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Metasurfaces Atop Metamaterials: Surface Morphology
Induces Linear Dichroism in Gyroid Optical Metamaterials

James A. Dolan, Raphael Dehmel, Angela Demetriadou, Yibei Gu, Ulrich Wiesner,
Timothy D. Wilkinson, llja Gunkel, Ortwin Hess, Jeremy J. Baumberg, Ullrich Steiner,

Matthias Saba, and Bodo D. Wilts*

Optical metamaterials offer the tantalizing possibility of creating
extraordinary optical properties through the careful design and arrangement
of subwavelength structural units. Gyroid-structured optical metamaterials
possess a chiral, cubic, and triply periodic bulk morphology that exhibits

a redshifted effective plasma frequency. They also exhibit a strong linear
dichroism, the origin of which is not yet understood. Here, the interaction
of light with gold gyroid optical metamaterials is studied and a strong

correlation between the surface morphology and its linear dichroism is found.

The termination of the gyroid surface breaks the cubic symmetry of the bulk
lattice and gives rise to the observed wavelength- and polarization-dependent
reflection. The results show that light couples into both localized and
propagating plasmon modes associated with anisotropic surface protrusions
and the gaps between such protrusions. The localized surface modes give

Metamaterials are artificially engineered
materials whose optical properties are
dependent on both the geometry of their
structural units and their chemical com-
position.!! The ability to design an effec-
tive permittivity €(w) and permeability
Uegr(®) by careful choice of these subwave-
length structural units offers the potential
for intriguing applications, such as super-
lenses and cloaking devices.>3l Associ-
ated material properties include those
otherwise unavailable in nature, such as
a negative refractive index and extreme
“hyperbolic” optical anisotropy.! The
observation of these unique properties
at optical frequencies, however, requires

rise to the anisotropic optical response, creating the linear dichroism.
Simulated reflection spectra are highly sensitive to minute details of these
surface terminations, down to the nanometer level, and can be understood
with analogy to the optical properties of a 2D anisotropic metasurface atop a
3D isotropic metamaterial. This pronounced sensitivity to the subwavelength
surface morphology has significant consequences for both the design and

application of optical metamaterials.

structural control on the length scale
of just a few nanometers. “Top down’
techniques are either unable to produce
bulk 3D structures (e.g., electron beam
lithographyP®)), or cannot produce such
structures on the nanoscale (e.g., direct
laser writing”=?)), with the uniformity and
efficiency necessary for a truly macro-
scopic (@) and Heg( )20
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Alternative “bottom up” approaches overcome these limita-
tions and allow efficient fabrication of otherwise inaccessible
3D nanoscale structures. One successful method employs self-
assembling triblock terpolymers, and results in optical meta-
materials with a single gyroid morphology.'>13 The chemical
dissimilarity between the different “blocks” of the terpolymer
(i-e., the constituent polymer chains) leads to microphase-
separation into various morphologies on the nanometer length
scale. These morphologies are used as sacrificial templates to
fabricate bulk functional nanomaterials. Here, the resulting
structures are 3D metamaterials with macroscopic optical
properties which emerge directly from the templated network
morphology.'216]

The single gyroid structure is a chiral, cubic, and triply
periodic geometry found in a variety of natural and synthetic
self-assembled systems.'72% Tts unique morphology!!7-12%
imparts a range of optical properties to gyroid-structured
optical metamaterials that are dependent on the unit cell size,
volume fill fraction, surrounding refractive index, and degree
of order.17152023] Intriguingly, gyroid optical metamaterials
give rise to a linear and circular dichroism (i.e., a variation in
the optical properties as a function of azimuthal orientation of
linearly polarized light and handedness of circularly polarized
light, respectively), both of which are sensitive to the structure
of the metamaterial.'213] However, this optical anisotropy is
only readily observable (e.g., by standard optical microscopy
techniques) when the metamaterial possesses long-range order,
whereby domains of the self-assembled template span at least
tens of micrometers. If the metamaterial possesses only short-
range order, its anisotropic optical properties are masked and it
responds similarly to disordered nanoporous gold.!'”!

