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We present a theoretical study of second-harmonic generation from a singular metasurface. The singular
metasurfaces strongly interact with the incident light, where the large field enhancement forms an intense
surface polarization that generates the second-harmonic field. By using transformation optics, the calculation
of nonlinear optical response is converted from the metasurface frame to that of a simple slab geometry, largely
reducing the complexity of the problem. In addition, the singular metasurface exhibits a weak dependence on the
incident angle of light, which can be potentially used as an all-angle device for harmonic generations. Finally,
we study the symmetry dependence of second-harmonic generation in the far field for the singular metasurface
and show how to enhance the conversion efficiency under normal incidence by breaking the surface inversion

symmetry.
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I. INTRODUCTION

Optical nonlinear effects [1,2] have received considerable
interest since the discovery of second-harmonic generation
(SHG) in 1961 [3]. With the development of nanofabrica-
tion processes in past decades, nanoscale structures have
become an important component in nonlinear optics. Unlike
traditional nonlinear crystals, nanostructured materials can
provide strong light-matter interaction and simultaneously
relax the phase-matching condition constraint [4,5]. Nanos-
tructures may be classified into two groups: All-dielectric and
plasmonic systems [6—8]. All-dielectric nanostructures utilize
both electric and magnetic resonances, whose excitation can
contribute to an efficient harmonic generation [9,10]. In con-
trast, plasmonic structures take advantage of the excitation of
surface plasmon polaritons, creating a strong field enhance-
ment at the metal surface. This strong field then gives rise to
a large nonlinear optical response [11] in a close by dielectric
[12] or in the metal itself [13] through the dynamics of free
electrons [14,15]. Hybrid metal-dielectric resonators have also
been proposed [16].

Many scenarios have been suggested to further enhance
the nonlinear response of nanostructures. For instance, the
application of the epsilon-near-zero (ENZ) concept boosts
the nonlinear response [17-19]. Alam et al. have shown that
ITO films display ENZ properties at near-infrared frequencies,
leading to a giant Kerr nonlinearity [19]. The concept of
bound state in the continuum (BIC) [20] has also been em-
ployed to greatly enhance SHG because the excitation of BIC
contributes to a large quality factor [21,22]. Another method
to further enhance the nonlinear effect is introducing a singu-
larity in the nanostructure. A singularity can be an ultrasmall

“fyang @scu.edu.cn

2469-9950/2022/105(23)/235432(11)

235432-1

gap between two metallic interfaces or a sharp metallic tip
[23]. These singular structures exhibit a much stronger field
enhancement than conventional plasmonic structures, so a gi-
ant nonlinear response is expected near the singularities. The
nonlinearity enhancement by singularities has been confirmed
in a variety of experiments, such as nanoparticle dimers [24],
bowtie antennas [11], particles on metal surface [25], etc.

Even though nonlinear nanophotonics have received sub-
stantial attention for a few decades, most research relies on
experimental measurements and numerical simulations. Only
a few works give analytic solutions to the nonlinear optical
response of nanostructures, such as flat surface, cylinder, and
sphere [26-28].

In the past decade, transformation optics have been suc-
cessfully applied in the field of plasmonics, providing the
tools to convert calculations for a complex nanostructure into
a simple slab geometry problem [23,29]. After obtaining the
analytical solution in the slab frame, it is in fact possible to
derive the corresponding field profile of the nanostructure by
mapping the fields between two frames. Recently, this pow-
erful analytical tool has been utilized to study the SHG from
a kissing nanowire dimer [30,31]. However, a transformation
optics approach to extended structures such as a metasurface
has not been explored yet.

