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1 Dimer cavities

1.1 Note S1. An overview of various contributions to the total
interaction potential

In this note we briefly discuss various alternatives for appearance of attractive forces
between the nanoflakes in a stable dimer. According to the Earnshaw’s theorem, no
collection of electrostatic charges can be in a stable equilibrium maintained solely by
electrostatic interactions between the charges. Thus, a stable configuration of charged
nanoflakes in nanoflake dimer configuration must include additional interactions of non-
electrostatic nature. These interactions could be of van der Waals, Casimir, magnetic,
gravitational, generic entropic (exemplified as osmotic, depletion, hydrophobic, critical
Casimir forces, etc.), and other possible origin. Moreover, the equilibrium should be stable
enough to overcome the Brownian motion at room temperature. The total potential for
the interaction between two gold flakes in water solution of salt thus should include all
contributions:

Utot(L) = Ue(L) + UC(L) + Uth(L) + Ug + ... ≈ Ue(L) + UC(L) = Ue−C(L) (S1)

where L is the separation between the flakes, Ue is the electrostatic potential, UC is the
Casimir potential (used here in Lifshitz formulation), Ug is gravitational potential, and Uth
is a potential related to possible entropic contributions such as depletion, osmotic pressure,
hydrophobisity, surface tension, etc. We note that in Eq.(2) we assume additivity of the
potentials, in accordance with DLVO theory, and despite recent observations of non-
additivity in some cases of nanoparticles self-assembly [1]. In what follows, we will argue
that the dominant role is played by the joint electrostatic-Casimir potential Ue−C , while
other contributions are likely small.

We start by analyzing the gravity contribution. The effect of gravity is relatively
small in comparison to electrostatic and Casimir contributions, which can be seen for
instance from the stiffness analysis shown below. Specifically, for realistic k values of
about 107 N/m3, and a displacement from the equilibrium of about x=L − Leq=10 nm,
the joint electrostatic-Casimir potential leads to pressures of about Pe−C(x=10nm) = 0.1
Pa. The gravitational pressure Pg is given by ρAu ·g ·h = 5×10−3 Pa, where ρAu = 19, 800
kg/m3 is density of gold, g = 9.8 m/s2 is the acceleration of the free fall and h = 30 nm
is the flake thickness. Thus, Pe−C , Pe, PC >> Pg for displacements of 10 nm and above.
Even for x=1 nm, Pe−C still exceeds gravitational pressure. We thus conclude that gravity
plays a minor role in formation of stable nanoflake pairs. This is further confirmed by
experiments in nanoflake-on-static-mirror configuration of the main text, which show no
dependence of Leq on orientation of the sample with respect to the gravitational field.
Finally, gravity is also unable to significantly distort the equilibrium position.

We further discuss one of possible entropic forces – the depletion force. This force
is an effective attractive force which appears when a dilute solution of uncharged de-
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pletants, which are smaller solutes that are preferentially excluded from the vicinity of
the large uncharged particles (nanoflakes). The interactions between the depletants and
particles are non-electrostatic and are modelled in a hard-sphere approximation in the
Asakura-Oosawa model [2]. When two large particles approach each other, their excluded
volumes overlap resulting in an increase in the total volume available to depletants. This
increases the entropy of the system and lowers the Helmholtz free energy. In other words,
the force’s origin is in the osmotic pressure that comes from particle crowding. In our
case, such depletants could potentially be CTAB micelles. However, the range of CTAB
concentrations used in our experiments are below the critical micelle concentration (ca. 1
mM). Individual CTAB molecules on the other hand are too small to play an important
role in the depletion force in the hard-sphere approximation. Another important note
is, as opposed to the depletion force where all interactions happen between uncharged
species, in our case both nanoflakes and solutes are charged and form an ionic solution.
Thus, even if crowding effects of charged particles lead to significant redistribution of
static charges, a stable equilibrium still cannot be achieved due to the Earnshaw’s theo-
rem. Only a combined action of electrostatic and entropic forces could potentially explain
our observations. However, as mentioned above, the role of depletion forces in our case,
although cannot be completely ruled out, is likely minor. In this respect, another impor-
tant argument to consider is that the depletion force should not depend on the material
the attracted objects are made of, since it is derived in the hard-sphere approximation.
This could be potentially verified experimentally using charged non-metallic nanoflakes
for which Casimir interaction should be suppressed (one such example is Au nanoflakes
against the SiO2 substrate) and theoretically using Lifshitz formalism as is shown in Fig.
S2.

