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geometrical-optics theory. [ 7 ]  Although the 
intrinsic PSHE was found signifi cantly 
enhanced by the (spin-independent) phase 
gradients at carefully designed meta-surfaces 
(artifi cial ultra-thin metamaterials composed 
by planar units with tailored properties 
exhibiting extraordinary capabilities to con-
trol light propagations), [ 8–17 ]  the measured 
ratio between the transverse displacement 
of spin-polarized photons and their traveling 
distance is still very small (≈10 −2 ). [ 12 ]  

 In a parallel line, strong PSHE was dis-
covered at a particular class of meta-surfaces 
that can scatter spin-polarized lights to dif-
ferent directions, [ 13–16 ]  which is analogous 
to the extrinsic SHE discovered in electron 
systems. [ 3 ]  The PSHE of this type can be 
very pronounced because the “transverse 

forces” acting on the spin-polarized photons come from the (spin-
dependent) phase gradient (comparable to the wave vector of light 
in vacuum) on the meta-surface, which is realized at subwave-
length scales in a fully controllable manner. [ 13–16 ]  In sharp con-
trast to the intrinsic PSHE for which a semi-geometrical-optics 
theory is suffi cient, [ 12 ]  the extrinsic PSHE can only be understood 
based on the full-wave Maxwell equations where wave interfer-
ences play very important roles. [ 13–16 ]  However, wave interfer-
ences can also form unwanted zero-order modes after scatterings 
by meta-surfaces, so that the devices realized so far all suffer low-
effi ciency problem: typically only a small portion (theoretical limit 
25%) of incident spin-polarized photons can be anomalously 
defl ected by the meta-surfaces yielding the PSHE. [ 14,15,18,19 ]  

 Here we show that in principle a giant PSHE with nearly 
100% effi ciency can be realized at meta-surfaces satisfying 
certain criterion, which is derived from a general Jones matrix 
analysis. Such a criterion is approachable from two different 
routes, leading to two types of meta-surfaces with distinct sym-
metry properties. While the idea is realizable at general fre-
quencies, as a proof of concept, here we design and fabricate 
two realistic microwave samples and perform experiments to 
demonstrate that both can realize PSHE with ≈90% effi ciency 
within a broad frequency bandwidth (≈10–14 GHz). Finally, we 
experimentally demonstrate that our meta-surfaces can work as 
effi cient and broadband polarization detectors as one illustra-
tion of many potential applications of our fi ndings.  

  2.     Results and Discussion 

  2.1.     Criterion to Realize PSHE with 100% Effi ciency 

 We start from analyzing the electromagnetic (EM) properties of 
the building block (meta-atom) of our meta-surfaces. As shown 
in  Figure    1  a, consider a generic slab, representing a 2D array 

 Photonic spin Hall effect (PSHE; i.e., spin-polarized photons can be laterally 
separated in transportation) gains increasing attention from both science and 
technology, but available mechanisms either require bulky systems or exhibit 
very low effi ciencies. Here it is demonstrated that a giant PSHE with ≈100% 
effi ciency can be realized at certain meta-surfaces with deep-subwavelength 
thicknesses. Based on rigorous Jones matrix analysis, a general criterion to 
design meta-surfaces that can realize 100%-effi ciency PSHE is established. 
The criterion is approachable from two distinct routes at general frequen-
cies. As a demonstration, two microwave meta-surfaces are fabricated and 
then experimentally characterized, both showing ≈90% effi ciencies for the 
PSHE. The fi ndings here pave the way for many exciting applications based 
on high-effi ciency manipulations of photon spins, with a polarization detector 
experimentally demonstrated here as an example. 

  1.     Introduction 

 The discovery of spin Hall effect (SHE; i.e., moving electrons 
with opposite spins can be transversely separated) boosted the 
fi eld of spintronics. [ 1–4 ]  Two mechanisms can generate the SHE, 
i.e., the intrinsic one [ 1,2 ]  replying on the spin-orbital coup ling 
(SOC) of electrons and the extrinsic one [ 3,4 ]  originating from 
the spin-dependent scatterings by impurities. 

