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50/50 beam splitter using a one-dimensional metal photonic crystal

with parabolalike dispersion
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The spatial dispersion properties of a one-dimensional metal photonic crystal have been analyzed
and five types of dispersion curves have been shown at a normalized frequency less than 1. It is
demonstrated that by exploiting a parabolalike dispersion behavior, a metal photonic crystal slab can

be used to realize an exactly 50/50 beam splitter. © 2007 American Institute of Physics.
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The dispersion characteristics of photonic crystals (PCs)
have recently attracted considerable interest. Various spatial
dispersion properties of PCs underlay foundation for a vari-
ety of potential applications such as spatial beam routing1
and dispersion-based beam splitter.l3 So far, the known stud-
ies of the spatial dispersion phenomena of PCs are mainly
devoted to dielectrics PCs (DPCs),4_6 while very few refer to
metal PCs (MPCs).”® This can be explained by the fact that
metals in the visible/infrared range are often accompanied by
absorption loss, which creates an obvious obstacle in utiliz-
ing MPCs in practical devices. However, if the filling frac-
tion of metallic material in the MPC is small enough, it is
possible to reduce the influence of absorption loss to a toler-
able level. Compared to DPCs, MPCs comprised of materials
with permittivities of opposite signs provide more opportu-
nities of exhibiting unusual dispersion behaviors. We also
notice some recent research works on PCs containing left-
handed materials that have simultaneously negative permit-
tivity and permeability.g_” In this letter, we will study the
dispersion characteristic of a one-dimensional (ID) MPC
with a small metal filling fraction and demonstrate a MPC
slab with special dispersion property to realize a 50/50 beam
splitter.

Consider a 1D MPC consisting of silver films and SiO,
layers stacked alternatively with a period a along the x di-
rection. The silver films have a thickness d <a, i.e., its filling
fraction f,,=d/a<<1. The interaction of an electromagnetic
wave inside such MPC with the structure can be effectively
interpreted through a dispersion diagram. For TE-polarized
waves (with the magnetic field in the y direction) propagat-
ing in the xz plane (k=xk,+Zk.), the dispersion relation is
given by

cos(k,a) = cos[(1 - f,,)p.alcosh(f,q.a)
1( Enls €l )
2\ &9, Eupy

X Sin[( 1- fm)pxa]Sinh(fqua) ’ ( 1 )

“Electronic mail: Ifshen@zju.edu.cn

0003-6951/2007/90(25)/251909/3/$23.00

90, 251909-1

where g, and ¢, are the relative permittivities of silver and

. . [12_ 2 [2 2 -
Si0,, respectively; p,=Veky—k. and gq,=Vk.—e,k; with
ko=w/c, where w is the angular frequency of the wave and ¢
the speed of light in free space. Here, we take &,=2.1, while
the dispersive g,, is taken from Ref. 12. k, is limited to the
first Brillouin zone, i.e., —m/a<k,</a.

To distinguish propagating waves from evanescent
waves in the MPC and find the dispersion properties of the
structure, we first neglect the imaginary part of g, in Eq. (1).
To illustrate typical dispersion behaviors, the dispersion
curves, namely, the equifrequency contours, for a MPC with
a filling fraction of f,,=0.07 at a normalized frequency of
wa/2mc=1/3 are shown in Fig. 1. Since g,, is frequency
dependent, the dispersion properties of such a PC cannot be
characterized simply by the normalized frequency. Thus, as
seen from Fig. 1, there exist five types of shapes of disper-
sion curves at the same normalized frequency for this PC.
Here we choose a fixed normalized frequency (wa/2mc
=1/3) only to ensure that no higher-order Bragg coupling
occurs in our subsequent application of this MPC.® The cor-
responding wavelengths of waves in free space (A\=w/2mc¢)
in the five cases are 1.94, 1.24, 0.76, 0.66, and 0.41 wm, and

FIG. 1. (Color online) Dispersion curves for TE waves at various wave-
lengths for MPCs with a filling fraction f,,=0.07. Normalized frequency
wa/2c is 1/3 for all cases. The numbers marked indicate the values of
wavelengths.

