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Symmetry Breaking and Resonances Hybridization
in Vertical Split Ring Resonator Metamaterials

and the Excellent Sensing Potential
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Abstract—The resonances with narrow linewidths generated in
metamaterials are valuable for numerous applications ranging
from bio-sensing to narrow-band filter. And breaking structural
symmetry of metamaterials is one of the common and efficient ap-
proaches to achieve such sharp resonances. In this paper, we present
symmetry breaking introduced in vertical split ring resonators
(VSRR) metamaterials to excite narrow resonance. Different from
the previously reported planar asymmetric metamaterials, the
three-dimensional metamaterials are dominantly excited by the
magnetic field component of the terahertz illumination together
with the electric component. In this case, sharp resonances with
characteristic magnetic field distributions are excited. And the
sharpest resonance shows up with an ultra-narrow line-width (full
width at half maximum, FWHM is 5.90 GHz) and high Q of 327 at
1.93 THz. Through systematic theoretical analysis and numerical
mode implementation, we reveal the sharp resonance dips are
produced by resonance hybridization between a resonance mode
induced by the destruction of the structural symmetry and another
special resonance inherent in the symmetric VSRR metamaterials.
In addition, the fabrication robustness and sensing potential of the
asymmetric VSRR metamaterials are explored in this paper. The
results show that the AVSRR design is insensitive to the errors in
the fabrication process, like rough metal surface and smooth metal
corner, but highly sensitive to the approaching substance, which
prove the excellent sensing performance.

Index Terms—Magnetic resonance and terahertz metamaterial
sensor, metamaterials.
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I. INTRODUCTION

M ETAMATERIALS denote the artificially structured
composites which consist of numerous sub-wavelength

artificial meta-molecules [1]. The geometric construction and
arrangement of these constituent meta-molecules can be de-
liberately scheduled to realize a large amount of unconven-
tionally physical phenomena and functional devices, such as
negative or high refractive index [2], [3], hologram [4], phase
and polarization controller [5], [6], hollow-core terahertz fiber
[7], and bio-sensor [8]. These intriguing features usually ben-
efit from the resonant characteristic inherent in various meta-
materials. Consequently, manipulating the resonant feature of
metamaterials arouses a great deal of research interest within
the scientific community. And the excitation of resonances with
narrow linewidth is one of such interest since sharp resonance
implies strong light-matter interaction. Toward this goal, various
excitation methods have been proposed [9]–[13]. Among them,
symmetry breaking is a common and convenient means [14],
[15] which can excite resonances, generally by asymmetric
coupling [16] or structural asymmetry [9], with asymmetric
line shape and narrowed linewidth. Furthermore, the resulting
sharp resonances always reveal big numbers in terms of quality
factor (Q), which means that the resonators hold great promise
for a wealth of the narrow-band applications including sensing
[17]. These resonance modes with asymmetric line shape are
often termed as Fano mode [18], [19], electromagnetic induced
transparency (EIT)-like mode [10] or trapped mode [9].

Magnetic materials play important roles in the realization
of efficient electromagnetic (EM) devices [20]–[25]. However,
magnetic field component of EM wave couples weakly to natural
materials at terahertz (THz) and higher frequency bands. To han-
dle this, artificial magnetism is proposed and explored [26]. Then
multifarious metamaterial structures are developed to achieve
strong magnetism. In particular, split ring resonator (SRR),
which can be excited by electric or/and magnetic coupling,
becomes the most frequently used configuration. Subsequently,
research groups employ multilayer electroplating technique to-
gether with conventional optical lithography to successfully
fabricate vertical split ring resonator (VSRR) metamaterials
[27]–[29], instead of the traditional planar SRR configura-
tion, to further obtain strong magnetic response. Such VSRR
metamaterials are capable of coupling to magnetic component
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of incident illumination sufficiently and thus promise a wide
variety of magnetic applications, including magnetic plasmon
transportation and magnetic resonance imaging, which deserve
deep explorations.

In previous reports [9]–[18], [30]–[33], symmetry breaking
is commonly presented in planar metamaterials excited by elec-
tric component of the incident wave. However, to the best of
our knowledge, the research on the introduction of geometric
asymmetry in three-dimensional SRR metamaterials excited by
magnetic field is still absent. In this paper, we numerically probe
the issue. By introducing length difference into the vertical
columns of the VSRR metamaterials, the structure shows an
asymmetry with respect to the incidence direction and an ad-
ditional sharp resonance mode is excited by the incident wave.
The sharp resonance can be tuned to hybridize with another
resonance to narrow the resonance line-widths further. Then, the
physical mechanism behind these sharp resonances is discussed
in the following sections. Finally, the fabrication robustness and
sensing performance, including remote sensing nature, of the
asymmetric VSRR (AVSRR) metamaterials are evaluated. This
AVSRR design not only provides a novel approach for realizing
high-Q resonances, but also promises a route to employ this
kind of VSRR metamaterials to probe the functionality and
practicality of the magnetic metamaterials.

II. STRUCTURE DESIGN AND NUMERICAL ANALYSIS

A. Structural Design

Asymmetry is introduced along the incident direction normal
to the supporting substrate of the metamaterials to explore novel
physical property and functionality of the VSRR metamateri-
als. Fig. 1(a) shows the schematic diagram of the asymmetric
structure and the incident polarization used in the numerical
calculations. The incident THz wave illuminates the AVSRR
metamaterials vertically from the top (z direction) and the elec-
tric field component is polarized along x direction parallel to the
AVSRR plane while the magnetic component passes through
the AVSRR perpendicularly along y direction. In this case, the
AVSRR can be excited by both electric and magnetic couplings.
All the calculations are based on the Finite Integration Method
frequency domain solver. The unit cell boundary is used in the
simulation to mimic the AVSRR array. In the numerical calcu-
lations, a single AVSRR structure is built on a lossy polyimide
substrate (ε = 3.5 + 0.00945i) with a thickness of d = 40 μm.
The period of the simulated AVSRR unit cell is 100 μm. The
aluminum (Al, σ = 3.56 × 107 S/m) AVSRR evolves from
a symmetric structure which comprises two same aluminum
slates separated vertically by two aluminum columns. The two
slates are also separated horizontally by two gaps, which pro-
vides breeding ground for strong electric field concentration as
well as intense resonance in VSRR. Then, as demonstrated in
Fig. 1(a), the asymmetry is introduced by a length difference
between the vertical columns and the length difference is de-
noted as m. The detailed geometrical parameters description and
typical values used in the simulation are offered in Table I.

