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Lateral shift of the transmitted light beam through a left-handed slab
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It is reported that when a light beam travels through a slab of left-handed medium in the air, the lateral shift
of the transmitted beam can be negative as well as positive. The necessary condition for the lateral shift to be
positive is given. The validity of the stationary-phase approach is demonstrated by numerical simulations for a
Gaussian-shaped beam. A restriction to the slab’s thickness is provided that is necessary for the beam to retain
its profile in the traveling. It is shown that the lateral shift of the reflected beam is equal to that of the
transmitted beam in the symmetric configuration.
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I. INTRODUCTION reflected beam. Only J. A. Konet al. [21] once discussed
the lateral shift of a Gaussian-shaped beam through a slab of
The left-handed mediurLHM) with negative permittiv-  |eft-handed medium with the given permittivity and perme-
ity and negative permeability has attracted much attentiombility. They concluded that the displacement is always nega-
[1-5 and triggered the debates on the application of theive, when the permittivity and permeability are both nega-
left-handed slab as so-called “superlensgs=10. Over 30 tive. More recently, Li and his co-research¢?2—24 have
years ago, Veseladd]] first proposed that this peculiar me- investigated the lateral shift of the transmitted beam through
dium possesses a negative refractive index, which has beenslab of optically denser “normal” medium embedded in the
demonstrated at microwave frequencies in recent experimesr. It was found that the lateral shift can be negative, which
[3]. In such media, there are many interesting propertieds similar to the phenomenon taking place in the LHBJ. A
such as the reversal of both Dopp|er effect and Cherenkoquesuon arises natura”y: Is the Iateral Sh|ft Of the transm|tted
radiation [11], amplification of evanescent wavég], and  light beam through a slab of left-handed medium always
unusual photon tunnelinfL2,13. All these phenomena are Negative?

rooted in the fact that the phase velocity of light wave in the ___TN€ main purpose of this paper is to report that the lateral
LHM is opposite to the velocity of energy flow, that is, the shift of the transmitted beam through a slab of left-handed

: : edium can be negative as well as positive. The necessary
Poynting vector and the wave vector are antiparallel so tha'inondition is put forward for the lateral shift to be positive.

the wave vector, the electric field, and the magnetic fleld:The positivity of the lateral shift is closely related to its
form a left-handed system. Furthermore, the negative refrac'nomalous dependence on the slab's thickness, which means

tive_ index has Ia_tely been investigated in photonic crystals at around resonance points, the absolute value of the nega-
optlcgl frequencie$14,15. ) tive lateral shift decreases with increasing the thickness of
Itis well known that a totally reflected beam experiencesye gjap. It is also shown that the lateral shift depends on the
a longitudinal shift, the so-called Goos-Hanchen shift, fromygje of incidence and the refractive index. The numerical
the position predicted by the geometrical optics, becausgimylations are performed for a Gaussian-shaped beam, in
each of its plane wave components undergoes a differeRj;qer to demonstrate the validity of the stationary-phase ap-
phase shift{16]. Recently, P. R. Bermafil7] and A. La-  roach. A restriction to the slab’s thickness is obtained that is
khtakia[18] studied extensively the negative Goos-Hancherhecessary for the beam to retain its profile in the traveling. It
shift at an interface between “normal” and left-handed me4s pointed out at the same time that the lateral shift of the
dia. In order to measure the parameters of left-handed mat@afiected beam is equal to that of the transmitted beam in the
rial, I. V. Shadrivovet al. [19] further investigated giant gjmple symmetric configuration. Finally, we argue the previ-
Goos-Hanchen shift in reflection from the left-handed me-y 5 opinjon that the lateral shift is always negative when the
dium. In addition, J. A. Kong's groufp20] elaborated the permittivity and permeability are both negative and suggest
lateral displacement of a Gaussian-shaped beam reflectege explanation of the positive lateral shift in terms of the

from a grounded slab with simultaneously negative permitinieraction of boundary effects of the slab’s two interfaces
tivity and permeability. However, the behavior of the trans-\yith the air.

