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Abstract—We show in this paper that metamaterials in which some
components of the permittivity and permeability tensors can have
negative real values (thus associated with left-handed metamaterials)
call for a reconsideration of the common concepts of critical angle and
Brewster angle. By studying the reflection coefficient for isotropic and
biaxial half-spaces and slabs, we show that a metamaterial for which
the Brewster angle appears beyond the critical angle is realizable. In
addition, we also show that the Goos-Hanchen shift induced by left-
handed isotropic slabs is not necessarily negative but could be positive
when the second interface of the slab supports a surface plasmon.

Finally, upon studying a bianisotropic metamaterial, we show that
propagation at a negative angle can occur, although it would not if
only the permittivity and permeability tensors were considered. All
the results have been obtained using an eigenvalue method which we
extend to bianisotropic media in this paper.
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1. INTRODUCTION

The propagation of electromagnetic waves in anisotropic and
bianisotropic media is a topic that has been addressed for many
years already, originally because this type of media can be directly
found in nature (e.g. optical activity can be simply observed in corn
syrup or any other glucose or fructose molecules that have asymmetric
carbon atoms, Faraday rotation can be measured in a wave propagation
through the Earth’s atmosphere) and later because they were realized
in the laboratory (e.g. a plasma medium to which an external magnetic
field is applied yields a gyrotropic medium where the same Faraday
rotation can be measured).

Although these media are often characterized by sparse
constitutive matrices, theoretical approaches have been developed to
deal with the most general cases where, for the case of bianisotropic
media, 36 coefficients are needed to relate the electric and magnetic
fields and inductions. A key contribution to this topic was offered in [2],
where a 4 x 4 matrix approach was used for the first time, generalizing
the 2 x 2 approach of previous works in optics. Based on this work,
and starting from a 6 x 6 representation of Maxwell’s equations, an
improved approach also based on 4 x 4 tensors was developed in [3]
and served as a reference for long after. The method was validated
by studying both an anisotropic slab in an isotropic medium and
a boundary between an anisotropic half-space and an isotropic half-
space. Radiation problems in presence of anisotropic slabs were later
studied in [4, 5], and the method was generalized to bianisotropic slabs
in [6]. Finally, a simpler approach, yet as general, was proposed in [1]
for layered anisotropic media, and a generalization to bianisotropic
media is proposed in this paper.

More recently, the interest in studying electromagnetic waves
in anisotropic and bianisotropic media has been renewed by the
man-made realization of chiral media [7] and more importantly by
the appearance of a new type of metamaterials exhibiting left-
handed properties [8-11]. The latter were first characterized as
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isotropic effective materials and retrieval processes, already used in [12]
in another context, were developed to estimate the corresponding
isotropic constitutive parameters [13, 14]. However, it was quickly
realized that these metamaterials are anisotropic and, in fact, could
also exhibit bianisotropic properties depending on the shape of the
inclusions [15]. A very general case of bianisotropic medium retrieval
applied to both a specific type of chiral medium (studied analytically
in [16]) and left-handed medium was proposed in [17], where the quasi-
static Lorentz theory was used to compute the polarizability matrix
and eventually the macroscopic constitutive relations. Unfortunately,
values for the constitutive tensors were only given for the chiral medium
and not for the left-handed medium.

In this paper, we are interested in studying left-handed media and
their counterpart right-handed (or standard) media as anisotropic and
bianisotropic metamaterials. Toward this purpose, we first generalize
the formulation presented in [1] to layered bianisotropic media where
the real parts of the constitutive parameters can take negative values.
The results yield both the polarization states (equivalent to the
eigenvectors of the problem) and the propagation constants (equivalent
to the eigenvalues of the problem) of the electromagnetic fields in
each medium as a response to an arbitrary polarized incident wave,
from which the reflection and transmission coefficients can be directly
obtained. The method is then used to study various metamaterials as
isotropic, anisotropic biaxial, and bianisotropic media. A particular
focus is given to the reflection coefficients, which we calculate for both
half-space of metamaterials (the top half-space being free-space) and
for slabs where the top half-space is again free-space and the bottom
one is case dependent. In all cases, we express the reflection coefficients
analytically and study the critical angle, the Brewster angle, and the
Goos-Héanchen shift. In contrast with well-accepted rules, we show
here that for a biaxial metamaterial, the definition of critical angle
needs to be generalized to account for a new phenomenon where total
reflection occurs for low incident angles until a cutoff angle beyond
which transmission occurs. In addition, for well-chosen constitutive
parameters, it is possible to have a Brewster angle in the angular
region where transmission occurs, thus yielding a material where the
critical angle is smaller than Brewster angle. In addition, we also
show that when total transmission occurs at a boundary with a left-
handed slab, the surface plasmon generated at the second interface is
related to a positive Goos-Héanchen shift, in contrast to the negative
shift usually observed when left-handed media are used. Finally, we
conclude our study by showing the transmission of a TM wave through
the bianisotropic medium characterized in [15], which would otherwise
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be cutoff if bianisotropy was not considered.

