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Abstract: Goos-Hinchen shift at the surface of dielectric/anisotropic metamaterials/metal sandwich structures was investi-
gated using the stationary-phase method. The analytical expressions of Goos-Hénchen shift are presented for both total
reflection and partial reflection condition at the first interface. Moreover, the necessary conditions for the existence and the
sign of Goos-Hinchen shift for the sandwich structure containing four kinds of metamaterials are discussed. The influences
of the incident angle ¢, the angle between the optical axis and the interface a and the material thickness d on Goos-
Hénchen shift are studied by numerical calculation, which is agree well with the theoretical analysis. The investigation of
GH shift in the structure containing of metamaterial will benefit the application of metamaterial in microwave and optics
system.

Key words: Goos-Hinchen shift; metamaterials; anisotropic; total reflection

PACS: 41.20.]Jb, 42.25. Gy, 78.20. Bh

Uk R R T AR S R
GH (B TE4E BUOL# R G UDLR = LG A Ot

MR BEAER A RO R EE A SRS BHESEHHEEEERERD. BILE, &5
B, PO ESR  EARXT TS MM E  RUERRREH P GH A WG T AR
A —E KW 1 BL R, Z AL B AR N Goos-Hanchen ARSI DG , 45 i SRR AT A5 611 (941 ey 3 501
(CH) i, X—YHARCLEME THEDH  AHBSR, RG-S 5IESTH RO [ K

51

il 1

Ur#% HL88:2010 - 11 - 14, 4&E H#:2011 - 01 - 02 Received date: 2010 - 11 - 14, revised date: 2011 - 01 - 02
E&TH : HRARPAHE S H (10904032, 11004121 ) 5 A [E] 1 /5 B2 3 6 (20100480629 ) 5 T 5 & # )T H AR B}2£ 2 4 (20108140005
2010A140004 2008 A430009 ) ;¥ 5 44 B +-RI T H (092300410215 092102210363 )

TEH A R EIF(1980-) , %o, INARFEN PRI, 14, T BN S RATRERI G A I 7 T IR BT SE , E-mail : yhzh0505@ 163. com.



464 a5z REXR

30 &

PERR' . e 1 AR AR, TR AE R
1] 1 SEBL G B A ri BB R I R 3 L A% 1l R
YRR G S Z AL/ L  WEAHLEX. B
A SCERITSE T 4% il S S R P AU St 5 2
Wy GH Rrs™!, B4 1) S0k S bR T R A
SR, LR S F R EMFTEL T GH
B, AR St 1) PR R R AR ZE i 5 R
T —E A BERS ) GH (™) 4 B 4y =
LB T 2=/ 10 AR R AR R B O WX T
WML & 0 AR R AR &R S BN R 3R
T B = BRI G540 S 5 B GH (288 Iy B 5 2> AR 18
ASCUAIESTH SR ARL 2 ) AR AR 28 =9
TREEHE RN B, 38 1 BR 18 23 BT AN BB AR SR 5T
T 505 RS IR RS S RS I 725 — 57 T
KA RS AT EOL T B GH 188, LA 4
SRR S RERRA o ASA o UK
FHUEEE d X GH 1 K.

1 pIEiEs

F IS 1 B B —4E = BIIR SRR A, BB
1703 50530 0 IEAT 55 AR A T, Fod v 20
HEZRIIANA &1 o1 85,05 PRV NIRE d K1
SRR AR, Ho B W ORI 3 302 Bk R
2 A Rl v -y PSS RSB R 2
SEMBIAN o, HISTER9] A4 1 PR
FERHTE o-xyz AR R T HIN LK E: &, FIRESRIKE
o 3
Fecosa+esina 0 (g, -6,)cosasingT
& = 0 g, 0 , (1)
L (g, - ,)cosasing 0 g sin’a + &,c08°a -

- 2 .2 o
weosa+msine 0 (u, -u,)cosasing

[22: 0 ,Lby 0 ’ (2)

L (, - p,)cosasing 0 g sin’er + pucos’ct -
B — TE AL H) BBBE I LA ST o AR 1
16 2% [ S AR SRR, DU B RE I AE 3 RS IR B
B B L3 AT R R
E = ey[E“exp(iklzz) +E, _exp(- ik z) Jexp(iky 5 -iot) , (3)
E, = ey[Ez,rexp(ikzzz) +E, _exp(-ihyzexp(ibyp - iot) ,  (4)
E, = eyE3+exp(ik3,gc+ik3zz—iwl) , (5)
He, e, e, B 2.y z BB KRB E, M E;
(J = 1,2) 535 g A SRHB AN SURHAE & 2 6 8 i ik
W&k, k. (G =1,2,3) 23 N IR B X oy B Z 4y
. AR Maxwell 7572 &5 (2) #1(4) WAT45 .

