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antennas and metallic patches were also 
proved to be able to manipulate wave-
front of scattered waves for refracted or 
refl ected light. [ 4–12 ]  Among these new-type 
anomalous-scattering devices, the control 
of circularly polarized (CP) light is testi-
fi ed feasible in both theory and experi-
ment—with spatially various antennas 
arranged properly. The phase of CP light 
is modulated without paying attention 
on scattered intensity generated by each 
antenna. [ 13–17 ]  

 Harnessing light for modern photonic 
applications often involves the control 
and manipulation of light intensity or 
effi ciency. The most important issue for 
generating anomalous scattered lights is 
also the effi ciency by reasonable arrange-
ment of the various shaped or layered 
plasmonic metasurfaces. Compared with 

normal light conforming to ordinary Snell’s law, the effi ciency 
of the anomalous scattered lights is far too low in the previous 
works. Some methods have been proposed to improve the 
intensity of abnormal light but at the same time suppress that 
of normal one. For example, plasmonic metasurface can be 
sandwiched by gratings to increase the effi ciency of cross-polar-
ized light with the help of Fabry–Pérot effect; [ 18,19 ]  or few-layer 
composite metascreen made of dielectric and metal is used to 
enhance the performance of control. [ 20,21 ]  These approaches 
dramatically enhance the effi ciency of anomalous light, but at 
the same time increase the processes and diffi culty in fabrica-
tion because of their extra structures (gratings or board) and 
precise distance between antennas and gratings. However, so 
far it is still challenging to further improve the effi ciency of 
anomalous light with circular polarization by a single-layer 
plasmonic metasurface. 

 Here, we introduce a new approach to describe the function 
of a polarizer and show an intuitive method to describe the extra 
phase of CP light due to its orientation. We present the design, 
fabrication, and characteristics of the multinanorod plasmonic 
metasurfaces, in which each unit can be regarded as an imper-
fect polarizer with extraordinary broadband. The high effi ciency 
and broadband effects are theoretically and experimentally 
demonstrated. The correctness of GSL is also demonstrated 
by experimental results. At last, arbitrary polarized incidence 
is considered, and an easy way to determine the polarization 
degree of the incident light based on Poincaré sphere is feasibly 
proved by the proposed plamonic metasurfaces.  
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  1.     Introduction 

 Metasurfaces with abrupt phase change have recently exhib-
ited extraordinary light-manipulation abilities, which were 
found novel applications in fl at lenses, spin–orbit manipula-
tion, wavefront engineering, information processing, holo-
graphy, to name a few. It has been shown that various shaped 
optical antennas in interface of two media are able to generate 
phase gradient for scattered light. V-shaped antennas are fi rst 
demonstrated to enable an abrupt phase discontinuity and gra-
dient of the cross-polarized component supporting anomalous 
refraction and refl ection, governed by generalized Snell’s law 
(GSL). [ 1–3 ]  Other kinds of optical antennas such as C-shaped 
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  2.     Results and Discussion 

 A traditional linear polarizer can be regarded as a device, which 
can absorb and scatter a part of the incident light, and transmit 
the linearly polarized light. The linearly polarized transmitted 
light is actually the combination of two opposite-helicity CP 
lights when the CP light is incident on linear polarizer. Part of 
incident CP light is converted into opposite-helicity CP light. 
The orientation of linear polarizer determines the polarized 
direction of the transmitted light. We adopt the Dirac nota-
tion to defi ne the left circularly polarized (LCP) and right cir-

cularly polarized (RCP) lights as 1= −
⎡
⎣⎢

⎤
⎦⎥

L
i

 and 1= ⎡
⎣⎢

⎤
⎦⎥

R
i

, 

respectively. Considering linear polarizer may be imperfect, we 
introduce the operator  P  to generalize the description of linear 
polarizer as [ 22,23 ] 

    e 2α β= + ϕ−P L L R i

  (1)  

