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Optical Anomalies due to Volume Collective Modes of
Plasmonic Metamaterials

Danielle Ben-Haim* and Tal Ellenbogen

The emergence of optical anomalies in 3D plasmonic metamaterials upon
excitation of volume collective modes is studied. These modes engage a
collective response of all the meta-atoms across the volume of the structure
and arise due to coupling of localized plasmonic modes with Bloch modes of
the 3D lattice. Two types of volume collective modes are introduced; a
reflective mode resilient to the plasmonic absorption, exhibiting reflection
that approaches unity with extremely low loss, through a distinct high-Q
spectral locking of the response of all the constituent plasmonic resonators in
the volume; in addition, a transmissive mode that supports the emergence of
lattice matched scattered waves within the volume, leading to full
transmission through a spectral transparency window. These attractive optical
properties of the volume collective modes may lead to a breakthrough in the
design of low-loss and efficient 3D plasmonic metamaterials for novel linear
and nonlinear photonic applications.

1. Introduction

Opticalmetamaterials have been extensively studied over the past
two decades due to their potential to control andmanipulate light
in ways that cannot be matched by naturally grown materials.[1,2]

These nano-engineered materials are built from subwavelength
inclusions called meta-atoms. The individual properties of the
meta-atoms govern themetamaterial optical response, which can
be tuned by a specific design of the meta-atom’s shape, material,
and orientation. Furthermore, the optical response strongly de-
pends on the distribution of the meta-atoms in space, and par-
ticularly on how they interact with one another when excited by
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light. The periodic arrangement of the
meta-atoms in 1D, 2D, or 3D lattices can
lead to coherent excitation through Bloch
modes and give rise to collective phenom-
ena that exhibit strong resonances and
enhanced light-matter interaction.[3–13]

The use of metallic nanoparticles as
meta-atoms has proved to be highly ad-
vantageous, due to a wide range of asso-
ciated optical phenomena such as mag-
netic resonances, optical chirality, hy-
perbolic dielectric response, geometric
phase, and optical nonlinearities.[2,14–18]

These phenomena have contributed to
the realization of plasmonic metamate-
rials with diverse capabilities, mainly in
planar metasurfaces that have also ex-
tended to multilayered platforms.[19–23]

Nevertheless, despite all the benefits
of plasmonic metamaterials, a major

drawback comes from the inherent losses to absorption in the
metal.[24] Particularly subwavelength metallic nanoparticles, ex-
cited with a localized mode known as localized surface plas-
mon (LSP), exhibit strong absorption that peaks at the resonance.
These losses pose limitations on the performance of plasmonic
metamaterials and thus require advanced approaches to mitigate
the loss.
Here we demonstrate how 3D plasmonic metamaterials can

be properly designed to give rise to volume collective modes that
exhibit anomalous optical behavior with extremely low losses.
These loss-protected modes are associated with coherent interac-
tions between the plasmonic meta-atoms, which extend through-
out the entire volume of the structure. Therefore, they are funda-
mentally different from localized modes (at a single particle) or
surface lattice modes (at a single surface).[25,26] As we show be-
low, the volume collective modes arise when the Bloch modes
of a 3D lattice couple to the LSP mode of the constituent meta-
atoms under quasi-momentum conservation. We examine two
distinct types of modes that exhibit different optical phenomena.
The first type is a reflective mode, analogous to Bragg mode, in
which the light is coherently scattered backward. We show that
in spite of the absorptive nature of the plasmonic resonators,
this volume collective mode exhibits a significant reduction in
absorption, that counter-intuitively continues to decrease as the
metamaterial size increases. In addition, it manifests in perfect
locking of the plasmonic resonators response over the entire vol-
ume of the metamaterial, regardless of its size or depth. The sec-
ond type is a transmissive mode, in which coherent interactions
along the direction of a certain reciprocal lattice vector lead to a
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Figure 1. a) Excitation of volume collective modes in a 3D nano-
engineered metamaterial. The metamaterial is illuminated by incoming
light that leads to coherent excitation of the nanoparticles through quasi-
momentum conservation in a 3D lattice with periodicities Λx ,Λy and Λz.
b) The three corresponding reciprocal lattice vectors in k-space.

spectral transparency window that can be considered as the vol-
ume counterpart to the surface lattice resonance phenomenon
that occurs in 2D metasurfaces.