MEH

Bl IEYTHRAORL & SRR AR R = A 4
R

Fig.1 Schematic diagram of the sandwich structure with die-
lectric/ anisotropic metamaterial/metal

H=(-(4/w)e, + (B/w)e,) [ E,, exp(ik,z)
- E, exp( - ikyz2) Jexp(ik, x — iwt) , (6)
AH: A = [(usin’a + ucos’a)ky, + k (u, —
w,) sinacosa ]/, ,B = [ (usin’a + u,cos’a)k, +
ky, (u, — u,) sinacosa ] /p .
TETH Z BB 25 1) SRR S AT B B BIOR 2R
Gt
ky +k, =k = o’ey (7)
(k +5.) = (s, = ) (hsine = byeos0) 7, = 0’ s, (8)
Bk, > 0B, HRER WK SR RIS 4
K, < OB, A RAFERIROSE —RELSRES
5tk = 0 RH—FmA AT & A2 RS &,
IEHFAN @, = sin™ «/(,u,xsinza +p,zcos2a)ay/y,lal.
MBS [P 13 EN SR R B E AT 48 s = 1/2Re(E x
H*) =1/2Re(( (E>-E*)/w)(B/we, +A/we,) ). It
SRR & kb, IEAAS BB R IE RE B B A
T X AEER by, e, wu, A5 HIERE(6) A KT
F. RIS E R WAL R ESL R, AR E 1 R
I =BIRES  RUH RBON -
. (b, =) (s +h,) + (hy, + ) (paf - by, ) exp(2h,.)
(b, + ) (s = by,) + (k= ) (o + b3, )exp(2h,0)
(9)
A B T , W T S AR A SR(9) AT 2
TR A -
_ (b, = piA) = (b, + uA) exp(2k,,d)
(kA mA) = (b, - mA) exp(2k,,d)
0 (10)
K, 1 rl = 1,0, ARG, = BINA S5 B R
IESINN

2 GH uUBHBRESHEAAERITE RBERER
pAa AR AT, X TR AR < k A

r

=lrle



53 A E IR & A 1 R4S 3 AR =B 451 89 Goos-Hinchen (B HF5T 465

MRS BOR , R ST ) GH 4% 0 -

s = (= 1/k) (dd /dg) (11)
R, b = 0 Ve /e, @, I RIHBARK T AS B
MR 0 HAS M. MRIEX (7). K@®),H C =
w, [ ksin’p - w’e, (w,sina +p,cos’a) ] = 0B, A
SN STER — R AL SR E 2R,

ky, = [ - sinacosa(p, - u,)k, 1/ (u,sin’a + p,cos’a)

+i «/C/(,u,xsinza +pcosa)’ . (12)

pis(10) SR (11) A (12) , B BHE R E R
At GH AL YRk

s = [2ule’ [ em —ey(,u,xsinza + p,cos” ) Jtang ]

/g X(Kieos’e + X*) (13)

HH, X =2y «/[kfsinzgo - wzsy(,u,xsinza + 11,005 0) 1/ poft
X o, SRR P IER, X B +7 535w, e, R B
e, X B =" Y C = ppu,[Esin’e
(m.sin’a +p,cos’a) ] < O B, ABH&1EH— R
Aib 2 A FR O A
ky, = [ - sinacosa(u, - p,)k, 1/ (p,sin’a + p,cos’a)
+ \/( - C)/(usin’a +pcos’a)® ,  (14)
o, =7 FF5 RN {8 R B 1 % 1) S PR AR A
wHZ2drs. fix(10) (K (14) 153
k1, Asin(2k,,d)

2
-—we, X

= (o (hd) - Bt ()] ")
S — R R LT R GT6T GH AR R -
T ) sin(2k,,d) P
Meofhy — By, 1z
s = by d 2hy,d (16)