Based on our previous work about the linear optical
response of singular metasurfaces [32], in this article we
analytically investigate the SHG process in analogous sys-
tems. In particular, we consider the nonlinear response of
free electrons at the metal surface [33,34]. We show that the
intense field enhancement in the singular metasurface pro-
vides a strong nonlinear excitation for the second-harmonic
field. In addition, the singular metasurface supports a hidden
dimension that enables a continuous mode excitation when
changing the k vector of incident waves [35], thereby leading

©2022 American Physical Society
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FIG. 1. Mapping of nonlinearity. (a) The geometry of the singular metasurface with the singularity scaled by §. The period is T'. (b) The
corresponding slab frame and the nonlinear surface polarization, where the slab period is d and the cavity length is L. (c) The linear reflection
spectrum of a singular metasurface, where the incident angle 8, of the plane wave is 7 /4. (d) The nonlinear surface susceptibility x® in the
slab frame. The geometric parameter settings in panels (c) amd (d) are 7 = 10nm, 0 = 0.2n,d, = d, = 0.05d,and L =d = 1.

to an all-angle high SHG efficiency. Finally, the singular
metasurface possesses a few surface symmetries that strongly
affect SHG efficiency in the far field.

II. MAPPING OF NONLINEARITY

The singular metasurface investigated in this paper is
shown in Fig. 1(a). The metasurface considered here has a
period T along the y’ axis and a translation invariance along
the 7’ axis. For practical consideration, the sharp singular point
is scaled by the width §. We consider the singular metasur-
face made up of a centrosymmetric plasmonic material [cyan
region in Fig. 1(a)] parameterized with a Drude model ¢ =
1 - a)lz,/(a)2 + iwy ), where w, = 1.36x10'® rad/s and y =
1x10™ rad/s. In a centrosymmetric medium, the second-
order nonlinear process is not allowed [1]. However, the
inversion symmetry can be broken at the material surface. It
is reasonable then to define a surface second-order nonlinear
susceptibility. The nonlinear optical response of a plasmonic
material can be described by the hydrodynamic model, which
is simple but accurate in the description of nonlinear optical
response near the metallic surface [33]. We assume that all
nonlinear contributions come from the metal surface [30].
Applying this approximation in hydrodynamic model, the two
nonzero surface susceptibilities can be written as [33]

@y &0 3CL)F + l)/ 2
= 0 P e 1
XilL dnge 2wr + i)/( d )
@y €0 2
X||l|| = _Toe(gF - 1), (1)

where ep is the relative permittivity at fundamental
pump frequency wp, &y is the free space permittivity,
no = 5.7x10% m~3 is the equilibrium charge density, and —e
is the electron charge [33]. The prime denotes the physical
quantity in the metasurface frame, i.e., Fig. 1(a), and the two
nonlinear surface polarizations can be expressed in the form

2
P = ‘9()XJ(_J)_J_E,L

Py = sox| 1 E LBy @
where E'| (E‘/‘ ) is the electric field normal (parallel) to the
metal interface at fundamental frequency wg, which is eval-
uated at the point immediately inside the metal interface [26].
The direction of P| and Pli is denoted in Fig. 1(a), shown
as red arrows. These two polarizations can be linked with
two surface currents: The electric surface current J¢ and the
magnetic surface current J ™ Their relations are [36,37]

/ 1
J" = —n x V”Pi
&b
J@’ aPﬁ 3
=5 (3)

where ¢, is the background permittivity experienced by P/,
and J™ and J¢ are along the parallel direction. The origins
of these two surface currents are the induced electric sur-
face polarizations, where the parallel component contributes
to the common electric surface current, while the normal
one (a dipole layer) gives rise to an effective magnetic
surface current. In our surface polarization model, the back-
ground permittivity experienced by the induced polarization
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at second-harmonic frequency wg is €ges [33], where ¢ is the
metal permittivity at frequency ws.

According to Eq. (2), the fundamental field oscillating at
frequency wp generates, through the second-order process, a
nonlinear source that in turn gives rise to a pair of surface po-
larization components (P, P,). These two polarizations lead
to the following boundary conditions at the second-harmonic
frequency wg [36,37],

11/
E/+ _E/f — _J7m’ — _l_IIP/
I~ E z i
Ep
HY — H = —J =iwgP|, )

where the superscript 4+ (—) represents the point immediately
outside (inside) the metal interface.