2. Semi-Analytical Model

We study a metamaterial structure consisting of identical plas-
monic nanoparticles embedded in a dielectric medium. Without
loss of generality, the particles are arranged in a simple 3D lat-
tice, where the lattice vectors are aligned to the cartesian coordi-
nate system, as illustrated in Figure 1. We consider a metamate-
rial that is finite in the z-direction and is assumed to be laterally
large enough relative to the wavelength to be considered infinite
in the x and y directions. Therefore, it can be analytically treated
as a finite stack of metasurface layers. We study the system under
the coupled-dipole approximation (CDA),[27] where we consider
a dipolar response of each meta-atom and neglect higher multi-
poles. The metamaterial is illuminated by a plane wave that ex-
cites the nanoparticles and induces in each nanoparticle a dipole
moment that depends on its polarizability tensor 𝜶s and its local
field E⃗loc, according to:

p⃗nml = 𝜶sE⃗
loc

(
r⃗nml

)
, n,m, l = 0,±1,⋯ (1)

where p⃗nml is the dipole moment of a particle located in r⃗nml =
nΛxx̂ +mΛyŷ + lΛzẑ. Under plane-wave excitation of a stack of
infinite periodic arrays, with the same periodicity in x and y direc-
tions, all dipoles in each layer will have the same dipole moment
strength with different phases that correspond to the transverse
phase of the incident field:

p⃗nml = p⃗l exp
(
ik⃗inc∥ ⋅ r⃗nm

)
(2)

where k⃗inc∥ is the transverse wavevector of the incident field, r⃗nm =
nΛxx̂ +mΛyŷ is the particle’s transverse location, and p⃗l is the
induced dipole moment of the l-th metasurface layer.
The local field at the nanoparticle’s location accounts for both

the incident field and the scattered fields from all other dipoles

in the structure. Therefore, the dipole moment of the l-th layer is
described by the following equation:

p⃗l = 𝜶s

[
E⃗inc0 exp

(
ikincz zl

)
+Glp⃗l +

∑
i≠l

Gi→lp⃗i

]
(3)

where E⃗inc0 is the incident field amplitude, kincz is the ẑ compo-
nent of the incident wavevector, zl is the location of the l-th layer
on the z–axis, Gl is the sum of scattered field contributions to
a particle located in layer l from all other particles at that layer,
and Gi→l is the sum of scattered field contributions to a particle
located in layer l from all the particles in layer i. The scattered
field contributions from the dipoles are calculated using Green’s
function. Equation (3) can be rearranged as the following linear
set of equations:

N∑
i = 1

{
𝜶
−1
s −Gl, i = l

−Gi→l, i ≠ l

}
p⃗i = E⃗inc0 exp

(
ikincz zl

)
, l = 1,… , N

(4)

whose solution provides the dipole moments of each metasur-
face layer in the stack. The total scattered field observed at a cer-
tain point is the sum of contributions from all particles in the
structure. Since the structure is assumed infinite in the x and y
directions, the far field contains backward and forward scattered
plane waves from each layer, and the reflection and transmission
from the entire structure are calculated from the zeroth-order
diffraction.[28] The CDA method allows us to numerically calcu-
late the dipole moments of the stacked metasurfaces, given the
incident wave and the single-particle polarizability tensor. For the
case of nanodisks as the constituent meta-atoms, the polarizabil-
ity tensor is diagonal and symmetric, such that 𝛼xx = 𝛼yy ≫ 𝛼zz.
The diagonal terms of the polarizability can be approximated by a
Lorentzian lineshape that describes the resonant LSPmodes that
can be excited in the nanodisk.[29]