Tk, Auicos” (ky,d) + K sin (kyd)
M ERFTE B, AFHRTEZ RS0 A&, |
GHH) GH AR T SRR B E#S B (N8
WRMBCR) AR, B 5RFHRREE 4, A5
o LEOLHS « B o HR
B TR A K B &, FIRE SRR E o,
A48 2 TG AT D TE A R BRI A 4% i) S A e o )
AEFEROEECR, WL B Smith
2 N1 AR R o R TE A SR} P L R R 15 4%
PR, BRSO OR 2 O U 36,1 cutoff A,
2. anti-cutoff %I 3. never cutoff %l 4.always cutoff
B T AT RSB R bR R)2  BUE
ST T IESTERAORL / & kR R AR/ 2R =
BB S5 R S ™ A4 GH (BB I 454 & GH L%
MIESUFLL. A fRERE I, BABUTE u, < 0 B, TE
SR ) GH AL R, WX T . > O K TM JH) 1%
DU RT AT HE (AR A0 2.

2.1 cutoff B o p, > O0,u,/u, >0
2.1.1 E—FELERH

UL (u,sinta +p,cos'a)e, < ey ELASH
¢ > o, B ERDE b, EE ASHETES— R
QbR AR, TR R GH AL % = (13) , iy
o b, TRVESS R 70, 31 47 B GHL AL,
2.1.2 E—FREAEBL R

Wi e (u,sin’a +,u,zcosza)ay < e HAGHA
0 < <@, H(u,sin’a +,u,zcos2a)£y > e B, R
Gy ky, TER RS — R AL & K AR R 4 RS, X
N GH A= (16). B w, .k, ki, IE u, R,
WAt CH [ M7 B £ B h R A f = (Au, -
k) (sin(2ky,d)/2k,d) + k5, PerE. 251 > 0B}, GH fif
B AABEER N, IWE GH B HRAX P&
A ko d B K%L, HBEE R A ERE R R d 1
Hahn, GH %= kG , Ik sk (kpd = mm(m =
1,2,3,--+)) GH ik Btk KA.
2.1.3 HEEH

EFTHEMEHRE ISR, B e, =-0.25,u,
=-3,u, =-1.F2(a) Ba=0.7/6F w4, ANt
o > ¢, BT GH ALBEFIAS AKX R, ANE HhA]
IEH, GH (B A ME, FFhEE A S/ 3% K, GH
FLF MR BE L K, R B MR K. Z8UR
BT RaSMALERES 5 L AR 45 R, (BTE IR
FA MRS AL BT ) GH LB 215 1
R B R m AR B ERUSE
— N, FERPOEDLHS 2 A o R, 58—
T Ab & A2 RO I A o, BR. 181 2(b) Bim
WA F @ = w/3 ), GH BRI M o AR R
. WL GH B In Nt , I FER M o HHEfin GH
(L B i BE 3 i,

0 0
5 1T Tl
2 N,

5@ -10 5@ 3 ‘.\
-15 —o=0 i ? 4 :
20 o=/6 5 [
sl T e |

06 08 10 12 14 0 0.5 1.0 1.5
@(rad) a(rad)

@ (b)

B2 HEER cutoff BIKFFARE, 7255 — R A £ 2R 5t
P GH AR (a) GH LB S5 ASHA ¢ BIXR (b)GH
% S5RMA a KRR

Fig.2 The GH shift properties of the sandwich structure con-
taining cutoff metamaterial when total reflection happens at the
fist interface (a) Dependence of the GH shifts on the incident
angle ¢ (b)Dependence of the GH shifts on the angle o



466 ahh 5 2K ¥R 30 %

1 — d=5n
| --- d=n100

s/h

-25

0 02 04 06 08 1.0 0 02 04 06 08 1.0
diA diA

© (@

B3 HIEEA cuttof BURFFATRE, 75— A £ R
SHT ) GH LR HERR (a) AR o M, GH fLF8 5 A A IR
£ (D) AFEE d,CH B HAHARIRER (c) RFRIAH
i o, GH B SR MERE d HK R (d) A o f,GH
% SRR RHEE d KRR

