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Optical waveguiding in individual nanometer-scale organic fibers
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We show by a combination of spectrally resolved fluorescence and atomic force microscopy that individual,
single crystalline, needlelike aggregates of hexaphenyl molecules with submicron cross-sectional dimensions
act as optical waveguides~‘‘nanofibers’’! in the blue spectral range. The nanofibers are formed via laser-
supported, dipole-assisted self-assembly on single crystalline mica substrates. This method allows us to modify
the morphology of individual aggregates as well as their mutual distances and the overall orientation of needle
arrays. An analytical theory describes quantitatively the waveguiding behavior. From measurements of the
damping of propagating 425-nm light the imaginary part of the dielectric function of individual nanoscaled
organic aggregates is determined.

DOI: 10.1103/PhysRevB.67.115408 PACS number~s!: 78.55.2m, 78.67.2n, 81.07.2b
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I. INTRODUCTION

Organic molecules with delocalizedp electrons makeup
promising new materials for future submicron-sized op
electronics. They often show large, polarized luminesce
efficiencies and have the ability to self-assemble into hig
ordered structures on particular substrates or prestruct
substrate templates. Hence, one could envision a comb
tion of lithographical techniques and self-assembly to gen
ate customized components which buildup an ordered a
of connecting nanoscaled fibers.

Waveguiding all-optical connectors or filters are thus c
cial building blocks for future organic optoelectronics. T
lithographical approach to obtain elements of that kind is
generation of photonic band-gap structures.1,2 Here, we
present an alternative approach, namely, submicron-si
single crystalline, and waveguiding nanofibers, grown
laser-assisted self-assembly ofpara-hexaphenyl (p-6P) mol-
ecules on dielectric substrates.3Para-hexaphenyl is an oligo-
mer of the conjugated polymer, poly-paraphenylene. It c
sists of a linear chain of six phenyl rings and has a band
of 3.2 eV, cf. Fig. 1. The vibronicS1→S0 exciton spectrum
in the solid state is dominated by intense Raman ac
modes, which are due to C-C stretching vibrations of
carbon atoms of the molecule.

Thin films of para-oligophenylenes have been thorough
investigated in the past4 since those molecules are candida
for the optically active elements in organic light-emitting d
odes, full color displays or organic semiconductor lase5

Adsorbed on dielectric surfaces, the molecular axis is alig
either parallel or normal to the surface, which influenc
light absorption, emission, and electrical properties.6 The
alignment can be altered by varying adsorption rate and
face temperature in combination with the choice of the
derlying substrate~for example, different alkali halides o
mica!.
0163-1829/2003/67~11!/115408~8!/$20.00 67 1154
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We have found that the oligophenylenes grown on a m
substrate form mutually well-oriented aggregates with la
aspect ratios: they possess submicron-sized widths
heights but lengths up to millimeters.7 More elaborate low-
energy electron diffraction~LEED! investigations show tha
their (11̄1̄) faces are oriented parallel to the surface plan8

Note that in addition to the (111̄̄) face the (21̄1̄) face has
been observed on mica by a x-ray-diffraction technique.9 Be-
cause of the very similar surface lattice parameters, we c
not distinguish between these two lattices using the LE
apparatus. The aggregates consist of parallel stacks of la
molecules, which are oriented along the direction of mic
scopic dipoles on the mica surface. The driving force beh
the oriented growth is a dipole-induced dipole interaction

The growth of nanofibers on mica substrates occurs i
rather narrow surface temperature rangeDT'25 K at a
small deposition rate of 0.025 nm/s. This allows us to loca
induce or avoid needle growth via laser-induced surfa
heating.10 The laser manipulation does not change the dir
tion of the needles which is given by the direction of surfa
dipoles and it does not lower the degree of mutual alignme
However, the length distribution as well as the distances
tween nanofibers can be varied by changing the ratio
tween global and local heating.

