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Goos-Hanchen shift in negatively refractive media
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The Goos-Hachen shift is calculated when total internal reflection occurs at an interface between “normal”
and negatively refractive media. The shift is negative, consistent with the direction of energy flow in the
negatively refractive medium.
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There has been renewed interest in media having negativel(r,t) = Rg H exp{i (kx+ kyy—ot)}]
index of refraction[1,2]. A theory of refraction at an inter- ) .
face between right-handed¥ 0, «>0) and left-handed or =Rq E(,ulw)‘l(kyx—kxy)exp{i(kxx+ Kyy—ot)}],
negative refractive indexe<0, u<0) media was devel-
oped by Veselag$3]. In this Brief Report, | would like to , _ , S, o
consider the Goos-Hehen effect(a lateral displacement H'(r.t)=ReH exp{l(kxx+kyy wt)}]
that a light beam experiences in total internal reflegtian _ , VL
such an interface. It will be seen that an interpretation of this REE (120) (kyx—kyy)
effect in terms of an energy flow in the medium having a X exp{i (kyx+ k)’,y—wt)}],
lower index of refractiorf4] remains valid. Consistent with
this interpretation, the Goos-iHehen shift occurs in a direc-

tion oppositeto that in total internal reflection between right- H"(r,t) = Re H"exp{i (Kx+ kjy — wt)}]
handed media. Negative Goositthen shifts also occur for , CLune LA
media having negative and positivew, but only for TM =REE"(n10) (kyX—kyy)
waves[5].

X expli (Kix+kly—wt)}].
The appropriate field vectors are shown in Fig. 1, assum- Hi (lox tkyy = wt)}]

ing that the electric-field vector is polarized perpendicular to
the plane of incidencélE waves. Medium 1 is right handed The fields in Fig. 1 are drawn assuming thgtandk} are
and medium 2 is left handed. The electric fields are taken asegative, whilek;, andky are positive, withu;>0, ©,<0.
As will be seen, this is a consistent assignment for angles of

E(r,t)=Re E exp{i (kyx+ kyy— wt)}] incidence less than the critical angle. Extension to total in-
R ternal reflection is then straightforward.
=Rd E exp{i (kyx+kyy—wt)}]z, From the boundary conditions &t=0, it follows that
E'(r,t)=RgE"expi (kyx+kyy— wt)}] k=K =ky,
=R E’expli (kix+k)y—wt)}]z,
EI
E"(r,t)=Re E"expli (Kyx+kyy — wt)}] /
=Re E"expli (Kx+ Ky — wt)}]2, H K
2
where
KZ+ K=Ky >+ k> =ki= e g 02, o1
0 0
Ki2+ K, 2=k3= €xp100°. k
H HII
With the incident wave chosen such that E
E"

ky=k;c0s0, ky=klsin0, k>0, FIG. 1. The incident, reflected, and transmitted waves when

. ' medium 1 is right handede(>0, u;>0) and medium 2 is left
all properties of the transmitted and reflected waves are deranded €,<0, u,<0), for angles of incidence less than the criti-
termined from Maxwell's equations. The magnetic fields arecal angle. In medium 2, the energy flow is in a direction opposite to
given by k.
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which implies that k.=* eyu 0®—K2sirt6, k.=
+k,cos6. The signs must be chosen to ensure energy flow
away from the interface, namely

k;(: — \/€2M2w2_ kis”‘lza, k;: - leOSG.