Fig.3 The GH shift properties of the sandwich structure con-
taining cutoff metamaterial when partial reflection happens at
the fist interface (a) Dependence of the GH shifts on the inci-
dent angle ¢ with different o (b) Dependence of the GH shifts
on the incident angle ¢ with different d (c) Dependence of the
GH shifts on d with different ¢ (d) Dependence of the GH
shifts on d with different o

Ble =-1lu, =-0.5u =-18,%a =0,
/9 F w/6 B by, SRS, A — R R BT R
1. Bl 3(a) HEERAMEZRIERE d = 40, X (16) 1§
2| GH B FIAG M o MRXR. BT o —E, AS
1 @ /NT w/2 B ,GH (it t, HI IR EEREA S
I SEsg K, 2R —E AP A5, GH S I IR
FEFEA ST A B3 I sl , TS A AE T w/2 B,
GHA Bl MR IE, & TS5 K. E3(b) B/ TA
[FJEBE(d = 51,1/100) & GH A5 AL A o HIR
R YT RHE BE AR, 764 A Yo B Y ) R
JUFERER GH M=, MRS, FEEH
S RS AE B A B R, TR TEB & KK
[ B B B S i, FOF- 4 SO TR T 2R B IR AL )R
B d AR/, LT FRIB RO TR . R R A F
—ERRER, GH A4 B PR B 3(c) MEARR
NG (o = 1.45.1.35.1.25 rad) B, GH i 54%
SAEERE d FIRR, Ko « = 0. FEERE d H3
fn, GH &%= A Bl B M IE IR , LIRS AL kpd =
ma(m = 1,2,3---) ] GH 7% ) i B {H . il = 3
s T ELBEE A R3S K, GH L8 Y IR 37 i 5 1
i, AR 25 AR B3 (d) WEAARFFMA a(a =

0.30.0.70.1.10 rad) B}, GH iS5 EE d XK,
Hrr o = 1.0 rad. NEHATLUIFR S, ZIRAZH R
SHH GH A% 1, HF B IA R A IR , BEE
Feff o BIER, GH L8 )9k 7 B i B (2., Wd € ot
HAEIN, DR AR S 2 BRI A o X GH L
A E BE .
2.2 anti-cutoff B ¢y, < O,u,/u, <0
2.2.1 F—RELLRS

#0 < (usin’a +u,cos’a)e, < &u ML, A G
0 <@ <@ B ASHRSTESR— AL KR RH
&5, B GHALES. 25 (u,sin’a +,u,zCOS2a)gy
> ey L, WX AT AL 1 A B IR e SR
— R AL R R, S ATEE A BLIE R GH i
.
2.2.2 E—FREAMS R

# (usin’a +p.cos’a)e, < O JRIL, WK by, N
S AESE — R AL & A T ER AR R, XL GH AL
BRBEAGA (16) A, i GH B HEF k,.d
F SRS bR R, LR R e AR Z SR d B3,
GH fi# ™ A9k % , R AL (kpd = mm(m = 1,2,
3,-)) GH %X R KE.
2.2.3 H{EEH

H:X&‘y =-0.5,u, =l,u, =-1,A1/0 <¢p <
@, 0 RS — R A2, B 4(a) 2502 o =
0.0.35.0. 70 rad B ,GH i 5 A AKX R, 7] I
GH fi# 5HIg T —B, thA . BB —%E
W, e Al oK, SR — AL & A 4 ST IR 574 o,
BN B e, =-2,u, =0.5,u, = -28,TIEA
ST EER & 7= 4 IE ) GH L8, T H 45 R a0
Bl 4(b) PR, LS e o AR GH (LB BE
NS R EESIEA AT R, X Z R o N L
B/NARM e, = -2,u, =0.5,u, =-2, M HAHA
o =w/4rad if, 1 C =0 WEHO0 < a <
cos™ (/0.3) 3R (13) 193] GH (I RLH S 2
IS o R AR, ME 4 (c) B, BEE o B3I, GH
fIBAE a = 0.89 rad AbHIEZ N

%’[Eng =-0.2,u, =1.8,u, =-1,a =1.20,
a = 1.30 fla = 1.40 B, k,, 25280, 5B —Fmat &
ARG R R APRRER IR d = 40 B, GH L%
FAGA o BKHR, Q& 5 (a) Fis , GH AL 1L
HEE3(a) AL B 5(b) T ARASA (e =
0.8.1.0.1.20 rad) B},GH i 547 B EE 4
MIKER, HH o = 1.40 rad. AT, BEE R d #)34



