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SI 1. Derivation of the rigorous ORT for three kinds of emitters: electric dipole, magnetic
dipole, and electric quadrupole emitters

The rigorous optical reciprocity theorem (ORT)!" is the theoretic basis of this article. We rewrote
the forms of the ORT for three kinds of emitters, i.e., oscillating electric dipole, magnetic dipole,
and electric quadrupole emitters, respectively.

We consider that the current density J;(r) in volumes V; generates electric field E;(r) and
magnetic field H; (r) in volumes V,. Here V; and V, are spatially separate. We consider another
current density J,(r) in volumes V, generates electric field E,(r) and magnetic field H,(r) in
volumes V;. If both J;(r) and J,(r) are placed in the same medium with symmetric dielectric

tensors, then J; (r) and E; (r), and J,(r) and E, (r) satisfy the following equation,

fvl J1 - EdV = sz J2 - E;dV (1)
This is the integral form of the optical reciprocity theorem (ORT)':3.
For an electric dipole emitter p, with subscript i = 1 or 2, the current densities are transformed
to,
J1(r) = —jwped(r — ;) (2)
Then equation (1) can be reduced to the simplified form,
Pe1 " E2(1y) = pez * Eq (1) 3)
which is the ORT form for oscillating electric dipole emitters.
The left-hand side of equation (1) can be further transformed into the case of an oscillating
magnetic-dipole emitter p,, or electric-quadrupole emitter with quadrupole tensor Qejos(i =
1,2; p,o =1,2,3),

0Ezp 0Ezs

+ Ax > Qel,po + jwB; (ry) * Pm1 4)
P

_ _Jw
fi, Ja - Eaav = =22 (

x4



Hence, we yield the ORT form for oscillating magnetic dipole emitters,

Pmi1 - B2(11) = Pz - B1(12) (5

and ORT form for oscillating electric quadrupole emitters,

P d
( Eap(ry) OEZG(rl)) Qetpo = ( Bip(ra) 6E16(T2)) Qezpo (6)

x4 ox, 0xs dax,




SI 2. Derivation of GEXP = GX* and GEXP ~ G5 for emitters according to the ORT

As shown in Figure Sla, an emitter pp.> (ry, w;) is located at ry, near the POA with a dipole
moment p, along z axis. . (Iy, @) and the generated electric field Ep P (R, w, p.¥) at R
where the detector is located are in the experimental configuration. pEe‘(R, wg), a dummy dipole
with the same dipole moment p, at R, and the generated electric field ERe (rm, W, pgfrc) are in the

reciprocal configuration.

The radiation enhancement G; * in the experimental configuration (Figure 1a) is

Exp Exp 2
Exp Exp _ Ee (R' Ws, Ploc )
GZ (R' wSl p]OC (rm)) - EExp R Exp (7)
far,O( » Ws, P )
ECP (R ws, prY) and ELP (R, wg, prr) ted by the pp*( t the molecul
far (R @, Py ) and E¢ (R, wg, Py ) are generated by the py . (I, ws) at the molecular
position Iy, in the presence and absence of the POA nanostructure, respectively.
The local enhancement GXe¢ in the reciprocal configuration (Figure 1c) is,
R Rec) ElReC(r Ws Pf\ec) ?
G ec r w p — 0ocC m 4 ar (8)
2 i @ Plar ) = 516 (i, s, pES)

where ERS and ER are the electric field strength at r,, with and without the POA nanostructure,
respectively.

We should note that Eg;p and Eg;%, EReS and ER, G; *P and G3°, are dependent on the

wavelength (i.e., angular frequency ws). For simplicity, we omit the wg in the following equations

Or expressions.

