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Characteristics of electromagnetic wave propagation
in uniaxially anisotropic left-handed materials
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We investigate the characteristics of electromagnetic wave propagation in uniaxially anisotropic left-handed
media. We discuss mainly under what conditions anomalous reflection or refraction shall occur at the interface
when propagating waves pass from one isotropic regular medium into another uniaxially anistotropic left-
handed medium and under what conditions anomalous transmission shall occur when an evanescent wave is
transmitted through a slab of uniaxially anisotropic left-handed medium. We show that the characteristics of
electromagnetic wave propagation in uniaxially anisotropic left-handed media are significantly different from
that in isotropic left-handed media.
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[. INTRODUCTION ties of left-handed materiafs*In this paper, we discuss the
characteristics of electromagnetic wave propagation in
Recently, there has been great interest in a new type dfniaxially anisotropic left-handed media. Veselago’s original
electromagnetic materials called left-handed méd@ver paper and most of the recent theoretical works discussed
thirty years ago, V. G. Veselago predicted that e|ectromagmainly the characteristics of electromagnetic wave propaga-
netic wave propagation in a medium having simultaneouslyion in isotropic left-handed media, but up to now, the LHM
negative permittivitye and permeabilityx should give rise ~ that have been prepared successfully in experiments are ac-
to several peculiar characteristcccording to Maxwell's ~ tually anisotropic in nature, and it may be very difficult to

equations, the direction of energy flow of a plane wave igPrePare an isotropic llle:‘(t-handet? m(ra]dié'fr'ﬁln C(;aSSiC elec-
given by the direction of the Poynting vector, which is thetrodynamlcs, Itis well known that the electrodynamic prop-

cross product of electric fiel& and magnetic fieldH. For erties of anisotropic materials are significantly different from

N . . . that of isotropic materials. The simplest and most common
plane waves propagated in isotropic regular media havin

. I VINgorm of anisotropy is uniaxial anisotropy, and from analysis
sflmultaneously pOSIt_lve _and,u,, t_he cross producf[ of e_:lectrlc of the symmetry of the left-handed medium reported in Refs.
field E and magnetic fieldH gives both the direction of 4 g 5 it should also be uniaxially anisotropic. In this pa-

energy flow(the Poynting vectgrand the wave itselfthatis, e we present a detailed investigation on the characteristics
the phase velocity, or wave vectorand E, H and wave  of glectromagnetic wave propagation in uniaxially aniso-
vectork form a right-handed triplet of vectors. But Veselago tropic left-handed media. We shall show that the characteris-
predicted that in a medium having simultaneously negative tics of electromagnetic wave propagation in uniaxially aniso-
andu, while EXH for a plane wave still gives the direction tropic LHM are significantly different from that in isotropic

of energy flow, the phase velocityave vector shall be in  LHM. The paper is organized as follows: In Sec. I, we
the opposite direction of energy flow, atd H and wave present a brief review on the left-handed characteristic of
vectork shall form a left-handed triplet of vectors. Due to electromagnetic wave propagations in uniaxially anisotropic
this left-handed characteristic, Veselago termed such type dafHM. In Sec. IIl, we discuss under what conditions anoma-
materials as left-handed mediuiitHM ), and all regular ma- lous reflection or refraction shall occur at the interface when
terials were correspondingly termed right-handed mediuna propagating wave passes from one isotropic regular me-
(RHM). In addition to this left-handed characteristic, left- dium into another uniaxially anisotropic left-handed me-
handed materials have several other dramatically differerdium. In Sec. IV, we discuss under what conditions anoma-
electrodynamic properties compared with regular materialdpus transmission shall occur when an evanescent wave is
stemming from a simultaneous change of the signe ahd  transmitted through a slab of uniaxially anisotropic left-
., including anomalous refraction, reversal of both the Dop-handed medium.

