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Metal-doped glasses

In noble metals like Cu, Ag and Au, the d-band overlaps the s-p CB, which makes 
possible intraband transitions in the CB and interband transitions between the d-bands 
and the CB.

VB

CB

(Adapted from: Glasses for photonics, M. Yamane and Y. Asahara, Cambridge Univ. Press, 2000)
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The dielectric constant of the metal particles is given by:

εm = εm’ – i εm” = 1 – ωp
2 / [ω (ω – i/τ)]

where ωp is the plasma frequency of the bulk metal ( ωp = (4 π N e2 / m*)1/2 and m* is 
the effective mass of the N ~ 1022 cm-3 conduction electrons per unit volume) and τ is 
the time between collisions among electrons. Therefore:

εm’ = n2 – k2 = 1 – ωp
2 τ2 / [1 + (ωτ)2]

εm” = 2 n k = ωp
2 τ / {ω [1 + (ωτ)2]}

For a metal like Cu or Ag, the mean free path of the conduction electrons is ~ 50 nm 
and τ (= 50 nm / vF) ~ 5 x 10-14 s. Thus, at visible or NIR frequencies (ω ~ 1015 s-1) , one 
has (ωτ)2 >> 1 and the simplified form of the equations:

εm’ = 1 – ωp
2 / ω2

εm” = ωp
2 / ω3 τ

For noble metals, ωp ~ 1016 s-1. Therefore, for Ag or Cu in the visible region, one has     
ωp > ω > 1/τ. (At ωp, εm = 0 ; below ωp, εm < 0 and n* is imaginary and  % R ~ 1).
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When the diameter (d = 2R) of spherical metal particles is << λ, scattering of the 
incident light beam is negligible. Also, collisions of the conduction electrons with the 
particle surfaces become important and the new collision relaxation time, τeff, is given 
by:

1 / τeff = 1 / τb + vF / R

where τb is the bulk value and vF is the Fermi velocity (= 1.4 x 106 m/s for Ag) and the 
mean free path is (vF τb) ~ 50 nm. If 2R << 50 nm, then the mean free path in the 
nanoparticle is ~ 2R and it is entirely limited by particle boundary scattering:

1 / τeff = vF / R  

Glass / metal particle nanocomposites

Composites formed by spherical metal nanoparticles embedded in a dielectric glass with 
a real dielectric constant εd have rather interesting NLO properties. If 2R << λ and the 
volume fraction of spheres is p << 1, the effective dielectric constant of the composite 
will be: 

εeff = εd + 3 p εd [(εm – εd) / (εm + 2εd)]

The absorption coefficient of the composite (α = 2 ω k / c) has a maximum at the 
“surface plasma resonance” frequency, ωs: εeff” maximum <=> εm’(ωs)+2εd = 0. This 
corresponds to collective electronic excitations at the metal/glass interface. 
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(Adapted from: Glasses for photonics, M. Yamane and Y. Asahara, Cambridge Univ. Press, 2000)
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(Adapted from: Glasses for photonics, M. Yamane and Y. Asahara, Cambridge Univ. Press, 2000)
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The absorption spectra have a Lorentzian shape, whose FWHM coincides with the  
damping constant γ = 1/τeff = vF / R. Therefore:

R = vF / FWHM

The optical response of such metal particle/glass composites is determined either by an 
enhancement of the electric field near the metal particles (dielectric confinement), or 
also by quantum confinement. 

Dielectric confinement

The local field enhancement inside the nanoparticles, relative to the external field (E),   
floc = (Eloc / E), is maximum at the frequency ωs, for which (εm’ + 2 εd) = 0:

floc = 3 εd / (εm + 2 εd) = 3 εd / εm”(ωs) = 3 εd /(ωp
2/ωs

3 τeff) = 6 εd ωs
3 R / (ωp

2 vF)           

Also it is possible to show that χ(3) of the composite is related to that of the metal 
particles:

χ(3) = 3 p floc
4 χm

(3)

So, if one assumes χm
(3) independent of particle size, then the 3rd order susceptibility, χ(3)

will increase as the volume fraction of metal particles and their size increases.
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A figure of merit often used for evaluation of a NLO material involves a large χ(3) and a 
low absorption coefficient, α, for the composite:

F = χ(3) / α

Note: the values of floc
2 / εm” were calculated based on the mean free path theory.

