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Optical interference effects on the Casimir-Lifshitz force in multilayer structures
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The Casimir-Lifshitz force Fic_;) between planar objects when one of them is stratified at the nanoscale is
herein investigated. Layering results in optical interference effects that give rise to a modification of the optical
losses, which, as stated by the fluctuation-dissipation theorem, should affect the Casimir-Lifshitz interaction.
On these grounds, we demonstrate that, by nanostructuring the same volume of dielectric materials in diverse
multilayer configurations, it is possible to access Fic_p, of attractive or repulsive nature, even getting canceled,

at specific separation distances.
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I. INTRODUCTION

The well-known van der Waals [1] and Casimir-Lifshitz
forces (per unit area) [2,3] between polarizable objects,
F—1), are at the heart of many fluctuation-induced inter-
actions in natural science and, currently, these are the ob-
ject of study in a variety of technological applications at
the nanoscale, including micro- and nanoelectromechanical
devices (MEMS and NEMS) [4-7]. On this point, different
ways to modify not only the intensity and nature (attractive
or repulsive) of F¢c_y), but also the Casimir torque, have been
proposed [8—14]. Of special importance, due to their versatil-
ity for tuning Fc_r), are the strategies in which the optical
properties of the interacting objects are modified [15-20].
According to the fluctuation-dissipation theorem [21], the cor-
relation of quantum fluctuations explicitly depends on the dis-
sipation of the interacting materials or, in other words, the
Casimir-Lifshitz force between two separated bodies depends
on the absorption properties of the materials involved.

In this regard, the use of multilayer structures has been
previously proposed to tune Fc_r and, particularly, periodic
multilayers have been suggested due to their high reflectivity
properties arising because of their tunable photonic band gap
[22-26]. However, while interest has been focused on the
presentation of various formulas for calculating Fc—r) in
different types of multilayers [27-35], interference effects of
electromagnetic (EM) field at each interface in the multilayer
structure have been overlooked, since going to imaginary
wave numbers in these formulations implies losing track of
interference contributions, and their role cannot be identifiable
anymore.

Here, we identify a physical mechanism enabling the ma-
nipulation of Casimir-Lifshitz force in multilayer dielectric
nanostructures due to optical interference effects. Based on
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the fluctuation-dissipation theorem, which correlates quantum
fluctuations and the dissipation properties of the interacting
materials, we find that strong absorption modifications within
the multilayer structure due to light trapping inside the system
at UV frequencies are responsible for Fc_r) variations. The
latter is possible due to the materials combination selected, as
they present forces of similar intensity and opposite nature
when considered isolated in single slabs approached to the
same substrate [18,36]. Also, the thin slab thicknesses consid-
ered allow strong spatial and spectral absorption modifications
within the stratified planar system having an impact on Fic_p,).

In order to analyze the potential effect of optical inter-
ference on Fc_1), we devise a multilayer structure com-
prising alternate bilayers (V) of silicon dioxide (SiO,) and
polystyrene (PS) slabs of equal thickness, d, parallel to a
silicon (Si) wall at a certain separation distance, dy. The whole
system is immersed in glycerol [see schematic in Fig. 1(a)].
Such choice is based on a previous screening of materials and
liquid compounds to find combinations that can provide either
repulsive (SiO,—glycerol—Si) or attractive (PS—glycerol—
Si) forces between two semi-infinite materials with a liquid in
between.

In the multilayer scheme in Fig. 1(a), each single layer
will be characterized by the corresponding dielectric func-
tion at w frequencies, e.(w) = ¢;(w)+ ie]/(w), with L =
—-1,0,1,...,2N,, designating the layer position within the
arrangement. Within this notation, the infinitely thick Si sub-
strate takes the value L = —1, and the glycerol layer between
the multilayer and the Si wall is set to be L = 0. Thus the first
Si0, layer of the multilayer corresponds to L = 1, the second
one to PS, with L = 2, and so on.