 Recently, photonic SHE (PSHE) attracted lots of attention. [ 5–7 ]  
In direct analogy with its electron counterpart, intrinsic PSHE 
was fi rst proposed based on semi-classical (geometrical-optics) 
treatments on wave-packets of light, where SOC naturally occurs 
when light travels on a curved trajectory. [ 5,6 ]  However, experiments 
show that PSHE generated by this mechanism, measured by the 
transverse displacement of spin-polarized photons, is extremely 
weak since the SOC arises from the fi rst-order correction to the 
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of identical subwavelength planar meta-atoms, illuminated by a 
normally incident light. Let ˆ, ˆu v{ } be the reference coordinates 
of the system, which are usually attached to the principle axes (if 
existing) of the meta-atoms for the convenience of discussions. 
Assume that the transmission/refl ection properties of the slab 

are characterized by two Jones matrices, T 0
t t
t t
uu uv

vu vv
( ) =

⎛
⎝⎜

⎞
⎠⎟

 

and 0
r r
r r
uu uv

vu vv
RR ( ) =

⎛
⎝⎜

⎞
⎠⎟

. Consider the refl ection matrix fi rst 

and choose circularly polarized (CP) modes with unit vectors 
defi ned as ˆ (0) ( ˆ ˆ)/ 2e u iv= ±±  as our new bases, we get the refl ec-
tion matrix � 0RR ( ) in the new frame. � 0RR ( ), like any other 2 × 
2 matrix, can be formally expanded to linear combinations of 
three Pauli matrices ˆ , ˆ , ˆ1 2 3σ σ σ{ }  and the identity matrix Î . Spe-
cifi cally, we have
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    Now consider the case that the slab is rotated by an angle 
 φ  with respect to the  z  axis (see Figure  1 a). In the CP bases 
defi ned in the original (laboratory) frame, the refl ection matrix 
is given by � � � �( ) (0) ( )†RR MM RR MMφ φ φ( ) = , where the rotation operator 
is written as � ( ) ˆ3eiMM φ = φσ . Utilizing the commutation relations 
among Pauli’s matrixes, we get (see the Supporting Informa-
tion for derivation details)

     

� 1

2
ˆ

2
ˆ

1

2
( ˆ ˆ )

2
( ˆ ˆ )

3

2 2

2 2

r r I
i

r r

r r e e

i
r r e e

uu vv uv vu

uu vv
i i

uv vu
i i

RR φ σ

σ σ

σ σ

( ) ( ) ( )

( )

( )

= + + −

+ − +

+ + − +

φ φ

φ φ

−
+ −

−
+ −

  

(2)

 

 where we have defi ned two spin-fl ip operators ˆ ( ˆ ˆ )/ 21 2iσ σ σ= ±±  
satisfying ˆ 0σ ± =±  and ∓σ̂ = ±± , with ±  denoting the 

spin-up (i.e., ê+) and spin-down (i.e., ê−) 
states, respectively. [ 20 ]  The transmission Jones 
matrix �TT φ( ) for the rotated slab has a sim-
ilar form with �RR φ( )  but with { , , , }r r r ruu uv vu vv  
changed to { , , , }t t t tuu uv vu vv . 

 Now the advantages of adopting the Pauli 
matrix representation are clear: we can 
understand each term in Equation  ( 2)   physi-
cally. The fi rst two terms, which all conserve 
the spin index, take their original forms as in 
the unrotated frame (see Equation  ( 1)  , simply 
because the rotation operator ˆ3eiφσ commutes 
with operators Î  and ˆ3σ . Meanwhile, the last 
two terms, which all tend to fl ip the spin, 
gain additional phase factors 2e i φ±  caused by 
the noncommutations between ˆ3eiφσ  and σ̂ ±. 
Such phases are often interpreted as the Pan-
charatnam–Berry (PB)’s phases, [ 21,22 ]  which 
can be easily understood based on our nota-
tions. Consider as an example the operation 
σ̂ −  which tends to fl ip the spin from +  to 

− . In the rotated frame, the same term becomes ˆˆ ˆ3 3e ei iσφσ φσ−
−

which now contains three successive operations. The states 
obtained by operating σ̂ − and ˆˆ ˆ3 3e ei iσφσ φσ−

