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Plasmonic linewidth narrowing by encapsulation in a dispersive absorbing material
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It is often assumed that adding losses to a resonant system necessarily broadens the width of the resonance.
Here, the scattering spectrum of gold nanoparticles in P3HT (strongly absorbing) and PMMA (low loss) were
measured using dark field microscopy and surprisingly, the linewidth was halved in the lossy medium. To gain
physical insight into this unusual result, a Green function analysis was employed, and the roles of the permittivity,
both magnitude and dispersion, in reducing the linewidth when material losses are increased were made clear.
This surprising route to narrower linewidths is intriguing for nanoplasmonic applications including sensing,
spectroscopy, imaging and nanolasing and also more generally for resonant systems where loss is conventionally
avoided.
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I. INTRODUCTION

Resonances are ubiquitous in physics and through the
Kramers-Kronig relations [1,2] always possess loss [3]. A
canonical representation of the damped simple harmonic
oscillator is embodied by the inductor-capacitor-resistor elec-
trical circuit [3]. It has been shown that plasmonic resonances
are simply nanoscale versions of these circuits [4]. The gen-
eral understanding is that the linewidth increases with the
damping [3].

The interplay between the linewidth and damping has
been studied extensively in nanoplasmonics, mainly attribut-
ing linewidth increases to the metal loss or radiative loss [5].
Some works have also studied the influence of embedding
in a surrounding lossy medium, again leading to increased
linewidths [6–8]. Yet, looking at a simple constant loss does
not capture the dynamics of being embedded in a strongly ab-
sorbing material. Here we show that richer physics is present
when we consider embedding plasmonic nanoparticles in a
strongly absorbing material including dispersive effects.

While the general consensus is that loss increases the
linewidth of plasmonic resonances, some have noted the
advantages of loss in thermally driven applications like ther-
mophoresis and melting for information storage [9] and
reducing spontaneous emission noise in amplifiers [10]. There
are many plasmonic applications such as surface plasmon
resonance (SPR) sensors, spasers (surface plasmon amplifi-
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cation by stimulated emission of radiation), and nonclassical
light sources that would benefit from narrow linewidths in the
resonance [11–22].

For metal losses, many different damping effects have
been considered including radiative damping [23,24], Ohmic
damping [25,26], surface scattering [27,28], chemical inter-
face damping [29,30], Landau damping [31,32], and interband
transitions [33,34]. The relative contribution of each of these
effects has been debated (for example, Ref. [35]); however,
we are not considering the influence of metal losses in this
manuscript. Rather, we are focusing on the effects of embed-
ding in a strongly absorbing dispersive medium.

Past works have looked at the influence of geometry [36],
background permittivity [37], and nanoparticle size [38] on
the plasmon linewidth. We note that the past work on back-
ground permittivity suggested that for particles larger than
20 nm, the linewidth increases when going to the infrared [37],
which is the opposite of what we report. Compared to those
works, we investigate the specific case of a surrounding lossy
material where dispersion plays an important role in reducing
the linewidth. We also present the first experimental findings
showing the linewidth narrowing using such a strongly ab-
sorbing material as P3HT (poly(3-hexylthiophene)).

II. EXPERIMENTAL METHODS

Our experiments were performed by measuring the scat-
tered power from illuminated samples on glass substrates. The
samples consisted of gold nanoparticles encased in a thin layer
of either P3HT or PMMA (poly(methyl methacrylate)). The
nanoparticles used were 20 nm spherical gold nanoparticles
(1.1624 × 10−12 mols/mL) purchased from BBI solutions.
Drop coating these gold nanoparticles resulted in a 600 nm
average inter-particle distance. The gold nanoparticles were
randomly distributed after the drops evaporated. Clean glass
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(b)

FIG. 1. (a) Schematic of the AOTF dark field microscope
(b) 20 nm spherical gold nanoparticles drop coated on a glass slide
and imaged with a CytoViva dark field microscope.

slides were prepared by sonication in an ethanol bath for 10
minutes, then sonication in an acetone bath for 10 minutes.
Toluene was used to dissolve the solid P3HT. A 12 mg/mL
P3HT:toluene solution mixed in a nitrogen atmosphere glove-
box was spin-coated at 3500 RPM, with 10 s acceleration
and deceleration time, and 20 s spin time to form a 100 nm
thick layer [39]. To fully dissolve P3HT in toluene, solutions
were placed on a hot plate for 30 minutes and stirred with a
stir bar until they turned a bright orange color. The dissolved
solutions were then filtered with a 0.2 μm filter to remove any
possible remaining P3HT clusters and other impurities. The
P3HT solution was spin coated immediately upon removal
from the heat source. For more information on the sample
preparation, see Appendix A.