Fig. 1(b) shows the calculated transmission curve in contrast
with the reference line fitted by the theoretical mode [19], [31],

Fig. 1. (a) Schematic diagram of AVSRR metamaterials illuminated by THz
wave and the incident electric polarization are shown. An enlarged unit cell is also
displayed to specify the geometric parameters. (b) The numerically calculated
transmission curve compares with the fitting line. The angular frequency unit
(ω = 2πf) is used in the x-coordinate in order to facilitate the comparison.

TABLE I
GEOMETRIC PARAMETERS FOR AVSRR UNIT CELL SIMULATION

[34], which demonstrates good matching. The used theoretical
mode will be detailed in the Section III. From Fig. 1(b), a
broadband resonance labeled as two-loop mode [35] and three
other sharp resonances are excited by the incident THz wave.
The two-loop resonance mode with a special resonant feature,
i.e., surface electric currents resonate anti-parallel along two
sides of each vertical column, is well-established in [35] and
will not discussed here since it is unrelated to our work. As
for the three other resonances we are focusing on, the central
resonance frequencies, in terms of frequency unit, are f1 =
1.46 THz, f2 = 1.89 THz and f3 = 1.93 THz, respectively
calculated from f = ω/2π and corresponding angular frequency
locations shown in Fig. 1(b). The full widths at half maximum
(FWHM) of these resonances are calculated to be 19.5, 14.8 and
5.9 GHz, respectively. Then the quality factor (Q), which are
derived from Q = f0/FWHM , can be approximately figured
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Fig. 2. (a) – (c) Surface electric current distributions are calculated at 1.46 THz,
1.89 THz and 1.93 THz corresponding to the frequency locations of the resonant
dips of AVSRR metamaterials. The red arrows show the directions of electric
currents. The thickness of the red arrows illustrates the surface electric current
distribution density. (d) – (f) The x-component distribution Ex of the electric
field intensity is shown at the cut plane of y = 0 at the resonant dips. The field
distribution at the bottom gap in (f) is enlarged to illustrate the field distribution
difference. (g) – (i) The y-component distribution Hy of the magnetic field
intensity is shown at the cut plane of y = 0 at the resonant dips. The color scale
bars are displayed on the right of the corresponding plots.

out to be 75, 128 and 327, respectively. The f0 represents the cen-
tral frequency of a resonance. The corresponding transmission
amplitudes of the resonance dips reach 0.1145, 0.08982 and
0.4453, respectively. In contrast to resonances excited in tradi-
tional planar metasurface structures, whose Q values are com-
monly less than 100 [9], [36]–[38], the Q values for those modes
produced by the AVSRR design show prominent advantage. Par-
ticularly, the ultra-narrow resonance mode at 1.93 THz substan-
tiates that extremely narrow resonant response has been achieved
thanks to symmetry breaking imported in VSRR structure.

B. Resonant Property Analysis

In order to disclose the underlying physics behind these
sharp resonances, surface electric currents, electric and magnetic
field intensity distributions are numerically calculated at each
resonant frequency location [see Fig. 1(b)]. As displayed in
Fig. 2(a), at 1.46 THz, surface electric current resonates out-of-
phase on the columns and slates of the AVSRR metamaterials,
respectively, and as a result, forms a current ring which implies
the resonance is a fundamental LC resonance [20]. Moreover,
according to the current density distributions indicated by color
scale bar and color depth of the directional arrows, the current
mainly concentrates on the inside surface of the lower vertical
column, while on the higher column, the current centers on
both the inside and central part of the outside. In addition,
x-component distribution (Ex) of the electric field intensity in
Fig. 2(d) and y-component distribution (Hy) of the magnetic
field intensity in Fig. 2(g) jointly confirm that the resonance
at 1.46 THz is a LC mode. We also note that, the resonance
at 1.46 THz, as shown by the transmission curve in Fig. 1(b),

displays asymmetric line shape rather than a standard Lorentz
one, as a result of Fano effect stemmed from an interference with
the broadband two-loop mode.

At 1.89 THz, surface electric current on the lower column
changes its direction totally, compared to that shown in Fig. 2(a),
resonating in-phase on the two columns. The directions of the
electric current on the top slate becomes opposite at the middle
gap while they are the same on the bottom slate. According to
current density distribution, more current stores in the bottom
corners close to the substrate, both inside the lower column
and outside the higher column. The Ex displayed in Fig. 2(e)
attenuates largely compared to that of the LC mode, especially at
the top gaps. The Ex at the top gap of the high column resonate
in-phase with that at the bottom gap, but out-of-phase with that
at the top gap of the lower column, which is consistent with the
surface current distribution in Fig. 2(b). The magnetic field in
Fig. 2(h) also weakens and magnetic energy distributes unevenly
in the scale of unit cell. The magnetic field vectors with opposite
directions form at the bottom corner of the lower column and
top corner of the higher one.

