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Abstract

We present a theoretical study of the radiative and nonradiatiay dates of an
optical emitter in close proximity to a prolate-shaped metal natnicdpa We use the
model developed by Gersten and Nitzan that we correct for radisgaetion and
dynamic depolarization. We show that prolate-shaped metal nangmrtah lead to
much higher quantum efficiency enhancements than corresponding spherical
nanoparticles. For properly engineered emitter-nanoparticle geespetquantum
efficiency enhancements from an initial value of 1% (in absefd¢be nanoparticle) to
70% are feasible. We describe the anisotropy-induced enhanceffieetd & terms of
large field enhancements near the metal tips that cause stvapting to the (radiative)
dipolar modes. For increasing particle anisotropy, a strongrapsefparation between
radiative dipolar and dark higher-order modes occurs, which leads to maghative
efficiencies for anisotropic particles. In addition, we demotesttiaat for large (> 100

nm) nanoparticles, the influence of Ohmic losses on plasmon-enhanaeddaemce is
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substantially reduced, which implies that, if prolate shaped, egsy metals such as Al

and Cu are suitable materials for optical nano-antennas.



|. Introduction

The control of spontaneous emission by metal nanostructures is at safbjetense
research:***°The interest in this phenomenon is largely motivated by thettfatthe
interaction between optical emitters and plasmon modes, i.e., calembnduction
electron oscillations in a metal, can enhance the emissiofratelarization stafe’ and
directionality’ of the emitted light. Metal nanostructures are therefore paiverdls for
tailoring the performance of solid-state light sources.

With the ongoing interest in the electromagnetic interaction legtweenitters and metal
nanostructures, there is a growing demand for theoretical stindieprovide insight in
the physical factors that determine the performance of nannrentgeometries™ %!
1213141 3 previous papér,we have shown that the model developed by Gersten and
Nitzan (GN}®*"*for small metal nanoparticles can also accurately descritey date
enhancements near larger (several 100-nm diameter) metal naessgirevided that
the well-known correction factor for radiative reaction and dynashejgolarization is
implemented??*?' A key advantage of the GN model is that it can be genedatiz
spheroidally shaped particles, using expansions in terms of an orthogenaf
eigenfunctions. Such an expansion is not known for exact electrodyhahecay?
Consequently, the improved GN model, i.e. including the corrections foatixesdi
reaction and dynamic depolarization, is a unique analytical methodhvEstigate
plasmon-enhanced luminescence near spheroidal metal nanoparticles.

In this paper, we apply the improved Gersten and Nitzan model to oerthgadecay
rates of an optical emitter near spherical and prolate metal nanopartBsed on these
calculations we conclude that prolate metal nanoparticles aresuiteble for resonantly

enhancing the quantum efficiency of a low-quantum-efficiencyttemihan spherical



metal nanoparticles. We explain this effect in terms of e and shape dependencies of
the electromagnetic properties of the nanoparticle plasmon maodaddition, we show
that for prolate metal nanoparticles, the influence of Ohmic lassssongly reduced
compared to the spherical case. Therefore, also metals thaweeelossy than Ag and
Au, such as Al and Cu, can be suitable materials for optical naaoreas While this
paper focuses on prolate nanoparticles, the main conclusions are vadididotropic
shapes in general.

The paper is organized as follows. In Sec. Il we summarize theegisnbehind the
improved Gersten and Nitzan model. In Sec. lll, we compare the quafiicianey
enhancement of a low-quantum-efficiency emitter near a prolgteafoparticle to that
of a similar emitter near a spherical Ag nanoparticle. Weergksthat the quantum
efficiency enhancement for the prolate geometry exhibits eatufes that deviate from
the result for the sphere geometry. These two features afgzed in detail in the
subsequent two sections. In Sec. IV, we focus on the nanoparticlearsizeshape
dependence of the interaction between the emitter and the dipateoplasode. In Sec.
V, we discuss the shape dependence of the interaction betweemittez and higher-
order plasmon modes. We investigate how energy transfer to dssgeplasmon modes

can be minimized. Finally, conclusions are presented in Sec. VI.

