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Casimir-Lifshitz Optical Resonators: A New Platform for
Exploring Physics at the Nanoscale

Victoria Esteso, Diego Frustaglia, Sol Carretero-Palacios,* and Herndn Miguez*

The Casimir-Lifshitz force, F- _,, has become a subject of great interest to
both theoretical and applied physics communities due to its fundamental
properties and potential technological implications in emerging nano-scale
devices. Recent cutting-edge experiments have demonstrated the potential of
quantum trapping at the nano-scale assisted by F._, in metallic planar plates
immersed in fluids through appropriate stratification of the inner dielectric
media, opening up new avenues for exploring physics at the nano-scale. This
review article provides an overview of the latest results in Casimir-Lifshitz
based-optical resonator schemes and their potential applications in fields
such as microfluidic devices, bio-nano and micro electromechanical systems
(NEMS and MEMS), strong coupling, polaritonic chemistry, photo-chemistry,
sensing, and metrology. The use of these optical resonators provides a
versatile platform for fundamental studies and technological applications at
the nano-scale, with the potential to revolutionize various fields and create

new opportunities for research.

1. Introduction

1.1. Casimir-Lifshitz Force

Quantum vacuum electromagnetic (EM) fluctuations confined
between two bodies at nano- and micro-scale distances causes an
attraction between the two. This effect, known as the Casimir ef-
fect, was first predicted by H. Casimir in 1948 for two infinitely
thin perfectly conducting plates (with infinite plasma frequency)
in vacuum, at zero temperature. The corresponding force, per

2

. . h

unit area, is expressed as F, = — z’zmi,
[

where the minus sign specifies the attrac-
tive nature of the force, d, denotes the
separation distance between the plates,
and the rest are universal constants.
This interaction can be considered in-
stantaneous, known as van der Waals
(vdW) forcel” at short separation dis-
tances, or retarded, when the finite speed
of light becomes relevant, as expanded
by Casimir and Polder?® for large dis-
tances between the objects. A decade
after Casimir’s prediction, Lifshitz and
co-workers extended the theoryl*Sl at
finite temperature to bodies of arbi-
trary shape immersed in fluids different
from vacuum, and unconstrained opti-
cal and magnetic properties, parameters
that, in addition to the separation dis-
tance between the bodies, modulate the
so called Casimir-Lifshitz force, F._ ;. Over the last two decades,
the topic of Casimir physics has flourished, as fundamental ques-
tions and technological applications remain irresolute and/or un-
exploited. Evidence of the latter are the excellent review and per-
spective articles on F._,[®,] that guide for the application of the
extended Lifshitz theory to reall®! and novel materials, %! includ-
ing nanocomposites,!'!] and which survey current progress and
applications to nanophotonics, nanomechanics, chemistry,!12]
and nanotechnology.'3l Not only that, dynamic effects!*2¢]
and quantum friction'7"2)] are currently hot topics in the
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field of Casimir science and quantum fluctuation related
phenomena.

In nature, such pervasive effect arising from zero-point fluc-
tuations of quantum fields governs, for example, the adhesion
of gecko’s feet to surfaces,?*?) or determines whether wetting
occurs between a surface and a liquid.[?®! It is responsible, for
instance, for the unusual ice wet behavior,’! when a thin liquid
layer forms on ice at the triple point. The formation of such thin
liquid layer has key environmental implications, affecting for ex-
ample the charging of thunderclouds!?*-3%! and frost heave,3!32]
and it may also serve as a habitat for life, including icy moons and
exoplanets.[**8] Not only that, this transversal effect has been
proposed as responsible for the possible evaporation of black
holes through Hawking radiation.**!Along these lines, the ther-
modynamic equivalent of F._,, the critical Casimir forcel02]
caused by the thermal fluctuations in the local composition of
a binary fluid close to its critical point, acts for instance in-
side cellular membranes on the proteins, allowing the latter to
communicate with one another and stimulating cells’ responses
to allergens.[*’] Similarly, because of the significant strength of
F._, atnano- and micro-scale distances, strong efforts have been
devoted to control it in NEMS and MEMS,[#-1] as, together with
electrostatic forces, it is at the root of their malfunction when
some of their component parts rub against each other, or stick to-
gether, a phenomenon called Casimir pull-in.>?! In this context,
the magnonic Casimir effect has been recently demonstrated in
ferrimagnets.!3