Now we are going to map the above boundary conditions to
the slab frame in Fig. 1(b). A singular metasurface with blunt
singular points in Fig. 1(a) can be mapped to a periodic slab
system with the period d in the y direction and the finite cavity
length L shown in Fig. 1(b) by following conformal mapping
[32],

—dl —2 1 5
¢=—In eZﬂZ’/T—1)+ ; %)

where 7z = x + iy and 7/ = x’ + iy’ are complex coordinates in
the slab frame and the metasurface frame, respectively. When
the size of singularity vanishes, the cavity length L diverges,
i.e., an infinite cavity.

From the rule of transformation optics, electric-field El’I
and k-vector kl’l have been stretched by the same factor

1/+4/det(A) when mapping from the metasurface frame in
Fig. 1(a) to slab frame in Fig. 1(b) [38,39]. Here det(A) is
the Jacobian matrix whose elements are defined as A;; =
3—; Transformation optics preserves the validity of elec-
tromagnetic boundary condition when mapping from the
physical space to the transformed space. Therefore accord-
ing to Eq. (4), the surface polarization P| is conserved
when transforming from the metasurface frame to the slab
frame. On the other hand, the z component of magnetic-
field HZ/ is also conserved under the transformation, leaving
the other surface polarization P, unchanged as well. Since
the surface polarization Pi,H is a conserved quantity, we
have

. . E?
;o (2) n _ (2) 1 ) 2
Py =eox, | ET =¢ox |, det(A) gox, El =P1
@y EJ_EII

/ @ g pr — (2) —
B = eoxinELEy = foxiny goay = SoximELEr =P (©
from which the transformation rule of the surface nonlinear
susceptibility Xfi 1. can be written as

@y

@ _ X
Xiiiguy = det(A)
2
_ ﬁ
= X111 dz7

d _h2n 2 7
(). o

_ o a
= X1aay <T

which is coordinate dependent in the slab frame. In this
frame, the metal-air interfaces are located at y = d; and y =
—d,. Therefore the surface nonlinear susceptibility in the slab
frame is a function of x, shown in Fig. 1(d).

III. INDUCED SURFACE POLARIZATION

In the above section, we have demonstrated that the sur-
face polarization conserves under the transformation from
the metasurface to the slab geometries. Thus the nonlinear
surface polarization profile P| | (x', ) along the interface of
metasurface can be obtained by directly mapping P, j(x, y)
from the slab frame, which can be evaluated by using Eq. (6).
The electric-field profile of £, j and E|  can be found in our
previous linear response theory [32]. In Fig. 2, the distribution
of electric field at the interface E' | and the induced polariza-
tion Pi,” are shown. The singular metasurface supports two
kinds of modes with different symmetries: The a, (a,) mode
below (above) wy, in the reflection spectrum in Fig. 1(c) [32].
In the first column in Fig. 2, we illustrate a, and a, modes
in panels (a) and (b), respectively, where the a, (a,) mode
is excited by the parallel (normal) electric-field component.
In the reflection spectrum, the resonance peaks correspond
to the excitation of a few discrete modes, which merge into
a continuous spectrum when the width of singularity 6 — 0
[32]. Because an exact singular point corresponds to an infi-
nite slab system, the modes are excited in a continuous manner
[35]. In Fig. 2(a), we study the a, mode whose electric field
is antisymmetric for the normal field component E’| while
symmetric for the tangential component E|. As a comparison,
the electric field of the a, mode shown in Fig. 2(b) exhibits
the opposite symmetry for the corresponding normal and tan-
gential field components.

