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complications as the technique can become too sensitive, 
making it difficult to separate the desirable and undesirable 
contributions to the SHG signal. An example of an undesirable 
complication is extrinsic chirality,[15,16] which affects the non-
linear susceptibility tensor components in SHG.[17,18] Any ani-
sotropy present in the sample can have a similar effect and our 
work here focuses on highlighting the effects of rotational ani-
sotropy. We begin by selecting the sample geometry.

Chirality is intrinsically a 3D property; however, a great 
number of works have focused on so-called “planar” nano-
structures. A few recent examples include S-shaped nano-
structures,[19,20] three- and fourfold symmetric propellers,[21] 
and heptamers.[22] These planar chiral nanostructures are very 
attractive because of their ease of fabrication with electron 
beam lithography. The necessary 3D symmetry-breaking arises 
from a dissymmetry along the axis perpendicular to the sample 
plane,[23] for instance, due to the presence of a substrate on 
one side of the sample and air on the other. Although planar 
meta/nanomaterials are thus 3D, it is clear that their three-
dimensionality is not very pronounced. At optical frequencies, 
various 3D structured meta/nanomaterials have been proposed, 
such as rosettes,[24,25] twisted arcs,[26] 3D shuriken,[27] stacked 
split rings,[28,29] oligomers,[30,31] gyroids,[32] and helices.[33–36] 
Of all these examples, the latter (i.e., the helix) is the arche-
typical chiral structure. The strong interaction of nanohelices 
with circularly polarized light (CPL) gives rise to large chirop-
tical effects, such as circular dichroism. This makes them attrac-
tive for applications involving CPL.[6,8,37–39] Thus, the nonlinear 
optical response of helical metamaterials is of particular interest 
as they already demonstrate strong linear chiroptical effects. 
However, until recently it has been very difficult to fabricate 
high quality helical metamaterials for use at optical frequencies.

Herein, we have investigated a chiral metamaterial made 
of nanohelices, with substantially subwavelength dimensions 
(<λ/10). As the archetypical chiral geometry, the helical design 
is particularly suitable because it is pronouncedly 3D, it gives 
rise directly to superchiral field configurations along the center 
of the helix, and its structural chirality parameter is straight-
forward to estimate as a function of varying dimensions.[33,40] 
Within this metamaterial, we clearly identify three different 
rotational anisotropies and demonstrate how they can mask the 
true chiral effect, rendering the SHG-CD signals unreliable. Our 
experimental results highlight the need for a general method to 
extract the true chiral contributions to the SHG signal. Here, we 
use a method for approximating these contributions. Although 
not fully rigorous, this method yields three measures of the 
chirality: averaged SHG-CD, direct inspection of the chiral com-
ponent of the effective susceptibility tensor, and evaluation of 
the chiral coefficients that, as we show, can be deduced from a 
fit to the data. All three measures are shown to be in agreement.