According to the rigorous ORT in equation (3), Eg.* (R, pi.F ) and p>(r,), and ER(ry, prec)

far loc

Rec
far

and p¢(R) can be rigorously correlated by

E E E
Eor (R Ppoc ) - Piar (R) = Ejg (T, PEF) - Proc () ©)



The EEXp(R, pﬁ)xcp) generated by the pﬁ)xcp(rm) can be decomposed into two perpendicular

far

components, one component in the incident plane, and the other component perpendicular to the

incident plane, which are denoted by the subscript ‘||’ and ‘L ’, respectively. Aside from that, the
PREC(R) can also be decomposed into two perpendicular directions as same as those of Ef;;p. Hence
equation (7) can be transformed into two equations with the pi’i‘?z along z axis,
Ega) (R Piocy) * Plarii (R) = B (i PRI - P (10)
EP? (R PpG) Phc, (R) = ERS (PR, ) - Pl (1)
For the pﬁ)’fx with the orientation along x-axis, equation (7) is transformed into the equations
(12) and (13).
Ecai (R, Ploci) * PSS (R) = B (T, PES)) - Plocy (12)
o, (RPLD) Pl (R) = B, (1 P ) P 13)
The in-plane radiation enhancement factor can be indirectly calculated by directly calculating

the local-field enhancement factor in the reciprocal configuration.

Exp Exp R R Exp R
GEXP (R pEXp (r )) _ Efar,||(R’ploc,z) _ Elo?:?z(rm'pfaim)'ploc,z/pfaerm(R) (14)
2, ? Floc,z\'m — gExp Exp) T LR Rec \.,.EXp , R
” Efan||_0(R’ploc,z) Eloec(,:z,o(rm'pfa‘;cll) ploc,z/pfa?‘.cll (R)
Exp Exp Rec Rec
GEXP R Exp (I' ) _ Efar,ll(R'ploc,z) _ ElOC,Z(rm'pfar,H) 15
2| ’ plOC;Z m - EEXp R Exp) ERec Rec ( )
far||,0 ’ploc,z loc,z,0 rm'pfar,||

Similarly, the out-of-plane radiation enhancement factor could be calculated as well,

Exp Exp Rec Rec
GEXP R Exp _ Efal‘,L(R'ploc’Z) _ Eloc‘z<rm’pfar,L) 16
2,1 \RePioc; (Tm) ) = vy (Rop>) — ERec Rec (16)
’ far, 1,0 Plocz loc,z,0 rm’pfar,L

As a result, we obtain the important equation,

G (R PP () = 65 (1, pRER) ) (17)



If the distance between pﬁ)xcp and EC®, i.e., R is sufficiently large (|1, | < R), the field EReS, o in

far ?

the absence of POAs can be approximated by expanding the free-space dipole field?,

R Rec , —jkg:
Elo%(,:z,O(rm) ~ Epeloice h'Tin (18)
. k%p?eceijR . . . . . . PW
with E, = ﬁ. The right-hand side of the approximate equation is the electric field Ejy¢, o
0¢s

of a plane wave (PW), including propagating wavevector kg along —R direction, the complex

amplitude E,, and polarization e[y . In other word, Efe,  is the approximate quantity to Ef,, .

Similarly, in the presence of the POA, Ell})ifz(rm) is the approximate quantity to Eﬂ\gz(rm),

according to the equation (9),

Rec,.pPW
Exp _ pRec ~ Ep Exp €loc 'Eloc,z
eloc Eloc,z rm) ~ pRec ploc E— (19)
far p

Similar to equations (14) and (15), we can define two plane waves with two perpendicular

polarizations as those of the dipole pie°(R) with the subscript ||” and L’ respectively. Hence,

we deduce

Rec Rec PW[|
Efe, (rmpi) _ Eiocy (tm)

Rec Rec \  pPWII
Eloc,Z,O (rm’pfar,l |) Eloc,z,O (I‘m)

(20)

Rec Rec PW, L
Eloc‘z<rm'pfaEL) ~ Elocz () 21
Rec ) = pw L (21)

ERec (l‘ ,
loc,z,0\Tm P, | E}c,0(fm)

