
54 Optics & Photonics News ■ October 2004

Low-Dimensional Optical Waves 
And Nano-Optical Circuits 

1047-6938/04/10/0054/6-$0015.00  © Optical Society of America

Conceptual nano-optical
devices: (top) nano-optical
ring cavity; (left) nano-optical
coupler; (right) nano-optical
delay line. The size of these
devices is much smaller than
the wavelength. (Center)
Snapshot of electromagnetic
field propagating through
one-dimensional optical
waveguide.



October 2004 ■ Optics & Photonics News 55

R esearchers of late
have shown signifi-
cant interest in the optics

of nanostructures with dimensions
beyond the diffraction limit of light. This
area of research—known as nano-optics,
or nanophotonics—evolved primarily
from scanning near field optical
microscopy (SNOM), which was devel-
oped throughout the course of the
1990s.1 Today, nano-optics has moved
beyond the fields of microscopy and
spectroscopy and is finding applications 
in areas ranging from optical circuits to
nanometer-scale devices.

High-density optical switching devices
composed of nano-optical circuits are
needed to satisfy the increasing demands
for capacity of the optical communica-
tions industry.1 To enable a decrease in
the size of dielectric optical waveguides,
new designs based on the use of photonic
crystals (PC) and high refractive index
materials have been proposed and
demonstrated. Smaller waveguides are
key to helping network operators reap
the advantages of wavelength division
multiplexing (WDM) technology. In
WDM, high transmission capacity
through individual optical fibers is
achieved through reliance on the fre-
quency domain: large-scale matrix-
switching devices are necessary to switch
signals in separate channels between
fibers. Today’s 16 x 16 matrix-switching
devices are relatively large, on the order
of 10 cm. Even larger devices are needed
when the number of channels is
increased to more than 1,000 x 1,000. In
this sense, the pressure to downsize opti-
cal devices is the direct result of the
explosion in the number of channels.

As we describe below, it is primarily
the diffraction limit of light that deter-
mines how small a waveguide can be.
To achieve optical waveguides on the
nanometer scale—1 to 10 nm in size—a
new approach is needed. In this article we
will describe metal waveguides, which are
widely known and have been extensively
studied. Metal waveguides and metallic
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The metal waveguides described in
this article are those known in current
terminology as negative dielectric wave-
guides. We introduce the concept of
“low-dimensional optical waves” and 
discuss a new method that enables us 
to confine and guide optical waves in
nanostructures. This approach can be
used in the realization of nano-optical
circuits.

In nano-optics, an essential role is
played by optical waves, the spatial field
of which decays exponentially. This is dif-
ferent from what occurs in conventional
optics, where extended modes of optical
waves play a dominant role. We can
model this type of wave based on the
concept of low-dimensional optical
waves.3-5

We define the dimension of an optical
wave as the number of real components
in the wave number vector k. An optical
wave having three real components in k
is defined as a three-dimensional (3D)
optical wave; light propagating in free
space is an example of a 3D optical wave.
An optical wave having one or two real
components in k (the other components
are imaginary) is defined, respectively, as
a 1D or a 2D wave. An optical wave that
has no real components in k (because all
the components are imaginary) is defined
as a zero-dimensional (0D) wave. Two-
dimensional, 1D and 0D optical waves
are all low-dimensional optical waves. In
this article we demonstrate that 1D and
2D optical waves can physically exist and
that a low-dimensional optical waveguide
is the key to the realization of nano-
optical circuits.

Diffraction is a natural phenomenon
exhibited by optical waves: it limits not
only the resolution of microscopes but
also the focused spot size of optical
beams. As a basis for our discussion, let
us first describe the origin of the diffrac-
tion limit of optical beams. Since an 



optical beam can be synthesized by the
superposition of 3D optical plane waves,
we consider a plane wave of angular fre-
quency � in a uniform dielectric medium
with refractive index n. The components
of k (kx, ky, kz) must satisfy,

kx
2 + ky

2 + kz
2 = |k|2

= (n k0)2 = ε� (�/c)2, (1)

where �0 and k0 = 2�/�0 are the wave-
length and wave number in vacuum,
respectively, c is the speed of light in vac-
uum, |k| = nk0 is the wave number in the
medium, and ε and � are, respectively,
the relative permittivity and permeability
of the medium. Since all the components
of the 3D optical wave are real, each com-
ponent kj (j = x, y, z) takes values satisfy-
ing -|k| � kj � |k|. This means that the
variation of spatial frequency �k is 2|k|
(�k = 2nk0). According to the uncertainty
relation of Fourier transforms, �k and
the variation of real space �r satisfy �r
�k � � . Therefore, �r has a minimum
given by the following relation:

�r � �/�k = �0/(4n) . (2)

Equation (2) signifies that the mini-
mum size of a beam synthesized by the
superposition of 3D optical waves is lim-
ited to the order of �0. We underline the
fact that this is the origin of the diffrac-
tion limit; it is inevitable as long as the
optical wave is 3D. It is worth noting that
in conventional dielectric waveguides, the
optical waves are 3D despite the 1D shape
of the waveguides. Even in photonic crys-
tal and high refractive index waveguides,
the optical waves are 3D. Thus, the width
of optical beams in such waveguides is
limited by diffraction on the order of �0.