II. THEORETICAL FORMALISM

To calculate Fc_r) between plane-parallel structures we
make use of the Lifshitz’s theoretical formalism expressed for
an arbitrary number of layers in which the EM field and the
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FIG. 1. (a) Schematics of the system under study: a multilayer
structure comprising alternate layers of thickness d made of SiO,
and PS materials, immersed in glycerol and facing a Si wall at a
separation distance dy. Layers are labeled as L = —1,0, 1, ..., 2N,.
L = —1 corresponds to Si wall, L = 0 to glycerol, L =1 to SiO,,
L =2 to PS, etc., and N, denotes the total number of SiO,-PS
bilayers. (b) Dielectric function at Matsubara frequencies, ¢(i§,), for
SiO; (solid line), PS (dashed line), glycerol (dashed dotted line), and
Si (dashed double dotted line), with a doping level 1.1 x 10" ¢cm?
and resistivity 0.077 (2 cm)~'.

material bodies are treated macroscopically [1,3]:
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In the above expression, the wave vector inside glycerol is
defined as K = (k, k(o)) where k| is the wave number in
the plane of the interfaces, and n = 0, 1, 2, ... enumerates the
discrete and infinite Matsubara frequencies &, = 2”’;’” n, with
kg and /i being the universal constants and 7 the temperature.
The prime in the summation indicates a factor of 1/2 for

n=0. Also, R\ (n, k) = ,with L = 1 and

2k(0)d0
X —
Z R(+) R( )

j=TE.TM

‘0“’-4—1“ o2k,

1040 Zk,(lH)l

R;_)(n,kL) =r; ‘_1)(n,kl) are the multiple Fresnel coeffi-
cients of the top and bottom surfaces of the glycerol layer,
respectively, for transverse electric (j = TE) and transverse
magnetic (j = TM) polarizations. These coefficients depend,
in turn, upon the simple Fresnel coefficients at Matsubara

frequencies:
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For our nonmagnetic materials, u, = 1. Finally, the per-
mittivity evaluated at Matsubara frequencies is obtained
through

o = oDy = 1 4 2 /oo L@ o @)
0
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To evaluate Fic_r), Eq. (3) is applied to the dielectric
functions of SiO,, PS, and Si tabulated in Refs. [37,38],
Refs. [39,40], and Refs. [41,42], accordingly, whereas for
glycerol, oscillator models extracted from Ref. [43] are used.
Figure 1(b) shows ¢(i§,) as a function of &, for the materials
here considered. The relation amongst those curves are at the
heart of the opposite force nature attained for single slabs
made out of SiO; or PS immersed in glycerol [14,18,36].

Optical properties of the multilayer structure are calculated
through the recurrent and iterative expressions provided by
the transfer matrix method [44,45] (TMM), a general formal-
ism that allows for computing all optical properties of one-
dimensional multilayered structures, assuming that the illu-
mination source is placed at a nonabsorbing glycerol medium,
whose dielectric function is taken from Refs. [46,47].

III. RESULTS AND DISCUSSION

In general, optical properties in periodic multilayer struc-
tures show a blueshift of the high reflectance band as the slab
thickness of the constitutive materials is reduced, accompa-
nied by a reflectance intensity raise with increasing number
of slabs, due to optical interference effects inside the stratified
structure. This implies variations of the power absorbed (Pyps)
by the whole system correlated to spectrally and spatially se-
lective enhancements of the electric-field amplitude [E (w, 7)],
as it follows from

1 \%4
Paps (@) = 5/ weoe] (0, F)|E(w, F)* dV, “)
0

with V the volume of the system. According to the fluctuation-
dissipation theorem [21], the current density fluctuations in-
side a homogeneous material, stemmed from the EM field
fluctuations, are proportional to the dissipation of the material,

e, (Ju(w, P, r)) o« &’(w), with o, 8 = x,y, z. In our
scheme, variations of the EM field distribution and current
density dispersion affect the partial and total power absorbed
of the system, which are the origin of the Casimir-Lifshitz
force.