© 2007 American Institute of Physics
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FIG. 2. (Color online) Wave vector diagram (for TE waves) for a MPC with
fn=0.07 and &,,=—27.5+0.3i. (a) Re(k,), (b) Im(k.). The red circle in (a) is
the equifrequency contour for air, and the dotted line indicates the direction
of the interface between the MPC and air. The dot-dashed lines are the
construction lines for three cases of wave incidence from air. k; and k; are
symmetric about the line k,=0, so are the intersections A (B) and A’ (B’).
The Poynting vectors of refracted waves are indicated by bold plain arrows.
Note that kga/m=2/3.

the respective MPC periods are 0.65, 0.41, 0.25, 0.22, and
0.14 pwm, respectively. The four types of the dispersion
curves for the wavelengths A=1.94, 1.24, 0.66, and 0.41 um
(corresponding to the silver permittivities &,,=—198.2, =78,
-20.1, and -5.2, respectivelylz) are similar to those found
for the TM wave in a structure formed by a periodic array of
uniaxial magnetic resonant scatters: " They are hyperbolalike
curve, ellipselike curve, or hyperbolalike (ellipselike) curve
combined with ellipselike (hyperbolalike) curve which
passes through the vicinities of kz=i\e"s,k0 at k,=0. How-
ever, of particular interest is the fifth type of the dispersion
curves corresponding to the wavelength of 0.76 um (i.e.,
g,,=—27.5), the two branches of the dispersion curves cross
at k,=0, for which k,~ +/,+f%(e,~&,,)/2k. Though this
MPC cannot be approximated by an effectively homoge-
neous medium, we may use the quantities of the effective
permittivities, which are defined by &,=f,¢,,+(1-f,,)e, and
e, =8 [, +(1=f,)e,],'* instead of the parameters &,,
and f,,, to characterize the structure, and we find that the
special dispersion behavior occurs at g,~0, which never
happens in a DPC. Note that the parameter g,~ ¢, for all
cases since f,,<<1.

When |g,| is much less than €, and |g,,|, in the limiting
case of koa<<1 and |k|a <1, the dispersion equation [Eq. (1)]
reduces to

1 K2 k;
k= {8& 50 —fm)283<k(2>— _z>a2](k3_ —) @
&€

n n

When ¢,=0, the dispersion curve becomes a pair of
parabolas, i.e., k,==(1-f,)e,(ki—k*/e,)al2\3. Note that
fm=¢,/(g,—g,,) in this case. So the special dispersion curves
for the aforementioned MPC should be parabolalike. By tak-
ing appropriate filling fraction at each wavelength such that
€,=0, our numerical analysis indicates that the parabolalike
dispersion behavior is preserved, at least for the case of
wa/2mwc<0.5. In what follows, we focus on the case of
fn=0.07 and N\=0.76 pum, as a typical example, to demon-
strate that such a MPC with parabolalike dispersion has the
potential of application in beam splitting.

The accurate dispersion diagram for a MPC with f,,
=0.07 at A=0.76 um 1s shown in Fig. 2, where a/\=1/3
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and the silver loss is taken into account, 8,,,=—27.5+0.3i.'2
For a given real k,, k, now becomes a complex number.
However, the imaginary part of k, (for propagating waves) is
much less than the real part (see Fig. 2), indicating that
propagating waves attenuate slowly in the MPC. Consider a
plane wave incident from air with wave vector k; on a
boundary of such a MPC along the x direction (i.e., the pe-
riodic direction). Two Bloch waves corresponding to the
wave vector points A and B will be excited inside the MPC,4
as illustrated in Fig. 2(a). The Poynting vectors of the two
Bloch waves S, and Sz, which point away from the source,
are opposite in the x direction, indicating that one wave is
negatively refracted and the other positively refracted. Inter-
estingly, as k,=k;-X— 0 (i.e., approaching to the case of nor-
mal incidence), the wave vector points A and B fall onto the
same point A", but the Poynting vectors S, and Sy will not
become identical, and they only tend to be symmetric with
respect to the surface normal [see Fig. 2(a)], implying the
existence of two different (but symmetric) refracted waves in
the MPC. The reasoning behind this is the symmetry of the
crossing dispersion curves with respect to the line k,=0
which is normal to the boundary, as illustrated in Fig. 2(a).
Evidently, for a normally incident Gaussian beam with a cer-
tain width, which has a finite symmetric angle span around
its propagation direction, i.e., the direction of the surface
normal, two symmetric beams, one in each side of the sur-
face normal, will be excited inside the MPC due to the sym-
metry of the dispersion curves. The spatial separation of the
two beams in the MPC will increase as they propagate away
from the interface, so a MPC slab with a certain width can
realize an exactly 50/50 beam splitter.