mitted beam did not draw as much attention as that of the
Il. LATERAL SHIFT OF THE TRANSMITTED BEAM
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Ay ing plane wave of the transmitted beam is found to be
» E:(X)=FA expli[k(x—-a) +ky]}, where the amplitude trans-
reflected beam transmitted beam mission coefficienF=€'%/f is determined by the following
complex number:
. i xke K,
N S fe'¢:cosk;a+—<X—,X+—X)sin k.a,
6 \J\% x, 2 kx ka
\\‘f\ so that
k ’ ’
ka 1 1 xke K
¢= int(L + —)77+ El —(X—,X + —X)tan kal,
T 2 2\ k,  xk«
incid @
ent beam a

where int-) stands for the integer part of involved number,
'k’(:k’ cos @', k' =(suw?? is the wave number in the slab,
0’ is determined by Snell's lawn sin ¢’ =sin ¢, and x
I . . =ul po. It is clearly seen that the real paramejercan be
ness, permittivity, permeability, and refractive index of theeither positive or negative. When the medium of the slab is

slab, extending from O ta, are shown in Fig. 1. An incident a1 material, the parameter is positive. On the other
!|ght beam of angular fre_quenczy comes frolm the left at an hand, when the medium of the slab is left-handed material,
incidence angled, specified by the inclination of the beam the parameter has the propertyyof 0. Correspondingly, the
with respect to thex axis. The field is assumed to be uniform phase shift1) of the transmitted wave a&a with respec’t to

in the z direction (9/9z=0) and time dependence &xpot)  hq incident wave ak=0 has quite different behavior as
is implied and suppressed. In the case of TE polarizatioR,mpared with that for an ordinary dielectric slab. Here we
(TM polarization can be discussed in the same walie 516 concerned with the lateral shift of the transmitted beam
electric field of the plane wave component of the incidenty,qugh a left-handed slab, instead of a “normal” dielectric
beam is denoted b¥;,(X)=A explik-X), wherek=(k,k,)  slab.

=(k sin 6,k cos ), k=(gouqw?)? is the wave number in the When measured in the same way as the lateral shift of the
air, and 6 stands for the incidence angle of the plane wavereflected beam as is indicated in Fig. 1, the lateral shift of the
under consideration. According to Maxwell's equations andransmitted beam is defined ad¢/dk, [25-28 and is given
the boundary conditions, the electric field of the correspondby

FIG. 1. Schematic diagram of a light beam propagating throug
a left-handed slab in the air.

oo 2XKoa Ko(kig + X2K0) = [Kig + XK = KooKig (1 + x?)Isin 2 kga/2k}oa
Ko 4Kk + (K = XKo)? sin’ Kga '

2

where kyy,=k cos 6, kyO:k sin 6y, k)’<0: k' cos 0(’), and 0(’) is lll. POSITIVE PROPERTY OF THE LATERAL SHIFT
determined by Snell’'s lawy sin 6,=sin 6,. For the case of
TM polarization, the lateral shif is still valid, if the param-
eter y=u/ ug is replaced by’ =¢/&,,.

Whendthe permltt|V|Ly and peImgeabllgy ire crllc/)selzlsas k)z(o(k)'(g+ szio)
=—gp and u=-ug, We nNaven=-1, p=- (o} XO:_ x0' "0 14 24 L2 12 N ’ ’
=kjo, and y=-1. In this case, the lateral shi) reduces to < [k + Xk ~ Kiokio(1 + x)1sin Zea/2ksoa (4)
the following simple form: holds, the lateral shift is positive fog<O0. It is reversed in
comparison with the prediction of Snell’s law of refraction
that the lateral shift of the transmitted beam through a left-
which is nothing but the lateral shift predicted by the geo-handed slab would be tan 6y, which is always negative.
metrical optics, the Snell’'s law of refraction, and is in agree-Since sin Ra/2ka<1, Eq. (4) leads to the necessary
ment with the result of J. A. Kongt al.[21], who observed condition for the lateral shift to be positive,
that the lateral shift is always negative when the permittivity 2 (112 4 1242 14, 24 12,2 2

- ; . . < + - +

and permeability are both negative. In fact, it will be shown Kok + X Ko) < Kig + X Ko = KigKo(1 + X,

that the lateral shifs can be positive as well as negative for which can be expressed as a restriction to the incidence angle
a slab of left-handed medium. 0, as follows:

It is seen from the expressiq@) for the lateral shift that
when the inequality

s=atan 6], (3)
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FIG. 2. Dependence of the lateral stsftin units of \ ) on the FIG. 3. Dependence of the lateral stsftin units of \) on the

thicknessa of the slab, where the permittivity, permeability, and incident anglef,, where the thickness of the sla>=6\, and the
refractive index of the slab are chosen to ée-1.89, u=-0.58,  other physical parameters of the left-handed slab are all the same as
andn=-1.05 at wavelength =23.8 mm([5], the incidence angle is Fig. 2.
84.5°, anda is re-scaled by;qa.
4 2k2k12
n?-1\2 T=5="557 ),(2XX222 2K
COS 6y < (l+—)(2) = cos 6. (5) Ak + (K = x7Ko)“ sin” kea

i . o . ~reaches unity. Thus the light beam is totally transmitted. In
This means that if the incidence angle satisfies the conditioghjs case, the lateral shift becomes

