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At optical frequencies metals behave
like dielectrics, i.e. no currents flow &
the source-free Maxwell equations
apply
Metals are highly opaque but can also
be very reflective
The opacity of a metal is represented
by a complex refractive index n(r)+in(i)

where the imaginary part n(i) quantifies
absorption & is generally larger than
the real part n(r)

For example at HeNe wavelength (633
nm), aluminium has a complex
refractive index value 2+7i
corresponding to a plane wave
attenuation 1.4 dB/nm

Metals at Optical FrequenciesMetals at Optical Frequencies

Convex mirror at the blind
exit from a farmyard on

the Isle of Wight



A flat surface reflects a fraction F
of normally incident light
Fresnelʼs Laws for plane wave
reflection determine

For an untarnished air-silver
interface with n1=1 & n2=0.65+4i at
440nm illumination, then F=86%
Mirrors normally comprise a thin
silver layer deposited on (the back
of) a sheet of glass to avoid
contamination (oxidation) of the
silver surface

F = n1 - n2
n1 + n2
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Dielectric-Metal ReflectorsDielectric-Metal Reflectors

Early optical communications - 
the heliograph



Increasing Demand for TelecommunicationsIncreasing Demand for Telecommunications

In the 1960ʼs the increasing demand for long-distance terrestrial
telecommunications was outstripping the capacity of existing
coaxial cable based systems
Invention of the laser sparked interest in evacuated light pipes
as a successor to coaxial cables prior to the use of optical fibres

Problems with alignment due to movement of the earthʼs surface
(temperature variations, earth tremors, etc) made this idea rather
impractical

LASER



Increasing Demand for TelecommunicationsIncreasing Demand for Telecommunications

Hollow metal waveguides with an internal 
diameter of ~1mm were attracting interest
A seminal paper by Enrici Marcatili et al* 
predicted that an air-core aluminium
cladding fibre with a core diameter of 1mm
& operating at a wavelength of 1µm would have
an attenuation of 1.85dB/km in its fundamental mode
The fibre is actually highly multimode but the higher-order
modes suffer much higher attenuation that the fundamental
being inversely proportional to the cube of the core diameter
Bending loss is the Achilles Heel of this approach as even at
a very large bend radius of 50 metres the loss is doubled
because the modal field is pushed farther into the metal

*Bell Sys.Tech. J., July 1964, pp.1763-1809



The very high absorption of
light by a metal can be used
to fabricate single-mode fibre
polarisers with a relatively
large extinction ratio between
the 2 fundamental-mode
polarisations ~ 70 dB
Light confinement in metal-
coated fibres and tapered
fibres is significantly
enhanced by a metal coating
to produce spot size
diameters ~10ʼs of nm

MetalMetal  Coated Fibres & DevicesCoated Fibres & Devices
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Modes of Loss-less 3-LayerModes of Loss-less 3-Layer
Dielectric WaveguidesDielectric Waveguides

Conventional slab waveguides with
a core & lower-index cladding
support 1 or more modes with
either TE or TM polarisations
Cladding modal electromagnetic
fields necessarily decrease
exponentially with increasing
distance from core
Cladding fields at the two
interfaces have slopes (symmetric
modes) or amplitudes (anti-
symmetric modes) of opposite sign
Core field matches amplitudes &
slopes at the 2 interfaces allowing
for any change in slope sign

Total number of TE & TM
modes depends on the

number of oscillations in
core field



Modes of Loss-less 2-LayerModes of Loss-less 2-Layer
Dielectric WaveguidesDielectric Waveguides

For TE or TM polarised modes, electromagnetic fields in both layers
decrease exponentially with distance from the single interface
Amplitudes of the continuous longitudinal field components must
match on the interface
Field slopes are proportional to the transverse field components &
must have opposite signs
Condition cannot be satisfied for TE- or TM-polarisation regardless
of the index values of dielectric materials
Hence an interface between two different dielectric media cannot
support any bound modes

Dielectric 1
Dielectric 2



Modes of 2-Layer Dielectric-Metal InterfaceModes of 2-Layer Dielectric-Metal Interface
Amplitudes of the longitudinal field z-
components of TE and TM modes along
interface must match
TE modes have transverse electric field y-
components with the same sign & slope
of the longitudinal field z-components
Hence a dielectric-metal interface cannot
support any bound TE-modes
TM modes have transverse 
magnetic field y-components 
with the same sign as the slope 
of the longitudinal field components but
multiplied by n2

