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A gammadion terahertz (THz) metamaterial embedded with a pair of splits is experimentally investigated. By introducing the
pair of splits at different arms, the transmitted amplitude at the resonance frequency can be manipulated from 61% to 24%.
Broadband static resonance tunability from 1.11 to 1.51 THz is also demonstrated via varying the relative split positions at
certain arms. The amplitude change and static resonance tunability are attributed to the introduced split pairs, which enable se-
lective excitation of different resonance modes in the gammadion metamaterials. This work promises a new approach to design

THz functional devices.

terahertz, gammadion metamaterials, transmission

PACS number(s): 07.57.Pt, 42.25.Bs, 41.20.Jb, 78.20.Ci

Citation:

Wang D C, Huang Q, Qiu C W, et al. Selective excitation of resonances in gammadion metamaterials for terahertz wave manipulation. Sci Chi-

na-Phys Mech Astron, 2015, 58: 084201, doi: 10.1007/s11433-015-5674-7

1 Introduction

THz technology, a cutting edge research field, promises a
family of wonderful applications, ranging from scanners in
airport security, non-destructive inspection and quality con-
trol to bio-imaging, bio-sensing, high speed communication
and astronomy [1]. All these intriguing applications are
based on the unique properties of THz wave, which sits
between microwaves and infrared radiation. For instance,
THz wave can pass through many dielectric and semicon-
ductor materials, but shows unique fingerprints when inter-
acting with bio-molecules. Meanwhile, THz wave is a
non-ionizing radiation, which is harmless to tissues for bio-
logical applications [2]. However, the interactions between
THz wave and natural materials are weak, which limits the
effective manipulation of THz wave. One of the promising
approaches to push THz optics into real world applications
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is to manipulate THz wave based on artificial materials. In
visible, infrared and microwave ranges, artificially designed
materials have shown their uniqueness for novel optical
properties, such as negative index [3], cloaking [4], ex-
tremely short wavelength [5-12] and strong dispersion
[13-17]. These properties have led to revolutions in the en-
tire field of subwavelength optics. Based on the extremely
short wavelength of the collective excitation of electrons in
metallic surfaces, Luo’s group theoretically and experimen-
tally demonstrated the deep-subwavelength interference
effect in 2004 [5,7], which was further utilized to break
Abbe’s diffraction limit and achieve high-resolution optical
imaging and lithography [8]. In 2005, Fang et al. [9]
demonstrated that this sub-diffraction phenomenon was a
direct consequence of the superlens effect. The extremely
short wavelength of surface wave can also be utilized to
modify traditional law of reflection and refraction [10].
Based on the revised law, a series of flat plasmonic devices
were elaborately designed to realize functionalities such as
abnormal beam deflection, subwavelength focusing and
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imaging [11,12]. Subsequently, other methods were pro-
posed to achieve similar effects based on the phase shift
induced in the process of polarization conversion [12]. An-
other important property of structured metamaterial is its
strong dispersion [13]. Through proper dispersion engi-
neering of anisotropic metamaterial, Luo’s group presented
the detailed theory and experimental validation of achro-
matic wave plates [14,15], which altered the classic Fresnel
equations. At almost the same time, Grady et al. [16] also
demonstrated similar results in the terahertz regime. Most
recently, the dispersion of metasurface was successfully
utilized to overcome the traditional thickness limit for per-
fect blackbody absorber [18]. Strikingly, it was shown that a
0.3 nm thick tungsten film can absorb almost all the micro-
wave and even terahertz energy under coherent condition
[17]. The above breakthroughs are critical to the design of
THz metamaterials [19-23]. In recent years, researchers
have studied various THz metamaterials to control the am-
plitude, phase, spatial propagation and polarization of THz
wave [20-23]. Among the previous THz metamaterials,
split ring resonators (SRRs) and gammadion structures are
two widely investigated designs because they can effective-
ly manipulate THz wave [24-31]. One of the limitations of
SRR is that it only supports one fundamental resonance
mode. This limitation can be eliminated in gammadion
metamaterials because they support different resonance
modes owing to the rotational symmetry. Previous work on
gammadion metamaterials is mainly focused on stacking
different layers of gammadion metamaterials and investi-
gating the optical activities [29-31]. Little work has been
done to study the different resonance modes in one layer of
gammadion metamaterials, which may provide us a new
freedom to manipulate THz wave based on these different
resonance modes.