Although the studied metamaterial is finite and externally ex-
cited, the Bloch modes of the corresponding 3D lattice provide
further insight into its physical behavior. The Bloch modes sus-
tained by the 3D lattice are given in terms of the following quasi-
momentum conservation condition with the three reciprocal lat-
tice vectors in k-space:

|||k⃗scuvw||| = k, k⃗scuvw = k⃗B + u2𝜋
Λx

x̂ + v2𝜋
Λy

ŷ + w 2𝜋
Λz

ẑ (5)

where k is the background wavenumber, k⃗B is the Bloch wavevec-
tor, uvw are integers and stand for the order of diffraction, and
k⃗scuvw is the corresponding scattered wavevector. In an infinite pe-
riodic 3D lattice, all nanoparticles have the same dipole moment
strength, differ only by a phase factor that corresponds to the
Bloch wave phase at the nanoparticles’ location:

p⃗nml = p⃗ exp
(
ik⃗B ⋅ r⃗nml

)
(6)

In the finite metamaterial, the same collective behavior is sup-
ported by the eigenmodes of the system, that arise at the mo-
mentummatching condition of the Blochmodes in Equation (5),
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Figure 2. a) Reflection and b) absorption spectra from ametamaterial with increasing number of layers N, designed to exhibit a reflective type of volume
collective mode at the resonance wavelength 𝜆res = 700 nm, with periodicities Λx = Λy = 300 nm and Λz = 𝜆res∕2 nb = 240 nm. c) Reflection and
absorption at the resonance wavelength as function of N. d) Dipole moment amplitude for a structure of 20 layers, as function of the wavelength and
the layer’s index l. Taken from CDA calculations.

where k⃗B is replaced by the incident wavevector k⃗inc. These are
the volume collective modes of the metamaterial, which exhibit
coherent excitation of all nanoparticles across the volume. Differ-
ent types of volume collective modes can be excited, depending
on the excitation conditions that give rise to a different optical
behavior. In the following section, we will examine two distinct
types of such modes and characterize their unique optical prop-
erties.

3. Results and Discussion

The first studied type of volume collective mode arises when
the reciprocal lattice vector along the z-direction allows for mo-
mentum matching with a backward scattered wave, according to
Equation (5), which corresponds to Bragg’s condition. For nor-
mal incidence k⃗inc = kẑ, the collectivemode is excitedwith a back-
ward scattered wavevector k⃗scuvw = −kẑwhen the lattice periodicity
in the z-direction equals multiples of half the wavelength:

Λz = q 𝜆

2nb
, q = −w = 1, 2,… (7)

where 𝜆 is the vacuum wavelength, 𝜆∕nb is the wavelength in
the background material, nb is the background refractive index,
and q is the order of the mode. According to Equation (6), the
dipole moments of the metasurface layers take the form p⃗l =
p⃗ exp(i𝜋ql), such that they are equal in strength with a phase dif-
ference of either 𝜋 (for odd values of q) or 2𝜋 (for even values
of q).