Because of their lack of mirror symmetry, chiral meta/
nanomaterials[1,2] have recently enabled several remarkable 
phenomena, such as negative refractive index,[3] superchiral 
light,[4] enhanced enantiomeric chemical sensing,[5] and use as 
broadband circular polarizers[6,7] or detectors.[8] In all of these 
cases, key for the performance of the materials are their char-
acteristic chirality parameters. These parameters can be probed 
with both linear and nonlinear chiroptical (chiral-optical) 
techniques. The latter have an advantage because nonlinear 
chiroptical effects are known for being much more pronounced 
than their linear optical counterparts.[9–11] Moreover, nonlinear 
chiroptical effects address a different aspect of chirality and 
can therefore provide complementary information to that from 
linear chiroptical effects. For instance, linear circular dichroism 
(CD) originates from the interaction of electric and magnetic 
dipoles. Its nonlinear counterpart—second harmonic genera-
tion circular dichroism (SHG-CD)—can be sensitive to chirality 
purely in the electric dipolar response and does not require 
nonlocal effects. This sensitivity to chirality originates from the 
fact that the three electromagnetic fields involved in second-
order optics can probe the three directions of space.[12] It is 
therefore possible to use nonlinear chiroptical techniques to 
discriminate between local and nonlocal (magnetic) contribu-
tions.[13,14] Additionally, there are nonlinear chiroptical effects 
that do not have a linear optical counterpart. The need for com-
plementary chiroptical techniques is particularly poignant in 
the cases of complex interactions. This is, for instance, the case 
in superchiral light enhancement of molecular properties near 
plasmonic nanostructures. Indeed, in such a case, the chirality 
of the electromagnetic fields of light, that of the nanostructures, 
and that of the molecules all play a role and need to be disen-
tangled. However, whereas the link between linear chiroptical 
response and the chirality parameter has been clearly estab-
lished, in the nonlinear case this is far from being achieved. 
The sensitivity advantage of the nonlinear response leads to 
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The nanohelices are grown using a combination of block 
copolymer micelle nanolithography and dynamic oblique angle 
deposition.[41] Micelles with Au nanoparticle cores are spin-
coated onto the substrate. Plasma etching then embeds the 
seeds into the substrate creating a quasihexagonal array. The 
seeded substrate is mounted at an oblique angle and rotated 
during the evaporation process in order to fabricate the helices 
by shadow growth. Figure 1a shows the dimensions of the 
nanohelices under investigation, which have a pitch of 37 nm, 
height of 81 nm, wire thickness of 18 nm, inner diameter of 
28 nm, and outer diameter of 55 nm. A representative scanning 
electron microscopy (SEM) cross section of a wafer containing 
right-handed (RH) nanohelices is also shown. Both left- and 
right-handed nanohelices are investigated experimentally.

Our experimental setup is designed in order to reveal con-
tributions from all the nonlinear susceptibility tensor elements 
and it is shown in Figure 1b. Pulsed laser light with a central 
wavelength of 800 nm and a pulse width of 100 fs is linearly 
polarized to give either S (vertical) or P (horizontal) polariza-
tions. Light then passes through a quarter-wave plate (QWP) 
that is mounted on an automatic rotation stage and rotates in 
steps of 5°. After the QWP, an optical filter (BG39) removes 
extraneous SHG from the beam that is then focused to a spot 
size of ≈50 µm on the sample. The sample itself is mounted 
on an automatic rotation stage and is rotated in steps of 3° 
during the experiments. The angle of optical incidence is 45°. 
Reflected light is filtered to block the fundamental beam and 
collimated with a lens. An analyzing polarizer (analyzer) selects 
either the S- or P-polarized components of the 400 nm SHG 
signal. The SHG is detected with a photomultiplier tube, whose 

electron pulses are first preamplified and then detected with a 
gated photon counting system. Upon rotation of the QWP, we 
perform what is known as a “continuous polarization measure-
ment”[42] that can very clearly reveal the presence of anisotro-
pies when combined with sample rotation.

Because continuous polarization measurements are much 
more sensitive in the case of SHG than in the linear optical 
case, we reveal clear one-, two-, and threefold anisotropies in the 
samples. Furthermore, we identify the origins of these aniso-
tropies. For each set of continuous polarization measurements, 
the polarization–anisotropy can be mapped as in Figure 2a.[43] 
The map shows how the reflected linear optical intensity 
(λ = 400 nm) depends on the sample’s azimuthal angle (on the 
y axis) and on the QWP angle (on the x axis). Along the QWP 
axis, since an analyzer is present after the samples, Figure 2a 
shows that the brightest intensity is detected when incident 
light is linearly polarized along the direction of the analyzer, as 
we would expect. Along the sample rotation axis we can see a 
unidirectional anisotropy, which is due to end termination of 
the nanohelices. The CD effect appears very small: at 400 nm, 
the difference in reflected light for right and left CPL, normal-
ized by their sum, is of the order of 0.01 (see CD spectrum 
in Figure S1 of the Supporting Information). By contrast, the 
SHG continuous polarization maps are much more revealing.

