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Abstract—The propagation characteristics of electromagnetic waves
at the interface between an isotropic regular medium and an
anisotropic metamaterial for arbitrary orientation of principal axis are
investigated. In terms of the different sign combinations of the tensor
components along principal axes, the anisotropic media are divided
into four classes. The existence conditions of negative refraction are
discussed in different cases, indicating that the conditions for the
existence of negative refraction are closely dependent on the principal
components and the rotation angle. Furthermore, the influence of the
rotation of the principal axes on the incident angle region is analyzed
for each case, and the optimal material parameters are attained for
the maximum area of the incident angle region of negative refraction
occurrence.

1. INTRODUCTION

Artificial metamaterials have received much attention in the past few
years [1-10]. The concept of such materials with negative permittivity
and permeability in a certain band of frequency was first proposed
by Veselago in 1968 [1], who anticipated many unique electromagnetic
properties exhibited by the media such as negative refraction, reversed
Doppler effect and reversed Cerenkov radiation. It was not until 2001
that the phenomenon of the negative refraction was experimentally
verified first by using artificial metamaterials realized by periodic
arrays of split ring resonators (SRRs) and wire strips [4]. Based on
the negative refraction, the metamaterials have found several potential
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applications in subwavelength image reconstruction [5,6] and wave
guiding [7].

However, the isotropic three-dimensional metamaterials are
difficult to be prepared. Thus, the electromagnetic characteristics of
anisotropic metamaterial, in which the components of the permittivity
and permeability tensors are not all of the same sign, have been
discussed theoretically and experimentally in many literatures [11-
23]. Lindell et al. have demonstrated that the occurrence of negative
refraction at the interface associated with uniaxially anisotropic media
requires only one tensor component with a negative value [14]. Hu
and Chui compared the characteristics of anisotropic metamaterial
with that of isotropic metamaterial further. They have found that
in a uniaxially anisotropic metamaterial it is the approximately left-

handed waves that may be able to propagate (E, H , and k form an
approximately left-handed triplet of vectors and the direction of energy
flow is in the backward but not exactly opposite direction of wave
vector), and besides, the left-handed waves are not necessarily tight
to the negative refraction [15]. Ding et al. simulated the negative
refraction of the continuous-wave Gaussian Beam passing from free
space into biaxially anisotropic metamaterial by the finite difference
time domain (FDTD) method [16]. In addition, the negative refraction
has also been demonstrated experimentally at the interface associated
with a wedge composed of anisotropic metamaterial cut along
nonprincipal axes [17], indicating that certain classes of anisotropic
media have identical refractive properties as isotropic negative index
materials [18]. Such materials can be readily constructed using
different resonant inclusions such as SRRs and rods to demonstrate
negative refraction, and they have potential applications in imaging,
polarizing beam splitter, and wave guiding [19-21].

To the authors’ knowledge, however, most of the theoretical
studies reported previously are limited in special cases that the planar
interface coincides with a principal axis. Recently, some characteristics
of wave propagation in anisotropic media for arbitrary orientation of
principal axis, such as group delay [24], Goos-Hénchen shift [25], and
amphoteric refraction [26], have been discussed. Nevertheless, the
property of negative refraction is closely dependent on the parameters
of the anisotropic metamaterial, and a detailed investigation on the
effects of the constitutive parameters and rotation angle has not yet
been accomplished.

In this paper, we discuss the approximately left-handed
behavior and negative refraction in an arbitrarily oriented anisotropic
metamaterial. Taking TE-polarized waves as an example, we derive
the existence conditions of negative refraction. Furthermore, we



Progress In Electromagnetics Research, Vol. 115, 2011 245

present our numerical results and analyze the influence of the principle
components and rotation angle on negative refraction for each case
of the anisotropic medium graphically. For TM waves, the negative
refraction properties can be analyzed similarly.

2. CONDITIONS FOR THE OCCURRENCE OF
NEGATIVE REFRACTION

A plane wave is incident from region 1 at an incident angle 6; into
region 2, as shown in Fig. 1. Region 1 is filled with isotropic regular
media with the permittivity e; and permeability p;. Region 2 is
occupied by anisotropic metamaterial. The interface formed by the
two media is in the zy plane, and the normal direction is the z
axis. We assume that the permittivity and permeability tensors can
be simultaneously diagonalizable in the principal coordinate system

(X,Y, Z):
EX mx
Eo = ! ey ] , Hg = [ Ky ] (1)
£z nz

where not all of the principal components have the same sign.
Without loss of generality, we present a discussion of negative
refraction at the interface associated with an arbitrarily oriented
anisotropic metamaterial. Thus, in the coordinate system (z,y,z),
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Figure 1. Geometrical structure of the problem. The rotation angle
between the principal axis X of the anisotropic metamaterial and the
planar surface is 6.
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the permittivity and permeability tensors become
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where the rotation angle 6 is made by rotating one of the
principal axes X on the fixed YV axis, and 0 < 6 < 7/2 is
considered for the convenience in the following analysis. The tensor
permeability components can be obtained from the expressions above
by substitution of ¢ — pu.

