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Abstract: While it is generally accepted that adding loss dampens and broadens plasmonic 
resonances, here we find adding l osses c an a ctually narrow t he l inewidth and i ncrease the 
resonance peak. We show that the scattering cross section of a metal nanoparticle in a lossy 
dielectric medium is an order of magnitude larger than the same nanoparticle in a lossless 
dielectric. The full width at half maximum is a quarter of that of the non-absorbing medium. 
The peak narrowing and increased scattering has benefits for biomarkers where high scattering 
efficiency and narrow linewidths (for denser multiplexing) is desired. The enhanced scattering 
and absorption in the surrounding lossy medium is also beneficial for photovoltaic applications.

© 2019 Optical Society of America

1. Introduction

Plasmonic resonances have been studied for over a century and have many applications including 
SERS (surface enhanced Raman scattering) [1–4], optical tweezers [5–7], biosensing [8–11], 
subwavelength imaging [12–14], waveguiding and nanocircuits [15–19] and photovoltaics [20–23]. 
For many of these applications it is desirable to have sharp plasmonic resonance peaks [24–26].
The conventional wisdom is that plasmonic peaks are broadened by the addition of material 

losses [27, 28]. The width of the plasmonic peak is assumed to be directly related to the decay 
time from losses [29]

Γ =
2~
T2

(1)

where Γ is the linewidth of the plasmonic peak, and T2 is the total decay time.
Many factors influence absorption of light, such as electron scattering [30, 31], surface

scattering [32,33] and chemical interface scattering [34–36]. Studies show that the scattering
cross section of individual particles is narrower than the ensemble, suggesting that loss attributed
to effects such as surface scattering (the interaction of the oscillating electrons confined in the
metal with the boundary of the metal) may be exaggerated [37]. There has certainly been a wide
range of values attributed to surface scattering in the literature [34,38–40], from negligible to
significant.
Adding materials with gain (Im(ε2) < 0) around noble metal nanoparticles can result in

more prominent plasmonic peaks [41, 42]. The extreme case of using gain materials for
sharper resonances is the SPASER (surface plasmon amplification by stimulated emission of
radiation) [43,44], which produces a very narrow peak and has been touted for applications in
biosensing [45]. Surrounding a metal nanoparticle with an absorbing material, the opposite of a
gain material, may be considered to have the opposite effect on the resonance linewidth; i.e., the
linewidth should be broadened and the plasmonic peak reduced.
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A lot of work on solar cells in the literature looked at incorporating nanoparticles in absorbing
materials e.g. ( [46–48]). There they focussed on absorption and the aim was to get a broader
absorption to harvest more of the solar spectrum. Here we find a counter-intuitive narrowing that
has not been reported in the literature so far. The case of extinction of a particle in an absorbing
medium has been described previously [49–51]; however, the linewidth narrowing observed for
the plasmonic resonance of a metal (also absorbing) particle in an absorbing medium has not
been described. Past works considered the case where the surrounding medium was weakly
absorbing for practical benefit. In this work, we demonstrate that adding a lossy material around
a plasmonic particle can actually reduce the linewidth of the plasmonic resonance and increase
the scattering peak. We demonstrate this by using numerical simulations of realistic material
parameters, as well as analytic analysis.

2. Plasmonic Resonances in Lossy Media

2.1. Rayleigh Scattering
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Fig. 1. Relative permittivities for gold, P3HT, and PMMA. (a) The real permittivities. (b)
The imaginary permittivities. The vertical solid blue line in (a) corresponds to the plasmon
resonance of gold and P3HT at 612 nm determined from the Clausius-Mossotti factor
described below. The vertical dashed red line in (a) corresponds to the plasmon resonance of
gold and PMMA at 514 nm determined from the Clausius-Mossotti factor. The imaginary
part of the permittivity of PMMA is 0.

Figure 1 shows the permittivities of the materials analyzed in this work. P3HT (an organic
polymer commonly used in photovoltaics) and gold are both lossy dispersive materials, while
PMMA is considered as a non-lossy, non-dispersive material. Figure 2 shows the cross sections
of a 10 nm diameter gold nanoparticle embedded in PMMA and 10 nm gold in P3HT predicted
by Rayleigh scattering theory.
The theory of scattering by nanoparticles has been established for over a century [52–54].

