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The paper considers the problem of the effect of a spherical metal nanoparticle on the spontaneous ra-
diation of a dipole molecule located in the vicinity of the nanoparticle. Expressions for the frequency and
size (at the surface plasmon resonance frequency) dependences of the Purcell factor, as well as the coupling
factor with the resonator, were obtained. It is the nanoparticle that acts as a resonator. The Drude model
is considered suitable for the frequency dependence of the dielectric function. Calculations were performed
for spherical nanoparticles of different radii and made of different metals, located in different dielectric
media and at different distances from the dipole molecule, taking into account volume and surface relaxa-
tion and radiation attenuation.

According to the results of the calculations, it was established that the frequency dependences of the
Purcell factor and the coupling factor with the resonator are characterized by two maxima. One of them,
with a relatively small width, is observed at a frequency that practically coincides with the frequency of
the surface plasmon resonance of a single spherical metal nanoparticle. The second, broad, is in the red or
infrared region of the spectrum. It is proved that the reason for the emergence of this second low-frequency
maximum is the resonance of the "whispering gallery" modes. At the same frequency, the greater the radi-
us of the nanoparticle and the smaller the distance from it to the dipole molecule, the larger the investigat-
ed factors are. It has been demonstrated that a change in the material of a nanoparticle results in a change
in the value of the Purcell factor and a shift of the maxima in its frequency dependence. The reason for this
effect is a significant difference in the plasma frequency and the fraction of interband transitions in the di-
electric function for different metals. The effect of the environment in which the silver nanoparticle-dipole
system is located on the frequency and size dependence of the Purcell factor was studied. It was estab-
lished that with an increase in the dielectric constant of the medium, the value of the Purcell factor de-
creases and the maxima of its frequency dependence shift to lower frequencies.
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1. INTRODUCTION tion changed by the environment to the rate of sponta-
neous radiation in vacuum.

The Purcell effect affects physical processes in nano-
lasers (spasers), manifesting itself in the spatial redis-
tribution of spontaneous radiation: suppression of radi-
ation in certain modes and its amplification in others.
In the presence of feedback in the system, there is an
amplification of spontaneous radiation proportional to
the Q factor of the resonator. At the same time, the
Al : opat Purcell factor can have a significant value [9]. For 1D
cles on spontaneous radiation arise when studying in- and 2D systems, provided that the Q factor of the reso-

dividu.al mo.lecules using aperture and apertureless nator is limited only by internal losses in the metal, the
scanning microscopes [1, 2]. Nanoparticles are also

used to control fluorescence [3-6].

In connection with the rapid development of nano-
technology, the question of the influence of nanoparti-
cles on optical phenomena in their vicinity arose. Small
sizes result in the concentration of electromagnetic
fields near the nanoparticles. Therefore, nanoparticles
can be effectively used to influence the fluorescence and
spontaneous emission of nearby atoms (molecules).

In practice, problems about the effect of nanoparti-

Purcell factor reaches the valuel0®. It was shown
[10-12] that in plasmonic nanostructures the Purcell
factor varies within 10 — 1+105.

The Purcell factor is significant at frequencies close
to the frequencies of surface plasmon resonance (SPR),
at which the maximum localization of the field is real-
ized, but the losses are also maximum. For 0D systems
(nanoparticle-antenna), the value of the Purcell factor
can reach 10% with limitations arising from non-local

It is known that when the size of a nanoparticle is
lower or comparable to the wavelength, the rate of
spontaneous radiation of a molecule located near the
nanoparticle can be increased and decreased compared
to the rate of spontaneous radiation in vacuum. This is
the essence of the Purcell effect [7, 8]. Quantitatively,
this effect is characterized by the Purcell factor, which
is defined as the ratio of the rate of spontaneous radia-
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effects [9, 13-15].