In the present paper, we take advantage of these gro
parameters to manipulate the needle formation in orde
investigate the waveguiding properties ofindividual nanofi-
bers. We select nanofibers with interesting morphologi

FIG. 1. Space-filling model of ap-6P molecule.
©2003 The American Physical Society08-1
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structure by a fluorescence microscope and investigate
very same fibers with optical and local probe methods~viz.,
atomic force microscopy!. The fluorescence microscope a
lows us to locally excite luminescence inside a selec
needle and to spectroscopically determine the wavelengt
the light that is propagating along the nanofiber. Deliberat
induced, nanometer-sized breaks in the needles couple a
stant fraction of the propagating light into the far field, t
amount of which can be determined quantitatively as a fu
tion of distance between excitation and outcouple po
Since the breaks are of subwavelength size, damping of
propagating light by them is negligible. Damping in th
present case is due to reabsorption inside the nanofibers

On the basis of well-known classical electrodynam
waveguiding theory we have developed analytical expr
sions to describe optical waveguiding through our tw
dimensionally confined nanofibers, which we apply to in
vidually selected entities. From measurements of
damping of blue light in several different nanofibers, w
evaluate the imaginary part of the dielectric function. Resu
are presented both forp-6P needles on single crystalline mic
and on NaCl substrates.

II. EXPERIMENT

Needles ofpara-hexaphenyl are grown via evaporation
p-6P in vacuum~base pressure 131029 mbar) with a rate of
0.025 nm/s on a freshly cleaved mica substrate, kept at
K surface temperature.7 Both the deposition rate and the su
face temperature are crucial parameters for the needle gr
mode, determining height and mutual distance of
needles. The total deposited mass thickness, determined
quartz microbalance, affects the length and—to a sma
extend—the width of the needles. Figure 2 shows typi
fluorescence images of well-isolated needles grown in
near the focal area of an argon ion laser. Arrays of para

FIG. 2. Fluorescence images of well isolated hexaphe
needles on mica.~a! 1803350 mm2; needle length 100620 mm.
~b! 2303450 mm2; needle lengths 170 and 280mm, respectively.
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needles with a well-defined length of 100620 mm can be
generated as well as individual needles on different len
scales.

The single crystallinity of the aggregates and the orien
tion of their unit cells are determined via low-energy electr
diffraction with the help of a very low current channel pla
LEED spectrometer. Since the generated patterns of org
aggregates on mica are stable against ambient air condit
we can perform the optical and morphological characteri
tion outside the growth chamber. We inducep-6P lumines-
cence by focussing the 365-nm light of a high-pressure m
cury lamp inside a microscope to a measured Gaussian f
radius of about 15mm. A local spectroscopic analysis of th
luminescence light from individual needles by a fiber-op
spectrometer results in a 0–1 band of the C-C stretch vib
tion at 425.5 nm@Fig. 3~a!#. This luminescence light is
propagating along some of the needles. As can be see
comparing the spectrum obtained at the tip of the nee
100 mm apart from a break, with the spectra of an ensem
of needles on mica@Fig. 3~b!# and of ap-6P film on KCl
@Fig. 3~c!#, the light propagating in the nanofiber is spectra
significantly more confined. The measured spectral h
width is 6 nm.

Propagation of light inside the nanofibers is observed
nanometer-sized breaks which are deliberately induced
thermal stress in the course of the cooling process follow
preparation of the aggregates. Both the induced lumin
cence intensity at the primary spot of the exciting light a
the outcoupled luminescence at the position of a break
quantitatively determined with the help of a charge-coup
device camera on top of the fluorescence microscope.
distance between excitation and outcoupling region is va
by a movable focusing lens and by moving the sample w
micrometer precision. We have verified that the observed
minescence intensity is a linear function of excitation inte
sity for the moderate irradiances that we are applying in
present set up.

l

FIG. 3. Local spectra of luminescence intensity that
waveguided through a nanoscaled needle on mica. The solid lin~a!
is the spectrum obtained at the tip of the needle, 100mm apart from
a break. For comparison, the spectra of an ensemble of needle
mica @~b! gray curve# and ap-6P film on KCl @~c! dotted curve# are
also shown.
8-2
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FIG. 4. ~a! Force microscopy image (5.935.9 mm2, deconvo-
luted from tip! of needlem2. The inset is a blowup of the brea
region. Gap width is about 50 nm.~b! Height scans through nanofi
bersm1 , m2, andm3 on mica, revealing typical dimensions. Th
shaded boxes have widths of 400 nm (m1), 400 nm (m2), and 300
nm (m3), respectively.
e

11540
From the characteristic appearance of the environm
around selected needles@demonstrated in Fig. 2~b!# it is pos-
sible to identify and to locate a single needle by optical m
croscopy. This allows us to characterize the same needle
atomic force microscopy~AFM! as were measured by optica
fluorescence methods. Alignment of the needle under
AFM tip was controlled by microscopically observing th
sample and the cantilever from below through a transpa
sample holder. The AFM was done with a PicoSPM~molecu-
lar imaging! operated in tapping mode. In Figs. 4, 5, and
we show force microscopy images of selected nanofibers
mica and on NaCl. For further reference, we label t
needlesm1 , m2, and m3 ~needles on mica!, as well asn1
~needle on NaCl!. The AFM allows us to deduce typica
dimensions that are critical for the waveguiding process
demonstrated by several height scans through the needl