At 1.93 THz, surface electric current on the two columns
oscillates still in-phase but with distinctly contrasting distribu-
tion densities. The current directions on each of the two slates
become opposite at the gaps, as displayed in Fig. 2(c). As a
result, half-ring current mode forms on the each column surface
of the AVSRR unit cell. From the current density distribution
in Fig. 2(c), electric current centers on the bottom slate and
in particular, the lower column of the AVSRR metamaterials.
Furthermore, electric currents on the columns distribute on the
whole surfaces more evenly than those shown in Fig. 2(a) and (b).
Also, as demonstrated in Fig. 2(f) and (i), the magnetic energy
stored within the AVSRR unit cell separates completely at the
middle place and higher energy distribution density appears
within the lower VSRR.

C. Comparative Analysis

To deeply investigate the physical origin of resonances at 1.89
and 1.93 THz, the transmission characteristics of the symmetric
and asymmetric VSRR metamaterials are compared in terms
of Q value and central frequency of resonances. From Fig. 3,
the low-frequency LC resonance modes occur for all the three
VSRR structures at between 1.2 and 1.6 THz. And the tunings
of the central frequencies of these LC resonances induced by the
structural variations are in line with LC circuit model theory [20].
The Q values are 63 for the lower symmetric structure [see the
red curve in Fig. 3] and 47 for the higher one [see the blue curve
in Fig. 3]. Benefiting from symmetry breaking, in light of the LC
resonance, the Q value of the AVSRR metamaterials (i.e., 75) is
enhanced by 19.05% (compared with lower symmetric structure)
and 59.57% (compared with higher one), respectively.

More intriguingly, at around 1.89 THz, sharp resonances with
similar line shape and almost the same central frequency arise
for all the resonators, as highlighted by the vertical red dashed
line in Fig. 3. The Q values are 101 and 106 for the respective
resonances of the lower and higher symmetric structures at
1.89 THz, which are also lower than that (i.e., 128) of the
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Fig. 3. Comparison of the transmission curves between symmetric and asym-
metric VSRR metamaterials. The structures employed in the numerical calcula-
tions are sketched next to the transmission curves. The red dashed line vertical
to the horizontal axis is used to guide eyes to distinguish the deviations of the
resonant frequency positions.

asymmetric one. And from Fig. 3, we can note that the reso-
nances at 1.89 THz remarkably show almost no dependence on
the height and length difference of the standing columns. Most
importantly, no resonances arise at 1.93 THz for symmetric
structures, which means that the resonance with a high-Q of
327 is indeed as a result of introducing asymmetry in VSRR
metamaterials.

As the resonance at 1.89 THz is nearly independent of the
geometric asymmetry of VSRR metamaterials, we can clarify
its physical origin by use of symmetric VSRR design. The
corresponding surface electric current and magnetic field distri-
bution are numerically calculated and demonstrated in Fig. 4.
Fig. 4(a)–(c) show the calculated results for the symmetric
structure with the height of 50 μm. The results for h= 30 μm are
not shown here due to similarity and avoidance of redundancy.
As shown in Fig. 4(b), the magnetic field distribution clearly
validates the resonance at 1.25 THz is a LC mode. For the
resonance at 1.89 THz, as shown in Fig. 4(a), the surface electric
current largely concentrates at the bottom part of the VSRR
metamaterials, which is stemmed from larger refractive index of
the substrate materials in comparison with the air surrounding
the top part of the metamaterials. The surface currents resonate
out-of-phase on the two columns while in-phase on the top and
bottom slates. On the columns, there also exist small half current
rings at the bottom next to the substrate, due to the sufficient
thickness of the columns. From the intensity distribution of the
magnetic field and surface electric current at 1.89 THz, it is worth
noting that EM energy is compressed mainly around the bottom
part of the VSRR metamaterials, which characterize a specific
resonance mode inherent in the VSRR metamaterials different
from the ones excited in planar SRR metamaterials. And this
uneven distribution also contributes to independent relationship

Fig. 4. (a) Surface electric current distribution of the resonance at 1.89 THz
for the symmetric VSRR metamaterials with the height of 50 μm and other geo-
metric parameters unchanged. The thickness and direction of red arrows denote
the distribution density and direction of the electric current, respectively. (b) and
(c) The y-component distributionHy of the magnetic field intensity are shown at
the cut plane of y = 0 at 1.25 THz and 1.89 THz, respectively. (d) Transmission
curve comparison among different symmetric VSRR metamaterials with various
geometric dimensions. The red dashed line vertical to x-axis is used to guide
eyes to distinguish the deviations of the resonant frequency positions.

between the central frequency of resonance at 1.89 THz and
the columns. Fig. 4(d) compares transmission curves of various
symmetric VSRR metamaterials, from which we notice that
the resonances at 1.89 THz are independent of the radius of
the columns in term of the central frequency location as well.
From more simulation work, we confirm that the resonance at
1.89 THz is a specific magnetic resonance mode inherent in the
VSRR metamaterials. The metal bottom slate plays a vitally im-
portant role in the determination of the central frequency of the
resonance while the standing columns just guide electric current
to circulate in the VSRRs to develop the magnetic resonance with
characteristic field distribution. However, although the columns
cannot impact on the shift of resonance frequency, the standing
columns are still key to generating the magnetic resonance mode,
or else the resonance will be another pure electric one instead.

D. Tunings of the Structural Variations

The tuning property of spectral responses of the AVSRR
metamaterials will be discussed in this sub-section to show the
evolution of the transmission curves with geometric parameters
changing. As shown in Fig. 5(a), when the height difference
increases gradually, a sharp resonance dip appears at high fre-
quency and shows continuous red-shift with asymmetry increas-
ing. The surface electric current, electric and magnetic field
distributions at the corresponding resonance dips (marked by
small black triangles) are numerically calculated and compared.
The results (not shown here) definitely illustrate that they are
the same resonance mode as that displayed in Fig. 2(c), (f)
and (i) at 1.93 THz. With asymmetry increasing, the AVSRR
unit cell enlarges gradually and thus the resonance dips induced
by asymmetry show red-shift and deeper resonance amplitudes.
While the resonance at 1.89 THz stands still with the height
changing. As a result, the two resonance modes will coincide,
hybridizes and then new modes appear, as illustrated in Fig. 5(a)
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Fig. 5. Transmission curve comparison of various AVSRR metamaterials with
varying (a) height difference m, (b) column radius r, (c) length a of the slates and
(d) width b of the slates. The black triangles in (a) and (b) mark the resonances
induced by the introduction of asymmetry. The vertical purple dashed lines in
(a), (b) and (d) are used as guides for eyes to check the resonance frequency
tunings with the various geometric parameters changing.