It has been shown that P3HT can form J-aggregate and
H-aggregate structures [40–42]; however, the spin coated lay-
ers of P3HT in the samples prepared were neither J- nor
H-aggregates as no characteristic resonance peak in the mea-
sured scattered power was observed in samples of P3HT
alone; see Appendix F.

A dark field microscope was constructed to measure the
light scattered by the samples. The schematic of the mi-
croscope is seen in Fig. 1(a). Figure 1(b) shows a dark
field microscope image of 20 nm gold nanoparticles drop
coated onto a clean glass slide. A supercontinuum laser (Fian-
ium Supercontinuum SC450) provided incident power across
the visible spectrum, while an acousto-optic tuneable filter
(Fianium AOTF-DUAL) blocked most of the incident light,
resulting in a 2–4 nm bandwidth at the desired wavelength.
To obtain the scattering spectrum of the samples, a sweep of
the incident wavelength from 500 to 700 nm was performed
in 5 nm steps.

The AOTF dark field setup used a reflective objective lens
(Thorlabs LMM-40x-P01, 40× magnification, 0.5 numerical
aperture) which blocked the center of the incident light beam
and excited at an angle of 30◦. A collection objective lens
(7× magnification and 0.2 numerical aperture) collected scat-
tered light from 0◦ to 12◦. Detection was then performed
with a Thorlabs Quantalux sCMOS (scientific complementary

FIG. 2. Scattering data collected from the AOTF dark field mi-
croscope. The circles on the plots correspond to measured scattering
data and occur in 5 nm steps. (a) Scattered power of 20 nm gold
nanoparticles in PMMA. (b) Scattered power of 20 nm gold nanopar-
ticles in P3HT. The position of the plasmon peak and the FWHM are
displayed on each plot.
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metal-oxide-semiconductor) camera by integrating over the
field of view; however, a simple detector could have been used
as well.

Figure 2(a) shows the scattered power of 20 nm gold
nanoparticles in PMMA and Fig. 2(b) shows the scattered
power of 20 nm gold nanoparticles in P3HT obtained with
the AOTF dark field microscope. The plasmon peak of gold
nanoparticles in P3HT has less than half the linewidth of gold
nanoparticles in PMMA.

III. THEORY AND ANALYSIS

Green function analysis (as well as finite-difference time-
domain, FDTD, simulations shown in Appendix B) was
performed in order to understand the observed linewidth
narrowing for gold in P3HT. Figure 3(a) shows the Green
function spectrum S, for a 20 nm gold nanoparticle in P3HT
and PMMA for the case of an infinite and homogeneous
surrounding medium. The scattering parameter S, shows
stronger scattering for PMMA (prior to normalization, see
Appendix H). The Green function spectrum for a single

FIG. 3. (a) Green function spectrum S for a single 20 nm gold
nanoparticle in P3HT and PMMA. Surrounding media are assumed
to be infinite and homogeneous. (b) Real and imaginary parts of the
permittivity of P3HT and PMMA.

FIG. 4. Green function spectrum S for a 20 nm gold nanopar-
ticle in various infinite and homogeneous embedding media. The
permittivities of the embedding media are ε1 = εP3HT, ε2 = 5.2 +
Im{εP3HT}i, ε3 = Re{εP3HT} + 1.5i, ε4 = 5.2 + 1.5i, ε5 = 5.2 and
ε6 = Re{εP3HT}. The data are summarized in Table I.

spherical nanoparticle in a surrounding medium is given by

S(ω) =
∣
∣
∣
∣

1

ε0
Gs(r, r0, ω) · d

∣
∣
∣
∣

2

|√εmed|, (1)

where ω is the angular frequency of the source, ε0 is the
permittivity of free space, εmed is the relative permittivity of
the surrounding medium, Gs is the scattered Green function,
r is the location of the field point of interest, r0 is the location
of the point dipole source, and d is the dipole moment, po-
larized along z. The Green function method goes beyond the
common dipole approximation [43]; the resulting scattered
field is exact within the context of Maxwell’s equations. The
derivation of the Green function spectrum in Eq. (1) is shown
in Appendix G. The results for the linewidths for gold in
PMMA and P3HT using the Green function spectra agree
qualitatively with the AOTF dark field data from Figs. 2(a)
and 2(b). The plasmon linewidth of gold in P3HT is half the
linewidth of gold in PMMA.