Here, we fabricated and characterized exceptionally large
domains of a gold gyroid optical metamaterial and studied their
reflectance under various polarizations of incident light. These
domains were manufactured from a self-assembled triblock
terpolymer template. Since the terpolymer partially crystal-
lizes during solvent vapor annealing, giving rise to a contrast
in polarized light microscopy, it is possible to optimize the
annealing process to produce polymeric templates with gyroid
domains which span hundreds of micrometers.*

Previous work has shown that gyroid optical metamaterials
exhibit linear dichroism (quantified by a shift of the extinction
peak, or change in reflectance, as a function of relative orienta-
tion of the gyroid structure and polarization axis of the incident
light),l'213] which is unexpected due to the gyroid’s cubic sym-
metry. Indeed, linear dichroism is absent, by any metric, in all
theoretical models of gyroid metamaterials.*>*>-%"] To resolve
this apparent discrepancy between experiment and theory, and
to further study the more general phenomenon of how light
couples into periodic network-structured optical metamaterials,
we have combined experiments and simulations to demon-
strate the effect of the gyroid surface termination, thereby shed-
ding light on the origin of the linear dichroism in gyroid optical
metamaterials.

Scanning electron microscopy (SEM) and polarized optical
microscopy images in Figure 1 confirm the successful fabrica-
tion of a gold gyroid optical metamaterial with long-range order.
The SEM image in Figure la reveals an arrangement and sym-
metry of pores which are consistent with a gyroid morphology
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oriented with the (110) direction normal to the substrate.[2%28]

This is also consistent with previous results using the same
and similar triblock terpolymers under identical and near-
identical fabrication conditions, which were additionally char-
acterized by (grazing-incidence) small-angle X-ray scattering
(SAXS).[2428] Linearly polarized optical microscopy (Figure 1b)
reveals domains randomly oriented in-plane with lateral sizes
of =50-200 um, where the color and intensity contrast arises
from the linear dichroism of the gyroid metamaterial.'!

The reflectance spectra of single domains of gyroid optical
metamaterials were acquired under linearly polarized light
(Figure 1c,d; for a plot on a linear scale see Figure S1 in the
Supporting Information). The spectra clearly depend on the azi-
muthal angle of the incident light ¢, showing a strong linear
dichroism. As ¢ increases from 0° to 180°, the reflectance of the
metamaterial oscillates around a minimum at 0° (A 2 600 nm);
at shorter wavelengths the minimum reflectance is found at
slightly larger ¢ (Figure 1c), hence the mismatch between the
45° and 135° spectra in Figure 1d. The azimuthal angles are
defined relative to the in-plane [110] direction of the gyroid,
the orientation of maximum reflectance at long wavelengths.
Figure S2 shows the equivalent transmittance data, which is
complementary to the reflectance data of Figure 1c,d and simi-
larly exhibits a strong linear dichroism. The same data is shown
on a linear scale in Figure S3 in the Supporting Information.

Unlike the idealized representation of the gyroid optical
metamaterial in Figure le, the fabricated metamaterial is not
uniformly terminated and exhibits a significant variety of ape-
riodic surface morphologies (Figure 1a). This arises from the
nonuniformity of the electrodeposition growth front during
fabrication, as the electrodeposited gold grows spherically out-
ward from randomly distributed nucleation sites at the sub-
strate.?”! We approximate the aperiodic surface morphologies
found in the fabricated metamaterial with those periodic sur-
face morphologies exhibited by uniformly terminated gyroid
structures. Possible uniform terminations for a (110)-oriented
gyroid are shown in Figure 1f,g (more terminations are shown
in Figure S4 in the Supporting Information). The termina-
tions are characterized by the parameter 7, the distance of the
terminating plane from the crystallographic origin in units of
structural periodicity in the [110] direction, i.e., v/2a, with a the
gyroid unit cell size. Termination planes separated by At = 0.5
are equivalent apart from a shift of the 2D cross-section of
the gyroid morphology in the [001] direction (i.e., termina-
tion planes are periodic in 7= 0.5 with respect to their optical
response).

