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Abstract: In this paper, we investigated the plasmon coupling, quantum yield (QY) and effect
of tip geometry of gold nanoparticles (AuNPs) using finite-difference time-domain (FDTD)
simulation. Standalone AuNPs spectra have been obtained using the most reliable electro-
magnetic theory such as Mie theory for spherical nanoparticle such as gold nanosphere
(AuNS) and Mie–Gans theory for ellipsoidal AuNPs such as gold nanorod (AuNR). We re-
ported the scattering cross section for standalone and coupling particle using the modified
dielectric constant, where the size effect of small particles and the retardation effect of large
particles have been taken into consideration for both the analytical calculation and FDTD
simulation. Plasmon coupling effect of AuNS dimer of 80-nm diameter and AuNR dimer
(side-by-side geometry) of aspect ratio 3.8 has been investigated using FDTD simulation.
We also quantified the QY in terms of cluster to monomer ratio for AuNS and AuNR, which is
analogous to the ratio of acceptor and donor chromophore in biological systems. The QY of
monomer, dimer, and trimer of 40-nm diameter AuNS has been perceived using FDTD sim-
ulation, integrating the whole spectrum over 400–1000 nm wavelength regime. Additionally,
effect of tip geometry of AuNPs has been investigated and significant field enhancement
due to the variation in shapes such as AuNS, AuNR, gold dumbbell, and gold bipyramid has
also been reported. The novelty of the paper lies in the presentation of a systematic study
of the plasmon coupling of different sizes and shapes of AuNP, quantification of the QY,
and probing the effect of tip geometry for a single material such as AuNP using the FDTD
simulation. Moreover, we believe that our in-depth analysis of AuNP laid the foundation to
determine the scattering cross-section, QY, and near-field enhancement for more complex
structures and geometries of other novel materials. Conclusively, the investigation results
demonstrate that plasmonic nanoparticle can be used as a molecular probe for bioimaging,
sensing, cell signaling, and biological therapeutic intervention.

Index Terms: Gold nanoparticle scattering, Mie theory, Gans theory, nanoparticle plasmon
coupling, quantum yield and FDTD simulation.
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1. Introduction
Plasmonic nanoparticles exhibit excellent optical properties due to their size, shape and tip geom-
etry. Thus, they have been extensively used in biological applications including biological imaging
[1]–[7], bio labelling and sensing [8], photothermal cancer therapy [9], [10], drug and gene delivery
[8], [11], and probing membrane proteins [12], [13].

Plasmonic nanoparticle are mediated by localised surface plasmon resonances, which is a charge
density oscillations of conduction electrons confined to metallic nanoparticles embedded in dielectric
media stimulated by incident light [14]–[19]. The resonance wavelength strongly depends on the
size, shape and surface composition of the nanoparticle and the dielectric properties of surrounding
medium [16], [19].

Plasmonic nanoparticles (PNPs) exhibit plasmon coupling effect. When two metallic nanoparticles
approach each other, a stronger plasmonic near field coupling occurs, giving rise to a distance
dependent wavelength shift of the plasmon mode. Quantitative studies on near field coupling
between pairs of elliptical metal nanoparticles and spherical nanoparticles as a function of inter
particle separation were independently reported by Su [20] and Rechberger [21], respectively.
The plasmon coupling effect could be understood using the plasmon hybridisation model, where
coupled mode is treated as bonding and antibonding of individual plasmon mode [22]. Recently,
PNPs have been exploited to probe inter–particle distances between two macromolecules [13],
[23]–[26] utilising the plasmon ruler equation [27], [28] on the basis of spectral shift. Plasmon
coupling between a pair of NSs, NRs, nanodisks and nanoshells has been used to detect the
DNA–DNA [29]–[31], DNA–protein [32], and protein–protein binary interactions [33]. More recently,
plasmon coupling has been utlised to probe the anti–EGFR antibody conjugated PNPs, which has
been attached to EGFR protein expressing cells [3], [34].