III. THEORY

Let us approximate the nanofiber by a rectangular wa
guide with sidesa along thex axis andb along they axis,
placed on a dielectric substrate~Fig. 6!. The dielectric con-
stants of the medium surrounding the waveguide~medium 1!
and the substrate~medium 3! aree1 ande3, respectively, and
the waveguide interior~medium 2! is optically uniaxial with
the dielectric permittivity tensor

ê25S e i 0 0

0 e' 0

0 0 e'

D . ~1!

We assume that the dielectric constantse1 ande3 are real
ande1,e3. The imaginary parts ofe' ande i are much less
than their real parts ande',e i and the magnetic permeabi
ity m51 in all three media.

From the Maxwell equation for the electric field in th
waveguide interior, we derive
s

FIG. 5. Deconvoluted force

microscopy image of nanofiber
on NaCl. Image size 6.5
36.5 mm2, width of the shaded
box 300 nm.
8-3
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“•E52
e i2e'

e'

]Ex

]x
. ~2!

and thus obtain the wave equation

S g j

]2

]x2
1

]2

]y2
1

]2

]z2
2

1

cj
2

]2

]t2D Ex j50, ~3!

where the indexj represents the index of the medium,g1

5g351, g25e i /e' , c15c/Ae1, c25c/Ae i, c35c/Ae3
with c the speed of light in vacuum.

We shall seek the solution for the field amplitudes in t
form

Fa j~x,y,z!5Fa j
0 ~x,y!exp@ i ~vt2bz!#, ~4!

whereFa is a component of the electric or magnetic fie
(a5x,y,z), v andb are the wave frequency and propag
tion constant, respectively.

In the Appendix it is shown that TE waves cannot exist
nanofiber waveguides of the kind we are employing. T
electric-field vector of the waveguiding TM modes lies in t
xz plane. From Eq.~A42!, we find the cutoff frequency for
TM waves

vc5
c

Ae'

mp

a
~5!

and the cutoff wavelength

lc5
2Ae'a

m
. ~6!

The number of possible modes is restricted by the con
tion that the field amplitude must decrease when one mo
away from the waveguide@see Eqs.~A32! and~A33!#. As it
follows from Eq.~A17! for j 53, one hasb.k3 and there-
fore the following condition should hold:

m,
2a

l
Ae'

e i
Ae i2e3, ~7!

with l the wavelength of the propagating light.

FIG. 6. Geometry for the theoretical evaluation of the need
denoting the nine different regions that surround the na
waveguide.
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IV. COMPARISON WITH EXPERIMENT

For a quantitative theoretical prediction of the wavegu
ing behavior of the nanofibers, we use the values ofe151,
g252.5,11 Ae351.58 for mica andAe351.57 for NaCl. The
value of the refractive index for an isotropicpara-
hexaphenyl film isAe251.7 for12 l5425 nm and, thus,e'

51.9 ande i54.8. Typical widths for nanofibers on mica a
a5400 nm@Fig. 4~b!, needlesm1 andm2] and for NaCla
5300 nm~Fig. 5!. Forl5425 nm~Fig. 3! and using Eq.~7!
it follows that the minimum needle width at which at lea
one mode can propagate along the needle isa15222 nm.
The second mode appears ata25444 nm.

In Fig. 7, we present a force microscopy image of a fib
with a single break, where waveguiding was observed on
side of the break but not on the other. Height scans along
opposite ends of the image show that the nonwaveguid
part @Fig. 7~a!# has a significantly narrower cross section
compared to the waveguiding part opposite to the break@Fig.
7~b!#. The shaded box in Fig. 7~a! has a width corresponding
to the lower theoretical threshold for waveguiding (a
5222 nm), whereas that in Fig. 7~b! corresponds to
waveguiding in the lowest-order TM mode (a5400 nm).
Thus, the analytical theory agrees with the optical and m
phological findings. The cutoff wavelengths arelc
51103 nm for a5400 nm and lc5827 nm for a
5300 nm. Therefore, even infrared light is transmitt
through the nanofiber.