Combining equations (17)-(20), we can deduce,

G, (R, plad () ) = G5 (1, PREER) ) = G5V (13, k) 22)
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Figure S1. Schematics of the rigorous and approximate ORT. (a) The electric field EEXp(R,

far
pfoxcp at R generated by an oscillating electric dipole pE)XCp (ry,) at ry, (double-headed red arrow

Rec

with a red circle) in the experimental configuration and Ej; (rm, pgerc(R)) at rp,, generated by an

e

oscillating electric dipole pre¢(R) at R (double-headed purple arrow with a purple circle) in the
reciprocal configuration are exactly correlated according to the rigorous ORT in equation (3). (b)
The electric field EfY at r,, generated by a plane wave (PW, orange) is approximately correlated
to ER®° generated by pre‘(R) according to the approximate ORT in equation (22). The POA

far
Rec

consists of a Ag nanosphere dimer. The electric field Ef;p and Ej;;

the frequency of scattering light ws is omitted here.

are wavelength dependent, and

The magnetic dipole p,,(R) along the y-axis was chosen in this article, and thus we only
consider the magnetic flux density B, along the y-axis in the simulations. We can derive equation
(17) for the oscillating magnetic dipolar emitter by replacing E with B and replacing p. with p,

according to equation (5).

In the simplest electric quadrupole 66111, the charges are distributed as ‘+, —, —, +’ along the x-
axis, where ‘+’ represents a positive elementary charge and ‘—’ represents a negative elementary
charge, and the subscript ‘11” denotes the e,e, component of the quadrupole tensor. We chose
66,11 as the electric quadrupole emitter in this article. We consider only the x-direction gradient
of the electric field along the z-axis dE,/dx in this article to derive the equation (17) for the

electric quadrupolar emitter by replacing E with 0E,/dx according to equation (6).



SI 3. Numerical demonstration of the equivalence between G;:Xp and GX* for electric dipole

emitters in three classical plasmonic optical antenna systems
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Figure S2. Comparison of GZE *P and GXe¢ for oscillating electric dipolar emitters in three classical
plasmonic optical antenna (POA) systems. (a) Diagram of POA-I: Ag nanosphere dimer (diameter

of each sphere is 50 nm, inter-particle gap size is 2 nm) excited by an oscillating electric dipole

emitter pﬁ))ip (double-headed arrow in red color) in the experimental configuration and ppec

(double-headed arrow in purple color) at the distance R =900 nm in the reciprocal configuration,



and the radius of the solution domain is 1 zm. (b) Wavelength-dependent ratio G, /GX¢ in (a).
(c) Diagram of POA-II: Ag nanosphere coupled with a Ag substrate (diameter of sphere is 150 nm,
inter-particle gap size is 4 nm, R is 1.15 um, and radius of the solution domain is 1.2 um). (d)
Wavelength-dependent ratio Gf */GR*¢ in (c). (e) Diagram of POA-IIl: Ag scanning probe
coupled with an Ag substrate (radius of curvature of the probe is 25 nm, probe length is1.2 um,
angle of cone of the probe is 20°, probe-substrate gap size is 2 nm, R is 1.15 um, and radius of the
solution domain is 1.2 um). (f) Wavelength-dependent ratio G; *P /GXe¢ in (e). The ratio G; P /gRec
in b, d, and f are close to one with the maximum relative errors 0.03%, 0, and 0, respectively, for
A in the range of 300 to 800 nm. The oscillating electric dipolar source is defined by the built-in
function in the COMSOL software. The solution to Gf *P and GX°¢ in this model is obtained by

solving Maxwell’s equations in the absorbing boundary condition with the point source phe¢

fay 1n the

solution domain. The dipolar emitter pixcp in the experimental configuration is located in the gap
of the POA, and the dipolar emitter pgic in the reciprocal configuration is located in R.
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SI 4. Definition of the analytical background field

In this article, the surrounding environment of the simulations is vacuum with the refractive index
ny, = 1, permittivity &, and permeability uy. We defined the background fields of all the emitters
analytically.
(1) Source 1: Oscillating electric dipolar emitter

The analytic form of an oscillating electric dipolar emitter pre©(R, 8, ¢) can be obtained from
Jackson’s book on Electrodynamics.* We set ¢ = 0° for the polarization of the dipole to be parallel
to the XOZ-plane, & = 60°. The position of the dipole in the rectangular coordinate system is (x,,
0, zy) where x, = —Rsin(8), z, = Rcos(6). The electric dipolar moment along z-axis is denoted
by p..