A fascinating result of the extended theory by Lifshitz and
collaborators!*’] is the prediction of a repulsive force under
specific conditions, contrary to the antecedent Casimir effect.!]
This result enables the possibility of fine-tuning and controlling
the intensity and nature of such force at the nano-scale, making
it a subject of both fundamental interest and technological rel-
evance. However, accurately measuring F._; presents various
challenges.[*¥l These include i) minimizing the effect of surface
roughness of the interacting materials,®>%! which becomes
important at distances considerably shorter than the root-
mean-square roughness, ii) considering the influence of finite
compliance of the interacting materials,*’! iii) accounting for the
presence of patch electrostatic potentials,*®2 or iv) addressing
non-desirable electrostatic forces, F,, which may cover up F._,
as it dominates at micro- and nano-scales.¥] When a fluid is
present, the interaction is mediated by the electrostatic interac-
tion resulting in the double-layer force. The Poisson-Boltzmann
approximation is often used to calculate it between two surfaces
with their respective ion layers, by describing the electrostatic
potential. The double-layer force per unit area can be obtained
from the limit of small potentials.l#®] Bearing in mind such
experimental demands, and the technological needs to accurately
determine this small dispersion force at very short separation
distances, it is not surprising the struggles and efforts that were
dedicated to measure the attractive F _; with high accuracy for
the first time. The experiments conducted by Lamoreaux!®® in
1997, employing a torsion balance, and the subsequent ones by
Mohideen!®”7! using an atomic force microscope (AFM), are
widely regarded as the pioneering experimental assessments
of attractive F._;. However, these results came to an agree-
ment of 5% with the theoretical predictions. A series of more
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accurate measurements followed using a micromachined tor-
sional device,”27%] but it was not until 2005 that the attractive
F._, was verified precisely for the first time in a collection of
experiments performed by Decca et al.l’*7°] By employing a mi-
cromechanical torsional oscillator, isoelectronic differential force
measurements at submicron separations were reported between
a gold (Au)-coated probe and two Au-coated films, made out of
Au and Germanium (Ge), and variations of the same. Shortly
thereafter, and although the repulsive nature of van der Waals
force (non-retarded limit of F._ ;) was experimentally observed
two decades before,!88!] the first experimental evidence of repul-
sive F._, was proved by Munday et al. in 2009.182] Specifically, a
Au-coated polystyrene (PS) sphere attached to an AFM cantilever
was enclosed within a bromobenzene-filled cell for force mea-
surements, facing a silica (SiO,) plate. Ever since Casimir’s and
Lifshitz’s predictions, a plethora of approaches to controllably
tunel®#* and measurel®!l F._ | have been realized, including
the experimental observation of the thermal Casimir force,??!
i.e., that arising from thermal rather than quantum fluctuations
of the EM field at finite temperature. To fine tuning F._;, some
strategies cover nanostructuring the surface of the interacting
materials,[®>°] modifying the dielectric properties of materials
under external means,**1% changing the carrier density, #7102
or employing external magnetic fields.['®] Other approaches
consider the use of hyperbolic,[1*1%] chiral 1%1%7] magnetic,!*®]
magnetodielectric,'%) or 2D materials/!®111] like the graphene
family,11215] as well as the mixing of various materials in
finite multilayer architectures,['1*12% or composites.[1?1-123] On
the road to quantitative determine F._,, several outstanding
technological approaches have been explored. These include, as
previously mentioned, the use of a micromechanical torsional
oscillator or a cantilever,'?*] even for a three-body system.!'?’]
More recently, optical tweezers have been utilized for this
purpose.126-128] A]] of them are commonly employed in the
sphere-plane or sphere-sphere geometries, as attaining perfect
alignment and parallelism between plates is an arduous task that
might compromise the outcome of the results. An alternative
method consists of the quantum trapping of one of the inter-
acting objects!'?*1*1] agsisted by F._,. As a result of the forces
acting on it, the object is suspended over the other, achieving
a state of balance. This approach is especially useful for planar
plates, as the forces exerted on the suspended film inherently
promote parallelism between the two plates. This solves the
longstanding challenge of measuring forces in plane-parallel
systems. When metallic plates interact in this way, they form
an optical resonator,?*124] paving the way for exploring novel
physics and chemistry at the nano-scale.['*>143] Additionally, this
technique allows for the indirect measurement of F._; using
spectroscopic methods,['** which provides a new avenue for
studying the behavior of quantum and photonic systems. This
review article provides a comprehensive summary of the latest
findings in F _ | optical resonator schemes, which offer an excit-
ing opportunity to investigate nano-scale physics. Furthermore,
we examine the potential of this technology to be applied in var-
ious technological devices, such as microfluidic devices and bio-
NEMS and MEMS, as well as in fields like strong coupling, polari-
tonic chemistry, photo-chemistry, sensing, or metrology, among
others.

© 2023 The Authors. Advanced Physics Research published by Wiley-VCH GmbH
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Figure 1. a) Scheme of a mutilayer structure of an arbitrary number of layers for the F- _ | calculation. Each layer is characterized by its dielectric function

€, density p;, and thickness d,. | =

0 stands for the material layer mediating the interaction between top and bottom layers. Rj

) are the multiple Fresnel

coefficients on the top (+) and the bottom (-) interfaces of the material mediating the interaction. b) Dielectric permittivity of SiO, evaluated at Matsubara

frequencies. Vertical lines correspond to the first non-zero frequency considered in the integration in e(i&,,) through i&, =

i27kT)" 1 the calculation of

Fc_ |, contingent upon the temperature under evaluation. Specific temperatures correspond to T = 77 K (blue squares), 298 K (yellow circles), and 398
K (green triangles). This selection serves as an illustration of the behavior in both low-temperature systems and room temperature systems, along with

fluctuations occurring around the latter.

1.2. Repulsive Casimir-Lifshitz Force and Quantum Trapping

The F. _; expression can be derived through various approaches,
such as quantum statistical physics, thermal quantum field the-
ory, scattering theory, and more.[!16:119.1%-150] One of the initial
approximations involves solving Maxwell’s equations for macro-
scopic materials, computing the Maxwell stress tensor (7) us-
ing the fluctuation-dissipation theorem, and then taking the av-
erage of the zz-component, denoted as (7, ), expressed in terms
of Green functions. Lifshitz originally obtalned the closed-form
expression for the plane-parallel configuration, known as the Lif-
shitz formula, using this method. Alternatively, another common
procedure considers the fully quantum nature of EM fields. In
this approach, the energy difference inside and outside the cavity
formed by two interacting bodies is determined by calculating the
eigenvalues of the allowed modes within it. Regardless of the cho-
sen approach, the F. _| in the plane-parallel configuration takes
on different forms depending on the evaluation temperature (T
=0 Kor T > 0K) and the plane of frequency integration. To avoid
rapid oscillations taking place in the integrand when computing
F._, in the real axis, a closed integral in the complex plane can
be performed.

To provide an expression for F._, in a general multilayer
scheme, let us consider the system displayed in Figure la. In
it, layers are symmetrically piled up above and below the mate-
rial that mediates the interaction between top and bottom lay-
ers. Each layer is labeled by index | = —L, ..., L (with L = 1, 2,

), being | = 0 the central material, and positive and negative
indexes accounting for upper and lower layers, respectively. The
total number of layers is given by 2L+1, and the two semi-infinite
materials enclosing the system are excluded in this numeration.
Each layer is described by its dielectric function ¢;, density p;, and
thickness d,, being d;,; and d_ ;. equal to infinite as they ac-
count for semi-infinite materials. In the realm of the complex
plane at finite temperature, the F. _; in a general multilayer sys-
tem depends upon numerous factors. This includes the multi-
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ple Fresnel coefficients associated with both the upper (RJ(.+)) and

lower (}2;,)) surfaces of the mediating layer, which are expressed
as an iterative function of the corresponding simple Fresnel re-
flection coefficients of the interfaces above and below such ma-
terial, r; (as displayed in Figure 1a). These coefficients take on
distinct values for transverse magnetic (TM) and electric (TE) po-
larizations (j = TM, TE)

30 _ 04 (F)
(zz') &, 'k, Wk,
e (k)= —(“ — (L.a)
k) + ek
o _ )
() ok =k,
e (k) = P (1.b)

In the above expression, the dielectric functions are evaluated
at the so-called Matsubara frequencies, i), after a Wick rotation,

)

e (i, =1+;/ Zﬂgz @

0
where  denotes the light frequency, ¢’ (w) the imaginary part of
the complex permittivity € (w) = €’ (w) + i€ (), i, = i(z’ﬂ‘%,
withn = 0, 1, 2, 3, ..., and T the temperature.