Now let us turn to an investigation of damping of prop
gating light modes in the nanofibers. Fluorescence image

,
-

FIG. 7. Force microscopy image (1.534 mm2) of a p-6P
nanofiber~needlem1) in the neighborhood of a break~150 nm
wide!. The upper part~a! is not waveguiding, the lower~b! is. On
the left-hand-side height scans through the upper and lower p
are shown. The gray shaded boxes have widths of 222 nm and
nm, respectively.
8-4
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OPTICAL WAVEGUIDING IN INDIVIDUAL . . . PHYSICAL REVIEW B 67, 115408 ~2003!
outcoupled intensity at the break for increasing distances
tween excitation and outcoupling points are shown in Fig
The classical theory predicts the intensity of the guided w
to decrease exponentially with distance along the wavegu
i.e.,

I ~z!5I ~z0!exp@2 Imb~z2z0!#, ~8!

the imaginary part of the propagation constant being de
mined by the imaginary parts of the waveguide dielec
tensor components. We believe that the losses in a needl
mainly due to absorption by hexaphenyl molecules wh
occur if the electric-field vector of the light is directed alon
the molecular axes. According to that we assume that o
the e i component possesses an imaginary part~i.e., e i5e i8
2 i e i9), whereas the imaginary part ofe' can be neglected
The quantitye i9 is an adjustable parameter, which we w
determine by a direct comparison of experiment and the

Figures 9 and 10 show measured and calculated de
dencies of the intensity scattered at the needle breaks on
distance between the center of the excitation spot and
breaks. For the needles on mica, we gete i950.00960.001
@m1 , a given by the width of the box in Fig. 4~b!#, e i9
50.01460.002 (m2 , a5400 nm) ande i950.01260.001
(m3 , a5300 nm), whereas for the needle on a NaCl su
strate e i950.013660.0009 (n1, Fig. 5, a5300 nm). The
mean value for all measured needles ise i950.01260.002.

Density-functional calculations for the hexaphenyl bu
provide for thee icryst9 component of the dielectric function
singularity at the band edge~0-0! with an amplitude of abou
30.13 The band edge corresponds to the electronic transi
from the lowest vibrational state of the ground electro
state to the excited electronic state of hexaphenyl molecu
Hence, we expect for the corresponding component of a fi
on a substrate atTS5300 K: e i95e icryst9 3FB3D. Here,FB

denotes the relative population of the first excited vibratio
state of the ground electronic state, which determines
absorption at 425.5 nm. Given the vibrational excitation
ergy to be 182 meV,14 the corresponding Boltzmann factor
8.631024. The influence of the finite size of the fiber one i9

FIG. 8. Five fluorescence images of needlem1 following local
excitation for increasing distances~a!–~e! between excitation and
outcoupling points.
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is reflected in the factorD5dfiber/dcryst50.462, wheredfiber
and dcryst are the spectral linewidths of the fiber and t
crystal, see Fig. 3. The final estimate for ap-6P fiber ise i9
;0.0119, which agrees well with the values obtained fro
the fitting of spatial luminescence decay.

V. CONCLUSIONS

In this paper, we have presented experimental data
gether with a quantitative theoretical evaluation of sing
mode optical waveguiding of blue light~425 nm! through
nanoscaled dielectric fibers of hexaphenyl oligomers. B
light is especially useful for high-density information stora
and treatment on future submicron-sized optoelectronic c
ponents.

The nanofibers have been generated on mica and N
single crystalline surfaces by laser-assisted self-assem
The self-assembly process leads via a strong dipole-indu
dipole interaction to arrays of mutually parallel oriented e
tities which emit highly polarized blue light. Since th
growth process depends substantially on deposition co
tions and on thermal surface gradients, the topology of in
vidual fibers as well as the overall size distribution can
varied by application of local laser heating. This new kind
nanoscaled waveguides possess the advantageous prop

FIG. 9. ~a! Outcoupled luminescence intensity as a function
distance from the excitation point for an individual needle on m
~needlem1). The dashed line represents the spatial excitation p
file. The continuous solid line is a fit usinge i950.00960.001. ~b!
Same as~a!, but for needlem2 on mica (e i950.01460.002).
8-5
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BALZER, BORDO, SIMONSEN, AND RUBAHN PHYSICAL REVIEW B67, 115408 ~2003!
of being of correct size in one important dimension to allo
optical waveguiding, while they are extendable to millime
size in another dimension15 and are flat on a nanometer sca
over their whole surface area. As proven by low-energy e
tron diffraction, the nanofibers are single crystalline w
well-defined orientations of the individualpara-hexaphenyl
molecules with respect to the fiber axis. The identification
the same nanofibers in an optical fluorescence microsc
and an atomic force microscope has allowed us to perf
local spectroscopy and luminescence damping measurem
on morphologically well-characterized individual aggregat

