presence of repulsive electrostatic forces.
Nevertheless, at short separation distances, the addition of low salt concentrations in glycerol
strengthens the repulsion between the metal plates, and its effect rapidly decays with the separation
distance. In order to correlate levitation phenomena in our optical resonators to just the action of

repulsive Casimir-Lifshitz forces balanced by buoyancy, in what follows we will assume that

glycerol contains a high enough salt concentration to neglect F,;.
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Figure 3: For diverse optical resonator designs, and assuming F,; = 0, equilibrium distance as a
function of one of the slab thicknesses conforming the optical resonator arrangement: (a) for the
Au layer (with dg;o, = 100 nm and dps = 1500 nm fixed) in the bilayer system, (b) the PS layer
(with dg;o, = 300 nm and d,,, = 30 nm fixed), and (c) the SiO, coating layer (with dps = 1500
nm and d4,, = 30 nm fixed).



The equilibrium distance of the suspended Au/PS bilayer will depend upon the balance of F_p
and F, (since we are assuming F,; =0), determined by the film thickness relation of the
constitutive layers in the stratified system. Figure 3 displays d,, as a function of the thickness of
one of the slabs building the optical resonator, corresponding to either the Au (panel a), and PS
(panel b) slabs in the bilayer arrangement, or the SiO» coating (panel ¢). For diverse illustrative
optical resonator configurations experimentally doable (as specified in the figure caption), a wide
range of nanoscale stable quantum trapping distances (do; € [40 — 400] nm) can be achieved.
Specifically, steady d,4 values around 75 nm are attained for all Au slab thicknesses considered
(thicker slabs display gold bulk reflectance spectra, impeding the identification of the optical
resonator), whereas these can be finely tuned within d,; € [250 —375] nm by enhancing F}, with
the PS thickness. Finally, we find that the film thickness of the SiO; coating strongly modulates
F(c_1), broadening the d,, values range that could be attained. For thick enough SiO; slab
thicknesses (dg;p, > 800 nm), d,, asymptotically approaches that of a system having a semi-
infinite SiO> substrate (neglecting the Au substrate below), which is depicted by a horizontal

dashed grey line in the figure.
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Figure 4: Reflectance spectra of several optical resonators. (a) Results for systems fixing dpg to
1500 nm, d4,, to 30 nm, and considering variable SiO> coatings of 100 nm (in black), 300 nm (in
red), and 600 nm (in blue) thickness, displaying stable quantum trapping at d gy cero; = 78 NM, 276
nm, and 371 nm, respectively. (b) Reflectance contourplot as a function of the glycerol layer
thickness between the immersed bilayer and the substrate, fixing dpg to 1500 nm, d4,, to 30 nm
and dg;o, to 100 nm. Note that these results correspond to diverse optical resonators in which
stable equilibrium only exists for one specific dg;ycero; thickness. (c) Results for a system
displaying stable levitation corresponding to the set of parameters dpg = 1500 nm, d4,, = 30 nm,
Agiycerot = deq = 36 NM, and dg;o, = 50 nm, with an assumed error in the reflectance of + 0.05
(in grey). For the same set of parameters, but separation distances dgyceroi = do 0f 32 Nm, and
40 nm, results are shown in orange and purple colors. These latter results would correspond to
levitating systems out of equilibrium. (d) Results for the same set of parameters as in panel (c)
yielding stable levitation, but considering dg;p, = 100 nm, thus, dg;yceror = deqg = 78 NM, and
assuming an error of + 0.05 (in grey). Also, for separation distances of dg;yceror = do Of 75 N,
and 81 nm, results are shown in orange and purple colors. These latter results would correspond
to levitating systems out of equilibrium.