To study deeper the reflective volume collective mode, we de-
sign a metamaterial that supports its excitation for normal inci-
dence, at the collective plasmonic resonance of each single meta-
surface layer (𝜆res = 700 nm). It consists of gold nanodisks with
44 nm radius and 20 nm height, embedded in a silica back-
ground. We perform both numerical calculations based on the
CDA approach and finite-element simulations of the electromag-
netic interaction (in COMSOL Multiphysics). The CDA method
can accurately predict both near and far field interactions be-
tween the dipole moments excited in the nanoparticles within
the metamaterial volume. It can be calculated fast and used to
understand the physical dynamics of small and large systems of
interacting dipoles. The finite-element simulation goes beyond
the dipole approximation. It includes the specific physical char-
acteristics of the nanoparticles and the backgroundmaterial, thus
it takes into account retardation effects within the nanoparticles
and the interband transitions of gold in the visible regime. In ad-
dition, it provides the solution for the fields within themetamate-
rial structure. The periodicities in eachmetasurface layer are sub-
wavelength, Λx = Λy = 300 nm, such that for normal incidence
only the zero diffraction order emerges. The periodicity in the z-
direction is chosen to be Λz = 𝜆res∕2 nb = 240 nm, such that the
reflective collective mode of the first order (q = 1 in Equation (7))
is excited at the resonance wavelength. Figure 2a,b shows the re-
flection and absorption from the metamaterial structure, for an
increasing number of layers, as calculated by the CDA approach.
Due to the arrangement of the layers in the Bragg condition at the
resonance wavelength, it is expected for the reflection to increase
with the number of layers, as seen in Figure 2a. However, there is
a counter-intuitive behavior of a significant decrease in the plas-
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Figure 3. Reflective volume collective mode excited in a metamaterial consisting of 5 layers with periodicities Λx = Λy = 300 nm and Λz = 𝜆res∕2 nb =
240 nm. a) A cross-section view of the electric field amplitude at the resonance wavelength 𝜆 = 𝜆res = 700 nm, and at an off-resonance wavelength
𝜆 = 750 nm, taken from finite-element simulations. b) The amplitude and c) phase of each layer’s induced dipolemoment, taken fromCDA calculations.

monic absorption at the collective mode, as seen in Figure 2b,
which accompanies a sharp peak in the reflection as themetama-
terial size increases. One might think that by adding more lossy
plasmonic layers, the total absorption should increase. Neverthe-
less, this volume collective mode is anomalously resilient to the
assumed absorption. If we look for example at the 20 layers struc-
ture, the reflection increases from 0.3 to more than 0.9 while the
absorption goes down from 0.5 to below 0.08. The sharp peak
in reflection and dip in absorption continue to increase and go
down monotonically with the number of layers, as shown in Fig-
ure 2c. A similar behavior was previously observed in 3D plas-
monic Bragg structures from gold nanowires by Taubert et al.,[20]

when studying the limitation of radiative coupling in 3D plas-
monic metamaterials. However, the role and peculiarity of the
collective mode were not fully discussed. The specific signature
of the collective mode is expressed by the ultrasharp spectral fea-
tures seen in Figure 2a,b that emerge at the resonant wavelength
for large enough stacks (>5 layers in the calculated example). It
arises due to coupling between the 3D lattice Blochmode and the
LSP mode of the constituent nanoparticles. The strong scatter-
ing that originates from the LSP mode is collectively intensified
through coherent interactions at the Bloch mode and is thus ca-
pable of suppressing the plasmonic absorption. Therefore, as the
size of the metamaterial increases, the absorption goes toward
zero, and the reflection toward unity, as depicted in Figure 2c.
The CDA results in Figure 2a,b were verified by finite-element
simulations, depicted in Figure S1, Supporting Information.
The collective behavior of the plasmonic resonators at the vol-

ume collective mode is expected to match the Bloch mode of the
equivalent 3D lattice, where all the nanoparticles have the same
dipolemoment strength, according to Equation (6). This behavior

can be clearly seen from the dipole moment amplitude, depicted
in Figure 2d for a structure of 20 layers. Within the wide spec-
tral band of high reflectivity, where there is an overall decrease of
the dipole moment strength with the layer’s depth, an extremely
narrow band is revealed around the resonance wavelength of the
volume collective mode, where the dipole moment is locked and
maintains the exact same value across the entire structure. It ex-
hibits an ultrahigh quality factor of the volume collective mode,
which is 20 times higher for the 20 layer structure compared to
that of the single layer localizedmode. This unique phenomenon
of spectral locking is manifested by an equal distribution of the
excitation power along all the nanoparticles within the metama-
terial, regardless of the number of layers.
This intriguing behavior is also observed by finite-element

simulations as shown in Figure 3a, for a structure of 5 layers. The
electric field within the nanoparticles indicates the relative exci-
tation strength of their dipole moments. At the resonance wave-
length all layers are excited at the same strength, whereas at an
off-resonance wavelength, the strength decreases in the deeper
layers. The corresponding amplitude of the layers’ dipole mo-
ments, calculated by the CDA approach, is shown in Figure 3b.
It shows how in the exact spectral point of this volume collec-
tive mode, the dipole moments of the different layers align to the
same value. In addition, Figure 3c shows the 𝜋 phase difference
in the dipole moments of adjacent layers at the resonance wave-
length, as expected for this mode.
Additional insight into the behavior of the reflective collec-

tive mode can be gained through an equivalent transmission-line
model of the problem,[30] as depicted in Figure 4. In this model,
each metasurface layer is represented by an effective admittance
YS, that is derived from the single metasurface properties. The