− on + , although both 
representing the same state − , exhibit a phase difference 2 φ , 
which is equal to the area surrounded by the closed loop cre-
ated by two operations on the Poincare’s sphere (see Figure  1 b), 
according to PB’s theory. [ 21,22 ]  

 Having obtained a general expression for the Jones matrix, we 
can then derive a rigorous criterion for achieving the 100%-effi -
ciency PSHE. We fi rst note that a meta-surface can be formed 
via combining meta-atoms (lateral size l λ<< ) with local orien-
tation angles rotated successively (0, ,2 ,3 ,.φ φ φ ), as illustrated in 
Figure  1 c. When we shine this meta-surface by a normally inci-
dent linear polarized (LP) light, the scattered waves generated 
by different meta-atoms on the meta-surface will interfere with 
each other, forming refl ected/transmitted beams traveling along 
different directions. To get the 100%-effi ciency PSHE, the meta-
surface should avoid multimode operation so that the building 
block must be either perfectly transparent or perfectly refl ective. 
Let us assume � (0) 0TT ≡  at the moment and study the condition 
satisfi ed by � (0)RR . The last two terms in Equation  ( 2)   contribute 
to spin-dependent lateral phase gradients, 2 / lξ φ= ±± , so that 
according to the generalized Snell’s law, [ 8,9 ]  the refl ected beams 
contributed by these two terms must travel to two off-normal 
directions depending on the input spin. Such spin-dependent 
scattering is the origin of the extrinsic PSHE discovered 
recently. [ 13–16 ]  On the contrary, the fi rst two terms in Equation  ( 3)   
do not supply any PB phases, so that their contributions are 
only to generate normally refl ected (zero-order) modes. Pres-
ence of these spin-independent scatterings inevitably decreases 
the effi ciency of the PSHE, which is a key problem of previous 
studies. [ 13–16 ]  To get the 100%-effi ciency PSHE (see Figure  1 d), 
we need to eliminate all those normal modes, which means that

   0r r r ruu vv uv vu+ = − =   (3) 

 Equation  ( 3)   is the desired criterion to realize the 100%-effi ciency 
PSHE at refl ective meta-surfaces. For transmissive 
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 Figure 1.    Extrinsic PSHE realized by meta-surface consisting of spatially rotated meta-atoms. 
a) Jones matrices of a slab consisting of a periodical array of meta-atoms with local axes rotated 
by an angle  φ . b) The Pancharatnam–Berry phase gained by the last two terms in Equation  ( 2)  , 
which is equal to the area (2 φ ) surrounded by two curves on the Poincaré sphere with blue 
and red dashed lines representing the operations of σ̂ −  and ˆˆ ˆ3 3e ei iσφσ φσ−

− , respectively. c) A 
meta-surface formed by meta-atoms with local coordinates rotated successively �0, ,2 ,3 ,φ φ φ( ). 
d) Schematics of the 100%-effi ciency PSHE realized at our refl ective meta-surface: a linearly 
polarized incident beam is split into two spin-polarized refl ection beams traveling to two off-
normal directions while the specular refl ection mode disappears completely.
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meta-surfaces, similar arguments show that the criterion is 
just � (0) 0RR ≡  plus an equation similar to Equation  ( 3)   but with 
{ , , , }r r r ruu uv vu vv  changed to { , , , }t t t tuu uv vu vv .  

  2.2.     Practical Designs and Experimental Demonstrations 

 We found two practical routes to reach the criterion (Equa-
tion  ( 3)  ). First, we restrict our attention on meta-atoms exhib-
iting mirror symmetry (thus 0r ruv vu= ≡ ) so that Equation  ( 3)   
reduces to r ruu vv= − . Neglecting material losses, we must have 