2. FORMULATION OF THE PROBLEM

In this section, we shall generalize the method exposed in [1] to
layered bianisotropic media where the constitutive parameters can have
negative real parts. The medium under consideration is depicted in
Fig. 1, where an incident wave of arbitrary polarization is incident on
a multilayer bianisotropic medium. The problem is to find the fields
inside each layer and the global reflection and transmission coefficients.

(€1, 71,61, 1) medium #1
zZ1 = 0
= = ¢ 7 medium #2
(627 H2s 527 CQ)
22
2 (€, 113, &3, C3) medium #3
L]
°
L]
Zn—1
(&ns Ty &y Cin) medium #n
ZTL
L]
°
L]
ZN-2 - -
vt (En—1,in—1,EN-1,Cn 1) medium #(N-1)
(En, v En ) medium #N

Figure 1. Configuration of the problem: a plane wave with wave
vector k; is incident with the polar angles (0, ¢) onto a multilayered
medium of arbitrary constitutive bianisotropic tensors.

We obviously start with Maxwell’s equations in tensorial form,
and we suppose a source-free environment. Assuming an e~ *? time
dependence, we write

V x E(F) = iwB(7), (1a)
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V x H(F) = —iwD(7), (1b)

and the constitutive relations in the E-H (or Tellegen) representation
D(r)

B(r) =[i- H(r) + (- E(r). (2b)

€ E(r)+& - H(F), (2a)

=3I

where the constitutive parameters are supposed homogeneous. The
normalization of the constitutive parameters is as follows

E:6()2!’7 ﬁ:/J:OﬁT7 §:§T/607 E:Er/co- (3)

where the subscript ‘r’ denotes relative quantities. Upon inserting
Egs. (2) into Egs. (1), writing the 3 x 3 tensors as

€5 Es:
T 4
€ € ] ( )

and similarly for 7z, E, E, and separating the transverse and longitudinal
components, we eventually obtain:

T x 2E.(F) 4 5 % gES('F) Wiy, - Hy(F) + i, - 2H.(F)

+iw?ss ’ ES (’F) + iw?sz - ZE, (’F) )

(5a)
Vo x Ey(F) = Wi,y Hy(F) +iwpsz 2H (F) +iwC ., - By (F) +iwCez 2B (F) |
(5b)
= i a0 = S = m o .= s e
Vs X ZH,(F) + 2 x a—Hs(T) = —iw€ss - Es(T) — wés, - 2E,(T)

—iwé,, - Hy(F) — iw€,, - 2H.(F),
(5¢)

Vs x Hy(T) = —iwe, s Bs(7) —iwe,, 2E, (7) —iwé ;- Hs(T) —iwﬁzzéHz((f)).

5d
For homogeneous media, we are looking for plane wave solutions of the
form e'®s™s | so that we can replace V by iks. After some mathematical
manipulations, we can express the longitudinal Z components in terms
of the transverse components only as:
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'R 1 [ gZZ_ = - _
Ez r) = —|——— 1 22825 " T Hzz€zs" Es
() = |- kT +6uley | Bul0)
17 = ,uzz = o —
+B gzzuzs k XI3 Mzzfzs HS(T)7 (68‘)
] Vte. - O R
Hz(f) = 5 _%ks XIS : _ezz<zs : +szezs‘] ES(T‘)
17 = sz = o —
+5 —Cazllyg k XI3 +<zzgzs':| Hs(r) ’ (Gb)
where
B 0 0 ky
ksxI3 = 0 0 —ky |. (7)
—ky ky O
and D = (Ezzﬂzz - gzzsz) . (8)
Note that for anisotropic media, for which z Z 0, Egs. (6)
simplify to yield:
B(P) = ——— ko x () — —Fau- Ea(F) (93)
2\T") = — s s\T") — —€zs - Ls\T),
WE,, (2
H,(F) = ks x Eg(T) — —Ti,, - Hy(F), 9b
() = oo x Bu(r) = iy F(7) (90)

which are known equations for anisotropic media [1, 18]. From Egs. (5)
and Eqgs. (6), we can further express the transverse components in
terms of their derivatives only as:

0 - _ 1 i€,
“E - |_ 5
0, (1) D w %
oo —iwD2xT3- Cyy-
—iey, 2x 13- Uy, - ksx1s - +1wezzz><13 Tgs Czs-

—iw(,, 2X73-ﬁsz-€ +i€,, ZXIg Csz k XI3

—iw&zz 2X?3 . Zsz ' Czs : +iw/'LZZ 2><I3 . Csz : EZS ' Es(f) )
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Fiwes 2X T3 - Ty, - Thas - —iCoz 2x T3 - Ty, - ks X I3 -

~iwCeeEx T3 Ty, - £y —iwEesx T3+ Cy Ty

—|—1,uzzz><13 QSZ- ox 13- +iwuzzéx73-zszfzs- Hy(7),
(10a)

a el = = - = =
a—Hs(f):— ZxIg-kgxIsg-kgxIg- —i€y, 2X13-ksxI3 'Czs .

HiCor 2xT3 - kyxTs - s+ +HiwDEx s - €y -

—i&,, ZX 13 €5y - kg x 13- —I—1w§zzz><13-€sz-czs-
—iWyy EX T3 €y €ps - Hi€yy 2X I3 &y, - ks x I3 -
—iwe,, ExI3- &y, Chgr Hiwlpy 2X 13- &y, - Ers | Es(T)

1 . " = - = — C R = — =
+5 —ley 2 xIg-ksxIs - i, + ;Z . .

HiCr 2x T3 kexTs-Eoy+ +HwDixTIg-&,, -

+Hwé,. Z><I3 €5z flos © —ifl,, z><1'3 €z ks><73 .

—iwp,, ZXIg €y - ‘fzs- —iwe,, z><13 §Sz T

FiCor 2xT3- &, - kexTg- +iwCes 5xTs- &y, - &0 |Hs(F)
(10b)

_ 0 -1 0
ixIs=|1 0 0|. (11)
0 0 0

Note that obviously, Eqs. (10) are related by the duality conditions,
which is easily verified. We eventually write Egs. (10) in a matrix form
s [1, 3, 12]:

g E_'S(f) _ ?11 ?12 ' Es(f) (12)
aZ Hs(f) F21 F22 HS(F) ’
where each fij ({i,7} € {1,2}) is a 2 x 2 matrix obtained from
Egs. (10) (note that we can reduce the size of the system because
the other components of the matrices are zero). The solution of this

differential equation is straightforward, and is expressed as the product
of four eigenvectors multiplied by exponential functions, all weighted

where
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by four coefficients to be determined from the boundary conditions.
The eigenvectors correspond to the polarization states of the transverse
electric and magnetic fields, while the four eigenvalues correspond
to the propagation constants in the Z direction. Following [1], we
organize the four eigenvectors and eigenvalues such that the first two
components correspond to upward propagation waves and the last
two components correspond to downward propagating waves. This
ordering is done by examining the direction of the power carried by
the four waves in each medium. ~ ~

Upon defining the vector V' (z) as the 4 x 1 vector [E(7); Hy(7)]”
(where the superscript 7' denotes the transpose operator), we can
rewrite Eq. (12) as £V (z) = F - V(z), where the 4 x 4 tensor F
is straightforwardly defined from Eq. (12).

Following the notation of [1], we denote by @, the tensor

containing the four (sorted) eigenvectors of medium #n, and 3, the
diagonal 4 x4 tensor containing the four (sorted) eigenvalues of medium
#n. Thus, the transverse polarization state in medium #n (V,,(z)) can
be written as

' _ _ 5. R A
. —a-ebz. | 2V . 31
mediuml :  Vi(z) =a; - ™ [72 ] { An } , (13a)
medium n : Vi(2) = @y, - ¢iBn? . A, (13b)
Va(2) = Pu(2, 20-1) - Vi(zn-1), (13c)

where Az; and Ay are the amplitudes of the two polarizations of the

down-going incident waves (thus are known quantities), A, is a 4 x 1
vector containing the coefficients of the four waves in medium #n, and

where the definition of P (the propagator matrix) is [1]

=1
n

S|

ﬁn(za Zn—l) = in ' eiBn(Z7zn_1) ' (14)

Once V,(z) is obtained, the other components of the fields can be
directly obtained from Eqgs. (6). Using these relations in conjunction
with the boundary conditions (V;,(z,-1) = Vh—1(2n—1)), we can write
the recurrence between the media [19]:

(21,22) - Va(22),
(22,23) - Va(z3)

Vi(21) = Va(21) = P2
Va(z2) = Va(z2) = P3

n—l(zn—2> - ﬁn—l(zn—Qa Zn—l) . Vn—l(zn—l) y
—1(Zn—1) = n(Zn—l) .