53 A E IR & A 1 R4S 3 AR =B 451 89 Goos-Hinchen (B HF5T 467

i~ —a=0.70

25 0
0 0.10.20.30.40.50.60.7 0 0.5 1.0 1.5
olrad) olrad)
(a) (b)
o]
0.5
< -1.01

7]

-1.51

-2.0-
0 02 04 06 08 1.0
a(rad)
©

B4 HEJZED anti-cutoff BURF AR, 55 — ST AL 2 A 4
S GH LRI (a) ASFA/DT I R A I GH A
SASAKER (be,= -2,u,= 0.5,u.= -20, &
WEN CHAUBSAFARKR (c)g,= -2,u,= 0.5,u,
= -2 GH B S5RM o KIKFR

Fig.4 The GH shift properties of the sandwich structure con-
taining anti-cutoff metamaterial when total reflection happens at
the first interface ( a)Dependence of the GH shifts on the inci-
dent angle ¢ when the incident angle is smaller than the critical
angle (b) Dependence of the GH shifts on the incident angle ¢
, where &, = -2,u,= 0.5,u, = -2 (c)Dependence of the

GH shifts on a, where &, = -2,u, = 0.5,u, = -2

B, GH i =4 T B B Wik %, mH IR S48
kyd = ma(m =1,2,3--) §) GH {5 B4 ¢ H th b
Z3En. B 5(c) Wy AFEJeH a(a = 1.20,1.30,
1.40 rad) R GH B SEEIRNZER, HP e =1.0
rad. GH B 4 XHEFETE M o B3GR, A K,
I o X GH A2k B,
2.3 Never cutoff B oy > O,u,/u, <0

Never cutoff B R BB EISE R 5 anti-cut-
off BUNFFAT B T RAHRL, #B 2 W 4. JEH
BRI S R Je A o MR, —F X
M A B2 B R E A B R T, X T
never-cutoff BURF F b 8K = BIVA L5 KU, 4 o A
FTEN,EL-FEE LR E2 WA LA
ARG R, H A R 5 FRER 4 B SR A 43 A 5
3.2.1f013.2.2 HH[F]. TiEEFER T E D LIS
never cutoff ZIAF FARL =BG S5 #4 SO GH L
B S 3.2 WAL, XBEAHERE S,
2.4 Always cutoff Bl &y, < O,u,/u, >0

HH (w,sin’a +p.cos’a)e, < 0 BIKIL,k, &

HEER. FER AR R T, A e, g DA

2=
0447, LAY P
'2‘M\/' S .
41 Y NNy
et A ﬂf‘@
et VY
129 e=1.0 /! [}
o SR
70 02 04 06 08 1.0 0 02 04 06 08 1.0
$7) $7)

(b) ©

BS HiEJZEN anti-cutoff VKRS KL, 55— FTHAL K A=+
oyt GH A EPE R (a) AR o« fi1, GH 18 5 A4
XA (b)) ARAMA ¢, CH A 5457 EE K d KR
F () ANFFM o, CH B SR RIEE d X H
Fig.5 The GH shift properties of the sandwich structure con-
taining anti-cutoff metamaterial when partial reflection happens
at the first interface (a)Dependence of the GH shifts on the in-
cident angle ¢ with different o (b) Dependence of the GH shifts
on d with different ¢ ( ¢)Dependence of the GH shifts on d with
different o

NSRRI AL, BRETER —F bR A 2R A, ™
AfiE) GH %%, Hovfi. B 6 BfE e, = 1,u, =
-0.5,u, = - 10 GHRIBS ¢ Ml a ZEIFK . Al
B, A A JAEFT{E#R &= A 5 ) GH 3188, HL
BEE A G A 3 K, GH LR 14 R BE 38 K, T2 A4S A
S 2 A o K.