To break through the diffraction limit,
we need a low-dimensional optical wave
having larger �k than a 3D optical wave.
If �k is larger than 2|k| (that is, �k >
2n k0), �r becomes smaller than the
diffraction-limited size �0/(4n).

A typical example of a 2D optical
wave is the evanescent wave excited at 
a dielectric interface by total internal
reflection [see Fig. 1(a)]. Because the k
of the evanescent wave obeys kx

2 + ky
2 > 

(n k0)2, kz based on Eq. 1, kz is imaginary;
hence the optical wave is 2D. An 

evanescent wave can also be excited
inside a metal surface by reflection 
[Fig. 1(b)]. In metals, the real part of
the permittivity is negative (Re[ε ] < 0) 
at optical frequencies. Materials with 
Re[ε] < 0 are called negative dielectrics
(NDs). Such an evanescent wave in an
ND is also a 2D optical wave. The k com-
ponents of a 2D optical wave (kx, ky, i�)
must satisfy,

kx
2 + ky

2 – �2 = ε� (�/c)2 . (3)

Note that 1/� is the “width” of the 2D
optical wave. We can excite these evanes-
cent waves in both dielectrics and NDs 
by the irradiation of 3D optical waves;
in other words, evanescent waves always
accompany 3D optical waves. Thus, k of
a 2D optical wave is restricted by |k| of
the accompanying 3D optical wave
(�k<2|k|).

Another kind of 2D optical wave
propagates along a D/ND interface as a
surface wave [Fig. 1(c)]. This type of
wave is known as a surface plasmon
polariton (SPP). An SPP is the coupled
mode of an electromagnetic field and the
surface mode of the collective excitation
of a free-electron system, or surface plas-
mon.6 The electromagnetic field of an
SPP is a transverse magnetic (TM) field
mode and is localized at the interface as
shown in Fig. 1(c). The wave number kSPP

of the SPP is,

kSPP=(�/c) √
—
εεND

—
/
—
(ε+

—
εND
—–

) , (4)

where ε and εND(< 0) are the relative per-
mittivity of the dielectric and ND, respec-
tively. From Eq. (4), we can obtain the
condition for SPP propagation as εND

< -ε < 0 (|εND| >ε). A typical numerical
example is kSPP = 1.03k0 for ε= 1 and 
εND= -19 in lossless silver at �0 = 633 nm
(lossless values, selected for the sake 
of simplicity, are used again below).
Although kSPP is larger than k0, kSPP is
material dependent. Recently, the use of
SPP waveguides for small optical devices
has been investigated, but the beam size 
is still limited to the subwavelength order
~�/2kSPP, which is, so to speak, the
diffraction limit of a 2D optical wave.

If we can somehow increase the k of
2D optical waves instead of changing the
material constants, we can make �r much
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Figure 1. Examples of 2D optical waves:
(a) total internal reflection and evanescent
wave at dielectric interface, (b) reflection
and evanescent wave at metal surface, (c)
surface wave at metal surface.
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smaller than the diffraction limit. The
coupled system of an SPP is suitable for
this scheme. We place two D/ND inter-
faces close together, as shown in the inset
of Fig. 2, and consider the coupled sys-
tems of SPPs at each interface: a thin
dielectric layer sandwiched between
semi-infinite ND layers (ND gap) and a
thin ND layer sandwiched between semi-
infinite dielectric layers (ND film). In
these structures, the SPPs at each D/ND
interface couple to form a new TM prop-
agation mode when we reduce the thick-
ness of the middle layer. This mode—
known as the Fano mode—is a 2D 
optical wave.7, 8

Figure 2 shows the propagation con-
stant 	 of a 2D optical wave with respect
to the distance between the two D/ND
interfaces, h, for εND = -19 and ε = 1. As
shown in Fig. 2(a), propagation modes in
the ND gap split into two branches as the
thickness of the gap increases. The propa-
gation constant 	 of the upper branch
increases to infinity, while the lower
branch has a cut-off level. Propagation
modes in the ND film also split into two
branches as the film thickness decreases,
as shown in Fig. 2 (b). The propagation
constant 	 of the upper branch increases
to infinity while 	 of the lower branch
asymptotically approaches k0. The lower
branch in the ND film, which has long
propagation length even in lossy ND, is
called long-range SPP.9 The magnetic
field distribution of each mode is shown
schematically in the insets of Fig. 2. Since
the field decreases exponentially as
shown in the insets, we can define a beam
width. The beam width of a 2D optical
wave t2D is estimated to be approximately
t2D � h+2/�.