<
Fr
[\V)
—~
N
7
[N}
N—
I
<
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Combining all the terms, we get

‘71(21) = f2(21,22) '?3(22723) tees 'Fn—l(zn—%zn—l) : Vn(zn—l)
= ?A(Zl,...,znfl) -Vn(znfl). (16)

Upon using Eq. (13a) and Eq. (13c), we write

_ = =1 — 1: z ﬁ A‘
Vi(2) = Pp(z,2n-1)-P4 (zl,...,zn,l)-ayeﬁl 1-[ ?2 ][ Ai } (17)

In summary, the state vector in any layer n is given by:

e First medium:

TN = iBys R | As
Vi(z) =a; - ™ [ 7, 1 [ A } , (18a)
e Last medium:
_ _ = 0 A
_ = iByz - . 31
Vn(z) =ay - e~ [ = ] { A ] (18b)
e Other media:
_ _ = o =1 _ =
Vi(2) = Gy - €PnE20-0) G P (21, 2 - Gy - €017
R Az ]
[ > ] 4 (180

Therefore, in order to solve for the 2 x 2 matrices R and ?, we
need to apply Vi(z) at z = z; and Vn(2) at z = zy_1, which yields:

_ 3 D — — 2 0
ay - 615121 : :R = PA(Zlv v 7ZN—1) Can - ellBNZN_l el (19)
T, T

which is a simple matrix equations which can be directly solved to

obtain R and T. Finally, using Eqgs. (18) and Egs. (6), the fields in
each medium can be directly obtained.

We have validated the equations obtained here by comparing the
predicted results with those published in [20], where the authors give all

the components of the R and T matrices for single slabs as well as two
and three stacked slabs of bianisotropic omegaferrite and chiroferrite
materials. Although the comparison is not shown, the agreement
between the results confirmed the validity of the method.
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3. REFLECTION COEFFICIENTS AND
GOOS-HANCHEN SHIFTS

Using the approach described in the previous section, the reflection and
transmission coefficients for general bianisotropic layered media can
be obtained (note that adding a ground plane is directly equivalent
to adding the proper boundary condition on the state vector of the
last medium Vjy(z) and is therefore considered as straightforward).
In addition, the method outlined above yields simple analytical
expressions when the constitutive tensors are not too complicated. For
example, the isotropic case yields the well-known Fresnel coefficients,
which can be generalized to isotropic biaxial media or bianisotropic
left-handed media as studied in [15], as we shall show hereafter.

From the knowledge of the reflection coefficient, we also investigate
the magnitude and most importantly the sign of the Goos-Hanchen
shift experienced by a Gaussian beam incident on various media.
This topic has been addressed for isotropic half-spaces in [21], for an
isotropic slab in [22, 23] and for a multilayer structure in [24]. In
all these works, it has been emphasized that a wave impinging on
a left-handed medium at an angle beyond the critical angle yields a
negative Goos-Hanchen shift. In addition, an interesting observation
was reported in [23], where it was shown that for a left-handed slab, the
Goos-Héanchen shift at the first interface would be increased because
of the surface plasmon supported at second interface.

In this work, we shall show that with the help of this surface
plasmon, we can create a case where an isotropic left-handed slab
does not induce a negative shift but a positive shift. In addition,
by considering biaxial media, we also show that the concept of critical
angle should be revisited and that total reflection can happen below
critical angle, yielding a Goos-Héanchen shift as well. Finally, we study
a bianisotropic split-ring resonator medium and show that with the
numerical values adapted from [15], propagation at a negative index
of refraction can occur, although it would not if only the permittivity
and permeability tensors were considered.

3.1. Visualizing Positive and Negative Goos-Hanchen Shifts

As mentioned above, the Goos-Hénchen shift for right-handed and left-
handed isotropic media has already been addressed in the literature so
that we shall just illustrate some of these results here before proceeding.