In recent times, plasmonic nanoparticle has been extensively used in biological applications and it
becomes necessity to know the molar absorption, scattering and extinction coefficient or quantum
yield. Here, emitting quantum yield is defined as ratio of the aggregate to that of the monomer,
which is analogous to the ratio of acceptor and donor chromophore in biological systems. However,
quantitative measurement of quantum yield of plasmonic gold nanoparticle will enable us to detect
two closely separated molecules [35]–[39], characterise larger protein assemblies, and measure
the transport properties, molecular activities and cell membrane protein distribution in living cells
[35], [40]. This will provide the solution of measuring slower protein transport which is inaccessible
using different microscopy based techniques like Fluorescence resonance energy transfer (FRET)
[41], [42], Image correlation microscopy (ICM) [12], [40], Fluorescence correlation spectroscopy
(FCS) [43]–[45], and Image correlation spectroscopy (ICS) [46]–[48].

Therefore, to investigate the plasmon coupling, quantify the quantum yield and effect of tip
geometry of gold nanoparticles, FDTD simulation has been exploited which has been discussed in
the later section.

2. Analytical Models and Numerical Simulation
2.1 Analytical Models

To obtain the single particle spectra, Mie theory is used for spherical nanoparticle such as
nanosphere and Mie-Gans theory for ellipsoidal nanoparticle such as nanorod. Mie theory can
give the exact analytical solution of a sphere with an arbitrary shape, given that the dielectric con-
stants of the environments are known [49]–[51]. Mie-Gans theory can give the analytical expression
to calculate the spectrum for rod shaped (approximated) nanoparticles, which are much smaller
than the wavelength of light [14]–[19], [49]–[54]. Due to the absence of analytical models, numerical
simulation technique such as discrete dipole approximation (DDA) [55], finite difference time domain
(FDTD) [56], [57] or finite element calculations has been used for other shapes.

2.1.1 Extinction of Light by a Nanosphere: In 1908, Gustav Mie proposed a theory for arbitrary
shaped spherical particle to solve Maxwell’s equation with the correct boundary conditions. This
solution can be used to determine the absorption, scattering, and extinction of arbitrary shaped
nanoparticles. The cross-section of an arbitrary shaped nanoparticles depends on the radius of
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nanosphere R, vacuum number of the incident light K, and dielectric function of the nanospehre εp

and it’s surrounding εm , which has been expressed as,

σscat = 2π
k2

∞∑

n=1

(2n + 1)(|an |2 + |bn |2) and σext = 2π
k2

Re(an + bn )

The coefficient an and bn can be calculated from the following equation

an = m�n (mx)�n (x) −�n (mx)�′
n (x)

m�′
n (mx)ξn (x) −�n (mx)ξ′n (x)

and bn = �′
n (mx)�n (x) − m�n (mx)�′

n (x)
�′

n (mx)ξn (x) − m�n (mx)ξ′n (x)

Here, x = √
εm kR is a size parameter where R is the radius of the nanosphere, and m =

√
εp

εm
where

εp and εm are the dielectric function of sphere and medium, respectively. Also, ψ and ξ are the
Ricatti–Bessel cylindrical function of order n and ψ and ξ and prime indicate differentiation with
respect to argument x. The summation of absorbed and scattered energy is known as extinction
energy. The phenomenon can be expressed as, σabs = σext − σscat .

Therefore, to calculate the absorption and scattering cross-section, the dielectric function of the
particle is required which has been calculated using Drude and Lorentz’s free electron models.
Dielectric constant of metal is given by the sum of contributions from free electron εf , (given by
Drude’s free electron model for metal) and the interband transitions εi b. This yields the following

expressions for dielectric constant: ε (ω) = εf (ω) = + εib (ω) = 1 − ω2
p

ω(ω+iγb ) + εi b(ω), where ωp is the
plasma frequency and γb is the bulk damping constant that is related to the mean free path (l) of
the electron through γb = vF/l, where vF is the Fermi velocity. The plasma frequency is given by

ωp =
√

ne2

ε0m e
, (ωp for Au 13.8 × 1015), where n is the electron density, ε0 is the vacuum permittivity

and m e is the effective mass of electron.
For small particles (radius less than 5 nm) with dimensions less than the bulk mean free path, the

electrons collide with the surface of the particle and the dielectric constant deviates from bulk metal.
Considering the electron surface scattering for small particles, the damping constant is given by,
(leff) = γb + A vF

leff
, where leff is the effective path length of electrons and A is a constant that depends

on the electron–surface interactions [58], [59]. The effective path length depends on the size and
shape of the particles and can be calculated consistently for arbitrary shaped particles by leff = 4V/S
where V is the volume of small nanoparticle and S is the surface area of the particle [58], [60]. For
spherically capped cylinders (nanorods), effective path length equation becomes leff = w (1 − w