 e 2α β= + ϕP R R L i

  (2) 

 where ϕ  is the orientation angle of linear polarizer. α  and β  
are the actual amplitude transmittance of the scattered lights 
for original and opposite handedness, respectively. For conveni-
ence in analyzing the polarization state of transmitted light, we 
normalized them in the form of 1α β+ = .  Figure    1  a shows the 
geometrical interpretation for the imperfect linear polarizer fol-
lowing Equations  ( 1)   and  ( 2)  . When a LCP light with a phase 
angle φ  along  x -axis interacts with the linear polarizer, a part 
of incident light is converted into RCP light, forming an ellipti-
cally polarized light in transmitted side. Interestingly, the linear 
polarizer could execute a mirror effect, which symmetrically 
and partially images the incident light (object), including its 
helicity and phase, to the opposite-helicity light with the ampli-
tude transmittance of β  (image) with respect to the linear 
polarizer. For a perfect linear polarizer, the converted light 
(image) has the same amplitude ( 0.5α β= = ) as the uncon-
verted light (remained object). The total effect is that a linearly 
polarized light with orientation angle ϕ  is scattered.  

 The phase of the image can be tuned by orientation of the 
linear polarizer. When an array of linear polarizers is linearly 
rotated along  x -axis from 0 to π , the image will have a gradient 
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 Figure 1.    a) Schematic illustration of the imperfect linear polarizer. Left: A LCP incident light (red arrow line) with a phase angle φ  interacts with 
the linear polarizer (green double-arrow line) with a rotation angle ϕ  along  x -axis; Right: linear polarizer could execute a mirror effect, which can 
symmetrically image the incident light to the opposite-helicity light with respect to the linear polarizer. The unconverted light (remained object) and 
converted light (image) have same amplitude (α β= = 0.5) for a perfect linear polarizer, indicated by red and green arrow lines. Schematic illustrations 
of the normal and anomalous refraction and refection for b) RCP and c) LCP incident lights.
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phase from 0 to 2π . The orientation angle can be expressed as 
( ) /ϕ π=x x L , where  L  is the periodic length of the array. The 

transmitted light will be scattered in the different direction 
from that of the ordinary light, which has been known as the 
GSL of CP light. If the refractive indices for two media are 1n  
and 2n , the relation between incident angle θi  and anomalous 
angle tθ  can be written as (Supporting Information) 

 
sin sin2 t 1

0θ θ σ λ
= +n n

L
i

 
 (3)

 

 where 0λ  is the wavelength in free space and 1σ = ±  corre-
sponds to the helicity of RCP and LCP incident light. The anom-
alous light has opposite helicity with that of the incident light as 
it is the image of the incident light. The helicity of normal light 
will be unchanged and obey the ordinary Snell’s law. Figure  1 b,c 
gives the schematic illustrations of the RCP and LCP incident 
lights, supposing that the linear polarizer has similar polariza-
tion effect in refl ective side. According to Equations  ( 1)   and  ( 2)  , 
the anomalous light has an amplitude of β , which is decided by 
the extinction capability of the linear polarizer in the perpendic-
ular polarization direction. The ordinary and anomalous lights 
will have same amplitude ( 0.5α β= = ) when the array of linear 
polarizers is perfect. As β  is the intrinsic value for each polar-
izer, the orientation of polarizer will not affect the amplitude 
of converted image. However, if the polarizers have different 
values of β  in a period, which can be realized by introducing 
different types of polarizers or by coupling of neighbor polar-
izers, the transmitted anomalous lights would contain not only 
one beam. In this case, the propagation direction for each beam 
can be derived by Fourier analysis. 