First, Fig. 2 confirms the fact that a negative Goos-Héanchen shift
occurs when a wave (here a Gaussian beam) impinges on a boundary
between an isotropic right-handed half-space and an isotropic left-
handed half-space. This situation is standard and has been studied
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Figure 2. Negative Goos-Héanchen shift experienced by a TE Gaussian
beam impinging from free-space (from the left) at and angle of 50° onto
an isotropic half-space with €, = p, = —0.5 (f = 10 GHz). Units of
the electric field are [V/m].
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in [21].

Next, we also confirm that this phenomenon persists if the medium
is made into a slab and backed by free-space, as studied in [22]. This
situation is depicted in Fig. 3, where again a positive shift can be seen
for an isotropic right-handed slab and a negative shift for an isotropic
left-handed slab.

These results have prompted researchers to conclude that a left-
handed medium would yield negative Goos-Hénchen shifts. Although
this is true in the previous examples, we shall show that this is not
always the case, even if the media are isotropic.

3.2. Positive Goos-Hanchen Shift with an Isotropic
Left-Handed Slab

The propagation of electromagnetic waves in layered isotropic left-
handed materials has already been exposed in details in [25], where
the fields inside the layers as well as the reflection and transmission
coefficients have been given.

Based on this work, we consider here a three media configuration
where each medium is lossless and isotropic. Medium #1 is free-space,
media #2 and #3 are left-handed and right-handed, respectively, and
are matched, i.e. |ero| = |e3] and |pr2| = |ur3] (where the subscript
“r” denotes relative values). In order to have a critical angle, we
set the second medium to be less dense than the first one, with
€ro = pro = —0.5 in our example. Since media #2 and #3 are matched,
the reflection at their interface is zero and the z component of the
wavevectors have the same amplitude. This means that k,3 = i and
k.o = £ia. From Egs. (64) and (65)—(67) of [25], we can study the two
possible cases to obtain:

e Case 1: k.9 = k.3 = ia.

RL — %, 71 — 2 0 e20d (20a)
Ry5 1—piy
1 _Q 2
B =, Y= (20D)
— P12
e Case 2: k9 = —k,3 = —ia.
2
R® — Rﬁ), T2 — ) e—20d (21a)
1+ piy
B - 2 Er® =0, (21b)
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Figure 3. Goos-Héanchen shift at the first boundary of a slab. The first
and third media are free-space and the slab is isotropic with parameters
specified in the sub-captions. The incidence is from the left, TE at 50°
and f = 10 GHz. Units of the electric field are [V/m].
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where d is the thickness of medium #2, the subscript in parenthesis
corresponds to the case number, ET and E~ are the amplitude of
the forward and backward propagating waves, respectively, R and
T are the total reflection and transmission coefficients, respectively,
R;; are the reflection coefficients between media #¢ and #j, and
pij = piksj/(pjkz) [25]. From their definition, we immediately see
that p%) = —pg) and R%) =1/ R%), which implies that Eqgs. (20) and
Egs. (21) are identical. From these considerations, two conclusions can
be drawn:

1. The ¢ component of the electric field inside the slab (medium #2)
can be written as

2
E (z) = —— e ¥ (22)
Y2 142

which corresponds to a growing evanescent wave in the (—2)
direction (see Fig. 1). On the contrary, if medium #2 was made
semi-infinite, decaying evanescent waves would have to be chosen
to satisfy the radiation condition. Note that this conclusion still
holds if medium #2 is free-space (and medium #1 is denser),
which provides a mean of exciting growing evanescent waves in a
slab of free-space.

2. The sign of the Goos-Hénchen shift is reversed if medium #2 is
a slab or a half-space. This difference is induced by the fact that
waves are decaying if medium #2 is semi-infinite but growing if
medium #2 is a slab (under the matching condition). As shown
in Fig. 2, the Goos-Héanchen shift is negative for a half-space left-
handed medium. Therefore, we expect it to be positive if we make
the left-handed medium into a slab and matched it with a semi-
infinite right-handed medium.