For TE waves, the wave vector k is assumed in the zz plane, so
the electric field vectors of the incident and reflected waves in region 1
are expressed as

EyZEY

Ey; = gE] e kerthsz) (4)
Ey, = gREf ¢ I Ferh2) (5)

In region 2, the electric field vectors of the refracted waves can be
written as . ‘
Eoy = §TEf eI hevthe:2) (6)

The magnetic field vectors in region 2 are governed by equation
k x E =wp- H, which gives
(kQZMzz+kx/~La:z)TEfr G4 (kx/ia:xWLsz#zx)TEfé e*j(kzl”rkzzz)
WX Pz WX Pz
(7)

where R and T are the reflection and transmission coeflicients at the
interface respectively, and k9, can be determined by

—

Hop=|—

akl + Bk3, + vk = w? (8)
where
EYUXHZ EYUXHZ EYUXHZ

The time-averaged Poynting vectors of the refracted waves can be
written as

ka:ﬂzz + szsz
2wpx iz

ka:ﬂxz + sz Mzz

ggt =Re
2wpxpz

ITEf " & + ITEf* 2| (10)
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Then, the product Eg . ggt reduces to

Rz S = Re | “2X [TET ] (11)

From these expressions, we can see that the condition of approximately
left-handed wave propagation for TE waves is ey < 0, and other tensor
components do not need to be negative.

Here, we will discuss the conditions of negative refraction at the
interface in the case of approximately left-handed wave propagation
by following principles. Plus, a restricted range of incident angles
0 < 0; < 7/2 is assumed. To ensure the approximately left-handed
behavior, ey < 0 is a precondition.

(). The occurrence of refraction requires that the z component of
the refracted wave vectors must be real. It follows from Eq. (8) that

ko, — M (12)
2z — 2ﬁ
where ¢ = £1. That is, the refraction will occur if the following
inequality is satisfied:
— 42 in2 0,
A= (“m o —uzz> >0 (13)
EYHUXHZ %

When A < 0, ko, is complex. The normal component of the energy
current density of the refracted waves is equal to zero and the total
reflection phenomenon will occur. The critical angle can be obtained
from A = 0, which gives

EY Hzz
€11

where p,, < 0. If eyp,, > e1p1, the critical angle 6. will be
equal to m/2. The condition of the total reflection occurrence at
such interface is quite different from that at the general anisotropic
metamaterial interface along a principal axis, which requires ko, must
be imaginary [15].

(ii). Energy conservation defines one of the two possible solutions
for the refracted wave vector ks,. When ey < 0, we take o = —1.

(iii). The negative refraction occurs when the Poynting vectors of
the incident and refracted waves appear on the same side of the normal,
which requires k - Sy < 0. According to Eqs. (10) and (12), the last
condition is obtained as

6. = sin~ ! (14)

\/7/'LZ$€Y

L ko (2K
ks - Sor = Re
T 4w56yuxuz

VirEfP| <0 (15)
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3. ANALYSIS OF NEGATIVE REFRACTION IN FOUR
CLASSES

In terms of the signs of the principal components of the permittivity
and permeability tensors, the existence conditions of negative
refraction for TE waves are discussed under the condition for
approximately left-handed wave propagation. For simplicity, we define
t1 = eypz, ta = eypux in later analysis and classify them into
the following four classes. The obtained results are summarized in
Table 1. Moreover, the dispersion of anisotropic metematerial is taken
into account in the numerical example. The tensor components along
principal axes in Eq. (1) can be expressed by the cold plasma media
model as follows [5,12]:

w2 w2
e(w) = o (1— w‘f;), u(w)zuo< —j;’) (16)

where we, and wyy,, are electric and magnetic plasma frequencies. The
required principal components can be realized by changing wep, Wy
and the operating frequency wy.

