
Demonstration of the enhanced Purcell factor in all-dielectric structures
Alexander Krasnok, Stanislav Glybovski, Mihail Petrov, Sergey Makarov, Roman Savelev, Pavel Belov,
Constantin Simovski, and Yuri Kivshar 
 

Citation: Applied Physics Letters 108, 211105 (2016); doi: 10.1063/1.4952740 

View online: http://dx.doi.org/10.1063/1.4952740 

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/108/21?ver=pdfcov 

Published by the AIP Publishing 

 

Articles you may be interested in 
Overcoming the adverse effects of substrate on the waveguiding properties of plasmonic nanoparticle chains 
J. Appl. Phys. 119, 043101 (2016); 10.1063/1.4940415 
 
Experimental verification of the concept of all-dielectric nanoantennas 
Appl. Phys. Lett. 100, 201113 (2012); 10.1063/1.4719209 
 
Diffraction resonance with strong optical-field enhancement from gain-assisted hybrid plasmonic structure 
Appl. Phys. Lett. 100, 161904 (2012); 10.1063/1.4704360 
 
Surface-plasmon-induced enhancement of magneto-optical Kerr effect in all-nickel subwavelength nanogratings 
Appl. Phys. Lett. 97, 261908 (2010); 10.1063/1.3533260 
 
Random laser action in dielectric-metal-dielectric surface plasmon waveguides 
Appl. Phys. Lett. 95, 231114 (2009); 10.1063/1.3274042 
 

 

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  130.56.106.27 On: Thu, 08 Sep 2016

01:43:34

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1590731600/x01/AIP-PT/Continuum_APlArticleDL_090716/Applied_Physics_Letters_7_13_Sept_High_Energy_banner_ad_1.jpg/434f71374e315a556e61414141774c75?x
http://scitation.aip.org/search?value1=Alexander+Krasnok&option1=author
http://scitation.aip.org/search?value1=Stanislav+Glybovski&option1=author
http://scitation.aip.org/search?value1=Mihail+Petrov&option1=author
http://scitation.aip.org/search?value1=Sergey+Makarov&option1=author
http://scitation.aip.org/search?value1=Roman+Savelev&option1=author
http://scitation.aip.org/search?value1=Pavel+Belov&option1=author
http://scitation.aip.org/search?value1=Constantin+Simovski&option1=author
http://scitation.aip.org/search?value1=Yuri+Kivshar&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4952740
http://scitation.aip.org/content/aip/journal/apl/108/21?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/119/4/10.1063/1.4940415?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/100/20/10.1063/1.4719209?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/100/16/10.1063/1.4704360?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/97/26/10.1063/1.3533260?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/95/23/10.1063/1.3274042?ver=pdfcov


Demonstration of the enhanced Purcell factor in all-dielectric structures

Alexander Krasnok,1 Stanislav Glybovski,1 Mihail Petrov,1 Sergey Makarov,1

Roman Savelev,1 Pavel Belov,1 Constantin Simovski,1,2 and Yuri Kivshar1,3
1ITMO University, St. Petersburg 197101, Russia
2School of Electrical Engineering, Aalto University, P.O. Box 13000, 00076 Aalto, Finland
3Nonlinear Physics Center, Australian National University, Canberra, Australian Capital Territory 2601,
Australia

(Received 9 March 2016; accepted 15 May 2016; published online 26 May 2016)

The Purcell effect is usually described as a modification of the spontaneous decay rate in the

presence of a resonator. In plasmonics, this effect is commonly associated with a large local-field

enhancement in “hot spots” due to the excitation of surface plasmons. However, high-index dielec-

tric nanostructures, which become the basis of all-dielectric nanophotonics, cannot provide high

values of the local-field enhancement due to larger radiation losses. Here, we demonstrate how to

achieve a strong Purcell effect in all-dielectric nanostructures, and show theoretically that the

Purcell factor can be increased by two orders of magnitude in a finite chain of silicon nanoparticles.