In this work, the design and experimental demonstration
of a gammadion metamaterial structure embedded with a
pair of splits is presented. By designing the split pair at dif-
ferent arms in the gammadion structure, we can achieve
THz wave amplitude manipulation at the resonance fre-
quency in the transmission spectra. Broadband static reso-
nance tunability can also be realized by purposely changing
the relative split positions at certain arms. The introduction
of the splits provides us a novel approach to selectively ex-
cite different resonance modes in the gammadion met-
amaterials. The measured results are in good agreement
with the numerical simulation. The gammadion metamate-
rial embedded with split pairs, as a simple and compact
structure, can be applied to make efficient THz wave ma-
nipulation devices.

2 Structure design, fabrication and characteri-
zation

As shown in Figure 1(a), the original gammadion met-
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amaterial structure has a side length of @ = 60 pm and line
width of w = 3 pum. The length of each arm is b = 30 um.
The whole pattern is periodic array of the basic unit in a
square lattice with the periodicity of d = 100 um. For illus-
tration, the arms in this gammadion structure are labeled as
A, B, C and D arms. This gammadion structure, different
from conventional C shape SRR, has a four-fold degree of
symmetry. In the gammadion structure, two components 1
and 2 shown in Figure 1(b) can be decomposed to investi-
gate the resonance behaviors. Considering that the electric
field of the incident THz wave is in the vertical direction,
resonance intensity in component 1 is different from that in
component 2. When a split pair is introduced at different
arms, two components can be selectively excited to manip-
ulate the incident THz wave. Figures 1(c) and (d) show the
design of a split pair located in the middle of B and A arms
with a split gap of 4 um, which cut off one resonance com-
ponent and only the other resonance component can be ex-
cited. Therefore, the amplitude of THz wave can be manip-
ulated with respect to split positions at A and B arms. Fig-
ure 1(e) shows a split pair designed in C arm, which chang-
es the resonance of component 1 and at the same time
maintains the excitation of component 2. Thus, broadband
static resonance tunability is realized by changing the rela-
tive positions of the split pair at C arm.

@) .

Component 2

Figure 1 (Color online) (a) Schematic of the gammadion THz metamate-
rial structure. (b) Decomposition into two resonance components of the
gammadion metamaterial structure. (c)—(e) The microscope images of the
gammadion metamaterial structures embedded with split pairs in B, A and
C arms, which were fabricated by laser MLA lithography. All the scale
bars are 100 um. The insets are metamaterial structure unit cells embedded
with a split pair. The length x in (e) is the distance between the center of
splits and A arm.
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All the samples were fabricated by laser micro lens array
(MLA) lithography on the 100 pum thick polyethylene naph-
thalate (PEN) films (Teonex QS51, Teijin Dupont Films)
[32]. First, 1.5 um thick positive photoresist S1813 was spin
coated on the PEN film, followed by soft baking on a hot-
plate at 80°C for 60 s. The designed patterns were created
on the photoresist by laser MLA lithography with UV light
(A= 355 nm) and more than 10000 unit cells of the designed
patterns were fabricated on the substrate simultaneously.
Then copper (Cu) thin film at the thickness of 200 nm was
deposited onto the photoresist using an electron beam evap-
orator and followed by a lift-off processing to pattern the
designed structures. The samples were measured by THz
time domain spectroscopy (THz-TDS) system in transmis-
sion mode under a nitrogen environment to minimize water
absorption. A bare PEN film was used as a reference sample
and all the measured transmission spectra were normalized
to the reference sample. Numerical simulation was carried
out in commercial software CST Microwave Studio to sim-
ulate the transmission spectra, electric field distributions
and surface current distributions at the resonance frequen-
cies.

3 Results and discussion

3.1 Amplitude manipulation

The designed structures shown in Figures 1(c) and (d) were
selected to investigate the THz wave amplitude manipula-
tion. A split pair was introduced so as to maintain the rota-
tional symmetry of the gammadion structure. The measured
transmission spectra are shown in Figure 2(a). The gamma-
dion metamaterial structure without the split pair presents a
transmittance of 14% at the resonance frequency of 1.00
THz. When the split pair is introduced in the center of B
arm, the transmittance becomes 24% at the resonance fre-
quency of 0.97 THz. When two splits are designed in the
middle of A arm, the transmission becomes 61% at the res-
onance frequency of 0.99 THz. The metamaterial without
the split pair has the smallest transmission because both
components 1 and 2 contribute to the resonance. When the
split pair is embedded into different arms, components 1
and 2 can be selectively activated at different resonance
intensities, which lead to different amplitudes of the trans-
mitted THz wave at resonance frequencies. Figure 2(b)
shows the simulated transmission spectra. It is observed that
the metamaterial structure without a split pair shows the
transmitted amplitude of 0.11 at 0.98 THz. When the splits
are in the center of A and B arms, the amplitudes are 0.72
and 0.26 at 0.98 THz. The amplitude variation range for
different split positions in the measured spectra is similar to
the simulation data. The small difference between experi-
mental and simulation results correspond to size variation
during fabrication. The similar amplitude variation range