3.1. t1>0,t2>0(€Y<O,ux<0,uz<0)

From Eq. (13), we can find that when the incident angle 6; < 6.,
the wave vector ko, becomes real and the refraction can occur. From
Eq. (15), we know that the conditions of negative refraction are
dependent on the sign of u.,. Thus, we shall consider the problem in
two cases. (i) ux < pz. The inequality (15) is satisfied for any incident
angles, the negative refraction can thus occur for any refracted waves.
(i) ux > pz. From the inequality (15), we can see that if the following
condition is satisfied:

0; > 0, = sin~*! <’sz’ Ey) (17)
E1M1 Mz

the negative refraction will occur. The angle 6, is the particular
incident angle when the refraction angle of Poynting vector is equal
to zero, and it can be solved from lgz . ggt =0. If g1 < u%xay/,um, 0,
will be equal to m/2. The negative refraction phenomenon thus can’t
exist for any incident waves. It should be noted that the inequality
0. > 0, is always valid. From these restrictions mentioned above, the
conditions of the negative refraction occurrence in this section, with
special cases of 6. = 7/2 and 0, = /2 included, are listed in Table 1.
Wave vector surface can be used to describe the refractive
characteristics at the interface between two media efficiently. In this



Progress In Electromagnetics Research, Vol. 115, 2011 249

Table 1. The existence conditions of negative refraction for ey < 0.

Incident angle
Media conditions &

conditions
ey <0, px <0, puz <0 px tz | |
125'¢ > wz ea < |07,| < 00
tan® 0 < — Non-exist
ey <0, pix <0, jiz >0 an2 < —pz/ux on-existence
tan® 0 > —uz /ux |05] > 6.
tan® 6 < min(—pz/px, —px/pz) 10:] > 6.
ey <0, ux >0, pz <0 —px/pz <tan?0 < —pz/px 0. < 10;| < bq
—pz/nx <tan?0 < —ux/pz  All incident angles
tan® 0 > max(—pz/px, —px/nz) 10i] < Oa
ey <0, ux >0, uz >0 Non-existence Non-existence
k, k, ke,
@ ) s Aa AN & A& A0\
g, 0‘ k/r [N & : L
, A =i "
b : kK K s jl
e Rt o L S o] e 2 7
s . s! .
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Figure 2. Diagram for wave-vector surfaces corresponding to the
isotropic media and anisotropic metamaterial with ey < 0, ux < 0,
z < 0. The incident, refracted wave vectors and energy current of
the refracted waves are indicated by the solid arrow. The angles 6.
and 6, are indicated by the dashed dotted line. The refracted waves
with the refraction angle of Poynting vector zero are determined by
the small circle on the ellipse. (a) ux < pz, (b) px > pz, with the
wave incident in the range of §, < 6; < 0., (c) px > pz, with the wave
incident in the range of 6; < 6,.

section, the dispersion curve for anisotropic media is an ellipse. When
ux < pz, the long axis of the ellipse is the Z axis. We take the
wave incident in the range of 0; < 6.. Then the wave vector and
Poynting vector are negatively refracted, as shown in Fig. 2(a). When
ux > pz, the long axis of the ellipse becomes the X axis, as we can
see from Fig. 2(b). The incident angle in the range of 6, < 6; < 6,



250 Liu and Guo

is employed, and the refraction angles of wave vector and Poynting
vector are always negative. Note that because of the existence of
the angle 6,, the refraction of Poynting vector may be positive or
negative depending on the range of incident angles. However, there is
no such amphoteric refraction phenomenon at regular interfaces. We
can further give physical insight into the appearance of amphoteric
refraction from the wave vector surface. At the noted point shown in
Fig. 2(b), dk,/dk, = 0 is satisfied. By solving the equation we find
that, when the refracted wave vector and the ellipse intersect at this
point, the corresponding incident angle is just the angle 6, in Eq. (17).
In Fig. 2(c), the incident angle in the range of 6; < 6, is employed,
and it yields that the refraction of Poynting vector becomes positive
in this case.

Next, we will focus our attention on the effect of the rotation angle
on this phenomenon. In order to observe the incident angle region of
negative refraction occurrence for px > p1z, we choose wepy = wWmpx =
V2w and Wz = V7wp in Eq. (16). Then the component parameters
ey = —eg, bx = —pp and puyz = —6pug can be obtained. The graphs of
0. and 6, versus 0 are shown in Fig. 3(a). It is seen that the incident
angle region (shade part) becomes narrow initially, and then becomes
wide with the further increasing rotation angle 6 in this case. In our
numerical example, by simple derivations we know that when 6 > 6, =
63.4°, where 0; = sin™! \/(El,ul —eypz)/ley(pux — pz)], the total
reflection occurs. Moreover, the phenomenon of negative refraction
vanishes when p1e1 < p2,.6y /e, so the corresponding rotation angle
range is 26.6° < 6 < 39.2°. Thus, the ampoteric refraction that the
refraction can be either positive or negative depending on the incident
angles can only occur for the rotation angle chosen properly. The
shaded area can be expanded by changing the material parameters.
To obtain the maximum of the area of region Sp, the optimal value
pwx = pz and ey pux > €11 should be taken.