This means that t2D goes to zero when
h approaches zero because, based on 
Eq. (3), � also goes to infinity. This indi-
cates that the 2D optical wave of the
upper branches can be confined to thin
(<< �0) structures. These unique proper-
ties of 2D optical waves are very useful
when it comes to producing extremely
narrow optical beams.

As indicated above, we can decrease
the width of the 2D optical wave to zero
by decreasing the distance between the
two interfaces. But to confine the optical
wave in a nanometer-size region, we 
have to confine it not only in the vertical
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Figure 3. Schematic view of 1D optical waveguides: (a) ND rod (b) ND hole, (c) ND tube
and (d) ND coaxial hole. The gray area is the ND material and the other area is dielectric. 

Figure 2. Propagation modes of 2D optical wave in ND gap and ND film: (a) propaga-
tion constant vs. gap thickness, (b) propagation constant vs. film thickness. The relative
permittivities of the dielectric layer and ND layer are 1 and -19, respectively. Dotted lines
indicate kSPP in a single D/ND interface. (Inset) Schematic magnetic field (Hx) profile and
width of 2D optical wave t2D in ND gap and film. 	 and h are normalized to k0 and 
�0 = 633 nm, respectively.
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direction but also in the horizontal
direction. For this reason we turn our
attention to waveguides with a cylindrical
D/ND surface, as shown in Fig. 3. These
waveguides can be considered rolled
structures of ND gaps, or films. We have
shown theoretically that some of the
propagation modes in these waveguides
are 1D optical waves and that the cylin-
drical surfaces can be considered 1D
optical waveguides. A 1D optical wave
has only one real component of k along
the axis, propagates along the axial direc-
tion and decays in the radial direction.

The details of the calculation are reported
in Refs. 3 and 4.

Figure 4 (a) shows the calculated
propagation modes, with respect to core
radius, of a 1D optical wave in an ND rod
[Fig. 3(a)]. The propagation modes in
the 1D optical wave include TM and
hybrid modes, but not the transverse
electric (TE) field mode. Here, three
propagation modes are shown: the TM
mode and the hybrid modes of modified
Bessel functions of the orders 
 = 1 and 

 = 2. In the numerical calculations of the
ND rod, the relative permittivity of the

ND core and the dielectric cladding are
taken to be εND = -19 and ε = 1. As
shown in Fig. 4 (a), the 	 of the TM
mode diverges as the core radius a
decreases to zero. This property is similar
to those of the ND gap or ND film
denoted above. We underline the fact that
such a dispersion relation of the TM
mode is important for the confinement
of an optical wave at the nanometer scale.
The propagation constant 	 of the 
 = 1
hybrid modes asymptotically approaches
k0 and the cutoff effect is never observed,
whereas the 
 = 2 hybrid modes have a
cutoff at a/�0 = 0.7. The electromagnetic
field in the ND rod is localized in the
rod and decays rapidly in the dielectric.
Figure 5 shows the field distribution of
the ND rod at a = 5 nm. As can be seen
in Fig. 5, the field is localized at the
D/ND interface and decays exponentially
in the dielectric. Thus, we define the
beam radius rH by the magnetic field of
the TM mode, as shown in the inset of
Fig. 5. Figure 4 (b) shows the beam radius
of the TM mode with respect to the
core radius. As shown in Fig. 4 (b),
rH decreases to zero as the core radius
decreases beyond the diffraction limit. It
is therefore possible to create and propa-
gate an optical beam with nanometer-
order diameter by using the TM mode 
of the ND rod.

Now let’s examine alternative struc-
tures of 1D optical waveguides. Other
interesting nano-optics structures
include an ND tube and a coaxial hole
[Figs. 3 (c) and 3 (d)]. Because these two
waveguides have two radii, an inner core
radius and an outer radius, we have an
additional parameter, the ratio of the
inner radius to the outer radius. The TM
mode of the ND tube and coaxial hole
shows a property similar to that of the
ND rod: 	 diverges as the outer radius
decreases, while the ratio of the inner 
and outer radii remains constant.4,5 This
means that we can decrease the beam
radius of a 1D optical wave in the ND
tube and coaxial hole by decreasing the
two radii simultaneously. This is a useful
property as far as the creation of nano-
optical waveguides is concerned. An ND
hole is also interesting from the point 
of view of nano-optical waveguides
[Fig. 3 (b)]. Under the condition of
SPP propagation (i.e., |εND|>ε), the
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Figure 4. Calculated propagation modes of 1D optical wave in ND rod: (a) propagation
constant of TM and hybrid modes vs. core radius, (b) beam radius of TM mode vs. core
radius. The relative permittivities of the dielectric and ND are 1 and -19, respectively. 	 is
normalized to k0, a and rH are normalized to �0 = 633 nm, respectively.