The interaction of light with a quantum emitter
(molecule) can be increased by reducing the volume of
the optical mode and increasing the Q factor of the res-
onator [7]. In plasmon lasers, amplification can be
achieved even with a low Q-factor of the resonator due
to a small mode volume. In metal nanostructures, the
effect of increasing the radiation speed is realized, as a
rule, only for a few modes, mainly for the most localized
ones. For a plasmon nanolaser, this means that the
strongest coupling of the emitter is realized with the
most localized modes of the nanolaser resonator.

The only known configuration of a plasmon nano-
laser, in which all dimensions can be significantly
smaller than the wavelength, is based on using a metal
nanoparticle as a resonator. The size of the nanolaser
in this case is determined only by the size of the parti-
cle- resonator and the gain factor of the active medium.
A nanolaser based on a nanoparticle is implemented
using localized surface plasmon resonance. In work
[16], the excitation of such a resonance was observed in
a nanoparticle surrounded by an active medium with a
total size of 44 nm.

Small relaxation times in metals, small size of the
resonator, short lifetime of surface plasmons, and a
large Purcell factor ensure the achievement of genera-
tion frequency in the terahertz range [9, 17]. This
makes plasmonic nanolasers attractive for many appli-
cations.

Of special interest is the question of using spherical
metal nanoparticles as nanolaser resonators. In our
previous works, the effect of oxide, passive and active
dielectrics layers on the optical characteristics of spher-
ical metal nanoparticles was analyzed [18-20]. The size
and frequency dependences of the Q factor of metal
particles of various geometries, including spherical one,
were also studied [21, 22].

Thus, the problem of the effect of a metal nano-
particle on the spontaneous radiation of a molecule is
prepared and it is proposed for consideration in this

paper.
2. BASIC RELATIONSHIPS

Consider a system that consists of a spherical me-
tallic nanoparticle of radius R and a dipole molecule
located at a distance r from the center of the nanopar-
ticle. We consider that the particle and the molecule
are in a medium with dielectric permeability ¢,

(Fig. 1).

r

-« -

Fig. 1 — Geometry of the problem
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The quantities describing the optical properties of a
nanoparticle-resonator are the Purcell factor Tp and the

coupling factor S of spontaneous radiation with the res-
onator, which are determined by the relations:

- 8z'c’a,,
p 9 _ 2 21"
Wyt (0-a,f sl @ |
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where ¢ is the velocity of light; 6 is the angle at which
the dipole is oriented relative to the line connecting it
to the center of the spherical particle; surface plasmon
resonance frequency is
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the dimensionless polarizability of the nanoparticle is
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In the Drude model, the dielectric function of metal of
the particle has the form

€ = —-—L2 7
() o(o+iyyy) ™

where w, is the plasma frequency; ¢* is the contribution

of interband transitions. The effective rate of relaxation
Vo 18 determined by the additive contributions of rates

of bulk and surface relaxations and radiation damping
[22]:

Vett = Vouk ¥ 7+ raa ®)
where y, ., =const,
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In formulas (9) and (10), vy is the Fermi velocity of

electrons;

o 3)231[%]1

4e”+2¢, | @

2
x{l— 2v, sinw+2[vsj (l—cos v, ﬂ
w Vv, w 10}

is the coherence loss parameter, where v, =v,/2R is

1n

the frequency of individual electron oscillations.

Neglecting the oscillating terms in the square
brackets of expression (11), relation (8) can be repre-
sented in the form

v

Vett = Vbulk +% ) (12)
®
where
1 1 4 1 o RY
ST i [ 2 j . 13)
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Let's find the size dependence of the Purcell factor
at the surface plasmon resonance frequency (w = @, ).

From expression (7) we get

2, sp
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The expressions for the Q factor and ‘d‘Z take the form
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Substituting (15), (16) into (1), we get

6 3 2
3/92 [0) +3(:()S 9 E 36 [0)
(F _87Z'€m/ ?)D ( ] [ spJ

2 sp
Veft €m r @Y off

18)
This relationship together with formulas (1) and (2)

is the basis for obtaining numerical results.