Using the eigenmode analysis for an infinite chain, we demonstrate that the high Purcell factor

regime is associated with a Van Hove singularity. We perform a proof-of-concept experiment for

microwave frequencies and observe the 65-fold enhancement of the Purcell factor in a chain of

10 dielectric particles. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4952740]

All-dielectric nanophotonics based on nanoparticles of

highly refractive materials allows to control not only electric

but also magnetic component of light at the nanoscale without

high dissipative losses, inherent for metallic (plasmonic)

nanostructures.1–6 The recent progress in this “magnetic light”

concept has opened a door to many important applications of

such structures including metamaterials,1,4 metasurfaces,7

sensors, and nanoantennas.3,8 However, the development of

quantum optics and biological sensors based on all-dielectric

nanostructures requires a high degree of their interaction with

quantum emitters (molecules, quantum dots, and defects in

solids), or in other words strong Purcell effect. This effect is

usually defined as a modification of the spontaneous emission

rate of a quantum emitter induced by its interaction with envi-

ronment.9–11 Although the Purcell effect was discovered in

the context of nuclear magnetic resonance,9 nowadays it is

widely used in many applications, ranging from microcavity

light-emitting devices12 to single-molecule optical micros-

copy,13,14 being also employed for tailoring optical nonlinear-

ities,15 and enhancing spontaneous emission from quantum

cascades.16

It is generally believed that large values of the Purcell

factor are observed in the systems with strong local field

enhancement associated with the formation of “hot spots”

(e.g., in plasmonic nanoantennas).10,17 Accordingly, in order

to achieve high values of the Purcell factor, a quantum emitter

should be placed in one of such hot spots. At the same time, in

contrast to their plasmonic counterparts, all-dielectric nano-

structures do not demonstrate strong electric field enhance-

ment,18 which is believed to be the main reason of small

values of the Purcell factor. This originates from large radia-

tion losses and preferential localization of light energy inside

the dielectric nanostructures rather than at the surfaces.

Indeed, by comparing the studies of the Purcell effect in

dielectric and plasmonic nanostructures, one can conclude that

dielectric structures demonstrate the Purcell factor of one-two

orders of magnitude smaller even in systems of several par-

ticles.11,19–22 Namely, the Purcell factor does not exceed

10–15 in all previously published papers on dielectric nano-

structures with strong dipole magnetic response.11,19,20,23,24

Therefore, such small values of the Purcell factor do not allow

to achieve an effective interaction of nanostructures with light

emitters.

In this Letter, we reveal how to achieve the strong

Purcell effect for all-dielectric nanostructures without high

local-field enhancement. This becomes possible due to exci-

tation of a specific dark mode at the band edge of a nanopar-

ticles chain [as shown schematically in Fig. 1(a)], which

represent a special type of modes which cannot be excited by

a plane wave.25–30 When nanostructure is radiated by a

dipole light source, these modes are excited contributing to

the local density of states. As an example, in the recent

study,31 superdirectivity of all-dielectric nanoantennas was

achieved in a similar way. Nearly zero group velocity at the

band edge results in a Van Hove singularity, manifesting

itself in dramatic enhancement of local density of states.

Thus, even if the local-field enhancement of a nanostructure

is not strong, the high Purcell factor can be achieved through

FIG. 1. (a) Excitation of a dark magnetic mode in the chain of dielectric

nanoparticles by an electrical dipole emitter. (b) All-dielectric dimer

(N¼ 2), quadrumer (N¼ 4), and dekatesseramer (N¼ 14) nanoantennas in

the form of chains with the same period a¼ 200 nm. The dielectric constant

of the nanoparticles is e ¼ 16; the radii of nanoparticles are r¼ 70 nm.
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the special arrangement of the geometry and dipole light

source. Based on this, here we show that the Purcell factor

can be increased by two orders of magnitude in a finite chain

of crystalline silicon (c-Si) nanoparticles, demonstrating pre-

viously much lower values. Using an eigenmode analysis for

an infinite chain, we reveal that the high Purcell factor is

associated with the Van Hove singularities. Finally, we per-

form a proof-of-concept experiment for microwave frequen-

cies and observe the Purcell factor enhancement up to 65

times for a chain of 10 particles. Our approach would allow

to increase the Purcell factor even more by increasing the

number of dielectric particles in the system.

We start with the simplest system of an all-dielectric

dimer consisting of two dielectric nanospheres with a high

refractive index (such as a crystalline silicon). For analysis,

we choose a dielectric material with the dielectric constant

of e ¼ 16. The nanosphere of this material with radius of

r¼ 70 nm has the magnetic dipole resonance at a frequency

of 500 THz. The distance between the centers of the nano-

particles is equal to a¼ 200 nm. We have placed an electric

dipole emitter exactly in the middle between the nanopar-

ticles orthogonally their axial axis [as presented in Fig. 1(b)].