For the SHG measurements, the detected light was also at 
the wavelength of 400 nm and illumination was at 800 nm. The 
reflectance spectrum of a typical sample is shown in Figure 2b. 
Figure 2c shows a map of the continuous polarization meas-
ured, performed with SHG. The red dashed lines on the ani-
sotropy map in Figure 2c show where the incident fundamental 
beam is linearly P- polarized. SHG response (averaged along 
all four red dashed lines in Figure 2c) gives the polar plot in 
Figure 2d, where the angular axis is the sample azimuthal angle. 
A clear onefold anisotropy is observed that can be attributed to 
the end of the helices, which all have identical orientation in 
our sample. For the S-in P-out polarizer–analyzer configuration, 
the polar plot in Figure 2e shows a twofold anisotropy. This ani-
sotropy can be ascribed to the electric dipole originating from 
the end of the helix. The influence of such dipoles has recently 
been addressed in the literature.[34,44] In addition to the twofold 
anisotropy of these dipoles, a threefold anisotropy can also be 
observed. In Figure 2c, incident left CPL light is indicated with 
green dashed lines and the corresponding SHG response is 
shown as a polar plot in Figure 2f. A clear threefold anisotropy 
is evident and it is associated with the quasihexagonal array of 
the helices on the sample surface. The polarization–anisotropy 
maps for both left- and right-handed nanohelices can be found 
in Figures S2–S5 (Supporting Information) along with polar 
plots for specific incident-detection polarization configurations.

The anisotropies have a dramatic effect on the SHG chirop-
tical response of the chiral metamaterials. This is evidenced by 
the SHG-CD when studied as a function of azimuthal sample 
rotation. Both P- and S-polarization components of the SHG 
intensities are recorded for left and right CPL incident on the 
sample. The normalized SHG-CD is calculated as[9,18,42]

I I

I I
SHG CD

2 2

2 2
P/S

P/S
RCP

P/S
LCP

P/S
RCP

P/S
LCP

ω ω
ω ω

( ) ( )
( ) ( )

− = −
+  

(1)

Adv. Mater. 2017, 29, 1605110

www.advancedsciencenews.com www.advmat.de

Figure 1. Nanohelices and experimental configuration. a) Profile and 
top-down schematics of left-handed nanohelices showing sample dimen-
sions with side on SEM of right-handed nanohelices. b) Experimental 
setup for continuous polarization measurements of the SHG. Averaging 
the measurements over all azimuthal orientations mimics the response 
of an isotropic sample.
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where ω is the frequency of light and I (2 )P/S
RCP/LCP ω  is the inten-

sity of the SHG, with superscripts denoting the handedness of 
incident CPL and subscripts referring to the polarization com-
ponent of the signal. In our samples, the SHG-CD as a func-
tion of sample azimuthal rotation is shown in Figure 3, for 
both left- and right-handed helices. The opposite chirality of the 
two samples is apparent as their SHG-CD profiles are mirror 
images of each other. However, it is also very clear that the 
SHG-CD changes its value across the full range (1–0), reaches 
zero, and even reverses sign depending on the angular position 

of the sample. This reversal is not because the chirality of the 
sample reverses as the substrate is being rotated, but is due to 
the anisotropy contributions described above. Measuring the 
SHG-CD from a chiral sample, without taking into account 
sample orientation, is therefore an insufficient way to evaluate 
the nonlinear chiroptical response of a chiral metamaterial.

However, the chiral contribution to SHG can be better 
approximated from an effective isotropic chiral metasurface. By 
definition, an isotropic chiral surface (i.e., isotropic in the plane) 
does not depend on angular position. The effective response 
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Figure 2. SHG continuous polarization measurements for the right-handed nanohelices are much more sensitive than linear optical ones. a) Polari-
zation–anisotropy color map of linear intensity (λ = 400 nm) for sample angle and QWP angle. P-in P-out refers to the position of the polarizer and 
analyzer, respectively. b) Reflectance spectrum of the right-handed helices. c) Polarization–anisotropy color map of SHG intensity for sample angle 
and QWP angle. The red dashed lines indicate linearly polarized light incident on the nanohelices. The green dashed lines indicate left circularly polar-
ized light incident on the nanohelices. d–f) SHG intensity of nanohelices as a function of the sample azimuthal orientation for different polarizer and 
analyzer combinations, as shown above.
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from an isotropic chiral surface can be created by averaging the 
continuous polarization measurements over all sample rota-
tions. In Figure 4, the SHG intensity is plotted as a function 
of quarter-wave plate rotation angle for the right-handed helices 
(in red) and the left-handed helices (in green). The four panels 
correspond to the four principal polarizer–analyzer configura-
tions, which are indicated by the corresponding experimental 
diagrams, for clarity. It should be noted that this method is not 
strictly rigorous; however, it does produce results that are con-
sistent. Indeed, from these data it is possible to extract three dif-
ferent measures of the chirality that are all in good agreement.