Au/Au cavity Au/SiO2 cavity

Figure S1: Comparison of the bare Casimir potential, calculated using Lifshitz formalism,
for an Au/Au microcavity, for a cavity formed between an Au flake and a SiO2 substrate.
For the same separation distances, the depth of UC for the Au/Au case is about ∼10
times larger, which in turn leads to a more stable equilibrium.

An additional argument against the depletion force is that gold nanoflakes do not
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form a stable equilibrium against the SiO2 substrate (changing gravity direction affects
the equilibrium, Fig. S3), while they do form a stable equilibrium against a continuous Au
mirror (changing gravity direction does not affect the equilibrium in nanoflake-on-static-
mirror configuration, Fig. S3). In both of these cases the depletion forces should appear,
but observations imply that even if they are present, they are likely minor in comparison
to Casimir forces (which are much stronger in the Au/Au case, see Fig. S2).

Figure S2: Comparison of interactions for an Au/Au microcavity and a cavity formed
between an Au flake and a SiO2 substrate. Bright-field images for (a) upside and (b)
upside-down configurations.

To visualize the above-mentioned scenario experimentally, we performed an additional
test experiment by comparing interactions for Au/Au versus Au/SiO2 surfaces. To do so,
Au (30 nm) (patterned cross) with a thin adhesion layer (Cr, 2nm), to compare the Au/Au
and Au/SiO2 configurations under identical experimental conditions, was prepared on a
SiO2 substrate by e-beam evaporator (see Fig. S3). Then, gold nanoflake solution was
deposited on the sample and sealed with a cover glass using a PDMS spacer. Fig. S3
shows the bright-field (BF) images taken from the sample in upside and upside-down
configurations. In Fig. S3a, gold nanoflakes sedimented down and distributed randomly
over the both gold and SiO2 surface under upside configuration. It is worth mentioning
that gold flakes are freely moving in lateral direction due to Brownian motion in the
solution. Then, the sample was flipped upside-down (see Fig. S3b). One can see that
gold flakes remain only under the Au surface and still freely moving in the lateral direction
within gold film, whereas gold flakes under SiO2 surface diffuse away due to gravity (see
Fig. S3b). This is in good agreement with our above-mentioned discussion that Casimir
potential between Au/Au is stronger than Au/SiO2 (Fig. S2).
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Another example of a generic entropic force is the so-called critical Casimir force. Such
forces occur in between surfaces immersed in a binary liquid mixture close to its critical
point and arise from the confinement of concentration fluctuations within the thin film of
fluid separating the surfaces [3, 4]. In our case there is no binary liquid mixture close to
its critical point, instead it is a water solution of CTAB molecules at concentrations below
the critical micelle formation. However, even if a water solution of CTAB molecules could
behave similar to a binary liquid mixture, the arguments against this alternative could
follow the same line as the ones presented in consideration of a more generic depletion
force above.

Additional considerations:

1. Differences between van der Waals and Casimir interactions.
These differences determine deviations of DLVO theory from the joint electrostatic-Casimir
potential that we discuss here. The physical reason for appearance of these differences
is determined by the applicability of DLVO to relatively short-range separation, where
retardation can be neglected. For these reasons, van der Waals interaction is also con-
sidered to be non-retarded. Casimir interaction, on the contrary, can be used even for
long-range separations because it takes retardation into account, as was stated in the
original paper in 1948 [5, 6]. In our case, the range of equilibrium flake separations Leq is
in the 100-200 nm range, which justifies applicability of the Casimir approach. We note
that the original Casimir interaction was derived for two perfect electrical conductors in
vacuum at zero temperature. This long-range interaction was generalized by Lifshitz for
the case of real materials half-spaces separated by a medium. In our case, gold nanoflakes
in water solution and at room temperature are used, thus, the generalized case of Lifshitz
formalism should be applied [7, 8].

To illustrate this further, we notice that the slope of the Casimir pressure as a function
of distance is -4, in accordance with the original Casimir formula [5]: PC = − π2~c

240L4 . At the
same time, the van der Waals pressure acting between two flat surfaces can be calculated
as [6]: PvdW = − H

6πL3 , where H is the material-dependent Hamaker constant. When the
Lifshitz framework is applied, the finite conductivity of the real metal (gold) leads to
deviations in the distance dependence from both the original Casimir and van der Waals
formulas. This is discussed in Fig. S6.

