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Abstract. By the multiple scattering method and the extended Mie theory, we have calculated the photonic
band structure of the photonic crystals consisting of the dielectric spheres with uniaxial/biaxial anisotropy.
The results demonstrate that for fcc lattice structure there exist two partial photonic band gaps which
does not appear in the isotropic case. Among them, the lower one, lying between the second and the third
bands, exists in one third of the first Brillouin zone, while the upper one, opening between the fourth
and fifth bands, can appear simultaneously in the rest two thirds of the first Brillouin zone. The effects
of anisotropy on the band structures are studied as well, which suggests the biaxial anisotropy are much
more flexible than the uniaxial anisotropy in modulating the band structures.

PACS. 42.70.Qs Photonic bandgap materials — 42.25.Fx Diffraction and scattering — 42.25.-p Wave optics

1 Introduction

Since the pioneering work of Yablonovitch and John [1,2],
there appears a growing interest in finding the photonic
crystals (PCs) with photonic band gaps (PBGs). A PBG
means in some frequency range the electromagnetic (EM)
waves are prohibited from propagation in certain or all
directions, corresponding to partial and complete PBG,
respectively. With the existence of PBGs, the sponta-
neous emission can be controlled in PCs, which results in
many potential applications in optical and electronic de-
vices such as selective reflectors, optical polarizers, laser
cavities, optical transistors, solar cells and so on [1-7].

Considerable efforts have been devoted to this field,
the results suggest that contrast of dielectric constant,
the shape of the dielectric structure and the topologi-
cal connectivity of the dielectric materials play a crucial
role in opening the PBGs [6,8]. For the PCs consisting
of isotropic dielectric spheres, the complete PBGs can be
found in the diamond structure and inverse opal face cen-
tered cubic (fcc) structure [9-13]. As for fec lattice struc-
ture and simple cubic (sc) lattice structure consisting of
isotropic dielectric spheres, there exist only partial PBG
because of the symmetry-induced degeneracy at the W
point for fcc and M point for sc in the first Brillouin
zone [7,14,15].

Introduction of anisotropy, either in shape or dielec-
tricity can break down the symmetry, leading to the
liftt of degeneracy, which may result in the appearance
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of complete PBGs [15-27]. The PCs composed of non-
spherical dielectric atoms were revealed to exhibit com-
plete PBGs [17-21]. Similar to the introduction of the
asymmetry in atomic configuration, the introduction of
anisotropy in dielectricity should achieve the same pur-
pose. The studies on two dimensional PCs show that
anisotropy in dielectricity is effective in opening up com-
plete PGBs [22-24]. Studies on three dimensional case
have also been performed [15,25-27], one of which sug-
gests that for PCs consisting of uniaxially birefringent di-
electric spheres, a partial PBG is found in one third of the
first Brillouin zone for fce, sc and body center cubic (bcc)
lattice structures [15].

In present work, besides uniaxial anisotropy, we in-
troduce biaxial anisotropy as well in dielectricity which
renders us much more flexibility in modulating the band
structures. Not only the partial PBG in one third of the
first Brillouin zone is found, another partial PBG in the
rest two thirds of the first Brillouin zone is found simul-
taneously for fcc lattice structure. With the adjustment
of the anisotropy the band structure can be optimized,
leading to the appearance of the appropriate PBGs.

In calculating photonic band structures, the most fre-
quently adopted technique is the plane-wave expansion
method, which can offer reliable results in most cases. Nev-
ertheless, if there exists the sharp change of the EM waves
at the interface or the anisotropy of the dielectricity, it will
suffer from the difficulty of bad convergence [12,28]. In
our calculation multiple scattering method, named also as
KKR method [29,30], is employed. Compared with plane-
wave expansion method, it bears the advantage of nu-
merical accuracy in addition to computer time saving in
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calculating the spherical scattering problem, since it takes
into account the boundary conditions at the interface
properly. The key task in applying the KKR method is to
obtain the scattering matrix of single dielectric sphere. For
isotropic dielectric sphere, the scattering matrix is easily
obtained within the Mie theory [31]. However, for dielec-
tric sphere with anisotropy, to obtain the scattering ma-
trix is a nontrivial job. Fortunately, the scattering matri-
ces of uniaxially and biaxially dielectric sphere have been
obtained exactly within the extended Mie theory in our
previous work [27,32].