II. Method

The modifications of the radiative decay rdig and the total decay ratéor of a
dipole emitter in close proximity to either a spherical or agbeoinetal nanoparticle can

be calculated with the improved Gersten and Nitzan mddal.this model, the decay



rate modifications are calculated based on a two-step approachhe first step, the
electromagnetic interaction between source dipole and nanopé&taralyzed based on
the quasistatic approximatiéhln this approximation, all dimensions are assumed to be
much smaller than the wavelength of light, so that retardati@cteftan be accounted
for by simply modifying the quasistatic polarizability of th@noparticle with a
correction factor for radiative reaction and dynamic depolaoali*® This correction
factor has previously been applied for improving the quasistatic p&soriof
scattering® In the second step, an effective dipole moment of the coupleensyst
identified. This effective dipole moment, which comprises a vectorial supgonosi the
source dipole moment and the induced dipole moment, is used to calbelataliated
power. By normalization to the power radiated by an uncoupled souticedentical
dipole moment, the modification of the radiative decay rate isr@atal The total decay
rate, which includes both radiative decay and nonradiative decaysthasaciated with
dissipation in the metal, is determined by calculating the pdlaag the source dipole
transfers to the various plasmon modes of the metal nanoparticléo ainee-space
radiation. An overview of the mathematical expressions for thaydeate modifications
for an emitter in the vicinity of a metal sphere, accordinth&oimproved Gersten and
Nitzan model, is given in the appendix. The corresponding expressionghienolal
nanoparticles can be obtained by applying a similar corréétionthe original GN
expressions for spheroidal nanopartic¢fes:*®%Limitations of the improved GN model
are (1) the fact that multipole radiation is not describednd (2) the fact that
interference between source dipole and induced dipole is neglébeedatter limitation

is discussed in more detail in Sec. V.



In addition to the results based on the improved GN model, we also sbiohs rfer
spherical particles that are based on exact electrodgahtieory?’?® These results
serve as benchmarks for the improved Gersten and Nitzan model. tAnsigg

discussion on this type of calculations can be found in Ref. 15.

I11. Quantum efficiency enhancement near a Ag nanoparticle

In this section, we consider the modifications of the quantum efbgig = /= / /Tor
of an emitter in the vicinity of either a spherical or a g®lAg nanopatrticle. The emitter
and the nanoparticle are both embedded in a homogeneous dielectrec naitlactive
index of 1.5 to reflect the often used experimental case oé gil@ss. We assume the
emitter has an internal luminescence quantum efficiency of ri%bsence of the
nanoparticle. This relatively low quantum efficiency was chosenlldstrate some
important aspects of plasmon-enhanced luminescence.

Figure 1(a) shows the quantum efficiency of the emitter ne@®-am-diameter Ag
sphere as function of emitter position in a two-dimensional cresgos through the
particle’s major axis. The quantum efficiency was calculatétd the improved GN
model, by taking into account coupling to all multipole modes up t0100. The
orientation of the dipole was taken parallel to the major axis ghd the emission
wavelength of 500 nm was chosen such that the emission is resuattarthe dipole
plasmon mode of the Ag sphere. The optical data for Ag were teanRef. 29. Figure
1(b) shows a similar plot as Fig. 1(a), but for a prolate Ag reaticfe with an aspect
ratio (i.e. major axis length divided by minor axis lengthR &, with a volume equal to

that of a 60-nm-diameter sphere. The emission wavelength was 884 nm, which is



resonant with the longitudinal dipole plasmon mode. This resonanbt&tedsowards
the infrared compared to the resonance of the Ag sphere, due to shape aniSotropy.
Figs. 1(a) and (b) both show that the quantum efficiency is sulzdhaenhanced close
to the nanoparticle, in particular for emitter positions for whiah source dipole has a
significant component perpendicular to the adjacent metal surfacecoiwr the
guantum efficiency enhancement is much larger close to the ghsuqd the prolate than
close to the sphere, despite the fact that both geometries avatedaat the optimum
wavelength. To make this comparison more quantitative, Figuresi¢e)s line traces of
the quantum efficiency that are taken along the dashed linésdplot Figs. 1(a) and (b).
The solid lines in Fig. 1(c) represent calculations in which cogplo all multipole
modes up td = 100 are taken into account; the dashed lines represent calculations
which only coupling to the dipole mode is considered. For the sphere ggothetr
guantum efficiency is enhanced from 1% to 27% for an emitter-nanopaeteeasion of
about 5 nm. As can be seen, this enhancement is essentially due togcbapheen the
emitter and the dipole plasmon mode. For emitter-nanoparticle §eparamaller than
5 nm, the quantum efficiency drops due to coupling between the emittdadabigher-
order plasmon modes, as discussed in detail in our previous ‘pdpar.the prolate
geometry the quantum efficiency is enhanced from 1% to 65%. Tbmsficant
improvement compared to the spherical case is due to two effacts.of all, the
coupling between the emitter and the dipole plasmon mode is meeiedf for the
prolate than for the sphere geometry, as can be seen from the dashediHis effect is
due to the shape-induced field enhancement near the sharp tip of the, paslas