A nanometallic antenna can be approximately regarded 
as an imperfect linear polarizer in both refractive and refl ec-
tive sides. This is because it reduces the light intensity when 
the polarization is along with/perpendicular to the nanorod 
antenna in refractive/refl ective side. The refractive light at the 
resonant frequency will be most effi ciently scattered by the 
nanorod antenna; however, which is only a small part of radi-
ated electromagnetic wave. Most of radiated electromagnetic 
wave is eliminated by the nanorod antenna. 
Meanwhile, the bandwidth of the scattered 
light is often narrow for the single-nanorod 
antenna, which limits the applications of the 
scattered light in many fi elds. Therefore, we 
presented a multinanorod metasurface to 
improve the effi ciency and bandwidth of scat-
tered light.  Figure    2  a shows the schematic 
diagram of the proposed multinanorod meta-
surface composed by eight multinanorod 
unit cells, which is linearly varied orienta-
tions with a step size of π/8 along the  x -direc-
tion. Each unit cell consists of four identical 
gold nanorod with length  l  = 300 nm, width 
 w  = 50 nm, and thickness  t  = 50 nm. The 
space between two nanorods is  d  = 30 nm. 
The separated distance between each unit cell 
is 475 nm in both  x - and  y -directions. Thus, 
it repeats with a periodicity of 3800 nm in the 
 x -direction and 475 nm in the  y -direction. 

We calculated the amplitude transmittance β  of the anomalous 
refracted light for different multinanorod metasurfaces in 
Figure  2 b. Results show that the bandwidth of the amplitude 
transmittance can be dramatically expanded by increasing the 
number of nanorod antenna in one unit cell. The maximum 
amplitude transmittance can be approximately reached at 0.5 in 
a broadband range, which is corresponding to the perfect linear 
polarizer. Meanwhile, the central frequency has a large blueshift 
compared with that of the single-nanorod metasurface.  

 The broadband and blueshift effects can be easily understood 
by the theory of radiation damping and plasmonic hybridization. 
It has been proved that the dephasing time of electrons deter-
mines the bandwidth of the plasmon resonance as light fi eld 
excites oscillations in nanoparticles. [ 24 ]  When near-fi eld coupling 
occurs, the radiation damping is much larger than that of an 
isolated nanoparticle. [ 25,26 ]  The radiation damping mainly con-
tributes to broaden the bandwidth in the case of large nanopar-
ticles. Therefore, the nanorods by setting together will broaden 
the bandwidth of the resonance frequency, while the amplitude 
transmittance β  maintains higher across whole broadband 
range. More nanorods interacting in near-fi eld will produce 
stronger coupling, and greatly increase the radiation damping. 
This is why the multinanorod metasurfaces as the linear polar-
izers perform better across large broadband range compared 
with same sized unit cell with less nanorod. The phenomenon 
that multinanorod metasurface pushes resonant wavelength 
toward short wavelength is mainly due to the hybridization of 
plasmon, as shown in  Figure    3  a. When a single nanorod is inter-
acted with incident light, certain resonant frequency is found 
corresponding to an intrinsic oscillation state ω  with energy 
 E . When two nanorods are set along with each other, coupling 
occurs and the initial state ω  is split into two other states ω +  
and ω −  in higher and lower energy, which are respectively cor-
responding to the symmetrical and antisymmetrical modes. [ 27–30 ]  
However, our confi guration only ensures symmetrical mode, 
so a slight blueshift can be observed. Similarly, more nanorods 
(e.g., four nanorods shown in Figure  3 b) will have more cou-
pling cases and greater eigenenergy splitting, which result in 
generating larger blueshift. The resonance of multinanorod 
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 Figure 2.    a) Schematic diagram of the high-performance broadband multinanorod metasur-
face composed by eight multinanorod unit cells, which is linearly varied orientations with a 
step size of π/8 along the  x -direction. b) Calculated amplitude transmittance of the anomalous 
refracted light for different multinanorod metasurfaces. The bandwidth and central frequency 
of the amplitude transmittance can be dramatically expanded and shifted by increasing the 
number of nanorod antenna.
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metasurface will therefore shift far away toward short wavelength 
compared with that of single nanorod. Figure  3 c shows the elec-
tric fi eld distribution mode for the multinanorod metasurface as 
incident light polarization is along with the nanorods at resonant 
frequency. The strong near-fi eld couplings between the nanorods 
make sure that the radiation damping and hybridization are 
strongly enhanced. These effects result that the amplitude trans-
mittance is signifi cantly improved in a broadband range.  