From the definition in Eq. (2), the nonlinear surface polar-
ization P/ is a quadratic function of electric-field E'| . Despite
the different symmetry of the electric-field E'| for a, and ay
modes in Figs. 2(a) and 2(b), the surface polarization P| of
these two modes are both symmetric (an even function of
y'). For the other surface polarization PI’, the results in Fig. 2
shows that both a, and a, modes have antisymmetric property
(an odd function of y’). This can be explained by observing
that the electric fields £ and E| share different symmetries
for both a, and a, modes, so the product of these two fields
(O(Pﬁ ) remains antisymmetric.

In the right two columns in Fig. 2, the two nonlinear surface
polarizations P| and Pﬁ are projected on x and y axes, respec-
tively. We observe that the x component is symmetric, while
the y component is antisymmetric. In the following text, we
show that the symmetry of these surface polarizations strongly
affects the SHG in the far field.

IV. INDUCED BULK POLARIZATION

The induced nonlinear surface polarization becomes a
source excitation at the second-harmonic frequency ws. In
order to provide an analytical solution for the excited second-
harmonic field, we implement the calculation in the slab
frame shown in Fig. 1(b). The surface polarization at the
metal-dielectric interface in the slab frame varies along the
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FIG. 2. Surface polarization of singular metasurface with period 7 = 10 nm, vertex angle 6 = 0.27, d; =d, = 0.05d, L=d =1, and
0in = m /4.(a) a, mode excited by the parallel electric component (red arrow) at w = 0.449w, and the corresponding electric field and induced
nonlinear surface polarization; (b) a, mode excited by the electric field normal to the metasurface (red arrow) at w = 0.888w, and the

corresponding electric field and induced nonlinear surface polarization.

With this mode expansion of the source excitation, the excited

v oo HI'e™*, where the

x direction, which can be expanded as a Fourier series
field can also be expanded as H, = )~

o0
P = Z PiH eiknx ) mode k, in the slab frame can be expressed as
n=—0oQ ‘
b+e_\/k_5y + b,e\/k_'%y, —dy <y <d ©

Hzn(kn’ y) =
cre VR pe VR _(dhtds) <y < —d>

and the corresponding tangential electric field is

) _i;s/f(b+e_\/k_3y — bie\/k_g)’)’ _d2 <y< dl
R IV z 2 (10)
_t:sso;s (C+e_\/zy - C,e\/];y), —(dr+d3) <y < —d,.

The excited mode coefficients b1 and c+ can be obtained by imposing the following boundary conditions for the second-

harmonic near-field

n+ _ n— I 74 — n
Hz Hz y=—dy Jx |y:—d2 = lwsPll |y:—d2

n+ n— I (4 s Vi
Hz - Hz ’y:dl - Jx ’y=d1 = lePH |y:d1
ik,
n+ _ pn— __m _ n n
E, E, |y=_d2 =, |y=—d2 - 0s Py ly=—a,
n+ _ pn— _ _qm _ n pn
BN —ET |y = T = g Plba (11)
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from which we obtain the following system of equation in the matrix form

elknld e~ lknlda —elknlda

e lknldi elknldi —elknl(d2+ds)
|kn|e|kn|d2 _|kn|eflknldz —|kn|e|k"|d2/85
|kyle nldi |k, |ethnldr |k, |kl atda) /g

By solving the above system of equation, we obtain the ex-
cited near field by the surface polarization at wg. In Figs. 3(a)
and 3(b), we show the profile of near field and polarization for
a, and a, modes, respectively. From Fig. 2 it can be observed
that the nonlinear surface polarizations for a, and a, modes
have the same kind of symmetry, thereby inducing the same
symmetry for near field and polarization in Fig. 3. In the
linear optical response [32], the singular metasurface supports
a giant field enhancement near the singularities. As expected,
the singular points also generate hot spots for the second-
harmonic field, because a singular point can adiabatically
compress the wavelength of surface plasmon at wg, leading
to a high density of states and a strong field enhancement near
the singularities.