From Figure 4, SHG-CD can be accurately measured. The 
positions of the quarter-wave plates corresponding to CPL are 
indicated with oriented circles on the Figure. The obtained 
SHG-CD values are shown in Table 1 and, as they are large, 
they indicate a strong SHG contribution from chirality.

Another way to evaluate the chirality is by measuring the 
SHG intensity in the P-in S-out polarizer–analyzer configura-
tion. Within the electric dipole approximation, the SHG inten-
sity is directly proportional to the chiral tensor component 
of the nonlinear susceptibility. In Figure 4, the S-polarized 
SHG intensity (S-out) is plotted in the bottom left panel and 
P-in corresponds to the quarter-wave plate position along 0°, 
90°, 180°, 270°, and 360°. The SHG intensity at these points 
is 100 counts s−1, which is nearly 50% of the maximum SHG 
intensity in any polarizer–analyzer configuration. Therefore, 
this second way to measure SHG also indicates a strong SHG 
contribution from chirality.

The exact contribution to the SHG signal from the chiral 
tensor element compared to the achiral elements can be deter-
mined from fitting all the data in Figure 4. Our fits are plotted 
with solid lines on the figure. Using a well-established for-
malism,[42,45,46] the SHG intensity can be expressed as 

I fE gE hE E2 P
2
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where θ is the angle of incidence, z is the direction along the 
surface normal, and the subscripts P and S indicate the meas-
ured polarization state of the SHG intensity. From these expres-
sions it can be seen that the coefficients fS and hP depend only 
on the chiral tensor component. Finding values for these coeffi-
cients, by fitting to the data, allows the chiral contribution to the 
SHG to be quantified without the effect of rotational anisotropy.

Values for the best fits are shown in Table 2. The fitting pro-
cedure only gives information about the relative magnitude and 
phase of the tensor components. It is for this reason that the 
chiral coefficients are chosen to be real. Therefore, the phases 
of all other tensor components are relative to the chiral coef-
ficient and the absolute magnitude of the chiral contribution is 
easier to extract. The fitting coefficients are subjected to strong 
restrictions. The results from both samples were fitted simulta-
neously, forcing all of the achiral coefficients in the left-handed 
helices to have the same value and sign as in the right-handed 
helices. The chiral coefficients were left free to account for the 
fact that left- and right-handed helices are physically different 
samples, where minor variations in the fabrication are to be 
expected. As Table 2 illustrates, both the left- and right-handed 
helices yield strong and opposite chiral coefficients.

Although the fits follow the main features of the data very 
well, as confirmed by the R-squared data in Table S1 (Sup-
porting Information), they are not perfect. There are several 
reasons for this: Very restrictive fitting constraints were used—
all achiral tensor components are identical for both samples, 
even though the samples are physically different, as they were 
prepared separately. Minor variations can also be expected 
due to the measurement procedure, where the laser spot does 
not remain exactly in the center of the rotation axis and con-
sequently travels through slightly different regions where 
occasional fabrication defects can be present. The measure-
ments themselves take up to 24 h and, during this time, laser 
intensity can fluctuate slightly. Such laser power fluctuations 
can also occur due to daily temperature variation in the lab. 
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Figure 3. Normalized SHG-CD for left-handed (top) and right-handed 
(bottom) nanohelices as a function of the sample azimuthal angle. 
S-polarized (orange circles) and P-polarized (blue circles) components 
of sample response.
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Finally, while the fits are based on the dipole approximation, 
it is not to be excluded that a small contribution to the SHG 
signal is observed from higher order multipoles. This would 
show mainly where the signal is weakest, i.e., the S-in case, and 
indeed these lowest signals are least well reproduced by our fits.