explained in Sec. IV. Second, the drop in quantum efficiency close to macdepa



surface sets in at smaller separations for the prolate tvaind sphere geometry. For
example, the distance to the metal surface at which the quaftierency reaches half
the maximum value is 2.2 nm for the sphere, and only 0.8 nm for theepr@la¢nching
due to coupling with higher-order plasmon modes is thus less effdativprolate
nanoparticles. The reduced coupling to higher-order plasmon modedyizeahin detail

in Sec. V.

V. Improved coupling between emitter and dipole plasmon mode

Figure 2(a) shows the wavelength of maximum radiative deaty enhancement
associated with coupling to the longitudinal dipole plasmon mode of atgralg
nanoparticle versus equivalent nanoparticle diameter, for four ditfaspect ratios. The
termequivalent diameter refers to the diameter of a sphere with identical volume, and is
thus a measure for the nanopatrticle size. The lines with sgnsholwn in Fig. 2(a) are
calculated with the improved GN model; the solid line for aspdict tais obtained from
exact electrodynamical theory. The good agreement between botls fesalspect ratio
1 indicates the applicability of the improved GN model to the nanolgasizes under
consideration. Fig. 2(a) shows a redshift of the wavelength of ndaxiradiative decay
rate enhancement with increasing diameter for all four aspdiosr This redshift is
directly related to the dipole resonance redshift for increasing, which is mainly
attributed to retardation of the depolarization field across the naiugat In addition,
the wavelength of maximum radiative decay rate is furthdshifted for increasing

aspect ratio, as was already discussed in the context of Figlelnote that the



wavelength of maximum radiative decay rate enhancement ity nadependent of
emitter-sphere separation for the sub-wavelength distances that weeegsted in.

Figure 2(b) shows the maximum quantum efficiency calculatechetwavelength
shown in Fig. 2(a), by taking into account coupling to all plasmon modes|up 100.
The maximum quantum efficiency refers to the maximum valugsiamtum-efficiency-
versus-distance plots, as shown in Fig. 1(c), and thus represeetemiffoptimized)
emitter-sphere separations, ranging from 3 to 10 nm. Thewtata calculated for an
emitter that has a quantum efficiency of 1% in the absehttee sphere, and for a dipole
orientation that is parallel to the major axis. Figure 2(b) illuss that for the sphere
geometry there is an optimal diameter of about 55 nm at which tiéuguafficiency is
enhanced most: from 1% to 27%. This size dependence of the quarftcien@f
enhancement for the sphere geometry has been discussed in detail prevaaus
paper' For increasing aspect ratio, we see that the maximum quafficiency reaches
higher values, up to 70%. Prolate metal nanoparticles are thus iffecéve for
enhancing the quantum efficiency of a low-quantum-efficiencyttemthan spherical
nanoparticles. The effect that the quantum efficiency of anemnaitiupled to anisotropic
metal nanoparticles can be larger than 80% has been derived frob $tDulations by
Rogobetest al. (for a reference quantum efficiency in absence of nanoparticlé®@%o
in that case}? In the remainder of this section we explain, based on the anhigfita
method, why the coupling between emitters and prolate mataparticles can result in
such high quantum efficiencies.

Figure 3 shows the size and shape dependencies of the twospsotiest determine the

guantum efficiency enhancement at the optimum emitter-nanopasgplaration. Fig.



3(a) displays the excited state decay rate associatedouifiling to the dipole plasmon
mode /ot pip NOrmalized to the radiative decay rate in absence of the nagtaparticle
TRYEF, plotted as a function of equivalent diameter for four differepectsratios (see the
Appendix for an explanation on how this dipole contribution is determined.dduay
rate is calculated for the optimized distance, which is betwesamd3L0 nm, and for the
optimum wavelength shown in Fig. 2(a). For the sphere geometry, thg dstea
increases in magnitude for decreasing equivalent diameter. Thd imdicates that
resonant coupling between the emitter and the dipole plasmon mod®ngestfor
smaller spheres, as discussed in detail in Ref. 15. The samecaerite observed for
prolate nanoparticles, for which the absolute values of the de@yamatone to two
orders of magnitude higher. This is an important advantage of p(aladein general:
anisotropic) nanoparticles, as will be discussed below.