In this case, at the magnetic resonance frequency of the

nanoparticles, their magnetic moments oscillate with a phase

difference p, i.e., in antiphase. We calculate the Purcell fac-

tor (F) by using the well-known formula32

F ¼ 1þ
6pe0

k3jdj2
Im d

� � Es R0ð Þ½ �; (1)

where k is the wave number, d is the radiating electric dipole

moment of an emitter, and EsðR0Þ is a scattered electric field

at the emitter origin R0 produced by the nanoantenna, e0 is

the vacuum permittivity. The Purcell factor of the all-

dielectric dimer reaches 10 (see Fig. 2(a), blue curve). The

frequency at which the maximum value of the Purcell factor

of this dimer nanoantenna is observed is close to the fre-

quency of the magnetic resonance of a single nanosphere.

By increasing the number of particles N by two [see

Fig. 1(b)], we observe a significant increase of Purcell Factor

from 10 (N¼ 2) up to 120 (N¼ 14). The Purcell factor of

this nanoantennas has been also calculated using the Green’s

function approach (1). The results are presented in Fig. 2(a),

where the dimensionless frequency x ¼ ka=p is used. In Fig.

2(b), the magnetic field distribution for the case of N¼ 8

(top) and 3D radiation pattern for the same structure

(bottom) at the frequency of 504 THz are presented. These

results show that at the maximum of Purcell factor the mag-

netic dipoles of each pair of nanoparticles oscillate in oppo-

site phase. In this regime, the emitted light is localized to the

chain and the radiation pattern has two narrow lobes directed

along the chain. For example, in Fig. 2(c) the Purcell factor

dependences on the frequency for the case N¼ 14 for paral-

lel (L–dipole, dashed curve) and perpendicular (T–dipole,

solid curve) orientations of the dipole emitter are presented.

The maximum value of the Purcell factor increases at the fre-

quency 504 THz where each nanoparticle is polarized in

antiphase in relation to its neighboring nanoparticles.

Next, to clarify the nature of the very narrow Purcell

factor resonance, we consider the case of an infinite chain.

The dispersion properties of an infinite chain with period

a¼ 200 nm consisting of dielectric nanospheres with permit-

tivity e ¼ 16 and radius r¼ 70 nm embedded in free space

are illustrated by Fig. 2(d). Here the dipole-dipole interaction

model33 has been used: each sphere is replaced by its electric

and magnetic dipoles. The set of eigenmodes consists of four

branches: transverse electric (TE), transverse magnetic

(TM), longitudinal electric (LE), and longitudinal magnetic

(LM). The corresponding dispersion curves xðqÞ are shown

in Fig. 2(d), where the dimensionless quasi vector q ¼ ba=p
is used, where b is the propagation constant. The leaky

branches lying above the light line are not shown. The

Purcell factor spectra for a dipole polarized along (L–dipole)

and perpendicular (T–dipole) to the chain axis are shown

in Fig. 2(c) (for N¼ 14) for ease of comparison with the

eigenmodes. One can see that the multifold enhancement of

the Purcell factor is predicted for T–dipole at the frequency

corresponding to TM–mode band edge. Having almost zero

group velocity at the band edge, the chain modes has diver-

gent density of states due to Van Hove singularity in the infi-

nite 1D structure that may result in ultrahigh Purcell factor.34

However, the high Purcell factor is observed for TM–mode

only, and is not observed for L–polarized dipole in the whole

spectrum. The explanation of this effect lies in the symmetry

of the band edge modes. The phase shift between the dipole

moments of the neighboring nanoparticles equals to p at the

band edge that makes these modes to be sufficiently “dark.”

The coupling between the dipole emitter and TE–, LE–, and

LM–modes is suppressed due to the symmetry mismatch. It

can be illustrated on the example of T–dipole and TE–mode:

the electric fields induced by the oppositely polarized

FIG. 2. (a) The dependences of Purcell factor for different chain length N¼ 2–14 for T–dipole orientation on radiation frequency. (b) Top: the magnetic field

distribution at 504 THz for the case of N¼ 8. Bottom: 3D radiation pattern at 504 THz for the same structure. (c) Spectrum of Purcell enhancement computed

for T and L polarizations of the dipole emitter for finite chain consisting of N¼ 14 nanoparticles. (d) Dispersion curves of eigenmodes in infinite dielectric

chain.
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nanoparticles cancel each other in the point of the dipole

emitter. Thus, the excitation of TE–mode by T-dipole is prin-

cipally weak that also applies to LE– and LM–modes.