3l ),
where w is the width and l is the total length (l/w is the aspect ratio). For spheres, leff = 4/3R, where
R is the radius of sphere and Asphere = 0.33. In the case of large particles with a radius above
50 nm, the radiation damping causes broadening of spectrum [14], [18]. If the radiation damping
effect is considered, the line width is given by � = γb + A vF

leff
+2hkv, where v is the volume of large

nanoparticle and k is a constant that characterises the efficiency of radiation damping. Experimental
measurements of dielectric function for Au on metal films under high vacuum [61] are plotted in
Supplementary Fig. S1 will be used in all the simulations performed in this paper considering the
interband transitions and surface scattering for smaller particles and radiation damping effect for
larger particles.

2.1.2 Extinction of Light by a Nanorod: In 1912, Gans developed an extension of Mie’s work
to calculate the absorption and scattering cross-section of anisotropic particle, where particles
much smaller than the wavelength of incident light are approximated as ideal dipoles. The field
outside the particles is superposition of ideal dipole and incident field. If an elongated particle is
treated as ellipsoid, then its polarizability can be expressed as α3=4πabc εl−εm

3εm +3L p (εl−εm ) , where L p is a
depolarisation factor. For prolate spheroids, if light is polarised along the long axis of the spheroids,
L p will change to L1= 1−e2

e (−1 + 1
2e ln 1 + e

1 − e ), L2=L3= 1−L 1
2 , where e is the eccentricity of the particle

given by, e2=1−( b
a )2, and L p = (L1, L2 , L3) denotes the polarisation of the incoming field aligned to

one of the axes of the particle. The optical cross section can be expressed as σext = k/m (α) and
σsca = k4

6π |α|2.
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Fig. 1. (a) Extinction, absorption and scattering cross–sections calculated via Mie theory compared
with finite difference time domain (FDTD) simulations for 20 nm radius gold nanospheres. (b) Surface
plasmon resonance (SPR) spectrum of nanorods with semi major axis 43 nm and semi minor axis 10
nm calculated using Mie–Gans theory, refractive index 1.33. While gold nanospheres show one SPR
band in the visible region, gold nanorods show two bands: a strong longitudinal band in the near infrared
region corresponding to electron oscillation along the long axis and a weak transverse band, similar
to that of gold nanospheres in the visible region corresponding to electron oscillations along the short
axis. Inset K vector shows the direction of propagation and E vector shows the direction of electric
field considered for FDTD simulation also Transmission Electron Microscopy (TEM) Images of AuNS
(Fig. 1(a)) and AuNR (Fig. 1(b)).

In Mie–Gans theory, elongated nanoparticles are approximated as spheroids, however Transmis-
sion Electron Microscope (TEM) studies revealed that wet chemically synthesized nanorods have
hemispherically capped geometry. Therefore, in our simulation we presumed nanorods as hemi-
spherically capped geometry and corrected the Mie Theory including the geometrical factor (L) for
other shape similar to Prescott et al. [54]. Moreover, Mie Theory calculated spectra for nanosphere
of spherical shape and Mie-Gans Theory calculated spectra for nanorod of hemispherically capped
geometry has been compared with similar size and shape FDTD simulated spectra (Fig. 1(a) and
(b)). To overcome the shape limitation of analytical model, FDTD simulated has been introduced.
Therefore, basic mathematical and physics formalism behind the FDTD algorithm and simulation
setup for single AuNPs (monomer) and coupled AuNPs has been presented in the later section.

2.2 Numerical Simulations–FDTD

Recently, different sizes and shapes of PNPs including prisms [62], [63], shells [63], cubes [18],
bipyramids [60], and nanorods [15]–[19] have been synthesised and studied optically. Existing
analytical models, Mie theory and Mie–Gans theory, only provide the analytical solution of PNP’s
and infinite long cylinders as special cases [51], however for many other shapes, analytical solutions
are not available to investigate the plasmon coupling effect.