A. Effect on Fc_p, of the layer thickness and number of bilayers
in multilayer structures

Figure 2(a) shows, for the same system considered in
Fig. 1(a), the reflectance spectra of a variety of multilayer
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FIG. 2. (a) Reflectance spectra of a multilayer structure compris-
ing 2 (continuous lines) or 16 (discontinuous dotted lines) bilayers
of SiO, and PS, of either 15 nm or 50 nm thickness, immersed
in glycerol. The layer facing the Si substrate is made up of SiO,.
(b) Calculation of Fi¢c_r) as a function of d, for the systems consid-
ered in panel (a), facing a Si wall. As a reference, results for single
slab made of either SiO, (continuous line) or PS (dashed line) under
the same conditions are also shown.

structures assuming thin layer thicknesses of d = 15 nm or
50 nm, and for N, = 2 or 16 bilayers. Those thin slab dimen-
sions result in high intensity reflectance bands emerging either
at the high energetic ultraviolet range (for d = 15 nm), a spec-
tral region at which the constitutive materials strongly absorb
(see Fig. 5 in Appendix A), or at near ultraviolet wavelengths
(for d = 50 nm), after which materials are transparent. Only
for d = 50 nm thicknesses, typical Bragg peak characteristics
can be appreciated, whereas for thinner layers of d = 15 nm,
the reflectance band at UV frequencies is greatly modulated
by the strong absorption of the constitutive materials.

Figure 2(b) reveals that, for separation distances dyp <
50 nm, in multilayered structures the nature of the Fic_p)
changes from being repulsive (positive) to attractive (negative)
as the separation distance increases, remaining negative for
large enough gaps till it vanishes. Such force behavior seems
to be dictated by an interplay between the opposite force
nature displayed by single slabs of SiO, and PS, whose
results are also displayed in the figure. This modulation in
the force intensity is larger for thinner slabs [26] than for
thicker ones, despite the largest reflectance variations being
attained for thick constitutive slabs [panel (a)]. Moreover,
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FIG. 3. (a) Calculation of F_p, as a function of d, for diverse
multilayer structures comprising bilayers made of 50% of SiO,
and 50% of PS, with a total thickness of 40 nm, immersed in
glycerol facing a Si wall. Results correspond to (i) N, =1 (i.e.,
d = 20 nm) shown with squares, (ii) N, = 2 (i.e.,d = 10 nm) shown
with circles, and (iii) N, = 4 (i.e., d = 5 nm) shown with diamonds.
As a reference, results for a 40 nm single slab made of either SiO, or
PS are also shown with top and down triangles, respectively. (b) For
the same systems considered in panel (a), Fic_z) as a function of
the Matsubara frequencies at a fixed separation distance dy = 25 nm.
Temperature is fixed to 298 K.

there is almost no difference between the response of 2 and
16 bilayers, demonstrating that the reaction of the multilayer
system is dominated by the first bilayer, again in spite of
the strong variations of the reflectance properties attained for
the different number of bilayers. The former result can be
explained by the fluctuation-dissipation theorem which states
null current density dispersion, i.e., hence no contribution to
F-1), for nonabsorbing materials (¢” = 0). This is the case
for SiO; and PS at the range of wavelengths in which the high
reflectance peak appears for the multilayer with d = 50 nm.
As we will show next, our findings point to a correlation
of the variations of Fc_z) with absorption changes due to
interference effects within the nanostructured system at UV
frequencies, where both SiO, and PS bulk materials present
large absorption bands. In order to gain physical insight into
the last observation, systems containing the same material
volumes should be compared.
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FIG. 4. Panels (a)—(d): schematics of the analyzed systems with total thickness 40 nm, with 50% of SiO, and 50% of PS materials.
Specifically, (a) a single SiO; slab, (b) one bilayer comprising slabs of 20 nm thickness, (c) two bilayers comprising slabs of 10 nm thickness,
and (d) a single PS slab. Panels (e)—(h): corresponding spectral and spatial distribution of absorption per unit volume, A. As a guide for the
eye, limits of each material layer are marked with horizontal continuous lines and regions of equal 10 nm thickness with dashed ones. Panels
(1)—(1): corresponding absorptance spectra displaying partial absorptance (corresponding to four consecutive regions of 10 nm thickness) and

total absorptance (black thick line).