pler shift and the Cerenkov radiation, and reversal of radia-
tion pressure to radiation tensiérlthough these counterin-
tuitive properties follow directly from Maxwell’'s equations,
due to the absence of naturally occurring materials having
simultaneously negative and u, Veselago’s prediction did
not attract much attention until very recently, when a system
consisting an array of resonators and metallic wires was pre- In this section, we present a brief review on the left-
pared successfully following the suggestion of Peratrgl®>  handed characteristic of electromagnetic wave propagations
and was demonstrated to be left-handed for electromagnetin uniaxially anisotropic left-handed media. For anisotropic
waves propagating in some special direction and polarizatiomaterials, one or both of the permittivity and permeability
in a narrow microwave frequency regién.This discovery are second-rank tensorsin the following we assume that
aroused great interest in the unusual electrodynamic propeboth the permittivity and permeability are uniaxially aniso-

II. LEFT-HANDED CHARACTERISTIC
OF ELECTROMAGNETIC WAVE PROPAGATIONS
IN UNIAXIALLY ANISOTROPIC
LEFT-HANDED MEDIA
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tropic. The results for the case that one of the permittivity ESkX ESkZ
and permeability is uniaxially anisotropic but the other one is S=R > e+ €|, 9
. . . 7 S . . oy 20p,
isotropic can be obtained similarly. For uniaxially anisotropic
media, if we take the optical axis as theaxis, the permit- o 2
tivity and permeability tensors will have following forns: k-S=Rezwe Egl, (10
. 0 0 and for H-polarized plane waves, we can get that
L
-~ 2 2
e=| 0 € O , 1 - Hokx HOkZ
0 0 g S=R Zweze"+ 2welez ' (11)
pe 0 0 k-S=Re s s, HG]. (12)
p= 0 u O , (2)  From Egs.(3) to (12), we can see that i, #¢, and u,
0 0 wu, # 5, the electric fieldE and magnetic fieldd and wave

wheree,, u, ande, , u, are the permittivity and perme-

vectork cannot form a strictly left-handed triplet of vectors
and the directions of energy flow cannot be in the exactly

ability constants in the directions parallel and perpendiculabpposite directions of wave vectors for both E- and

to the optical axis, respectivelg-or uniaxial anisotropy, the

H-polarized plane waves, except that the wave propagation is

media are isotropic in the plane perpendicular to the optica, the direction of the optical axis. But if some conditions are

axig). Consider the propagation of a plane wave of frequenc

o with E=Ege'* " 1@t H=Hye'*"*! from Maxwell's

%atisfied, both E- and H-polarized waves can be approxi-

mately left-handed wavdse., E, H, andk form an approxi-

equations, it can be easily shown that there are two types Qfately left-handed triplet of vectors and the direction of en-
H-polarized plane waves.E-polarized plane waves satisfy gjrection of wave vector The condition for E-polarized

the conditionsk-E=0 andE,=0, H-polarized plane waves
satisfy the condition&-H=0 andH,=0. Since the media

are isotropic in thex—y plane, we can assume that the wave

vectors are in thex—z plane without losing any generality,

then the electric and magnetic fields of E-polarized plan

waves can be expressed as
E=Eog expikx+ik,z—iwt), (3

Eokz + Eokx

Oy WUz

(4)

= e, | exp(ikX+ik,z—iwt),

whereg,, e, ande, are unit vectors along thg y, andz

waves being approximately left-handed wave is<0 but

other elements of both and z» do not need to be negative.
The condition for H-polarized waves being approximately

deft-handed waves ig, <0 and other elements of both

andu do not need to be negative. If the wave propagation is
in the direction of the optical axis, both E- and H-polarized
waves can be exactly left-handed waves jf and u, are
simultaneously negative, and, and w, (including their
signg have no effect on the propagation and the left-
handedness of both E- and H-polarized waves. It can also be
noted that although the conditions for E- and H-polarized
waves being approximately left-handed waves do not require

axis. Similarly, the electric and magnetic fields of that all elements of the permittivity and permeability tensors

H-polarized plane waves can be expressed as
H=Hoe explikyx+ik,z—iot), (5

H Okz H ka
- €
€z

E= explikyx+ik,z—iwt).