1r ruu vv= =  due to the energy conservation. Thus, the crite-
rion becomes 180vv uuΦ − Φ = ° with Φ  ij   denoting the phase of 
 r ij  , indicating that the desired system is a perfect  λ /2 wave-plate 
working in refl ection mode. Such a device has been success-
fully realized using anisotropic magnetic meta-surfaces in dif-
ferent frequency domains, [ 23,24 ]  so here we follow ref.  [ 21 ]  to 
design our meta-atom. The inset in  Figure    2  a shows a practical 
design, which is a sandwich structure consisting of a metallic 
Jerusalem cross and a ground metallic plane, separated by 
a 1.9 mm-thick FR4 dielectric spacer ( 4.3ε = ). The ground 
metallic plane blocks all transmissions through the system 
(i.e., � (0) 0TT ≡ ), and more importantly, couples with the metallic 
crosses to create magnetic resonances at frequencies dictated 
by the geometrical parameters. [ 25,26 ]  Such structures, some-
times called high-impedance surfaces, can strongly modulate 
the phase of refl ected wave to undergo a 180° to −180° varia-
tion as frequency passes through the magnetic resonance. [ 25,26 ]  
Therefore, we can fully control the phase difference vv uuΦ − Φ
via tuning the positions and quality (Q) factors of two mag-
netic resonances for two polarizations. Through careful struc-
tural optimizations assisted by fi nite difference time domain 
(FDTD) simulations, we obtain a fi nal design and then fab-
ricate a sample consisting of a periodic array of the designed 
meta-atoms (see the picture in Figure  2 a). Both microwave 
experiments and FDTD simulations show that vv uuΦ − Φ  of 
this sample can indeed keep at ≈180° (Figure  2 b) and thus 
the desired spin-dependent term can approach 1 (Figure  2 c) 
within a broad frequency band (≈10–14 GHz). Such broadband 
functionality comes from the engineered dispersion cancella-
tion between two low-Q magnetic resonances. The computed 
scattering patterns of a single meta-atom (see the Supporting 
Information) reinforced our notation that our meta-atoms pre-
dominantly support spin-dependent anomalous scatterings, 
which is the basis to achieve the 100%-effi ciency PSHE. 

  There is, however, another possible route to reach the cri-
terion Equation  ( 3)  , which does not require the meta-atom to 
exhibit any mirror symmetry. The idea is to use the strong off-
axis responses of asymmetrical meta-atoms [ 27,28 ]  (see the inset 
in  Figure    3  a) to manipulate both diagonal and off-diagonal ele-
ments of � 0RR ( ), and in turn, to make Equation  ( 3)   satisfi ed. The 
design can greatly benefi t from symmetry arguments, which 
are summarized in the Supporting Information. In lossless sys-
tems, time-reversal symmetry dictates that r ruv vu= , so that our 
aim is to fi nd a system, even without any mirror symmetry, that 
can still yield 0r ruu vv+ = . An extreme solution among many pos-
sibilities is | | | | 0r ruu vv= = . Indeed, when the structure is excited 
by an EM wave polarized along v̂ , one can engineer the asym-
metry of the pattern to let the induced current only fl ow along 

û in average (see the insets in Figure  3 c). Again aided by FDTD 
simulations, we successfully obtain a design for such asym-
metric meta-atom and then fabricate out a sample consisting 
of a periodic array of such meta-atoms (see Figure  3 a for the 
sample picture). The measured and FDTD simulated spectra 
of the sample (Figure  3 b) confi rm that Equation  ( 3)   can indeed 
be approximately satisfi ed within a broad frequency band 
(≈11–14 GHz). We emphasize that | | | | 0r ruu vv= =  is not a nec-
essary condition and many other possible asymmetrical meta-
toms can be designed to satisfy the criterion (Equation  ( 3)  ). 

