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Fig. 1. 2D axisymmetric quasinormal mode (QNM) analysis for a spherical gold nanoparticle with r, = 40 nm: (a) Schematic of 2D

axisymmetric modeling; (b) shows a table of normalized QNM profiles arranged according to indices [ and m, where on the left and

right side of the axis shows the real part of E, and Ej, respectively; (c) spectral distribution of QNMs with an accumulation point

indicated by the blue cross; (d) at a position 10 nm away from the metal surface, Purcell factor in radial direction is calculated with

full wave simulation, analytical methods and QNM reconstruction.
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Fig. 2. QNM modal analysis for dimers and the field localization of the BDP modes. The dimers consist of two spherical gold nano-

particles with 7, = 40 nm and »r, = 5, 20, 40 nm. The gap size d = 1, 5, 10 nm. In the figure are illustrated: the spectral distribu-
tions of the QNMs; the QNM reconstruction (black solid lines) of the Purcell factor at the gap center and in the axial direction, the

full wave simulation results are indicated by red circles; the mode volume profiles of the BDP modes in the gap region.

=R i R N VA= MBS Sk e S ST s e 5 T 25 B 3 T 2 AR 4 A i) B P A SR T R T L

Fay b SRk AR R A 1 5 1)

7 HE A K RE A i e 3 Jey K P00, G Hei 44
O B AT Bl LB, AR ] BREE F AR B e

4 “WARREBFATNEEN  pppmen pmpmiat s, Fiss i

K A

RSO — 2 AR AT G RSO R A PoM

MHTRSER AT A, R4 B HOTEs e R SERTHHIOELEE. A, RO T ABEA
SATIAE] 10 nm® P A BFTEAR T, WRAE AR, FREERE R HIEAE] 1 nm?

147104-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 68, No. 14 (2019)

147104

d =10 nm
Vinin = 4.63 X 10% nm3

d=>5nm
Vinin = 1.20 X 104 nm?3

d=1nm
Vinin = 3.79 X102 nm?

3 S 4 3

x % L (b) % 4 (c)

~ ~ L ~

= o 3 o

5] 3 3

+ + r +

Q 3 3]

& E ot &

5 z f 3

2 2 1k g

5 5 )

[a W a9 i [a ]

0

g R g & g

= 30 BDp QNM spectrum >~ 30 %20 >~ 30
10 =10 =< 10

E 50 550 650 750 E 450 550 650 750 450 550 650 750

Wavelength/nm Wavelength/nm Wavelength /nm

2 Vinin = 1.26 X 10* nm3 3 Vinin = 4.70 X 103 nm3 2 Vinin = 1.98 X 102 nm?
X x e R

S 4 5 3f 5

it 3 hl

Q Q Q

&3 & &

= = 2 =

T I A

g 0 g 0 g

£ £ £
=< 30 *20 @ = 30 *2e 0 = 30 *ne o ]
z 10 g 10 g 10

= 450 550 650 = 450 550 650 = 450 550 650

Wavelength/nm Wavelength/nm Wavelength /nm
Viin = 1.14 X 102 nm3 Vinin = 0.96 X 102 nm3 Vinin = 0.25 X102 nm?3
8

(g)

Im(\)/nm Purcell factor/x 104
Im(\)/nm Purcell factor/ x 10°

Im(\)/nm Purcell factor/ x 107

TI77777T
7, =40 nm
7, =5 nm
® »® E 3
S To b e o S ol e o @ S ol e @
500 700 900 1100 500 700 900 1100 500 700 900 1100
Wavelength /nm Wavelength /nm Wavelength /nm
o [
—_— NM reconstruction
Q 10! 102 103 10* 10° 10°
Other lines: single QNM Veqv/nm3

& 3

PoM (i IE WA K 37 R A A7 PoM. G UK, A2 KAl o = 40 nm (9 BEFEHGBR, BE T A AH R B4 ORLJE 55 K2R 25 18], Bk

AR b =5, 20, 40 nm, SEHEIEEE d = 1, 5, 10 nm; B H R T fE 1SS 4040 94 K 18] Bt v e b Bl i) Purcell 7 9 4 1E
M T A (BRS04, L0 B B 4 U 07 ELZ5 5 9 K 1] B R BDP 52X 1) 45 280k i R4 A

Fig. 3. QNM modal analysis for particle-on-mirror (PoM) structures and the field localization of the BDP modes. The gold particles

are ellipsoids of revolution with semi-axes @ = 40 nm and b = 5, 20, 40 nm. The gap formed with gold mirrors has d = 1, 5, 10 nm.
In the figure are illustrated: the spectral distributions of the QNMs; the QNM reconstruction (black solid lines) of the Purcell factor

at the gap center and in the axial direction, the full wave simulation results are indicated by red circles; the mode volume profiles of

the BDP modes in the gap region.
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Fig. 4. The effects of the atomistic protrusion on the field localization in the nano-gap of the particle-on-mirror (PoM) structure and

the QNM modal analysis: (a) Schematic diagrams of the PoM structures with and without the atomistic protrusion; (b) the local

field enhancement at the half height in the gap when excited by an axially polarized dipole 716 nm above the mirror; (c) the cross

section of the local field enhancement in (b) at the resonance wavelength of the BQP mode; (d) the spectral distributions of the

QNMs and the QNM reconstruction of the Purcell factor at the gap center and in the axial direction; (e) the normalized modal pro-

file of the BQP mode and its mode volume map in the gap region.
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SPECIAL TOPIC—Plasmon-enhanced light-matter interactions

Quasinormal mode analysis of extremely localized optical field
in body-of-revolution plasmonic structures”

Zhou Qiang  Lin Shu-Pei  Zhang Pu’ Chen Xue-Wen'?

(School of Physics and Center for Quantum Optical Science, Huazhong University of Science and Technology, Wuhan 430074, China)
( Received 27 March 2019; revised manuscript received 25 April 2019 )

Abstract

Surface plasmons in metallic nanostructures can confine the optical field within the region of
subwavelength, even nanometer scale, and thus enhance the light-matter interaction and other physical
processes, which will lead the plasmon optics to possess attractive applications in many areas. However, the
“mode volume” often used to characterize field confinement in plasmonic structures is only defined phe-
nomenologically and suffers ambiguity when applied to complex structures. In this work, we develop a
theoretical method to characterize the field confinement based on quasi-normal mode analysis. We recognize the
fact that a plasmonic resonance may result from many eigen-modes, which together contribute to the observed
field confinement. An effective mode volume is introduced for quasi-normal modes and used to characterize the
field confinement when the plasmonic resonance is dominated by a single quasi-normal mode. Two typical kinds
of plasmonic structures are systematically examined, and the field confinement on the order of 10 nm?3-100 nm3
is confirmed. In pursuit of the ultimate field confinement, we revisit the so-called “pico-cavity” formed by an
atomistic protrusion in the nano gap of the particle-on-mirror configuration. The apparent hot spot is shown to
have contributions from several quasi-normal modes. The dominant one exhibits a further squeezed mode

volume compared with the scenario without the protrusion, but is still well above 10 nm?.

Keywords: localization of optical fields, surface plasmon, quasinormal mode analysis, body of revolution
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