[39], [40]. This is exactly why the resonance mode displayed in
Fig. 2(b), (e) and (h) is different from the one shown in Fig. 4(a)
and (c). The interference effect between two resonance modes
with contrasting damping loss is further validated by Fig. 5(b).
When the columns thicken, the resonance dips blue-shift grad-
ually, hybridize with the resonance at 1.89 THz and finally
produce an asymmetric Fano line shape as well. Confusingly,
the frequency shifts induced by the columns thickening show a
counter-intuitive trend. That is to say, when the columns become
bulky, both the low-frequency LC resonance and high-frequency
resonance induced by introducing asymmetry show blue-shift,
which challenges LC circuit model theory and scalability - a
typical feature inherent in metamaterials. A possible reason
for the abnormal blue-shift may be related to the complex
surface electric current distributions on the columns, as shown in
Fig. 4(a), arising from the strong coupling between incident EM
wave and stand-up SRR structure, which requires further inves-
tigation. Fig. 5(c) and (d) demonstrate manipulating the length
and width of the aluminum slates is able to tune the amplitude
and frequency location of the resonances shown in Fig. 1(b) to
a great extent. And from more numerical calculations (results
not shown here), we note that the bottom slate plays a dominate
role over the top slate in the tuning behaviors demonstrated in
Fig. 5(c) and (d).

E. Further Discussion

In short, the asymmetric Fano line shape at high-frequency
in the transmission curve of the AVSRR metamaterials can also
be explained by hybridization model theory [39]. A movable

resonance induced by symmetry breaking hybridizes with a
stand-still resonance induced by the originally symmetry struc-
ture. According to hybridization model theory, when the central
frequencies of these two resonances come to close, the two
modes hybridize and then new resonance modes are generated.
As illustrated in Fig. 5, through tuning the column height and
radius of the two columns, the hybridization process and the
asymmetric line shape is able to be manipulated at will. Further-
more, combining with altering the geometric dimensions of the
bottom slate, high-Q resonances at any position within a certain
range of frequency band can be achieved by precisely designing
the AVSRR metamaterials. In practice, we believe the design
presented in this paper can be realized by multilayer electroplat-
ing technique together with conventional optical lithography.
According to the fabrication accuracy shown in [28], [41], the
precise tuning of ultra-high Q resonance by structure design can
also come true.

III. THEORETICAL MODEL FITTING

From the above discussion, the transmission spectrum of the
AVSRR metamaterials, especially the Fano-type line shapes
within it at high-frequency, can be described by a hybridization
process between two resonance modes with different excitation
states. This is in line with Fano model theory [19], which
originally described configuration effect of discrete spectrum co-
inciding with continuous spectrum. Then this theoretical mode
is extended to describe resonance hybridization [31]. Here, we
also find it suitable to be used to quantitatively describe the
transmission features of the AVSRR metamaterials. The trans-
mission curve of the AVSRR metamaterials under the vertically
incident illumination displayed in Fig. 1(a) can be described by
[19], [31]:

T ∝
∑

i

(εi + qi)
2

1 + ε2i
, εi =

ω − ωi

γ2/2
, i = 1, 2, 3, 4. (1)

Here, T represents transmission, ωi and γi is the angular
frequency and line-width of the resonances, respectively. So εi
characterizes all the resonant features of resonance dips. The qi
is Breit-Wigner-Fano coupling coefficient. Here, the i = 1, 2, 3,
4 denote the two-loop mode, LC resonance and resonance dips
at 1.89 and 1.93 THz, respectively. As demonstrated in Fig. 1(b),
the fitting line matches well with the numerically calculated line
except for small discrepancy at the two-loop resonance mode.
This is because the line-width of the two-loop resonance mode
is so broad that it is hard to precisely evaluate the γ1, which
introduces some acceptable deviation. Nevertheless, the overall
good match is achieved in main resonant features of the AVSRR
metamaterials, which discloses that Fano model can serve as a
useful tool to analyze and design metamaterial based on AVSRR.

IV. FABRICATION ROBUSTNESS ANALYSIS

In the implementation process of theoretical model, the un-
avoidable rough metal surface and structural imperfection will
be introduced in the fabricated metamaterial sample due to
fabrication technology limitation. As shown in Fig. 6(a) and (b),
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Fig. 6. (a) Schematic diagram of the simulated AVSRR structure with rough
aluminum surface. The rough surfaces are characterized by periodically cor-
rugated wall consisting of a series of nanoscale rectangular ribbons with a
height of 4p, a width of 2p and an interval of p. (b) Comparison between
transmission curves for the simulated AVSRR structures with varying degree
of roughness. A break is inserted in x-axis to display the evolution of resonances
at high-frequency more clearly. (c) The impact of the height of bottom corner
pentahedrons on the transmission curves of AVSRR metamateriasls. The trans-
mission curve (labeled as origin) for the origin AVSRR design as displayed in
Fig. 1(b) is also shown in Fig. 6(b) and (c) for comparison.