After incorporating the scattering matrix into the
KKR method, the band structure can be calculated. We
have written computer code to implement KKR method
in calculating the band structure of 3D PCs consisting of
uniaxially /biaxially dielectric spheres. The program works
efficiently and offers reliable results. In our calculation the
maximal angular momentum is taken as n. = 7, which
guarantees a good convergence of solution.

2 Band structures of PCs with
uniaxial /biaxial anisotropy

For the anisotropic materials, the dielectric constant are
dyadic (second rank tensor). Herein, dielectric constant
with biaxial anisotropy can be written as

€1 0 0
0e O s (1)
0 0 €3

€5€ = €5

where, without loss of generality, we take principal axis €3
as extraordinary axis and normalize it to unit, the other
two principal axes €; and e, are taken as 2 ordinary axes.
Uniaxial anisotropy, corresponding to €; = €3, can be con-
sidered as a special case of biaxial anisotropy. For the con-
venience of later discussion, the permittivity tensor of the
dielectric sphere with uniaxial anisotropy is written in the
form
1 —d¢, 0 0
€5€ = €5 0 1-90¢,0
0 0 1

: (2)

where de, is a positive number with de < 1 in our later
discussion. The parameter 56H can be used to evaluate the
anisotropy, i.e. the larger it is, the stronger the anisotropy
is to be. As for the isotropic case, it corresponds to de; = 0
or €, = €3 = €3. Herein the permeability u = 1.0 for
nonmagnetic material.

In the calculations of the band structures, we take
€s = 35, while €1, €2 can be modulated to find appro-
priate values (for uniaxial case, d¢, is modulated). The
extraordinary principal axis e3 is oriented along [001] di-
rection and the two ordinary axes €; and €y are along
[100] and [010] directions respectively in fcc lattice struc-
ture. In calculating the band structures of PCs consisting
of isotropic dielectric spheres, only 1/48 of the first Bril-
louin zone need to be considered due to the symmetry.
However, herein with the existence of anisotropy most of
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the symmetries break down, the only one kept is the in-
verse symmetry which means that the points (a, b, ¢) and
(—a,—b,—c) are equivalent. To that extent, the calcula-
tion of the band structure should be performed over one
half of the whole first Brillouin zone for PC composed of
general biaxial anisotropic dielectric spheres, namely, one
has to compute for twenty-four 1/48 of the first Brillouin
zone.

Different from the isotropic case, the anisotropy (ei-
ther uniaxial or biaxial) introduced herein breaks down
the symmetry to some extent, which results in the lift
of degeneracy. As a result band structure will split, then
we can expect the appearance of new PBGs or the close
of original PBGs. We have shown in Figures 1 the band
structures of PCs consisting of uniaxial dielectric spheres
with e, = 35.0, e3 = 1.0, the filling ratio f = 0.25, while
de, = 0.65, 0.60, 0.55, 0.50 and 0.45 for Figures la-e,
respectively. Figure 1f corresponds to the band structure
of PC consisting of isotropic dielectric spheres with fill-
ing fraction f = 0.25, the same as that of the anisotropic
case, and € = 15.0, which locates in between the minimum
and maximum values of €;(1 — de ) in Figure 1, for the
convenience of comparison. The high symmetry points in
the band structures are I' = (0,0,0), X = 25(0,1,0),