(6)

wE |

are negative, if some elements ofand 1 are positive, in
some directions the waves may not be able to propagate. For
example, if ¢, <0 but w, and u, are both positive,
E-polarized waves cannot propagate in any directiorg, if
<0, u, <0 and u,>0, E-polarized waves can propagate
only if the angle between wave vectorand the optical axis

The dispersion relation for E-polarized plane waves is deteriS smaller than a critical anglé.=arctan(u,/u, ), or else

mined by

k2 K2
—x+—Z=w2q,
My

@)
Mz

wave vector shall be imaginary and E-polarized waves can-
not propagate; ife, <0, u, >0, and u,<0, E-polarized
waves can propagate only if the angle between wave v&ctor
and the optical axis is larger than a critical anghe
=arctan{u,/u, |). From these results, we can see that the

and the dispersion relation for H-polarized plane waves igharacteristics of anisotropic left-handed media are signifi-

determined by

ki K

—+—=0wu, .

e, € (Ol (8
For E-polarized plane waves, the energy current delisiy
the time-averaged Poynting vectoand its inner product
with wave vectork are given by

cantly different from that of isotropic left-handed media.
Similar conclusions as mentioned previously were also ob-
tained in Ref. 13. In that paper, it was argued that the name
“left-handed medium” is misleading and the recently real-
ized so-called left-handed medium should be called back-
ward medium. But considering that the name “left-handed
medium” has been widely used and accepted in most of the
recent related literatur&;X? in this paper we will still call

085108-2



CHARACTERISTICS OF ELECTROMAGNETIC WAE . . . PHYSICAL REVIEW B 66, 085108 (2002

such materials left-handed media, but we think that the origi- z (optical axis)
nal concepts on left-handed media should be extended in the

presence of anisotropy since the electric and magnetic fields 3
and wave vector cannot not form a truly left-handed triplet of 4

vectors except in some special propagation direction.

IIl. ANOMALOUS REFLECTION AND REFRACTION OF
ELECTROMAGNETIC WAVES AT THE INTERFACES
OF ISOTROPIC REGULAR MEDIA AND UNIAXIALLY X

ANISOTROPIC LEFT-HANDED MEDIA

il

When a beam of light passes from one regular medium
into another regular medium, the ray shall undergo reflection
and refraction at the interface between two media, and the
refracted ray should bend toward the normal of the interface 1 2
but never emerge on the same side of the normal as the
incident ray(Snell’s law). But Veselago predicted that, if the  FIG. 1. lllustration of ordinary and anomalous refraction when a
second medium is an isotropic left-handed medilutdM), beam of wave passes from one isotropic regular medium into the
the refracted ray should lie on the same side of the normal ofecond uniaxially anisotropic left-handed mediuf.incident ray;
the interface as the incident rayrhis anomalous refraction (2) reflected ray(3) refracted ray if refraction is ordinary#) re-
phenomenon is one of the most interesting peculiar propefracted ray if refraction is anomalous.
ties of isotropic left-handed media and has been verified ex-

perimentally very recentl{.In this section, we discuss the Ei=Eogy explikyx+ikz—iwt), (13
characteristics of reflection and refraction of electromagnetic _ _ _
waves at the interface between one isotropic regular medium Er=rEog explikyx—ikz—iwt), (14)

and another uniaxially anisotropic left-handed medium. W%here r is the reflection coefficient andk2= K2+ k2
shall show that, in addition to the anomalous refraction phe-_ X oz

. o . = w?e, u, . Similarly, the magnetic fields of the H-polarized
nomenon, in some conditions anomalous total reflection phe- . "7 ' )
. . incident and reflected waves can be given by
nomenon can also occur at the interface between one isotro-

pic regular medium and the second uniaxially anisotropic Hi=Hoe, explik,x+ik,z—iwt) (15)
left-handed medium. This anomalous total reflection phe- ' * z ’
nomenon is very different from the usual total internal reflec- H,=r"Hoe, explikx—ik,z—iot). (16)

tion phenomenon which is well known in classic electrody-
namics. This anomalous total reflection phenomenon occurs In the case that the second medium is uniaxially aniso-
when the incident angles ammnaller but not largerthan a  tropic, from the boundary conditions it can be easily shown
critical angle. In contrast, the usual total internal reflectionthat the refracted waves should maintain the same polariza-
phenomenon can occur only if the incident angleslarger  tion as the incident waves, and the tangential components of
but not smallerthan a critical angle. In what follows two the wave vectors of the refracted waves are equal to that of
cases will be discussed. The first case is that the optical axifie incident waves. So for E-polarized incident waves, the
of the left-handed mediurLHM) is normal to the interface refracted waves are also E-polarized, and the electric fields
of two media. The second case is that the optical axis of thef the refracted waves can be expressed as
LHM is parallel to the interface of two media.