B. Effect on F¢_;) of nanostructuring the same material volume
in diverse multilayer configurations

In Fig. 3(a) we consider periodic multilayer structures of
40 nm thickness, thin enough to yield F¢c—_;) variations by
nanostructuration. Systems comprise 50% of SiO, and 50%
of PS arranged as N, =1 (i.e., d =20 nm), N, =2 (i.e,
d =10 nm), and N, =4 (i.e., d =5 nm) bilayers. F_p,
calculations show, in all cases, repulsive forces at short sep-
aration distances (dp < 35 nm), which change to be attractive
at larger ones, as it was already seen in Fig. 2(b). In addition,
the higher the number of bilayers, which entails thinner layers,
the larger the variations in F¢c—_p). Specifically, the Casimir-
Lifshitz force can be tuned in intensity and nature through
the internal nanostructure of the multilayer system while
keeping the total thickness and material volumes constant.
For instance, at a separation distance of dy = 25 nm, Fic_p,)
can be tuned from being highly repulsive with 1 bilayer, to
highly attractive if it is nanostructured in 4 bilayers, even
being zero if 2 bilayers are grown. This modulation of Fic_y,
in systems in which the amount of the constituent materials
is the same but their nanostructuring is different results from
the interplay between attractive and repulsive forces displayed
by the individual materials when considered alone. Further
evidence of such interplay appears in Fig. 3(b), which shows
the contribution to F¢_z) of each Matsubara frequency (with
n > 0)atT = 298 K and dy = 25 nm, a separation distance at

which the three multilayer structures present Fc_y) of differ-
ent nature. Specifically, the total Fic_; value results from the
addition of all Matsubara frequencies, i.e., those displayed in
Fig. 3(b) plus the zero Matsubara frequency term. Analysis of
a slab exclusively made of PS (down triangles), with d = 40
nm, shows that all contributions are negative (i.e., of attrac-
tive nature), including the zero Matsubara frequency term
—11.11 N/m?2. In this case, the addition of all Matsubara fre-
quency contributions produces a total attractive force. In the
case of a pure SiO, material slab (up triangles), although the
zero Matsubara frequency contribution is negative, —10.35
N/m?, the rest of the Matsubara frequencies present positive
(repulsive) contributions yielding a total force of repulsive
nature. For the multilayer structures considered, in which an
equal material volume is differently arranged, with (i) d = 20
nm (squares), (ii)) d = 10 nm (circles), and (iii) d = 5 nm
(diamonds), the zero Matsubara frequency contribution is neg-
ative (attractive) in all cases, taking the values —10.51 N/m?,
—10.60 N/m?, and —10.68 N/m?, respectively, while the
contribution of all the relevant low Matsubara frequencies is
always positive (at high frequencies, positive and negative
contributions occur, but their impact on the final summation is
negligible). Importantly, the lower the d value, the lower the
intensity of those contributions. Because of that, the resulting
total force changes from being repulsive in structures with
d = 20 nm to attractive in multilayers with d = 5 nm, since
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in the latter case, the addition of all Matsubara frequencies
with n > 0 does not compensate the contribution of the zero
frequency. Also, Fig. 6 in Appendix B displays reflectance and
absorptance (A = P, /Py, with Py the incident power) spectra
of the considered arrangements.

Next, we will analyze spectral and spatial absorption
profiles in such multilayers to demonstrate that, by nanos-
tructuring the same material volume, absorption properties
are modified at the UV due to optical interference, giving
rise to modifications of F(c_r) according to the fluctuation-
dissipation theorem. Top panels in Fig. 4 show schematics of
the systems under study, all of them with a total thickness
of 40 nm. From left to right, they correspond to (a) a single
Si0; slab of 40 nm thickness, (b) 1 bilayer comprising slabs
of 20 nm thickness of SiO, and PS layers, (c) 2 bilayers
comprising SiO; and PS slabs of 10 nm thickness each, and
(d) a single PS slab of total thickness of 40 nm. Much infor-
mation can be attained from absorptance properties. Spectral
and spatial absorption profiles along the z direction are shown
in the second row panels [(e)—(h)]. In them, the absorption
per unit volume, 84, is depicted as being A = [ §A dz. Values
of z < 0 nm correspond to the illumination (or reflection)
region, 0 nm < z < 40 nm to the slab internal structure, and
z > 40 nm to the transmission region. As a guide to the
eye, limiting material interfaces are shown as continuous
horizontal lines, and layers of equal 10 nm thickness are
shown with dashed ones. Let us first analyze the absorption
properties of single slabs made of SiO, or PS (panels on the
left and right columns, respectively). Notably, high absorption
within the first ~20 nm inside the SiO, slab at A < 100 nm
is observed, whereas PS layers absorb even deeper inside
the structure (up to ~40 nm) and within a wider spectral
range A < 200 nm. A minimum in absorption is displayed
around A ~ 150 nm. Finally, total and partial (every 10 nm
thickness inside the structure) absorptance spectra are shown
in the fourth panels [(i)—(1)] as a volume integral of the above
profiles. Corresponding electric-field distributions along the z
direction, |E|?, are shown in Fig. 7 in Appendix C, along with
results for 4 bilayers in Fig. 8.

