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Realization of a multiband metamaterial waveguide based on dirac semimetal
in the 800~1100nm range
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Abstract：In this paper，a metamaterial waveguide with four square hole resonators based on Dirac semimetal lay⁃
ers is proposed in the 800~1100nm range. Four transmission peaks（70%，61%，72%，and 63%）are achieved at
resonance wavelengths 842nm，921nm，1010nm，and 1061nm，respectively. These transmission peaks are origi⁃
nated from the interference effect of magnetic fields distributed in the main cavity and cavities 1，2，3，or 4.
These transmission peaks can be enhanced and moved to shorter wavelengths through increasing the Fermi ener⁃
gy. The proposed metamaterial waveguide can be applied in nanoscale filter，switch，or refractive index sensor.
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在800~1100nm范围内实现基于狄拉克半金属的多波段超材料波导

钟 敏 1*， 史先春 2
（1. 贺州学院，广西 贺州，542899；

2. 安徽理工大学 机械工程学院，安徽 淮南，232001）
摘要：提出了一种基于Dirac半金属层的具有四个方孔谐振器的超材料波导，其波长范围为 800~1100nm。在

共振波长 842nm、921nm、1010nm和 1061nm处分别获得四个透射峰（70％、61％、72％和 63％）。这些透射峰

源自于分布在主腔和腔 1、2、3或 4中的磁场的干涉增强作用。通过将费米能量从 50meV增加到 70meV，可以

增加四个透射峰并将其转移到更短的波长。所提出的超材料波导可能在纳米级滤波器，开关或折射率传感

器中应用。
关 键 词：超材料；传输；波导

中图分类号：O43 文献标识码：A

Introduction
Electromagnetic metamaterials reveal many uniqueproperties，which can’t be achieved in nature materials，such as，cloaking，negative refraction index，or lensing

［1-5］. Based on these unique properties，electromagneticmetamaterials are applied in many areas ［6-9］. On the onehand，metamaterial waveguides have attracted the atten⁃

tion of researchers in recent years. Many metamaterials-
based waveguides are proposed and verified，includingcombiner，Mach-Zennder interferometer，or sensor［10-15］.
On the other hand，surface plasmon polariton（SPP）mode is revealed by the coupling effect of incident light
waves with free electrons on the metal surface. The SPP
mode is always propagated forward at the metal-dielectric
interface［16-17］. The SPP mode can be excited in metal-di⁃
electric-metal （MDM） electromagnetic metamaterials-
based waveguides ［18］. The magnetic field resonance ef⁃
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fect generated in electromagnetic metamaterials-basedwaveguide is extremely sensitive to environmental chang⁃es，which is always applied in sensing，optical switch⁃ing，or slow light. Many researchers have proposed dif⁃ferent metamaterial waveguide designs. For example，Fu
et al proposed a metamaterial waveguide with cross rect⁃angular cavity， which achieved two narrow-spectrummodes by the rectangular cavity. Moreover，the reso⁃nance properties are controlled by changing the length orheight of this cross-shaped rectangular cavity［19］. Li et aldesigned a metamaterial waveguide based on the Fanoresonances ［20］. Chen et al suggested a metamaterialwaveguide with a rectangular cavity，which revealed twoFano resonance modes，and both modes can be con⁃trolled by changing structural parameters［21］. Li et al ver⁃ified a metamaterial waveguide with disc cavity and toroi⁃dal cavity ［22］. These reported metamaterial waveguidesare made of precious metals，causing significant energyloss in electromagnetic waves. At the same time，reso⁃nance behaviors of these waveguides can only be modulat⁃ed by changing the structural parameters，which is notconducive to industrial applications. Therefore， thesearch for non-precious metal to prepare tunable metama⁃terial waveguides has become the focus of researchers.Many novel metamaterial waveguides have been designedand verified. For example，Ouyang et al verified a tun⁃able metamaterial waveguide with hetero cavities basedon the Fano resonance［23］. Zheng et al designed and the⁃oretically analyzed a metamaterial waveguide in mid-in⁃frared ［24］. Yi et al proposed and simulated a tunableMDM waveguide，which could be controlled by changingthe refractive indices［25］.In this paper，a tunable MDM waveguide based onDirac semimetal layers is designed and simulated in the800~1100nm range. This waveguide reveals four trans⁃mission peaks. These transmission peaks are excited bythe interference effect between the main cavity and cavi⁃ties 1，2，3，or 4. Since the dielectric constant of Diracsemimetal is sensitive to Fermi energy， resonancewavelenths of transmission peaks can be modulated bychanging the Fermi energy. Therefore，the tenability ofthis waveguide is verified in the 800~1100nm range.
1 Design and model