E(=tEqg, explik,x+ik;z—iwt), (17)

A. The optical axis of the LHM is normal to the interface wheret is the transmission coefficient akd can be obtained

In this section we discuss the characteristics of reflectiorﬁrom Eq. (7):
and refraction of electromagnetic waves passing from one P
isotropic regular medium into the second uniaxially aniso- k;'é‘:wzqm_ —Lki- (18
tropic left-handed medium and the optical aftise z axis) of Mz
the LHM is normal to the interface of the two medid®  For H-polarized incident waves, the refracted waves are also

schematic illustration of the system is shown in Fig.lb.  H-polarized, and the magnetic fields of the refracted waves
what follows we will denote the permittivity and permeabil- can pe expressed as

ity of the regular medium as,(>0) andu,(>0). The per-

mittivity and permeability tensors of the LHM have been Hi=t"Hog, explik,x+ik;z—iwt), (19
denoted in Eqs(1) and(2). Since the system is isotropic in , )

the x—y plane, we can assume that wave vectors of the incivherek; can be obtained from Eq8):

dent, reflected, and refracted waves are in ke plane

without losing generality. The electric fields of the Ki2=w?e, p, — G_lki_ (20)
E-polarized incident and reflected waves are given by €
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The reflection and transmission coefficients can be obtaineithcident waves. Following these arguments, for the case il-
from the boundary conditions, from which we can get that lustrated in Fig. 1, we can get the following conclusions.
(1). For E-polarized incident waves, anomalous total re-
wo k= k) 2k, flection will occur if u, /n, and €, u, are simultaneously
s R (21) negative. From Eq18), we can see that jfi, /u, ande, u,

r’ '
Pkt ek poket pk; are simultaneously negative, the occurrence of refraction
Y shall require that the incident angle must lagger than a
= ek, €k; t— 2¢€ ks _ (29  critical angle 6c=arcsin/(e, u;)/(erp). If the incident
€ k+ ekl € k,+ ek angle issmallerthan the critical angl®,, k, will be imagi-

nary and the incident waves shall be totally reflected. If
After the transmission coefficients are determined, the ene, u,> €, 1, , the critical angled, will be equal ton/2. In
ergy current densitys of the refracted waves can be ob- this case, for any incident angles, the E-polarized incident
tained, which determines the directions of the refractedvaves shall be totally reflected. This anomalous total reflec-
waves. For E- and H-polarized refracted wav@is given by  tion cannot occur if the second medium is an isotropic left-
- ot handed medium. _ o
S(E):Re{t Eokx 1 Eokzn} 23 (2). For H-polarized incident waves, anomalous total re-
sz flection will occur if €, /e, and €, u, are simultaneously
negative. From Eq(20), we can see that €, /e, ande, u
are simultaneously negative, the occurrence of refraction
shall require that the incident angle must laeger than a

critical angle 6.=arcsiny(u, €,)/(e,u,). If the incident

. -~ P . .
The basic features of reflection and refraction can be see%ngle issmallerthan the critical angldl;, k, will be imagi

from Eqgs.(23) and (24). First let us see under what condi- nary and the incid.e.nt waves shqll be totally reflected. If
tions refraction will occur at the interface. In principle, the 4+ €z~ €rtr . the critical angled; will be equal tow/2. In
occurrence of refraction requires that theomponent of the this case, for any incident angles,_the H-polarized incident
wave vectors of the refracted waves must be real. or else th¥aVES shall be totally reflected. This anomalous total reflec-
incident waves shall be totally reflected. This is due to thelgoort]rghiinlg?:_igongecfr;:‘:éigrcncur if the second medium s an
fact that if thez component of the wave vectors of the re- P . UV .
fracted waves is imaginary, the normal component of the (3). For E-polarized incident waves, anomalous refraction