the influence of rough aluminum surface on the resonances ex-
cited in AVSRR metamaterials is first analyzed. The aluminum
with the conductivity unchanged but being wrapped by a rough
surface is employed in the following comparative analysis. It is
well-known that structures with extremely small size modeled
in the simulations, such as nanoscale structure in our case,
which are three orders of magnitude lower than the typical
dimensions (micrometer-scale) in THz, cannot be distinguished
during the process of mesh generation in simulations. Based
on this principle, the rough surfaces are simply modeled as
nanoscale corrugated walls made up of periodically distributed
nanoribbons, as displayed in Fig. 6(a). For simplicity, we define
the length and width of nanoribbons as simple functions of the
interval between adjacent nanoribbons. Then we discuss the
impact of rough metal surface on the resonant characteristics
of AVSRR metamaterials based on p. From Fig. 6(b), when
p modestly increases (p increases to 10 nm), the comparison
between the transmission curves shows nearly no alterations
appear for the central frequencies of three resonances but with
increased transmission amplitudes. This is because the rough
surfaces increase the surface area of the resonant elements
relative to the origin structure. When the metal surface become
extremely rugged (p increases to exceed 300 nm), the resonances
demonstrate continuous red-shifts with modest amplitude en-
hancement due to the further volume expansion of the AVSRR
structure. It is worth to note that even when p exceeds 300 nm,
which means the height of rough surface exceeds half of the
thickness of the aluminum slates, the main resonant features of
AVSRR metatmaterials reveal no significant alterations. Hence,
the rough metal surfaces exert an unremarkable impact, like
modest resonance frequency shifts and amplitude modulations,
on the resonances of the AVSRR metamaterials, which is also
proved by the experimental results in [28], [41].

Fig. 7. (a) Schematic diagram of the sensing configuration based on the
AVSRR metamaterials. The green particles denote the minute particle substances
in the liquid analyte to be tested. (b) The performance comparison of RI sensing
for the resonances at f1 = 1.46 THz, f2 = 1.89 THz and f3 = 1.93 THz.

The fabrication imperfection will also lead to structural de-
viation from the original design. The resulting smooth metal
corner, rather than perfect right-angle structure, appearing in
the metal metamaterial samples is one of the common cases of
fabrication imperfection, as illustrated in the inset of Fig. 6(c).
Here, two pentahedrons with a cross section of a right triangle
are added to the bottom corners of AVSRR unit to imitate the
smooth aluminum corner. Then Fig. 6(c) displays the tunings
of the height of the pentahedrons to investigate the influence of
smooth bottom corners. With the height increasing, the central
frequencies of the resonances at 1.46 and 1.93 THz gradually
blueshifts with small steps, while the resonance at 1.89 THz
stays standstill owing to its strong dependence on the unchanged
aluminum slates. However, benefiting from current advanced
fabrication technology, the height of smooth metal corner will
not be so large as those used in our simulations (up to 15 μm,
half of the height of the lower column) [28]. Consequently,
the smooth metal corners introduced in the fabrication process
will not distinctly influence the resonant features of the AVSRR
metamaterials as well.

V. EVALUATION OF SENSING PERFORMANCE

The strong resonance attribute makes metamaterials excellent
sensing platforms which demonstrate immense potential [8],
[17], [29], [42], [43]. Furthermore, the stand-up VSRR design
can largely enhance sensing performance of metamaterials by re-
ducing dielectric loss produced by the existence of the substrate
at the hot-spots, e.g., the gaps of the SRRs [43]. In this section,
the sensing performance of the AVSRR metamaterials is evalu-
ated. Fig. 7(a) demonstrates the schematic drawing of the sensing
process. The liquid analyte containing biomolecules with the
refractive index (RI) ranging from 1.4 to 1.6 is deposited onto
the surface of the AVSRR metamaterial sensor and THz wave
illuminates the sensing configuration vertically [42]. Fig. 7(b)
shows numerically calculated results for RI sensing from 1.4
to 1.6 with a step of 0.02. The RI sensitivity for the resonance
at 1.89 THz demonstrates the highest values for the whole RI
range. While the RI sensitivity for the resonance at 1.93 THz
is the lowest of the three. Specifically, RI sensitivity for the
resonance at 1.89 THz decreases gradually from 775 GHz/RIU
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Fig. 8. (a) The evolution of RI sensing performances with the distance between
analytes with RI = 1.6 and metamaterial sensor for three resonance modes.
The inset shows the schematic diagram of the remote sensing configuration
based on the AVSRR metamaterials. The dark red plane in the inset refers to
the horizontal plane where the analyte is in contact with the higher column of
the AVSRR sensor. (b) The performance comparison of RI remote sensing for
the resonances at f1 = 1.46 THz, f2 = 1.89 THz and f3 = 1.93 THz when the
distance D = 5 μm.

to 738 GHz/RIU with RI increasing from 1.4 to 1.6. The RI sen-
sitivity evolutions for the resonances at 1.89 and 1.93 THz show
reciprocal relationship [see the red and blue curves in Fig. 7(b)]
due to the resonances hybridization. The highest RI sensitivities
for the resonances at 1.46 THz and 1.93 THz are 728 GHz/RIU
and 366 GHz/RIU, respectively, while the lowest ones are
660 GHz/RIU and 330 GHz/RIU. Besides the RI sensitivity,
the Q factor of resonances is also an indicator of the significant
importance for sensor evaluation. Therefore, a composite index
- figure of merit (FoM), calculated as FoM = Q ∗ Sensitivity,
is more suitable to evaluate the sensing performance [39]. As
shown in Fig. 7(b), although the RI sensitivity for the resonance
at 1.93 THz shows the lowest RI sensitivity, the FoM for it
become the highest, increasing from the lowest value of 55.80
to the highest of 61.93 with the increase of RI. Additionally,
the FoM for the resonance at 1.89 THz (from 49.86 to 52.31)
show the better performance than that of the LC resonance at
1.46 THz (from 33.77 to 37.25). All these sensing results prove
the AVSRR metamaterials can be exploited as excellent sensing
platform.