To highlight the role of different surface terminations on
light reflection, reflectance spectra were simulated as a func-
tion of termination 7 for four different azimuthal angles using
the finite-difference time-domain (FDTD) method (Figure 2). It
is immediately apparent that the simulated reflectance spectra
vary significantly both with azimuthal angle and with termi-
nation, with the strongest variations found for termination
planes in the range 0.1 S 75 0.3 (Figure 2a-d). When plotting
the reflectance at a single wavelength (650 nm, which will be
seen below to capture the response of two important surface
morphologies) as a function of termination, a pronounced vari-
ation of the linear dichroism with 7 is revealed, evidenced here
by the absolute difference in reflectance between orthogonal

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Linear dichroism of gold gyroid optical metamaterials. a) Scanning electron microscopy images of a single-domain gold gyroid. Scale bars:
200 nm. b) Optical reflection microscopy image of several gold gyroid domains with different in-plane orientations. The double-arrow shows the
orientation of the polarizer and analyzer. Scale bar: 50 um. c) Reflectance of linearly polarized light from a single-domain gold gyroid as a function of
azimuthal angle and d) at the four azimuthal angles indicated in the inset. The angle ¢ is defined with respect to the [110] direction of the gyroid. )
Schematic of the single gyroid morphology, highlighting the [110] direction oriented normal to the substrate. f) Four gyroid unit cell elements with
surface terminations of 7= 0.08, 0.16, 0.24, and 0.40, where 7 is the distance of the terminating plane from the crystallographic origin in units of
periodicity in the [110] direction (i.e., v'2a). g) Surface views of the (110) gyroid plane corresponding to the 7 values of (f).

orientations of linearly polarized light (Figure 2e). Clearly, there
exists a distinct relationship between surface morphology of the
gyroid metamaterial and the observed linear dichroism.

The sharp spectral features in Figure 2 suggest the presence
of optical resonances that arise from structurally well-defined
surface morphologies. A qualitative comparison of Figure 2e
with Figure 1f,g suggests that two distinctive surface mor-
phologies give rise to the marked dichroism observed for the
terminations 7 = 0.16 and 0.24. For the termination plane of
T = 0.16, the surface morphology is laterally extended, creating
a current pathway in one dimension (arrows in Figure 2e); for
the termination plane of 7 = 0.24, the surface morphology is
laterally disconnected. Both surface morphologies also feature
small gaps between adjacent disconnected protrusions (circles
in Figure 2e) and exhibit protrusions which are only sparsely
connected to the bulk gyroid via one vertical strut per repeat
unit (Figure 1f). These two distinctive surface morphologies—
lateral connectedness (or, conversely, current pathways) and
coupled gaps—are able to support the formation of confined
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(i-e., nonpropagating) anisotropic plasmonic modes due to their
low-connectivity to the underlying bulk morphology.

The underlying physics can thus be understood by analogy
to an anisotropic metasurface atop the isotropic bulk gyroid
metamaterial. To illustrate this analogy, the gyroid surface at
termination 7= 0.24 was modeled as a thin anisotropic effective
medium layer (i.e., a metasurface) atop an isotropic semiinfi-
nite bulk (i.e., the metamaterial). A Maxwell-Garnett approach
was employed, which accounts for the anisotropy of the sur-
face protrusions (see Materials and Methods in the Supporting
Information) but which cannot explicitly account for any cou-
pling between such protrusions. The analytically calculated and
simulated reflectance spectra for four azimuthal angles ¢ are
plotted in Figure 3a. The permittivities derived from the ana-
lytical calculations for the thin anisotropic metasurface and
isotropic bulk gyroid metamaterial are shown in Figure 3b,c,
respectively. Parallel to the long axis of the anisotropic surface
morphology (¢ = 55°), the metasurface exhibits a resonance at
=630 nm (Figure 3b) with a particularly low reflectance at and

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Simulated reflectance spectra and linear dichroism as a function of surface termination. Simulated reflectance spectra as a function of
termination 7 for azimuthal angles ¢ of a) 0°, b) 45°, ¢) 90°, and d) 135°. e) Reflectance at 650 nm as a function of 7 for the same ¢ values, highlighting
the continuous current pathways (orange arrows) and coupled gaps (orange circles) of the various gyroid surface morphologies. The angle ¢ is defined

with respect to the [110] direction of the gyroid (cf. Figure 1).

above this wavelength (Figure 3a). In contrast, perpendicular to
this axis (¢ = 145°), the metasurface behaves as a low refractive
index dielectric and is therefore almost transparent at normal
incidence. The optical response is therefore for this polarization
almost entirely that of the underlying bulk gyroid (Figure 3c).
The strong correlation between the analytical and numerical
calculations implies that the concept of a “metasurface atop a
metamaterial” serves as a particularly useful conceptual tool
with which the optical properties of uniformly terminated
gyroid optical metamaterials can be understood.