 To demonstrate the broadband and high effi ciency perfor-
mance of our proposed multinanorod metasurface in the experi-
ments, we fabricated four samples by the E-beam deposition and 
lithography, as shown in  Figure    4  a–d, which correspond to one-, 
two-, three-, and four-nanorod metasurface. Figure  4 e gives the 
LCP/RCP anomalous refraction angle as a function of RCP/LCP 
incident angle for four-nanorod metasurface at 980 nm inci-
dent wavelength. The bright lines are the theoretical calculated 
anomalous refraction angles for both RCP and LCP incident 
according to Equation  ( 3)  . The experimental results (triangle 
marks) are in very good agreement with the theoretical predic-
tion. Besides, the anomalous refraction maintains high intensity 
across wide angle range even it approaches the required angle 
of evanescent wave. Figure  4 f theoretically and experimentally 
proves the broadband effect of the four-nanorod metasurface 
when the LCP and RCP lights are normally incident. Similarly, 
the anomalous refraction angles in experiments fi t the theoret-
ical prediction quite well, and the intensity of the anomalous 
refraction light still keeps at high value throughout a broad-
band wavelength range. The fabricated multinanorod metas-
urfaces were characterized by performing far-fi eld normalized 
transmission measurements as a function of the observation 

angle for normally incident CP light at 900 and 980 nm 
wavelengths, as shown in  Figure    5  . The measured anomalous 
refraction angles are consistent with our structural designs 
with anomalous refraction angles of 13.7° and 14.9° for 900 
and 980 nm wavelengths, respectively. The fabricated multi-
nanorod metasurfaces have uniform anomalous refraction 
angle at the fi xed wavelength as they have same periodic length 
 L  = 3800 nm. However, the intensity of the anomalous refrac-
tion light scattered by the four plasmonic metasurfaces are 
quite different. The intensity of the anomalous refraction light 
is dramatically increased with the increasing of the number of 
the nanorods. Four-nanorod metasurface has the highest effi -
ciency of generating anomalous refraction light for both of two 
measured wavelengths. Figure  5  shows that the transmission 
increases dramatically with the number of nanorods. However, 
it seems that the three-rod and four-rod confi gurations show 
similar effi ciency in Figure  2 b. One of the main reasons is the 
results in Figures  2 b and  5  are the calculated amplitude and 
measured the intensity of the anomalous light, respectively. In 
addition, there is a redshift in the experimental results, which 
results in a slight different between the simulated and experi-
mental results. The redshift in experiment is mainly induced by 
the difference between the simulated and measured refractive 
index for the substrate, and the undesired errors in fabrication.   

 An arbitrary incident light can be decomposed into two 
orthogonal CP lights with opposite helicity. The multinanorod 
metasurface exactly has the capability of scattering different 
helicity incident lights in a broadband wavelength range. 
 Figure    6  a schematically shows that our proposed multinanorod 
metasurface has the functionality of a polarized beam splitter 
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 Figure 3.    Schemes of plasmonic hybridization for a) two and b) four nanorods. When two nanorods with eigenstates ω 1  and ω 2  are coupling with 
each other, the initial state is split into higher energy state ω +  (symmetrical mode) and lower energy state ω −  (anti-symmetrical mode). Only 
symmetrical mode is available in our case. Four nanorods will have more coupling cases and more great eigenenergy splitting, and generate larger 
blueshift. c) Electric fi eld distribution mode for four-nanorod metasurface when the polarization of the normally incident light is along with the nanorods 
at resonant frequency. Strong near-fi eld couplings between the nanorods result in the effects of broadband and blueshift.
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and can be used to split the non-CP incident light in broadband 
range. The anomalous lights refracted in two directions are CP, 
and their amplitude is determined by the polarization of inci-
dent light. We assume an arbitrary polarized incident light is 

denoted by Jones vectors as 
e

= ⎡
⎣⎢

⎤
⎦⎥

δE
A

Bi i , whose polarization 

is indicated by the  x - and  y -amplitude components ( A  and  B ) as 
well as their phase difference δ . According to the operators in 