If the length of the dipole is much smaller than the wavelength, the vector potential A can be

described as

A = e, LoPz ok (23)
4ntr

The magnetic field H and the electric field E can be deduced by

H=1lvxA (24)
Ho

E=—VxH (25)
jweg

We performed the rotation operations twice and translation operation once, to ensure that the

Rec
far

direction of pr<(R, 8, @) is same as the polarization of the PW. Hence, the analytical form of

PREC(R, 8, @) at any distant positions at R can be defined.

The analytical form of the electric field generated by pRec(R, 6, ¢) is set as the background field

to solve the electric field distribution with or without any POAs.

11



Rec

The parameters of pg,;° set in COMSOL is shown in the following. (x0, y0, z0) is the position

parameter of pe¢. The following parameters is set in variables’ part of definitions’ section in

COMSOL.
“x1 = cos(theta) * (x - x0) - sin(theta) * (z - z0);
yl=y-yo0;
z1 = sin(theta) * (x - x0) + cos(theta) * (z - z0);
rdp = sqrt((x1)"2 + (y1)"2 + (z1)"2);

phi_0 = (y1==0) * (x1>=0) * (O[rad]) + (x1>0) * (y1>0) * atan(yl/x1) + (y1>0) * (x1==0) *
pi/2 + (x1<0) * (y1>0) * (atan(y1/x1) + pi[rad]) + (y1==0) * (x1<0) * (pi[rad]) + (x1==0) * (y1<0)
*(3/2 * pi[rad]) + (x1<0) * (y1<0) * (atan(yl/x1) + pi[rad]) + (x1>0) * (y1<0) * (atan(y1/x1) + 2

* pi[rad]);
theta_0 = acos((z1)/rdp);
Vm =p0/ (4 * pi * epsilon0_const), where p0 is the value of the electric dipolar moment;
Ph = -j * ewfd.kO * na * rdp, where na is the refractive index of the environment;
Er=2*Vm * cos(theta_0) * (Ph-1) * exp(Ph) / rdp”3;
Etheta = Vm * sin(theta_0) * ((ewfd.kO * na * rdp)"2 + Ph - 1) * exp(Ph) / rdp”"3;
Ephi =0 [V/m];
Ex1 = Er * sin(theta_0) * cos(phi_0) + Etheta * cos(theta_0) * cos(phi_0) - Ephi * sin(phi_0);

Eyl = Er * sin(theta_0) * sin(phi_0) + Etheta * cos(theta_0) * sin(phi_0) + Ephi * cos(phi_0);

12



Ez1 = Er * cos(theta_0) - Etheta * sin(theta_0);
Ex0 = Ex1 * cos(theta) + Ez1 * sin(theta);

Ey0 = Ey1,

Ez0 = - Ex1 * sin(theta) + Ez1 * cos(theta)”.

(2) Source 2: Oscillating magnetic dipolar emitter

We choose an oscillating magnetic dipolar emitter p,,(r,) along y axis at ry, to study the
radiation enhancement. The polarization is perpendicular to the XOZ plane. The magnetic dipolar
moment is denoted by p,,,.

The vector potential A can be described as

ik e —IKT

A== —e Xpy (26)

We can acquire magnetic field strength H; and electric field strength E; according to equations
(24) and (25) and perform the translation operation once to obtain the analytical form of the electric

field, which is generated by pRec(R) at any distant position R.

The analytical form of the electric field generated by pRe¢(R, 6, @) is set as the background field

to solve the electric field distribution with or without the POA-IL.