Laser Photonics Rev. 2023, 2200671 2200671 (4 of 8) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH

 18638899, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/lpor.202200671 by C

ochrane Israel, W
iley O

nline L
ibrary on [25/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.lpr-journal.org


www.advancedsciencenews.com www.lpr-journal.org

Figure 4. The equivalent transmission-line model for a metamaterial that
is based on a stack of 5metasurfaces, illuminated by normal incident light.
Each metasurface layer is described by an effective surface admittance YS.
The layers are separated by transmission-line segments of length d with
characteristic impedance 𝜂, and the lines on both ends are infinite. V inc

and Vref are the incident and reflected wave amplitudes, respectively.

admittances are connected in parallel to segments of transmis-
sion lines of length d, that corresponds to Λz. At the resonance
wavelength, d equals half the wavelength, and thus the admit-
tance seen at the input of each transmission-line segment equals
its load. Overall, the admittance Yin seen by the incident wave is:

Yin = N ⋅ YS +
1
𝜂

(8)

where N indicates the number of metasurface layers and 𝜂 is the
impedance of the background material. Hence, the reflection co-
efficient for N layers is:

rN =
−N ⋅ YS
2
𝜂
+ N ⋅ YS

(9)

As N increases, it can be seen from Equation (8) that Yin in-
creases, which reduces the power dissipation on the distributed
system, and the reflection |rN|2 approaches unity. Thus, the
equivalent transmission-linemodel supports the results from the
CDAmethod. AsN → ∞ we see that Yin → ∞ (short circuit) and
rN → −1, similar to the reflection from a perfect lossless conduc-
tor. It shows that at the resonance wavelength of the volume col-
lective mode, an effectively lossless metamaterial is formed. Fur-
thermore, the voltage VS that falls on each admittance YS is equal
in amplitude with a 𝜋 phase difference, and so is the current that
flows through each admittance, since IS = YS VS. This current is
proportional to the dipole moment of each metasurface layer,[30]

and therefore it coincides with the expected behavior of the re-
flective collective mode.
Another type of volume collective mode can arise when the

momentummatching condition in Equation (5) leads to scattered
waves in the direction of a reciprocal lattice vector, due to diffrac-
tion of the incoming light. In a single metasurface layer, the
emergence of a diffracted wave traveling on the surface is associ-
ated with the known phenomenon of Rayleigh anomaly,[31,32] and
leads to the excitation of surface lattice resonances, that might
cancel the local field at the nanoparticles’ location and induce a
spectral transparency window.[33] Such lateral diffraction occurs
due to momentum matching along the metasurface plane, lead-
ing to coherent scattering between the particles on the surface.
On the contrary, in the 3D case, not only dipoles on each layer
contribute to the local field, but also dipoles at all other layers.
Therefore, coherent scattering between the nanoparticles in a 3D

lattice requiresmomentummatching in all directions. In the case
of normal incidence, excitation of these lattice matched waves re-
quires the scattered wavevector to contain only the x and/or y re-
ciprocal lattice vectors, and therefore, in order to satisfy the condi-
tion in Equation (5), the z-direction reciprocal lattice vector must
cancel the incident wavemomentum. Thus, the volume collective
modes arise at the following condition:

√(
u
Λx

)2

+
(

v
Λy

)2

=
nb
𝜆
, Λz = q 𝜆

nb
, q = −w = 1, 2,… (10)

given that the incident polarization state supports the excitation
of the corresponding scattered wavevector k⃗scuvw = u2𝜋∕Λxx̂ +
v2𝜋∕Λyŷ. At this condition, the incident and the scattered waves
destructively interfere at the nanoparticles’ location and thus the
dipole moment of the corresponding polarization state is zero.
As a consequence, there are no scattered waves that propagate
in the z-direction outside of the structure, which leads to a full
transmission of the incident wave within a spectral transparency
window.
To look into this transmissive volume collective mode, we de-

sign a second metamaterial that supports its excitation, consist-
ing of the same gold nanodisks as before. The lattice periodicities
are set such that the first order of this mode (q = 1 in Equa-
tion (10)) is excited for x-polarized normal incidence at wave-
length 𝜆res (in this case Λx = 300 nm and Λy = Λz = 𝜆res∕nb =
480 nm). When the transmissive collective mode is excited, two
scattered waves traveling in +ŷ and −ŷ directions emerge, as they
destructively interfere with the incident light at the nanoparti-
cles’ location and thus cancel the nanoparticles’ dipole moment.
This is pronounced by an absorptionless transparency window
at the resonance wavelength 𝜆res = 700 nm, as can be seen in
Figure 5a, where the transmission equals unity, regardless of the
number of layers. On the other hand, Figure 5b shows the re-
sponse from a stack of the same metasurfaces, however at a dif-
ferent periodicity in the z-direction, such thatmomentummatch-
ing is not achieved in the 3D lattice. Although it can be seen in
Figure 5b that the single metasurface layer supports the emer-
gence of a transparency window at 𝜆res (due to a surface lattice
resonance), a stack of two or more of these metasurface layers
will not excite a transmissive volume collective mode and thus
the transparency goes down. Figure 5c shows the transmission
at the resonance wavelength as a function of nbΛz∕𝜆res, where
transparency windows are observed at the transmissive collec-
tive modes that satisfy Equation (10). Furthermore, it can be seen
that the collective phenomenon ismuchmore pronounced in the
near-field region, and as Λz increases, the interactions in the z-
direction become weaker and the response is mostly dominated
by the surface’s collective response. The CDA results in Figure 5a
were verified by finite-element simulations, depicted in Figure
S2, Supporting Information.
Furthermore, due to the asymmetry in x and y, the designed

metamaterial exhibits an anisotropic optical response, involving
both types of collective modes. For y-polarized normal incidence,
a reflective collective mode of the second order (q = 2 in Equa-
tion (7)) arises at the resonance wavelength. Figure 6a,b shows
the reflection, transmission, and absorption from a structure of
10 layers, for x-polarized and y-polarized normal incidence, re-
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Figure 5. a,b) Transmission from ametamaterial with increasing number of layersN and periodicitiesΛx = 300 nm andΛy = 480 nm, for two different
cases, a) Λz = 𝜆res∕nb = 480 nm when momentummatching along the y-direction is achieved, supporting a transmissive volume collective mode, and
b) Λz = 𝜆res∕2 nb = 240 nm when momentummatching along the y-direction is not achieved. c) Transmission from a stack of 5 layers at the resonance
wavelength as function of nbΛz∕𝜆res, where the arrows indicate the transmissive volume collective modes, according to Equation (10), and the dashed
lines indicate the two values of Λz in (a) and (b). Taken from CDA calculations.

Figure 6. An anisotropic metamaterial that supports different volume collective modes according to the incident wave polarization, consisting of 10
layers with periodicities Λx = 300 nm and Λy = Λz = 𝜆res∕nb = 480 nm. a,b) Reflection, transmission, and absorption for a) x-polarized and b) y-
polarized normal incident wave, taken from finite-element simulations. The insets show a top view of the structure in the x-y plane. c,d) A cross-section
view of the amplitude of c) Ex for x-polarized incidence and d) Ey for y-polarized incidence, at the resonance wavelength 𝜆res = 700 nm, taken from
finite-element simulations.
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spectively. It shows that in addition to the aforementioned trans-
parency window at the resonance wavelength for x-polarized
light, the opposite y-polarized light will be strongly reflected from
the metamaterial with minimal loss. For x-polarized incidence,
the destructive interference of the lattice matched scattered
waves with the incident wave at the nanoparticles’ location can
be seen from the standing wave pattern in Figure 6c, which
leads to the cancelation of their dipole moment. For y-polarized
incidence, the collective excitation of the dipole moments can be
seen from the amplitude of Ey, as depicted in Figure 6d.
The realization of the designed 3D metamaterials can be

