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wave velocity: 𝑐𝑖 = 𝑐0/(1 + (𝑖 − 1) 𝜆0 (𝑚ℎ) )  
mass density: 𝜌𝑖 = 𝜌0(1 + (𝑖 − 1) 𝜆0 (𝑚ℎ) )  

h 

Sample design 

Periodicity d 

w p 

Matched-impedance to the background (𝑐0, 𝜌0). 

Gradient index 

rigid 
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Proof-of-principle demonstration 

A steep drop of Transmittance from 98% to 1.6% around 𝜆0 = 𝑑 

𝑤 = 0.2𝑑 and 
ℎ = 0.5𝑑  
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A: 𝜆0 = 0.6𝑑 
 

B: 𝜆0 = 0.7𝑑 
 

C: 𝜆0 = 0.8𝑑 
 

D: 𝜆0 = 𝑑 
 

E: 𝜆0 = 1.6𝑑 
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II1 II2 II3 II4 

Region III:   𝑝𝐼𝐼𝐼 =  (𝑡𝑛𝑒
𝑖𝑘𝑦,𝑛𝑦)𝑒𝑖𝐺𝑛𝑥𝑛  

Region I:𝑝𝐼 =  (𝛿0,𝑛𝑒
𝑖𝑘𝑦,𝑛𝑦 + 𝑟𝑛𝑒

−𝑖𝑘𝑦,𝑛𝑦)𝑒𝑖𝐺𝑛𝑥𝑛  

A unified analytic model based on coupled-
mode analysis 

Region II:   𝑝𝐼𝐼 = 𝑎𝑖𝑒
𝑖𝑘𝑖𝑦 + 𝑏𝑖𝑒

−𝑖𝑘𝑖𝑦  (in the i-th slit) Incident wave Reflected wave 

Transmitted wave 

𝐺𝑛 = 2𝑛𝜋 𝑑  

𝑘𝑦,𝑛 = 𝑘0
2 − 𝐺𝑛
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Matching the boundary conditions 
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𝝀𝟎 = 𝟎. 𝟔𝒅 

large 𝑡1, small enough  
𝑡−1 and 𝑟0, while 𝑡0 
and 𝑟±1 are almost 0 

  0

0arcsin 36.9t d  

At short wavelength 

Analytic model prediction 
COMSOL Simulation 
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𝝀𝟎 = 𝒅 

large 𝑟0 and 𝑡±1 

 
22

, 1 0 02yk k d   

Analytic model prediction 
COMSOL Simulation 

At critical point: 
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𝝀𝟎 = 𝟏. 𝟔𝒅 

large  𝑟0 and 𝑡±1, while 
𝑡0 and 𝑟±1 are almost 0 

, 1  are pure imagl iy naryyk 

At long wavelength 

Analytic model prediction 
COMSOL Simulation 
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Generalized Snell’s law 

Manipulate wave front by engineering the phase  

 For our metasurface 
𝑑Φ

𝑑𝑥
=
2𝜋

𝑑
   

𝑘0𝑠𝑖𝑛𝜃𝑡 − 𝑘0𝑠𝑖𝑛𝜃𝑖 =
𝑑Φ

𝑑𝑥
 

 Fermat’s principle: 

when 𝑛𝑡 = 𝑛𝑖, we get 

𝜃𝑡 = 𝑎𝑟𝑐𝑠𝑖𝑛
𝜆0
𝑑

 



One Realization 

Using  the composites of 
Argon and Xenon gases to 
realize the refractive 
index and impedance 

323 /Argc m s

169 /Xenc m s

576.2 /ArgZ Pa s m 

996.1 /XenZ Pa s m 

1 0( 1) 2 ( 1) 2i Arg Arg Xen Xenk h k h i k h i         

Arg Xenh h h  𝝀𝟎 = 𝟎. 𝟔𝒅 



17 

Conclusions 
Acoustic metasurface can manipulate acoustic waves 

– From normal incidence to oblique transmission or 
surface bound wave 

– Coupled mode theory 
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