The presented analytical theory describes the waveg
ing conditions satisfactorily, especially the tunability of th
waveguiding properties by modifying the dimensions of t
needles. From a comparison of measured and predi
damping of the TM waves propagating along the nanofib
we obtain the parallel component of the imaginary part of
fibers dielectric function,e i950.01260.002.

Waveguiding along the nanofibers is expected to be
stricted mainly by~i! the cutoff wavelength given by th
dimensions of the waveguide and~ii ! damping of the propa-
gating light. If one is interested in guiding infrared light o
1.3 mm, this should be possible with nanofibers havi
widthsa5470 nm. Damping is especially pronounced in t
blue spectral range since it is caused by reabsorption of
propagating light. For wavelengths above 550 nm reabs
tion becomes negligible and scattering losses will domin

FIG. 10. ~a! Same as Fig. 9, but for needlem3 on mica (e i9
50.01260.001).~b! Same as~a!, but for a needle on NaCl~needle
n1 , e i950.013660.0009).
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Due to the high optical quality of the nanofibers in terms
surface roughness@cf. Fig. 4~a!# scattering losses should b
small, but this has to be investigated quantitatively in a se
rate study. On the other hand, one experiences o
impurity-induced absorption bands in the optical band gap
conjugated organic molecules, which would decrease
possible propagation length of the guided light again. Wh
we have no direct hint for such an effect in the pres
nanofibers, there is also no fundamental reason which wo
limit our growth control method to conjugated organic mo
ecules.
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APPENDIX

1. TE waves

We discuss first transverse electric~TE! waves for which
Ez50. From Maxwell’s equations one gets the followin
relations between the magnetic- and electric-field com
nents:

Hy
0~x,y!5

c

v
bEx

0~x,y!, ~A1!

Hx
0~x,y!52

c

v
bEy

0~x,y!, ~A2!

]Hy
0~x,y!

]x
5

]Hx
0~x,y!

]y
. ~A3!

As a consequence, we have

“•E50. ~A4!

Hence, from Eq.~2! it is concluded that inside the wave
guide

]Ex
0~x,y!

]x
50. ~A5!

The boundary conditions require continuity of the comp
nentsHy and Dx for movement along thex axis across the
boundary between the media 1 and 2. Thus, the follow
relations should hold:

Hy1
0 ~0,y!5Hy2

0 ~0,y!, ~A6!

e1Ex1
0 ~0,y!5e iEx2

0 ~0,y!. ~A7!

Taking into account Eq.~A1!, we get the condition

Ex1
0 ~0,y!5Ex2

0 ~0,y!50. ~A8!
8-6
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Now combining Eqs.~A5! and ~A8!, we find thatEx
050

inside the waveguide. This is also valid for the medium s
rounding the waveguide as the field amplitude should eq
zero at infinite distance from it. Analogously, we getEy

0

50, i.e., TE waves cannot exist in such nanofib
waveguides.

2. TM waves

Let us now turn to transverse magnetic~TM! waves for
which Hz50. Maxwell’s equations lead to the following re
lations between the field components in the waveguide i
rior:

Hy2
0 ~x,y!5

ve i

cb
Ex2

0 ~x,y!, ~A9!

Hx2
0 ~x,y!52

ve'

cb
Ey2

0 ~x,y!, ~A10!

]Ex2
0 ~x,y!

]y
5

]Ey2
0 ~x,y!

]x
, ~A11!

]Hx2
0 ~x,y!

]x
52

]Hy2
0 ~x,y!

]y
. ~A12!

As a consequence one obtains the equation

1

e'

]Hy2
0 ~x,y!

]y
5

1

e i

]Hy2
0 ~x,y!

]y
, ~A13!

with the solution

]Hy2
0 ~x,y!

]y
50, ~A14!

that leads to the condition inside the waveguide

]Ex2
0 ~x,y!

]y
5

]Ey2
0 ~x,y!

]x
50. ~A15!