Figure 3(b) shows the real and imaginary parts of the
permittivity of P3HT and PMMA. The permittivity of PMMA
is nearly constant from 500 to 700 nm. The imaginary part
of PMMA is almost zero over this wavelength range and so
PMMA is considered lossless. Both the real and imaginary
components of the permittivity of P3HT have large magni-
tudes and a large dispersion near the plasmon peak for gold in
P3HT shown in Fig. 3(a).

To investigate how the embedding medium impacts the
plasmon linewidth, calculations were performed for various
background media. The effects of dispersion on the linewidth
are not well documented in the literature. Most works assume
there is no dispersion in the surrounding medium and this is
usually a good approximation for commonly used embedding
materials. We do not make this assumption in order to find
the effects of the dispersion and loss on the plasmon peak.
Figure 4 displays the Green function spectra for a single 20 nm
gold nanoparticle in various homogeneous infinite embedding
media. Table I shows the peak wavelengths and linewidths for

013014-3



RYAN PECK et al. PHYSICAL REVIEW RESEARCH 3, 013014 (2021)

TABLE I. Summary of plasmon peaks calculated from Green function spectra for 20 nm gold in various infinite and homogeneous
embedding media. The scattering spectra for the permittivities listed in this table were calculated using Mie series expansions. When only
five terms were used in the series expansions, the resulting linewidths were accurate to three decimal digits. The displayed linewidths were
calculated using 23 terms and there is negligible numerical error in these values.

Permittivity Description Peak Linewidth

ε1 = εP3HT actual material 642 nm 35
ε2 = 5.2 + Im{εP3HT}i dispersive imaginary component 646 nm 47
ε3 = Re{εP3HT} + 1.5i dispersion, constant loss 632 nm 110
ε4 = 5.2 + 1.5i no dispersion, constant loss 628 nm 127
ε5 = 5.2 no dispersion, lossless 613 nm 33
ε6 = Re{εP3HT} dispersion, lossless 624 nm 22

each of the plasmon peaks in Fig. 4. We note that redshifting
reduces the losses from interband transitions in gold [36] and
the shift is sufficiently far to be slightly beyond the lossy
peak of P3HT. Even so, in the following analysis, we break
down the different contributions of the embedding medium
permittivity to the linewidth, including dispersive effects in
the real and imaginary parts of the medium permittivity.

Although the dielectric functions used are unphysical and
do not obey the sum rules [44] and the Kramers-Kronig rela-
tions [1,2], we use them here simply to see how the magnitude
of different parts of the permittivity impact the linewidth. The
case of finite surrounding medium layers was analyzed with
FDTD simulations and show there is only a small dependence
of the plasmon peak on the layer thickness (for more details,
see Appendix C). We also used a Green theory analysis to
find how the size and permittivity of the metal nanoparticle
affect the linewidth (Appendixes D and E). The Green theory
analysis of the embedding medium permittivity indicated that
four factors were important to the linewidths of the plasmons:
the magnitude of both the real and imaginary parts of the
permittivity, and the dispersion of the real and imaginary parts
of the permittivity near the plasmon peak.

Dispersion in the imaginary part of the permittivity near
the plasmon peak can result in linewidth narrowing. It can be
seen from Fig. 4 that the left edges of the plasmon peaks for
both ε1 = εP3HT and ε2 = 5.2 + Im(εP3HT)i are the steepest.
Near the plasmon peak, where the Fröhlich condition,