The proposed metal–insulator–metal waveguide isshown in Fig 1. A reflecting layer is added in the maincavity of the waveguide，which plays as a waveguidemodulator. Detailed structural parameters are given in ta⁃ble 1. In this unit cell，two Dirac semimetal layers aredescribed as follows［26］：
Reσ (Ω) = gkFe224πℏ ΩG (

Ω
2 ) , (1)

Imσ (Ω) = gkFe2

24π2ℏ { 4Ω [1 + π2

3 ( T
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)2 ] +
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where，EFis set to be Fermi level，kF = EF /ℏvFis set to be

Fermi momentum， Fermi velocity stands for
vF = 106m/s. Moreover， the permittivity of two Diracsemimetal layers is given as follows［27］：

ε = εb + iσ/ωε0 . (3)
Based on the reported work［28］，dispersion equationof SPP modes is given as follows in this metal–insulator

–metal waveguide：
εo p
εmk

= 1 - exp (kd )1 + exp (kd ) , (4)
k = ( β2 - εok2o )1/2 , (5)
p = ( β2 - εmk2o )1/2 . (6)

In the equation above，propagation constant of SPPmodes is set to be β. Ideal boundaries are set based on
the reported work［29］.

2 Results and discussion
The simulated transmission spectrum of the pro⁃posed metamaterials waveguide is shown in Fig 2（b），see the black line. Four transmission peaks are achievedat resonance wavelengths 842nm，921nm，1010nm，and1061nm，respectively. The amplitudes of these transmis⁃sion peaks are：70%，61%，72%，and 63%，respective⁃ly. This waveguide reveals multi-band transmission be⁃haviors. For ease of description， these transmissionpeaks are labeled as：P1，P2，P3，and P4，respective⁃ly. It is found that the P1 and P3 are higher than the P2and P4. These transmission peaks are all narrow bands.In order to reveal the physical mechanism of thesetransmission peaks，magnetic field intensity distributionsare calculated separately at the resonance wavelengths.For the P1 peak，magnetic field intensity distribution iscalculated at resonance wavelength 842nm，as shown inFig 3（a）. It is found that the simulated magnetic field ismainly distributed in the main cavity and the Cavity 1.In contrast，there is substantially no magnetic field dis⁃tributed in the cavities 2，3，and 4. Moreover，the mag⁃netic field distributed in the main cavity is coupled withthat in the Cavity 1，which results in the P1，as shown inFig 2（a）. In order to better explain the effect of the cou⁃pling between different cavities on transmission peaks，the phase spectrum of the proposed metamaterials wave⁃guide is also calculated，as shown in Fig 5. Four phasevalues close to zero are achieved at resonance wave⁃lengths 842nm，921nm，1010nm，and 1061nm. For theP1 peak，the phase value is 0. 04. When the electromag⁃netic wave in the main cavity is coupled with that in theCavity 1，the phase value is close to zero，which resultsin the enhancement of the transmission，as shown in Fig3（a）. In contrast，when the calculated wavelength is de⁃viated from the resonance wavelength，the transmission

Table 1 Geometric parameters
表1 几何参数

Parameter

Value（（nm））

P

300
w1

30
L1

140
L2

140
L3

110
L4

150
w2

80
w3

12
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of the electromagnetic wave is reduced obviously，asshown in Fig 2（b）. At the same time，the magnetic fieldintensity is mainly distributed in the main cavity due tothe strong interference conditions are destroyed， asshown in Fig 3（c）. In order to better understand the rela⁃tionship between the coupling resonance behavior andthe transmission peak，the transmission spectrum of thiswaveguide is calculated based on the coupled mode theo⁃ry. The transmission amplitudes of the main cavity andthe Cavities 1，2，3，and 4 are set to be A，B，C，D，
and E. These transmission amplitudes can be defined asfollows［30］：
dA
dt
= ke1S1 + ke2S2 + ke3B + ke4C + ke5D + ke6E +
[ jωA - k2o1 - k2e1 - k2e2 - k2e3 - k2e4 - k2e5 - k2e6 ] × A，

(7)

dB
dt
= ( jωB - k2o2 - k2e3 )·B + ke3A , (8)

dC
dt
= ( jωC - k2o3 - k2e4 )·C + ke4A , (9)

dD
dt
= ( jωD - k2o3 - k2e5 )·D + ke5A , (10)

dE
dt
= ( jωD - k2o4 - k2e6 )·E + ke6A , (11)

where，ωA，ωB ，ωC，ωD ，and ωEare set to be the reso⁃nant frequencies of the main cavity，and cavities（1，2，3 and 4），k is set to be the loss factor. Therefore，thetransmission of the proposed metamaterials waveguide isgiven as follows：
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|

|

|
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. (12)

