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Abstract

Spontaneous formation of ordered structures — self-assembly — is ubiquitous in na-
ture and observed on different length scales, ranging from atomic and molecular sys-
tems to micro-scale objects and living matter. Self-ordering in molecular and biological
systems typically involves short-range hydrophobic and van der Waals interactions.
Here, we introduce an approach to micro-scale self-assembly based on the joint action
of attractive Casimir and repulsive electrostatic forces arising between charged metal-
lic nanoflakes in a solution. This system forms a self-assembled optical Fabry-Pérot
microcavity with a fundamental mode in the visible range (long-range separation dis-
tance ~100-200 nm) and a tunable equilibrium configuration. Furthermore, by placing
an excitonic material in the microcavity region, we are able to realize hybrid light-
matter states (polaritons), whose properties, such as the coupling strength and the
eigenstate composition, can be controlled in real time by the concentration of ligand
molecules in the solution and light pressure. These Casimir microcavities can find
future use as sensitive and tunable platforms for a variety of applications, including

opto-mechanics, nanomachinery, and cavity-induced polaritonic chemistry.



In 1948 Hendrik Casimir elucidated on the nature of attractive forces between two parallel
uncharged perfect electric conductor plates in vacuum, later named after him [1]. These
forces have quantum origins and exist even in the absence of any external charges or fields.
They appear even at zero temperature as a consequence of zero-point charge fluctuations
[2]. In parallel with Casimir work, a related theory of colloidal stability — the so-called
DLVO theory (after Derjaguin, Landau, Verwey and Overbeek) — was developed [3, 4].
The main ingredients of this theory are attractive van der Waals and repulsive electrostatic
forces. In water solution, the latter are characterized by the double layer potential and
Debye-Hiickel screening length (k71). Later, Lifshitz and colleagues demonstrated a deep
intrinsic relationship between Casimir and van der Waals forces, as well as extended their
applicability to a space filled by a medium [5, 6]. Historically, the van der Waals interactions
have been associated with short-range separation distances, while Casimir with long-range
distances (where retardation corrections are important) [5, 6].

Casimir forces were successfully measured in several configurations using, for instance, two
chromium mirrors, a torsion pendulum, microresonators, and gold spheres [7-10]. However,
a similar Casimir problem may arise not only in a sterile vacuum environment, as was studied
in these earlier experiments, but also in a crowded water solution, such as a suspension of
chemically synthesized metallic nanoflakes. In this case, Casimir forces can lead to self-
assembly:.

Here, we make use of the combined Casimir and electrostatic interactions in gold nanoflake
colloid systems as a means to realize self-assembled and tunable microcavities. Such micro-
cavities can serve as a useful platform for studying self-assembly in general, and the com-
plexity of interactions behind it in particular [11]. Moreover, the self-assembled structures
form a Fabry-Pérot microcavity with the fundamental optical mode in the visible spectral
range, allowing for a facile readout of the equilibrium distance by transmission or reflection
spectroscopy. The resulting equilibrium distance between the flakes can be controlled by
the concentration of ligand molecules in the solution, temperature, and light pressure, which
allows for active tuning of the cavity resonance by external stimuli.

Furthermore, as a proof-of-principle application of our approach, we use these micro-
cavities for realization of cavity-exciton hybrid states — polaritons. Polaritons emerge as a
result of strong coupling between an optical mode and a material resonance, and are fre-

quently realized in molecular or solid-state platforms that require accurate nano-fabrication



and lack simple means for tunability [12-19]. Using the self-assembly approach, we realize
polaritons by placing an excitonic medium in the microcavity region, as well as observe their
laser-induced on-demand modulations in and out of the strong coupling regime.

In a broader perspective, our work shows that Casimir interaction greatly affects self-
assembly and leads to emergence of useful Fabry-Pérot microcavity resonances. This sug-
gests a number of future applications, including a sensitive and tunable room-temperature

platform for opto-mechanics [20], nanomachinery [21], and polaritonic chemistry [22].

Basic principle

Fig. 1a illustrates the basic mechanisms enabling self-assembled microcavities: a water
solution of cetrimonium bromide ligand molecules (CTAB) hosts floating gold nanoflakes.
When two flakes approach each other, two types of interaction emerge between them. The
Casimir interaction is attractive and caused by the vacuum fluctuations of the electromag-
netic field in the cavity formed between the flakes, the electrostatic interaction is repulsive
and caused by the formation of electric double layers around the flakes. Therefore, the joint
action of the two interactions may result in the existence of a stable equilibrium (a discussion
about possible additional contributions to the interactions between nanoflakes is given in
Note S1).