U= B L= =L h W = 2o
K =22(0,3,3). It is evident that between the fourth and

the fifth bands in Figures 1b—d there exist partial PBGs,
which results from the anisotropy-induced band splitting
at I' point for 4-5 band in isotropic case shown in Fig-
ure 1f. Through modulating the values of e, we can
obtain the band structure with the largest partial PBG
which is shown in Figure 1c for 56“ = 0.55. Consequently,
to obtain the maximum PBG taking appropriate dielec-
tric anisotropy is very important. With the decrease of de,,
the band splitting for 3-4 photonic bands becomes promi-
nent, leading to the overlap of the fourth and the fifth
photonic bands with each other, as shown in Figure le,
when Je | is less than 0.45, the PBG closes eventually due
to this overlap. On the contrary if d¢  increases the band
splitting for 1-2 photonic bands becomes prominent, so
that the second and the fifth photonic bands overlap with
each other, as shown in Figure la, resulting in the close
of the PBG when 56H > 0.7. Notice that the band struc-
ture shown in Figure 1 is just for one 1/48 of the first
Brillouin zone. We have also calculated the photonic band
structures in other partial Brillouin zones with the same
parameters. Our results shows that the partial PBG ex-
ists in other 31 partial (1/48) Brillouin zones as well. It is
therefore concluded that the PBG between the forth and
fifth bands can be found in 32 x 1/48 = 2/3 of the first
Brillouin zone.

Besides the partial PBG in Figure 1 appearing be-
tween the forth and fifth bands, there exists another par-
tial PBG for PCs consisting of uniaxial dielectric spheres
in other partial regions of the first Brillouin zone. The
band structures are shown in Figure 2. The dielectric
parameters are €, = 35.0, e3 = 1.0, the filling ratio
J = 0.25, while d¢, = 0.75, 0.65, 0.35 and 0.15 for Fig-
ures 2a—d, respectively. The symmetry points in the band
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Fig. 1. Calculated photonic band structures of a PC consisting of uniaxial dielectric spheres in fcc lattice with high symmetry

points in the first Brillouin zone given by I" = (0,0,0), X = 2T"(O7 1,0), U =

25,15, L= 2(55.3). W = 2(0.1.3),

K= 27”(0, %, %) The filling fraction is f = 0.25. The extraordinary axis, corresponding to the principal axis ez with es = 1.0,
is oriented along [001] direction and the 2 ordinary axes €1 and ez are along [100] and [010] directions respectively with their
values decided by (a) de;, = 0.65; (b) d¢; = 0.60; (c) de,;=0.55; (d) de; = 0.50; (e) de,; = 0.45; (f) corresponding to the PC
composed of isotropic dielectric spheres with € = 15.0 and filling fraction f = 0.25.

structures are I" = (0,0,0), X 21(0,0,1), U =
?(%é’;)’ L = 2(3,3,3), W = Z(0,31), K =

“2(0, %, 7). Notice that the symmetric points in the Bril-
louin zone for Figure 2 are different from those in Figure 1.
It can be seen from the band structures that the degener-
acy at W point for 2-3 photonic band, shown in Figure 1f,
has been canceled by the anisotropy, which results in the
formation of the PBG. The PBG exists in a wide range
of de, (from de;, = 0.15 to de = 0.75), therefore it is a
robust one for uniaxial case. If d¢ | is greater than 0.75,
the splitting for 1-2 and 3-4 becomes large so that the
second and the third bands overlap with each other, as
shown in Figure 2a, which leads to the close of the PBG.

On the contrary if d¢ | are less than 0.15 the splitting be-
tween the fifth and the sixth bands becomes prominent so
that the fifth band overlap with the second band, shown
in Figure 2d, which gives rise to the close of the PBG. In
addition, another partial PBG can be found between 8-9
bands, shown in Figure 2¢, which is consistent with Li [15].
But in Li’s work the PBG in Figure 1 is not found, the
reason lies in that the anisotropy is not large enough [56H
should be greater than 0.45, while in their work e, = 38.44,
de, = 0.401, e3 = 1.0 (the parameters from Tellurium)].
The partial PBG between 8-9 bands is much weaker than
that between 2-3 bands in that a small change of the filling
ratio or anisotropy will result in the close of it. Compared
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Fig. 2. Calculated photonic band structures of a PC consisting of uniaxial dielectric spheres in fcc lattice with high symmetry

points in the first Brillouin zone given by I' =

(0,0,0), X = 2£(0,0,1), U = Z

= (4,1, 2144, W = 20, 4,1),

a \27272 127

D, L=

K=2x = (0, i, i) The filling fraction is f = 0.25. The extraordinary axis, corresponding to the principal axis ez with e3 = 1.0,
is oriented along [001] direction and the 2 ordinary axes €1 and ez are along [100] and [010] directions respectively with their
values decided by (a) de;, = 0.75; (b) de; = 0.65; (c) de;, = 0.35; (d) de; = 0.15.