To probe the relative importance of the two structural
motifs—current pathways and coupled gaps—which lead
to resonant behavior, FDTD simulations of only the surface
termination layer (i.e., the metasurface layer), without the
underlying bulk gyroid, were performed. We systematically
alter the surface geometry for the FDTD calculation such that
the coupled gap modes are more or less prominent without
otherwise substantially altering the anisotropy or periodicity
of the structures. The insets in Figure 4a,b show the geometry
used for the two strongly dichroic terminations: a lateral trans-
lation of every second row along ¢ = 45° for 7= 0.16, and a rota-
tion of the elongated surface features (“islands”) around their
central axes for 7= 0.24. Figure 4c,d clearly shows how the cou-
pled gap modes, and therefore the overall reflectance spectra,
are perturbed by these two modifications, which preserve the
topology of the surface protrusions but alter their relative posi-
tion and orientation. For both terminations, the wavelength
at which maximal dichroism occurs is redshifted by =90 nm
and =30 nm for 7 = 0.16 and 0.24, respectively. The strength
of the linear dichroism (approximated here as the difference
between maximal and minimal reflectance at orthogonal linear
polarizations) is affected only marginally for 7= 0.16, while it is
reduced by =0.1 upon the rotation of the islands in the 7= 0.24
case (Figure S6, Supporting Information). This decrease in
dichroism is indicative of a coupling of the surface modes
across the gaps when the islands are aligned. We note that a
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detailed understanding of how the modes identified in this
numerical analysis couple with the bulk metamaterial would
require further investigation, and will be the subject of a sub-
sequent study.

These simulation results indicate that the reflection spectra
are mainly dominated by localized surface plasmons supported
by anisotropic protrusions acting as optical nanoantennas
(Figure 4). The reflection spectra are, however, considerably
perturbed due to the interaction between the laterally peri-
odic nanoantennas, giving rise to strong plasmonic coupling
and field enhancement in the gaps between them. The asso-
ciated redshift is well known and understood.?”! For the two
cases where the surface terminations form quasi-1D sur-
face morphologies, these localized surface plasmons lead to
a pronounced linear dichroism either perpendicular to the
connected pathways (7 = 0.16) or parallel to the long axis of
the isolated protrusions (7= 0.24). This is not the case for non-
interacting and near-isotropic isolated protrusions (e.g., 7= 0.4)
or for protrusions fully connected laterally in two dimensions
(e.g., 7= 0.08). This is illustrated in Figure S5 in the Supporting
Information, where the strength of the linear dichroism and
the direction of maximal reflectance are plotted versus wave-
length and termination. Figure S5 in the Supporting Infor-
mation provides additional evidence that the linear dichroism
arises predominantly from the two terminations 7 = 0.16 and
0.24, as suggested by Figure 2e. For these terminations, the
linear dichroism is spectrally broad-band, extending from A =
500 nm into the red. It is most pronounced for T = 0.24, which
is indicative of lateral mode-coupling across the gaps.

Unlike idealized simulations, fabricated gyroid optical meta-
materials exhibit a variety of aperiodic surface morphologies
(cf. Figure 1a), a subset of which are anticipated to exhibit the
approximate spectral response of uniformly terminated gyroid
structures explored above. The optical response of the non-
uniform fabricated metamaterials is therefore approximated
by averaging the simulated reflectance spectra over a range of

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Simulated and analytical reflectance spectra and the calculated
permittivities of a Maxwell-Garnett effective medium metasurface and
the bulk gyroid metamaterial. a) Simulated (solid lines) and analytical
(dashed lines) reflectance spectra at azimuthal angles ¢ = 0° (black), 45°
(red), 90° (green), and 135° (blue). b) Real (solid lines) and imaginary
(dashed lines) parts of the permittivities of the Maxwell-Garnett effective
medium layer parallel (¢ =55°; red) and perpendicular (¢ =145°; blue) to
the long axis of the effective medium ellipsoidal inclusions (see Materials
and Methods in the Supporting Information). c) Real (sold line) and
imaginary (dashed line) parts of the permittivity of the bulk gyroid.