To illustrate the formation of a stable equilibrium, we calculate the total potential of the
system per unit area Uy (see Methods) as a function of the separation L between two charged
metallic nanoflakes for a fixed net surface charge density o = 1 mC/m? (equivalent to ~ 0.6
electrons per 100 nm?) and for a series of ligand concentrations C' in the solution, Fig. 1b.
In the left-most scenario calculated for a relatively low ligand concentration C' = 0.35 mM
the electrostatic repulsion dominates leading to no stable equilibrium at short distances.
In the middle plot, calculated for C' = 0.7 mM, a local potential minimum appears at
about 105 nm separation between the charged flakes. This arrangement gives rise to an
optical cavity with a resonant wavelength in the visible range. Finally, for even higher
ligand concentration C' = 1.4 mM, the local potential minimum disappears, leaving only
a trivial minimum at L = 0. Thus, a joint action of repulsive electrostatic and attractive
Casimir forces is theoretically shown to lead to a stable equilibrium at L ~ 100 nm for

realistic parameter values of 0 and C'. We note that the predicted stable equilibrium distance



significantly exceeds the corresponding Debye-Hiickel lengths ! = 10...25 nm, indicating
that electrostatic repulsion must be strongly screened to reach the level of attractive Casimir

forces (see Note S1 and Fig. S8C).

Nanoflake dimers

To realize a stable Casimir microcavity experimentally, as shown schematically in Fig.
la, we use chemically synthesized gold nanoflakes. Single crystalline gold nanoflakes (Fig.
1d), with average thicknesses of 34410 nm and a few microns in lateral dimensions, were
synthesized using a rapid and seedless wet chemical method in an aqueous solution (see
Methods) [23]. A freshly-prepared gold nanoflake solution, containing CTAB (~0.35 mM),
was drop-casted onto a thin glass coverslip. The droplet was encapsulated by another cover-
slip using a thin polydimethylsiloxane (PDMS) spacer, to prevent evaporation of the liquid.
After drop-casting, the non-aggregated nanoflakes slowly sediment towards the glass sub-
strate, where they diffuse laterally due to Brownian motion until eventually colliding with
another individual flake or aggregate. In the simplest scenario, two isolated nanoflakes dif-
fuse close to one another at a distance where the attraction becomes relevant and form a
stable nanoflake pair (see Fig. 1d and and supplementary movie S1). This self-assembled
dimer is at the same time a Fabry-Pérot microcavity, whose equilibrium distance can be con-
trolled by the concentration of ligand molecules in water solution, temperature, and light
pressure. Once formed, such self-assembled microcavities remain stable for indefinitely long
times (in this study we have monitored their stability over the period of a few weeks without
noticeable resonance degradation).

Since the surfaces of both flakes in a dimer are charged by the same ions, the electrostatic
interaction between the flakes should be repulsive. Yet, they form stable dimers, which im-
plies that a compensating attractive force must act. This force can be either of gravitational,
electromagnetic, hydrodynamic, or entropic origin (the analysis of possible attractive forces
is given in Note S1). In what follows, we assume a joint action of electrostatic and Casimir
potentials and neglect other possible contributions. Our theoretical analysis and control
experiments support this hypothesis (Note S1 and Figs. S2-3).

To assess the optical characteristics of the self-assembled cavities, we performed normal

incidence reflection spectroscopy using an oil immersion 100x objective (Nikon, NA = 0.5),
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FIG. 1. The self-assembled microcavity system and the physical mechanism behind its
operation. (a) Sketch of the system: two parallel gold flakes floating in a water solution of a
ligand (CTAB). The two flakes are in a metastable equilibrium at a distance L, from each other
thanks to the joint action of the attractive Casimir force and the repulsive electrostatic force. (b)
Calculated total potential (sum of the Casimir and electrostatic potentials) Uy per unit area of
the system of two 30 nm thick gold flakes in a CTAB water solution with the fixed surface charge
density o = 1 mC/m? and different salt concentrations — 0.35, 0.7, and 1.4 mM, respectively. Total,
electrostatic, and Casimir potentials are plotted as dotted, red, and green lines, respectively. (c)
Quasi-normal incidence reflectivity of the self-assembled cavities with L., ~ 84 nm (purple), 100
nm (blue-green), 110 nm (blue), 139 nm (orange), and 160 nm (red), respectively. Different cavity
thicknesses are obtained by varying the CTAB concentrations of Corap = 1.425, 0.75, 0.35, 0.175
and 0.116 mM, correspondingly. Inset: Angle-resolved reflection of an exemplary self-assembled
microcavity with Les, &~ 148 nm exhibiting a characteristic parabolic behavior. (d) Bright-field

image of a self-assembled dimer. Inset: SEM image of an exemplary gold nanoflake. (e) Relative
displacement between top and bottom nanoflakes within the dimer shown in (d) along z and y
directions as a function of time. Note that while flakes can move with respect to each other, their

relative displacement is always small in comparison to the lateral size of the flakes.



directed to a fiber-coupled spectrometer (see Methods). These measurements were performed
on several microcavities formed in CTAB solutions of different concentrations (Fig. 1c). To
ensure reproducibility, we recorded reflectivity spectra from dozens of samples in the solution
(data available upon request).