These two phenomena are illustrated in Fig. 4(a) (showing the region
z > 0), where a positive shift is visible, and in Fig. 4(c) (showing the
region z < 0) where the amplitude of the field inside the slab is seen
to grow significantly (in fact exponentially) until the second interface
located at z = —60 mm. Fig. 4(b) and 4(d) are two-dimensional cuts
of Fig. 4(a) at z = 0 and of Figure 4(c) at 2 = —60 mm, respectively,
which, in the first case, clearly shows the positive Goos-Hanchen shift
and, in the second case, shows that the magnitude of the field at the
second interface is about 240 times larger than the incident field.
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Figure 4. Illustration of (a, b) a positive Goos-Héanchen shift and (c,
d) a growing evanescent wave inside the slab for a TE Gaussian beam
impinging from the left on an isotropic slab (boundaries at z = 0 and
z = —60mm) with €9 = puo = —0.5 backed by a half-space with
€r3 = wr3 = 0.5. Incidence is at 50° with f = 10 GHz and units of the

electric fields are [V /m].
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3.3. Reversed Critical Angle and Goos-Hanchen Shift for
Anisotropic Biaxial Media

3.8.1. Half-Space Case

Next, we consider a single interface between air (€; = eols, = pols,

where I3 is the 3 x 3 unit tensor) and a biaxial medium of constitutive
tensors

€, 0 0 M2z 0 0
EQ = 0 €2y 0 s ﬁQ = 0 H2y 0 . (23)
0 0 €9, 0 0 K2z

The geometry follows the one shown in Fig. 1 with one boundary
only located at z = 0. For ky, = 0 (i.e. ¢ =0), the TE reflection and
transmission coefficients from a TE incidence (denoted by the subscript
hh, and hs for the half-space case) are given by

RZ}L _ kzl/@r - kz2;UJ1 7 (24&)
® koapior + kzop

2k 1U2x
Thh — B 24b
hs kleZx + 'ICZQ,Ufl ( )
where 1
K2, = o (wPesypiaz — k2) . (25)

The vv coefficients (TM reflection for TM incidence) can be directly

obtained by duality, and there is no cross-polarization coupling (RZ: =

RZ’; = Tf};’ = Tf;;‘ = 0). Some special points are:

(a) Critical angle: for the hh polarization, the critical angle is
obtained when k9 is imaginary which, from Eq. (25), is expressed

by
ohh = gin~1( [S2ub2 (26)
¢ eypn )’

and the critical angle for vv polarization can be obtained by
duality.

(b) Brewster angle: for the hh polarization (R} = 0), it is obtained
when the numerator of Eq. (24a) vanishes. The condition can be

rewritten as:
b €1 (lu’% - ,u2:1:,UJ2Z)




Progress In Electromagnetics Research, PIER 51, 2005 99

which is equivalent to the condition 0{}h =tan"', /Z—i for isotropic

media [26]. Again, the Brewster angle for the vv polarization can
be obtained by duality.

At this point, it is interesting to see the ordering relation between
67 and th. For two isotropic positive half-spaces, we know that
Or < ghh. We shall show that this relation holds for positive biaxial
half-spaces as well, but not if one of the half-space is allowed to have
negative real parts of some of its constitutive parameters. In order to
show this, we first remark that for angles between 0 and 7/2 (which
spans our possible incident angles), the order between the two angles
is the same as the order between the sine of the two angles, which
is also the same as the order between the squares of the sines of the
two angles. We can therefore directly compare the expressions inside
the square roots of Eq. (26) and Eq. (27), and we do so by taking the
difference between the relative values:

Hr22€r2y — Hr2z Hr2x _ ,UITQx,Uer(l - 67’2yﬂ7‘22> (28)

Er2ylr2z — 3
ey 1- Hr2z r22 1-— Hr2z r22

which, a priori, can be either positive or negative. To this condition,
we need to add the condition of existence of the critical and Brewster
angle. These can be expressed as:

3 critical angle : 0 < €rayptra: <1, (29a)
3 Brewster angle : 0 < Hr2zr2y = Hr2alhe , (29b)
1-— Hor2a 22

The right-hand side inequality of Eq. (29b) can be rewritten as

1- Eroylr2z

>0. 29c
1- Hor22 r2y ( )

Combined with the condition of Eq. (29a), Eq. (29¢) implies that

1 — pirogtbraz > 0. (29d)
Therefore, Egs. (29a) and (29c) imply that

sign (sin2 6" — sin? 0£h> = sign (Mrgx,urgz) ) (30)

For positive materials, where all the constitutive parameters have a
positive real part and small losses, or for a metamaterial where p,9,
and tive, this sign i iti d therefore, O > it

Hr2y are negative, this sign is positive an erefore, 7" > ,
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like in right-handed isotropic cases. However, if ppo, or p.o, is real
and negative, the ordering is exchanged and 92}‘ < 9{}]1. This is
illustrated in Fig. 5 where the ordering between critical angle and
Brewster angle is shown to depend on the sign of p9,. Fig. 6 gives a
better understanding of the phenomenon in terms of k-surfaces [26]:

(a) In Medium 1: the medium has a circular k curve which has a
smaller radius than that of free-space. The situation is similar
to the interface between two isotropic media where one is denser
than the other. Critical angle will therefore appear after Brewster
angle.