Re(ε1) = −2Re(ε2) (2)

for gold (ε1 in the above formula) in P3HT (ε2 in the above
formula) is met (611 nm), the absorption of P3HT rapidly
decreases which is reflected in the permittivity by a dispersive
imaginary part. Table I shows that the lossless materials have
narrower linewidths than the lossy materials. However, the
presence of a dispersive loss component near the peak narrows
the linewidth. Then an ideal medium for narrowing plasmon
linewidths is one with a strongly dispersive imaginary com-
ponent that rapidly goes to zero at the plasmon peak, not a
lossless medium. This, however, is unphysical: changes in the
real and imaginary parts of the permittivity are linked through
the Kramers-Kronig relations [1,2]. P3HT still has some loss
at the plasmon peak, and so it has a broader peak than the
lossless materials. Although there is not very much absorption
in P3HT at the plasmon peak, there is still significant loss and

dispersion near the peak. The presence of the large dispersion
of the loss near the peak is a contributing factor to the narrow
linewidth for gold in P3HT. The right edges of the plasmon
peaks for ε1 = εP3HT and ε2 = 5.2 + Im(εP3HT)i are not as
steep due to the lack of a dispersive imaginary permittivity
here. Therefore dispersion in the imaginary part of the per-
mittivity of the surrounding medium can narrow linewidths.

Nondispersive loss leads to broader plasmon linewidths.
To separate the effects of dispersion in the imaginary part
of the permittivity from the magnitude of the imaginary
part of the permittivity, the Green function spectra for
background material permittivities with and without a nondis-
persive loss component were calculated. As seen in Fig. 4,
the materials with constant loss [ε3 = Re(εP3HT) + 1.5i, ε4 =
5.2 + 1.5i] have much broader linewidths than the materials
with dispersive loss [ε1 = εP3HT, ε2 = 5.2 + Im(εP3HT)i] and
with no loss. Therefore the dispersion of the loss narrows
linewidths.

Dispersion in the real part of the medium permittivity,
which arises near a lossy resonance, can also contribute to
narrowing the linewidth. Comparing the plasmon peak for
ε1 = εP3HT and the peak for ε2 = 5.2 + Im(εP3HT)i in Fig. 4,
it is seen that the right edge of the plasmon peak for ε1 =
εP3HT is steeper than the right edge of the peak for ε2 =
5.2 + Im(εP3HT)i. Figure 3(b) shows that the real part of
ε1 = εP3HT decreases near the plasmon peak. The permittivity
of gold becomes more negative for larger wavelengths (past
600 nm). Then the Fröhlich condition [Eq. (2)] shows that at
the resonance peak, decreasing ε1 and ε2 will result in a more
rapid movement away from the resonance as the wavelength
changes resulting in a narrower plasmon linewidth.

The magnitude of the real part of the permittivity can
also narrow plasmon linewidths. In Fig. 4, the ε5 = 5.2 peak
yields a relatively narrow linewidth. The real permittivity of
gold becomes more negative as well as more dispersive for
larger wavelengths. Then for larger ε2 the Fröhlich condition
[Eq. (2)] is satisfied at longer wavelengths. By redshifting
the plasmon peak into the large dispersion regime of gold,
the Fröhlich condition is swept through faster resulting in a
narrower peak. Therefore a large real permittivity will nar-
row plasmon linewidths. The narrowest peak was obtained
for ε6 = Re(εP3HT), which has both a large permittivity and
large dispersion. The addition of the large dispersion to the
permittivity causes a narrower peak than the ε5 = 5.2 peak.
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IV. CONCLUSION

In conclusion, a narrow 27 nm (80 meV) plasmon
linewidth has been observed in lossy P3HT with 20 nm gold
nanoparticles using an experimental dark field setup. This
linewidth was less than half the measured linewidth of 60 nm
(220 meV) for the nonlossy PMMA with 20 nm gold nanopar-
ticles. Using a Green function analysis of these systems, four
factors were found to affect the plasmon linewidth: dispersion
in the real permittivity, dispersion in the imaginary permit-
tivity, magnitude of the real permittivity, and magnitude of
the imaginary permittivity (loss). In contrast to past works
[5,35,45–48] which claim that losses must be reduced in plas-
monic systems when narrow linewidths are desired, we have
shown how including a lossy dispersive medium can serve
to narrow plasmon linewidths. For metal nanoparticles with a
decreasing permittivity (with respect to wavelength) near the
plasmon peak, a decrease in the real and imaginary parts of
the surrounding medium permittivity (normal dispersion) near
the peak narrows the plasmon linewidth. A large magnitude
of the real permittivity at the peak can narrow linewidths
by redshifting the plasmon peak into a wavelength regime
with larger dispersion. The addition of a nondispersive loss
component broadens the plasmon peak. The large dispersion
in both the real and imaginary parts of the permittivity for
P3HT as well as the large magnitude of the real part re-
sults in a narrow plasmon linewidth for gold nanoparticles in
P3HT.