Fig. 1c shows reflection spectra collected from five representative samples with different
Cerap = 1.425, 0.75, 0.35, 0.175 and 0.116 mM, that were obtained by mixing the stock
solution (0.35 mM) with different amounts of either pure de-ionized water or with a known
concentration of CTAB solution (see Note S2 for determining the CTAB concentration of
the stock solution). The spectra reveal a number of reflection dips, which correspond to
Fabry-Pérot modes of the self-assembled microcavities. Fitting the data with the transfer-
matrix method allows us to extract the equilibrium thicknesses of the cavities; the fitting
yields L, of ~ 84, 100, 110, 139, and 160 nm for dimers D1-D5, respectively (see Fig. S7).

The developed picture of the Casimir-electrostatic potential can be used to analyze the
observed equilibrium configurations and estimate the surface charge density accumulated
on the Au nanoflakes. To that end, for each independently known CTAB concentration we
varied the surface charge density until the equilibrium separation predicted by the Casimir-
electrostatic potential matched the one extracted from the measured reflection spectra (see
Fig. S7). The results of this analysis suggest that the net surface charge density o lies in the
range ~ 0.1...2 mC/m? (equivalent to less than 1 electron per area of 100 nm?), and grows
linearly with CTAB concentration, Fig. S8. This observation is in line with the previously
reported linear dependence of the (-potential of gold colloids on CTAB concentration below
the critical micelle point [24, 25]. The relatively low magnitudes of the charge densities
(much lower than the surface density of CTAB itself) are probably due to formation of
the electric double layer and co-adsorption of Br~, which effectively screens the presence of
positive CTA™ ions at the surface [26].

Furthermore, we performed angle-resolved reflectivity measurements using an inverted
optical microscope equipped with an oil-immersion objective (100x, NA = 1.3). The dis-
persion reflectivity plot is shown in the inset of Fig. 1c and exhibits a characteristic of
parabolic dispersion, which confirms the flat Fabry-Pérot microcavity formation. More ex-
amples of dispersion plots are shown in Fig. S11.

To demonstrate that self-assembled microcavities are stable not only in the vertical direc-

tion, but also laterally, we tracked the trajectories of the top and bottom nanoflakes within a



dimer over time (Fig. 1E). The cavity as a whole is diffusing in the solution due to Brownian
motion. However, the flakes are free to move with respect to each other (both translationally
and rotationally) and their relative displacement is always small (submicron) in comparison
to the lateral size of the flakes (several microns), Fig. 1E and supplementary movie S2.
This behavior is remarkable, since the nanoflakes within a dimer should be electrostatically
repelled in the lateral direction. Yet, they follow each other for indefinitely long times,
which can only occur if the electrostatic repulsion is balanced by an attractive interaction
of non-electrostatic nature. This attractive interaction is likely related to the edge effects
and to the lateral Casimir force, which is an important finding, since observations of lateral
Casimir forces are usually more challenging than vertical ones [27] (numerical analysis of

the lateral Casimir force goes beyond this study [28, 29]).

Nanoflake trimers

The process of self-assembly does not stop at the point of dimer formation: a dimer can
collide with another flake in the solution and form a stable trimer, as illustrated in Fig. 2a.
The probability of this process depends on the concentration of nanoflakes in the solution
and inter-flake interactions strengths, which allows controlling the relative population of
dimers, trimers, and higher-order aggregates, in a manner similar to previously reported
self-limiting aggregation of silver nanoparticle colloids [30].

For a quantitative characterization we chose the simplest case of a multi-stack system —
a trimer (higher-order aggregates are shown in Fig. S13). We collected normal incidence
reflection spectra from several trimers, Fig. 2b. Just like in the case of dimers, trimers form
a stable aggregate both vertically and laterally (see supplementary movie S3-S4 and Fig.
S14).

Trimers exhibit characteristic double-dip reflection spectra (see Fig. 2b-c¢). The origin of
this double-dip behavior lies in the interaction of Fabry-Pérot modes hosted by each cavity
separated by the semi-transparent middle mirror. The electromagnetic mode hosted by one
of the cavities interacts with the other half of the system at a rate determined by the middle
semi-transparent mirror. This results in symmetric and anti-symmetric hybrid eigenmodes
with the splitting between the two determined by the thickness of the middle mirror. This

view is similar to the symmetric and anti-symmetric polariton branches in the Rabi-like
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FIG. 2. Self-assembled trimer cavities (a) Sketch of the self-assembled trimer system. (b)
Quasi-normal incidence reflectivity spectra for several self-assembled trimers with various geomet-
rical characteristics. The grey-blue curve shows the reflectivity spectrum of a dimer for comparison.
(c) Calculated reflectivity spectra of three parallel gold flakes as a function of the thickness of the

middle-mirror (flake).

problem, following which, the three-mirror geometries were recently interpreted in terms of

hybrid light-matter polaritonic states [31-33].