The lack of analytical model has set a barrier to understand their plasmon spectra, as well as to
gain further insight into their near field properties particularly, the quantum yield of PNPs. Several
state of the art methods have been employed to solve Maxwell’s equation numerically, including
the T–matrix [64], [65], discrete dipole approximation (DDA) [66], and finite difference time domain
(FDTD) [57], [66]. The T-matrix method emphasises more on far field properties (i.e., the scattered
field) and it is better developed for revolution symmetry. The DDA and FDTD however can give both
the near and far field properties due to their finite element nature. However, in this study FDTD
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Fig. 2. (a) Finite difference time domain (FDTD) simulation results of 40 nm radius gold nanosphere
dimer for 0.5 nm, 1 nm, 4 nm, 8 nm, 16 nm, 24 nm, 40 nm, 80 nm and 200 nm separation compared with
monomer. (b) Finite difference time domain (FDTD) simulation results of gold nanorod dimer for length
75 nm, width 20 nm, aspect ratio 3.8, for the separation of 1 nm, 2 nm, 4 nm, 10 nm, 48 nm, 87.5 nm
128 nm compared with monomer.

simulation has been used to explore the coupling effect, quantum yield and effect of tip geometry
of different sizes and shapes of AuNS, AuNR, and gold bipyramid and gold dumbbell structures.

2.2.1 FDTD Simulations of AuNS Dimer: To explore the plasmon coupling of AuNP dimer, com-
mercial FDTD software (Lumerical Solutions 7.5, Canada) was used. The dielectric function of gold
was formulated from Johnson and Christy has been corrected for size effect (surface scattering and
radiation damping). A total- field scattered field source (TFSF) with its wavelength ranging from 400
nm–1000 nm was used and a grid resolution of 0.5 nm was chosen to obtain more accurate results.
The source direction was set along the axis of AuNPs. The surrounding medium was taken as water
with refractive index 1.33. We investigated the plasmon coupling of 80 nm diameter AuNP dimer
using FDTD simulation (Fig. 2(a)) and found red shift in SPR peak with decreasing inter–particle
distance (weak coupling region), which is in agreement with previously obtained results [20], [28],
[67], [68]. The red shift is due to coupling of plasmonic near field when two spheres approach
each other and form bonding and antibonding plasmon modes. Additionally, the amount of red
shift is modelled with a universal plasmon ruler equation λ

λ
= A exp − d/D

τ
, where A = 1.13252 is

the maximum fractional plasma resonance shift, τ = 0.22513 is the decay constant, d is the inter–
particle separation, and D is the diameter of 80 nm diameter AuNSs (Supplementary Fig. S2). The
values have been found to be comparable to published results by Kat et al. and Funston et al. [27],
[28]. There are single SPR peak for weak coupling region, however we found multiple SPR peaks
at strong coupling regions specially when the separation is 1 nm or lesser (for 80 nm diameter
AuNSs) (Fig. 2(a)). The multiple peak at strong coupling region is due to hybridisation of plasmon
energy which could be explained using plasmon excitation model [71]. Moreover, the phase shift is
negative, and a sudden fall occurred in phase shift due to the distribution of incident filed energy. In
addition to the classical electromagnetic theory, which is the main theoretical framework used in
this manuscript, a quantum plasmonic theory is recently being considered a lot especially when
the inter-particle distance is below 1 nm. The quantum tunnelling effect may quench the plasmon
resonance in the far-field spectrum and consequently the near-field enhancement is reduced a lot.
Nevertheless, at weak coupling regions (such as 80 nm and 200 nm separations, respectively), the
SPR peak is almost at the same position as monomer SPR peak (around 558 peak wavelengths
for 80 nm diameter AuNSs) with double intensity. Intensity of monomer at 558 nm peak wavelength
for 80 nm diameter AuNSs is 1.656 × 10−14 m2. At monomer peak wavelength of 558 nm, the in-
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Fig. 3. (a) Finite difference time domain (FDTD) simulation results of 40 nm diameter gold nano
sphere trimer for different inter–particle distances for weakly coupling regimes compared with monomer
and dimer. (b) Finite difference time domain simulations and quantum yield of 80 nm diameter gold
nanosphere (AuNSs) with respect to separation/diameter.

tensity of dimer (8.41 × 10−14 m2) becomes 5 times greater than the monomer (1.66 × 10−14 m2)
intensity.