(5), that is to say, ifg, is larger than the threshold angle

one can always find a thickness of the slab where the

lateral shift of the transmitted beam is positive. To our sur- S|K; ammm =

prise, the lateral shift of the transmitted beam through a left- 0

handed slab is similar to that of the transmitted beam through

an ordinary dielectric slab, predicted by Snell's law of refrac-which is negative and less thantan 6, that is predicted by

tion. In this situation, the positive lateral shift means theSnell's law of refraction. Meanwhile, the derivative oWith

equivalent group index of the slab is positive, while therespect to the thicknessof the slab is, at resonance,

phase refractive index is still negative for—veu. The in-

equality(5) shows that positive lateral shifts are more easily ~ ds ke KA 28— IR 412

implemented at larger angles of incidence because the larger ;4 W acm - 2|X|k30k’2{[ 30+ X Ko~ Kiakia(1 +x7)]

the angle of incidence is, the more easily the inequality is X% Xm0

satisfied. As a matter of fact, the inequali#y is required for —K2(k.2 + x2K2)}. 7)

the lateral shift to be positive. Since the function

sin XGqa/2kqa decreases rapidly with increasimgya, the  when the conditior(4) is satisfied, this derivative is more

thickness of the slab should be of the order ®fk,;  than zero. Therefore we see that under this condition the

=\/[2(n?-sir? 6,)'/2], so as to make the positive lateral shift apsolute value of the lateral shift decreases with increasing

significantly large. That is, the thickneasof the slab should thickness of the slab around resonance points, because the

be of the order of the wavelengih lateral shifts around resonance points are negative. In other
A typical dependence of the lateral shift on the slab'swords, the positive lateral shift depends anomalously on the

thicknessa is shown in Fig. 2, where the permittivity, per- thicknessa of the slab around resonance points.

meability, and refractive index of the slab ae—-1.89, u In addition, it is also indicated from E) that the lateral

=-0.58, and n=-1.086=74.09 at wavelength N  shift depends not only on the thicknessf the slab, but also

=23.8 mm([5], a is re-scaled bk;a. In order to obtain large on the angled, of incidence and the refractive index To

lateral shifts, a large incidence angle is chosen todpe see the latter more clearly, we draw in Fig. 3 the dependence

=84.5°. Calculation under these conditions shows that thef the lateral shift on the incident anglg, where the thick-

lateral shift is equal to 67 mm (2.8\) for a=40 mm and is ness of the slab ia=6\, and all the other physical param-

even equal to 232.5 mi=10\) for a=4 mm. It is interest-  eters are the same as in Fig. 2. Figure 3 shows that the lateral

ing to note that the oscillation of the lateral shift with respectshift decreases with increasing the incidence arfgldt is

to a is closely related to the periodical occurrence of trans-seen that the peaks of the lateral shift are approximately de-

mission resonance &,a=mm(m=1,2,3,..). termined byk;,a. That is to say, the oscillation of the lateral
Apart from the above-mentioned positivity of the lateral shift with respect to the incidence angle also has a close

shift (2) of the transmitted beam, it has other interestingrelation with the periodical occurrence of transmission reso-

properties at transmission resonance that deserving beirmgnces. Furthermore, when the incidence angle tend$2o

pointed out. When the transmission resonance occurs, thge havek,,— 0 andk],— (k’?=k?Y2 In this limit, the lat-

transmission probability expressed by eral shift takes the following form,

12 21,2
kxO X kXO

~a tan 6, (6)
2|X| I<x0kx0 °
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cotkna
lim s:m—"oatan 6o, (8)

) 08

which approaches positive infinite. As is shown in Fig. 3, a
strange phenomenon takes place here that for an enough
large incidence angléf,— m/2), the positive lateral shift
becomes larger when increasing the incidence angle. Of
course, the transmission probabilityin this limit tends to
zero in the following way:

2 4 6 ) 10
(9) k'xoa

FIG. 4. Comparison of theoretical and numerical results of lat-
so that very few light beams can travel through the slab aeral shifts(in units of wavelength\) with respect toa, where the
this large positive lateral shift. local waist of Gaussian-shaped beanwis5\, all the other physi-

Now, let us have a brief look at the reflected beam. De<al parameters are the same as in Fig. 2, aigre-scaled b;qa.

noted byRA exfli(~kx+ky)] the electric field of the corre- The theoretical resuit is shown by the solid curve, and the numerical
sponding plane wave component of the reflected beam, thgSults is shown by the dotted curve.
reflection coefficienR is determined by Maxwell’'s equations