Fig 1 （a）Schematic diagram of the proposed metal–insulator–metal waveguide. The yellow parts are Dirac semimetal layers. The green

part is SU-8 layer. The blue part is SiO2. （b）The top layer of the proposed unit cell. （c）The middle layer of the proposed unit cell. （d）The

bottom layer of the proposed unit cell. The thickness of SU-8 layer and SiO2 layer is set as 180nm

图 1 （a）金属-绝缘体-金属结构单元的结构示意图，黄色部分是狄拉克半金属，绿色部分是SU-8层，蓝色部分是SiO2层（b）结构单元的

顶层（c）结构单元的中间层（d）结构单元的底层，SU-8层和SiO2层的厚度都设置为180nm
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According to the equation above，when the calculat⁃ed frequency is satisfied as follows：
ω = ωA = ωB . (13)

Then，interference conditions between the main cav⁃ity and the Cavity 1 are achieved，which leads to thetransmission enhance and the P1. Therefore，when thecalculated frequency deviates from the resonance fre⁃quency of Cavity 1 ωB，the transmittance is suppressed，as shown in Fig 2（b）and Fig 3（a）.At the resonance position of the P2，magnetic fieldintensity is mainly distributed in the main cavity and theCavity 2，as shown in Fig 3（b）. The magnetic field in⁃tensity in the cavities 1，3，and 4 is weekly. Moreover，the phase difference is also close to zero at the resonanceposition of the P2，as shown in Fig 5. It is revealed thatthe transmission is enhanced by interference between themain cavity and the Cavity 2，which results in the P2.When the calculated frequency is deviated from the reso⁃nance frequency of Cavity 2 ωC，the interference condi⁃tions between the main cavity and the Cavity 2 are fail⁃ure，the transmission is reduced and the electromagneticwave energy is blocked by the reflective layer，as shownin Fig 3（d）. For the transmission peaks P3 and P4，

transmission interference strength phenomenons betweenthe main cavity and the Cavities 3 or 4 are also can befound when the conditions ω = ωA = ωD or
ω = ωA = ωEare achieved，as shown in Fig 4（a-b）.Moreover，the phase differences are also close to zero atthe resonance position of the P3 or P4，as shown inFig 5.The proposed waveguide contains a Dirac semimetalreflector（A short metal bar located in the middle of Di⁃rac semimetal layers），as shown in Fig 2（a）. It is obvi⁃ous that the electromagnetic wave energy is blocked bythe Dirac semimetal reflector and can’t penetrate thewaveguide cavity，as shown in Fig 3（c~d） and Fig 4
（c~d）. Therefore，this reflector in the proposed metama⁃terials waveguide plays a transmission band selector. Toreveal the effect of this Dirac semimetal reflector，a wave⁃guide without this reflector is also designed and simulat⁃ed，as shown in Fig 2（c~d）. It is found that two trans⁃mission valleys are revealed at resonance wavelengths885nm and 973nm，respectively，as shown in Fig 2（d）.The magnetic field intensity of the waveguide without re⁃flector is achieved in Fig 6. It is found that most of elec⁃tromagnetic wave energy is travelled along the waveguidecavity in transmission bands，as shown in Fig6（a~b）.

Fig 2 （a）The schematic diagram of the proposed structure. （b）Simulated and calculated transmission spectrum of the proposed struc‐

ture. （c）Schematic diagram of the waveguide without metal reflector layer. （d）Simulated and calculated transmission spectrum of the

waveguide without metal reflector layer

图 2 （a）该研究的结构单元示意图（b）该研究的结构单元的仿真透射谱和理论计算透射谱（c）没有中间反射条的结构单元示意图

（d）没有中间反射条的结构单元的仿真透射谱
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However，electromagnetic wave energy is blocked at thefront metal layer the waveguide without reflector，asshown in Fig 6（c-d）.On the one hand，according to Equation（4），it canbe known that the dispersion equation of SPP modes is re⁃lated to the permittivity of the proposed waveguide. Onthe other hand，the proposed waveguide is made of Diracsemimetal，and the permittivity of this material is sensi⁃tive to Fermi energy. Therefore，the resonance proper⁃ties of the waveguide can be modulated by changing theFermi energy. To verify the tunability of this waveguide，different Fermi energies are used. The simulated trans⁃mission spectrum is shown in Fig 7. The Fermi energy ofDirac semimetal layers is enhanced from 50meV to70meV. It is found that all of transmission peaks are en⁃hanced. Moreover，these transmission peaks are shiftedto lower resonance wavelengths，which confirms the tun⁃able of this proposed waveguide. The real and imaginaryparts of the permittivity of Dirac semimetals layers areshown in Fig 8. It is revealed that the real part of the per⁃mittivity is reduced with the Fermi energy of Dirac semi⁃metal layers increasing，as shown in Fig 8. The perturba⁃tion theory can be used to reveal the relationship betweenthe resonance wavelengths and the permittivity of Diracsemimetals layers［31-33］：