For metals the real part of nm
2<0, e.g. for

aluminium with nm=2+7i, Re(nm
2)=-45 -

hence a  dielectric-metal interface will
supportsone bound TM-mode (polariton)
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Dielectric-Metal Surface ModeDielectric-Metal Surface Mode
The fields of the TM polarised
bound mode propagating along
the dielectric-metal interface are
determined from Maxwellʼs
source-free vector equations
The mode has a complex effective
index ne that is given explicitly in
terms of the refractive indices of
the two media, as are all field
components
The modal attenuation is still very
large at 2.2 dB/µm for an
aluminium-silica interface at 633
nm wavelength, compared with
1.4 dB/nm for the pure metal

ne = 
ndnm 

nd
2 + nm

2 1/2
 

Schematic modal field variation

Eigenvalue equation



Dielectric-Metal Fibre PolariserDielectric-Metal Fibre Polariser

A single-mode fibre coated on one side
with a thin metal layer acts as a polariser
The TM polarisation of the fundamental
mode is coupled to the TM surface mode
propagating on the cladding-metal interface
The high attenuation of the TM mode
ensures that virtually all the power of the
fundamental mode is absorbed & does not
couple back into the fibre core
The orthogonal TE polarisation of the
fundamental mode is much less affected by
the presence of the metal layer if it is
sufficiently far from the core

Cladding 

Core 

Metal layer 



Modes of Lossy Dielectric FibresModes of Lossy Dielectric Fibres

Guidance in traditional solid material
optical fibres is attributed to the higher
refractive index in the core compared to
that in the cladding
The refractive indices are assumed to
be real and propagation losses due to
absorption or scattering can be
quantified by adding an imaginary part,
i.e. n is replaced by n(r)+n(i) where n(i) is
generally very small compared to n(r)

Perturbation methods are usually
sufficiently accurate to quantify modal
attenuation in terms of the modal fields
of the loss-less fibre



Modal Wave EquationModal Wave Equation

The spatial dependence of modal fields
can be derived by solving an appropriate
wave equation such as:

Note that n appears as n2 that is
proportional to the dielectric constant
that appears in Maxwellʼs equations
In other word we can equally describe the
profile of a fibre in terms of dielectric
constant values by replacing nco by nco

2

and ncl by ncl
2

For dielectric media this may not seem
significant but for metal clad fibres……

(!t
2
+ k2n2 - "2

) e  = -! e  t.!tln(n2)   
 



Modes of Metal-Clad FibresModes of Metal-Clad Fibres
If a uniform dielectric core is clad
with metal, then at optical
frequencies the metal behaves as
a dielectric with a complex
refractive index & hence a
complex dielectric constant
The equivalent guiding profile in
terms of the real parts of the core
& cladding dielectric constants
involves the imaginary part of the
index depends
For silica with nco= 1.458 &
aluminium ncl= 2+7i the real part
of ncl

2=-45 so the (real) dielectric
profile provides guidance
whereas the index profile
indicates anti-guidance

[nco]2 

[ncl(r)]2-[ncl(i)]2 
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V-ParameterV-Parameter
The standard V-parameter for a
purely dielectric fibre is defined as:
For the dielectric-metal fibre this
definition can be modified to involve
the real part of the equivalent metal
dielectric constant
A consequence of this definition is
that the V-value for a glass-
aluminium fibre with the same core
radius ρ and source wavelength λ is
approximately 40 times larger than
the equivalent purely dielectric fibre
This means that mode power is
tightly confined to the dielectric core
that partially offsets the high modal
attenuation due to the metal
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Near-field Scanning Optical MicroscopyNear-field Scanning Optical Microscopy

Input

Light is collected below the thin film & stored electronically as
the probe traverses the film in 2 dimensions to produce a

macroscopic image. Challenge is to minimise the resolution at
the end of the probe



Highly Tapered Single-Mode FibreHighly Tapered Single-Mode Fibre

Under tapering, the
fundamental field is less
confined to the core as ρ(z)
& V(z) decrease & spreads
into the cladding
When the field meets the
cladding-air interface
around V~1 it is well-
confined by the large index
difference at the boundary
between silica & air
Taper angle needs to be
small <<1o to avoid coupling
to bound cladding modes
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Confinement Confinement vs vs DiffractionDiffractionAs the cladding radius s
further decreases the spot
size decreases until the
cladding radius is
sufficiently small that
diffraction dominates & the
spot size starts to increase
again
Vcl denotes the V-parameter
for the cladding-air fibre
(ignoring the core)