The spectral optical reflectance in the visible frequency range of some exemplary optical resonator
designs in which the levitating Au/PS bilayer parameters are fixed (defined in the figure caption),

and the SiO> coating thickness is varied (dg;p, = 100 nm (in black), 300 nm (in red), and 600 nm

(in blue)), are shown in Figure 4a. As previously mentioned, it is assumed F,; = 0 in all cases.
Reflectance spectra are calculated employing the Transfer Matrix Method formalism.*>% All
spectra display high reflectance bands over a wide spectral range, and very well defined minima
at specific wavelengths, getting narrower and increasing in number with the Q-factor of the optical
cavity, which varies from 25 to 164 as the cavity size increases (the cavity being formed by the
Si02 coating layer and the glycerol film thickness). Such kind of well-defined spectral features
allows an accurate prediction of the estimated equilibrium distance by indirect means. In Figure
4b, for a different set of fixed parameters (as indicated in the caption) and variable glycerol
thicknesses, reflectance results are shown in a contourplot. Remarkably, the optical resonator

design demonstrates that for dg;ycero; Values as large as 1 pm, high Q-factor optical modes are

sustained, providing distinct optical features resolved by univocal sets of geometrical parameters.
Please bear in mind, on the one hand, that getting to stable levitation is a dynamic process in which
levitation out of equilibrium can be observed, and on the other, that since all slab layers (except
the glycerol one) are fixed to a certain thickness, only one of those spectra will correspond to a
system displaying stable equilibrium, while the rest would correspond to levitating systems out of
equilibrium. As it has been recently shown,! the optical features herein studied can be used to
determine the separation distance between a levitating plate and a substrate interacting through
repulsive Casimir-Lifshitz forces. Panels (c-d) demonstrate the need of having high Q-factor
optical mode resonators to accurately determine this stable levitation position by means of

spectroscopic techniques, and thus, the indirect measurement of F.-_;y. For two SiO: coatin
p P q (c-L) g



thicknesses, 50 nm (c) and 100 nm (d), reflectance spectra of levitating films are shown in grey
color. A deviation of + 0.05 in the reflectance response arising from the aforementioned error
sources (misalignment, surface roughness, neglected electrostatic forces, layer thickness
precision...) is also assumed. Reflectance spectra of the same system out of equilibrium are
additionally shown. In particular, for thin SiO> coating thicknesses (panel c), reflectance spectra
of systems located at d, = 32 nm, and 40 nm, fall within the estimated + 0.05 reflectance error.
This means that in a possible experiment based on this approach, any measured distance within
the range d, € [32-40] nm could be inaccurately correlated to stable levitation arising from just
the balance of Casimir-Lifshitz forces and buoyancy, neglecting the possible presence of additional
forces (such as electrostatic ones) or disregarding the experimental tolerance. However, a design
displaying high-Q factor optical modes as the one devised in panel (d), can unambiguously
determine the stable levitating position. Remarkably, the well-defined spectral minimum
corresponds to a unique set of parameters, corroborated by the fact that, reflectance spectra of
systems out of equilibrium at d, = 75 nm, and 81 nm (a 6 nm distance range, like the one
considered in panel (c)) lie outside the assumed =+ 0.05 error in the reflectance spectrum. It is thus
clear that the narrower the spectral features (provided by high Q-factor optical resonators), the

better the precision of the geometrical parameters yielding the defined spectral response.

To conclude, we have shown the possibilities of building optical resonators supporting high Q-
factor optical modes to indirectly determine unambiguously, by spectroscopic techniques, the
stable equilibrium position at which a suspended bilayer levitates over a planar substrate due to
the balance of repulsive Casimir-Lifshitz forces and buoyancy. Materials building the optical
resonator are, specifically, SiO2, PS, Au and glycerol, which are carefully selected as they display

pivotal characteristics, such as repulsive Casimir-Lifshitz forces, densities providing buoyancy

10



capable to balance such dispersion force at measurable nanoscale distances, high optical quality
and easy experimental fabrication. Moreover, glycerol presents stable properties in comparison to
alcohols suffering from evaporation. We have demonstrated that stable quantum trapping distances
covering a wide range (d., € [40 —400] nm) can be applied by varying the film thickness of the
materials involved. Finally, we have shown the need of building high Q-factor optical resonators
to uniquely determine the stable equilibrium position and corresponding Casimir-Lifshitz force
acting on the system, as associated errors in the dynamic experimental procedure could potentially

yield wrong estimations of the levitation phenomena.
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Supporting Information. Details of the theoretical formalism employed to calculate the total
force acting on the suspended bilayer system, i.e., Casimir-Lifshizt force, buoyancy and
electrostatic force.
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