Also, the wavevector inside the liquid layer has two com-
ponents: k, is the projection of the wave vector on the

interface of the layers, and k" is perpendicular to the
layer’s interface, with k" = k;(i&,, k,) = [k, > + € (ién)i”—zz]i.K =

() g2 3
[k + ﬁ] ' Finally, Rj(,i) take the form:

2

(k,, k) =

Rji) (nky) =TE) (nk,) &)
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where the F;t) functions are expressed as:

~2K diyy

; “4)
1+ rj(l,lil) + l—‘lile—zklﬂdlﬂ

rj(l’lil) +T,€

I“;i) (n, kl) =

Notice that, for the interface of the semi-infinite materials, the
above expression becomes FL(H = rfuﬂ) and Ff? = r}fL'f(LH)),
for the upper and the lower interfaces, respectively, since the in-
finite thicknesses d; . ;, and d_; _, in the negative exponential
makes zero the rest of terms.

Finally, F._; in the complex realm can be expressed as:

Fey (i£,T > 0)
- _1
kT & i
Lt 0 j="TET™ Rj RJ

Importantly, in the summation, the presence of a “prime” sig-
nifies that the n = 0 term must be adjusted by a factor of 1/2.
Note that the above expression applies for realistic materials, at
low temperatures, and short separation distances. However, at
elevated temperatures within the framework of non-relativistic
quantum electrodynamics, which includes quantum and thermal
fluctuations of both matter and the field, a different expression
should be used.!'1152]

Equation (5) considers the effect of temperature through the
integration of a diverse number of Matsubara frequencies, de-
pending on the working temperature. Figure 1b shows the dielec-
tric function of SiO, evaluated at Matsubara frequencies. To offer
a representative example, we have included the specific count of
Matsubara frequencies utilized in the computation at tempera-
tures of T=77 K, 298 K, and 398 K. This selection of temperatures
serves as an illustration of the behavior in both low-temperature
systems and room temperature systems, along with fluctuations
occurring around the latter. The vertical lines on the graph corre-
spond to the first non-zero frequency considered in the integra-
tion in e(i¢,) in Equation (2) in the calculation of F._ |, contin-
gent upon the temperature under evaluation. As the temperature
increases, the summatory converges for a lower number of Mat-
subara frequencies.

Expressions for F._; at T =0, and alternative ones to compute
the force in the real axis, can be obtained elsewhere.['*”]

The ability to control repulsive F._ | at the nano-scale presents
a multitude of potential applications, including contact-free
nanomachines, ultrasensitive force sensors, nano-scale manip-
ulation, and controlled self-assembly. Two paths can be taken
to achieve repulsive F._,. The first involves designing the
geometry of the interacting objects, such as through micro-
structuring their surfaces!'>>**] or by employing anisotropic
dipolar bodies.>>] The second path relies on the relationship be-
tween the dielectric functions of the interacting materials, where
a necessary condition (but not sufficient) for realizing repulsive
F._ between the objects must be fulfilled, and is expressed as,!*!

£, (i8) > £ (i€) > €, (id) (©)
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where subscripts 1 and 2 denote the bodies that interact through
an intermediate fluid, 0. This condition must be satisfied over a
wide frequency range, making the choice of materials a complex
task. Note that the integral in Equation (2) is done over an infinite
frequency range, which strongly reduces the choice of materials
to be used as such information is usually experimentally limited.
To overcome this problem, the macroscopic dielectric function
of a material is alternatively determined through the Density
Functional Theory (DFT),!1321%] Drude-Lorentz models,**”] or
the so-called generalized plasma-like dielectric permittivity.[%!
Equation (1) reveals that F._; will always be attractive if the
two interacting objects are made of the same material, or if two
objects of different composition are separated by air or a vacuum.
To achieve repulsive F._; using real materials (i.e., those with
well-known and characterized optical constants, including all
dissipative wavelengths), a fluid with a permittivity greater than
that of one of the interacting bodies is required. Compared to
a vacuum-separated configuration, a liquid environment allows
for modification of both the magnitude and sign of F._ |, with
the possibility of switching from attractive to repulsive (and vice
versa) through the separation of the bodies. This is a perfect
scenario for designing repulsive forces in microfluidic devices,
and bio-NEMS and MEMS, in which F._; might affect their
mechanical properties, and ultimately, their performance. In
the case of biosensors, for example, this effect extraordinarily
impacts the sensitivity and operation of actuated ultra-small
detectors.['] Recent theoretical proposals have suggested en-
gineering Casimir interactions in vacuum to achieve repulsive
F._ by designing near-zero-epsilon metamaterials!*®°] in plates,
or broadband perfect magnetic conductor metamaterials!'®!l in a
sphere-plate arrangement.

Until very recently, only the use of a cantilever had been proven
successfully to measure F._; of repulsive nature. In such tech-
nique, the movement of the two interacting macroscopic bodies
is restricted as they are active components for measuring the
force. However, quantum trapping offers a passive alternative
for determining repulsive F._; by examining the levitation of
a free-moving object, balanced by mainly repulsive F._, gravity
(F,), and buoyancy (F,). In addition to the aforementioned forces,
other forces may come into play. F,;, as previously noted, can typi-
cally be neutralized by introducing monovalent salts into the sur-
rounding fluid. The Stefan force (F;), also known as the viscous
adhesion between rigid plates, describes the force per unit time
needed to separate the parallel plates within a viscous fluid. As
this is a force associated to the dynamics of the system, it can
be overlooked when the system reaches equilibrium. While con-
ducting spectroscopic experiments, external light sources gener-
ate radiation pressure (Fyp), yet unless high-power lasers are em-
ployed, the impact of white lamps can be disregarded. Likewise,
when the entire levitating film is fully immersed and there is no
interface between two fluids, the surface tension is absent. The
fact that the application of this quantum trapping strategy can be
extended to plates puts it in the spotlight since, in comparison to
the sphere-sphere or sphere-plane geometries, this fully planar
configuration produces the highest intensity force. Indeed, theo-
retical schemes on stable quantum levitation of objects in fluids
under the action of repulsive F._; were initially proposed!!3%-13¢]
for planar plates and nanoparticles, considering materials whose
optical constants are known for a sufficiently broad frequency
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range characterizing all dissipation wavelengths. Among them,
silicon (Si), polystyrene (PS), SiO,, Teflon (PTFE), Au, or lithium
niobate (LiNbO;), immersed in ethanol, bromobenzene, water,
toluene, or glycerol, stand out because of their ease of process-
ing and functionalization (thus avoiding the possible appearance
of non-desirable F,), and because they have densities that allow
balancing the sum of forces acting on the levitating object.