To illustrate this mechanism, we analytically calculated normal incidence reflection spec-
tra of a trimer with the middle mirror thickness ranging from 70 nm down to 0 nm, cor-
responding to completely opaque middle mirror and the absence of the middle mirror, re-
spectively, Fig. 2c. For an optically thick middle mirror, the interaction vanishes and the
reflection spectrum exhibits a single dip associated with the Fabry-Pérot eigenmode of the
top or bottom cavity. Reducing the middle mirror thickness allows interaction and opens
the splitting between the two hybrid modes. The reduction of the middle mirror thickness
leads to a monotonic increase in the reflection dip splitting (Fig. 2c), until the lower-energy
branch approaches the 1% order, and the higher-energy branch approaches the 2" order
Fabry-Pérot modes of the cavity formed by top and bottom mirrors. This limiting case
corresponds to the vanishingly small middle mirror thickness and represents the maximum

splitting possible for the three-mirror configuration.

Experimental data in Fig. 2b shows several splitting values, indicating variations in the



middle mirror thicknesses. By fitting the measured spectra with the transfer-matrix method,
we extracted the thickness of the middle mirrors and apparent Rabi splittings (see Table
S2-S3 and Fig. S15-S16). The range of extracted thicknesses agrees well with the typical

values measured by atomic force microscopy ~ 20 — 30 nm (see Fig. S17).

Nanoflake on static mirror

Now let us demonstrate an alternative configuration consisting of a single nanoflake in
solution floating above a stationary thermally-evaporated gold film (Fig. 3a). Similarly
to nanoflake dimer configuration, this approach allows for the formation of self-assembled
structures, whose equilibrium is determined by the joint Casimir-electrostatic potential.

Nanoflake-on-static-mirror offers several ways of additional control over the properties
of the self-assembled microcavities. These include incorporation of a dielectric (SiOj) or
excitonic (WSez) spacer with controllable thickness above the bottom mirror (Fig. 3c),
the adjustable thickness of the bottom mirror, the usage of silver nanoflakes as movable
mirrors (Fig. S18), and the assessment of the contribution of gravity contribution to the
self-assembly mechanism.

We first check the role of gravity on the formation of stable cavities. Fig. 3b shows
reflection spectra of a single cavity collected in upside and upside-down configurations. The
reflectivity spectra in both cases exhibit dips at around 600 nm, implying the equilibrium
distances are the same in both cases. This suggests that gravity plays a minor role in
formation of these microcavities, and the equilibrium distance is determined by the interplay
of the Casimir attraction and the electrostatic repulsion.

Next we characterized self-assembled cavities in nanoflake-on-static-mirror configuration
versus the thickness of the SiO, spacer, Fig. 3c. The measured spectra indicate that the
reflection dip gradually shifts to longer wavelengths with increasing spacer thickness. The
transfer-matrix analysis reveals that the equilibrium thickness of the water layer between
the SiO, spacer and the nanoflake in this parameter range increases almost linearly with the
SiO, thickness, Fig. S19. This behavior suggests that the equilibrium water thickness is not
a universal constant but a parameter governed by more complicated physics, which should
include the influence of Casimir attraction and electrostatic repulsion. Thus, the dielectric

spacer allows tuning of the resonant wavelength of self-assembled cavities.



Tunability

ide- C ——300 nm
o k I s —=
5 ‘ 5
Sh T
2 =
upside-down — =
upside 3 3
= G
[} Q
x x
—30nm 70 nm
——50 nm 90 nm
110 nm
1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1
500 600 700 800 900 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Coupled

Reflectivity (a.u.)