Figure 3(b) shows the fraction of the total power coupled to the dipotie that is
reradiatedr, defined as= =/rappir //To1,pip- ACcording to the exact electrodynamical
theory for spheres (solid linefy, is smaller than 10% for sphere diameters below about
20 nm, and reaches values higher than 90% for sphere diametersHarg86 nm. The
latter means that radiation damping dominates the decay of the gipsimon mode for
sufficiently large Ag nanoparticles: for the sphere geometry as calculated with the
improved GN model (top graph in fig. 3(b)) deviates from the examilr and reaches
values up to 1.3. The fact that values higher than 1 are reached fisiendg of the
improved GN model, which is caused by the fact the radiativeofatbe emitter is
determined by approximating the system of emitter and nanopaasclen effective

dipole. As a consequence, interference effects between the squote ahd the dipole
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induced in the nanopatrticle are not taken into account. The lines fotepnalaoparticles
do not reach values as high as the result for the spherical nadepditiis difference is
attributed to the fact that for prolate nanoparticles, the indugededis much larger than
the source dipole, due to improved emitter-plasmon coupling. As a conseguence,
interference is less important, and the improved GN model is thus awcurate for
prolate nanoparticles. Despite the deficiency of the model¢cameconclude from Fig.
3(b) that radiation damping dominates the decay of the dipole plasmon afode
sufficiently large prolate nanopatrticles. This conclusion is an itapbguideline for the
design of effective optical nano-antennas, as will be discussedBe=duse we focus the
rest of our analysis on prolate nanoparticles, the relativelg langr inF for spherical
nanoparticles, as obtained from the improved GN model, does not affeanain
conclusions.

Since quantum efficiency enhancement involves both coupling of theeertatthe
plasmon mode, and outcoupling of plasmons to radiation, the opposite dependencies on
equivalent diameter shown in Figs. 3(a) and (b) give rise tala-oH. This explains the
origin of the optimal diameter for quantum efficiency enhanceitiantis shown in Fig.
2(b). For prolate nanoparticles, the geometry-induced electromafjeltienhancement
near the sharp tip, often referred to as the lightning rodtéffemhances the coupling
between emitter and plasmon mode (Fig. 3(a)). As a consequencezlataely large
nanoparticles with their intrinsic high outcoupling efficiency of digole plasmon mode
(Fig. 3(b)) can be strongly coupled to an emitter. This expldipsvlly the maximum
guantum efficiency shown in Fig. 2(b) increases and (2) why thresponding optimal

equivalent diameter shifts to larger values for increasing aspect ratio.
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Figure 3(b) shows that for a nanoparticle with an equivalentetemtarger than about
50 nm the decay of the dipole plasmon mode is dominated by radiatioping instead
of Ohmic losses. This suggests that also metals that extghieh©hmic losses than Ag
could be applied to enhance the quantum efficiency of a low-quantwieetly emitter.
In order to verify this hypothesis, Fig. 4 shows similar datgigs2 now for Cu and Al,
for a nanoparticle aspect ratio of 2.5 (data for Ag are showneference). The dielectric
data of all three materials were taken from Ref. 29. Figure 4(a) showkehatvelength
of maximum radiative decay rate enhancement shows sineladdrfor all three metals.
The optimal wavelength for Al is smaller than for the otheratsetiue to its higher
plasma frequency. The kink in the curve for Al at the equivalent deroéabout 80 nm
is caused by the fact that, at the corresponding free-spaceswgtiebf 800 nm (1.5 eV),
Al exhibits an interband transition which causes additional Ohmie$dSsAt this
wavelength, the imaginary part of the dielectric function of Al is 30 tingdseh than that
of Ag. Figure 4(b) shows that for prolate Al or Cu nanoparticlesqtiamtum efficiency
of a low-quantum-efficiency emitter can be enhanced from 1% toeab@¥%. These data
indicate that Ohmic losses are thus not necessarily a detainhesd factor for plasmon-
enhanced luminescence. Interestingly, the use of Al enables plasmateshha
luminescence frequencies well into the ultra-violet. Besidesamd Cu are better
compatible with silicon technology than Ag and Au and may thus ettablengineering

of improved light emitters based on Si.

V. Anisotropy-induced spectral separation of plasmon modes
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Shape anisotropy can not only improve the coupling between an optittdreand the
dipole plasmon mode of a metal nanopatrticle, as was discussed. iVSIt also reduces
the influence of dark higher-order plasmon modes on the luminescence ipsopédn
emitter. In order to illustrate this effect, Figure 5 shows yleede modifications as
function of emission wavelength for an emitter in close proxinaty spherical metal
nanoparticle. Subsequently, Figure 6 shows how these spectrattenatics change
when the nanoparticle is made prolate-shaped.