3 HiE

PAIEST S bt/ 45 1) PR b L R A A
M =BRAG TR X R, FIRRSHAIES B T
R AT GH LB AT KX, RAETHE T
PURR A RIS B B Re AR P 2B 00 T GH A%
7= A AR ANIE SR O, BUARRU AT T A S o

s/A
s
XN NP WN—O

I
0.20406081.01.214
¢(rad)

Bl 6 RIEJZEN always cutoff BUHFF A1 KL = BIVA 454
5Hie GH fif% 5 AGHA R KR

Fig.6 Dependence of the GH shifts of the sandwich structure
containing always cutoff metamaterial on the incident angle ¢



468 ahh 5 2K ¥R 30 %

Fer PRt S - Bl o R EREZ)RE 4
X GH (A% B2 BF5E & B, 3 e BURF S AR
B R HEEE .M o URASA ¢, AT 3R
RIEMEL A KIEE R GH 8. Hd, xf T
cutoff , anti-cutoff I never cutoff B4R A6, HEE
B d MR o X GH ALBHA & B35 MR , T X
T always cutoff ZUREFALRL, A% LA AL M AST,
G EAFLE S B GH (L% 3 5 X4 e A1 R 45 4
W GH iSRS, ¥ ) T 45 57 b BHE U B0
FRGEP RN

REFERENCES

[1]CHEN Xi, LI Chun-fang, BAN Yue. Novel displacement in
transmission through a two-dimensional semiconductor barri-
er[J]. Phys. Lett. A,2006,354(1):161 —165.

[2]1XU Guo-ding, ZANG Tao-cheng, MAO Hong-min, et al.
Nonlinear Goos-Hénchen shifts due to surface polaration res-
onance in Kretschmann configuration with a Kerr-type sub-
strate[ J]. Phys. Lett. A,2010,374(34) :3590 —3593.

[3] Alishahi F, Mehrany K. Analytical expression of giant
Goos-Hinchen shift in terms of proper and improper modes
in waveguide structures with arbitrary refractive index profile
[J]. Opt. Letwt. ,2010,35(11):1759 - 1761.

[4]XIANG Y, DAI X, WEN S. Negative and positive lateral
shift of a light beam reflected from an indefinite medium

slab[J]. Appl. Phys. A,2007,87(2) :285 —290.
[5]JIANG Yong-yuan, ZHANG Yong-qiang, SHI Hong-yan, et
al. The Goos-Hinchen shift on the surface of uniaxially ani-
sotropic left-handed material [ J]. Acta Phys. Sin. (2K
T, TR, LI, 45 BN A 1) e e T R T Y
Goos-Hanchen fii#5. #1328 #i) ,2007,56(2) : 798 —804.
[6]WANG Z P, WANG C, ZHANG Z H. Goos-Hinchen shift
of the uniaxially anisotropic left-handed material film with
an arbitray angle between the optical axis and the interface
[J]. Opt. Comm. ,2008,281:3019 —3024.
[7] ZHANG Li-wei, ZHANG Ye-wen, LI Hai-yang, et al.
Three-wave coupling in nonlinear leaft-handed metamaterials
[J]. J. Infrared Millim. Waves( 3¢F4F , 561630, 221G ¥,
8. BT RO A5 B SR A0 e R R A0 ORHA R — 4 D% T A
K. 5 5ERKFR) ,2009,28(1) :20 —24.
[8] CHEN Liang, LIANG Chang-hong, LIANG Le, et al
Three-wave coupling in nonlinear leaft-handed metamaterials
[J1. J. Infrared Millim. Waves( |55, ZE G, K, %.
FELEEFHEPH =BG LISEREER),
2008,27(4) :299 —-302.
[9]Smith D R, Schurig D. Electromagnetic Wave Propagation
in Media with Indefinite Permittivity and Permeability Ten-
sors[ J]. Phy. Rev. Lett. ,2003,90(7) :077405.
[10]WANG Li-gang, CHEN Hong, LIU Nian-hua, et al. Neg-
ative and positive lateral shift of a light beam reflected from
a grounded slab[J]. Opt. Lett. ,2006,31(8) ;1124 -
1126.

[11] Artmann K. Berechung der seitenversetzung des reflekti-

erten strahles[ J]. Ann. Phys. ,1948,437(2) .87 —102.

B B i b i T e o e e e B e g e o o o o R - o e g g e e o e e e e e

(E#:400 1)
desirable properties of the Murphy’ s averaging and
Deng’ s weighted averaging. In addition, the proposed
method can efficiently handle conflicting evidence with
better performance of convergence.

In future work,, more factors will be analyzed and
used in establishing the weight to construct more pow-

erful evidence combination approaches.
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