3. RESULTS OF CALCULATIONS AND THEIR
DISCUSSION

Calculations of the Purcell factor and the coupling
factor with a particle-resonator were carried out for
spherical nanoparticles of different radii made of dif-
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ferent metals, different environments, and different
distances between the nanoparticle and a dipole mole-
cule. The parameters required for calculations are giv-
en in tables 1 and 2.

Table 1 - The parameters of metals (a, is the Bohr radius)

(see, for example, [22, 23] and references therein)

Value

Metals rla, | m"Im, & ho,, eV Yy €V
Cu 2.11 1.49 12.03 12.6 0.024
Au 3.01 0.99 9.84 9.07 0.023
Ag 3.02 0.96 3.7 9.17 0.016
Pt 3.27 0.54 4.42 15.2 0.069
Pd 4.00 0.37 2.52 9.7 0.091

Table 2 — Dielectric permittivity of matrices [22].
Substance| Air CaF, | Teflon | ALO; Cqo
€mn 1.0 1.54 2.3 3.13 6.0

In fig. 2, a, the frequency dependences of the Purcell
factor are given for different distances of the dipole
from the spherical nanoparticle of the radius

R=15nm at 6=0". The results of the calculations

show a decrease in the Purcell factor with the distance
of the dipole molecule from the particle. Two maxima
are observed, the presence of which is explained by the
following reasons. The first maximum (at a higher fre-
quency) is associated with surface plasmon resonance.
The second maximum is due to the resonance of whis-
pering gallery modes of very small mode volume.
Small-scale oscillations in the infrared region are a
manifestation of kinetic effects.

The magnitude of the Purcell factor under the same
other conditions is also significantly affected by the
value of the radius of the nanoparticle (Fig. 2, b).

In fig. 2, ¢, the frequency dependences of the coupling
factor with the nanoparticle-resonator are given for differ-
ent distances of the dipole from the particle at

R=15nm, 8=0°. Like the Purcell factor, the coupling

factor also increases with decreasing distance from the
dipole to the particle. In addition, the closer the dipole is
to the particle, the larger the frequency interval in which
the coupling factor is near unity. An increase in the radius
of nanoparticle also results in an increase in the frequency
interval, where B,=1 (Fig. 2, d).

We call the dependences of the Purcell factor of the
dipole molecule and the coupling factor on the distance r
to the particle, size ones, because this quantity character-
izes the size of the molecule-nanoparticle system. The
results of the calculations (at @ = @) of size dependenc-

es shown in fig. 3, a, b confirm our previous conclusion
about the decrease of the Purcell factor and the coupling
factor with increasing distance from the dipole to the par-
ticle and refine it, demonstrating the monotonicity of
these dependencies.

Features of the effect of the nanoparticle material
on the frequency and size dependence of the Purcell
factor is demonstrated in fig. 4. The shift of maxima of
the frequency dependence in
Au — Ag — Cu — Pd — Pt series of metals (Fig. 4, a)
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Fig. 2 — Frequency dependences of the Purcell factor (a, b) and the coupling factor with an Ag nanoparticle in air (c, d) for differ-
ent values of the distance to the nanoparticle at R =15nm (qa, ¢) and for particles of different radii (b, d

is explained by the different values of their optical pa-
rameters ¢ and o,. Curves of size dependence on

surface plasmon resonance frequency (Fig. 4, b) for na-
noparticles of different metals are qualitatively similar.
The Purcell factor in all cases gradually decreases with
increasing distance between the molecule and the na-
noparticle.

The results of calculations of the frequency and size
dependences of the Purcell factor for different environ-
ments are shown in fig. 5. Calculations have shown
that an increase in dielectric constant in
Air — CaF, — Teflon — Al,O; — C,, series of media

results in a decrease in the value of the Purcell factor

6

10

83— R=>50nm

10°f

30

while preserving all the previously mentioned features
of ¥, (hw) and F,(r) dependences.

To analyze the shift of the spectral maxima of the
Purcell factor, we find them by numerically solving the
equation

—r_0.

do (19

If the dipole molecule and the Ag nanoparticle are in the
air (ha)sp =3.841 eV) at different distances from each

other, we get the results shown in Table 3.