For particles much smaller than the wavelength of incident light, the quasi-static approximation
holds (vanishing time derivatives in Maxwell’s equations) and the physics of light scattering is
accurately represented with the well known Rayleigh scattering formulas (in SI units) .

Cscat =
1

6π

(
2π
λ

)4 ��� α
ε0

���2 (2)

A large scattering cross section means a large portion of incident light is scattered from the
nanoparticle. There is a strong dependence on the wavelength of incident light λ as well as the
dipole polarizability of the particle α.
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Fig. 2. Cross Sections from Rayleigh scattering formulas, Eqs. 2-5. (a) The absorption
cross section of a 10 nm gold sphere embedded in P3HT and 10 nm gold in PMMA. (b)
The scattering cross section of a 10 nm gold sphere embedded in P3HT and 10 nm gold
in PMMA. For both (a) and (b) the vertical solid blue line represents the gold and P3HT
plasmonic resonance and the vertical dashed red line shows the gold and PMMA plasmonic
resonance. The black horizontal double arrow lines show the full width at half the maximum
of each of the peaks. The gold nanoparticle has a geometric cross section of 7.85 × 10−17

m2 (πa2 with a = 5 × 10−9 m).

Cabs =
2π
λ

Im
(
α

ε0

)
(3)

Im is the imaginary part of what follows in the brackets. ε0 = 8.85 × 10−12 is the permittivity of
free space.

α = 4πa3εCMε0 (4)

α is the dipole polarizability of the nanoparticle of radius a obtained using the quasi-static
approximation. The quasi-static approximation assumes the incident field is constant over the
entire nanoparticle at any given time, and so it breaks down for large particle sizes comparable to
the wavelength of incident light. Within the dipole polarizability lies the heart of the plasmonics
of small nanoparticles, the Clausius-Mossotti factor εCM [55].

εCM =
ε1 − ε2
ε1 + 2ε2

(5)

The plasmonic resonance occurs for materials where ε1 (relative permittivity of the nanosphere)
and ε2 (relative permittivity of the surrounding medium) maximize this term. The Clausius-
Mossotti factor is maximized when the following relation is approximately held:

ε1 = −2ε2 (6)

Rayleigh scattering theory was used to find the absorption and scattering cross sections of
10 nm diameter spherical gold nanoparticles embedded in two different media. The vertical lines
in Figure 1(a) show the cases where Re(ε1 + 2ε2) = 0, which is the real part satisfying Eq. 6.
Figure 1(b) shows the imaginary part of the permittivity corresponding to losses for P3HT and
gold. PMMA is not shown because it is assumed to be lossless in this regime.

From Figure 2 we see that the resonances are shifted, as expected from the clausius-Mossotti
relation. The resonances are not exactly at the position of the vertical line in Figure 1(a) due
to the strong dispersion in the permittivity. As mentioned earlier, the common belief is that
adding losses to a plasmonic system will broaden plasmonic resonances. Surprisingly, Rayleigh



scattering theory predicts a linewidth of 50 nm for the scattering cross section of gold in PMMA
and 35 nm for the scattering cross section of gold in P3HT (the full width at half maximum was
used as a measure for the narrowness of the peaks). Rayleigh theory also predicts plasmonic
peaks of nearly the same magnitude for both gold in PMMA and P3HT. In the numerical analysis
below, we will see that this gives a large underestimate for the scattering and is a failure of this
simple theory for this lossy case.

2.2. Loss in the Circuit Model
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Fig. 3. Equivalent nanocircuit for a metal nanoparticle surrounded by a lossy medium. The
resistances in the circuit are associated with the material loss. If neither material is lossy
then the resistances are 0.
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Fig. 4. Optical absorption results of a nanocircuit consisting of a 10 nm gold sphere
inductor and surrounding P3HT capacitor. (a) The power absorbed by each circuit element,
normalized by the square of the incident field strength |E0 |

2. (b) The ratio of the power
absorbed in P3HT to the power absorbed in gold.