Besides the aforementioned complete contact (or immersion)
sensing, sensing from a distance (or remote sensing) is also of
great value for areas of detection and measurement. Fig. 8 in-
vestigates the remote sensing performance based on the AVSRR
metamaterials. As displayed in the inset of Fig. 8(a), the analyte
is placed at a position with a distance of D from the AVSRR
sensor. When D = 0 μm, the analyte is just in contact with
the higher column of the AVSRR sensor rather than the entire
sensor, as indicated by the inset of Fig. 8(a). From Fig. 8(a),
the RI sensitivity for all three resonances in this case largely
reduce in comparison with the complete contact case. And the
RI sensitivity for the resonance at 1.46 THz displays the best
performance while those for the other two resonances stay at
a lower sensitivity level. More importantly, the RI sensitivity
evolutions for all the three resonances with the increase of D
demonstrate exponential downward trends. And when D is more
than 20 μm, the sensitivity of the AVSRR sensor will keep at
a low level no more than 30 GHz/RIU. Fig. 8(b) illustrates the
remote sensing performance evolution at a distance of D= 5μm

with RI increasing from 1.4 to 1.6 with a step of 0.05. The RI
sensitivity for LC mode remains the highest level which is just
lower than 100 GHz/RIU. The RI sensitivity for the resonance
at 1.89 THz displays the lowest level since the EM energy at
the mode concentrates near the bottom part of AVSRR far from
the analyte. As for FoM, the resonance at 1.93 THz shows the
highest values, however, all the FoM values are about an order
of magnitude lower than those in the complete contact sensing
case.

VI. CONCLUSION

In summary, the resonant response produced by the asymme-
try introduced in VSRR metamaterials is studied using numer-
ical simulations. Via symmetry breaking, narrow line widths
(19.5 GHz, 14.8 GHz and 5.9 GHz) and high Q values (75,
128 and 327) are achieved for three resonances, in particular
the sharp resonance dip appearing at 1.93 THz. By numerical
analysis, we prove that the sharp resonance dips at the high-
frequency are generated by resonance hybridization between
two separate resonances (one inherent in symmetric VSRR while
the other produced by asymmetry). Furthermore, the resonance
hybridization mechanism is flexible to be controlled through
tuning the structural dimensions of the AVSRR metamaterials,
which provide a convenient way to realize the ultrasensitive
sensing and other narrow band applications. Additionally, the
fabrication robustness analysis proves that the AVSRR design
is insensitive to rough metal surface and smooth corner. The RI
sensing performance based on the AVSRR metamaterials is also
evaluated by numerical calculation. The sensing result illustrates
the high Q resonance combining with high RI sensitivity make
the AVSRR metamaterials a great promising sensing platform.
We believe this structure can offer a novel approach to exploit
and explore the magnetic effect as well.

REFERENCES

[1] V. G. Veselago, “The electrodynamics of substances with simultaneously
negative values of ε andμ,” Sov. Phys. Uspekhi, vol. 10, no. 4, pp. 509–514,
1968.

[2] R. A. Shelby, D. R. Smith, and S. Schultz, “Experimental verification of a
negative index of refraction,” Science, vol. 292, no. 5514, pp. 77–79, 2001.

[3] S. Tan et al., “Terahertz metasurfaces with a high refractive index enhanced
by the strong nearest neighbor coupling,” Opt. Express, vol. 23, no. 22,
pp. 29222–29230, 2015.

[4] S. Larouche, Y.-J. Tsai, T. Tyler, N. M. Jokerst, and D. R. Smith, “Infrared
metamaterial phase holograms,” Nature Mater., vol. 11, no. 5, pp. 450–454,
2012.

[5] N. K. Grady et al., “Terahertz metamaterials for linear polarization con-
version and anomalous refraction,” Science, vol. 340, no. 6138, pp. 1304–
1307, 2013.

[6] A. Arbabi, Y. Horie, M. Bagheri, and A. Faraon, “Dielectric metasurfaces
for complete control of phase and polarization with subwavelength spatial
resolution and high transmission,” Nature Nanotechnol., vol. 10, no. 11,
pp. 937–943, 2015.

[7] H. Li et al., “Flexible single-mode hollow-core terahertz fiber with meta-
material cladding,” Optica, vol. 3, no. 9, pp. 941–947, 2016.

[8] A. Ahmadivand et al., “Extreme sensitive metasensor for targeted biomark-
ers identification using colloidal nanoparticles-integrated plasmonic unit
cells,” Biomed. Opt. Express, vol. 9, no. 2, pp. 373–386, 2018.

[9] V. A. Fedotov, M. Rose, S. L. Prosvirnin, N. Papasimakis, and N. I.
Zheludev, “Sharp trapped-mode resonances in planar metamaterials with
a broken structural symmetry,” Phys. Rev. Lett., vol. 99, no. 14, 2007, Art.
no. 147401.



5156 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 37, NO. 19, OCTOBER 1, 2019

[10] S. Zhang, D. A. Genov, Y. Wang, M. Liu, and X. Zhang, “Plasmon-induced
transparency in metamaterials,” Phys. Rev. Lett., vol. 101, no. 4, 2008, Art.
no. 047401.

[11] P. Tassin, L. Zhang, R. Zhao, A. Jain, T. Koschny, and C. M. Soukoulis,
“Electromagnetically induced transparency and absorption in metamateri-
als: The radiating two-oscillator model and its experimental confirmation,”
Phys. Rev. Lett., vol. 109, no. 18, 2012, Art. no. 187401.

[12] N. Xu, M. Manjappa, R. Singh, and W. Zhang, “Tailoring the electro-
magnetically induced transparency and absorbance in coupled Fano–
Lorentzian metasurfaces: A classical analog of a four-level tripod
quantum system,” Adv. Opt. Mater., vol. 4, no. 8, pp. 1179–1185,
2016.