2. Why are equilibrium distances much greater than κ−1?
An important note is that at CTAB concentration used in our experiments (∼ 0.35

mM), the Debye-Hückel length κ−1 ≈ 23 nm, which is much shorter than the typical
equilibrium distance Lcav ≈ 100...160 nm. At these distances, the electrostatic repulsion
is significantly screened and drops to the level of weak Casimir forces. Of course, in
experiment there may be additional forces acting on the nanoflake pair that we did not
consider in the theoretical analysis above. We note, however, that realistic estimations of
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both electrostatic and Casimir forces significantly exceed gravity and Brownian thermal
motion at these separation distances and temperatures, making our analysis justified.

To further shed light on this problem, we perform a simplified analytical estimation of
the equilibrium distance. We are going to make several assumptions in order to perform
such estimation, but we feel these arguments are valuable for understanding of the matter
at hand. First, we assume that there exists such a point in the parameter space at
which the two pressures – electrostatic and Casimir – equilibrate each other at a finite
distance Leq, Pe + PC = 0. This assumption automatically implies that trivial solutions
Leq = 0 or Leq =∞ are not considered further. Second, we will take the analytical form
of the Casimir pressure derived in the original 1948 paper. This pressure is, of course,
not valid for the case of finite thickness gold flakes in a dielectric, but this expression
will work for the sake of simplicity of the analytical estimation. Next we recall that
Pe = −∂Ue

∂L
= 2σ2

ε(0)ε0
e−κL (positive sign indicating repulsive pressure), while PC = − π2~c

240L4

(negative sign indicating attractive pressure).
At L = Leq the total pressure is zero, thus Ptot = Pe(Leq) + PC(Leq) = 0 (this

transcendental equation can be solved only by using the Lambert’s W-function formalism,
which we omit). Expanding both pressures into the Taylor series near L = Leq we obtain:

Pe =
2σ2

ε(0)ε0
e−κLeq(1− κδL+ o(δL)),

PC = − π2~c
240L4

eq

(1− 4
δL

Leq
+ o(δL)).

The stability of the potential at Leq requires that Ptot(Leq + δL) < 0 for positive δL. This
results in an additional requirement on the equilibrium distance:

Leq > 4κ−1. (S2)

This simple exercise, although is based on rather crude assumptions and approximations,
still is able to demonstrate that the equilibrium is achieved at distances much greater than
the typical Debye-Hückel screening length, which improves the understanding of the joint
Casimir-electrostatic potential. Numerical solutions using Lifshitz formalism demonstrate
overall similarity with the conclusions of this analytical exercise. It also shows that one
can expect a linear dependence between Leq and κ−1, which turns out to be indeed the
case in our experiments (see Fig. S8c), and thus further supports the Casimir-electrostatic
model. Moreover, the more Leq exceeds the value of 4κ−1, the more stable the equilibrium
is (the stiffness, k, is higher). This is in agreement with our observations in Figs. S8c,
S12.

An interesting consequence of this estimation is that upon assuming a linear depen-
dence of Leq on κ−1 (as is seen in experiment) and insertion of it into the original pressure
equality Ptot = Pe + PC = 0, one can easily see that the surface charge density σ must
scale linearly with the concentration as σ ∼ κ2 ∼ C

kBT
. This is in agreement with our
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observations in Fig. S8b and, in general, implies that if there is a stable equilibrium
caused by electrostatic and Casimir interactions, then σ must be a linear function of C.
If this condition is not met, then the stable equilibrium is not possible to achieve by only
a joint action of electrostatic and Casimir forces (but it may be possible by additional
interactions not considered here).

1.2 Note S2. Determining the CTAB concentration of the stock
solution

In this note we briefly discuss experimental results on determining the CTAB concentra-
tion of the stock solution. To determine the CTAB concentration of the stock solution,
we performed couple of measurements, namely Raman and conductivity measurements,
by using several calibration samples with the known concentration of CTAB.

Figure S3: Determining the CTAB concentration with SERS. (a) Raman spectrum of
an aqeous CTAB solution, and (b) Extracted Raman Intensities as a function of CTAB
concentration.