Figure 5. Field distribution of TM mode in ND rod at a radius of 5 nm (a/�0 = 0.0079): 
(a) electric field, (b) magnetic field. Arrows show vector field in cross sectional plane. The
color density changes from light to dark in proportion to the total amplitude of the field.
(Inset) Total amplitude of electric and magnetic field vs. core radius. The definition of the
beam radius rH is shown.
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propagation mode in the ND hole shows
the same type of cutoff behavior as is
shown by conventional metal wave-
guides. The dispersion curves in the 
ND hole are different in the case of
|εND|< ε: 	 diverges as the core radius
approaches zero and does not have a cut-
off.4,5 Furthermore, we note that in this
case, the group velocity is negative. Under 
the condition |εND|< ε, an optical beam
can thus pass through an ND hole of
nanometer-order diameter. This condi-
tion can be fulfilled at optical frequencies
by embedding in the hole high refractive
index materials such as silicon. We can
use a single hole or a coaxial hole embed-
ded in the ND as a high-transmission
aperture for 1D optical waves, but 3D
optical waves will be unable to pass
through it.

We have treated metals above as ideal,
lossless ND material. In the case of actual
metals at optical frequencies, however,
permittivity is a complex number with 
a small imaginary component, e.g.,
εND = -19-0.53i at �0 = 633 nm for silver.8

The imaginary component of the permit-
tivity induces Ohmic loss, which causes
some transmission loss. For a silver-
core ND rod of 10 nm diameter at 
�0 = 633 nm in air (ε = 1), the beam
diameter is 22 nm and the propagation
length—defined as 1/e decay length of
the power—is 0.5 �m. We have calcu-
lated the dependence of loss on radius; in
all 1D optical waveguides, loss of the TM
mode increases as core radius decreases.
This means that a 1D optical beam with
smaller diameter has higher loss. In addi-
tion, we point out that loss of the 
 = 1
hybrid mode approaches zero as the core
radius decreases while its beam radius
diverges. The propagation length of this
mode reaches 1 m at a � 40 nm; we can
call this mode a “long-range 1D optical
wave.” Note that transmission loss is not 
a very serious problem for short range
transmission (<�0) when applications to
optical devices of nanometer size are
being considered.

Finally, it is interesting to note that
low-dimensional optical waves can prop-
agate not only along D/ND interfaces 
but also along the interfaces between
dielectrics and materials with negative
permeability (NP). At D/NP interfaces,
low-dimensional optical waves are TE

modes. What’s more, we can expand
these arguments systematically to inter-
faces which include negative-index 
materials (NI).10 Figure 6 shows four
interfaces in parameter space for ε and �,
where 2D and 1D optical waves can
propagate under suitable conditions.
Low-dimensional optical waves can
propagate along NI/ND or NI/NP inter-
faces as TE and TM modes, respectively.
Although NP and NI materials at optical
frequencies have not yet been realized,
metal nanowire composites have been
proposed theoretically as NI materials 
at near-infrared frequencies and recent
progress in nanotechnology may help in
their development.11 Further investiga-
tions of these low-dimensional optical
waves at exotic interfaces are required
from the viewpoint of both basic science
and nano-optics.

An important potential application of
1D optical waveguides in the near future
could be as a high-efficiency optical
probe with high spatial resolution. We
could use such a device for SNOM, opti-
cal recording and nanomanipulation.
Other potential applications include
nano-optical circuits and devices. Low-
dimensional optical waveguides could
play a crucial role in constructing nano-
optical integrated circuits: they could
serve as a bridge linking the subwave-
length world to a truly nanometer world.

The combination of NP, NI materials and
low-dimensional optical waveguides has
great potential for the future: in the 21st

century, it may well lay the foundations
for the establishment of an entirely new
branch of optics.
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Figure 6. Low-dimen-
sional optical wave 
and parameter space
for ε and �. Shown
are dielectric materials
(D), negative dielec-
tric materials (ND), 
materials with nega-
tive permeability (NP),
negative-index materi-
als (NI) and interfaces.
The optical wave is 
3D in the bulk of
dielectric or negative-
index materials. Two-
dimensional and 1D
optical waves can
propagate along these
four interfaces under
the conditions shown
in the figure.
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