(b) In Medium 2: the medium has a hyperbolic k curve and it is
seen that phase matching cannot be satisfied for normal incidence
up to a certain angle, which we define as critical angle as well.
Note that this type of medium falls into the category of “always
cutoff” media studied in [27] when the absolute value of all the
constitutive parameters is equal to one. In our case, propagation
occurs beyond critical angle and if the parameters are well-chosen,
a Brewster angle can appear, as shown by the dashed curve in
Fig. 5(a).

Fig. 5(b) also gives a prediction of the Goos-Hénchen shift. The
solid curve correspond to an isotropic case (for the given polarization)
where the second medium is left-handed. The shift is negative, and
indeed the phase of the reflection coefficient exhibits a positive slope
with respect to the incident angle [28, 29]. The dashed curve, which
corresponds to the biaxial case, shows that the phase of the reflection
coefficient (below critical angle) has a negative slope, which therefore
corresponds to a positive shift. This conclusion is clearly illustrated in
Fig. 7.

3.3.2. Slab Case

We consider here a slab of constitutive parameters given in Eq. (23)
and thickness d in free-space, with the top boundary at z = 0. For the
same situation (k, = 0), the hh reflection and transmission coefficients
are given by:
hh (2@
Rl = Wa (31a)
Ry e?® —1

mhh hh
Thh _ Ths Ths e*ikz1d+<i> (Slb)
RZ?QeM’ -1

where

& = iksod, (32)
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Figure 5. Fresnel reflection coefficients for an interface between free-
space and Medium 1: (€2 = —1, pirog = fr2. = —0.5) and Medium 2:
(€r2y = —1, —pir2z = ptr2. = —0.5). For both cases 67 = 45° while for
Medium 1 9;}h ~ 35.2° and for Medium 2 9;}h ~ 50.6°.
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Figure 7. Positive Goos-Hénchen shift at the boundary between free-
space and a half-space medium with (&2, = —1, —ftr22 = pr2. = —0.5).
The incidence is from the left, TE at 40°, which is below critical angle
(see Fig. 5). The frequency is 10 GHz and the units of the electric field
are [V/m)].
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2k
koipioe + koopn
and R and T/ are given in Eq. (24).

Similarly to the half-space case, we can identify the angles for
which R?ﬁzb = 0. We see that the Brewster angle for a half-space
case also yields a zero reflection coefficient for the slab case, so that
the condition of Eq. (27) still holds. In addition, the solutions of the
equation e?® —1 = 0 should also be considered, and the corresponding
angles are given by:

2
ol :sin—lw oyt __(m7) ) . m=1,2,3,... (34)

€1/41 w?eq iy %CP

T = (33)

where d is the thickness of the slab and m is an integer. Note the
similarity between Eq. (34) and Eq. (26) which excludes the m=0
solution. From Eq. (34), we see that a slab with (e, 2z, f2-) negative
will have the same Brewster angles as a slab where these parameters are
positive. If the parameters do not have the same sign, though, other
or no Brewster angles will be obtained, depending on the k-surface
characterizing the medium.

3.4. Reflection Coefficient for a Medium of Split-Ring
Resonators

Although left-handed metamaterials have so far essentially been
studied as isotropic media (at least for the incident polarization), it
is suspected that their constitutive tensors take more complicated
forms. A first attempt at the characterization of left-handed media as
anisotropic media has been proposed in [15], where it has been shown
that the original concentric split-ring resonator has in fact bianisotropic
properties. The relative constitutive tensors were found to be (adapted
to the axis of Fig. 1):

[ e O 0 1 0 0

=1 0 1 0],@: 0 fhryy o], (35a)
0 0 e 0 1

[0 0 o0 _ Joo0 o0

& =10 0 o}, ¢, = 001&]. (35b)
0 —i¢ 0 00 0

The expression of the various parameters has been given as a function
of the geometry of the split-ring resonator and inductances and
capacitances induced in the equivalent circuit [15].
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Given the spatial orientation of the split-rings, we are here
interested in a TM incidence, for which the magnetic field is parallel
to the axis of the ring. Assuming the form of Egs. (35), we can
compute the TM reflection coefficients for both a half-space (with the
top medium being isotropic) and a slab case (where the surrounding
media are identical and isotropic):