Surface enhanced Raman spectrum (SERS) of the CTAB exhibits two clear peaks
at 758 cm−1 and 1446 cm−1 from CH2 scissors and CN+ stretching modes, respectively
[9]. Here we take an advantage of sensitive SERS technique to determine the CCTAB of
our stock solution by monitoring the CTAB raman peaks at 758 cm−1 and 1446 cm−1

(Fig. S4a). In order to perform SERS measurements for low concentration of CTAB, we
synthesized silver nanoparticles using a simple Lee-Meisel method[10]. Then, an aqueous
solution containing known CTAB concentration was mixed with nanoparticles, to prepare
the calibration CTAB solutions (3 mL) containing with final concentrations of CCTAB=
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1 M, 1.5 M, 2 M and 2.5 M. Here we kept CCTAB relatively low to avoid potential
agglomeration of nanoparticles due to the CTAB and mixture solutions were incubated for
10 minutes. Subsequently, the calibration CTAB solutions with nanoparticles were mixed
with 60 L of 0.5 M sodium chloride (NaCl) solution to induce the agglomeration prior to
the SERS measurements. SERS signals from the calibration samples were recorded using
a hand-held Raman spectrometer device (SERSTECH) and results are summarized in
Fig. S4b. The extracted Raman intensities for both 758 cm−1 (blue) and 1446 cm−1 (red)
peaks as a function of CCTAB are shown in Fig. S4b. After the calibration experiment, we
proceeded to measure the CCTAB of our stock solution. The sample (3 mL) was prepared
by mixing the nanoparticle and our stock solutions (only supernatant from the nanoflake
solution) with volume ratio of 250:1, respectively. As shown in Fig. 4b, measured Raman
intensities from the sample (green stars) show concentration of CCTAB = ∼4 M, which
results in the final concentration of CCTAB = ∼0.35±0.033 mM for the stock solution.

Figure S4: Conductivity measurement. Resistance as a function of CTAB concentration.

Later, in order to confirm the extracted CCTAB from Raman measurements, we per-
formed an additional electrical conductivity measurements. In brief, we measured elec-
trical conductivity of the calibration samples with known concentrations from 0.1 mM
to 5 mM, using Keithley 2400 source measurement unit equipped with a pair of printed
indium-tin oxide (ITO) electrodes. It is worth mentioning that active area and distance
between the ITO electrodes were kept constant. We measured resistance by measuring
voltage under a constant-current method (10 A for this study) with Keithley 2400. For
each measurements, we used fresh ITO electrodes and repeated four times at each concen-
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trations. As shown in Fig. S5, the measured resistance decreases when the concentration
of CTAB increases. We clearly see two different slopes in resistance indicating the critical
micelle concentration (CMC) around 1 mM, that agrees with the literature[11]. Then, we
measured the resistance of the stock solution (blue star) showing that the concentration
is below CMC point. The extracted CTAB concentration was CCTAB = 0.49 mM in our
stock solution, which qualitatively agrees with above-mentioned Raman results. This also
indicates that the CTAB concentration of our stock solution is lower than CMC. A dif-
ference between both Raman and conductivity approaches can be attributed to the poor
selective-sensitivity of CTAB in electrical measurements. Since SERS experiment was
based on measuring distinct Raman peaks of CTAB selectively, we rely more on CCTAB

= ∼0.35±0.033 mM, that was extracted from Raman study, for further considerations.
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1.3 Additional Supplementary Figures and Tables in relation to
nanoflake dimers

n

Figure S5: Frequency-dependent refractive index of water used for calculations of the
Casimir potential. (a) Complex-valued refractive index n + iκ at real frequencies ω. (b)
Real-valued refractive index n(iξ) evaluated at the imaginary axis.
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UC ~ - L-2.63

|   |

Figure S6: Log-log fitting of the calculated Casimir potential for two 30 nm thick gold
flakes in a water solution of CTAB revealing Ln distance dependence with n = −2.63. Note
that the slope of the Casimir potential for two perfect electrical conductors is -3, while
the slope for the Casimir pressure is -4, in accordance with the original Casimir formula
[5]: PC = − π2~c

240L4 . At the same time, the van der Waals pressure acting between two
flat surfaces can be calculated as [6]: PvdW = − H

6πL3 , where H is the material-dependent
Hamaker constant.