Like optical tweezers,['®?] the technique par excellence for
applying well-defined forces and torques as well as for manip-
ulating nano- and micro-scale objects non-invasively,[163-166]
quantum trapping of objects at the nano-scale under the influ-
ence of Casimir science enables the application of precise forces
and torques!!7~1% that can be much stronger than the trapping
force in optical tweezers. Moreover, this quantum effect expands
the scope of physical phenomena that can be investigated, such
as the diffusion of 2D objects that are confined in a plane due to
trapping conditions. This capability would allow the investiga-
tion of the stability and self-assembly of colloids in the absence
of a substrate, for instance. In this regard, a novel concept based
on the quantum trapping of a metallic plate shaping an optical
resonator, or Fabry-Pérot cavity, has been recently come into
view.[120-124] Optical resonators consist of arrangements of mir-
rors that trap light. Confined light modes of a given frequency in-
side such cavity reflect multiple times, giving rise to characteristic
light reflectance spectra displaying sharp features at resonant
wavelengths. Within the quantum trapping framework, one of
the metallic plates levitates under the influence of F_; over the
other at nano-scale distances, creating a perfect scenario for indi-
rectly measuring F._ | with spectroscopic techniques. Through
such avenue applied to planar plates, a far-field measurement en-
ables to observe physical phenomena occurring at the nano-scale,
not even accessible through specialized microscopes. This trap-
ping force provided by quantum fluctuation-induced EM fields at
finite temperature is passive, without any external energy input,
which leads to contact-free nanomechanical systems and con-
trolled self-assembly, amongst others, positioning itself as a new
platform for exploring physics at the nano-scalel!?12%] as well
as to harness the technological potential of Casimir phenomena
in fields such as strong coupling,'’? chemistry,'’!) polari-
tonic chemistry,72173] photo-chemistry,['”#17>] or metrology,!'3*]
among others. The above strategy is in its early or proof-of-
principle stage, a fact that provides ample room for future re-
search. Here, we review recent proposals and designs of Casimir-
Lifshitz force-based optical resonators and advise potential
applications in contact-free nanomachines, ultrasensitive force
sensors, nano-scale manipulations, or controlled self-assembly.

2. Theoretical Proposals

In the context of the aforementioned Fabry-Pérot cavity scheme,
which involves a pair of metallic plates forming an optical res-
onator with one of them suspended and influenced by F._,,
designers are currently experimenting with spectroscopic tech-
niques to indirectly measure F.._,. In addition to validating the
effectiveness of the proposed designs, these experiments con-
ducted over the past four years not only provides valuable in-
sights into F._; but also paves the way for novel scientific dis-
coveries and possibilities. In theoretical proposals based on this
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concept, repulsive F._; is demonstrated in metallic plates form-
ing a nano-scale optical resonator through an appropriate strat-
ification of the inner dielectric media. At resonant wavelengths,
), = Diesl) (with N the refractive index between the mirrors,
d the size of the optical resonator cavity, 6 the angle of the inci-
dent light, and m the order of diffraction), sharp minima in re-
flectance emerge and from their spectral position the distance d
at which one of the mirrors levitates can be determined. In this
kind of scheme, it is mandatory to have a precise knowledge of
the measured layer thickness of all materials in the stratified cav-
ity, and to achieve perfect alignment between the parallel plates
to maximize the precision of the estimated equilibrium distance.
In a stable quantum trapping position, a total repulsive (positive)
force is found at short separation distances, which changes to be
attractive (negative) at larger ones. In this situation, any slight de-
viation from that stable position will lead to a force pointing to the
equilibrium position. On the other hand, when a total attractive
force governs at short distances, and a repulsive one is found at
larger separations, the equilibrium position is unstable and any
deviation from it will provoke that the film will either get attached
to the substrate or float.

In a recent study,!'*] we presented a novel design in which an
Au substrate coated with a variable thickness SiO, layer serves
as one of the mirrors in an optical resonator architecture. Sepa-
rately, a second mirror, formed by an Au-PS bilayer, is immersed
in glycerol and placed above the first mirror. Through the balance
of all the considered forces acting on the system, including F _ |,
the second mirror levitates at a stable equilibrium position (see
inset in Figure 2a). In contrast to alcohols suffering from evap-
oration, glycerol presents stable dissipation properties with po-
tential applications in promising technologies based on such lev-
itation effect. The rational selection of materials composing the
simulated system cover three main requirements to eventually
measure repulsive F_ ;, namely, i) they can be prepared with ex-
ceptional optical quality, ii) a fine tuning of their thicknesses is
experimentally feasible (from a few tens of nanometers to sev-
eral hundreds of nanometers) to sustain optical modes at visible
frequencies, and iii) repulsive F _ is experienced at short sepa-
ration distances between the plates.