V. FROM NEAR FIELD TO FAR FIELD

The induced surface polarization and near field at second-
harmonic frequency are obtained in the previous section.
The near field gives rise to an effective surface polarization
macroscopically, which can be obtained by averaging the po-
larization in one period. Here the grating period is assumed
to be subwavelength so that the higher diffraction order can
be ignored. In this approximation, the k vector of the second-
harmonic field parallel to the metasurface is ky» = 2k". This
macroscopic surface polarization has two origins: One is from
the surface polarization Pi y defined in Eq. (2), while the other
one is from the bulk polarization induced by P|

The application of transformation optics enables the cal-
culation of these polarizations in the slab frame where the

Min

FIG. 3. Excited near field in the second-harmonic frequency wg
for a singular metasurface with period 7 = 10 nm, vertex angle
0 =02n,dy =d, =0.05d,L=d =1, and 6,, = 7 /4. (a) Electric
field and polarization profile for a, mode; (b) electric field and
polarization profile for a, mode.

o n
_elhalds b, iwsPly=—a,
_ ekl (da4d3) b iwsP[y=q, a2
|kn|€:k;|d2d/8s cr | T e8Py |
|kn|e_| | (d2+ 3)/85 c_ wS_knPn|
&g 1 ly=d,

analytic calculation becomes possible. Let us first discuss the
contribution from nonlinear surface polarization P’L“, whose
contribution to the effective surface polarization can be calcu-

lated by
P = l/P’dl’ _ 1 fP’dy’+/P’dx’
x1 T X T L I

1
= ?</Pldy’—|—/P”dx/)
P_)£1= —/P/dl, (/ —Pidx’+/Pﬁdy’)
= ?</ —P, dx +/P||dy’>, (13)

where the line integration is along the metasurface interface,
and the quantity with overline stands for the effective surface
polarization. Then, by using the chain rule and Cauchy-
Riemann conditions, we have

P 1/ P p g
— [ (-P.— — )dx
x1 lay I ax

— ox’ ox’
P):l —/ <— J_——PH 3 )dx (14)

The other contribution to the effective surface polarization
is the induced bulk polarization in the metallic region at
second-harmonic frequency wg, which can be integrated as

== / / Pldx'dy’
metal

= f f Pldx'dy'. (15)
metal

Since the transformation of bulk polarization follows [40]

P, N AYE
(P/> = det(A ( agx’ gj’ (P) (16)
¥ et(A) 3 ax y

and the bulk region integration follows [41],

f f dx'dy = f / det(A)dxdy. (17)
metal metal

Therefore we obtain the following integration formulas to
calculate the contribution of bulk polarization to the effective
surface polarization of the metasurface, which reads

=¥

&3

— 1 ox’ ox’
P, = f / (—XPX + —xPy)dxdy
T metal ox ay
— 1 ox’ ox’
= ~Z b+ 2P, )dxdy. 18
2 T /[netal( ay x+ ox y) e ( )
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FIG. 4. Far-field calculation for the singular metasurface. (a) The pump field at fundamental frequency wr excites SHG in the far field at
ws; (b) simplified flat surface geometry for SHG calculation, where the nonlinear source is modeled as two current source (Tg, ﬁ); (c) the
dependence of SHG on incident angle of plane-wave 6;, for singular metasurface with 7 = 10 nm, 8 = 0.2, d; = d, = 0.05d, andL=d =1;
(d) the dependence of SHG on period of metasurface 7', where 6 = 0.27,d, = d, = 0.05d, L = d = 1 and 6,, = 7 /4; (e) the dependence of
SHG on size of singularity § with period 7 = 10 nm, where 8 = 0.27, d; = d, = 0.05d, and 6, = 7 /4.

The above two contributions can be summed up to form a
total surface polarization

i

Py=F,+P, (19)

from which an effective electric surface current and magnetic
surface current can be obtained by

—_— OV —_—
Jm = 2P
Z 80 X
J¢ = —iwsP,. (20)

Here the background permittivity experienced by P/ is &g.