3.2. t1<0,t2>0(Ey<0,ﬂx<0,ﬂz>0)

The sign of p,, will have effect both on the occurrence of refraction
and the conditions of negative refraction, so we further discuss them
in two cases. (i) g,z > 0. In such a case the critical angle does
not exist. Electromagnetic waves can always be transmitted into the
second medium. From Eq. (15), we know that the positive refraction
can occur for any incident waves. (ii) p., < 0. According to Eq. (13),
the occurrence of refraction requires 6; > 6.. If ; < 6., the incident
waves will be totally reflected. This phenomenon is called anomalous
total reflection. If ey ., > €11, 0. will be equal to 7/2. Thus, ko, will
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be complex and the total reflection can exist for any incident waves.
This is the so-called omnidirectional total reflection [23]. Besides, the
inequality (15) is always satisfied and the negative refraction will occur
for any refracted waves.

In this section, the dispersion curve is a hyperbola with its real
axis Z. When tan?0 < —puz/pux, we take the wave incident at
an arbitrary angle to the interface. Fig. 4(a) shows that the wave
vector is negatively refracted, while the Poynting vector is always
positively refracted. Fig. 4(b) illustrates the dispersion curves for
the two media in the case of tan? > —uz/ux. The incident angle
in the range of 6; > 6. is employed, and the refraction of Poynting
vector is negative even if the wave vector refraction is positive. Note
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Figure 3. 0. and 6, as a function of the rotation angle with e; = &g,
= 200 (a) wepy = V2w, Wipx = V2wo, Wimpz = VTwo; (b)
WepY = \/§w0, WmpX = \/ﬁwo, WmpZ = \/ﬁwo; (c) Wepy = \ﬁwo,
WmpX =— mw07 WmpZ = \/mwo; (d) Wepy = \/50.)()7 WmpX — \/@wo,
WmpZ = V/1.6wg. The negative refraction, positive refraction and total
reflection can exist respectively in incident angle regions S, So and S
for different rotation angles.
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Figure 4. Diagram for wave-vector surfaces corresponding to the
isotropic media and anisotropic metamaterial with ey < 0, ux < 0,
pz > 0. The incident, refracted wave vectors and energy current of
the refracted waves are indicated by the solid arrow. The angle 6.
is indicated by the dashed dotted line. (a) tan?60 < —uz/ux, (b)
tan?0 > —pz/pux.

that the wave vector ko, chosen in this case is the lager one since
0 < 0. From the analysis above, it is concluded that the conditions
of negative refraction are strongly dependent on the rotation angle
0, which can further be explicitly seen in Fig. 3(b). As the rotation
angle increases, the incident angle region of shade part becomes narrow.
When 6 > 0y = 30°, where 6 = tan=! \/|uz/px], it is interesting to
observe the existence of anomalous total reflection phenomenon, which
indicates the qualitative characteristics of reflection are altered with
the rotation angle changing. When 6 > 6; = 60°, the omnidirectional
total reflection occurs. Thus, the smaller the anisotropy parameters
ley| and pz, the larger the shaded area, and the maximum value is
limited by the artificial metamaterial constructed in practice.

3.3. t1>07t2<0(€Y<07/»1’X>07”Z<0)

The occurrence of refraction depends on the sign of u.,, and the
conditions of negative refraction are determined by the sign p;,. For
W, < 0, we can find that when 6; > 0., the refraction occurs.
Otherwise, the critical angle does not exist and the refraction can thus
occur for any incident angles. Then we discuss the existence conditions
of negative refraction in two cases. (i) jtzo > 0. The negative refraction
can exist for any refracted waves because the inequality (15) is always
satisfied. (ii) pze < 0. It is found from Eq. (15) that the negative
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Figure 5. Diagram for wave vector surfaces corresponding to the
isotropic media and anisotropic metamaterial with ey < 0, ux > 0,
pz < 0. The incident, refracted wave vectors and energy current
of the refracted waves are indicated by the solid arrow. The angles
. and 6, are indicated by the dashed dotted line. (a) tan?f <

min(—puz/px, —px/pz), (b) —px/pnz < tan®0 < —uz/px.