Diffraction will dominate
guidance by the cladding-air
interface when Vcl<2, i.e.
when Experimental demonstration of light

diffracting outwards from a well-tapered
fibre below the minimum spot size using a
surrounding low-index, fluorescing liquid
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With λ=633nm, ncl=1.458 & Vcl=2
gives 2σ~380nm that is no smaller
than the resolution provided by a
conventional optical microscope
To further reduce spot size by
tapering, a coating is needed with
an effective refractive index less
than that of air (n=1)
This can be achieved using a thin
metallic film
For aluminium with λ=633nm,
nco=1.458, ncl

(r)=2 & ncl
(i)=7, then

V(ρ)=68ρ with ρ in microns
The disadvantage of this approach
is that metal is highly absorbing at
optical wavelengths

Minimum Fundamental Mode Spot Size
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Metal-Coated SNOMMetal-Coated SNOM

Power loss through the length of the
metal-coated taper is around 50-60dB

Metal-coated fibre
taper (sputtering)

with an approximately
50nm diameter hole

at the tip

CCD images of tip output for 488nm (green)
light transmission through uncoated (top)
tapered single-mode fibre probe, (middle)
tapered photonic crystal fibre probe &
(bottom) tapered fractal fibre probe
Probes immersed in a fluorescent solution
with index above the index of the silica fibre
cladding
The larger diffraction angle corresponds to a
smaller fundamental mode spot size



Tapered Fractal Fibre SNOMTapered Fractal Fibre SNOM**

The fractal fibre has 3 rings of holes whose
cross-sections increase quadratically in cross-
sectional area with distance from the fibre axis
When this fibre is tapered, the fundamental-
mode field is kept confined closer to the fibre
axis as the holes in successive rings shrink to
the size of those of the innermost ring.

The loss through the
metal-clad, tapered
solid-material, single-
mode fibre can be
reduced by using the
so-called fractal fibre

*



Tapered Fractal Fibre SNOMTapered Fractal Fibre SNOM
The nett effect is to keep the
fundamental-mode field
intensity at the cladding-
metal interface smaller than
that of the conventional fibre
taper & hence reduce the
overall absorption loss due
to the metal coating

2x2µm SEM images of taper ends: (a) metal-coated, solid-material
fibre; (b) uncoated, solid-material fibre; (c) uncoated fractal fibres



Metal-Clad Fibres Perturbation ApproachMetal-Clad Fibres Perturbation Approach
When only a very small fraction of
fundamental mode power propagates in the
metal coating, a perturbation approach, e.g.
solving the eigenvalue equation leads to an
expression for the imaginary component of
the modal propagation constant

where U0 is the core modal parameter when ρ=∞ where ρ is core radius
Thus attenuation is minimised by using a large core radius
For the fundamental mode of a hollow aluminium coated fibre U0=2.405,
ρ=100microns, λ=0.633microns, nco=1, nm

(r)=2, nm
(i)=7, loss ~2dB/km

Replacing aluminium with silver reduces the attenuation to ~0.2dB/km
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Modes ofModes of  Metal-Cladding WaveguidesMetal-Cladding Waveguides

The guided modes of a dielectric core/metal cladding/air slab
waveguide can be determined straightforwardly using the
transfer matrix method for the real and imaginary parts of the
effective index*
The results are almost independent of the thickness of the
metal layer unless it is vanishingly thin
* Dr Peter Moar, La Trobe University



Effective Index - FundamentalEffective Index - Fundamental  ModeMode

Solid line: ne
(r) Dashed lined: ne

(i)

Dot-dashed line: ne
(i)= ηn(i)

η − fraction of modal power in the
metal



Effective Index - FundamentalEffective Index - Fundamental  ModeMode

Solid line: ne
(r) Dashed lined: ne

(i)

η − fraction of modal power in the
metal



SummarySummary

The introduction of thin
metal layers into
waveguides, fibres &
devices can enhance the
following attributes of
propagation:
Mode confinement
Polarisation control
Spot size minimisation
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