600 700 800
Wavelength (nm)

FIG. 3. Self-assembled cavities in nanoflake-on-static-mirror configuration and the
formation of polaritons. (a) Sketch of a self-assembled Fabry-Pérot microcavity in nanoflake-
on-static-mirror configuration. (b) Quasi-normal incidence reflectivity spectra for the microcavities
with upside (blue) and upside-down (red) configurations, respectively. (c¢) Tuning the resonance
of microcavities with various SiOy spacers thickness. (d) Sketch of a self-assembled microcavity
coupled to few-layers of WSes. (e) Quasi-normal incidence reflectivity of the cavity coupled to
various thicknesses of few-layer WSes, showing pronounced Rabi splitting and correspondingly
microcavity-exciton polariton formation. Note that red, orange, and blue curves show various
detunings of cavity resonance with respect to the exciton resonance of WSey. (f) Dispersion
measurement for the polaritonic microcavity loaded with few layer WSes, exhibiting a pronounced

mode anti-crossing. Dashed lines are guides for the eye.
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To quantify the stability of the self-assembled microcavity in the Brownian regime, in
Fig. 4c we show the time-resolved evolution (1 frame = 0.02 s) of the equilibrium distance
and its average value (L) of around ~ 177 nm. The standard deviation o, (Fig. 4c shows
the distribution of the L., extracted by the transfer matrix method) is only about 1.6 nm,
which is rather remarkable for a micron-size self-assembled system at room temperature
and in water solution. This value agrees well with the typical standard deviation of the
mirror displacement obtained in the stochastic simulations of the cavity dynamics (Fig.
S10). The modelling was done for a simpler situation corresponding to nanoflake dimers
(see Methods). The simulations yield the vertical displacement deviation of only a few nm
from the equilibrium position at room temperature, which stems from the high stiffness of
the Casimir-electrostatic potential (see Note S3).

Finally, by introducing an excitonic layer in between the bottom film and the Au flake, the
nanoflake-on-static-mirror configuration allows realization of proof-of-principle polaritonic
states as mixtures of Fabry-Pérot cavity photons and excitons in the excitonic material.
This polariton is self-assembled and tunable. To realize such a scenario experimentally, we
choose WSe, because of its high oscillator strength and appropriate resonance wavelength of
the A-exciton [34]. A few-layer WSe, flake was transferred on the SiOs spacer covering the
gold film (Methods), and subsequently covered by the nanoflake floating in water solution
(the lateral trapping of the gold nanoflake in this configuration is enabled by a focused laser
beam, which acts as an optical tweezer). Normal incidence reflectivity spectra measured
from several such systems show pronounced Rabi splitting (Fig. 3e). The corresponding
dispersion measurement for the polaritonic microcavity, loaded with a few layers of WSe,,
exhibits a pronounced mode anti-crossing, which proves the system is in the strong coupling

regime (Fig. 3f).

Active tuning

The self-assembled cavity (either in Figs. 1-3) represents a damped optomechanical
resonator with the restoring force provided by the Casimir-electrostatic potential, while the
hydrodynamic drag produces the friction. As any optomechanical system, it allows tuning
the cavity resonance by applying external stimuli. We use modulated laser light to exert a

pressure on the nanoflake and displace it from its equilibrium, Fig. 4a (see Methods).
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FIG. 4. Actively tunable microcavities and polaritons. (a) Schematic of the setup for active
tuning of the microcavity by modulating the floating gold flake along vertical direction with a
control laser. Time-resolved (b) reflectivity spectra and (c) extracted total thicknesses of empty
self-assembled cavities under optical modulation at 5 Hz using low (0.17 kW /cm?), medium (0.57
kW /cm?), and high (1.86 kW /cm?) laser irradiance. (d) Time-resolved reflectivity spectra of the
polaritonic system containing a few-layer WSey film inside the Fabry-Pérot cavity. Extracted (e)
exciton-photon compositions for upper polariton, and (f) coupling strength (orange) and detuning

(grey-blue), respectively.

We start by modulating an empty self-assembled cavity in nanoflake-on-static-mirror
configuration. Fig. 4b shows the map of time-resolved reflection spectra (modulated by
a mechanical chopper at 5 Hz), revealing a reflection dip oscillating between ~ 1.7 and
1.9 eV with time. This corresponds to vertical displacement of the nanoflake by ~ +
20 nm with respect to the equilibrium position as the laser is exerted. The reflection as
a function of time can be modelled by the transfer-matrix method (see Methods), which
allows extracting the vertical displacement quantitatively (Fig. 4c). It is important to

mention that the modulation speed and depth depend on the parameters of the laser used

12



in these experiments, for example, a higher incident intensity can lead to a larger vertical
displacement. This behavior is summarized in Note S4 and Figs. S20-S21.

Laser-induced modulation of the cavity resonance can be caused by heating or optical
pressure. To reveal the actual reason, we (i) illuminated the system with the modulating
laser from below, and (ii) studied the effect of heating the system with the control laser.
The result of these two additional experiments, which are summarized in Note S4, strongly
suggest that the observed modulation is caused by the radiation pressure of the modulating
laser.