with the upper lying PGB in Figure 1, the lower lying
PBG in Figure 2 prefers small anisotropy, which can be
reflected in that it persistingly exists even when de, is
nearly equal to zero (corresponding to the isotropic case).

Now we turn to the case in which the PCs consist of
the dielectric spheres with biaxial anisotropy. Similar to
the uniaxial case, there still exist two partial PBGs, which
are due to the lift of degeneracy in band structure. The
analysis can be performed similarly to the uniaxial case.
The upper PBG, lying between the forth and fifth bands
seems very stable against the biaxial anisotropy. For in-
stance, when e¢; = 35.0, ¢4 = 0.4 and e3 = 1.0 with the
filling ratio f = 0.25, the PBG persists for €5 varying from
0.35 to 0.95. In addition, the width of the PBG reaches
its maximum at ez = 0.50, indicating that the introduc-
tion of biaxial anisotropy can further enlarge the PBG
between forth and fifth bands, implying more flexibility
in modulating the band structure. The lower PBG open-
ing between the second and the third bands, on the other
hand, appears not as stable as the upper one against the
introduction of biaxial anisotropy. For example, for the
case with €5 = 35.0, ¢, = 04, e3 = 1.0, and f = 0.25,
the PBG exists for 0.30 < €3 < 0.55, with its maximum
width occurring at e2 = 0.4 (corresponding to uniaxial
case with (56H = 0.60), which implies that the introduc-

tion of the biaxial anisotropy is unfavorable to the lower
PBG. In addition, while larger anisotropy seems to favor-
able to the upper PBG lying between the forth and the
fifth bands, the lower PBG between second and the third
bands prefers smaller anisotropy.

Finally, we present in Figure 3 the band structures of
PCs consisting of biaxial dielectric spheres in six neigh-
boring partial Brillouin zones, where €5 = 35.0, €1 = 0.40,
€2 = 0.45, e3 = 1.0, the filling fraction f = 0.25. The high
symmetry points are (a) I" = (0,0,0), X = 27”(0,0,1),

U= Z(ho ) L=2(353, W=22051), K =
2 (0, 3, %)3 (b) the same as (a) except W = 22(1,0,1),
= Fo @1 = 000 X - Floo.
U== 51 L =705 -3, W= 0,3-1),
IQ( = T’T(O,Z,—Z);Q(d)3 the game as (c) except W =
57”(5,0,71), K :2 7”(%,0,1—1); (e) ! :1 (10,0,10), X =
27”(170,0)71 = %(LZ’ Z) L = %(2’2’_5)5 W =
25(1,0,—4), K = 22(2,0,—2); (f) the same as (e) except
W:2—7r 1, 1,0)7 = 2r (%,%, 0). It can be seen from the

dlagram that a partlal PBG (the lower one) lying between
the second and the third bands exists in Figures 3a and b
and another partial PBG (the upper one) lying between
the fourth and the fifth bands exists in Figures 3c—f. In
the next six neighboring partial Brillouin zone the partial
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Fig. 3. Calculated photonic band structures of a PC consisting of biaxial dielectric spheres in fcc lattice with high symmetry

points in the first Brillouin zone given by (a) I" = (0,0,0), X
K = 22(0,2,3); (b) the same as (a) except W = 7(% 0,1
2me1 1 11 _1 L o2n o

(§,4,—1) L=2(1,3,-3), W= 25(0,3,-1), K—T(O
2%(27077%)’ (e)F:(0700) XZQW(]‘OO) U:%(]‘?}U*
the same as (e) except W = 2 (1, ;,O) =2x(3 3