Figure 2a displays the dielectric function evaluated at Matsub-
ara frequencies for the selected materials that fulfill the condi-
tion € 4, (i) > €y (i€) > €50, (i€) over a broad frequency range.
Figure 2b exhibits the logarithmic scale force acting on the levi-
tating Au-PS mirror over a SiO,-coated Au substrate as a function
of the separation distance between the two mirrors that form the
optical resonator, demonstrating the exemplary behavior of the
design. This setup can avoid potentially undesirable F, due to
the presence of salts in the liquid medium. In this levitation sce-
nario at equilibrium, we consider the impact of various forces
(per unit area). The gravitational force ( F, = (py, - day + pps -
dps) - g), determined by the densities (p,, and ppg) and thick-
nesses (d,, and dpg) of the Au and PS layers, is calculated as
0.021 N-m*. The buoyant force ( F, = pgy, - (da, + dps) - ), de-
pendent on the density of glycerol (p,;,) and the total thickness
of both layers, is found to be 0.019 N-m~2. To assess the influ-
ence of double layer forces in our system, we calculate the F,
using the Poisson-Boltzmann method. The total free energy per
unit area within the electrolyte, situated between planar surfaces,
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Figure 2. a) Dielectric permittivities evaluated at Matsubara frequencies, ¢(i€), for the materials composing the optical resonator proposed displaying
levitation due to the balance of repulsive F_ |, gravity and Fy: SiO, (in gray), PS (in blue), glycerol (in navy), and Au (in yellow). Inset: scheme of the
optical resonator architecture. It consists of a SiO,-coated Au substrate with a suspended Au/PS bilayer on top. The whole arrangement is immersed
in glycerol. The glycerol layer thickness between the substrate and the bilayer is denoted by dy. In the case of levitation, dy = dq. b) 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
and 1500 nm thickness, respectively), as a function of the separation distance. F¢_ is shown in yellow color, and F- _| + Fy + F, assuming either F
= 0 or the addition of a monovalent salt with concentrations 3 and 60 mM are shown in light green, dark green, and dashed green colors, respectively.
c) For diverse optical resonator designs, and assuming F = 0, equilibrium distance as a function of the SiO, coating layer thicknesses (with dpg =
1500 nm and dp, = 30 nm fixed) conforming the optical resonator arrangement. d) Resulting reflectance at normal incidence for a system displaying
stable levitation corresponding to the set of parameters dpg = 1500 nm, da, = 30 nM, dgyycerol = deq = 78 Nm, and dg;o, = 100 nm, with an assumed
error in the reflectance of +:0.05 (in gray). Also, for separation distances of dgj o) = do of 75 nm and 81 nm, results are shown in orange and purple
colors. These latter results would correspond to systems out of equilibrium. Adapted with permission.[38] Copyright 2019 American Chemical Society.

is determined based on the electrostatic potential and ion con-
centration profiles. Subsequently, this free energy is transformed

into an electrostatic force per unit areal®®* under the assump-
2 (o'lz+u-§+zrlo'z(e‘<Dd0+e’KDd0))

tion of small potentials, having: F, =

£gg (eKD’iofe_KDdO)z ’
with o, and o, representing the surface charge of each semi-
infinite surface and both equal to -0.05 C m~2 as a representative
value for monovalent salts in water,[*7¢177] such NaCl and KCl at
pH =7, e signifying the dielectric constant of the surrounding
medium in which the electrolyte is dissolved, ¢, as the vacuum

permittivity, and K, being the reciprocal of the Debye length (I,,),

which is defined as follows: K, = i =4/ % . Here, Zand p
represent the valence and the concentration per unit volume of
the salt ions, respectively, with e denoting the elementary charge.
Regarding the effect of radiation pressure in such experiment,
its upper limits, assuming perfect reflection (Fy, = 2 I/c) or per-
fect absorption (Fyp = I/c) of white light, are 0.007 N m~2 and
0.003 N m~2, respectively. Such estimations are done consider-
ing I the irradiance per unit area of a 1 mW of light power im-

Adv. Physics Res. 2024, 3, 2300065 2300065 (6 of 14)

pinging on an area 100 pm x 100 pum, and ¢ the speed of light.
Such intensity of the radiation pressure barely modifies the equi-
librium distance in just a few nanometers. However, the actual
radiation pressure is lower due to white light transmission. In
a dynamic system out of equilibrium, based on Stefan’s theory
for the viscous adhesion, the bilayer’s displacement time from
100 to 1 pm from the substrate is estimated at ~4 h, while mov-
ing only 5 nm (from 75 to 80 nm) closer to the equilibrium po-
sition takes ~70 days. These estimations are done according to
the Stefan theory!!78] rewritten by Bikerman!'”®! which describes
the Stefan adhesive force per unit area, Fg = —% = i—j, be-
tween two rigid disks of radius R, separated a distance h, within
a fluid of viscosity #.["%%) In our specific context, we assume a
representative radius of R ~ 5 mm, which is typical for stan-
dard gold flakes,[1**1*1] and employ a viscosity value of n = 1.5
Pa-s™! for glycerol at 293 K. We consider two different constant
forces that counteract Fg: 0.002 N-m~2 for large separation dis-
tances and 0.0001 N-m~2 for short separation distances. These
forces account for the equilibrium achieved through the balance
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Figure 3. a) Schematic of the type of architectures proposed: a gold nanoplate is suspended in bromobenzene over a PTFE coated VO, slab, both of
variable thickness, on top of a PTFE substrate. b) Dielectric permittivities evaluated at Matsubara frequencies, ¢(i¢), of Au, VO, (above and below the
critical temperature, T,), bromobenzene, and PTFE. c) For thin VO, thicknesses (10, 20, and 30 nm), F-_ as a function of the separation distance
between a gold nanoplate and a PTFE /VO,/ PTFE multilayers. The thicknesses of PTFE and Au slabs are fixed to 45 and 40 nm, respectively. Top panel
corresponds to temperatures T > T, (i.e., to the metallic phase of VO,), and bottom panel to T > T, (i.e., to the insulating VO, phase). Adapted with

permission.!13°l Copyright 2020 American Physical Society.