By using dispersive lossy materials, it may be possible
to create enhanced plasmonic devices. Such a device may
result from the combination of loss and gain media to make
a nanolaser; dispersive lossy materials with embedded metal
nanoparticles could be used to generate a narrow scattering
response, while surrounding gain media could increase the
power scattered at the peak wavelength. Dispersive lossy
materials may also see applications in SPR sensing where a
narrow linewidth is desirable, and allows for greater multi-
plexing within a given bandwidth [49–51].
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APPENDIX A: SAMPLE PREPARATION

Figures 5(a)–5(d) shows how the samples used in the
AOTF dark field microscope were made. First a bottom layer
of material (either P3HT or PMMA) was spin coated onto a
clean glass slide, then 20 nm gold nanoparticles were drop
coated with a micropipette on top of the bottom layer. The
50 μL drops were heated at 90 ◦C for 10 minutes on a hot
plate until the water in the drops evaporated, leaving gold
nanoparticles on the surface of the sample. Finally, the top
layer of material was spin coated onto the sample, encasing
the gold nanoparticles. The PMMA solution used was 4%
PMMA in anisole. P3HT was purchased from Rieke metals
(4002-EE) and was 90% regioregular.

FIG. 5. [(a)–(d)] Steps followed to make samples. (a) Spin coat
bottom layer. (b) Drop coat gold nanoparticles. (c) Spin coat top
layer. (d) Encased gold nanoparticles.

APPENDIX B: FDTD SIMULATION RESULTS

Numerical calculations were performed using a com-
mercial version (8.20.1731) of Lumerical FDTD (Finite-
Difference Time-Domain). Figure 6(a) shows a schematic of
the FDTD simulations. A total-field scattered-field (TFSF)
source was used with a 50 nm side length and was incident on
the sample at an angle of 30◦, which is the incident angle used
in the AOTF dark field setup. The wavelength of the source
ranged from 400–800 nm. The sample was modeled by a
120 nm thick rectangle of P3HT or PMMA, extending through
the simulation boundaries with a single 20 nm gold nanopar-
ticle at the center. The simulation region was a 1000 nm cube.
PMLs (perfectly matched layers) were used at the boundaries
and were 16-layer thick to more effectively absorb high angle
scattered light. A single power monitor was placed outside the
sample and the TFSF region to measure the scattered power.
The gold permittivity used in the simulations was fitted to
Johnson and Christy data [52], the P3HT permittivity was fit-
ted to experimental data collected from the McGehee Stanford
research group and is available online [53], and the PMMA
permittivity was set to 2.25. Convergence of all simulations
was checked by gradually decreasing the mesh size down to
a 1 nm mesh in the gold region and a 3 nm mesh in the
surrounding medium.

Figure 6(b) shows the results of numerical simulations
for the scattering cross section of 20 nm gold nanoparticles
encased in 120 nm of PMMA and P3HT. A narrower linewidth
is seen for the gold nanoparticles in the lossy medium. The
calculated linewidths agree qualitatively with the scattering
data from the AOTF dark field microscope shown in the main
paper.
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FIG. 6. Numerical simulation data. (a) A schematic of the Lumerical simulation. The blue rectangle is the 120 nm thick layer of PMMA,
the large orange box is the simulation region, the small pink box is the TFSF source and the yellow square is the field monitor where the
scattered field was measured. The 20 nm gold nanoparticle is in the center of the 120 nm film. (b) Scattering cross section calculated with
FDTD from a 20 nm gold nanoparticle in 120 nm thick PMMA and from a 20 nm gold nanoparticle in 120 nm thick P3HT.

APPENDIX C: FINITE THICKNESS EMBEDDING MEDIA

Figures 7(a) and 7(b) show the results of FDTD simula-
tions which found the scattering cross section of 20 nm gold
nanoparticles embedded in media of varying thickness. These
simulations were performed to find the dependence of the
plasmon peak on the film thickness. Tables II and III display
the peak locations and linewidths for each of these simula-
tions. Table II shows that for PMMA, there is only a small
change in the linewidth as the layer thickness is increased.
Table III shows that the linewidth for P3HT remains the same
over the range of thicknesses analyzed. For both PMMA and
P3HT, the plasmon peak does not strongly depend on the
thickness of the films used.