However, the TM–mode possesses the required symmetry

and the electric fields generated by neighboring nanopar-

ticles compliment each other, thus the TM–mode is effec-

tively excited. Having high density of states, these modes

give rise to the Purcell factor. Figure 2(b) shows that this

effect relates to collective excitation of dark mode. One can

see that Purcell factor rapidly increases with the increase of

chain length that is explained by forming mode structure

similar to infinite chain when the conception of group veloc-

ity starts to be applicable.

Since the fabrication and measurement of nanospheres

operating in the optical frequency range is difficult, below

we demonstrate the proof-of-concept experiment for the

microwave frequency range, similar to earlier studies.35 We

scale up all the dimensions and perform numerical simula-

tions and experimental studies. We use MgO-TiO2 ceramic

disks with permittivity e ¼ 16 and dielectric loss factor of

1e�3. In order to confirm experimentally the frequency de-

pendence of the Purcell factor, we measure directly the input

impedance of an electrically short wire antenna exciting a

chain of ceramic cylinders at microwaves [see Fig. 3(a)]. We

have considered a ceramic chain with the following parame-

ters: the radius of the ceramic cylinder r¼ 4mm, the cylin-

der height H¼ 4mm, and the period of the chain a¼ 5mm.

In such a measurement, the Purcell factor is found as a ratio

between the real part of input impedance of the antenna in

presence of the structure and the real part of input impedance

of the same antenna situated in free space.11 The radiation

resistance of small dipole antennas characterizes the radiated

power, and it is equal to the real part of the radiation resist-

ance measured directly in the feeding point. The ceramic cyl-

inders used in the experiment exhibit their individual

magnetic dipole resonances at 8.5GHz. Therefore, to mea-

sure correctly the real part of the input impedance of an elec-

trically short antenna (the length is much smaller than the

radiation wavelength) in the broad frequency range, we use a

monopole over a metal ground plane [a mirror in Fig. 3(a)].

Such a setup requires no balanced-to-unbalanced trans-

former, and it can be measured in a standard way with a sin-

gle calibrated 50-X coaxial port of vector network analyzer

(Rohde & Schwarz ZVB20). However, the heights of the

antenna and the cylinders effectively double due to the metal

ground plane. The ceramic cylinders are arranged in a chain

with a thin perforated polyethylene holder, which does not

affect the electromagnetic properties of the structure. The

monopole antenna is formed by a 0.5mm–thick core of the

coaxial cable going through a hole in a copper sheet. The

monopole height above the ground plane is chosen to be as

small as 3mm to avoid its own resonances in the range from

7 to 11GHz.

The results of numerical simulations are summarized in

Fig. 3(b). For the Purcell factor calculation in the system of

non-spherical particles, we use the approach of input imped-

ance extraction.11 We observe a strong enhancement of the

Purcell factor at frequency of 8.6 GHz up to 65 for the

10-particles chain. In Fig. 3(c), we present the results of

experimental measurements of the Purcell factor. We

observe a good agreement between the experimental data

and numerical results. We explain the slight difference

between the experimental and theoretical results at the first

resonance as follows. The near field of our monopole source

is not exactly near field of a dipole (because of the small

hole in the metal sheet and of the coaxial cable end). Thus,

the conditions of the nearest cylinders excitation in the

experiment are different from ones used in the numerical cal-

culations. We notice that for a different orientation of the

cylinders in the chain, namely, the cylinder’s axis oriented

along the axis of the chain, we observe much smaller values

of the Purcell factor.

In conclusion, we have predicted a simple way for

achieving a strong Purcell effect for all-dielectric nanostruc-

tures without high local-field enhancement. We have shown

that Purcell factor can be increased by two orders of magni-

tude in a finite chain of silicon nanoparticles. Using the

eigenmode analysis for an infinite chain, we have demon-

strated that the high Purcell factor is associated with the Van

Hove singularities. We have confirmed our theoretical pre-

dictions by the proof-of-principle microwave experiments

with arrays of high-index subwavelength dielectric particles,

and have observed 65-fold Purcell factor enhancement for

the chain of 10 particles. We believe that similar effects can

be observed for nanoscale structures due to scalability of the

all-dielectric photonics.

FIG. 3. Experimental verification of the Purcell enhancement. (a) The geometry of the experimental setup. (b) Numerical simulations of the Purcell factor for a

chain of N ¼ 2� 10 dielectric disks. (c) Experimentally measured Purcell factor by 3-mm dipole antenna placed in the center of the chain. The inset shows

the geometry. Parameters of numerical simulations and experiment are: r¼ 4mm, H¼ 4mm, a¼ 5mm, and e ¼ 16.
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