△ω
ωo

= ω - ωo

ωo

≈ -∭V
dV [ ](△ε·E)·Eo + (△μ·H)·H∗o
∭dV (ε || Eo 2 + μ ||Ho 2 )

. (14)
Based on the simulated results in Fig 8，as the Fer⁃mi energy increasing，the real part of the dielectric con⁃stant is reduced，which results in the △εis lower than ze⁃ro. According to the equation（14），the resonance fre⁃quency is enhanced（resonance wavelength is shifted toshorter wavelengths）due to the △εis lower than zero，asshown in Fig 7. It should be noted that these transmis⁃sion peaks cannot achieve perfect transmission，as shownin Figures 2 and 7，mainly due to the high imaginary partof the permittivity of Dirac semimetals，which leads tothe inevitable energy loss of electromagnetic waves. How⁃ever，the permittivity of the Dirac semimetal is sensitiveto Fermi energy，as shown in Fig 7. Therefore，this ma⁃terial can be used to design and develop a tunable meta⁃material waveguide. At the same time，simulation resultsalso show that the transmittance of this tunable metamate⁃rial waveguide can be enhanced by adjusting Fermi ener⁃gy，as shown in Figure 7.

Fig 3 （a）The magnetic field intensity distribution at resonance wavelength 842nm. （b）The magnetic field intensity distribution at res‐

onance wavelength 921nm.（c）The magnetic field intensity distribution at resonance wavelength 900nm.（d）The magnetic field intensi‐

ty distribution at resonance wavelength 950nm

图 3 （a）磁场共振强度在波长 842nm的分布结果（b）磁场共振强度在波长 921nm的分布结果（c）磁场共振强度在波长 900nm的

分布结果（d）磁场共振强度在波长950nm的分布结果
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3 Conclusion
In conclusion，a tunable metamaterial waveguide is

numerically investigated with Dirac semimetal layers.
Four transmission peaks（70%，61%，72%，and 63%）
are achieved in the 800~1100nm range. Simulated re⁃
sults reveal that these transmission peaks are originated
from the interference effect between the main cavity and
the Cavities 1，2，3，or 4. Four transmission peaks can
be tuned through changing the Fermi energy. The pro⁃

posed metamaterial waveguide may have application in
nanoscale filter，switch，or refractive index sensor.

Fig 4 （a）The magnetic field intensity distribution at resonance

wavelength 1010nm. （b）The magnetic field intensity distribu‐

tion at resonance wavelength 1061nm. （c）The magnetic field in‐

tensity distribution at resonance wavelength 1040nm. （d）The

magnetic field intensity distribution at resonance wavelength

1080nm

图 4 （a）磁场共振强度在波长 1010nm 的分布结果（b）磁场

共振强度在波长 1061nm的分布结果（c）磁场共振强度在波长

1040nm 的分布结果（d）磁场共振强度在波长 1080nm 的分布

结果

Fig 5 The phase spectrum of the proposed structure

图5 该研究的结构单元的相谱

Fig 6 （a）The magnetic field intensity distribution of the wave‐

guide without metal reflector layer at resonance wavelength

840nm.（b）The magnetic field intensity distribution of the wave‐

guide without metal reflector layer at resonance wavelength

940nm. （c）The magnetic field intensity distribution of the wave‐

guide without metal reflector layer at resonance wavelength

885nm.（d）The magnetic field intensity distribution of the wave‐

guide without metal reflector layer at resonance wavelength

973nm

图 6 （a）没有中间反射条的结构单元的磁场共振强度在波长

840nm 的分布结果（b）没有中间反射条的结构单元的磁场共

振强度在波长 940nm 的分布结果（c）没有中间反射条的结构

单元的磁场共振强度在波长 885nm 的分布结果（d）没有中间

反射条的结构单元的磁场共振强度在波长973nm的分布结果

Fig 7 Transmission spectrum with different Fermi energy

图7 不同费米能级条件下的透射谱
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Fig 8 （a）Imaginary parts of the permittivity of Dirac semimet‐

als layers. （b）Real parts of the permittivity of Dirac semimetals

layers

图 8 （a）狄拉克半金属的介电常数的虚部（b）狄拉克半金属

的介电常数的实部
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