achieved by the fabrication and stacking of metasurface layers.
Each metasurface layer, consisting of gold nanodisks, is fabri-
cated by a standard E-beam lithography, followed by evaporation
of gold and a lift-off. Then, a spacer layer of silica for example is
grown on top of the nanodisks, at a thickness of Λz. The process
is repeated until the desired number of layers is achieved.[19,22,34]

As a consequence of the sequential method of fabrication, the
physical parameters of the nanodisks array might vary from layer
to layer due to inconsistencies between the different lithography
processes, as well as misalignments in the displacement of the
layers. In Sections 2 and 3, Supporting Information, we give an
analysis of the effect of these variations, based on CDA simula-
tions, for the two types of metamaterials depicted in Figures 2
and 5. The reflective volume collective mode, supported by the
structure depicted in Figure 2, depends only on the distance be-
tween the layers Λz, where Λx and Λy are subwavelength. There-
fore, misalignments between the layers do not affect the behavior
of this mode, as can be seen in Figure S3, Supporting Informa-
tion. Variations of the nanodisks between the different layers will
shift their resonances from the central wavelength of the volume
collective mode, and the overall scattering will decrease. How-
ever, assuming a reasonablemaximum error of 10 nm in the nan-
odisks size, the spectral behavior of the mode is maintained, as
can be seen in Figure S5, Supporting Information. The transmis-
sive volume collective mode, supported by the structure depicted
in Figure 5, will not be affected by variations in the nanodisks
size, due to the cancellation of the nanodisks dipole moment, as
discussed before. This is evident from Figure S6, Supporting In-
formation. However, since the transmissive mode depends on
both Λz and Λy, it will be affected by misalignments between
the layers, as can be seen in Figure S4, Supporting Information.
Although the metamaterial is not entirely transparent at the de-
signed wavelength in this case, a window of high transmission
still emerges. This is the worst-case scenario of lack of alignment.
Improving the alignment between the layers, for example by us-
ing designated markers in the fabrication, will further enhance
the performance of this mode.
We point out that the studied configurations in this work as-

sumed identical nanoparticles under normal incidence, however
volume collective modes can be supported in oblique incidence
as well, under the momentum conservation condition in Equa-
tion (5). In addition, the reported collective phenomenon can in-
clude other types of meta-atoms, such as anisotropic scatterers
that induce polarization-dependent response,[19,22] as well as non-
linear nanoparticles, where collective modes in the system have
the potential to substantially increase the efficiency of nonlinear
frequency conversion processes.[23,35] Moreover, the concept of
finding collective modes through a study of the system’s eigen-

modes can be further extended to stacks of metasurfaces with
different optical responses, realizing optical platforms with mul-
tiple functionalities.[21,36–38]

4. Conclusions

We have revealed intriguing optical anomalies due to two types
of volume collective modes in 3D plasmonic metamaterials.
One type strongly reflects the incoming light and substantially
decreases the plasmonic absorption, while locking the resonant
response of the nanoresonators throughout the volume of the
metamaterial at an exceptionally high quality factor. Another
type excites lattice matched scattered waves within the volume
that can lead to an exceptional transparency window in the
spectrum. Our findings show how subwavelength inclusions
can be artificially designed in a 3D space to be collectively excited
across the volume and achieve unique optical properties. We
believe that the study of volume collective modes in artificial
nano-engineered materials can unlock further anomalous op-
tical phenomena based on light-matter interactions, and has
the potential to realize metamaterial-based optical devices with
highly advanced functionalities.
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