Equations  ( 1)   and  ( 2)  , the anomalous scattered lights have the 
amplitudes as follows: 

    4
1

2
sinL 2 2

β δ= +
+

a
AB

A B  
 (4)

  

    4
1

2
sinR 2 2

β δ= −
+

a
AB

A B  
 (5)

 

 where La  and Ra  denote the amplitudes of 
LCP and RCP anomalous lights. When inci-
dent light is linearly polarized, equal ampli-
tude of LCP and RCP light could be obtained. 
Figure  6 b gives the experimental and theo-
retical normalized intensity of LCP and RCP 
anomalous refraction lights as the changing 
of the polarization of incident light for 
normal incidence at 980 nm wavelength. A 
quarter wave plate (QWP) before the sample 
was rotated from 0 to π  to experimentally 
change the polarization of incident light. 
When the angle of QWP is set to be 45° or 
135°, the polarization of the incident light is 
linearly polarized. The detected LCP and RCP 
anomalous refraction lights have same inten-
sity following the foregoing discussion in 
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 Figure 4.     Scanning electron microscope (SEM) images of the fabricated a) one-, b) two-, c) three- and d) four-nanorod metasurface. Experimentally 
measured (triangle marks) and theoretical calculated (bright lines) anomalous refraction angles as a function of e) RCP/LCP incident angle for 980 nm 
incident wavelength and f) RCP/LCP incident wavelength for normal incidence for four-nanorod metasurface. The intensity of the anomalous refraction 
light maintains high across wide angle and broadband wavelength range.

 Figure 5.    Far-fi eld normalized transmission measurements (solid circles) and Gaussian fi tting 
(solid lines) for anomalous refraction light as a function of the observation angle for normally 
incident CP light at a) 900 nm and b) 980 nm wavelengths. Four-nanorod metasurface has the 
highest effi ciency of generating anomalous refraction light.
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Equations  ( 4)   and  ( 5)  . Apparently, the incident linearly polarized 
light can be easily split into LCP and RCP anomalous refrac-
tion lights with large refraction angle and high effi ciency by the 
proposed multinanorod metasurface. The polarization of the 
incident light will be LCP or RCP when the angle of QWP is 0° 
or 180°. The total anomalous refraction light will only have RCP 
or LCP component. Again, the experimental results (balls) are 
in good agreement with the theoretical prediction (solid lines).  

 According to Equations  ( 4)   and  ( 5)  , the ratio of /L Ra a  is a 
constant for any polarization state of incident light, where the 
parameter β  associated with the property of nanorod is elimi-
nated. Whether the linear polarizer is perfect or not, the polari-
zation state of incident light is always determined by the ratio 
of /L Ra a . This characteristic can also be refl ected on Poincaré 
sphere. Figure  6 c presents an arbitrary polarization (2 ,2 )ϕ χP  
on Poincaré sphere, whose north and south pole refer to LCP 
and RCP states. The great circle across arbitrary polarization  P  
is subsequently given in Figure  6 d. An arbitrary incident light 

can be regarded as the combination of LCP and RCP lights, and 
their amplitudes are proportional to the lengths of the PL and 
PR in Figure  6 d. However, after the incident light interacts with 
the multinanoraod metasurface, the scattered amplitudes for 
LCP and RCP anomalous refraction lights are inversely propor-
tional to the lengths of the PL and PR in Figure  6 d (Supporting 
Information). The underlying reason is that the anomalous 
lights are the image of incident light, and they have opposite 
helicity compared with the incident light. These properties 
supply us a convenient method to quickly determine the polari-
zation point on Poincaré sphere for the incident light. Mean-
while, they also provide an easy way to detect the polarization 
degree of the incident light once /L Ra a  is determined.  