1
0.99 |
B,0.98 |
0.97
0.96 L2 . _leTnzamm
15 20 25 50

r, nm

Fig. 3 — Size dependences of the Purcell factor (a) and the coupling factor (b) with an Ag nanoparticle in air for different values of

the nanoparticle radius
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Fig. 4 — Frequency (a) and size (b) dependences of the Purcell factor of nanoparticles of various metals in air at R =15 nm
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Fig. 5 — Frequency (a) and size (b) dependences of the Purcell factor of Ag nanoparticles in different dielectric media at

R=15nm

Table 3 — Position of the maxima of Tp at different distances

of the dipole molecule from the nanoparticle.

r, nm 15 22.5 30
ho eV 1.448 1.446 1.445
max? 3.836 3.836 3.836

Calculations demonstrate two spectral maxima of the
Purcell factor as opposed to one maximum in the fre-
quency dependence of the imaginary part of the polariza-
bility or of absorption cross section of a single spherical
Ag nanoparticle. The maximum at a higher frequency
actually corresponds to the surface plasmon resonance
frequency of an Ag particle in air. Another maximum is
observed in the red or infrared region. The shift of both
maxima with a change in the distance between the parti-
cle and the dipole molecule is practically absent.

A different situation is observed when the radius of
the particle increases with the constant distance between
the particle and the dipole (Table 4). The maximum at a
higher frequency practically does not shift, while the oth-
er maximum noticeably shifts towards lower frequencies.

Table 4 — Position of maxima of {Fp at different nanoparticle

radii
R, nm 15 25 50
ho eV 1.446 1.348 1.333
max? 3.836 3.838 3.838

4. CONCLUSIONS

The expressions for the frequency dependences of the
Purcell factor and the coupling factor of the molecule-
emitter with the nanoparticle-resonator, as well as their
size dependencies at the surface plasmon resonance fre-
quency of the nanoparticle, was obtained.

It is shown that the frequency dependences of the
Purecell factor and the coupling factor have a maximum at
a frequency that practically coincides with the frequency
of the surface plasmon resonance, and also another max-
imum at the resonance frequency of the whispering gal-
lery modes.

As the molecule moves away from the nanoparticle or
the radius of the nanoparticle decreases, the values of the
Purcell factor and the coupling factor decrease.

The results of calculations for nanoparticles of differ-
ent metals demonstrate a qualitative similarity of the
curves of the frequency and size dependence of the Pur-
cell factor. The quantitative differences are explained by
the different value of the plasma frequency and the dif-
ferent fraction of interband transitions in the dielectric
function.

It is shown that the surrounding dielectric medium
significantly affects the Purcell factor. Thus, for the
molecule-Ag nanoparticle system, with an increase in
the dielectric constant of the surrounding medium, the
Purcell factor decreases along with a decrease in the
frequencies at which it reaches maximum values.
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®axrop Ilapcesia MoJIeKyIH-TUIIOJA, PO3TANIOBAHOI IIO0JIN3Y
cepuaHOl MeTaIeBOI HAHOYACTUHKH

I'.B. Mopoa!, B.II. Kyp6aupruii!, A.B. Koporyu!2, H.M. Haropual

! HauioHnanvHuil yHigepcumem «3anopisvka nosimexuika», 69063 3anopiscoca, Yrpaina
2 Tnemumym memanogizurxu im. I. B. Kypowmosa HAH Vrpainu, 03142 Kuis, Yikpaina