  We fi nd the working mechanism of such an asymmetrical 
meta-atom is quite intriguing. Now � 0RR ( ) generally contains off-
diagonal elements in the { ˆ, ˆ}u v  frame (which we choose only for 
convenience and defi niteness), we can diagonalize the matrix 
� 0RR ( ) to retrieve two effective principle axes { ˆ , ˆ }u v′ ′  of our meta-
atom. Figure  3 c shows that the effective principle axes { ˆ , ˆ }u v′ ′  
are not fi xed but rather rotate as frequency varies. In particular, 
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 Figure 2.    Design of the symmetrical meta-atom. a) Picture of a sample 
formed by an array of symmetrical meta-atoms (sized 7 × 7 mm 2 ) 
with = = = =a b c d4 mm, 5 mm, 2.2 mm, 1.3 mm1 1 1 1  (see the inset). 
The thickness and width of metallic wires are 0.05 and 0.5 mm, 
respectively. Spectra of b) refl ection phases (Φ  uu   and Φ  vv  ) and c) nor-
malized refl ectance −r r Ruu vv|( )/ 2 | /2  for the sample shown in (a), 
obtained by experiments (symbols) and FDTD simulations (line). Here, 

| | | | | | | | / 22 2 2 2R r r r ruu vv uv vu( )= + + +  represents the total refl ected energy 
summing up contributions from all four terms in Equation  ( 2)  , and the gray 
region in (b) and (c) indicates the working band of our sample which is 
determined by the condition of |( )/ 2 | |( )/ 2 | / 0.12 2r r r r Ruu vv uv vu+ + −⎡⎣ ⎤⎦ < .
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the angle between û′  and û  just equals 45° at 12 GHz within 
the working band. Meanwhile, the phase difference between 
two refl ection coeffi cients along two effective principle axes is 
also equal to 180° at 12 GHz (Figure  3 d). All these features sug-
gest that the symmetrical and asymmetrical meta-atoms share 
the same working mechanism right at the center working fre-
quency, although the routes on which they approach the crite-
rion (Equation  ( 3)  ) are different. Such new structures add many 
new possibilities [ 29 ]  and freedoms to the family of meta-atoms 
that can realize the 100%-effi ciency PSHE, which are very 
helpful for researchers to fl exibly design their own systems and 
realize certain effects unique to asymmetrical structures. 

 Having obtained two practical designs for meta-atoms, we 
now fabricate the corresponding meta-surfaces ( Figure    4  a,e) 
according to the scheme described in Figure  1 c and then verify 
their abilities to achieve the PSHE with nearly 100% effi ciency. 
In our experiments, we shine the meta-surfaces with normally 
incident LP beams, and then, respectively, use a left circular 
polarization (LCP) antenna and a right circular polarization 
(RCP) antenna to measure the normalized angular distribu-
tions for scattered-wave intensities with +  (Figure  4 c,g) and 
−  (Figure  4 b,f) polarizations. Here the reference is taken as 

the signal measured by the same receiver but with the meta-
surface replaced by a metallic plate of the same size, which is 
essentially half of the input power. Within a quite broad fre-
quency band, we fi nd both meta-surfaces can split the incident 
LP beam into spin-up and spin-down beams traveling along 
two distinct directions: a fi nger-print feature of the giant PSHE. 
Most importantly, the diminishment of specular (normal) 
refection modes within the working frequency band implies 
the high effi ciency of the observed PSEH, which is further 
reinforced by the observation that the maximum normalized 

scattered power (see Figure  4 ) can approach 100%. Quantita-
tive estimations on the PSHE effi ciency are obtained by inte-
grating the power over the angle regions spanned by the refl ec-
tion modes, which has also been adopted in previous study. [ 10 ]  
The obtained PSHE effi ciencies are shown as functions of fre-
quency in Figure  4 d,h for two meta-surfaces, respectively. At 
a typical frequency 12 GHz, the absolute effi ciencies of PSHE 
for both meta-surfaces are found within the range of 82%–92% 
based on our experiments, and 93%–95% based on our FDTD 
simulations (see the Supporting Information). If we only 
care about the relative PSHE effi ciency, defi ned as the ratio 
between the anomalous-mode signal and the total refl ected 
signal, the experimentally measured effi ciency can reach the 
level of 93%–95%. The deviations of these effi ciencies from the 
theoretical prediction are mostly caused by materials losses, 
sample imperfections, as well as the nonideal performances of 
our antennas. Outside the working band, signifi cant specular 
refl ections appear which lowers the PSHE effi ciencies, similar 
to previously discovered PSHE. [ 14,15 ]  

  We note that criterion Equation  ( 3)   is so general that it can 
also help us design optical meta-surfaces supporting PSHE 
with very high effi ciencies. Full-wave simulations (with dis-
persions/losses of realistic materials fully considered) on a 
designed optical meta-surface show that the absolute PSHE effi -
ciency can approach to 88% while the relative PSHE effi ciency 
can be even higher (93%) at the working wavelength 2 µm (see 
the Supporting Information). Although fabrication/characteri-
zation challenges might decrease these predicted values, experi-
mental demonstration of the idea in the optical domain is still 
highly interesting. 