of gravity, buoyancy, and a nearly negligible net force near the
equilibrium position, respectively. It is worth noting that the vis-
cosity of glycerol experiences a rapid decrease as the temperature
rises. For instance, at 333 K, its viscosity is 0.1 Pa-s~!, and it even-
tually matches that of water (0.001 Pa-s~') at 393 K. At such low
viscosity, the displacement time of the same system is drastically
reduced, taking just 9 s to displace the bilayer film from 100 to
1 mm from the substrate, and at equilibrium, 1 h and 15 min.
Therefore, if needed, the dynamics of the system could be accel-
erated significantly by elevating the temperature by several tens
of degrees Kelvin. Furthermore, once the system achieves equi-
librium under these elevated temperature conditions, it could be
effectively “dynamically frozen” by cooling it back to room tem-
perature. This cooling process would reintroduce a higher degree
of viscous adhesion, making it less likely for the system to eas-
ily depart from equilibrium. By adjusting the thickness of the
PS, Au, or SiO, layers, the equilibrium distance at which the
Au-PS mirror levitates can be finely tuned over a range of sev-
eral hundred nanometers (Figure 2c). The model demonstrates
that highly relevant information about the properties and forces
acting on the system can be extracted with the experimentally
attainable Q-factors of this design. Precise determination of the
levitating position is achievable for Q-factors > 150. However, for
Q-factor values below this threshold, the impact of various error
sources resulting from misalignment, surface roughness, mea-
surement precision, F,, layer thickness inaccuracy, etc., cannot
be identified. As shown in Figure 2d, reflectance measurements
of an optical resonator with a Q-factor of 164 in levitation state are
superimposed with a grey line representing variations of + 5%
that take into account the above-mentioned error sources. Fur-
thermore, utilizing the same spectroscopic technique on the lev-
itating system allows for the detection of temperature variations,
including more substancial changes spanning several tens of de-
grees. In the context of this scenari, it is estimated that a change

Adv. Physics Res. 2024, 3, 2300065 2300065 (7 of 14)

in the equilibrium distance occurs at a rate of approximately 0.13
nm per Kelvin, in the vecinity of room temperature. While our
system may not offer high precision, it can effectively discern al-
terations on this scale. For instance, changes from 25°C to 35°C
result in noticeable adjustments in the separation distance, un-
derlining the system’s ability to resolve temperature fluctuations
of this order. Also, it should be remarked that the possibility to
determine the equilibrium distance in a non-invasive way, as the
Casimir-Lifshitz optical resonators allow, expands the range of
physical phenomena that can be explored, such as the diffusion
of objects in 2 dimensions (2D) under trapping conditions.

An alternative theoretical approach brought by Ge et al.[*%]
enables tunable trapping by external stimuli. Their proposal
involves the incorporation of a phase-change material, which
enables the fine tuning of both the intensity and direction of
F._, between a levitating nanoplate and a layered structure by
varying the thickness and the phase (metallic or insulating) of
the phase-change material. Moreover, the capability of releas-
ing the nanoplate from the levitated state is demonstrated by
thermal methods in a fluid environment. Their strategy has the
virtue of allowing the tuning of the trapping once the devices
are fabricated. The proposed design involves trapping Au or
PTFE nanoplates in bromobenzene using a substrate made
of vanadium dioxide (VO,) sandwiched between PTFE layers
(Figure 3a). The thicknesses of the slabs cover a range of a few
tens to several hundreds of nanometers, making the design
potentially realizable. VO, undergoes a metal-to-insulator tran-
sition at a critical temperature of 340 K, resulting in a dramatic
variation of its dielectric function. The relative relationship
between the dielectric permittivity of all the interacting materials
(Figure 3b) and the penetration of the field is key to modulating
and controlling the trapping or release of the flakes by varying
either the temperature (which defines the matter phase of the
VO, material) or the thicknesses of the materials in the stratified
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Table 1. Experiments based on the F-_ in the plane-parallel geometry which lead to the formation of an optical resonator, due to the trapping of a gold

flake in a fluid over a reflective substrate.

a)

Fou ] Eth

le Au I

Teflon A

System sketch

b) )

F., binary liquid

.)I Au I Au

Au Au

Repulsive interaction Casimir-Lifshitz force

Cavity size measurement Spectroscopy

Tuning method Coating thickness

Tunable cavity range 75-150 nm
Ref. [137]

Electrostatic force Critical Casimir force

Spectroscopy 2D flake diffusion or
Spectroscopy
Ligand concentration 0.116 — Temperature
1.425 nm
33-34°C

Laser radiation pressure
Silica coating thickness

84-160 nm 100-200 nm

[140] [147]

VO, substrate (which determines the reach of the interaction),
as shown in Figure 3c. Whereas the dielectric functions of
Au, bromobenzene, and PTFE fulfill the condition e,,(i£) >
€promobenzene(i€) > €prpp(i€), enabling repulsive F._ | for Au flakes,
F._ is always attractive for an scheme effectively including Au,
bromobenzene, and VO,, as ey, (i€) > €pomopenzenc (i€)- A similar
scheme applies to the quantum trapping and release of a PTFE
nanoplate under the reverse insulator-to-metal transition of VO,.
The proposed Casimir-Lifshitz force-based optical resonator can
be tuned by external stimuli and offers promising capabilities
for studying novel nano-scale physical and chemical phenom-
ena. Furthermore, the design allows for the development of
switchable devices for use in NEMS and MEMS.

3. Emergent Experimental Approaches

In recent years, there have been three innovative experiments
based on the F._; in the plane-parallel geometry with fluids.
Table 1 provides a comparison of the details of each experimen-
tal system. All three experiments used a few micrometers wide
and a few tens of nanometers thick Au flake that faced a highly
reflective Au substrate. In all the experiments, an attractive F._ |
was present between the flake and the substrate. The main dif-
ference from one experiment to another was the approach used
to compensate for this attractive force with a repulsive interac-
tion. In all these systems, a sub-micrometric Fabry-Pérot cavity
is formed between the flake and the substrate due to the bal-
ance of all forces acting on the suspended flake. Interestingly,
each experiment proposed a way to fine-tune the size of such op-
tical cavity either permanently, for a given sample, or dynami-
cally. This self-assembled sub-micrometric resonator could po-
tentially be utilized as a platform for exploring diverse fields such
as nanophotonics, ultrasensitive sensing, and sub-micrometric
tribology, among others.