Considering now the multilayered structures, analysis of
the absorption profiles [panels (f),(g)] demonstrates the ex-
istence of hot spots inside the nanostructure that develop
with the number of layers, displaying regions of maximum
and minimum absorption that alternate in accordance to the
profiles of the single SiO, and PS slabs previously analyzed.
Furthermore, as the number of layers is increased the PS
slab gets physically closer to the illumination region (because
the thickness of the first SiO, layer is reduced), having a
strong impact on the partial and total spectral absorptance of
the multilayer structure. To compare light absorption inside
the structure, partial absorption of 10 nm thickness regions
(denoted as I, II, III, and IV) are calculated. Since F(c_r) of
a single PS layer is of comparable (although slightly larger)
intensity and opposite nature to the force experienced by a
single SiO, layer, these results seem to indicate that Fic_p) is
strongly modulated by the presence of the PS layer in strat-
ified systems, and such modulation comes from absorption
changes occurring at the UV range due to optical interference.
Interestingly, the total spectral absorptance (black thick lines)
is larger in stratified systems comprising 2 bilayers [panel (k)]
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FIG. 5. Complex dielectric functions ¢ as a function of wave-
length for (a) silica and (b) polystyrene. Real (¢) and imaginary (&”)
parts of the dielectric functions are depicted with dashed and solid
lines, correspondingly.

instead of only 1 bilayer [panel (j)]. The reason is that in the
systems comprising 2 bilayers, more light reaches the first PS
slab, since the first SiO, layer is thinner and absorbs photons
less efficiently. Our hypothesis about the different Fic_p)
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FIG. 6. Reflectance (thin solid line) and absorptance (thick solid
line) for the three multilayer configurations. Results correspond
to multilayers with (i) d = 20 nm (dotted lines), (ii)) d = 10 nm
(continuous lines), and (iii) d = 5 nm (dashed lines).
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FIG. 7. Spectral and spatial distribution of |E|? corresponding to the same systems in Fig. 4. As a guide for the eye, limits of each material
layer are marked with horizontal continuous lines and layers of equal 10 nm thickness with dashed ones.

experienced by the multilayer structures here considered is
that, the closer the PS layer to the mediating (glycerol) layer,
the stronger the variations of the absorptance properties of
the stratified arrangement due to optical interference at UV
wavelengths, which directly impact on Fi¢c_y) according to the
fluctuation-dissipation theorem. Changing the absorptance of
the whole system involves modifications of the corresponding
effective dielectric function. The latter translates into an ad-
justment of the €(i&,) of all the interacting materials, therefore
providing Casimir-Lifshitz forces of tunable intensity and
nature.

IV. CONCLUSIONS

In conclusion, we have presented a physical mechanism
modifying the Casimir-Lifshitz force in dielectric multilayer
nanostructures based on optical interference effects. Opti-
cal interference effects yield high electric-field localization
within the nanostructure, which in turn reshapes the partial
absorptance of the constituent materials at the UV frequency
range, modifying the Fc_;) experienced by the system. Our
hypothesis is based on the fluctuation-dissipation theorem that
directly relates Fc— L) with the dissipative properties of the
interacting objects, &/ (w). Specifically, we demonstrate that,
by nanostructuring the same volume of selected dielectric
materials in diverse multilayer configurations experimentally
accessible, forces of attractive or repulsive nature can be
attained. Potential applications in the design of MEMS and
NEMS systems in which dimensions and separation distances
of the constituent components are fixed at the nanoscale are
envisaged.
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APPENDIX A: DIELECTRIC FUNCTION OF SiO, AND PS

Both SiO, and PS, the materials employed in the multi-
layer nanostructures here analyzed, behave as absorbing or
transparent materials depending on the incident wavelength.
Figure 5 displays the real (dashed line) and imaginary (solid
line) parts of the dielectric functions for a wide frequency
range covering the UV and visible wavelengths. Panel (a)
corresponds to data of SiO, and (b) of PS. Both materials
present high absorption, i.e., high values of ¢”, in the UV
range, while ¢” remains zero in the visible range, meaning
that the materials are transparent for visible light. In Sec. III,
this optical response is related to the different contributions to
Fc_r through the fluctuation-dissipation theorem.