APPENDIX D: NANOPARTICLE SIZE

Figures 8(a) and 8(b) show the results of Green theory cal-
culations for the normalized scattered power of a single gold
nanoparticle in PMMA and in P3HT for different diameters

of the gold nanoparticle. Tables IV and V show the plasmon
peak locations and linewidths. For both PMMA and P3HT,
the plasmon peaks redshift and the linewidths broaden when
the nanoparticle size is increased, so the narrowest linewidth
occurs for the smallest nanoparticle. This linewidth broaden-
ing is caused by increased radiative damping (plasmon decay
via coupling with the radiation field), as the particle size is
increased [23,24]. For both PMMA and P3HT, the radiative
damping becomes significant for a gold diameter of 30 nm.

Surface scattering was not considered in this analysis.
Surface scattering causes significant linewidth broadening
for small nanoparticles [27,28]. If surface scattering was
included, then the narrowest linewidth would occur for
some intermediate particle size where the total damping was
minimized.

APPENDIX E: NANOPARTICLE PERMITTIVITY
Figures 9(a) and 9(b) show the peaks from various goldlike

metals embedded in infinite and homogeneous PMMA and

FIG. 7. (a) FDTD simulation results for the power scattered from a 20 nm gold nanoparticle embedded in PMMA films of varying thickness.
(b) Similar FDTD simulation results for 20 nm gold in P3HT films.
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TABLE II. Summary of plasmon peak data from Fig. 7(a) for a
20 nm gold nanoparticle in layers of PMMA of various thickness.

Layer thickness Peak Linewidth

40 nm 541 nm 54 nm
80 nm 541 nm 56 nm
120 nm 541 nm 58 nm
160 nm 541 nm 58 nm

P3HT. Each calculation is done for a single 20 nm nanopar-
ticle in either PMMA or P3HT. Tables VI and VII show the
nanoparticle permittivities used, and the peak locations and
linewidths for each calculation. Three factors significantly
affected the linewidth.

Dispersion in the imaginary permittivity of the nanopar-
ticle does not significantly narrow the peak. For plasmons
excited with energies below the interband transition of gold
(2.4 eV or 517 nm) it is commonly assumed that the dispersion
in the imaginary component is negligible compared to the dis-
persion in the real component, which we verify here [54,55].
Comparing ε1 = εgold and ε5 = Re{εgold} + 1.02i in Fig. 9(a)
which have equal linewidths, and also ε1 = εP3HT and ε5 =
Re{εgold} + 1.02i in Fig. 9(b) which have equal linewidths,
we see the inclusion of the dispersive imaginary part to the
nanoparticle permittivity does not change the plasmon peak
significantly. Unlike for the surrounding medium analysis in
the main paper, there is no steep edge in the plasmon peak
due to the dispersive imaginary permittivity of gold. The
real permittivity of gold changes much more rapidly than the
imaginary permittivity at the plasmon peaks for PMMA and
P3HT. Although the dispersion in the imaginary permittivity
can alter the plasmon peak very slightly and may cause some
degree of linewidth narrowing, it is insignificant compared to
the narrowing due to the large real permittivity dispersion.
To isolate the effects of dispersion from only the imaginary
part of the permittivity, we can compare the results for ε4 =
−13.3 + Im{εgold}i and ε6 = −13.3 + 1.02i from Fig. 9(b).
The inclusion of the dispersive imaginary part of gold only

TABLE III. Summary of plasmon peak data from Fig. 7(b) for a
20 nm gold nanoparticle in layers of P3HT of various thickness.

Layer thickness Peak Linewidth

40 nm 655 nm 42 nm
80 nm 657 nm 42 nm
120 nm 657 nm 42 nm
160 nm 655 nm 42 nm

slightly reduces the linewidth by 1 nm from 68 to 67 nm.
Also, both ε6 = −5.23 + 1.97i and ε4 = −5.23 + Im{εgold}i
shown in Fig. 9(a) do not have plasmon peaks. If the ef-
fects of the dispersive imaginary permittivity were significant,
there would be a plasmon peak for ε4 = −5.23 + Im{εgold}i.
Therefore, for a gold nanoparticle, the dispersion in the
imaginary permittivity does not contribute significantly to nar-
rowing plasmon linewidths for plasmons below the interband
transitions.