[13] M. Manukumara, S. Y. Kumar, C. Longqing, A. N. Ibraheem, and
S. Ranjan, “Active photoswitching of sharp Fano resonances in THz
metadevices,” Adv. Mater., vol. 29, no. 3, 2017, Art. no. 1603355.

[14] F. Hao, Y. Sonnefraud, P. V. Dorpe, S. A. Maier, N. J. Halas, and P.
Nordlander, “Symmetry breaking in plasmonic nanocavities: Subradiant
LSPR sensing and a tunable Fano resonance,” Nano Lett., vol. 8, no. 11,
pp. 3983–3988, 2008.

[15] F. Hao, P. Nordlander, Y. Sonnefraud, P. V. Dorpe, and S. A. Maier,
“Tunability of subradiant dipolar and Fano-type plasmon resonances in
metallic ring/disk cavities: Implications for nanoscale optical sensing,”
ACS Nano, vol. 3, no. 3, pp. 643–52, 2009.

[16] C.-Y. Chen, I.-W. Un, N.-H. Tai, and T.-J. Yen, “Asymmetric coupling be-
tween subradiant and superradiant plasmonic resonances and its enhanced
sensing performance,” Opt. Express, vol. 17, no. 17, pp. 15372–15380,
2009.

[17] C. Wu et al., “Fano-resonant asymmetric metamaterials for ultrasensitive
spectroscopy and identification of molecular monolayers,” Nature Mater.,
vol. 11, no. 1, pp. 69–75, 2012.

[18] B. Luk’yanchuk et al., “The Fano resonance in plasmonic nanostructures
and metamaterials,” Nature Mater., vol. 9, no. 9, pp. 707–715, 2010.

[19] U. Fano, “Effects of configuration interaction on intensities and phase
shifts,” Phys. Rev., vol. 124, no. 6, pp. 1866–1878, 1961.

[20] S. Linden, C. Enkrich, M. Wegener, J. Zhou, T. Koschny, and C. M.
Soukoulis, “Magnetic response of metamaterials at 100 terahertz,” Science,
vol. 306, no. 5700, pp. 1351–1353, 2004.

[21] J. Yang, M. Rahmani, J. H. Teng, and M. H. Hong, “Magnetic-electric
interference in metal-dielectric-metal oligomers: Generation of magneto-
electric Fano resonance,” Opt. Mater. Express, vol. 2, no. 10, pp. 1407–
1415, 2012.

[22] N. Liu et al., “Magnetic plasmon formation and propagation in artificial
aromatic molecules,” Nano Lett., vol. 12, no. 1, pp. 364–369, 2012.

[23] F. Shafiei et al., “A subwavelength plasmonic metamolecule exhibiting
magnetic-based optical Fano resonance,” Nature Nanotechnol., vol. 8,
no. 2, pp. 95–99, 2013.

[24] Y. Zhu et al., “Magnetic plasmons in a simple metallic nanogroove array
for refractive index sensing,” Opt. Express, vol. 26, no. 7, pp. 9148–9154,
2018.

[25] R. Schmidt and A. Webb, “Metamaterial combining electric- and
magnetic-dipole-based configurations for unique dual-band signal en-
hancement in ultrahigh-field magnetic resonance imaging,” ACS Appl.
Mater. Interfaces, vol. 9, no. 40, pp. 34618–34624, 2017.

[26] J. B. Pendry, A. J. Holden, D. J. Robbins, and W. J. Stewart, “Magnetism
from conductors and enhanced nonlinear phenomena,” IEEE Trans. Mi-
crow. Theory Techn., vol. 47, no. 11, pp. 2075–2084, Nov. 1999.

[27] W. T. Chen et al., “Optical magnetic response in three-dimensional meta-
material of upright plasmonic meta-molecules,” Opt. Express, vol. 19,
no. 13, pp. 12837–12842, 2011.

[28] K. Fan, A. C. Strikwerda, H. Tao, X. Zhang, and R. D. Averitt, “Stand-up
magnetic metamaterials at terahertz frequencies,” Opt. Express, vol. 19,
no. 13, pp. 12619–12627, 2011.

[29] P. C. Wu et al., “Vertical split-ring resonator based nanoplasmonic sensor,”
Appl. Phys. Lett., vol. 105, no. 3, 2014, Art. no. 033105.

[30] R. Singh, I. A. I. Al-Naib, M. Koch, and W. Zhang, “Asymmetric planar
terahertz metamaterials,” Opt. Express, vol. 18, no. 12, pp. 13044–13050,
2010.

[31] Y. Ma et al., “Plasmon-induced transparency in twisted Fano terahertz
metamaterials,” Opt. Mater. Express, vol. 1, no. 3, pp. 391–399, 2011.

[32] J. Gu et al., “Active control of electromagnetically induced transparency
analogue in terahertz metamaterials,” Nature Commun., vol. 3, 2012, Art.
no. 1151.

[33] Z. Zhihua et al., “Broadband plasmon induced transparency in terahertz
metamaterials,” Nanotechnology, vol. 24, no. 21, 2013, Art. no. 214003.

[34] J. Han, A. K. Azad, M. Gong, X. Lu, and W. Zhang, “Coupling between
surface plasmons and nonresonant transmission in subwavelength holes
at terahertz frequencies,” Appl. Phys. Lett., vol. 91, no. 7, 2007, Art. no.
071122.

[35] E. N. Economou, T. Koschny, and C. M. Soukoulis, “Strong diamagnetic
response in split-ring-resonator metamaterials: Numerical study and two-
loop model,” Phys. Rev. B, vol. 77, no. 9, 2008, Art. no. 092401.

[36] R. Singh, I. A. I. Al-Naib, M. Koch, and W. Zhang, “Sharp Fano resonances
in THz metamaterials,” Opt. Express, vol. 19, no. 7, pp. 6312–6319, 2011.