 Our high-effi ciency PSHE, being “extrinsic” in nature, can be 
fully controlled by the engineered meta-surfaces upon design. 
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 Figure 3.    Design of the asymmetrical meta-atom. a) Picture of a sample formed by an array of asymmetrical meta-atoms (sized 7 × 7 mm 2 ) with 
= = = =a b c d3.3 mm, 3.3 mm, 1.4 mm, 2.5 mm2 2 2 2  (see the inset). The thickness and width of metallic wires are 0.05 and 0.5 mm, respectively. 

b) Measured and FDTD simulated spectra of r Ruu| | /2  and r Rvv| | /2  for the sample shown in (a). c) Orientation angle  θ  of the effective principle 
axes {ˆ ,ˆ }u v′ ′  for our asymmetrical meta-atom with respect to its original coordinate {ˆ,ˆ}u v , retrieved by diagonalizing the experimentally measured 
and FDTD-simulated refl ection matrices. Insets show the current distributions on the metallic wires in our meta-atom, excited by normally incident 
electromagnetic waves polarized 

�
|| ˆE v  at frequencies 9, 12, and 15 GHz, respectively. d) Measured and FDTD-simulated spectra of refl ection phases 

( u uΦ ′ ′ , v vΦ ′ ′ ) for the sample shown in (a). Here, ( )= + + +R r r r ruu vv uv vu| | | | | | | | / 22 2 2 2  represents the total refl ected energy summing up contributions 
from all four terms in Equation  ( 2)  , and the gray region in (b–d) indicates the working frequency band of our system which is determined by the condi-
tion of + + −⎡⎣ ⎤⎦ <r r r r Ruu vv uv vu|( )/2 | |( )/2 | / 0.12 2 .
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Specifi cally, the defl ection angle rθ ±  of the spin-polarized wave 
is determined by

    sin (sin / )1
0kr iθ θ ξ= +± − ±

  (4) 

 according to the generalized Snell’s law, [ 8,9 ]  where  θ i   is the 
incident angle and /0k cω=  is the vacuum wave-vector. Equa-
tion  ( 4)   shows that the spin-dependent defl ection is controlled 
by the phase gradient ξ ± , which can be tuned by adjusting 
the orientation angle step  φ  or the dimension  l  of the meta-
atom. In addition, given a meta-surface with fi xed ξ ±

, Equa-
tion  ( 4)   shows that rθ ±  depends also on frequency (through 0k ) 