Nondispersive loss in the nanoparticle broadens the
linewidth. In Fig. 9(a), ε2 = Re{εgold} has an extremely nar-
row 2 nm peak while the same permittivity with loss included,
ε5 = Re{εgold} + 1.97i, has a much broader linewidth of
58 nm. In Fig. 9(b), ε2 = Re{εgold} has a 27 nm linewidth and
the permittivity ε5 = Re{εgold} + 1.02i has a broader 35 nm
linewidth. The linewidth is broadened by adding a nondis-
persive loss component to the nanoparticle permittivity. The
permittivity ε2 = Re{εgold} in PMMA has such a narrow peak
because PMMA is also assumed to have no loss, so when
the Fröhlich condition is met the scattered power becomes
infinite in the quasistatic regime. The reason the peak is not
infinite here is because the Green theory does not use the
quasistatic approximation, so retardation of the field in the
nanoparticle leads to radiation damping which will broaden
the peak and reduce the scattered power to a finite num-
ber. Although having no loss is unphysical, this investigation
shows the effectiveness of reducing loss in the nanoparticle
for narrowing linewidths.

FIG. 8. (a) Green function calculations for the power scattered (spectrum) from gold nanoparticles of varying diameter embedded in an
infinite and homogeneous PMMA medium. (b) Similar calculations for gold in P3HT. In each plot, the numbers in the legend display the gold
nanoparticle diameters.
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TABLE IV. Summary of plasmon peak data from Fig. 8(a) for
different size gold nanoparticles in PMMA.

Nanoparticle size Peak Linewidth

5 nm 534 nm 56 nm
10 nm 534 nm 57 nm
20 nm 536 nm 58 nm
30 nm 539 nm 60 nm
40 nm 542 nm 67 nm
50 nm 550 nm 76 nm

Dispersion in the real part of the nanoparticle permittivity
can narrow linewidths. In Fig. 9(a), ε1 = εgold has a peak
of 58 nm while there is no plasmon peak for ε4 = −5.23 +
Im{εgold}i. In Fig. 9(b), ε1 = εgold has a linewidth of 35 nm
and ε4 = −13.3 + Im{εgold}i has a much broader linewidth of
67 nm. The constant values −5.23 and −13.3 for ε4 in each
medium were chosen so that ε4 = ε1 at the plasmon peak.
Thus, the drastic changes in linewidth are due to the large
dispersion in the real permittivity of gold, so dispersion in the
real permittivity can narrow plasmon linewidths.

A large magnitude of the real permittivity of the nanopar-
ticle can narrow linewidths. In Figs. 9(a) and 9(b), ε3 =
Im{εgold}i do not have plasmon peaks because there is no
negative real permittivity (the real component of the per-
mittivity is set to 0). As the magnitude of the permittivity
increases to the value at the plasmon peak, the peak gradually
narrows. The magnitude of the real permittivity of the metal
nanoparticle determines where the plasmon peak is located
in the electromagnetic spectrum. Metals commonly used in
nanoplasmonics, such as gold and silver, have a large disper-
sive real permittivity below the plasma frequency. Therefore
a large magnitude in the nanoparticle permittivity can narrow
linewidths by shifting the plasmon peak into a regime where
there is a large dispersion in the real permittivity of the metal.

APPENDIX F: P3HT SCATTERING DATA

Figure 10 shows the scattering data from a 120 nm layer
of P3HT without any gold nanoparticles. The measurements
were taken using the same AOTF dark field microscope de-
scribed in the main paper. There was no narrow peak at
650 nm as there was for 120 nm P3HT with embedded 20 nm
gold nanoparticles. These data show that the 650 nm scattering
peak present for gold in P3HT is not due to fluorescence or
scattering from the P3HT layer.

TABLE V. Summary of plasmon peak data from Fig. 8(b) for a
different size gold nanoparticles in P3HT.