2.2.2 FDTD Simulations of AuNR Dimer: Similarly, we simulated spherically capped nanorod
dimer with a length of 75 nm, width of 20 nm and aspect ratio 3.8, with side-side geometry and
polarisation parallel to long axis (Fig. 2(b)). As the distance decreases, the longitudinal plasmon
band progressively red-shifts due to coupling of longitudinal plasmons. The amount of red shift is
modelled with the universal plasmon ruler equation, where the results A = 0.18396, τ = 0.08976 for
aspect ratio (AR) 3.8 has been found to be comparable to published results [27], [28] (Supplementary
Fig. S3). However, Funston et al. [69] showed that the fitting parameter in universal plasmon ruler
equation is not good enough for predicting the coupled plasmon wavelengths of various Au nanorod
dimers. In order to have more universal equation, Jain et al. [70] reported that coupled plasmon
energy is determined by competition between the interparticle coloumbic restoring force on the
displaced electron cloud. The d/D term in plasmon ruler equation was replaced by Jiang fang group
as (Vgap/Vnanorod)1/3, where Vgap and Vnanorod denote the volumes of the gap region and nanorod

respectively. The exponential expression can be articulated as λ
λ

= A exp − d/D 1/C

τ
, where c = 3, 5,

7 are for dipole, quadrupole, octupole respectively. To elucidate the nature of plasmon excitation in
the coupled system, an excitation model could be employed [71]. For side–side dimer arrangement,
longitudinal plasmon bonding is analogous in nature to the formation of σ bond from two Pz electronic
orbitals. On the other hand, for side–side dimer arrangement, longitudinal plasmon has anti- bonding
in nature which is analogous to the formation of π∗ bond from Px/y orbitals. In the case of end–end
dimer configuration, a new band emerges at higher energies as the inter–AuNR distance becomes
very small or when the number of AuNRs interacting in assembly is increased [71].

2.2.3 FDTD Simulations of AuNS Trimer: We investigated the plasmon coupling of a nanosphere
trimer with a diameter of 40 nm, as a function of interparticle separations (Fig. 3(a)). When com-
paring the monomer, dimer, and trimer nanospheres with same diameters, it was observed that
the peak position remains the same for weakly coupled trimers, dimers and monomers. However,
the intensity doubles and triples for dimers and trimers, respectively, due to formation of bonding
and antibonding plasmon mode. The intensity and SPR peaks for monomers are 1.89 × 10−16 m2

and 543 nm, for dimers are 6.01 × 10−16 m2 and 543 nm, and for trimers are 1.01 × 10−15 m2 and
543 nm. Plasmon resonance peak shift as a function of inter–particle separations are presented in
Supplementary Fig. S4.
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Fig. 4. (a) Extracted Quantum Yield (QY) of AuNP monomer/cluster using FDTD simulation. (b) Scatter-
ing cross–sections (per unit volume) of spheres (SPs), dumbbells (DBs), nanorods (NRs) and bipyramids
(BPs) using FDTD calculations.

3. Probing Quantam Yield (QY) of Gold Nanoparticle
Quantum yield of AuNPs drastically varies due to plasmon coupling. By simulating PNP plasmon
coupling, we can extract the quantum yield ratio of cluster to monomer. Whenever two nanoparticles
are brought close together, the plasmon resonance red shifts, and if their separation distance
is further reduced, multiple peaks will form due to higher order mode and band splitting. We
investigated the plasmon coupling effect of nanospheres and nanorods using FDTD simulation
(Fig. 2(a) and (b)). From the FDTD simulation, it was observed that, for 80 nm diameter AuNS,
monomers produced SPR peak and scattering intensity of 558 nm and 1.65571 × 10−14 m2, dimers
(1 nm separation) produced SPR peak and scattering intensity of 785 nm and 8.43 × 10−14 m2,
and trimers (1 nm separation) produced SPR peak and scattering intensity of and 877 nm and
1.42 × 10−13 m2. For AuNR with an aspect ratio of 3.8 nm and length of 75 nm, the SPR peak and
scattering intensity for monomers and dimers were 827 nm and 2.02 × 10−14 m2 and 965 nm and
5.08 × 10−14 m2, respectively. Furthermore, the total scattering strength of two interacting AuNPs
(80 nm diameter AuNS and 3.8 aspect ratio AuNRs) can be calculated by integrating the entire
spectrum over 400 nm–1000 nm wavelength regime (Fig. 3(b)). By observing the total scattering
strength with respect to separation distance, it can be concluded that whenever two particles are
further apart, there is no plasmon coupling & total scattering strength doubles as they act as
identical monomers (Fig. 3(b)). From these observations, we can safely assume that for 80 nm
diameter AuNS dimers, the QY ratio of the cluster to monomer is around 4, which is the square of
the dimer. Similarly, quantum yield ratio of AuNS trimer to AuNS monomer varies from 4 to 9 for
different separations, which is cubed for trimer (Fig. 4(a)).