termination surfaces. Figure 5a,b shows the cases where the
terminations are averaged around the two values for which a
strong dichroism is observed (i.e., 7= 0.16 and 0.24), in com-
parison with experimental results. Since the dichroism axis
for 7= 0.16 and 0.24 is rotated by =90° (cf. Figure S5 in the
Supporting Information), choosing an averaging interval that
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crosses the 7= 0.2 boundary significantly diminishes the effec-
tive dichroism (Figure 5c). This makes the predicted reflectance
very sensitive to the details of the averaging procedure.

Using an appropriate range of terminations, both sets of
simulated spectra agree qualitatively with the experimental
results. They exhibit a single extinction peak at =525 nm, a
strong linear dichroism, and a similar magnitude of reflectance
over the entire wavelength range (Figure 5a). In more detail,
however, there are marked differences. For both termination
ranges, T = 0.14 — 0.18 and 7 = 0.22 — 0.26, the simulated
dichroism disappears for long wavelengths, while experimen-
tally it extends into the infrared. For 7 = 0.24, the simulations
do not show the dichroism maximum observed at =520 nm,
but rather a shoulder in the 550-650 nm range, substantially
underestimating the dichroism between 500 and 550 nm.

Most importantly, however, the polarization angle at which
the measured reflectance is maximal is not well matched by the
simulations. While the experimentally determined dichroism
angle is =0°, the two dichroism peaks lie at ¢ = 45° and 135°,
shown in (Figure S5, Supporting Information). As demon-
strated in Figure 1c, an overzealous averaging procedure
results in a reduction in dichroism rather than in a substantial
dichroism at some intermediate angle (e.g., 90°).

Unsurprisingly, a simple averaging routine of the reflec-
tances of periodic and uniformly terminated gold gyroid sur-
faces is not sufficient to accurately describe the reflectance of a
surface which is instead aperiodic and rough. Such a procedure
implicitly assumes that individual surface morphologies exhibit
optical properties identical to periodic arrangements of infinite
lateral extent, and that there is no coupling between the mor-
phologies characterized by different terminations. In our fab-
ricated metamaterials, however, it is most likely that all these
plasmonic surface elements couple, which gives rise to a much
richer resonance behavior than is captured in models that
ignore such coupling. For example, previous studies have con-
firmed that the dichroism observed in Figure 1b is indeed cor-
related with the domain orientation (i.e., the dichroic regions
are gyroid domains with different in-plane orientations), which
implies a cumulative optical response of the rough gold gyroid
surface which cannot readily be modeled with currently avail-
able techniques.['*?* Additionally, a rough gold gyroid surface
may present morphologies associated with inclined termina-
tions (i.e., those associated with crystallographic planes other
than (110)), which are not considered here.

Based on these results, it is interesting to re-examine
results from recent literature. For example, the strength of the
dichroism—measured here as the spectral shift of a resonant
feature under orthogonal orientations of linearly polarized
light—observed by Vignolini et al. (a shift of the extinction peak
by =100 nm),l'Zl Salvatore et al. (a shift of the “plasma edge”
by =15 nm),"¥ and in the present work (a shift of the extinc-
tion peak by =25 nm) are all significantly different despite only
small variations in fabrication conditions. A similar variation
is observed for the angle of maximal reflectance, which was
found at 135°[12 and 0°,I'3 and the here-presented results rela-
tive to the [100] direction. These changes probably arise from
small differences in the sample preparation protocols. While
these differences might give rise to only minute structural vari-
ations on the order of a fraction of the gyroid lattice constant

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Relative contribution of anisotropic protrusions and coupled gaps to the observed linear dichroism. a,b) Simulated reflectance spectra of an
8 nm thick gold gyroid “metasurface” without the underlying bulk metamaterial at terminations of 7 of 0.16 (a) and 0.24 (b). The dashed lines indicate
the spectra for four orientations of linearly polarized light of the original surface morphology (i.e., the termination of the bulk gyroid lattice); the solid
lines indicate the spectra for altered morphologies whereby neighboring protrusions are shifted (a) or rotated (b) to maintain protrusion shape and
orientation (relative to the incident linearly polarized light) but to disrupt coupling between protrusions (insets). c,d) Electric field profiles (magnitude)
at maximally resonant wavelengths for terminations 7 of 0.16 (c) and 0.24 (d).