(Adapted from: Glasses for photonics, M. Yamane and Y. Asahara, Cambridge Univ. Press, 2000)
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Quantum confinement

The main contribution to quantum confinement comes from intraband transitions 
between filled and empty states in the CB, with the CB split into discrete levels due to 
the small size of the metal particles, or interband transitions between the d and s-p (CB) 
bands.

Non-linear properties of metal-doped glasses

The large value of χ(3) of these glasses arises mostly from the local electric field 
enhancement near the surface of the metal particles in the vicinity of ωs, due to their 
surface plasma resonance.

In the following figure, most noble metal particles appear as spheres ~ 10 nm in 
diameter. Their absorption spectra and χ(3) values are shown next.
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TEM micrographs of glasses doped with metal particles: 
(a) Cu and (b) Ag.

(Adapted from: Glasses for photonics, M. Yamane and Y. Asahara, Cambridge Univ. Press, 2000)
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The values of χ(3) (filled circles) exhibit a peak (~ 10-7 esu) at almost the same 
wavelength as the surface plasma absorption. Calculating floc from the values of the 
dielectric constants and p from the measured absorption coefficient, the value of χm

(3) 

can be obtained from the χ(3) data: ~ 2-4 x 10-9 esu for Ag and ~ 10-6 for Cu. In this 
latter case, the shoulder is due to interband transitions from the d-band to the CB.

(Adapted from: Glasses for photonics, M. Yamane and Y. Asahara, Cambridge Univ. Press, 2000)
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Response time

Most of the available data for Ag and Au colloids in glasses show NLO responses on a 
several ps time scale. 

Fabrication techniques

Several methods have been used in order to prepare glasses containing metal nano-
particles, including melt-quenching, sol-gel processing, sputtering and ion implantation.

The following table lists the main NLO properties of metal-doped glasses prepared by 
different techniques.
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(Adapted from: Glasses for photonics, M. Yamane and Y. Asahara, Cambridge Univ. Press, 2000)
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Main NLO processes and mechanisms in glasses

(Adapted from: Glasses for photonics, M. Yamane and Y. Asahara, Cambridge Univ. Press, 2000)
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Schematic representation of the different NLO processes in glasses

High index glasses      CuCl, CuBr CdS, CdSe Cu, Ag, Au

(Adapted from: Glasses for photonics, M. Yamane and Y. Asahara, Cambridge Univ. Press, 2000)
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The intrinsic (non- resonant) glass nonlinearities are excited in the transparent region, 
well below the bandgap. The advantages are negligible linear optical losses in the 
wavelength range of interest and extremely fast response times.

The other nonlinearities are resonant, therefore involving electronic transfers from one 
energy level to another. The resultant optically induced absorption changes yield 
optically induced (non-linear) refractive index changes (through the K-K 
transformations), corresponding to significant third order NLO effects. Glasses doped 
with SC or metal nanoparticles exhibit such effects.

Band-filling effects mainly produce the NLO absorption changes (β being a function of 
Im χ(3)) which lead to the optical nonlinearities in SC-doped glasses and the quantum 
size (confinement) effect leads to a further enhancement of these nonlinearities. A 
major advantage of these glasses are the large NLO effects even under a small applied 
optical field, but the response times have limited speeds. In the presence of SC  
nanoparticles, the exciton states result in much higher nonlinearities than for bulk SC.

In metal nanoparticle-doped glasses, the nonlinearities are mainly attributed to local
electric field enhancement near the surface plasma resonance of the particles. These 
glasses exhibit large optical nonlinearities, as well as fast response times near ωs.
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χ(3) vs. response time diagram for typical NLO glasses

(Adapted from: Glasses for photonics, M. Yamane and Y. Asahara, Cambridge Univ. Press, 2000)
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