The parameters of pRe¢ set in COMSOL is shown in the following. (x0, y0, z0) is the position

parameter of pRe¢. The following parameters is set in variables’ part of definitions’ section in

COMSOL.
“x1 =x-Xx0;

yl=y-yo0;

13



z1=1z-20;

rdp = sqrt((x1)"2 + (y1)2 + (z1)"2);

phi_0 = (y1==0) * (x1>=0) * (O[rad]) + (x1>0) * (y1>0) * atan(yl/x1) + (y1>0) * (x1==0) *
pi/2 + (x1<0) * (y1>0) * (atan(y1/x1) + pi[rad]) + (y1==0) * (x1<0) * (pi[rad]) + (x1==0) * (y1<0)
*(3/2 * pi[rad]) + (x1<0) * (y1<0) * (atan(yl/x1) + pi[rad]) + (x1>0) * (y1<0) * (atan(y1/x1) + 2

* pi[rad]);

theta_0 = acos((z1)/rdp);

Vm = ewfd.kO * pmO / (4 * pi * epsilon0_const * ewfd.omega) * exp(-1i * ewfd.kO * na * rdp) ,
where na is the environmental refractive index and pmoO is the value of the magnetic dipolar

moment;

Ph = ewfd.k0"2 / rdp — 2 / rdp”3;

Er =0[V/m];

Etheta = Vm * cos(phi_0) * (- Ph);

Ephi = Vm * cos(theta_0) * sin(phi_0) * Ph;

Ex0 = Er * sin(theta_0) * cos(phi_0) + Etheta * cos(theta_0) * cos(phi_0) - Ephi * sin(phi_0);

Ey0 = Er * sin(theta_0) * sin(phi_0) + Etheta * cos(theta_0) * sin(phi_0) + Ephi * cos(phi_0);

Ez0 = Er * cos(theta_0) - Etheta * sin(theta_0)”.

(3) Source 3: Oscillating electric quadrupolar emitter

14



We choose an oscillating electric quadrupole 3e,11(rm) along to e,e, to study the radiation

enhancement. The electric quadrupolar tensor is denoted by 69,,11-

The vector potential A can be described as

ikpge Ik <
24nr T Q.

A= (27)
We can acquire H; and E; according to equations (24) and (25) perform the translation

operation once to translate the coordinate system of ((_2)6,11 (ry,) to that of ae,n (R) and to obtain the

analytical electric field Eq generated by 66,11 (R) in the coordinate system of 68'11 (R).

The analytical form of the electric field generated by ((_2)6,11(R) is set as the background field to

solve the electric field distribution with or without the POA-II.

The parameters of @,11 set in COMSOL is shown in the following. (x0, y0, z0) is the middle

point-position parameter of 66,11. The following parameters is set in variables’ part of definitions’

section in COMSOL.

“x1 =x-x0;
yl=y-yo0;
z1=1z-20;

rdp = sqrt((x1)"2 + (y1)"2 + (z1)"2);

phi_0 = (y1==0) * (x1>=0) * (O[rad]) + (x1>0) * (y1>0) * atan(yl/x1) + (y1>0) * (x1==0) *

pi/2 + (x1<0) * (y1>0) * (atan(y1/x1) + pi[rad]) + (y1==0) * (x1<0) * (pi[rad]) + (x1==0) * (y1<0)

15



*(3/2 * pi[rad]) + (x1<0) * (y1<0) * (atan(yl/x1) + pi[rad]) + (x1>0) * (y1<0) * (atan(y1l/x1) + 2

* pi[rad]);
theta_0 = acos((z1)/rdp);