B poGori posrisgaersesa 3agava mpo BILUIUB chepUIHOI MeTasIeBol HAHOUYACTHHKY HA CIIOHTAHHE BUIIPO-
MIHIOBAHHS MOJIEKYJIU-UIIONSA, 0 3HAXOAUTHCS B OKOJI HaHOYacTUHEU. OTpUMaHO BUPa3H [JIA YACTOTHOI 1
PO3MIipHOI (HA YACTOTI MOBEPXHEBOTO ILJIA3MOHHOTO Pe30HAHCY) 3aseskHocTed daxropa Ilapcesnna, a Takosk
darropa 3B’s13Ky 3 pesonaropoM. B sKocTi pesoHaTOpa BUCTyIIae HAHOYACTUHKA. J[JIs1 4aCTOTHOI 3aJ1€KHOCT]
JiesleKTpudHOI PYHKITIT BBAsKaeThesA MPUIATHOIO Moziesh Jpyne. PospaxyHku mpoBoauucs i chepruaHux
HAHOYACTMHOK PI3HOTO pajiycy i 3 pi3HOro MeTally, PO3TAIIOBAHKUX y PISHUX JIEJIEKTPUYHUX CePeIOBUINAX 1
HA PI3HUX BIICTAHAX 0 MOJIEKYJIM-IUIOJISA, 3 YPAXyBAHHAM 00 €MHOI 1 ITOBEPXHEBOI peJlakcallil Ta pamia-

IIIAHOIO 3aracaHHs.

3a peayJsibTaTaMu po3paxyHKIB BCTAHOBJIEHO, IO YACTOTHI 3asieskHocTl dharTopie [lapcesnsa Ta 38’ A3Ky 3
PE30HATOPOM XapaKTePHU3YIThCA IBoMa MakcuMmymamu. OUH 3 HUX, BITHOCHO HEBEJIMKOI IIIMPUHHU, CIIOCTe-
piraerbcsi Ha 9acToTi, IKA MPAKTUYHO CITIBIIAIA€ 3 YACTOTOI ITOBEPXHEBOIO IJIA3MOHHOTO PE30HAHCY ITOOMH-
HOKOI chepruHOl MeTaseBoi HaHOYACTUHKHN. Jlpyrwil, MUPOKUil, 3HAXOOAUTHECS B YePBOHIN abo 1HdpadepBo-
Hilt obJacti cuektpy. J{oBemeHo, 1110 TPUYNHOKW BUHUKHEHHS IHOTO JPYTOr0 HU3BKOYACTOTHOTO MAKCUMYMY €
PEe30HAaHC MOJI «rajepei, 1o mernoye». 3a 0JHAKOBOI YaCTOTH JOCILKYBaH] (DaKTOpH MAIOTh TUM OLIBIILY Be-
JIMYWHY, YAM OLJIBIIUM € PalyC HAHOYACTHHKM 1 YMM MEHIIOK € BIICTAHb BiI Hel 10 MOJIEKYJIH-IHIIOJA.
TIpomemoHcTpOBAHO, 110 3MiHA MaTepialy HAHOYACTUHKNA MAa€ HACJIJIKOM 3MiHy BeiawumHu darropa [lap-
ceJlyIa Ta 3CyB MAaKCHMYMIiB B HOr0 YaCTOTHIN 3aseskHocTi. [Iprumioo Takoro edeKTy € CyTTeBa BIAMIHHICTE
IJTA3MOBOI YACTOTH 1 YACTKHU MIK30HHMX IIE€PEXOMIB y MieJeKTPUIHIN QYHKINI 11 pisaux Meramis. Joci-
JI3KEHO BILIMEB CEPEJOBUINA, B SKOMY 3HAXOIMUTHCS CHCTEMA CPiOHA HAHOYACTHHKA-IUII0Jb, HA YACTOTHY 1 PO-
3MipHY 3aJieskHicTh paxropa [lapcemna. BeraHoBieHo, mo 3i 30LIBIIEHHEAM JleJIeKTPUYHOI IIPOHUKHOCTI ce-
PeIOBUIIA 3MEHIILyeThCsA 3HAaUeHHs parropa [lapcesna 1 MAaKCHMyMU HOT0 YaCTOTHOIL 3aJIEKHOCTI 3CYyBAIOTh-

¢ B 00J1aCTh HUMKYMX YACTOT.

Kmiouori cinora: @axrop [lapcemra, Monekyna-aumons, MeraseBa HamouacTHHKa, [loBepXHEBUH mas-

MOHHMU pPe30HaHC.
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