Sci China-Phys Mech Astron

August (2015) Vol. 58 No. 8 084201-3

10 (a) Experiment (b) Simulation
c 0.8
K]
806
&
5 0.4 No splits No splits
= 0.2 — Splits in B arm —— Splits in B arm
. Splits in A arm Splits in A arm
0.01— . : . T r T T T
08 10 12 14 16 08 10 12 14 16
Frequencey (THz) Freo!LLencey (THz) vim
(c) e Al d) g'] ‘(e)‘ ﬂ a0x10m
r J ‘ . - r ]
I 0
Alm

1.OX1O‘I

Figure 2 (Color online) (a) Measured and (b) simulated transmission
spectra for the gammadion metamaterial structures without and with a split
pair in B and A arms. (c)-(e) Simulated electric field distributions of the
metamaterials without a split pair, with a split pair in B and A arms at 0.98
THz, respectively. The corresponding surface current distributions are
shown in (f)—(h).

indicates that such a new design can be applied to THz
wave amplitude manipulation by selective excitation of the
resonance components 1 and 2.

Figures 2(c)—(h) show the simulated electric field and
surface current distributions of metamaterial structures
without and with a split pair in B and A arms at the reso-
nance frequencies. As shown in Figures 2(c) and (f), there
are two major branches of current flow at the resonance
frequency, which indicate that both components 1 and 2
contribute to the overall resonance behavior and the reso-
nance is the strongest for this gammadion structure, result-
ing in the smallest transmission. As shown in Figures 2(d)
and (g), when a split pair is introduced in the center of B
arm, the current path for resonance component 2 is cut off
by the split pair and only component 1 is excited. Therefore,
the resonance intensity is small compared with the case
without the split pairs, as only one component is responsible
for this resonance behavior, which agrees well with the
measured results. Figures 2(e) and (h) show the electric
field and current distributions for the metamaterials with a
split pair in the middle of A arms. In this case, only com-
ponent 2 is active. However, as B arms in component 2 are
normal to the polarization direction of the incident THz
wave, the resonance intensity is not as strong as it in com-
ponent 1. So the transmission amplitude in this metamateri-
al is larger than that with a split pair in B arms. Thus, by the
introduction of a split pair in the gammadion metamaterials,
two resonance modes can be selectively excited to modulate
the amplitude of the transmitted THz wave from 61% to
23%. Note that these gammadion metamaterials embedded
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with a split pair have a rotational symmetry. In the case that
the polarization of the incident electric field is fixed, the
same piece of THz device can be used to manipulate THz
wave at the resonance frequency by a simple rotation of 90°.
Meanwhile, phase change materials, like VO,, can be cou-
pled into the split pair for active THz wave modulation [33].
To demonstrate the applicability of our design in active THz
wave modulation, we simulated the transmission spectra
when VO, was inserted into the splits in the design shown
in Figure 1(d). In the simulation, the permittivity of VO,
was set as .= 9 and the conductivities o were varied from
200 S/m to 4.4x10° S/m [34]. As shown in Figure 3, active
amplitude modulation can be obtained from 0.71 to 0.41 at
0.96 THz with different conductivities of VO,. Although the
modulation range is slightly smaller than that without VO,,
such a design presents its applicability in THz optics, such
as THz modulators and switches.
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Figure 3 (Color online) Simulated transmission spectra of the gammadi-
on metamaterials when VO, with different conductivities is embedded into

the splits. The inserted image is the schematic of the design, in which the
red part is the embedded VO,.
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3.2 Broadband static resonance frequency tunability