and  θ i  . Dotted lines in Figure  4 b,c,f,g are calculated based on 
Equation  ( 4)   with /21 mm 1ξ π= ±± −  (experimental values for 
both meta-surfaces) and with  θ i   = 0° fi xed, which can well 
describe the experimentally observed frequency dependences 
of rθ ± . Meanwhile, we also measured the rθ ±   ~ θ i   relations for 
two spin-polarized refl ection modes with frequency fi xed at 
12 GHz, and depict the obtained results in  Figure    5  . The meas-
ured rθ ±  ~  θ i   relations are again in perfect agreement with the 
simulations and theoretical prediction (Equation  ( 4)  ). FDTD 
simulations are performed to well reproduce all experimental 
results in Figure  4 , with details presented in the Supporting 
Information. 
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 Figure 4.    Experimental verifi cation of high-effi ciency and broadband PSHE. Pictures of fabricated meta-surfaces (both sized 504 × 504 mm 2 ) formed 
by a) symmetrical and e) asymmetrical meta-atoms. Measured normalized scattered-fi eld intensities (color map) versus frequency and detecting angle 
for two meta-surfaces illuminated by normally incident linearly polarized beams, with receivers chosen as a circularly polarized antenna with polariza-
tion b, f) +  and c, g) − , respectively. d,h) PSHE effi ciencies versus frequency for two meta-surfaces, obtained by analyzing the experimental data in 
(b,c,f,g). Here dotted lines in (b,c,f,g) are calculated by Equation  ( 4)   under normal-incidence condition. Regions surrounded by black dashed lines in 
(a,e) represent the supercells of two samples.
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  Our fi ndings can stimulate many interesting applications based 
on spin-dependent light manipulations. Here as one example, 
we show that our systems can work as effi cient and broadband 
polarization detectors. As shown in  Figure    6  a, when a beam with 
unknown polarization is illuminated onto our meta-surfaces, two 
spin components will be refl ected to two different directions. 
Detecting the amplitudes and phases of these two modes simul-
taneously can help retrieve the polarization state of the original 
beam. To test the functionality of our device, we design and fab-
ricate a meta-material wave-plate (see the Supporting Informa-
tion for its characteristics) to help generate a beam with particular 
elliptical polarization, which is then incident onto our meta-sur-
face with symmetrical meta-atom as an input beam with polariza-
tion to be detected. Figure  6 b shows that the polarization states 
retrieved from our measurements, characterized by two para-
meters (the orientation angle  χ  and the ellipticity angle  ψ ; see the 
inset in Figure  6 a), are in excellent agreement with the polariza-
tions of the input beam. Slight discrepancies for  χ  at ≈12.5 GHz 
are caused by the ambiguities in determining this value for a pure 
circular polarization (note here  ψ  = 45°). Compared to standard 
polarization detectors, our scheme is more effi cient and stable. 

     3.     Conclusion 

 In summary, we show that in principle PSHE with nearly 100% 
effi ciency can be realized at meta-surfaces satisfying a certain 

criterion. Two realistic microwave samples with distinct sym-
metry properties, which approach the criterion from two dif-
ferent routes, are experimentally characterized, both showing 
very high effi ciencies for PSHE within a broad frequency band. 
An effi cient and broadband polarization detector is demon-
strated as a simple application of our discovery. Our fi ndings 
can lead to many exciting applications based on high-perfor-
mance photonic spin manipulations (such as high-effi ciency 
spin-controlled surface plasmon couplers and spin-dependent 
holographic imaging), and provide a powerful platform for fur-
ther fundamental research along this direction. In particular, 
considering the dramatic progresses that have been made on 
optical meta-surfaces, such as low-loss dielectric meta-sur-
faces [ 30,31 ]  and gap plasmon-based gradient meta-surfaces, [ 32–34 ]  
it is quite promising to fi nally realize these ideas in the optical 
regime and in transmission geometry.  

  4.     Experimental Section 
 All microwave samples were fabricated using 1.9 mm-thick FR4-printed 
circuit boards with one side covered by a 50 µm-thick continuous copper 
fi lm and another side covered with the copper patterns etched based on the 
theoretical designs. We measure the refl ection coeffi cients and scattered-
wave powers based on a homemade 2D angle-resolved system connecting 
two horn antennas (source and receiver) with a vector network analyzer 
(Agilent E8362C PNA). Typically, we fi x the position of the source antenna 
and freely rotate the receiver antenna on a circular track at a distance 
1.5 m away from the sample to measure the scattered-wave power.  
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 Figure 5.    Angle of the anomalously refl ected beam  θ r   versus incident 
angle  θ i   for meta-surfaces with a) symmetrical and b) asymmetrical meta-
atoms under illuminations of spin-polarized waves, obtained from experi-
ments (solid symbols), FDTD simulations (open symbols), and theory 
(Equation  ( 4)  ), lines) at frequency 12 GHz.
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 Figure 6.    PSHE-based polarization detector. a) Schematics of our polari-
zation-detecting experiments. The inset depicts a general elliptic polariza-
tion state defi ned by the orientation angle  χ  and the degree of ellipticity  ψ . 
b) Polarization states (described by  χ  and  ψ ) of the input beam measured 
by our experiments (symbols), compared with the input values (lines) 
calculated from the wave-plate characteristics.
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