  3.     Conclusion 

 In summary, we have proposed an easy and intuitive way to 
describe the function of polarizer. We designed and fabricated 

 Figure 6.    a) Schematic illustration of the functionality of a polarized beam splitter for the multinanorod metasurface, which can be used to split the 
non-CP incident light in broadband range. b) Experimental (balls) and theoretical (solid lines) normalized intensity of LCP and RCP anomalous refrac-
tion lights as the rotation of the QWP angle for normal incidence at 980 nm wavelength. c) An arbitrary polarization ϕ χP(2 ,2 ) on Poincaré sphere and 
d) its great circle across this arbitrary polarization  P . The scattered amplitudes for LCP and RCP anomalous refraction lights are inversely proportional 
to the lengths of the PL and PR.
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the multirod metasurfaces, which are able to defl ect light with 
an extraordinarily broadband and high effi ciency. The correct-
ness of GSL is also demonstrated in experiments. We inves-
tigated the cases of the arbitrary polarized incident light, and 
gave the amplitude ratio for two scattered beams. The demon-
stration is in the near-infrared wavelength range, which indi-
cates that the approach can be easily translated to mid-infrared, 
terahertz, and microwave frequency regimes. Our work can 
lead to many applications, such as polarization beam splitters, 
polarization detector. Due to its broadband, high effi ciency and 
polarization property, information coding and decoding are also 
a promising application in optic communication in the future.  

  4.     Experimental Section 
  Sample Fabrication : Electron-beam lithography, metal evaporation, 

and lift-off process were used to fabricate the metallic structures. The 
samples shown in Figure  4  for the anomalous refraction were fabricated 
using the following steps. 200 nm thick polymethyl methacrylate 
(PMMA) resist was spin-coated on glass substrate, and then baked 
at 180 °C on a hot plate for 2 min. The pattern was exposed using an 
electron-beam lithography system (JBX-6300FS) at 100 keV, followed by 
developing in methyl isobutyl ketone (MIBK) : iso propyle alcohol (IPA) 
(1:3) for 40 s and IPA for 30 s. Then 5 nm Cr and 50 nm Au fi lm was 
deposited onto the sample by electron beam evaporation. The Cr layer 
here aimed to increase the adhesion between Au fi lm and substrate. 
Then, the sample was immersed into acetone to fully resolve the resist, 
leaving the metal pattern on substrate. 

  Measurement Setup for the Anomalous Refraction : A series of 
semiconductor laser were used to provide laser pulses with a central 
wavelength of 850, 900, 980, 1064, 1260, and 1360 nm, respectively. An 
aperture was used to adjust the spot diameter. A polarizer and a series of 
quarter-wave plate for a fi xed wavelength were combined to generate the 
incident circularly polarized light, which was focused on the sample with 
a 20×/0.40 NIR microscope objective. The transmission light through 
the sample was collected by using a lens. For the refractive angle 
detection, we used two-concentric-rotary system to achieve independent 
rotation of the sample orientation and the detector angle. The resolution 
of the rotation system was 0.02°. The lens, analyzer, and power meter in 
the rotary system were used to measure the intensity of the anomalous 
light. The analyzer which is still composed of a quarter-wave plate for 
a fi xed wavelength and a polarizer was inserted into the optical path to 
analyze the polarization status of the anomalous light. The other rotary 
stage was used to adjust the orientation of the sample for oblique 
incident while the position of the sample was maintained at the center 
of the stage. This setup allowed us to verify the anomalous refraction 
phenomenon generated by the sample. Moreover, the optical elements, 
including the microscope objective, lens, polarizer, and detector, were 
operated in the broadband range.  
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from the author.  
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