(e.g., small differences in filling fraction or the thickness of
struts and joints), it is clear from our simulations that even
such subtle variations will have a major impact on the reflec-
tance spectra and thereby the dichroism.

The terminations of the gyroid morphology have been char-
acterized by 7, the fractional distance from the crystallographic
origin to the terminating surface in units of repeat distance in
the [110] direction (i.e., ~2a). This characterization encodes
the length scale over which striking differences in the simu-
lated reflectance spectra are observed. Termination surfaces
which exhibit a strong dichroism are separated from those with
almost no dichroism by as little as At = 0.06-5 nm (Figure 2e).
This length scale is deeply subwavelength (AT = A/100) and
substantially smaller than the unit cell size (@ = 65 nm). The
bulk optics of the entire optical metamaterial are therefore sen-
sitive to the existence and morphology of surface features of
just a few nanometers.

A number of implications follow from the observation that
subwavelength terminations are responsible for the linear
dichroism of gyroid optical metamaterials. As the termination

Adv. Mater. 2019, 31, 1803478 1803478 (6 of 8)

surfaces presented by different orientations of the gyroid differ
greatly, so too does the linear dichroism. Gyroid optical meta-
materials with the directions (100) and (111) perpendicular
to the substrate are highly desirable due to the existence of a
circular dichroism in those directions.'%1627] It remains to be
seen whether a linear dichroism also exists for these orienta-
tions of the gyroid morphology.

Furthermore, our results demand a reassessment of the
existing literature concerning the linear and circular dichroism
of bulk gyroid optical metamaterials (see, e.g., ref. [20], and ref-
erences therein]). In these publications, the linear dichroism of
the gyroid optical metamaterial was characterized with respect to
the gyroid lattice orientation. This is, however, only partially cor-
rect, since our results show that different surface terminations of
the same gyroid lattice orientation give rise to markedly different
reflectances and dichroism signatures. In particular, it is pos-
sible that slight differences in surface termination across a single
gyroid domain will cause a dramatic change in reflectance and
hence in the optical appearance of the material. Finally, a similar
study is required to explore whether differing terminations of the

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure5. Average simulated reflectance spectra. Simulated (solid lines) and
experimental (dashed lines) reflection spectra averaged over termination
ranges indicated in the figure. The line colors correspond to the azimuthal
angles, defined with respect to the [110] direction of the gyroid.

gyroid morphology give rise to the observed circular dichroism
of the gyroid optical metamaterial along the (100) and (111)
directions,>?] or for other gyroid surface symmetries.
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In conclusion, we demonstrate that the terminations of
gyroid optical metamaterials induce a pronounced linear
dichroism. Terminations break the cubic symmetry of the bulk
gyroid morphology, strongly effecting its optical properties.
This effect can be considered analogous to that of placing an
anisotropic metasurface atop the bulk gyroid metamaterial,
whereby the optical properties of the metasurface are deter-
mined by the morphology of the terminations.

These findings have significant consequences for all classes
of plasmonic metamaterials, whether fabricated “top down’
by nanolithography or “bottom up” by polymer self-assembly.
While it was previously assumed that the optical properties of
these materials are predominantly determined by their bulk
morphology, this work demonstrates that this is not the case
and that the optical effect of the surface morphology is in fact
striking and dependent on sub-5 nm scale features. The extreme
sensitivity of these surface effects poses new challenges for the
reliable fabrication of plasmonic metamaterials with precisely
tailored optical properties. Additionally, this complexity opens
the possibility of exploring interesting physics associated with
surface states on 3D optical metamaterials, such as Weyl points,
pseudo Weyl points, and line nodes.}13* Hence, the effect of
terminations or similar surface defects in bulk optical metama-
terials can lead to fascinating new physics.
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