Figure 3 shows how a nanoparticle surrounded by an absorbing material can be treated as
a nanocircuit [19]. The resistors are placed in series to ensure that each branch represents a
different physical material; that is, to avoid shunting. The metal plays the role of an effective
inductor (negative capacitor), while the material outside acts as a capacitor in parallel with the
inductor. Such a circuit describes a gold nanosphere surrounded by P3HT.
Figure 4 shows how the power dissipation is partitioned between the gold and the P3HT

nanocircuit. We see that the circuit model predicts a sharp peak in absorbed power for the gold
and P3HT system. We also see that between 550 and 600 nm, the P3HT is absorbing 5 times more
power than the gold. This shows the effectiveness of the gold-P3HT combination in photovoltaic
applications where it is desirable for the surrounding medium to absorb most of the incident light.
The current, impedance, and potential difference in the circuit are given by [19]:



IL = − jπa2ωε0ε1εCM |E0 | (7)

IC = − j2πa2ωε0ε2εCM |E0 | (8)

V = aεCM |E0 | (9)

where IL is the current through the inductor, IC is the current through the capacitor, V is the
potential difference across the circuit, j is the imaginary unit, ω is the incident field frequency, a
is the radius of the gold nanoparticle, |E0 | is the magnitude of the incident electric field and ε1
and ε2 are the relative permittivities of the inductor and capacitor materials. The model assumes
linear polarization where the polarization of the field is aligned with the voltage across the
capacitor and inductor parts of the circuit.
The power absorbed in each element is given by:

PL = I∗LV = jπa3ωε0ε1 |εCM |
2 |E0 |

2 (10)

PC = I∗CV = j2πa3ωε0ε2 |εCM |
2 |E0 |

2 (11)

Notice that when both of the materials are non-absorbing, then we have purely reactive power in
the circuit and there is no power dissipated, as expected in an LC circuit. For materials with loss,
there is dissipation.

The relevance of the circuit model was to identify the partitioning of the absorption between the
metal and the surrounding material. While the model gives some idea about how this partitioning
takes place, it does not predict accurately the results because it is based on the quasi-static model
derived for a lossless surrounding medium.

2.3. Numerical Simulations

Gold
Nanoparticle

Surrounding Dielectric

Local Field Enhancement

Absorption Monitor

Incident TFSF Source 𝐸଴

Scattering Monitor

Fig. 5. 2D representation of the layout of the FDTD simulations used for this work.

Figure 5 shows a schematic representation of a finite-difference time-domain (FDTD) simulation
for calculating the absorption and losses associated with a gold nanoparticle in a (lossy) dielectric
medium. We used a commercial package (Lumerical FDTD version 8.21.1854). The simulation
consists of a 10 nm diameter gold nanoparticle surrounded by a dielectric material. There is
a box of 2D power monitors of side length 17.5 nm to measure absorbed power, a total field
scatter field source (TFSF) with side length 25 nm and another box of 2D power monitors to
measure the scattering with a dimension of 250 nm. The TFSF sources light is in the range of
300 to 1000 nm. The TFSF source was injected in the y-axis and polarized in the z-direction.
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Fig. 6. Cross Sections from FDTD simulations. (a) The absorption cross sections of a single
10 nm gold sphere in P3HT and a single 10 nm gold sphere in PMMA. (b) The scattering
cross sections of a single 10 nm gold sphere in P3HT and a single 10 nm gold sphere in
PMMA. The black horizontal double arrow lines show the full width at half the maximum
of each of the peaks.

The simulation used a time step of 0.002 fs, and a minimum mesh step of 0.25 nm. There was
a 0.5 nm mesh used within the TFSF region. The mesh refinement type used was conformal
variant 1 for faster convergence on the boundary of the gold nanoparticle. Symmetric boundary
conditions were used to significantly reduce simulation time. We used the default 8 layer PML
for our FDTD simulation boundaries.
Figure 6 shows the cross section data for each of the simulations that were run in FDTD.