Figure 5 shows the influence of a 60-nm-diameter Ag sphere on ¢hg tites of an
optical emitter as a function of emission wavelength. The emg#tpositioned at a fixed,
relatively small distance of 3 nm from the sphere surface,derdo demonstrate the
effect of dark plasmon modes on the decay rate of the emitteroridrgation of the
source dipole was taken to be radial relative to the sphere.efilaetive index of the

embedding medium was set to 1.5, and the optical data for Ag wereeabfeom Ref.

29. Figure 5(a) shows the radiative and the total decay ratesutd /o, , respectively)
as a function of emission wavelength. Bofhand /,; are normalized to the radiative

decay rate of the emitter in the absence of the sphEfe The total decay rate was

obtained by taking into account coupling to all plasmon modes up 1®0. Figure 5(a)
shows that the radiative decay rate exhibits a variation of ynelarée orders of
magnitude; it peaks near 500 nm. The total decay rate, which ischatb radiative
decay and nonradiative decay that is associated with dissipatitimeeimetal, peaks
around 370 nm. The origin of this difference becomes clear fronbfhy. which shows
the contributions to the total decay rate of three plasmon modesliféhrent angular

mode numbel: | =1 (dipole mode),l =2 (quadrupole mode), anld= 30. The dipole-
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mode contribution to the total decay rate peaks at the same wgthetenthe radiative
decay rate in Fig. 5(a), as expected, while the higher-order plasmon anedesonant at
shorter wavelength$? The integrated effect of all higher-order modes on the totalyde
rate explains the different wavelengths of maximum radiatind total decay rate
enhancement shown in Fig. 5(a).

Figure 5(c) shows the quantum efficiengy= /7 / /o Of the emitter as a function of

REF

emission wavelength for four different reference quantum eficoss 7 (i.e.,

guantum efficiency in the absence of the sphere): 0.1%, 1%, 10%, and 10®%urves
were obtained from the data shown in Fig. 5(a) by adding appromffsiets to the
nonradiative decay rate. The quantum efficiencies are closea@izesavelengths below

400 nm, which is attributed to the strong excitation of dark highgergslasmon modes
and to the low radiative decay rate at these wavelengthsy b= 0.1 |, theguantum
efficiency is enhanced to about 6% at a wavelength of 500 nm. Theuquafficiency
enhancement is thus as high as a factor 60. /F6f =1  art 77 =109% the
maximum quantum efficiencies are about 21% and 28%, corresponding to &nbkats
of a factor 21 and 2.8, respectively. Fpf= =100 , #he quantum efficiency spectrum
hardly deviates from the spectrum fpF*" =10 . %his resemblance is attributed to the

fact that in both cases the excited-state decay is dominatibe lexcitation of plasmons.

The quantum efficiency of the emitter is then equal to the outcoupfiigency of

plasmons to radiation, which is independent /ptf=". The quantum efficiency for

n"E =100%is substantially reduced at a wavelength of 500 nm (bytarf8cs), despite

the fact that the radiative decay rate is enhanced by a factor 80.
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For the spherical particles described here, the maximum quanfttioeney
enhancement that can be achieved is limited by the contributionriofhdgher-order
modes. As we will show below, the key advantage of using prolatelearits that the
effect of higher-order modes is suppressed. Figure 6 shows sspéetra as Fig. 5, but
for a prolate nanoparticle with an aspect ratio of 2.5. The prolate gakimlentical to
the volume of the 60-nm-diameter Ag sphere considered in Fig. 5. THeeremsi
positioned along the major axis at a distance of 3 nm from thetgpmlaface, with the
dipole orientation parallel to the axis. Figure 6(a) shows thetnasliand total decay
rates. A clear difference with the curves for the sphericaicfgain Fig. 5(a) is that the
maximum of the radiative decay rate is shifted from 500 nm to 80Anhthe same time
the main peak in the total decay rate enhancement is hardigdshiithe origin of this
difference becomes clear from the plots of the total dedayc@ntributions associated
with different plasmon modes shown in Fig. 6(b). The dipole mode contributitmet
total decay rate has strongly redshifted to 800 nm, while the higtler contributions
exhibit only a minor spectral shift. The latter is attributedhi® fact that higher-order
plasmon modes, with large numbers of closely spaced poles in thecdield, are less
dependent on the surface curvature of the nanoparticle. Note thalipthle mode
perpendicular to the long axis, which is blueshifted compared to thesdipaile of a
sphere with identical volume, is not excited in the present confignrdoecause of

symmetry restrictions.