C = 1.425 mM/L
Lcav = 84 nm

C = 0.75 mM/L
Lcav = 100 nm

C = 0.35 mM/L
Lcav = 110 nm

C = 0.175 mM/L
Lcav = 139 nm

C = 0.117 mM/L
Lcav = 160 nm

Figure S7: Transfer-matrix analysis of the measured reflection spectra from self-assembled
dimer cavities in nanoflake dimer configuration for five different CTAB concentrations.
Solid curves show the measured signal; dashed curves - transfer-matrix fit of the measured
reflection spectra normalized by reflectivity of a 40 nm thick gold film illuminated in the
same conditions (from the glass substrate).
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Figure S8: Theoretical analysis of self-assembled dimer structures. (a) The equilib-
rium flake-to-flake distance of dimers extracted by fitting the reflection spectra with
the transfer-matrix method (Fig. S7) for various concentrations of CTAB. (b) Net sur-
face charge of gold flakes for various concentrations of the CTAB solution estimated by
employing the joint Casimir-electrostatic potential and matching the resulting potential
equilibrium to the corresponding equilibrium flake-to-flake distance obtained from the
transfer-matrix fitting. (c) Equilibrium distance Leq (extracted from reflectivity measure-
ments) versus κ−1 (calculated from the measured CTAB concentration). Note the linear
dependence between Leq and κ−1. Also note that at all concentrations, Leq > 4κ−1 in
accordance with Eq. (S11). It is only for the lowest concentration that Leq ≈ 4κ−1, which
indicates the most unstable equilibrium in this case.
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C = 1.425 mM/L
σ = 2.2 mC/m2

C = 0.75 mM/L
σ = 0.94 mC/m2

C = 0.35 mM/L
σ = 0.35 mC/m2

C = 0.175 mM/L
σ = 0.18 mC/m2

C = 0.117 mM/L
σ = 0.123 mC/m2

Ue

UC

10×Utotal

Ue

UC 10×Utotal

Ue

UC

10×Utotal

Ue

UC

10×Utotal

Ue

UC

10×Utotal

Figure S9: The resulting joint Casimir-electrostatic potential of self-assembled dimer cav-
ities as a function of the cavity thickness calculated for five different CTAB concentrations
based on the theoretical analysis (Fig. S8). Red curves represent the electrostatic part
of the potential; green curves represent the Casimir part; dashed curves show the total
potential (magnified by a factor of 10 for visibility). The surface charge density was var-
ied each time to bring the local potential minimum to the equilibrium thickness obtained
from the transfer-matrix analysis of the measured reflection spectra (Fig. S7).

13



C = 1.425 mM/L
σ = 2.2 mC/m2

T = 300 K

C = 0.75 mM/L
σ = 0.94 mC/m2

T = 300 K

C = 0.35 mM/L
σ = 0.35 mC/m2

T = 300 K

Figure S10: Simulated stochastic dynamics of the vertical mirror displacement z = Lcav
in self-assembled cavities (see Methods 1.7 for details of the modelling procedure) for a
series of CTAB concentration at 300 K. In each simulation, the initial displacement of the
mirror z(0) was set above the corresponding equilibrium value.
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Figure S11: (a-c) Angle-resolved reflection of an exemplary self-assembled microcavity
with Lcav ≈ 125 nm, 148 nm, and 170 nm, respectively, exhibiting a typical parabolic
behavior.
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1.4 Note S3. Estimating the Casimir-electrostatic potential stiff-
ness

In this note we estimate the stiffness of the combined Casimir-electrostatic potential of
dimer structures in nanoflake dimer configuration, and the expected resonant frequency
of the corresponding harmonic oscillator. To that end, we fit the total potential per unit
area of dimers with various CTAB concentrations near their equilibria Leq (Fig. S8a) with
a quadratic potential U = (k/2)(L − Leq)2 (see Fig. S12), and extract the stiffness per
unit area k for each of the five concentrations studied. For the sake of simplicity we will
ignore the hydrodynamic drag caused by the surrounding liquid. Next, the corresponding
resonant frequency is estimated as ω0 =

√
k/(2ρAuh) with h = 30 nm being the Au flake

thickness. The results are presented in Table S1.

0.1167 mM/L
k = 2.0 ⋅ 106 N/m3

0.175 mM/L
k = 6.4 ⋅ 106 N/m3

0.35 mM/L
k = 32.5 ⋅ 106 N/m3

0.75 mM/L
k = 122 ⋅ 106 N/m3

1.425 mM/L
k = 347 ⋅ 106 N/m3

Casimir-electrostatic potential Quadratic approximation

Figure S12: Approximation of the analytical Casimir-electrostatic potential of dimer
structures with quadratic potential near the equilibrium separation distance Leq.
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Table S1: Estimated stiffness per unit area k and resonant frequencies of self-assembled
Casimir cavities in nanoflake dimer configuration neglecting the water friction.