The metamaterial structure shown in Figure 1(e) was se-
lected to study its broadband resonance frequency tunability
by changing the relative positions of the split pair in C arm.
When the distance x (shown in Figure 1(e)) between the
center of the splits and A arm varies from 7 to 10, 13, 16, 19,
22 and 25 pm, the experimental results in Figure 4(a) show
that the resonance frequency shifts from 1.51 to 1.44, 1.39,
1.30, 1.25, 1.18 and 1.11 THz, respectively. These reso-
nances mainly attribute to component 1 due to the vertical
polarization of incident THz wave. Component 2 presents a
resonance at 1.01 THz for all the structures. This result is in
agreement with the design shown in Figure 1(d) where only
component 2 is excited at around 1.00 THz. But the ampli-
tudes of the transmitted THz wave at 1.01 THz are different
with respect to different relative distances x, which originate
from different coupling intensities between components 1
and 2. When the distance x is 25 pum, the resonance fre-
quency of component 1 is 1.11 THz, which is near the res-
onance frequency of component 2. Thus, these two reso-
nances strongly couple with each other and form one broad
resonance dip at 1.11 THz. When the distance x decreases,
the resonance frequency of component 1 shifts to a higher
frequency, which increases the difference of the resonance
frequencies between components 1 and 2. Therefore, the
coupling intensity between two resonances decreases. At the
distance x of 7 um, two resonance dips at 1.01 and 1.51 THz
can be observed, which is attributed to the weak coupling of
two resonances. Similar transmission spectra can be ob-
served by the simulation in Figure 4(b). The similar variation
trends in the transmission spectra suggest that by introducing
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Figure 4 (Color online) (a) Measured and (b) simulated transmission spectra of the gammadion metamaterials with a split pair in C arm at a distance x of 7,
10, 13, 16, 19, 22 and 25 pm, respectively. (c) Simulated electric field distributions of the metamaterial structure with a split pair located at a distance x of 7
pm in C arm at 1.52 THz and its corresponding surface current distributions (e). (d) Simulated electric field distributions of the metamaterial structure with a
split pair located at a distance x of 25 pm in C arm at 1.09 THz and its corresponding surface current distributions (f).
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a split pair in C arm, we can change the resonance of com-
ponent 1 and maintain the resonance of component 2. The
coupling intensity between components 1 and 2 varies with
respect to the relative distance x and leads to the broadband
static resonance tunability property.

To further explore the resonance modes in these met-
amaterials, electric field distributions and surface current
distributions at the resonance frequencies were simulated
and shown in Figures 4(c)—(f). Figure 4(c) shows the elec-
tric field distributions of the metamaterials with a distance x
of 7 pm at 1.52 THz and Figure 4(e) is its corresponding
surface current distributions. It is clear that when a small
part of component 1 is cut off by the split pair, the conduct-
ing path is shortened and the resonance frequency shifts to a
higher frequency. In this case, component 1 resembles a bar
and presents a dipole resonance at 1.52 THz. As this reso-
nance frequency is far from the resonance frequency of
component 2 at 0.98 THz, the coupling between compo-
nents 1 and 2 is weak, which causes two dips to arise in the
transmission spectra. When the distance x increases to 25
pm, the main conducting path of component 1 increases,
leading to the decrease of the resonance frequency. Figure
4(d) shows the electric field distributions of the metamateri-
als with a distance x of 25 um at 1.09 THz. It is observed
that component 1 is mainly excited to contribute to the res-
onance at 1.05 THz, and component 2 is also excited to af-
fect the overall resonance. As the resonance frequencies of
components 1 and 2 are close to each other, the superposi-
tion between components 1 and 2 leads to a single broad-
band transmission dip at 1.09 THz. The surface current dis-
tribution at 1.09 THz in Figure 4(f) also confirms that com-
ponent 1 is the main conducting path of the resonance and
component 2 couples with component 1 to form one single
transmission dip. Therefore, the relative positions of the
split pair embedded in C arm selectively change the effec-
tive conducting path of component 1 and hence tune the
resonance frequencies. The selective excitation of resonance
modes with components 1 and 2 can be applied in the met-
amaterials to achieve broadband static resonance tunability,
which extends the working frequency range in THz optics
and has potential applications in functional broadband THz
devices.

4 Conclusions

In summary, gammadion THz metamaterials embedded with
a pair of splits for THz wave amplitude manipulation and
broadband static resonance tunability have been demon-
strated. By selectively exciting the desired resonance com-
ponents in the gammadion metamaterials via introducing a
split pair on different arms, the amplitude of the transmitted
THz wave at the resonance frequency can be manipulated
from 61% to 24%. The difference of the amplitudes is at-
tributed to different resonance intensities of the two com-
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ponents in the gammadion metamaterials. Broadband static
resonance tunability ranging from 1.11 THz to 1.51 THz can
also be achieved through tuning the relative split pair posi-
tions at certain arms, which gives different coupling intensi-
ties between the two resonance components. This work
promises a simple and efficient approach to construct new
THz functional devices.
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