Figure 6(c) shows quantum efficiency spectrasfof =01 , W6, and 10%. The
spectrum forn®s =100 %(not shown) coincides almost exactly with the spectrum for

N~ =10%. The maximum quantum efficiencies fg*=™ = 01 ,%%, and 10% are:
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42%, 65%, and 69%, respectively. These quantum efficiencies arergidbigtdnigher
than the values obtained for the spherical particle. F6f = 01  fopoexample, the

qguantum efficiency enhancement increases from a factor 60 fephiegical particle to a
factor 420 for the prolate nanopatrticle. Clearly the spectralragpn of dipolar and dark
higher-order modes is a key factor that allows to obtain higher wuasfficiency
enhancements near prolate particles.

The increased spectral separation of the plasmon modes in prattenanoparticles
is further illustrated in Fig. 7, which shows the photon endigy at which the total
decay rate associated with coupling to a particular plasmon nsoteghest, plotted
against the angular mode numbernf the plasmon mode. These photon energies
correspond to the maxima shown in Figs. 5(b) and 6(b). The associatedpfce
wavelengthAnax is indicated on the right-hand scale. For high angular mode numbers,
both curves converge to the surface plasmon resonance energy ahizffate between
Ag and a dielectric with a refractive index of 1.5. This behavidvickvreadily follows
from the expressions for the resonance condition for higher-ordenqtamodes (see
Egs. A.1 and A.3), confirms that these modes, with closely-spacegechades, depend
less on the surface curvature than the lowest-order modes. Thdtriatdbiver angular
mode numbers is stronger for the prolate than for the sphericalpadicle, again
reflecting the increased spectral separation between rad@dipeéar modes and dark
higher-order modes for prolate particles. We note that the effedhis spectral
separation is especially relevant at small emitter-nanofeasgparations (< 5 nm) due to

the strong spatial decay of higher-order modes (see Egs. A.1 and A.3, and kig. 1(c)
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V1. Conclusions

Using an analytical method developed by Gersten and Nitzan, motifigtciude
radiative reaction and dynamic depolarization, we have providechinsighe physical
processes that determine the coupling between prolate matalantennas and optical
emitters. We have shown that the luminescence quantum efficieheyp@ment of an
optical emitter placed close to a prolate metal nanoparschauch higher than near a
spherical particle. We have demonstrated that this effect isodilne geometry-induced
electromagnetic field enhancement near the prolate tip,hwéindarges the coupling
between emitter and radiative dipolar plasmon modes (Fig. 3(a))rtioytar for large
nanoparticles (eq. diameter > 100 nm), that have near-unity radiaficierefy of the
dipolar plasmon mode (Fig. 3(b)) this leads to a large radiative rate enhaneechéimis
strong quantum efficiency enhancement (Figs. 2(b)). The smiaikkimde of Ohmic losses
on the plasmon outcoupling efficiency of large nanoparticles impligsntietals that
exhibit higher Ohmic losses than Ag and Au, such as Al and Cu, are suitablalnéberi
optical nano-antennas, in particular when they are anisotropicalpedh@ig. 4). A
second factor that determines the strong quantum efficiency emhamicéor prolate
metal nanopatrticles is the spectral separation between thévadigolar and the dark
higher-order modes. For increasing particle anisotropy the dipudde parallel to the
long axis progressively shifts into the infrared, while the higinder modes show much
smaller shifts (Figs. 5(b), 6(b)). As a result, high emission guargfficiencies are
obtained at the redshifted dipolar plasmon wavelength. The physicditsysbtained in
this paper, illustrated by quantum efficiency improvements, iamgortant for the

optimization of emitted power as well.
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Appendix: Expressionsfor the decay rates of an atom in the presence of
a sphere according to the improved Gersten and Nitzan model
This appendix lists the expressions for the total decay fgteand the radiative decay

rate/  of an excited atom in close proximity to a metal sphere, accotditige improved
Gersten and Nitzan (GN) modélThe expressions for the radiative decay rates were
obtained by implementing the correction factor for radiative i@acand dynamic
depolarization in the original GN modél*"*°The expressions for thetal decay rate
were obtained from the original Gersten and Nitzan model by inguleng the same
correction factor in the formula for theonradiative decay rate. The fact that the
correction factor accounts for radiation damping explains the tnanafion from
nonradiative to total decay rate.