C, mM k, 106 N/m3 ωres, kHz
1.425 347 548
0.75 122 325
0.35 32.5 167
0.35/2 6.4 74
0.35/3 2.0 41
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2 Trimer and higher-order microcavities

Figure S13: Quasi-normal incident reflectivity spectra for several stacks, consisting of (a)
four (quadruple) and (b) multiple floating parallel gold flakes. Due to the interactions of
Fabry-Perot (FP) modes induced by the multiple semi-transparent mirrors, the quadruple
systems shows three dips in reflectivity, whereas multi-stack exhibits rather complicated
reflectivity spectra with multiple dips. In addition to the interactions of FP modes, such
complicated spectra of multi-stack in Fig. S13b can also be explained by relatively large
thickness of FP cavity that is induced between bottom-most and top-most floating mirrors.
Even though they are stacked up on top of each other, each individuals are still moving
freely in correlative manner (see supplementary movie S5-S6). Since we are collecting
reflectivity spectra of the system using an oil immersion 100× objective with a fiber, the
detection spot is much smaller than size of the flakes. Thus, the moment when we collect
the spectra, flakes that are in the middle of the stack are moved out from the detection
spot and therefore, the larger thickness of FP cavity is formed.
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Figure S14: (a) Bright-field image of an exemplary nanoflake trimer, consisting of three
floating gold flakes. (b-c) Relative displacements between Flake I and Flake III (∆X1,
∆Y1), and Flake I and and Flake II (∆X2, ∆Y2) within the trimer along x and y directions
as a function of time. Note, that nanoflakes can also freely in-plane rotate with respect
to each other (see Movie S2).

Table S2: Fitted parameters of the dimer and trimer self-assembled microcavities ex-
tracted from the reflectivity data in Fig. 2B and Fig. S15 using the transfer-matrix
method. The thicknesses of the top and bottom cavities were fixed to be identical. The
thicknesses of the two outer mirrors were fixed to 25 nm; the thickness of the middle
mirror was varied.

Sample ω1, eV ω2, eV Ltop, nm Lbottom, nm dout, nm dmid, nm Ω, eV
Dimer 2.083 - 147 147 25 - -

Trimer 1 2.220 1.979 144 144 25 30 240.7
Trimer 2 2.236 1.991 142 142 25 30 244.0
Trimer 3 2.310 1.874 143 143 25 19 436.3
Trimer 4 2.328 1.891 142 142 25 20 436.5
Trimer 5 2.341 1.891 138 138 25 18 449.7
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Figure S15: (a-e) Experimental reflectivity spectra (solid) from several self-assembled
trimers and their corresponding theoretically calculated fitting curves (dashed), respec-
tively. Note that the normalized reflectivity goes above 1 around 500 nm, due to normal-
ization by semi-transparent gold mirror. In this experiment, we used single gold nanoflakes
nearby trimers as a normalizing mirror.

Table S3: Fitted parameters of the Dimer and Trimer self-assembled microcavities ex-
tracted from the reflectivity data in Fig. S16 using the transfer-matrix method.

Sample ω1, eV ω2, eV Ltop, nm Lbottom, nm dout, nm dmid, nm Ω, eV
Dimer 2.083 - 147 147 25 - -

Trimer blue 2.321 1.906 148 133 25 20 420.7
Trimer zero 2.332 1.878 145 140 25 20 453.6
Trimer red 2.255 1.986 138 146 25 31 268.7
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Figure S16: (a) Quasi-normal incidence reflectivity spectra from several self-assembled
trimers with various detuning due to slight variation of resonances of top and bottom
cavities. (b-d) Experimental reflectivity spectra (solid) from several self-assembled trimers
and their corresponding theoretically calculated fitting curves (dashed), respectively. Note
that the normalized reflectivity goes above 1 around 500 nm, due to normalization by
semi-transparent gold mirror. In this experiment, we used single gold nanoflakes nearby
trimers as a normalizing mirror.
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Figure S17: (a) Thickness distribution extracted from AFM height measurements on 20
exemplary gold flakes. Data shows average thicknesses of 34±10 nm. (b) An example
AFM image, and (c-h) corresponding AFM height profiles.
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3 Analysis of nanoflake-on-static-mirror configuration