4. Field Enhancement Due to Tip Geometry
Elongated nanoparticles, especially nanorods and bipyramids are promising for optical studies
as their spectra are easily tuneable by varying the aspect ratio. Compared with AuNSs, AuNR
structures of the same volume give a larger curvature at the tips (Supplementary Fig. S5). Therefore,
to investigate the significant field enhancement due to tip curvature, FDTD simulations for AuNS,
AuNR, AuDB and AuBP have been performed and their strength has been shown in Fig. 4(b).
Gold nanosphere of 80 nm diameter gave a longitudinal plasmon resonance at 2.21 eV (560 nm).
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FDTD simulation of AuBP with radius R (radius at equator) = 15 nm, h (total length) = 162 nm and
r (radius at poles) = 10 nm dog bone like AuNRs (dumbbells) were also modelled as a cylinder in
the middle with two larger spheres at both ends, having a total length of 84 nm and sphere radius
of 15 nm. The simulations were performed with 0.5 nm grid resolution and gave a longitudinal
plasmon resonance at 1.39 eV (890 nm) and 1.54 eV (805 nm) for AuBP and AuDB respectively.
Therefore, scattering spectrum of the above-mentioned diameter is normalized as per unit volume,
where AuBP displayed the highest scattering intensity per unit volume while the AuNS yields the
lowest scattering intensity. In addition, AuNR produced the second highest scattering intensity per
unit volume and AuDB produced the second lowest scattering intensity per unit volume which can
be represented as seen in the following sequence AuNS < AuDB < AuNR < AuBP (Fig. 4(b)). A
significant field enhancement is observed as AuNRs and AuBPs exhibit around one to three orders
of magnitude higher in cross-section than AuNSs (Fig. 4(b)).

5. Conclusion
In this study, we investigated the single particle spectrum such as absorption, extinction, and
scattering cross-section of AuNP from 5 nm–100 nm using analytical models Mie Theory and
compared the results with simulation technique FDTD. We modified the dielectric constant to
consider the size effect of small particles and the retardation effect of large particles for both the
analytical calculation and FDTD simulation.

Plasmon coupling effect and quantum yield of spherical gold nanosphere dimer of 80 nm diameter
and spherically capped gold nanorod dimer (side-by-side geometry) with aspect ratios of 3.8 has
been investigated using FDTD simulation. For AuNS and AuNR dimers (side-by-side geometry), it
was found that a decrease in separation distance between adjacent nanoparticles will prompt the
plasmon resonance to red shift. Furthermore, greater reduction in the separation distance between
adjacent nanoparticles produces multiple SPR peaks that are perceived to be due to higher order
mode and band splitting. In addition to finding the plasmon coupling, significant field enhancement
due to differences in tip curvature for AuNS, AuNR, AuDB, and AuBP has shown that scattering
intensity per unit volume produced the following sequence AuNS < AuDB < AuNR < AuBP where
AuNS provided the least scattering intensity per unit volume while AuBP provided the highest. We
also investigated the quantum yield of gold nanosphere and found that the quantum yield ratio
of the cluster to monomer is about 4. The scattering intensity of the AuNS dimer is increased by
power of two over AuNS monomer. Moreover, the quantum yield ratio of a AuNS trimer to AuNS
monomer varies from 4 to 9 (for different separation distances) where the scattering intensity is
increased by power of three. The novelty of this paper lies in the presentation of a systematic study
of plasmon coupling of different sizes and shapes of AuNPs, quantification of quantum yield, and in
the investigation of the effect of tip geometry using FDTD simulation. These parameters have been
investigated to obtain an in-depth and systematic analysis for one of the most important materials
– AuNP, which has not been reported previously. To conclude, we believe that, our results could
lead to further developments in the fields of biomedical imaging, sensing, disease diagnosis, drug
delivery, photothermal cancer therapy, and optical data storage.
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