(a) Half-space:

k.1€25 — ko261

SRRhs = < , 36a
SRRk reon + kaner (362)
(b) Slab:
(27~ 1) .
R%%Rslab = = s 36
(R mns) €2 — 1
where
~ 6 T
B2y = 2 (wPesspizy — k2 — w€?) (37a)
€22
P = ik.od. (37b)

Egs. (36) are very similar to Eq. (24a) and Eq. (31a) and a similar
study on the critical angle and Brewster angles could be performed.
For the half-space case for example, one obtains the following Brewster

angle:
_ 2
6y — sin~! (\/62z(61M2y pi€ag) — €1€ ) ’ (38)

pa (€2 — eazeas)

which is obviously the dual of Eq. (27) when £ = 0. Note that working
at Brewster angle, if it exists, could be interesting since left-handed
metamaterials often exhibit strong undesirable reflection which lower
the output power.

For the sake of illustration, the evolution of the Brewster angle
as function of the relative parameter &, is depicted in Fig. 8 when
the permittivity and permeability are the duals of Medium 2 (see the
definition in Fig. 5). For £ = 0, the Brewster angle is the same as the
one calculated in Fig. 5.

Finally, we adapt our study to a real metamaterial structure
by following [15]. In their work, the authors have shown that the
original split-ring resonator [15, Fig. 1] exhibit bianisotropic properties
and have given approximate analytical expressions for the various
constituents of Eqgs. (35). Without further details, we show in Fig. 9
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Figure 8. Evolution of the Brewster angle with respect to the relative
parameter & when —€.0, = €70, = —0.5 and pip9y = —1.

the numerical values obtained from [15] of the various constitutive
parameters used in [15, Eqgs. (13)—(14)]

D(F) = eo(1+X.) - B(F) — i/eoio & - H(7), (392)
B(F) = ivemo€ - E() +po(l+Xm) A(F).  (39b)

Choosing an operating frequency of f = 4.89 GHz ensures that
the ¢y component of the permittivity and the permeability are
negative, but the £Z component of the permittivity remains positive.
If bianisotropy was not considered, this medium would fall into
the category of always cutoff media studied in [27], for which the
dispersion relation is shown in Fig. 10(a). Yet, bianisotropy has here
a fundamental effect since, for the specific value of &, used here, it
rotates the k-surface of Fig. 10(a) into the one shown in Fig. 10(b), for
which phase matching is satisfied from one medium to the other. The
bianisotropic metamaterial can therefore support propagating waves
incident from free-space, and exhibits a negative index of refraction,
as shown in Fig. 11.
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Figure 9. Frequency evolution of various constitutive parameters as
defined in Egs. (39). The analytical models and formulae are taken
from [15].

4. CONCLUSION

In this paper, new phenomena related to the reflection and
transmission of electromagnetic waves in isotropic, anisotropic
and bianisotropic right-handed and left-handed media have been
investigated. We have shown that the common concepts of critical
angle should be revisited, since metamaterials exhibiting a total
reflection for low incident angles and transmission for large incident
angles can be realized with the current technologies. In this specific
case, we have also shown that if the constitutive parameters are
properly chosen, a metamaterial where the critical angle appears before
the Brewster angle can be constructed. Finally, we have studied
a bianisotropic medium of split-ring resonators, whose constitutive
tensors have been provided in [15], and shown that bianisotropy is a
fundamental parameter for supporting propagating waves, in addition
to exhibiting a negative index of refraction.
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Figure 10. k-surface at k, = 0 for the metamaterial defined by
Eqgs. (39b) with the parameters from Fig. 9 at f = 4.89 GHz yielding
e, = diag(1.34,1,—-1.06), p, = diag(1, —3.22,1), & = 3.16. It is clear
that the & parameter allows propagation in the metamaterial with a
negative refraction angle, as shown in Fig. 11.
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Figure 11. TM incidence from the left at 40° upon (a) a half-
space and (b) a slab of Medium 3 defined by €, = diag(1.34,1, —1.06),
wr = diag(1,—3.22,1), & = 3.16 (from Fig. 9 at f = 4.89 GHz). The
units of the magnetic field is [A/m].
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