The observed laser-induced displacement allows estimating the stiffness of the Casimir-
electrostatic potential k£ in nanoflake-on-static-mirror configuration. For the highest irra-
diance, the characteristic radiation pressure is P,.q = Ip/c =~ 0.06 Pa (where I is the
laser irradiance and ¢ is the speed of light), which for displacement dz = 20 nm yields
k = Prg/dz ~ 3.1 x 10° N/m3. This value is within the range obtained for nanoflake
dimer configuration (see Fig. S12), which is an important argument for the validity of our
estimations. Slightly higher values of the stiffness predicted for dimer configuration can
be explained by additional complications in nanoflake-on-static-mirror system, such as the
unknown distribution of surface charges in/at the SiOy spacer and the electrostatic edge
effects.

After modulating the empty Fabry-Pérot cavity, we turn to modulation of the polaritonic
system containing a WSe,; multilayer between the mirrors. Variation of the cavity thickness
in this scenario has a two-fold effect: not only does it enable modulation of the bare Fabry-
Pérot mode energy, but it also modifies the vacuum field of the cavity, thus affecting the
cavity-exciton coupling strength and the composition of the polaritonic eigenstates. Posi-
tions of the two reflection minima, corresponding to upper and lower polariton modes, vary
in time as seen in Fig. 4d. The reflection minima red-shift by ~ 0.2 eV compared to the
empty cavity, which is due to the high background refractive index n ~ 4 of WSe, [34].

The recorded time-resolved reflection map allows for extracting parameters of the cou-
pled system as it is modulated (additional examples can be found in Fig. S11). To that
end, we fit the spectral positions of reflection minima with the eigenvalues of a periodically
modulated Jaynes-Cummings Hamiltonian (see Methods). Fig. 4f compares the result-
ing coupling strength ¢(t) with the cavity-exciton detuning () = Weap(t) — Wexe(t). The

Jaynes-Cummings description of any polaritonic system predicts that once the detuning sig-
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nificantly exceeds the coupling strength, |5(¢)| > ¢(t), the system can be tuned out of the
strong coupling regime. Such behavior is clearly visualized in the time-dependent Hopfield
coefficients of the system showing nearly 100% photonic or excitonic character of the eigen-
states at times corresponding to the minima of g(¢). Conversely, at time instances near the
maxima of g(t), the eigenstates of the system are polaritonic with nearly equal fractions of

the photonic and excitonic components, Fig. 4e.

CONCLUSION

To conclude, we have presented a platform for self-assembled optical microcavities and
polaritons enabled by the joint action of the attractive Casimir and repulsive electrostatic
interactions. Importantly, the tunable microcavitites studied here are highly stable in both
the vertical and lateral directions, and exhibit pronounced optical resonances in technologi-
cally relevant visible spectral range. The standard deviation of the L., is as small as 1.6 nm
at room temperature, which is on the order of 1% of the equilibrium cavity thickness. The
long-term cavity stability is also remarkable, as the resonances remain almost unchanged
for as long as they have been monitored (multiple weeks).

Our platform enables not only ordinary Fabry-Pérot microcavities, but also vertical multi-
mirror aggregates with complicated modal structure, as well as proof-of-principle realization
of polaritonic states when the cavities interact with excitonic material (such as WSey). By
modulating the system with chopped laser light, we can actively control the polaritonic
eigenstates and tune the system in and out of the strong coupling regime. These findings
open possibilities for exploring self-assembled Casimir microcavitites as sensitive and tunable
platforms in opto-mechanics [20], nanomachinery [21], polaritonic chemistry [22], and other
promising cavity-induced applications. More generally, our approach expands the toolbox

of available self-assembly methods.
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METHODS

Materials

Gold (III) chloride trihydrate (HAuCly- 3H,0), L-ascorbic acid (AA), cetyltrimethylam-
monium bromide (CTAB) were purchased from Sigma-Aldrich for the synthesis of gold
nanoflakes. For the synthesis of silver nanoflakes, silver nitrate (AgNOj), sodium chloride
(NaCl), polyvinyl pyrrolidone (PVP), ammonium hydroxide solution (NH,OH, 25% w/w),
and hydrogen peroxide solution (HyOq, 30% w/w) were purchased from Sigma-Aldrich. All
glassware and stir bars were thoroughly pre-cleaned and dried prior to use. Ultra-pure

distilled water (Millipore, 18 MQ-cm) was used in all preparations.