Another potential source of imperfection for the fits is that 
our measurement procedure could, in principle, induce an 
extra anisotropy. Indeed, while the samples are rotated, the 
direction of light polarization remains the same. This direction 
could therefore become privileged, inducing a unidirectional 
anisotropy, especially if near-fields are resonantly enhanced and 
coupled between the nanostructures. In order to verify this pos-
sibility, we performed sample rotation measurements at normal 
incidence, where the polarization is parallel to the surface and 
the resulting anisotropy would be the strongest. The experi-
mental setup diagram and the data are shown in Figure S6 of 
the Supporting Information. For both the left- and right-handed 

helices the data do seem to indicate a unidirectional anisotropy; 
however, in these experiments the data are oriented very differ-
ently. Because the illumination conditions were identical, this 
difference clearly demonstrates that the source of the SHG ani-
sotropy is attributable to the structure of the samples.

As we have seen, extracting information on the chirality in 
SHG experiments is not trivial for an anisotropic surface. Here, 
we assume that the averaged SHG response can correspond to 
the response of an isotropic chiral surface. This is not neces-
sarily always true and, even for an isotropic surface, there are 
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Figure 4. Continuous polarization SHG measurements averaged over all azimuthal sample orientations. Polarizer–analyzer configurations are shown 
above and below graphs. Experimental (open circles) and theoretical fits (solid lines) results for reflected SHG of right-handed (red) and left-handed 
(green) nanohelices. Solid black grid lines indicate linearly polarized incident light. Dotted gray grid lines indicate circularly polarized incident light and 
handedness is denoted by arrows at the tops of the graphs.

Table 1. Averaged SHG-CD values for left- and right-handed nanohelix 
samples.

LH RH

SHG-CDp 0.76 −0.55

SHG-CDs 0.82 −0.77

Table 2. Values for fitting coefficients for left- and right-handed nano-
helix samples. Uncertainty of the fitting coefficients corresponds to 
standard deviation. Values without uncertainty are subject to con-
straints. The R-squared values for the fits are provided in Table S1 of the 
Supporting Information.

Signal polarization LH helices RH helices

P fP = 3.6(±0.30) −i9.23(±0.15) fP = 3.6–i9.23

gP = 2.3(±0.18) −i1.1(±0.19) gP = 2.3–i1.1

hP = −7(±0.12) hP = 11.7(±0.17)

S fS = −7 fS = 11.7

gS = 0 gS = 0

hS = −2.97(±0.32) + i9.7(±0.17) hS = −2.97 + i9.7
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difficulties that should be pointed out. For instance, SHG-CD 
measures the squared sum/difference of chiral and achiral 
components, and it can therefore be increased by increasing 
the achiral contribution, just as well as by increasing the chiral 
contribution. The direct measurement of the chiral tensor com-
ponent (P-in S-out) is only valid in the electric dipole approxi-
mation; higher order contributions can affect it. Finally, the 
fitting method used here can result in solutions that are not 
unique. All of these limitations clearly highlight the need for 
a general method to extract the true chiral contributions to the 
SHG signal.

In conclusion, the SHG response from metamaterial nano-
helices is presented. The strong effects of anisotropy on the 
SHG are demonstrated by the polarization–anisotropy maps. 
Furthermore, rotational anisotropy is shown to dramatically 
affect the chiroptical effect of SHG-CD. Our results highlight 
the need for a general method to extract the true chiral contri-
butions to the SHG signal. Such method would be highly 
useful, as SHG can probe the chirality in ways that are dif-
ferent and complementary to linear chiroptical measurements. 
As such, it will undoubtedly be indispensable, as nanofabrica-
tion techniques advance, to give us more sophisticated chiral 
metamaterials.
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from the author.

Acknowledgements
V.K.V. acknowledges support from the Royal Society through the 
University Research Fellowships. The authors are grateful to Paul 
Reddish, Steven Renshaw, and Peter Sykes for technical support. D.C.H. 
acknowledges funding from the EPSRC Centre for Doctoral Training 
Grant No. EP/L015544/1 and EPSRC Centre for Doctoral Training in 
Condensed Matter Physics (CDT-CMP). All data supporting this study 
are openly available from the University of Bath data archive at https://
doi.org/10.15125/BATH-00327.