. _ 4X2k>2<0
lim T=-"—75 2 22 L A’
bo—ml2  dxKyt+ (K -k )sir? [

and the boundary conditions to be Gaussian-shaped light beam is assume,(X)|o
=exp-y?/ 2w +ikyoy), which has the Fourier integral of the
Re exp(iq-r/Z)(k_)’( B )(_kx> following form:
42 \xke K

1 +oo
xke K Ein(X)[x=0= 7= J Ak)explik,y)dk, (12
X [sin(2k>'<a) + I(k_’x + —E)sinz(k)’(a)] . (10 V27 d

% X wherew,=w sec#,, w is the local waist of beam, and the

The factor that determines the phase of the reflection coeff@MPplitude angular-spectrum distribution is Gaussiafk,)
cient is =Wy ex;{—(wf,/Z)(ky—kyO)z]. Consequently, the electric field
of the transmitted beam can be written as

sin(2k,a) + i<X—kX + k—”()sinz(k’a). (11) 1 (™ ,
X K. xKe X E(X) = oy F(ky)Aky)explilk(x —a) + kyy]rdk,.
V27—
If we denote it byf’ expli¢’), then the phase of the reflec- (13

tion coefficient will be¢’ + /2. Obviously, we have ) )
The integral from <0 to +x in Eqg. (12) guarantees that the

(ka K. ) electric field of the incident beam has a perfect Gaussian
—+— |tank;a). profile with respect toy. But for a real incident beam, the

ke o XK incidence angles of its angular-spectrum components extend
from —/2 to 7/2. So the integral in the expressi¢hd) in
numerical simulations is performed fronkgto k,

1
tan¢’:tan¢:§

It is meant by this equation that the local propertiesgof
with respect tck, are the same as those ¢f So the lateral
shift of the reflected beam is locally given by Eg) [27,28. N 1 (& _
BecauseR=0, at resonancék,a=mm, the reflect beam dis-  Et (X =—7=]  F(k)AK)expi[k(x - a) +kyl}dk,.
appears, and its lateral shift has no definition in this case V27 )k
[24]. All these amount to a conclusion that when the resonant (14)
transmission does not occur, the lateral shifts of the transmi
ted and reflected beam are the same in this symmetric co
figuration when measured in the same way.
_ Of courses, when measured Wlth reference to the predic- |E[\'(x: 0,89 2= max{|E{\‘(x: 0.y)[2. (15)
tion of Snell’s law, the lateral shift of the transmitted beam
will be s—a tan 6. Since the lateral shifi tan 6; is less than  Calculations show that the stationary-phase approximation
zero, when the lateral shift of the reflected beam is positive(2) for the lateral shift is in good agreement with the numeri-
the lateral shift of the transmitted beam is even positive withcal result. In Fig. 4 we show such comparisons between the
reference to the prediction of Snell’s law, especially at someaheoretical and numerical results, where the local waist of the
large angles of incidence. Gaussian-shaped beam is chosen towseb\, and all the

To show the validity of the above stationary-phase analy-other optical parameters are the same as in Fig. 2. It is noted
sis, numerical calculations are performed, which confirm outhat the discrepancy between theoretical and numerical re-
theoretical results. In the numerical simulation, an incidenssults is due to the distortion of the transmitted light beam,

ﬁ'_he numerically calculated lateral shift of the transmitted
beam is defined as follows:
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especially when the local waist of the light beam is narrow.term that makes the lateral shift to be positive. By averaging
The further numerical simulations show that the wider thethe two periodical functions ove,a in one periodm, we
local waist of the incident beam is, the less the transmittedbtain

beam is distorted, and the closer to the theoretical result the _ ,

numerical result is. s=atan 6y, 19

As pointed out in Ref[23], for an incident light beam of ~ \hich is always negative. This is exactly what we expect
the angle spreading, the corresponding spreading kifa  from Snell's law of refraction. This may be explained as
should be much smaller tham, the period of|F|, in order  {gjiows.

that the stationary-phase approach is valid. This leads to the The negative refraction is inferred from the geometrical
following restriction to the thickness of the left-handed slab:gptics at a single interface between the “normal” and left-