The energy flow in medium 2 is away from the interface
since E'XH' is in the —k’ direction. The reflection and A B C D
transmission coefficients are obtained by requiring that the

tangential components of bothandH be continuous at the FIG. 2. A schematic representation of the Goosyteen shiftd.
boundary. If €u,w?— 1SIn20)>O one recovers the stan- AB is the incident beam an@D the reflected beam. Medium 2 is

dard Fresnel formulas negatively refractive with energy flow to the left.
E 2 cosd , Thus, the phase of the reflection coefficient has the same
\/ \/ H1€1 magnitude, but differs isign for right- and left-handed me-
cosf+ Sirf 6 dia.
H2€1 K2€2 The Goos-Hachen shift can be calculated in terms of the
phase shift of the reflection coefficient in total internal reflec-
coSf— \/'“162 \/1_ MlelSinZH tion asd= —k; *sin dd¢r/dk, [6,7]. Since the phase shift for
" Ho€q o€ left-handed media is opposite to that for right-handed media,
: the Goos-Hachen shift is to thdeft in Fig. 2. With the
cosO+ \/'“162 \/1_ M€l 20 notation in Fig. 2, one finds a displacement
M2€71 M2€2
For angles of incidence less than the critical angle, the j_ E |2/ palsing
Fresnel equations are identical for right- and left-handed me-~  k; Uo€n Uo€s
dia. (polpq)?cog 6+ sirf— Sirfg—
On the other hand, whenefu,w?—kjsir?6)<0, one H1€1 Hi€1

must choose
This expression is not valid at the critical angle or f®r
k. =i VkZsiP6— eppu 02 =m/2, wheredgg/dk, is not defined 7]. For theH field
polarized perpendicular to the plane of incidenCEM
to ensure that the energy does not diverge for large positiveraveg, one need only make the replacement

X. The boundary conditions on the field vectors are ol i€l eq.
An alternative derivation of the shift uses the idea that
E+E"=E’, energy is transferred from one side of the field to the other by
propagating through medium 2 in the horizontal direction
Ky , ki, £ \/el,ul\/ M€ [4]. For right-handed media the energy would propagate to
Z(E_E )=——E'= in? 60— P the right and the displacement of the beam is to the right.

However, for left-handed media, the energy fl@pposite to
It then follows that the reflection amplituddR=|\R|e'ris k) is to theleft and the direction of the Goos-Hehen shift is
given by reversed. Although the validity of the expression obtained by
Renard[4] using this approach has been questiofigdthe
, _ K, +| k2 k%—kf qualitative picture of energy flow on which he based his
JR= E_ _ cosf+ia _ M2 calculation seems to be justifi¢d]. )
E cosh—ia S In summary, | have shown that the GoosHdhen shift
ki—ka— K for total internal reflection from a right-handed to a left-
handed medium is in a direction opposite to that for total
where internal reflection between two right-handed media. More-
over, this result is consistent with the idea that energy is
Sirtg— K262 transported from one side of the incident beam to the other
L1€1 side by propagation through the rarer medium.
After submission of this paper, | came across a paper by
The corresponding formula for right-handed media is Lakhtakia[8], in which a reversed Goos-Hehen shift is
obtained for negatively refracting, dissipative media. Follow-
K ing the submission of this paper, there appeared a g&per
x that puts into question whether or not effects such as nega-
: tive refraction can be observed experimentally, given the fact
kf—k5— kg that left-handed media are necessarily dispersive. The con-

kX—I i

M2
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M1

—i|= K-

\/ﬁ— E” _cose—ia_kx
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clusions in that paper are consistent with the numerical cal- This work is supported by the U. S. Office of Army Re-
culations in Ref[2] that found no evidence for perfect lens- search under Grant No. DAAD19-00-1-0412, the National
ing by a slab of left-handed material. Thus, the possibility ofScience Foundation under Grant No. PHY-0098016, the
observing a reversed GoosAhtdnen shift, calculated in this FOCUS Center Grant, and by the National Science Founda-
paper for ideal, nondispersive left-handed materials, remainson through a grant for the Institute for Theoretical Atomic
an open guestion. Negative Goostighen shifts have also and Molecular Physics at Harvard University and the Smith-
been predicted for reflection near the Brewster dip in weaklysonian Astrophysical Observatory. | would like to thank the
absorbing right-handed materidtk0]. members of ITAMP for their hospitality during my visit.
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