Ck = - ewfd.k0™4 * dp0Q / (24 * pi * epsilon0_const), where dp0 is the value of a dipolar moment

in the electric quadrupole;
FrO = ewfd.k0 * na * rdp;
Ep = exp(-J*Fr0);
Frl=(-1/Fr0"2 + 2 *j/ Fr0"3) * Ep;
Fr2 = (i / FrO + 2/ Fro"2 — 2 * j | FrOn3) * Ep;
Er=Ck* Frl * ((2 * cos(theta_0)"2 - sin(theta_0)"2 - 1) * cos(phi_0)"2 + sin(phi_0)"2);
Etheta = - Ck * Fr2 * (sin(theta_0) * cos(theta_0) * cos(phi_0)"2);
Ephi = Ck * Fr2 * (sin(theta_0) * cos(phi_0) * sin(phi_0));
Ex0 = Er * sin(theta_0) * cos(phi_0) + Etheta * cos(theta_0) * cos(phi_0) - Ephi * sin(phi_0);
Ey0 = Er * sin(theta_0) * sin(phi_0) + Etheta * cos(theta_0) * sin(phi_0) + Ephi * cos(phi_0);
Ez0 = Er * cos(theta_0) - Etheta * sin(theta_0)”.

(4) Source 4: PW
The analytical form of the electric field of a PW, i.e., E = E,e 7¥T, where E, = 1 V/m, and k

and r represent the propagating wavevector of the PW and the space coordinate, respectively, was

16



set as the background field of the PW to solve the electric field distribution with or without any

POAs.

17



SI 5. Single point G5 /G5 in three typical E-POA systems
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Figure S3. Comparison of the single-point radiation enhancement factors G5 and GX°¢ in three

typical E-POA systems. (a) Diagram of POA-I: Ag nanosphere dimer (diameter is 100 nm and
inter-particle gap size is 2 nm) excited by a PW in a PWA configuration (orange arrow) and an
oscillating electric dipole prec (purple double-headed arrow) at R in a reciprocal configuration.
The incident angle is 60° to the normal with p polarization. The model is surrounded by a perfectly
matched layer. (b) Calculated wavelength-dependent ratio G5V /G of POA-I with R varied
from 2.5 um to 2 mm. (c-d) Same as (a-b) but POA-II: Ag nanosphere (diameter is 100 nm)

coupling with a Ag substrate. The particle-substrate gap size is 2 nm. (e-f) Same as (a-b) but POA-

18



IIT: Ag scanning probe coupling with an Ag substrate. Geometric parameters of the scanning probe:

radius of curvature is 25 nm, length is 1.75 um, angle of cone is 20°, probe-substrate gap is 2 nm.

The radius of the substrate is 1.75 um in the latter two systems. The position of a single point for
Rec

analyzing G5V /GXe¢ in (a) is located at the center of the gap.

19



SI 6. The detailed parameters in simulations

Maxwell’s equations are solved by finite element method with a commercial software COMSOL
Multiphysics. For POA-I system in Figure 2a, the maximum free triangular mesh size on the
surface of each nanosphere is 2 nm, the mesh size in the middle of the inter-particle gap is 0.5 nm
and the thickness of the perfect matched layer (PML) is 400 nm. The diameter of solution domain

which does not include the thickness of PML is 2 um.

For POA-II system in Figure 2d, the nanosphere is rotated 45 degree along y-axis and the
maximum free triangular mesh size of the 1/4 surface of the sphere which is near the flat substrate
surface is 1 nm. The mesh size of other part of the sphere is 5 nm, and the thickness of the perfect

matched layer (PML) is 300 nm. The diameter of solution domain is 3.5 ym.

For POA-III system in Figure 2g, the maximum free triangular mesh size of the surface of the
probe apex is 1 nm and the thickness of the perfect matched layer (PML) is 300 nm. The diameter
of solution domain is 3.5 um. The symmetric boundary condition called Perfect Magnetic

Conductor in x-z plane is used for decreasing the complexity.

For magnetic dipole system in Figure 3a and electric quadrupole system in Figure 3d, the mesh
size and the thickness of PML are the same as those of POA-II system in Figure 2d. The diameter
of solution domain in the former two systems is 2.4 um and the full model is used because the

background field of magnetic dipole and electric quadrupole is not symmetric.