. ; will occur if ©,<0 and the incident angles satisfy the in-
energy current density of the refracted waves will be zero : z S
ie.S-e,=0, as can be seen from Eq&3) to (24), hence no equality(25), and other elements of the permittivity and per-

power will be transmitted into the second medium and themeab|I|ty tensors do not need to be negative; for H-polarized

incident waves shall be totally reflected. So from EG) incident waves, anomalous refraction will occuejk 0 and

and(20), we can see that the refraction shall occur only if thethe incident angles .S"flt'.Sfy the mequal(@@)_, and other ele-
incident angles satisfy the following inequality: ments of the permittivity and permeability tensors do not

need to be negative. A similar conclusion was also obtained
in Ref. 13. An important fact that should be pointed out is

20p, © 2o,

tHZk,  tHIK]
s<H>=Re{ ot e (24)

2we, © 2we, 2|

Mo

—k?sir? < w?e, u, (250 that in the presence of anisotropy, the refracted waves do not
Mz need to be left-handed waves or backward waves even if the
for E-polarized incident waves, and refraction is anomalous, or though the refracted waves are

left-handed waves or backward waves, the refraction may be
€, K2Sir? < o 26 _ord_inary but not_ anomalous. For example, fpr E-polarized
Py Sl W7E M (26 incident waves, ifu,<0 ande, >0, the refraction shall be

anomalous but the refracted waves shall not be left-handed

for H-polarized incident waves. As to the directions of thewaves or backward waves since in this case energy flow of
refracted waves, they can be determined by following printhe refracted waves shall be in the forward but not backward
ciples. First, the boundary conditions require that:tt@m-  direction of the wave vectors. This shows once more that the
ponent of the wave vectors of the refracted waves should bgriginal concepts about left-handed medium need to be ex-
equal to thex component of the wave vectors of the incidenttended in the presence of anisotropy.
waves, then from Eq923) to (24), we can see that the
component of the energy current density of the refracted
waves will be determined by, (for E-polarized incident
waves and e,(for H-polarized incident wavesSecond, cau- If the optical axis of the uniaxially anisotropic left-handed
sality requires that in the second medium, energy current aimedium is parallel to the interface of the two media, we can
the refracted waves should be transmitted away from thehow that anomalous reflection or refraction can still occur
interface of the two media but never toward the interfaceunder certain conditions. For convenience, in the following
This requires that the component of the energy current we will choose thex axis to be normal to the interface and
density of the refracted waves must always have the samtbe z axis to be along the optical ax{parallel to the inter-
signs as the component of the energy current density of theface and assume that the wave vectors of the incident waves

B. The optical axis of the LHM is parallel to the interface
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are in thex—z plane, then the fields of the incident, reflected, 6.= arcsin/(e, u, )/ (€ u,). If the incident angle ismaller

and refracted waves can still be expressed by similar formgnhan the critical angled,, k) will be imaginary and the in-

as those given in Sec.lll A, and the energy current density ogident waves shall be totally reflected. df u, > €, 1, , the

the refracted waves can by expressed by same forms as thogepolarized incident waves shall be totally reflected for any
given in Eqgs.(23)—(24), but in this case the boundary con- incident angles.

ditions will require that thez components of the wave vec-  (3). For E-polarized incident waves, anomalous refraction
tors of the refracted waves be equal to #reemponent of the  will occur if u, <0 and the incident angles satisfy the in-
wave vectors of the incident waves, and from E@.and  equality(29), but other elements of the permittivity and per-
(8), we can see that thecomponent of the wave vectors of meability tensors do not need to be negative, and the re-

the refracted waves will be given by fracted waves shall be approximately left-handed waves. For
H-polarized incident waves, anomalous refraction will occur
12_ 2 _ Mz 5 if €, <0 and the incident angles satisfy the inequa(3®),
k"= w%€, u, k2 (27 > > -
2 but other elements of the permittivity and permeability ten-

. S sors do not need to be negative, and the refracted waves will
for E-polarized incident waves, and .
also be approximately left-handed waves.
k= 0%, — —K; (28)
€ IV. ANOMALOUS TRANSMISSION OF EVANESCENT

WAVES THROUGH A SLAB OF UNIAXIALLY

for H-polarized incident waves. The occurrence of refraction
ANISOTROPIC LEFT-HANDED MEDIA

will require thatk, andk; must be real. This means that for

E-polarized incident waves, the incident anglshould sat- When an evanescent wave is transmitted through a slab of
isfy the following inequality: regular media with simultaneously positive permittivity and
permeability, the amplitude of the transmitted wave will de-