refraction only occurs for the branch 6; < 8,. The inequality 0. < 6, is
always true in this case and the obtained results are listed in Table 1.
The dispersion curve is a hyperbola with its real axis X in this
section. When tan?6 < min(—puyz/px, —px/pz), we take the wave
incident in the range of 6; > 6., and the refraction angles of wave
vector and Poynting vector are always negative, as shown in Fig. 5(a).
When —pux/pz < tan?0 < —uz/px, the incident angle in the range
of . < 6; < 8, is employed, and the Poynting vector is negatively
refracted, as we can see from Fig. 5(b). If the wave is incident in
the range of 6; > 0,, the refraction of Poynting vector will become
positive. This phenomenon of amphoteric refraction has also been
described in Section 3.1. The wave vector diagram in the case of
tz> > 0 is omitted here for the sake of brevity. Considering the cases
of |ux| > |uz| and |ux| < |pz|, we find it necessary to discuss the
influence of the rotation angle on negative refraction properties in two
cases, as shown in Figs. 3(c) and 3(d). In the first case, the incident
angle region S7 is broadened first, goes through a maximum width
and then becomes small. When 6 < 6 = 35.3°, the phenomenon
of anomalous total reflection occurs. As the rotation angle increases
further, the qualitative characteristics of reflection are altered. When
0 > 03 = 54.7°, where 3 = tan~' \/|pux /12|, the ampoteric refraction
may occur for the rotation angle chosen large enough. Thus, the
smaller |pz| and 1/|px|, the larger the area of region S;. Similar
to the analysis in the corresponding Section 3.2, the maximum value
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Table 2. The existence conditions of negative refraction for ey > 0.

Incident angle
Media conditions &

conditions

ey >0, px >0, pz >0 ux < pz Non-existence
ux > pz 0; < 0q
tan? @ < min(—pz/px, —px/1z) 0; > 0,

ey >0, pux >0, puz <0 —px/pz < tan? 6 < —pz/ux Non-existence
—pz/ux <tan29<—ux/uz 0; > 0,

tan® 6 > max(—pz/pux, —px/pz) Non-existence

ey >0, pux <0, iz >0 tanz 0 < —pz/ux N.on—.existence

tan“ 0 > —uz/ux All incident angles
ey >0, ux <0, uz <0 Non-existence Non-existence

is limited by the material parameters in practice. In the other case,
with the increase in 6 the incident angle region also becomes wide
first, and then becomes narrow for smaller rotation angle because of
the occurrence of 6,,.

34. 11 <0,t2<0 (ey <0, ux >0, pz > 0)

The inequality (13) can’t be satisfied for any incident angles and the
refraction can never occur in such a case.

It is worth pointing out that when —7/2 < 6; < 0, the existence
conditions of negative refraction for the four classes mentioned can
be obtained from the results shown in Table 1 by substitution of
Sections 3.2 « 3.3, the signs “>” < “<” and “min” « “max” in
the expressions of media conditions.

When ey > 0, the existence conditions of negative refraction can
be analyzed in a similar way, and they are summarized in Table 2. It
is found that, by substitution of Sections 3.2 < 3.3, the signs “>” «
“<” and “min” < “max” in the expressions of media conditions in
Sections 3.2 and 3.3, the incident angle conditions in Table 1 are just
the conditions of positive refraction occurrence for ey > 0.

4. CONCLUSION

In this paper, we present an investigation on the negative refraction
properties of electromagnetic waves at the interface containing
arbitrarily oriented anisotropic metamaterials. We analyze the effect
of the rotation angle on the negative refractive incident angle region
under the condition for approximately left-handed wave propagation
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in different cases. In contrast to an isotropic medium and a general
anisotropic metamaterial, we obtain some peculiar properties of this
medium. (i) The existence conditions of negative refraction are
determined not only by the physical parameters of the anisotropic
medium but also by the rotation angle. (ii) The existence of total
reflection requires the normal component of the refracted wave vectors
must be complex, and the qualitative characteristics of reflection are
altered by the rotation of the principal axes under the hyperbolic
dispersion. (iii) Under suitable media conditions, the amphoteric
refraction may occur, which has also been found in this kind of
anisotropic medium with elliptical dispersion relation [26].

The investigation may be helpful for understanding the
complicating phenomenon at the anisotropic metamaterial interface
along a nonprincipal axis. It should be pointed out further that
when the rotation angle is equal to 0 or 7/2, arbitrary oriented
anisotropic media can be reduced to general anisotropic media as
presented in [14, 15], which makes the conclusions in this paper more
general and practical.
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