A 0.8 nm-radius sphere is set in the middle of the nanogap between the particle or probe and the
flat substrate to refine the mesh grid of which the size ranges from 0.1 nm to 0.2 nm in all models.

All the solution domain is set as a sphere.

20



A perfect matched layer (PML) outside the solution domain is set in all models to simulate an
open and reflection-free boundary. The lower hemisphere is the substrate except for POA-I in
Figure 2a and the probe is tangent to the upper hemisphere for POA-III in Figure 2g. Each emitter
with position R varied from 2.5 ym to 2 mm in our model is outside the PML and the specific
electric field of each emitter is set as the background field to excite the whole system which is kept

at the same size.
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SI 7. Near-field modes of a PW with different incident angles in POA-II

999096@09

RMSE  0.15

000000000

RMSE  0.02 0.007 0.003 0.002 0.003 0.006

Figure S4. Near-field distribution (|E,|/|E,max|) in the POA-II system excited by a PW with
incident angle 8 varied from 50° to 70° along the z-axis at A = 370 nm or A = 633 nm. The
corresponding RMSE value are shown in the following row. High-order plasmonic modes in POA-
II system excited by a PW at A = 370 nm are sensitive to the incident angle 6 varied from 50° to

70° of the PW, and low-order plasmonic modes at A = 633 nm remain almost unchanged with 6
varied from 50° to 70°.
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Figure S5. Near-field distribution (|Ey|/|Eymay|) in the POA-II system excited by a PW with
incident angle 8 varied from 50° to 70° along the z-axis at A = 370 nm or A = 633 nm. The
corresponding RMSE value are shown in the following row. High-order plasmonic modes in POA-
I system excited by a PW at A = 370 nm are sensitive to the incident angle 8 varied from 50° to

70° of the PW, and low-order plasmonic modes at A = 633 nm remain almost unchanged with 6
varied from 50° to 70°.
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SI 8. Radiative pattern of an oscillating electric dipole and a PW before interacting with

POA-II
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Figure S6. Diagrams of different radiative patterns generated by an oscillating electric dipole with
varied R and a PW at 4 =370 nm, respectively. The distribution of (a) the normalized
background electric field Ey, along the z-axis Ey,/Ey, nax (including the phase) and that of (b) the
normalized amplitude |Ey,|/|Ep,max| in 1 #zm %1 um area becomes more similar to the PW as R
increases from 2.5 yum to 2 mm. The black line shows the boundary of a nanosphere and the
interface between the air and silver substrate. The RMSE between |E,,(R)|/ |EbZ,maX(R)| and
|Ep, (PW)|/ | Ebz,maX(PW)| are shown in (c). The wave front of the dipole is curving and that of the
PW is straight when R is 2.5 um or 5 um. However, the wave front of the dipole becomes straight
and similar to the PW when R becomes larger. The white scale bar is 0.2 um.
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SI 9. Discussion of effects of dipole direction in POA-II-p_ > and POA-III-p,. " systems
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Figure S7. The ratio of |Efa’;1° (R, pi’é‘i’z(rm))| / |Eg’;p (R, pi’;‘jx(rm))| in the pi’é‘?z/x couple with
POA-II (a), and with POA-III (c). The wavelength-dependent ratios of the averaged radiation
enhancement factors (G5"V)/(GX*) in the POA—II—pEXp system (b) and in the POA—IH—pEXp

loc,x loc,x

Exp Exp Exp Exp
SyStem (d) |Efar (R’ ploc,z(rm))|/|Efar (R' ploc,x(rm))
calculating |E11§§fz (rm, pléic(R))| / |E11§‘ffx (rm, pléfic(R))| by solving Maxwell’s equations only

once at a wavelength according to the rigorous ORT.

i1s indirectly calculated by directly
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Figure S8. Near-ficld modes (|E,|/ |Ez,max|) in the POA-III system excited by an oscillating
electric dipole and a PW at different wavelengths A. The projection area (diameter is 50 nm) is
located 1 nm above the surface of the substrate under a tip.
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