(N2 = sir? 6)*2 handed material, which has been demonstrated in the experi-
a<————2 )\, (16) ment[3]. Moreover, the negative Goos-Hanchen shift for the
66 sin 26, totally reflected beam results from the interaction of the

where \ is the wavelength of the light. With the angle beam with the single interface of the LHNM7,18. When the

spreadingsd=\/=w for a Gaussian-shaped light beam, we light beam is incident on the left-handed slab at an enough
get large angle of incidence, the multiply reflection of the light
_ beam takes place easily at the slab’s two interfaces with the
. (n® = sir? ﬁo)llzw (17) air. This structure is often analogous to a Fabry-Perot optical
sin 26, ) interferometer{30]: The two interfaces of the slab with the
_ ) . air play the role of partially transparent mirrors through
For instance, if the physical parameters are chosen @ be yhich the light is coupled into and out of a resonant cavity.
=-1.05, 6,=84.5°, andw=5\ (corresponding to the beam ere the periodical functions in E¢L8) can be considered
divergence of50~4°), the requirementl7) is calculated to g the result of the interaction of the boundary effects of the
bea<1lw. Clearly, this is compatible to the aforementioned gjay's two interfaces, which contribute to the lateral shift.

requirement that the slab’s thickness should be of the ordefne ayeraging ovek/,a just effaces the interaction, so as to
of the wavelengtfa. In addition, itis shown in Fig. 3 thatthe g the geometrical optic prediction. Actually, the positive
angular d'Sta,”C‘*wO between two adjacent peaks IS deter-|ateral shifts presented here can be understood from the
mined bY|Akx.oa|:7Ti which givesAdp=m/(kea tan 6y). In - physical viewpoint on the reshaping process of the light
order to retain the Gaussian-shaped beam's profile in thgeam by the interference of the multireflected beam in the
traveling, the angular distanakf, should be much smaller ggp.
than the divergence of the beadd. As a result, the restric-  \when the parameters of the left-handed slab are chosen to
tion (17) is also required to be satisfied. In a word, within pe o= andu=-pu, [21], the negative lateral shift can also
this restriction the light beam can travel through the left-pe ynderstood by the boundary effects. In this case, the left-
handed slab with negligible distortion, thus the stationaryfyanded medium is a perfect match to the free space and the
phase approach in this problem is of validity. interfaces show no reflection, so that each plane wave com-
ponent of the light beam can totally travel through the left-
handed slab. Therefore the lateral shift of the transmitted
beam without reshaping is always negative. Mathematically,
we can know from Eq(18) that the factorgk/2— x?k%,)? and

The previously discovered lateral shift of the transmitted[Kg+ x?Klo—K.ak2,(1+x?)] are equal to zero fos=-g, and
beam through a slab of LHM is negative, when the permit-u=-uo, so that the periodical functions resulting from the
tivity and permeability are chosen to ke=—-gy and u= interaction of the boundary effects do not act on the lateral
—-uo [21]. On the basis of this result, the authors suggesteghift. Therefore the opinion that the lateral shifts are always
that the lateral shift is always negative when the medium ohegative when a light beam travels through a left-handed
the slab is left-handed material. How do we understand thslab with e=—g5 and u=-ug is not qualified as generality.
present positive lateral shift? To this end, we rewrite theFrom all these discussions, the lateral shifts of the transmit-

IV. EXPLANATION OF THE LATERAL SHIFT AND
BOUNDARY EFFECTS

lateral shift(2) as ted beam through a slab of LHM can be negative as well as
2. 2 positive, when the permittivity and the permeability are both
_ 2kaokyo(kxo X xO)a negative.
AKokis + (g = XPKo)? sint kioa
Ixlkyo [k + XK = kidkio(1 + XA sin 2ga V: CONCLUSION
kel 4x2k2kia + (Kia — x2K3)? sir? Klga To summarize, we have investigated that the lateral shift

(19) of the transmitted beam though a slab of left-handed medium
can be negative as well as positive by the stationary-phase
which consists of two parts. One is a thickness-proportionahpproach. A necessary conditioB) is put forward for the
term multiplied by a periodical factor with respect kfa, lateral shift to be positive, which is a restriction to the angle
which is always negative foy<<0. The other itself is peri- of incidence. The relation of the lateral shift with its anoma-
odical. From the lateral shiftL8), we see that it is the second lous dependence on the thickness of the slab around reso-
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nances points is discussed. The lateral shift also depends af LHM presented here remains an open question. However,
the incidence angle and the negative refractive index. It isvith the advance of left-handed materials, we think the lat-
shown that the lateral shift of the reflected beam is equal teral shifts may have potential applications not only in the
that of the transmitted beam when they are all measuregheasurements of the physical parameters of this material but
from the normal to the interfac@he x axis) at which the  also in optical modulations.

incidence point is located. In order to demonstrate the valid-

ity of the stationary-phase approach, numerical simulations

are made for a Gaussian-shaped beam. A restriction to the ACKNOWLEDGMENTS
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