APPENDIX B: EXTENDED ANALYSIS OF THE OPTICAL
RESPONSE IN MULTILAYER CONFIGURATIONS

Variations of the multilayer arrangement for a fixed mate-
rial volume give rise to different Fc_; values, as shown in
Fig. 3, in which three different arrangements are analyzed.

Moreover, depending on the materials arrangement, the
optical response varies. For the three multilayer configura-
tions considered in Fig. 3, reflectance (thin solid line) and
absorptance (thick solid line) are depicted as a function of
wavelength in Fig. 6. Dotted, continuous, and dashed lines
represent configurations with (i) d = 20 nm, (ii) d = 10 nm,
and (iii) d = 5 nm, respectively. Despite having the same
amount of material in the multilayer structure (precisely, 50%
of SiO, and 50% of PS), at specific wavelengths, arrange-
ments with less slabs (i.e., d =20 nm) reflect light more
efficiently than those more stratified, giving rise to higher
absorption in such less reflective systems.
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APPENDIX C: EXTENDED RESULTS OF ELECTRIC
FIELD AND ABSORPTION DISTRIBUTION IN
MULTILAYER CONFIGURATIONS

The spectral and spatial distribution of the intensity of the
electric field and the absorption profiles in diverse multilayer
arrangements are analyzed here. Specifically, spectral and
spatial electric-field intensity distribution along the z direc-
tion, |E|?, corresponding to the systems analyzed in Fig. 4,
are shown in Fig. 7. Top panels display schematics of the
thin films studied, all of them with total thickness of 40
nm. From left to right, they correspond to (a) a single SiO;
slab of 40 nm thickness, (b) 1 bilayer comprising slabs of
20 nm thickness of SiO, and PS layers, (c) 2 bilayers com-
prising SiO; and PS slabs of 10 nm thickness each, and (d)
a single PS slab. Corresponding |E|? profiles are shown in
panels (e)—(h), in which z < 0 nm values correspond to the
illumination (or reflection) region, 0 nm < z < 40 nm to the
slab internal structure, and z > 40 nm to the transmission
region. As a guide to the eye, corresponding slab thicknesses
are shown as dashed white horizontal lines in the panels,
whereas interfaces between two materials are represented by
solid white horizontal lines. The |E|* distribution presents
specific features for each configuration, specially in the region
inside the nanostructure. At the reflection region, |E|* distri-
butions show high variations at the same wavelengths at which
maximum absorption of the constitutive materials occurs (see
Fig. 4), and in transmission displays a local maximum at A ~
150 nm that corresponds to a minimum of absorption in the PS
spectrum.

Figure 8 gathers the information about the electric field and
absorption distribution inside a multilayer nanostructure with
the same material volume as those considered in Fig. 4, made
up of eight alternating layers of PS and SiO, materials. The
latter entails multilayers composed by extremely thin con-
stituent slabs of d = 5 nm thickness. Panel (a) corresponds to
the schematic of the multilayered system, whereas (b) and (c)
show the spectral and spatial distribution of the electric-field
intensity and absorption inside the structure. Interestingly,
hot spots develop within the multilayer structure as the PS
and SiO, materials alternate, in accordance with their high
absorption wavelengths as displayed in Fig. 5. Finally, panel
(d) depicts the absorptance at the first four layers of 5 nm
(gray lines) and the total absorptance (black thick line). The
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FIG. 8. (a) Scheme of a multilayer system with total thickness
40 nm, with 50% of SiO, and 50% of PS materials arranged in
eight layers of 5 nm of thickness each one. (b) Spectral and spatial
distribution of |E|?. Horizontal lines mark the limits of each layer.
(c) Spectral and spatial distribution of absorption per unit volume,
8A. (d) Absorptance spectra for the first four layers of 5 nm and the
total absorptance results (black thick line).

latter allows direct comparison between different multilayer
arrangements.
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