Synthesis of gold nanoflakes

Single crystalline gold nanoflakes were synthesized according to the literature [23]. In
brief, using the rapid and seedless wet chemical method, 100 uL of 100 mM HAuCl; was
added into 3 mL of 20 mM CTAB aqueous solution in a glass vial, and the mixture was
gently mixed and left undisturbed for several minutes. Then, 100 uL of 100 mM AA was
added to the mixture, followed by rapid inversion for 10 seconds. The resultant solution
was immediately placed in a water bath of 85°C and kept undisturbed for about an hour.
The products were washed by centrifugation at 4000 rpm for 10 min and finally dispersed

in de-ionized water for further experiments.
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Synthesis of silver nanoflakes

Single crystalline silver nanoflakes were selectively synthesized using the reduction of
colorless silver ammine complex [Ag(NH3),]™ in the presence of Cl1™ using HyO, as a reducing
agent [35]. Briefly, a colloid of AgCl nanoparticles was prepared by a rapid injection of 4 mL
of 100 mM NaCl into a solution of 1 mL of 1M AgNOj3 and 10 mL of PVP (5% w/v) under
vigorous stirring. A milky white colloid of AgCl nanoparticles spontaneously developed.
The total volume was adjusted to 96 mL with DI water. The colloid was further stirred
for 5 min before an addition of 1.7 mL of 5.3 M NH,OH solution. The colloid became less
opaque due to partial dissolution of AgCl nanoparticles with formation of a water soluble
[Ag(NHj3)2)* complex. To induce the formation of silver nanoflakes, 2.3 mL of HyOy (30%
w/w) was quickly injected into the colloid. The milky white colloid briefly turned into a
sparkling glitter within 2 min by indicating the formation of silver nanoflakes. The colloid
was further stirred for an hour to complete the reaction. The shiny silver precipitates were

collected and washed 5 times by de-ionized water.

Sample preparation

All samples were prepared on thin microscope glass (170 um) coverslips. The glass
coverslips were cleaned in acetone and isopropanol at 60°C in ultrasonicator, dried with
compressed nitrogen, followed by oxygen plasma cleaning. For the nanoflake dimer config-
uration, self-assembled Fabry-Pérot microcavities were formed between freely floating Au
nanoflakes due to balance of Casimir and electrostatic forces, in a simple manner of drop
casting an aqueous solution containing the Au nanoflakes onto glass coverslip. Then, the
liquid was sealed with the PDMS O-ring and covered with a glass cover slip to prevent evap-
oration. It is noteworthy that the trimer samples were prepared from the diluted mixture
solution of stock batch and de-ionized water with volume ratio of 1:1.

For nanoflake-on-static-mirror configuration, various thicknesses (10, 30, and 50 nm) of
gold mirror was prepared by e-beam evaporator with adhesion layer of chromium (2 nm) to
form the bottom mirror of the Fabry-Pérot microcavity. Then, various thicknesses of SiO,
layer for half-cavities were deposited by sputtering on top of a freshly prepared bottom gold

mirror, in order to tune the resonance of the cavity.

16



To fabricate the coupled polaritonic system, the several layer WSe, flakes were mechani-
cally exfoliated from a crystal (HQ Graphene) and transferred on top of freshly-prepared half-
cavities from the PDMS stamp using a dry-transfer technique [36]. Subsequently, aqueous
solution containing the Au nanoflakes was drop-casted and liquid was sealed by the PDMS
O-ring with a cover glass. The trapped and floating Au nanoflakes over the half-cavities with
reflective bottom Au mirror form self-assembled Fabry-Pérot cavities and strongly couple

with excitons in WSe,.

Optical measurements

Reflection spectra at normal incidence (NA=0.5) were collected using an inverted mi-
croscope equipped with an oil-immersion 100x objective (switchable NA=0.5-1.3, Nikon),
directed to a fiber-coupled spectrometer (Andor Shamrock SR-303i, equipped with a CCD
detector Andor iDus 420). Dispersion relations in reflection were measured using NA=1.3
in the back-focal imaging setup using a fiber bundle. All reflectivity experiments were
conducted under a collimated illumination with a laser-driven white light source (LDLS,
EQ-99FC, high-brightness, flat-broadband spectrum).

To modulate the system in active manner, samples were illuminated from the top using
a 100x long-working distance objective (NA=0.6) with mechanically chopped (4 Hz - 15
Hz) Continuous Wave (CW) (A = 455 nm) laser. (see Fig. 4a) Simultaneously, time-
resolved reflectivity spectra were recorded using an oil-immersion 100x objective (NA=0.5,
Nikon), directed to a fiber-coupled spectrometer in Kinetic mode (Andor Shamrock SR-303i,
equipped with a CCD detector Andor iDus 420). Note that a long-pass (A = 500 nm) optical
filter was installed in the detection path to block the modulating laser.