OO U= L= 03,9, W = 0,3,1),
), K = 2(2,0,3); (c) I' = (0,0,0), X = 22(0,0,-1), U =
,2,-3); (d) the same as (c) except W = 27’“(%707_1)7 K =

) L_Q_ﬂ'(1 3 71)7W:2§(17077%

a 2’2’ 2

)7 K = 2;(37077%); (f)

0). The filling fraction is f = 0.25. The extraordinary axis, corresponding

to the principal axis es with e3 = 1.0, is oriented along [001] direction and the ordinary axis €; is along [100] direction with the
value €; = 0.40, the ordinary axis € is along [010] direction with the value e; = 0.45.

PBGs appear in the same sequence. Therefore, it is con-
cluded that the lower partial PBG appears in one third of
the first Brillouin zone, while the upper one exists, simul-
taneously, in the rest two thirds of the first Brillouin zone,
namely, the two partial PBGs appear alternatively, or,
complementarily, in the first Brillouin zone. One physical
implication of this property is that while light of certain
frequency is prohibited in certain direction, the electro-
magnetic wave of some other frequency can’t propagate
in some other directions. By rotating the PC sample, one
is expected to control the passing frequency of the electro-
magnetic radiation, giving rise to an alternative potential
handle for the manipulation of light.

3 Summary and conclusions

We have investigated the photonic band structures of the
fcc lattice composed of dielectric spheres with uniaxial
or biaxial anisotropy in the background of air. By in-
corporating the scattering matrix into the KKR method,
the photonic band structures are calculated efficiently.
Anisotropy-induced splitting of band structure leads to
the lift of degeneracy existing in isotropic case, which re-
sults in the appearance of the PBG. For PCs consisting
of uniaxial/biaxial dielectric spheres we have found two
partial PBGs among which the lower one lies between the
second and the third bands and the upper one lies between
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the fourth and the fifth bands. The lower PBG exists in
one third of the first Brillouin zone while the upper one can
appear, simultaneously and complementarily, in the rest
two third of the first Brillouin zone, suggesting an alter-
native way for the fabrication of multi-channel selective
reflectors. Another potential application of such kind of
PC is the capability in controlling light emission, namely
if a light source is placed inside the PC, light of some
frequency range can only come out from certain direc-
tion, while light of other frequency range comes out from
some other directions. In addition, our calculation results
suggest that the lower one prefer smaller anisotropy and
the upper one prefer larger anisotropy. With the varia-
tion of the anisotropy, the photonic band structures are
modulated, the evolution of the PBGs in different situa-
tions are discussed. Compared with uniaxial case, biax-
ial anisotropy can offer much more flexibility in modu-
lating band structures, which leads to the appearance of
desired PBG.

Finally, we note that it may not be easy to realize
such systems with extraordinary axis of all constituent
spheres aligned in a particular direction. It is, however,
believed that applying an external electric field during the
fabrication process may be helpful for spherical particles,
at least for the case of uniaxial sphere with strong positive
uniaxial anisotropy, in aligning their extraordinary axis
along nearly uniform direction. The effectiveness of the
external electric field lies in that the free energy of the
system F' = — ). p, - E; is lowest for the configuration
with highest refractive index axis along the direction of
the external field since in such a situation p,; will reach
its maximum magnitude. Herein, p; is the electric dipole
of a sphere and E; is the local electric field. In our work,
the highest refractive index direction is the direction of
the extraordinary axis of dielectric sphere. The relevant
details can be found in reference [15].

Another interesting topic is to study the more real-
istic cases with anisotropy orienting randomly. This kind
of structure certainly do not support photonic band struc-
ture due to the non-periodicity. Calculation of (local) den-
sity of states may be one suitable way to retrieving prop-
erty information of these structures. We are working along
this line by developing a code for local density of states
calculation.

This work was supported by CNKBRSF, NNSFC through
grant Nos. 10474014 and 10321003 and PCSIRT.
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