Received: September 21, 2016
Revised: December 24, 2016

Published online: January 31, 2017

[1] C. M. Soukoulis, M. Wegener, Nat. Photonics 2011, 5, 523.
[2] V. K. Valev, J. J. Baumberg, C. Sibilia, T. Verbiest, Adv. Mater. 2013, 

25, 2517.
[3] J. B. Pendry, Science 2004, 306, 1353.
[4] Y. Tang, A. E. Cohen, Science 2011, 332, 333.
[5] E. Hendry, T. Carpy, J. Johnston, M. Popland, R. V. Mikhaylovskiy, 

A. J. Lapthorn, S. M. Kelly, L. D. Barron, N. Gadegaard, 
M. Kadodwala, Nat. Nanotechnol. 2010, 5, 783.

[6] J. Kaschke, J. K. Gansel, M. Wegener, Opt. Express 2012, 20, 26012.
[7] J. K. Gansel, M. Thiel, M. S. Rill, M. Decker, K. Bade, V. Saile, 

G. von Freymann, S. Linden, M. Wegener, Science 2009, 325, 1513.
[8] W. Li, Z. J. Coppens, L. V. Besteiro, W. Wang, A. O. Govorov, 

J. Valentine, Nat. Commun. 2015, 6, 8379.

[9] T. Petralli-Mallow, T. M. Wong, J. D. Byers, H. I. Yee, J. M. Hicks, 
J. Phys. Chem. 1993, 97, 1383.

[10] T. Verbiest, M. Kauranen, A. Persoons, M. Ikonen, J. Kurkela, 
H. Lemmetyinen, J. Am. Chem. Soc. 1994, 116, 9203.

[11] J. D. Byers, H. I. Yee, J. M. Hicks, J. Chem. Phys. 1994, 101,  
6233.

[12] F. Hache, H. Mesnil, J. Chem. Phys. 2001, 115, 6707.
[13] P. Fischer, F. Hache, Chirality 2005, 437, 421.
[14] P. Fischer, F. W. Wise, A. C. Albrecht, J. Phys. Chem. 2003, 107, 

8232.
[15] T. Verbiest, M. Kauranen, Y. Van Rompaey, A. Persoons, Phys. Rev. 

Lett. 1996, 77, 1456.
[16] E. Plum, X. Liu, V. A. Fedotov, Y. Chen, D. P. Tsai, N. I. Zheludev, 

Phys. Rev. Lett. 2009, 102, 113902.
[17] A. Belardini, M. C. Larciprete, M. Centini, E. Fazio, 

C. Sibilia, D. Chiappe, C. Martella, A. Toma, M. Giordano, 
F. Buatier de Mongeot, Phys. Rev. Lett. 2011, 107, 257401.

[18] A. Belardini, M. Centini, G. Leahu, D. C. Hooper, R. Li Voti, E. Fazio, 
J. W. Haus, A. Sarangan, V. K. Valev, C. Sibilia, Sci. Rep. 2016, 6, 
31796.

[19] T. Narushima, S. Hashiyada, H. Okamoto, ACS Photonics 2014, 1, 
732.

[20] V. K. Valev, J. J. Baumberg, B. De Clercq, N. Braz, X. Zheng, 
E. J. Osley, S. Vandendriessche, M. Hojeij, C. Blejean, J. Mertens, 
C. G. Biris, V. Volskiy, M. Ameloot, Y. Ekinci, G. A. E. Vandenbosch, 
P. A. Warburton, V. V. Moshchalkov, N. C. Panoiu, T. Verbiest, Adv. 
Mater. 2014, 26, 4074.

[21] S. Chen, F. Zeuner, M. Weismann, B. Reineke, G. Li, V. K. Valev, 
K. W. Cheah, N. C. Panoiu, T. Zentgraf, S. Zhang, Adv. Mater. 2016, 
28, 2992.