Nanoparticle size Peak Linewidth

5 nm 636 nm 35 nm
10 nm 636 nm 35 nm
20 nm 639 nm 35 nm
30 nm 644 nm 37 nm
40 nm 650 nm 41 nm
50 nm 659 nm 52 nm

FIG. 9. (a) Green function spectrum S for different 20 nm
metal nanoparticles embedded in infinite and homogeneous PMMA.
(b) Green function spectrum S for different 20 nm metal nanopar-
ticles embedded in infinite and homogeneous P3HT. Tables VI and
VII show the metal nanoparticle permittivities used and summarize
the results shown in these figures.

APPENDIX G: GREEN FUNCTION ANALYSIS

The Green function for Maxwell’s equations satisfies

∇ × ∇ × G(r, r0, ω) − ω2

c2
ε(r, ω)G(r, r0, ω)

= ω2

c2
1δ(r − r0), (G1)

where G is the dyadic Green function, ω is the angular fre-
quency, r is the location of the field point of interest, r0 is
the location of the source, c is the speed of light, ε(r, ω) is
the permittivity, 1 is the unit tensor, and δ is the Dirac delta
function. The full Green function is split into scattering and
homogeneous medium contributions

G = Gs + Ghom. (G2)

The formula for the scattering contribution of the Green
function, Gs, can be found in a past work [43]. The Green
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TABLE VI. Summary of plasmon peaks calculated from Green
function spectra for various gold-like metals in infinite and homoge-
neous PMMA. A row marked with “X” means there was no plasmon
peak for this calculation. The constant values of −5.23 and 1.97i
were used because at the plasmon peak for gold and PMMA the
permittivity of gold is εgold = −5.23 + 1.97i.

Permittivity Peak Linewidth

ε1 = εgold 536 nm 58 nm
ε2 = Re{εgold} 525 nm 2 nm
ε3 = Im{εgold}i X X
ε4 = −5.23 + Im{εgold}i X X
ε5 = Re{εgold} + 1.97i 531 nm 58 nm
ε6 = −5.23 + 1.97i X X

function spectrum is defined as

S0(ω) =
∣
∣
∣
∣

1

ε0
Gs(r, r0, ω) · d

∣
∣
∣
∣

2

, (G3)

where Gs is the scattering part of the Green function at po-
sition r from the center of the nanoparticle, and the source
is a dipole polarized in the z direction located at r0 with
dipole moment d (the z axis is defined to be the direction
from the center of the nanoparticle to the dipole point r0, and
the point r is further up the same axis). The Green function
spectrum defined here quantifies the power scattered by the
nanoparticle.

The calculations were performed with the distance between
the field point and the dipole |r − r0| set to 50 nm. This gives
similar loss from the medium as in the thin film calculations
and experiments. The far field scattered power in an infinite
homogeneous lossy medium is not a well-defined property as
the spectral shape is continuously changing as the distance the
scattered light travels through the lossy medium is increased,
and so the far field scattered power was not calculated.

In experiments, the incident light crossed from air to the
surrounding medium, while in calculations the light from
the source was generated inside the surrounding medium.
To account for this difference the scattered power was

TABLE VII. Summary of plasmon peaks calculated from Green
function spectra for various gold-like metals in infinite and homoge-
neous P3HT. A row marked with “X” means there was no plasmon
peak for this calculation. The constant values of −13.3 and 1.02i
were used because at the plasmon peak for gold and P3HT the
permittivity of gold is εgold = −13.3 + 1.02i.

Permittivity Peak Linewidth

ε1 = εgold 639 nm 35 nm
ε2 = Re{εgold} 635 nm 27 nm
ε3 = Im{εgold}i X X
ε4 = −13.3 + Im{εgold}i 647 67
ε5 = Re{εgold} + 1.02i 639 nm 35 nm
ε6 = −13.3 + 1.02i 647 68

FIG. 10. Scattered power spectrum from a 120 nm layer of
P3HT. The red circles are experimental measurements taken in 5 nm
increments.

renormalized:

S = S0|√εmed|, (G4)

where εmed was the medium permittivity.

APPENDIX H: UNNORMALIZED SCATTERING SPECTRA

Figure 11 shows the scattering without normalization. Sim-
ilar results were obtained using numerical simulations with
COMSOL, however accounting for the propagation through the
absorbing medium complicates the analysis.

FIG. 11. Green theory scattered power for PMMA and P3HT
without normalization.
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