Rayleigh scattering theory and FDTD simulations yield similar cross sections for PMMA;
however, for the lossy P3HT, they are very different. The absorption cross section peak of gold in
PMMA and the absorption cross section peak of gold in P3HT are comparable in magnitude
when using Rayleigh scattering theory, but in the FDTD simulations, we see that P3HT has an
absorption cross section peak that is 3 times larger than PMMA. Rayleigh scattering theory also
predicts scattering cross section peaks for gold in PMMA and gold in P3HT that are similar
in magnitude. In the FDTD simulations, the P3HT scattering cross section peak is an order
of magnitude larger than the PMMA scattering cross section peak. The large shoulder from
400 to 600 nm in the absorption cross section is accounted for by the absorption of pure P3HT
surrounding the gold. This was verified with a simulation where the absorption monitor and
TFSF source had their dimensions reduced and there was the expected reduction in the shoulder.

We performed simulations for larger gold particles in P3HT (20 nm) showing similar results.
The scattering cross section linewidth was 21 nm and the peak was 4 nm red shifted from that of
the 10 nm gold in P3HT. The absorption cross section linewidth was 32 nm and the peak was red
shifted by 4 nm from that of 10 nm gold in P3HT.

3. Discussion

Perhaps the most surprising result from the FDTD simulations is the large scattering peak of gold
and P3HT. Generally, smaller nanoparticles are known to have insignificant scattering compared
to absorption. This is considered in photovoltaics where large nanoparticles are used to scatter
light to increase optical path length in the device while smaller nanoparticles are used enhance
absorption in the device near the particles [56]. From Eqs. 2-4 we see how the absorption and
scattering cross section scale with the nanoparticle radius a.

Cabs ∝ a3 (12)



Cscat ∝ a6 (13)

So there is typically an absorbing regime for small a and a scattering regime for large a. For
10 nm gold in P3HT, the scattering cross section is still two orders of magnitude lower than the
absorption cross section; however, for a metal-dielectric composite with a large enough scattering
peak, there may not be an absorption dominant regime, at least at the peak wavelength.

Next we consider the mechanism of peak narrowing. Looking at Figure 1 it is seen that gold is
very dispersive for wavelengths greater than 500 nm, P3HT is dispersive from 300 to 650 nm
and PMMA is non-dispersive. It is the strong dispersion in both P3HT and gold that leads rapid
variations in the Clausius-Mossotti factor and narrower peaks.

The numerator of Eq. 5 is often ignored, but for seeking small resonance linewidths this term
becomes important. For the ideal physical cross section peak, the dispersion of each of the
materials would be such that moving off resonance would result in changing the Clausius-Mossotti
from maximum directly to a minimum. Minima in both scattering and absorption cross sections
exist when the Clausius-Mossotti factor is 0. So, if for some combination of nanoparticle and
surrounding medium ε1(λ1) ≈ ε2(λ1) then the permitivitties move towards ε1(λ2) ≈ −2ε2(λ2)
and then again the permitivitties move back to ε1(λ3) ≈ ε2(λ3) in a short wavelength span
∆λ = λ3 − λ1, there will be a very narrow cross section, regardless of the loss of the surrounding
medium. The more dispersive a material, the quicker the material permittivities are changing
with wavelength and the faster the composite can move through plasmonic resonance. This
highlights the importance of dispersion in creating narrow resonances.

4. Conclusion

Here we have shown that a surrounding lossy medium can narrow the plasmonic resonances, as
well as increase their amplitude dramatically. This was shown clearly with FDTD simulations,
and some of the features are represented by quasi-static theory; however, the latter is clearly not
suitable for obtaining accurate results and greatly underestimates the narrowing and enhanced
scattering. We note that the comprehensive simulations agree well with the quasistatic response
when there is no loss in the surrounding material, but the results are very different for the lossy
case. Since the convergence of the FDTD was confirmed, the approach accurately represents
MaxwellâĂŹs equations and therefore the quasistatic approach fails for this regime. While
we use P3HT as a model system, other absorbing materials may prove to show this effect
more vividly. Nanomaterials with abnormally narrow cross sections can see applications in
bioimaging/biosensing, where they allow for a higher degree of multiplexing, and also in
photovoltaics for greatly enhanced absorption and scattering (both can be utilized) at a desired
section of the optical spectrum. Further theoretical development is required to analytically
understand the case where both the metal and dielectric materials are lossy and quasi-normal
mode theory is a promising way forward [57, 58].
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