[22] S. Zu, Y. Bao, Z. Fang, Nanoscale 2016, 8, 3900.
[23] M. Kuwata-Gonokami, N. Saito, Y. Ino, M. Kauranen, K. Jefimovs, 

T. Vallius, J. Turunen, Y. Svirko, Phys. Rev. Lett. 2005, 95,  
227401.

[24] E. Plum, V. A. Fedotov, A. S. Schwanecke, N. I. Zheludev, Y. Chen, 
Appl. Phys. Lett. 2007, 90, 223113.

[25] D.-H. Kwon, P. L. Werner, D. H. Werner, Opt. Express 2008, 16, 
11802.

[26] Y. Cui, L. Kang, S. Lan, S. Rodrigues, W. Cai, Nano Lett. 2014, 14, 
1021.

[27] A. S. Karimullah, C. Jack, R. Tullius, V. M. Rotello, G. Cooke, 
N. Gadegaard, L. D. Barron, M. Kadodwala, Adv. Mater. 2015, 27, 
5610.

[28] N. Liu, H. Liu, S. Zhu, H. Giessen, Nat. Photonics 2009, 3,  
157.

[29] M. Decker, R. Zhao, C. M. Soukoulis, S. Linden, M. Wegener, Opt. 
Lett. 2010, 35, 1593.

[30] M. Hentschel, M. Scha, T. Weiss, N. Liu, H. Giessen, Nano Lett. 
2012, 12, 2542.

[31] M. Hentschel, L. Wu, M. Schäferling, P. Bai, E. P. Li, H. Giessen, 
ACS Nano 2012, 6, 10355.

[32] J. A. Dolan, B. D. Wilts, S. Vignolini, J. J. Baumberg, U. Steiner, 
T. D. Wilkinson, Adv. Opt. Mater. 2015, 3, 12.

[33] M. Schäferling, X. Yin, N. Engheta, H. Giessen, ACS Photonics 2014, 
1, 530.

[34] A. Benedetti, M. Esposito, V. Tasco, F. Todisco, M. Cuscuna, 
D. Sanvitto, A. Passaseo, Nat. Commun. 2015, 6, 6484.

[35] J. G. Gibbs, A. G. Mark, S. Eslami, P. Fischer, Appl. Phys. Lett. 2013, 
103, 213101.

[36] V. Tasco, M. Esposito, F. Todisco, A. Benedetti, M. Cuscunà, 
D. Sanvitto, A. Passaseo, Appl. Phys. A 2016, 122,  
280.

[37] J. Kaschke, L. Blume, L. Wu, M. Thiel, K. Bade, Z. Yang, M. Wegener, 
Adv. Opt. Mater. 2015, 3, 1411.



C
o

m
m

u
n

iC
a
ti

o
n

1605110 (7 of 7) wileyonlinelibrary.com © 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2017, 29, 1605110

www.advancedsciencenews.comwww.advmat.de

[38] J. Kaschke, M. Blome, S. Burger, M. Wegener, Opt. Express 2014, 22, 
19936.

[39] J. K. Gansel, M. Wegener, S. Burger, S. Linden, Opt. Express 2010, 
18, 1059.

[40] F. Ge, J. Zhu, L. Chen, Int. J. Infrared Millimeter Waves 1996, 17, 449.
[41] J. G. Gibbs, A. G. Mark, T.-C. Lee, S. Eslami, D. Schamel, P. Fischer, 

Nanoscale 2014, 6, 9457.
[42] S. Sioncke, T. Verbiest, Mater. Sci. Eng. R 2003, 42, 115.

[43] E. A. Mamonov, I. A. Kolmychek, S. Vandendriessche, M. Hojeij, 
Y. Ekinci, V. K. Valev, T. Verbiest, T. V. Murzina, Phys. Rev. B 2014, 89, 
121113.

[44] J. Kaschke, M. Wegener, Opt. Lett. 2015, 40, 3986.
[45] J. J. Maki, M. Kauranen, T. Verbiest, A. Persoons, Phys. Rev. B 1997, 

55, 5021.
[46] M. Kauranen, T. Verbiest, J. J. Maki, A. Persoons, J. Chem. Phys. 

1994, 101, 8193.