The atom, which is modeled as a classical dipole with dipole mogmenpositioned at
a distancal from the surface of a sphere with radauand dielectric constaat= ¢'+i&"
in a homogeneous, non-absorbing medium with dielectric congtakliVe consider two
dipole orientations: radial and tangential. For the radial dipole atient i.e.,

perpendicular(() to the sphere surface, we obtain:

Tror 214 3 Sy +2)imic, £ ( 2 jm (A1)
[ REF 4A(ka)® 4 "ol \a+d ’ '
I m

2

1+2C ‘S_Sm( a j (A.2)

'e+2e \a+d

and for the tangential dipole orientation, i.eragtlal (/) to the sphere surface:
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where /55 refers to the radiative decay rate of the dipotgtter located in the same
embedding medium in the absence of the sphere,/,,w/c, wis the optical frequency

(in radians per secondy, is the speed of light in vacuum, ahds the angular mode

number.C, is the correction factor for radiative reactiom aynamic depolarizatioft:

1
C, = , A5
' ik’a _ Ka (A-3)
1_ —_
6n 4m°
whereq is the quasistatic polarizability of the sphergijch is defined a2’
a=amd Lt bm (A.6)
E+2¢,

For | #1, no corrections are implemented, and tGus 1 forl #1.
The above expressions far,}, and /), (Egs. A.1 and A.3) refer to the total decay

rate of an emitter with a luminescence quantunciefiicy in the absence of the sphere.
Results for emitters with intrinsic nonradiative cdg were obtained by adding

appropriate offsets to the total decay rate.
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Note also that the expressions for the nonradiata@ay rate that were obtained from
the original GN model have been rewritten compaiedrefs. 16 and 17 using the

identity:

1 _ I -1

=- Im
IR T P

Im (A.7)

This procedure facilitates the implementation oé tborrection factor for radiative
reaction and dynamic depolarization, as the digeotsonance factor of the quasistatic
polarizability (i.e. factor between brackets on tight side of Eq. A.7 fof = 1) can now
readily be modified by adding the correction factor

The correction for radiative reaction and dynangpalarization can be implemented in
the GN model for spheroids by taki@g anda as tensors, and by adapting Eq. (A.6) for
spheroid$®*® The original GN expressions for radiative and ltothecay rate
modifications near a spheroid can be found in RE8sand 17 for a source position along
the unique axis of a spheroid, and in Ref. 18 forasbitrary source position in the
vicinity of a spheroid® The GN expressions for spheroidal nanoparticldg om
associated Legendre functions of the first andrsg&ind3*>°

In some of the graphs, we have decomposed thetixedand the total decay rates in
contributions that are associated with differerspion modes. These contributions are
calculated from Egs. (A.1) to (A.4) by considerimigy one angular mode numblerin
addition, the unity free-space contribution is satted. This approach facilitates the
visualization of the distinct influence of diffeteplasmon modes on the emission
characteristics of the emitter. The decompositiordifferent mode contributions also

uncovers a deficiency of the improved GN model: flhet that the system of source
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dipole and induced dipole are approximated by glsiaffective dipole, and interference
effects between them are thus neglected, can resaltradiative decay rate associated
with coupling to the dipole plasmon mode that ighler than the total decay rate
associated with coupling to the same mode (see3fim). This deficiency of the GN

model does not affect our conclusions. The reasothat interference between both
dipoles is most prominent for configurations forieththey have similar magnitude,

whereas the induced dipole moment is much largam the source dipole moment for

configurations for which the decay rates are stiypaghanced.
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Figure 1. (color online) (a) and (b) Luminescenaargum efficiency of a dipole emitter
as a function of emitter position in a plane thitotige particle’s major axis for (a) a 60-
nm-diameter Ag sphere, and (b) a Ag prolate witlagect ratio of 2.5 and a volume that
is equal to the volume of a 60-nm-diameter sphEne.orientation of the source dipole is
taken parallel to the z-axis, and the refractivdeinof the embedding medium is 1.5. The
emission wavelengths are the wavelengths of maximadiative decay rate

enhancement: 500 nm for the sphere and 794 nrhdgorblate. The quantum efficiency
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of the emitter in the absence of the sphere isTl¥%.calculations were performed using
the improved GN model by taking into account cauplio all modes up tb= 100. (c)
Line traces of the luminescence quantum efficiealopg the dashed lines indicated in
(a) and (b), taking into account coupling to eitakkmultipole modes up to= 100 (solid

lines), or to the dipole mode only (dashed lines).