Casimir-electrostatic potential

The total ground state potential per unit area Uy is the sum of the Casimir and electro-
static contributions. Casimir potential Us of two gold mirrors in a solution was calculated
using the Lifshitz framework [37]. The potential per unit area is obtained by the integration

over the imaginary frequency w = i (with the parameter £ acquiring real values):

h o0 d2k||
Ue = %/0 dg/ 3 et G (1)
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where k| is the in-plane component of the wave vector in the gap region of thickness L,

G=1- R1 X R26_2K0L, and

0
R; = (2)
0 r®

is the reflection operator for i-th side of the system (i = 1,2); r{ are the Fresnel reflection
coefficients for i-th subsystem and polarization g evaluated at the imaginary frequency.
Ky = \/k”2 +&2/¢? is the z-component of the wave vector in the gap between the two
mirrors evaluated at the imaginary frequency.

The permittivity of gold at imaginary frequencies was evaluated with the Drude model
Ay =8 — wf, Jw(w + i7v) with w, = 8.6 eV and v = 70 meV approximating the Johnson and
Christy experimental data [38].

The permittivity of water at imaginary frequencies €,0 was evaluated by approximating
the experimental data from ref. [39] with a series of Loretzian transitions and a static Debye

contribution:
2
Wpi

s(w)zeoonLM%-Zfi (3)

1 —iwr o7 wg; —w? —iyw
where wp; is the plasma frequency of i-th resonant transition, wy and «; are the resonance
frequency and linewidth, f; the oscillator strength, € is the amplitude of the Debye contribu-
tion, and 7 is the Debye relaxation time of permanent dipoles. The resulting approximation
of the complex-valued refractive index n + ix is shown in Fig. S6a. The analytical form
of this expression allows us to evaluate the refractive index of water at the imaginary axis
n(i€), which takes purely real values and is presented in Fig. S6b.

Calculating the Casimir potential for two 30 nm thick Au films in water yields approxi-
mately L™ distance dependence of the potential with n = —2.63, Fig. S6. The slope being
different from n = —3 predicted by the exact theory in the original Casimir effect stems
from partial transparency of the mirrors.

The electrostatic potential per unit area U, of two charged mirrors separated by the

distance L in a solution with relative permittivity ¢ was estimated according to DLVO

theory [3, 4]:

2 2
U= et (4)
g0e(0)K
where kK = E(OP)Z% is the inverse Debye-Hiickel length, £(0) is the static permittivity of

the solution (water), p is the density of ions with valence z, and o is the surface charge
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density of the plates.

Diffusion modelling

Stochastic dynamics of the vertical displacement z of a self-assembled cavity near equi-
librium position in nanoflake dimer configuration was modelled by the Langevin equation

with the noise term:
mz" = —v2' + Frea(2) +\/2vksT f (1), (5)

where z is the vertical displacement, m is the effective mass (twice the mass of a single flake),
Frest = —AdUy/dz is the restoring force, A is the surface area of the flake, 7 is the friction
coefficient, f(t) is the white noise term with the correlator (f(t)f(t')) = o(t — t). Friction
experienced by the flake upon its laminar motion in water can be described by Stokes’ law:
v = 6mnR where 7 is the viscosity, and R is the Stokes’s radius of the flake. The Stokes’s
radius of the object is determined by many factors, and it can be further greatly affected
by the close presence of the substrate (the boundary). Therefore, to make a reasonable

assumption, we take the disk radius as a measure of its Stokes’ radius R.

Analysis of modulated cavities

Empty modulated cavities were analyzed by the standard transfer-matrix method. The
reflection spectra at each time instance were fitted by reflection coefficient at normal inci-
dence calculated assuming 30 nm thick gold mirrors, 55 nm SiOs spacer with n = 1.45, and
the solution refractive index of n = 1.38 consistent with other calculations.

Reflection spectra from the modulated coupled structures were analyzed with the Hamil-
tonian approach. Time-dependent positions of reflection dips were fitted with eigenvalues

wy of the Jaynes-Cummings Hamiltonian:

W = (Weaw + €0)/2 = 1 (Veaw +70)/4 £ /92 — (@eav — w0 + {(Yeaw —70)/2)2/4,  (6)

where Weay — Yean/2 is the cavity complex eigenenergy, wy — i7p/2 is the exciton complex
energy, g is the coupling strength. The cavity energy and the coupling strength were assumed

to be modulated periodically with the triangular-like function (as suggested by the bare
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cavity reflection spectra dynamics):

Wcav<t> = Weav,0 T 6Wcavf(Qt + ¢) (7)
g(t) = go + 6gf (U + &) (8)

where Q is the modulation frequency and f(t) is the triangle wave:
) =4t —[t+1/2]| - L (9)

The cavity energy and the coupling strength modulation phases ¢ were assumed to be equal
reflecting the fact that reducing cavity thickness increases the resonant energy, and increases
the coupling constant at the same time.

The photonic and excitonic fractions of the polaritonic eigenstates are obtained as the

corresponding elements of the Jaynes-Cummings Hamiltonian eigenvectors.
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Self-assembled trimer cavities. (see Manuscript file for full figure legend)
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