Adv. Physics Res. 2024, 3, 2300065 2300065 (8 of 14)

In 2019, R. Zhao et al.l'¥] conducted a pioneering experi-
ment based on the F._ in the plane-parallel geometry, involv-
ing a resonator made of two Au surfaces separated by a sub-
micrometer gap propetly stratified and filled with ethanol (Table 1
provides additional details). Similarly to our theoretical proposal
scheme,!138] the dielectric function of the materials fulfil the con-
dition €4,(i€) > €.panol(i€) > €ppn(i€). Thus, Fo_; between the
Au flake and the PTFE -coated Au mirror in ethanol is repul-
sive at short separations and attractive at large ones. By using
a spectrometer (Figure 4a) and measuring reflectance spectra of
the assembled optical resonator in the optical regime (Figure 4b),
the equilibrium distance at which the flake levitates over the sub-
strate is obtained. As the intensity of the repulsive F._ | increases
with the thickness of the PTFE coating, the authors’ strategy for
tuning the flake trapping distance is to deposit different coating
thicknesses (Figure 4c). This way, the penetration of the field is
adjusted, and hence, the total force acting on the system, thereby
fine-tuning the trapping distance. This modulation of the trap-
ping distance is static, with each coating thickness corresponding
to a highly stable trapping distance. The experiment by R. Zhao
et al. represents a milestone in the field of Casimir science, exem-
plifying the first experimental demonstration of repulsive F._
in plane-parallel geometry, and is a benchmark that will inspire
future experiments. This experiment opens the door to perform
dispersion force measurements for any homogeneous material
even if the optical constants of the materials are not known for a
sufficiently large frequency range. Given its optical response in
the narrow frequency range for spectrum fitting, the strength of
the interaction, whether attractive or repulsive, can be measured
indirectly by simply placing a layer of the test material under the
coating of the Au substrate and re-measuring again the equilib-
rium distance.

In a second experiment in 2020 by B. Munkhbat et al.,!
repulsive F, is used to balance the attractive F._, component

140] 5
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Figure 4. a) By measuring the reflectance from an area of 5 mm in diameter at the center of the Au nanoplate, the distance between the Au nanoplate
and the PTFE surface can be determined by the Fabry-Pérot resonance in the reflectance spectrum. b) Reflectance spectrum for a sample with a PTFE
thickness of 91 nm. c) Trapping distance versus PTFE thickness. The experimental results were averaged over multiple measurements of multiple trapped
particles. Error bars show the variation of the average position of multiple trapped particles. Because the PTFE thickness is precisely measured using
the ellipsometer and confirmed using AFM, none of the error bars show the PTFE thickness variation. The dashed line is the theoretical prediction.
Adapted with permission.['37] Copyright 2019 Science. d) Schematic of the setup for active tuning of the microcavity by modulating the position of the
floating gold flake along the vertical direction (that is, moving an extent Ax; and Ax, in the directions shown) with a control laser. e) Extracted excitonic
and photonic fractions for the upper polariton, and f), its coupling strength (g, orange) and detuning (5, grey-blue). Adapted with permission.['40]
Copyright 2020 Nature Publishing Group. g) Theoretical diffusion D of a hexagonal flake with side a = 840 nm as a function of its height h above the
surface obtained from hydrodynamic simulations. The experimentally measured D = 0.067 um? s~! corresponds to height h = 100 nm. h) Hydrophobic
gold stripes (thickness 30 nm, width 3 um, separation 3 um) nanofabricated on a hydrophilic glass substrate with a hydrophilic gold flake (a = 1450 nm)
floating above. Inset: periodic raising and lowering of the temperature T to and away from the critical temperature Tc. The black scale bar corresponds
to 2um. i) Full trajectory of the flake under periodic heating and cooling of the sample, showing that transitions occur shortly after reaching T~ Tc. Its

starting point is marked by the particle image. Scale bars 6 um. Adapted with permission.!'1] Copyright 2022 Nature Publishing Group.

between the Au flakes that form the optical cavity. The F,; stems
from the ion surface charges of the same sign of the interacting
surfaces in water, leading to a double layer interaction between
them. Flakes immersed in a water solution of ligand molecules
(centrimonium bromide, CTAB) self-assembles in i) dimmers
and trimers or ii) gets trapped over a SiO,-coated Au substrate
(refer to sketch (b) in Table 1). The ligands attached to the sur-
faces screen the surface charges. Therefore, the higher the ligand
concentration, the less intense the repulsive electrostatic interac-
tion that compensate the attractive F_; and, consequently, the
smaller the cavity size. As in the experiment by R. Zhao et al.,[**7]
here the equilibrium distance between the two planar objects
is determined indirectly through spectroscopic measurements.
The SiO, coating is used solely to increase the size of the optical
cavity between the flake and the Au substrate, which enhances

Adv. Physics Res. 2024, 3, 2300065 2300065 (9 of 14)

the Q-factor of the optical modes, improving the accuracy of the
measurements. Regarding cavity tunability, B. Munkhabat et al.
propose a faster way to dynamically change the cavity size based
on the radiation pressure exerted by a laser impinging on the
flake (Figure 4d), which can tune the cavity size within 0.1 sec-
onds. As a proof-of-concept, the authors brilliantly demonstrate
the utility of the self-assembled optical cavities by employing
them as a platform to study the strong-coupling phenomenon.
A 2D excitonic material that absorbs light in the visible range
is deposited on the SiO,-coated Au substrate. By displacing the
flake with a laser, the size of the cavity is changed allowing the
resonance of the cavity to be tuned to couple the absorption fre-
quencies of the material inside the cavity. This coupling, named
as light-matter strong coupling, results in the formation of hy-
brid energy states called polaritons.[%® Interestingly, the exciton
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or photon composition of the upper polariton, and the strength
of the coupling and detuning can be modulated by simply tuning
the cavity size, allowing for control of the system in and out of the
light-matter strong coupling regime (refer to Figure 4e,f). This
has implications for photochemical rate reactions and opens
up new pathways for these reactions enabled by polaritons.!'8!]
These results pave the way for employing these passively assem-
bled optical cavities as a platform to study in depth the strong
coupling phenomenon and photochemical reactions in fluids,
with an easy and fast way to control the coupling strength.
Furthermore, the dimers and trimers formed by the flakes,
whose spectral characteristics are particular, are considered as
highly sensitive mobile and local sensors in those structures,
capable of detecting variations in the concentration of ligands or
ions in solution via the size of the optical cavity they form.
Finally, in a recent experiment in 2022, F. Schmidt et al.['*!]
exploit the repulsive critical Casimir force to trap a Au flake in an
oily fluid consisting of a binary liquid mixture of water and luti-
dine, over a reflective substrate. The critical Casimir force,[*0*2]
which is the thermodynamic analog of the Casimir effect, leads to
an effective force between two bodies immersed in a binary liquid
mixture near a second-order phase transition. This force arises
due to the confinement of the thermal fluctuations of the local
concentration of one of the mixing components. The intensity of
the critical Casimir force can be controlled by adjusting the tem-
perature of the system around the critical temperature at which
the binary liquid undergoes a second-order phase transition. In
their experiment, the critical temperature is 34 °C. In addition,
the critical Casimir force is repulsive if the surfaces of the bod-
ies have opposite hydrophilic or hydrophobic characteristics, so
the authors deposited self-assembled monolayers (SAMs) on the
Au mirror to control surface adsorption. Therefore, the vertical
positioning of the flake, which determines the size of the optical
cavity between the flake and the reflecting substrate, is controlled
through the chemical surface treatment and small variations of
temperature. Those variations in temperature barely affect F-_;
when the system is ~0.5 to 1 K below the critical temperature,
whereas it implies significant variations in the Casimir-Lifshitz

Q
-
-
o

(8]

o

Total force (N/m?)