To verify the beam splitting behavior in the MPC, we
simulate a Gaussian beam of width 5\ incident normally on
a MPC slab with a thickness of w=10\ in both the lossy
(,,=—27.5+0.3i) and lossless (&,,=—27.5) cases, using the
finite-difference time-domain technique with uniaxial per-
fectly matched layers."” The distribution of the amplitude of
the magnetic field (H,) (obtained by a Fourier transform for
the given frequency) for the lossless case is shown in Fig.
3(a) and the field pattern for the lossy case is found to be
similar. As seen from Fig. 3(a), the incident beam is split
symmetrically when it enters the MPC slab between z=0 and
z=10\, and the split beams separate by nearly 12\ at the exit
surface. Both output beams are parallel to the incident beam,
which follows directly from the conservation of k, across the
interfaces for each plane wave component of the beam. Since
wal2mc=1/3<05" no higher-order Bragg propagating
beams exit from this MPC slab. Our numerical analysis
shows that the output beams have approximately the same
width as the incident beam. The total power of both output
beams is nearly 60% (with respect to the incident power) in
the lossless case, but it reduces to 40% in the lossy case.

Figure 3(b) shows the total power of the output beams as
a function of the thickness of the MPC slab, where the lines
with open and solid circles represent the results for the loss-
less and lossy cases, respectively. While the spatial separa-
tion of the exit beams increases linearly with the thickness w,
the total output power varies almost periodically in both
cases, as seen from Fig. 3(b), where a slow decaying of
power peaks is also observed for the lossy case. The maxi-
mum of total output power is found to be 42% in the lossy
case, whereas up to nearly 80% in the lossless case.
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FIG. 3. (Color online) (a) Magnetic-field distribution for a TE-polarized
Gaussian beam normally incident on a MPC slab with parabolalike disper-
sion. (b) Percentage of total output power versus the slab thickness w. The
line with solid (open) circles corresponds to the lossy (lossless) case.

The MPC splitter can also output asymmetrically split
beams as long as a Gaussian beam is incident obliquely on
the MPC slab. For example, when a Gaussian beam of width
5\ is incident on the MPC slab with w=10\ at an incidence
angle of 30°, the output beams at the exit surface are shifted
asymmetrically in the positive or negative x directions, but
they are still parallel to the incident beam (see Fig. 4). The
power ratio of the output beams is 1.7 and the total output
power is 25% in the lossy case, while they become 2.2 and
60% in the lossless case, respectively. From Fig. 2(a), it
seems evidently that the asymmetry of two split beams en-
hances with the increase of incidence angle.

To summarize, we have shown five types of dispersion
curves for a 1D MPC at a normalized frequency less than 1.
Among these, a parabolalike dispersion behavior has been
found for the first time in PCs. By exploiting this special
dispersion property, a MPC slab can be used to realize an
exactly 50/50 beam splitter by normal incidence. Asymmet-
ric beams with different output powers can also be obtained

Appl. Phys. Lett. 90, 251909 (2007)

FIG. 4. (Color online) Magnetic-field distribution for a TE-polarized Gauss-
ian beam incident on a MPC slab with f,,=0.07 and ¢,,=-27.5+0.3i at an
incidence angle of 30°.

in a MPC splitter by oblique incidence. This MPC splitter
works only for TE-polarized waves. Based on a similar
mechanism, however, a splitter for TM-polarized waves can
also be realized by using a photonic crystal formed by an
array of magnetic resonant components such as nanowire
pairs.
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