[37] Z.-G. Dong, P. Ni, J. Zhu, X. Yin, and X. Zhang, “Toroidal dipole response
in a multifold double-ring metamaterial,” Opt. Express, vol. 20, no. 12,
pp. 13065–13070, 2012.

[38] I. Al-Naib et al., “Conductive coupling of split ring resonators: A path
to THz metamaterials with ultrasharp resonances,” Phys. Rev. Lett.,
vol. 112, no. 18, 2014, Art. no. 183903.

[39] E. Prodan, C. Radloff, N. J. Halas, and P. Nordlander, “A hybridization
model for the plasmon response of complex nanostructures,” Science,
vol. 302, no. 5644, pp. 419–422, 2003.

[40] N. Liu, H. Guo, L. Fu, S. Kaiser, H. Schweizer, and H. Giessen, “Plasmon
hybridization in stacked cut-wire metamaterials,” Adv. Mater., vol. 19,
no. 21, pp. 3628–3632, 2007.

[41] K. Fan, A. C. Strikwerda, X. Zhang, and R. D. Averitt, “Three dimensional
broadband tunable terahertz metamaterials,” Phys. Rev. B Condens. Matter,
vol. 87, no. 16, 2013, Art. no. 161104(R).

[42] L. Cong, S. Tan, R. Yahiaoui, F. Yan, W. Zhang, and R. Singh, “Experi-
mental demonstration of ultrasensitive sensing with terahertz metamate-
rial absorbers: A comparison with the metasurfaces,” Appl. Phys. Lett.,
vol. 106, no. 3, 2015, Art. no. 031107.

[43] W. Wang, F. Yan, S. Tan, H. Zhou, and Y. Hou, “Ultrasensitive terahertz
metamaterial sensor based on vertical split ring resonators,” Photon. Res.,
vol. 5, no. 6, pp. 571–577, 2017.

Wei Wang received the B.S. degree in information and computing science from
North University of China, Taiyuan, China, in 2009, and the M.E. degree from
Capital University of Economics and Business, Beijing, China. He is currently
working toward the Ph.D. degree in the field of functional devices based on
metamaterials with the Key Laboratory of All Optical Network and Advanced
Telecommunication of Electromagnetic Compatibility, Institute of Lightwave
Technology, Beijing Jiaotong University, Beijing, China.

Fengping Yan received the Ph.D. degree in communication and electronic
system from Beijing Jiaotong University, Beijing, China, in 1996. He is currently
a Professor with the School of Electronic and Information, Beijing Jiaotong
University, Beijing, China. He is also the Director of Institute of Lightwave
Technology. His current research interests include fiber optics laser and meta-
material devices.

Siyu Tan received the Ph.D. degree in communication and information system
from Beijing Jiaotong University, Beijing, China, in 2018. He is currently
working with Zhengzhou Xinda Institute of Advanced Technology, Zhengzhou,
China. His researches focus on micro-fabrication, terahertz metamaterials, and
thin-film sensing at terahertz frequencies.

Haisu Li received the Ph.D. degree in engineering from Beijing Jiaotong Uni-
versity, Beijing, China. He is currently an Associate Professor with the School
of Electronic and Information, Beijing Jiaotong University. His current research
interests include novel optical waveguides and devices using metamaterials and
photonic crystals at both optical communication band and terahertz frequency.



WANG et al.: SYMMETRY BREAKING AND RESONANCES HYBRIDIZATION 5157

Xuemei Du is currently working toward the Ph.D. degree in the field of func-
tional devices based on metamaterials with the Key Laboratory of All Optical
Network and Advanced Telecommunication of Electromagnetic Compatibility,
Institute of Lightwave Technology, Beijing Jiaotong University, Beijing, China.

Luna Zhang is currently working toward the Ph.D. degree in the field of fiber
laser technology with the Key Laboratory of All Optical Network and Advanced
Telecommunication of Electromagnetic Compatibility, Institute of Lightwave
Technology, Beijing Jiaotong University, Beijing, China.

Zhuoya Bai is currently working toward the Ph.D. degree in the field of electro-
optical system with the Key Laboratory of All Optical Network and Advanced
Telecommunication of Electromagnetic Compatibility, Institute of Lightwave
Technology, Beijing Jiaotong University, Beijing, China.

Dan Cheng is currently working toward the Ph.D. degree in the field of fiber
laser technology with the Key Laboratory of All Optical Network and Advanced
Telecommunication of Electromagnetic Compatibility, Institute of Lightwave
Technology, Beijing Jiaotong University, Beijing, China.

Hong Zhou received the Ph.D. degree in electric engineering from Kyoto
University, Kyoto, Japan, in 1990. He is currently a Professor with the School
of Electronic Information and Communication Engineering, Osaka Institute of
Technology, Osaka, Japan. His current research interests include high-speed
optical communication, wireless network, radio over fiber, and optical materials.

Yafei Hou (SM’14) received the B.S. degree in electrical engineering from
Anhui Polytechnic University, Wuhu, China, in 1999, the M.S. degree in
computer science from Wuhan University, Wuhan, China, in 2002, and the
Ph.D. degrees from Fudan University, Shanghai, China and Kochi University
of Technology, Kami, Japan, in 2007. From August 2007 to September 2010,
he was a Postdoctoral Research Fellow with Ryukoku University, Japan. From
October 2010 to March 2014, he was a Research Scientist with Wave Engineering
Laboratories, Advanced Telecommunications Research Institute International,
Japan. From April 2014 to March 2017, he was an Assistant Professor with
the Graduate School of Information Science, Nara Institute of Science and
Technology, Japan. Since April 2017, he has been an Assistant Professor with
the Graduate School of Natural Science and Technology, Okayama University,
Japan. His main areas of interest are communication systems, optical materials,
radio over fiber, wireless networks, ad-hoc networks, and signal processing. He
is the member of IEICE.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


