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Fig. 1. Schematics used to describe Huygens’ principle

NS

applied to a gradient phased interface: (a) A flat non-

structured interface; (b) a gradient phased interface.
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F & 2 AT A

¢(A1B) =
¢(A2B) =

¢(AL) + (14) + p(4B) + o(z), (2)
@$+¢@®+¢@@
D(x) + do, (3)
Hr, (A1), ¢(14), ¢(4B), ¢(43), ¢(32), ¥(2B)
Eﬁf*ﬁf“ﬁé%ﬁ% 2 BIFEAL AR L.
BT 1, 2 s (AR B AR T, d fRV/)S, i 2 fir
7N, RN

p(AL) = (A3), (4)
¢(4B) = ¢(2B). (5)
MIE (1) 28— (5) B3
p(14) + (x) = (32) + O(z) + d2,
Rl
p(14) — ¢(32) = do. (6)

[FJR, Fh P 2 W]

2
p(14) =~ nt—ﬂ sin 0y dx,
Ao

— 21
32 =~ i
¢(32) v

o, 0, 706, 53 9058 NS A AT A, ng Flong 730l
FE NS CFNIT 56 S B 28 2% [R] i 47 4 6.
$ ERRAN (6) TR
21

—da(ng sin Oy — n;sin ;) =
Ao

K EAEE N
Ao AP

1t sin 0y — n;sin@; = o ds (7)

ﬁtﬂﬂﬁfﬁﬁ%ﬁ%&ﬁﬁ%ﬁﬁ. 5 Snell A 2UHIEE,
zT—u—ﬁ?ﬁm¢%Mmm%ﬁﬁﬁL%X
iﬂﬂﬁﬁﬂ’ﬁﬁﬂﬁ)ﬁ, VINEIR WSk ase Tl a1 api iV EKA
. #54 dd/dx =0, MAT#

sin 0;dx,

d®,

ngsinfy — nisin; = 0, (8)

I B 22 BT 5 SE A Snell A K. B AT DA N2
B Snell A 30 RS SCHT I B HEAEAR B B R 2%
PR IR RS L. SEEEE, (7)) ek, sk
TE U _E X NG GBI N A E ARG, A4 H 5
JERT AT 207 M35, AT RE H AT S 6 R AN S
HLRAE FHE L F— M R I AR, tein, 78
Snell (8) ZH, Hriit f 0, MG 6; IFF S U 24 HH
5], BLBA NG AT 5 5 o R, T AR S
IRk (7) b, do/de MR EUE AT RS
BT 0, NI 60; 55, X U BT OGRS
HALFIEL E— M, B4 T s g, Fnf,
BT A A AR T AL B I AEAE, T3 T Snell 2
PR A BRI e 2R, BIXET 46, (A X FRA
St 2 R IBUE AN [F) (4T 55 £
75 (7) X, 54 0, = 90°, I
A WA
Mg Ao dP

inf,=— — —_—, 9
S n; 2mn; dz )

SE B M A UGS XTI M ROB R T
T, eI BB 77 160 T LU B 77 60 A
JQWWX%ﬁ@%wﬁﬁEﬁEﬁﬁﬁ%%(w

SRR R

hf) TR AR A
A do
em:amgncxi2£“dx>. (10)

024204-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 66, No. 2 (2017) 024204

R, WA, A R AUUR A
06 NGB A BT (ng) |1 DG ER A ST () 0 A% H B0 I
M5, Blng > ng, 10 HACH — A2 AR 5, B
Oic = arcsin(ng/ny). MM (10) AT A1, 2476 5 5]
NHRRR LIS, 4 O S E B R R A T AR 4K, B
A ST RE A AR AE G B BN S BDO6E A R
I, T AR P A 4 B Il 57 A 45

B3 2] 7 AR SCHT 5 8 A 2 NS A
AT 565 i1 5% 5% il 2, P IR b il e @©— @ B AR
AR FE 4393 9 51/ pm, 3m/pm, 1t/pm, 0, —7t/pm,
—3m/um, —51/pum, Bk i dE Ak Dy i 2 A5 X
ISR LA B 25 A T B 4 S i 74

Ao = 632.8 nm
I
ne=1.55

Ao = 632.8 nm
| ni=155

0:/(°)
o

B3 AL R ST A R T NS A AT S A O A 2k
(a) ny < ng; (b) ny > ng
Fig. 3. Angle of refraction versus angle of incidence at

the gradient phased interface: (a) n; < ng; (b) ni > ng.
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Fig. 6. (color online) Schematics of k-space used to drive the generalized reflection and refraction: (a) 3D

geometrical k-space; (b) schematics of vector composition.
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Fig. 7. (color online) Flat lens: (a) Beam path; (b) phase distribution.
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Fig. 8. (color online) Flat Axicon: (a) Beam path; (b) phase distribution.
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Fig. 9. (color online) The normalized phase distribution: (a) Flat convergent lens; (b) flat axicon.
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Fig. 10. (color online) The intensity distribution: (a) Flat convergent lens; (b) flat Axicon.
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Abstract

The gradient phased interface is characterized by a non-zero phase variation along the interface between two optical
media, which could generate a phase shit between the emitted and incident light beams. Unlike common ones, gradient
phased interfaces have a great influence on the laws of light propagation, including light reflection and refraction, and
some novel phenomena are observed. For a comprehensive understanding the optical characteristics of those gradient
surfaces, the universal laws of light propagation at gradient phased interfaces are derived and discussed in detail in this
paper. According to Fermat’s principle, we use the stationary phase method to successively acquire the two-dimensional
(2D) and three-dimensional (3D) generalized laws of reflection and refraction. In the 2D generalized laws, the interfacial
phase gradient lies in the plane of incidence, which is coplanar with the incident, refracted and reflected light beams.
But in the 3D case, the phase gradient does not lie in the plane of incidence, and the non-planar reflection and refraction
phenomena are observed. These generalized reflection and refraction laws indicate that the interface between two media
could be an important factor when light traverses it, and gradient phased interfaces provide new degrees of freedom
for manipulating the wavefront of light beams. Based on the generalized reflection and refraction laws, we analyze the
influence of phase gradient on light propagation, then obtain critical angles of incidence for reflection and refraction
(i.e. the critical angles for total internal reflection and total transmission) in 2D and 3D cases, and explain the reasons
for some novel phenomena, such as reflection angle unequal to incidence angle, anomalous reflection and refraction,
out-of-plane reflection and refraction, etc. These analysis results show that generalized laws of reflection and refraction
have important value in optical design. In addition, we propose an optical design idea based on generalized laws of
reflection and refraction, in which gradient phased interfaces are used as core components of optical elements to perform
optical transform. And then a flat lens and flat axicon are taken for example to illustrate this idea, the design process
of the two flat optical elements are shown in detail. Moreover, we experimentally simulate the gradient surfaces of the
two elements by spatial light modulator, and experimental results agree well with theoretical values. It proves that this
design idea is practicable. Our research is useful to understand comprehensively the generalized reflection and refraction
laws, and extend the applications of generalized laws to flat optics, freeform optics and the accurate control of complex

wavefront.

Keywords: gradient phased interfaces, generalized law of reflection, generalized law of refraction, flat
optics
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