27



>~
S€E
[T=X
N -c =
o o E
£ 2
£5 8
L g e
o £ 5
a c
=1
=E?
x -—
c ©
g ‘ ‘ }
_ 0.8L(b) AR=2.5]
%) .“WW
5 0.6t 3:7'“ mv“"'"'vwwvvvwwv;
gé ’iAM“ AR=2.0
2% 04l ‘:A A
2 E g AR=L5
Pt o .-lo..
S g 0.21 ‘l 2990000000 99000000000000000|
g _ e
5 00 R T
05 50 100 150 200

Equivalent diameter (nm)

Figure 2. (a) Wavelength of maximum radiative decatyg enhancement associated
with coupling to the dipole plasmon mode versuswvagent nanoparticle diameter, for a
dipole emitter, the orientation of which is parhlie the major axis, positioned on the
particle’s major axis in close proximity to a prgladg nanoparticle, for four different
nanoparticle aspect ratios (AR). (b) Maximum quentafficiency versus equivalent
diameter at the wavelength shown in (a), for theeséour aspect ratios. The maximum
guantum efficiency was found by varying the emitianoparticle separation (see text).
The refractive index of the embedding medium is aridl the quantum efficiency of the
emitter in the absence of the sphere is 1%. In f@ttand (b), the solid line for aspect
ratio 1 was calculated based on exact electrodysrtieory; the lines with symbols

were calculated with the improved GN model.
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Figure 3. (a) Excited state decay rate associatdd cupling to the dipole plasmon
mode of the Ag nanoparticlérorpip, NOormalized to the radiative decay rate in the
absence of the spherés™", versus equivalent diameteplotted for different aspect
ratios. (b) Fraction of the energy coupled to timolé plasmon mode that is reradiated
The parameters are the same as for Fig. 2, andntiesion wavelength corresponds to
the wavelength shown in Fig. 2(a). In both (a) &)y the solid line for AR=1 was
calculated based on exact electrodynamical thedmg; lines with symbols were

calculated with the improved GN model.
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Figure 4. (a) Wavelength of maximum radiative decatg enhancement associated
with coupling to the dipole plasmon mode versusvadent nanoparticle diameter, for
a dipole emitter, the orientation of which is phalato the major axis, positioned in
close proximity to a prolate nanoparticle with apect ratio of 2.5, for three different
nanoparticle materials: Ag, Cu and Al. (b) Maximuwmantum efficiency versus
equivalent diameter at the wavelength shown inf(a)the same three materials. The
maximum quantum efficiency was found by optimizitige emitter-nanoparticle
separation (see text). The refractive index of éh@edding medium is 1.5, and the
guantum efficiency of the emitter in the absenceth&f sphere is 1%. Calculation

method: improved GN model.
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Figure 5. Calculations for a dipole emitter posigd at 3-nm distance from the surface
of a 60-nm-diameter Ag sphere, embedded in a dialesith a refractive index of 1.5.
The dipole orientation is radial relative to thénege. (a) Radiative and total decay rate
enhancements as a function of emission waveler{glhDecay rate associated with
coupling to plasmon modes with different angulardemamumberd. (c) Luminescence
guantum efficiency of the emitter, for four diffatequantum efficiencies in the absence
of the sphere: 0.1%, 1%, 10%, and 100%. Inset satiemepresentation of the Ag

nanoparticle and the source dipole orientationc@ation method: improved GN model.
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Figure 6. Calculations for a dipole emitter posigd on the particle’s major axis at 3-
nm distance from the tip of an Ag prolate with apect ratio of 2.5 and a volume equal
to the volume of a 60-nm-diameter Ag sphere, embedlad a dielectric with a refractive
index of 1.5. (a) Radiative and total decay rateamements as a function of emission
wavelength. (b) Contributions to the total decag hown in (a) that are associated with
coupling to plasmon modes with different angulardemamumberd. (c) Luminescence
quantum efficiency of the emitter, assuming thrdtemnt quantum efficiencies in the
absence of the sphere: 0.1%, 1%, and 10%. Inseihsdic representation of the Ag

nanoparticle and the source dipole orientationc@ation method: improved GN model.
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Figure 7. Photon enerdsmax at which the contribution to the total decay r@dsociated
with coupling to a particular plasmon mode peakswy® angular mode numbleof the
plasmon mode. The two emitter-particle configuradiare the same as in Figs. 5 and 6.
Amax IS the free-space wavelength that correspondsnt@ The lines are guides to the

eye. Calculation method: improved GN model.

33