Substituting expression~4! into equation~3!, we get the
equation

S g j

]2

]x2
1

]2

]y2
1hj

2D Ex j
0 ~x,y!50, ~A16!

where we have introduced the notation

hj
25kj

22b2, ~A17!

with kj5v/cj .
In Eq. ~A16! the variables can be separated by letting

Ex j
0 ~x,y!5Xj~x!Yj~y!, ~A18!

where the functionsXj andYj satisfy the equations

d2Xj~x!

dx2
1q̃x j

2 Xj~x!50 ~A19!
11540
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d2Yj~y!

dy2
1qy j

2 Yj~y!50, ~A20!

with

q̃x j
2 5

1

g j
qx j

2 ~A21!

and

qx j
2 1qy j

2 5hj
2 . ~A22!

Let us divide the whole space containing the wavegu
into nine regions as it is shown in Fig. 6 and consider
solution of Eq.~A16! for each region. Taking into accoun
Eq. ~A15!, we conclude that the fundamental solutions in t
region II corresponding to the waveguiding modes a
sin(q̃x2x) and cos(q̃x2x). One can compose them of the od
and even modes with respect to the planex5a/2.

Consider first the odd TM modes. In this case, the so
tions in the different regions which vanish at infinite distan
from the waveguide have the form

Ex
I 5AI exp~kx3x!exp~ky3y!, ~A23!

Ex
II 5AII sinFqx3S x2

a

2D Gexp~ky3y!, ~A24!

Ex
III 5AIII exp@2kx3~x2a!#exp~ky3y!, ~A25!

Ex
IV5AIV exp~kx1x!, ~A26!

Ex
V5AV sinF q̃x2S x2

a

2D G , ~A27!

Ex
VI5AVI exp@2kx1~x2a!#, ~A28!

Ex
VII5AVII exp~kx1x!exp@2ky1~y2b!#, ~A29!

Ex
VIII 5AVIII sinFqx1S x2

a

2D Gexp@2ky1~y2b!#,

~A30!

Ex
IX5AIX exp@2kx1~x2a!#exp@2ky1~y2b!#,

~A31!

where we have introduced the notations (j 51,3)

kx j
2 52qx j

2 , Re~kx j!.0, ~A32!

ky j
2 52qy j

2 , Re~ky j!.0. ~A33!

Since continuity of theEx component at all the bound
aries between the regions exceptIV2V andV2VI has to be
fulfilled, we get the following equations:

qx15q̃x25qx3 , ~A34!
8-7
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AI52AII sinS q̃x2

a

2D52AIII 5AIV52AV sinS q̃x2

a

2D
52AVI5AVII52AVIII sinS q̃x2

a

2D52AIX . ~A35!

The continuity of theDx component at the boundarie
IV2V andV2VI leads to the equation

e1AIV52e iAV sinS q̃x2

a

2D . ~A36!

Comparing Eqs.~A35! and ~A36!, we conclude that a
nontrivial solution is possible only if

sinS q̃x2

a

2D50, ~A37!

or

q̃x25
2mp

a
, ~A38!

with m51,2,3, . . . . In this case only the coefficientsAII
5AV5AVIII are nonzero. Quite analogously one finds th
even TM modes can exist only if

cosS q̃x2

a

2D50, ~A39!

or

q̃x25
~2n11!p

a
, ~A40!
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with n50,1,2, . . . . Now combining Eqs.~A40! and ~A38!,
we infer that TM modes exist if

q̃x25
mp

a
, ~A41!

wherem51,2,3, . . . .
The corresponding propagation constant can be obta

from Eqs.~A17!, ~A21!, and~A22! with qy250:

b5Fv2

c2
e i2

e i

e'
S mp

a D 2G 1/2

. ~A42!

Let us consider now the other two components of
electric-field vectorEy andEz . The continuity ofEy andHx
at the boundaryIV2V requires that

Ey1
0 ~0,y!5Ey2

0 ~0,y!, ~A43!

e1Ey1
0 ~0,y!5e'Ey2

0 ~0,y!, ~A44!

which leads to the condition

Ey2
0 ~0,y!50. ~A45!

On the other hand, the componentEy
0 does not depend on

x inside the waveguide@see Eq.~A15!#. Therefore, we have
Ey

05Hx
050 in the waveguide interior and hence in the who

space. Now from the Maxwell equation for“3H one gets

Ez j
0 ~x,y!52 i

g j

b

]Ex j
0 ~x,y!

]x
. ~A46!

Thus, the electric-field vector of the waveguiding mod
lies in thexz-plane.
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