ﬁkz SI? 0< w?e, 1y, (29) cay exponentlglly as t.he thickness of .the slab increases. This
M is well known in classic electrodynamics. But recently it was

shown that, when an evanescent wave incident from a sur-
rounding isotropic regular medium is transmitted through a
slab of isotropic left-handed media, the amplitude of the
transmitted wave would be amplified exponentially by the
c LHM slab if the permittivity and permeability constants of
—ZK2sir < w?e,u, . (30  the LHM slab are equal to the negative values of the permit-
€L tivity and permeability constants of the surrounding regular
edium® Though evanescent waves transport no energy, this
nomalous transmission of evanescent waves is a very inter-
esting peculiar property of isotropic left-handed media and it
fjaay lead to several strange optficSFor example, lenses
prepared by a slab of isotropic left-handed media will have
the power to focus all Fourier components of a two-
dimensional image, not only the propagating waves but also
)}he evanescent waves which cannot be accessed by conven-
tional imaging optics, thus all the information about the
incident waves Following these arguments, we can get theSource cogld thereby be brought _tq the foktlsn this sec- )
tion, we discuss under what conditions anomalous transmis-

following conclusions. ) , L
(1). For E-polarized incident waves, anomalous total reSion will occur when an evanescent wave incident from a

flection will occur if w,/u, and e, w, are simultaneously Surrounding isotropic regular medium with simultaneously
negative. From Eq(27), we can see that ji,/«, ande, u, positive permittivity & gnd pe.rmeab!llty,ur is transmlttgd

are both negative, the occurrence of refraction shall requirt%':roﬁllh a_slabhof l:]r_"?(x'a"y a]rcuiotroplc Ielft-g1ar_1ltlllebd rcr;edla. (Ijn
that the incident angle must Barger than a critical angle € following the thickness of the LHM slab will be denote
6.=arcsin/(e, 11,)/(e, ;). If the incident angle ismaller asd. The permittivity and.permeablllty tensors of_ the L!—|M
than the critical angle,, k; will be imaginary and the in- slsb hav_e bieﬂ dﬁg?\;ledl "E) Eq‘ﬂs) and|(2). .Thg oppcal aX'TQ'h
cident waves shall be totally reflected.df u, > € the (thez axis) 0 .t € Vi S'ab 1S norma t(.) s Interfaces wit
E-polarized incident waves shall be to.tallﬂteﬂerclttéc’i for an the surrounding medium, and the two interfaces are located
incFi)dentIZangllesI wav y Yat the planes o£=0 andz=d. Let us first assume that the

(2). For H-polarized incident waves, anomalous total re_incident wave in the surrounding medium is E-polarized. The
7 P ) ’ . electric field of the E-polarized incident evanescent wave is
flection will occur if €,/e, and e,u, are simultaneously

. ; iven
negative. From Eq(28), we can see that i§,/e, ande,u, given by
are both negative, the occurrence of refraction shall require
that the incident angle must Barger than a critical angle Ei=Eog, explik,x+ik,z—iwt), (31

wherek is the wave vectors of the incident waves and is
given by k?=w?e,u, . For H-polarized incident waves, the
incident angled should satisfy the following inequality

The directions of the refracted waves can be determined b
following principles. First, causality will require that in the
second medium, the component of the energy current den-
sity of the refracted waves should have the same signs as t
x component of the energy current density of the inciden
waves. Second, from the boundary conditions and E2f3.
and (24), we can see that the component of the energy
current density of the refracted waves will be determined b
w, (for E-polarized incident wavesand e, (for H-polarized
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wherek, is imaginary implying exponential decay: ditions (38) and(39) are satisfied, a slab of uniaxially aniso-
tropic left-handed medium does amplify the transmitted
kZ:i\/ki—wzerur,wze,m<k§. (32 waves. As for H-polarized evanescent waves, the overall

At the interface between the surrounding medium and th transmission through both surfaces of a slab of uniaxially