]
[8)]
T
)
'
'
'
L

300 400 500 600 700

separation distance (nm)

www.advphysicsres.com

force as the critical temperature is approached. As a novelty, the
authors developed a new method to determine the equilibrium
distance based on the diffusive motion of the flake over the sub-
strate (Figure 4g). Spectroscopic measurements were also used
to validate the results. The new model proposed in this exper-
iment provides an excellent platform for nanotribology studies
of the flake-fluid-substrate system. It allows for quick determina-
tion of the distance between parallel surfaces (in a few seconds)
and analysis of their movement when acted upon by other forces.
The authors also demonstrate the potential for full control of mi-
crometric objects by manipulating the lateral displacement of the
flake via alternating hydrophilic and hydrophobic substrate sur-
faces (Figure 4h) and tuning the critical Casimir force in the ver-
tical direction. In this context, the control of adhesion with tem-
perature and the displacement and positioning of micrometric
objects in all 3D by almost passive trapping of the object is be-
coming a reality (Figure 4i).

4, Outlook

The implementation of new optics-based approaches has enabled
recent experiments in the plane-parallel geometry to measure
separation distances between two objects under the action of
F._, using far-field standard optical techniques. These experi-
ments pave the way for observing quantum interactions in the
nano- and micro-scale. Inspired by these systems, a wide variety
of phenomena can be studied from an innovative experimental
approach, promising gain of deeper insight into these phenom-
ena and future applications in nanotechnology. By employing
spectroscopic measurements or tracking the 2D diffusion of a
micrometric object with an optical microscope, it is possible to
control the movement of two interfaces toward or away from
each other at the nano- and micro-scale and adjust the stiffness
of the interaction. This can prove beneficial in accelerometers,
gravimeters, or fundamental physics as nanotribology, but also in
microfluidic NEMS and MEMS for sensing. Indeed, the employ-
ment of the repulsive F_ | to avoid the friction between movable

b) 1.0————————

~
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o
o)
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———TAT AT
o o,

o o
A O

Reflectance

o
[N
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wavelength (nm)

Figure 5. a) Total force between an Au-PS (30 nm — 1500 nm) bilayer immersed in glycerol over a gold substrate coated with 1000 nm of SiO,, as a
function of their separation distance. The dash dot horizontal line represents the total force equal zero. The gravity acceleration values at the surface
of the solar objects are: Moon (1,62 m-s2), Mars (3,71 m-s2 ), The Earth (9,81 m-s2), and Jupiter (24,79 m-s2). The separation distances at which
each curve intersect the zero total force correspond to the stable trapping distances and correspond to 294, 390, 527, and 682 nm, accordingly, for the
different solar objects. b) The corresponding reflectance spectra (same color code as in Figure 4a) for the Casimir-Lifshitz optical resonators operating
in quantum trapping mode.
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parts of NEMS and MEMS have been extensively studied in the
literature, with the ultimate goal of creating ultrasensitive
nanomachines and sensors. Experimentally, this approach is
limited by the use of a fluid material mediating the interaction
between two bodies. However, finding realistic and man-made
materials that give rise a repulsive F._; when separated by
vacuum or air would revolutionize the performance of NEMS
and MEMS, which currently suffer from jump-to-contact insta-
bility and friction effects resulting from the attractive nature of
the force.

Just as an example of the technological potential of self-
assembled Casimir-Lifshitz optical cavities, micrometric portable
gravimeters capable of detecting variations in gravity values
throughout the Solar System could be devised. A cavity with a
structure similar to the one considered,['*®! consisting of a PS-
Au bilayer suspended in glycerol over a SiO, coated Au sub-
strate, might display trapping distances ranging from nano- to
micro-meters, as shown in Figure 5a, as a result of the varia-
tion of the gravity force values at the surface of the different
planets. Changes in the equilibrium position of the levitating
upper mirror will translate into significant modifications of the
reflectance spectra of the Casimir-Lifshitz optical resonators, as
shown in Figure 5b, providing a precise measurement of g. In
this regard, the accuracy of the proposed system is higher for
smaller values of gravitational acceleration. Thus, for g values be-
tween the ones for the Moon or Mars, the equilibrium distance
changes ~70 nm per gravitational acceleration unit, whereas the
variation of the equilibrium distance is only ~6 nm per grav-
itational acceleration unit when considering g values between
the ones for the Earth and Jupiter. The precision attainable in
measuring gravitational acceleration depends not only on the
steepness of the force curve concerning the separation distance,
but also on the Q-factor of the optical modes sustained by the
formed optical resonator. Notably, among the considered celes-
tial bodies, the highest level of precision for gravitational accel-
eration measurements will be achieved when measuring gravity
on Moon.

5. Conclusions

After decades of research attempting to experimentally demon-
strate and accurately measure F._;, recent experiments have
achieved success by forming tunable optical resonators in flu-
ids using the quantum trapping of a metallic flake through the
balance of an attractive F_; component and other forces. This
approach, which can be applied to planar architectures (retriev-
ing its potential for the highest intensity forces), offers a range
of possibilities in various fields, including self-assembly, non-
contact machinery, and high-precision sensors. Tunable optical
resonators are a versatile platform for studying fundamental phe-
nomena and developing micro- and nano-technological applica-
tions. In addition to measuring F._, for any synthesizable thin
material, these resonators can be used to investigate strong light-
matter coupling in fluids, tribological properties of coatings and
planar objects, and more. The far-field interrogating techniques
used in these experiments can be extended to NEMS and MEMS,
such as micro-gravimeters or nanomachinery, whereas low inva-
sive deterministic positioning of nano- and microsensors can be
also envisaged.
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