Figure S18: (a) Quasi-normal incidence reflectivity spectra of nanoflake-on-static-mirror
configuration samples that consist of single floating gold nanoflake with various thicknesses
(10 nm, 30 nm, and 50 nm) of thermally-evaporated thin gold film to tune the Q factor of
microcavities. Pink curve represents an exemplary transmission spectrum of the sample
with 30 nm thermally-evaporated bottom gold film. Note that thickness of the SiO2

spacer on top of thermally-evaporated gold film was 50 nm. (b) Quasi-normal incidence
reflectivity spectra of nanoflake-on-static-mirror configuration consisting of one floating
silver nanoflake in solution and a 50 nm thermally-evaporated gold film as another mirror
without an additional SiO2 spacer.
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Figure S19: Extracted thicknesses of water as a function of SiO2 spacers from nanoflake-
on-static-mirror configuration samples using T-matrix fitting (red dots) and its linear fit
(orange line). Note a monotonic increase in the equilibrium water layer thickness, which
suggests the influence or electrostatic and Casimir forces.
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3.1 Note S4. Control modulation experiments

Here, we describe the control experiments that were carried out in order to reveal the
nature of the laser modulation of self-assembled cavities in nanoflake-on-static-mirror
configuration. In the first experiment, we illuminated the microcavity from below (the side
of the static mirror). In this case, the system rapidly and irreversibly lost its equilibrium
vertical position. This behavior is in sharp contrast with the situation shown in Fig. 4B,
where the microcavity was illuminated from top (the side of the movable mirror) and
could be controllably modulated by light. These observations can be explained by the
asymmetric (anharmonic) nature of the combined electrostatic-Casimir potential near the
equilibrium position (Fig. 1B, Fig. S9). The heating scenario is thus unlikely, since it
should not depend on the direction of laser light. The light pressure effect is, on the
contrary, likely because it is consistent with the asymmetry of the electrostatic-Casimir
potential.

In the second experiment, we recorded time-resolved reflectivity of the system in the
absence of modulating laser, showing Brownian fluctuations of the microcavity resonance.
To visualize the heating effect, we turned the laser on and modulated the system at 5 Hz
(see Fig. S22). The result showed an initial significant red-shift of 0.15 eV in the cavity
resonance upon laser irradiation, in comparison to the Brownian regime. After a few sec-
onds, however, the system returned to the equilibrium and showed a stable modulation
behavior. Thereafter the driving laser was switched off, and the system showed an imme-
diate blue-shift of the resonance, which eventually equilibrated to the original Brownian
regime after a few seconds of cooling. This relatively slow dynamics can be attributed to
laser-induced heating and cooling effects and a related to them rearrangement of CTAB
molecules, but the faster cavity modulation is attributed to light pressure, in agreement
with the first control experiment described above.
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Figure S20: Time-resolved reflectivity spectra of the FP cavity under (a) Brownian motion
and (b-d) optical modulation at frequency of 5 Hz using laser irradiation with various
fluences of low (0.170 kW/cm2), medium (0.573 kW/cm2), and high (1.860 kW/cm2),
respectively. (e) Corresponding most blue- and red-shifted reflectivity spectra of the FP
cavity under optical modulation with various powers, showing tunability range of the
cavity resonances.
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Figure S21: (a-e) Time-resolved reflectivity spectra of polariton system containing few
layer of WSe2 inside the FP cavity under optical modulation at various frequencies ranging
from 4 Hz to 15 Hz, respectively.
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Figure S22: Time-resolved reflectivity spectra of the FP cavity to visualize the laser-
induced heating effect from fast optical modulation.
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Figure S23: (a-f) More examples of time-resolved reflectivity spectra of polariton system
containing few layer of WSe2 inside the FP cavity under optical modulation at frequency
of 5 Hz.
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4 Supplementary movies

Movie S1. A stable gold nanoflake dimer as well as formation of a dimer.
Movie S2. Relative displacement of top and bottom nanoflakes within a dimer along

x and y directions as a function of time. Note that while flakes can move and rotate with
respect to each other, their relative displacement is always small in comparison to the
lateral size of the flakes. This indicated the dimer stability not only in vertical, but also
in lateral directions. No

Movie S3. A stable gold nanoflake trimer.
Movie S4. Relative displacement of top, middle, and bottom nanoflakes within a

trimer along x and y directions as a function of time. This video shows that self-assembled
trimer exhibits an equilibrium not only in vertical direction, but also in lateral directions.

Movies S5-S6. More examples of stable multi-stack of gold nanoflakes.
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