S . nisotropic medium can be obtained by similar procedures as
LHM slab, some O.f the incident wave is reflected, and thenoted earlier, and we can get that the overall transmission
reflected wave is given by

coefficient is given by
E =rEog, explikx—ik,z—iwt), (33 . 4 €.e, kK explikd)

wherer is the overall reflection coefficient of the slab. Some = "o _ " 2 RN

of the incident wave is transmitted into the LHM slab, and (erkzt k)™= (erk; — € ko) " exp(2ik,d)

conversely a wave inside the LHM slab incident on its inter-in which

faces with the surrounding medium also experiences trans-

mission and reflection, so the electric field of the wave inside K =i € K2 2 41
theeslab(i.e., inside the region of € z<d) should be given 2N T @Ok (4D)
by*

(40)

From Eq.(40), we can see that in general cases, the ampli-
E'=aEqg, explikx+ikiz—iot) tude of the transmitted H-polarized evanescent waves will
also decay exponentially as the thickness of the LHM slab

+bEge, explikx—ikyz—iwt), (34)  increases, i.et’xexp(—|K.d) whend—. But if the fol-

wherea andb are coefficients which need to be determinedIOWIng conditions are satisfied,

by boundary conditions, arld, is given by[see Eq(7)] €,<0,6,<0,u, <0, (42)

2
k£=i \ %ki_wzfl/ul- (35 €z = €My, €€ =€, (43
z

the overall transmission coefficiertt will be equal to

On the far side of the LHM slalti.e., in the region ofz exp(K;d|), and the amplitude of the transmitted H-polarized
>d), the electric field of the transmitted wave is given by evanescent wave will be amplified exponentially by the
transmission process through the LHM slab. So for

Ei=tEogy explik,x+ik,(z—d) —iwt), (36)  H-polarized evanescent waves, if conditio@®) and (43)

wheret is the overall transmission coefficient of the slab. By girﬁnfa\t/'v‘ci’lflleg’nﬁasr:ig Oefxlg:)'?)e('r?tlgllin[{?}?ﬁgﬁ;ﬁi?&ndﬁgﬂg

matching the electric and magnetic fields at the two inter- .
faces between the LHM slab and the surrounding mediumFrom (38) and (39) and (42) and (43), we note that in the

the unknown coefficients in Eq§33), (34), and(36) can be presenie of umag]lal amjg_trop)? fotrhE- and H-polanfzte}]q etva—
geermined, and we can gt ht e overal Tansmisigf S0 Ve, e condonsfor e o o s ype
through both surfaces of the LHM slab is given by isotropidi.e., e, = €, and u, = ), the conditions(38) and
, oy (39) and(42) and(43) will both reduce toe, = €,= — ¢, and
t= A pepr Kok explik;d) _ M, =pm,=— M, in agreement with the results obtained in
(e Kyt k)2 = (ks — o ky)? exp2ik Ld) Refs. 8 and 9.
(37 In conclusion, we have presented a detailed investigation
) on the characteristics of electromagnetic wave propagation in
From Egs(37), (32), and(35), we can see that in general ypjaxially anisotropic left-handed media. We have discussed
cases, when an evanescent wave is transmitted throughjd getail under what conditions anomalous reflection and
LHM slab, its amplitude will decay exponentially as the gnomalous refraction shall occur at the interface between one

thickness of the slab increases, i®xexp(-|k,dl) whend  isotropic regular medium and another uniaxially anisotropic

—o0. But if the following conditions are satisfied: media and under what conditions anomalous transmission
will occur when an evanescent wave is transmitted through a

u, <0,u,<0,€ <0, B8 slab of uniaxially anisotropic left-handed media. We have

5 shown that the characteristics of electromagnetic wave

€ L7= E€cfhr s oy M7= My s (39 propagation in uniaxially anisotropic left-handed media are

the amplitude of the transmitted evanescent wave will bec,ignificantly different from that in isotropic left-handed
amplified exponentially by the transmission process througﬁned'a'
the LHM slab. From Eqs(37), (32), and (35), we can see

that if the conditiong38) and (39) are satisfied, the overall
transmission coefficient will be equal to exgk,d|), hence This work is supported in part by the Army Research
the amplitude of the transmitted evanescent wave will be& aboratory through the Center of Composite Materials at the
amplified exponentially as the thickness of the LHM slabUniversity of Delaware. We thank John Xiao for helpful dis-
increases. So for E-polarized evanescent waves, if the corussions.
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