We can now analyze how the symmetry of induced sur-
face polarization Pj_’” and bulk polarization P;,y affects the
effective macroscopic surface polarization and current. The
projection of P} j along the x direction is an even function (see
Fig. 2) whose average in a period gives a nonzero effective po-
larization a Z 0. On the other hand, the projection along the
y direction of the surface polarization Pi’ I is an odd function,

resulting in a zero effective polarization contribution, ﬁ =0.
Similarly, the bulk polarization in Fig. 3 also demonstrates
that P/ is even while Py/ is odd, resulting in a # 0 and E =
0. Therefore the total effective surface polarization is nonzero
for P/ but zero for P,. Then from the relation between surface
current and polarization in Eq. (20), we conclude that the

second-order nonlinear effect in singular metasurface gives a

nonzero effective magnetic surface current but a zero electric
current.

The effective surface currents generate a second-harmonic
wave in the far field, shown in Fig. 4(a). Assuming the grating
period is subwavelength, the metasurface at wg can be sim-
plified as a flat metal surface with a pair of surface current
Je, E) and a pair of surface conductivity (o, 0,,) (electric
and magnetic), see Fig. 4(b), where the calculation of two
surface conductivities is given in linear response theory of
singular metasurface [32]. These two surface conductivities
are utilized to model the energy dissipation by the excited
plasmonic mode on the metasurface. The generated far field
is expressed as

Hos — x>0

Z

KOS x-+iklS
7@s H o e'ox oy
{ ’ @

195 H, e—ik(;;sxquikg;é" x <0,
where 7% and t*s are defined as the coefficients for reflected
and transmitted second-harmonic fields, respectively. Since
the metasurface studied in this paper is semi-infinite, we only
consider a reflected second-harmonic field, whose generation
efficiency is [r*s|>. By matching the tangential field H*s and
Es at the interface x = 0 in Fig. 4(b), we arrive at

(1 —1)<r“’SH0 AN A rwsH())
Z, Zn)\t"Hy) g 3 ey t*sH

(22)
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wg rog
k,

koS .
where Z, = % and Z,, = —%—. After some algebraic ma-
A . ws &g | WsEES
nipulation, we obtain

(H) _ _(1 +of (14 —)) 5 e
thHO Za + %ﬂ Zm + % E

and the SHG efficiency is
s
B 2(J7" 2+ Zp0e)+T (2Zy+0ow)) 2/ o
- '4(za+z,,, F ZuZno0) + A4 Z 1 Zmyowyom || 1HOl
(24)

The SHG from a flat metal surface can be calculated fol-
lowing the same procedure. By setting o, = 0 and 0, = 0, we
arrive at the SHG by a flat surface
ZyJy +J7"

z

Zm +Zd

where J{ and J" in the case of a flat surface can be obtained
straightforwardly by calculating the induced surface polariza-
tion. We omit the overline on top of the electric and magnetic
surface current because no averaging of surface polarization
is required for a flat surface. Details regarding the calculation
of a flat metal surface can be found in Appendix B.

In Fig. 4(c), we calculate the SHG efficiency as a function
of the incident angle for an incident plane wave of frequency
wr = 0.449w,, the first resonance peak in Fig. 1(c). Through-
out this paper, the pump field is a TM wave with a peak
intensity of 55 MW /cm?. By changing the incidence angle,
it is surprising to observe that the SHG shows a quite flat
curve (solid lines), which means the SHG of the singular
metasurface weakly depends on 6;,. Therefore the singular
metasurface can realize all-angle SHG. This weak dependence
on the incident angle is due to a hidden dimension of the
singular metasurface [35]. The additional dimension gives the
k vector of the mode one more degree of freedom, making the
mode excitation in a continuous manner when changing the
incident angle. We have also divided the SHG contribution
from the two components of nonlinear surface susceptibility
XJ(_ZJ)_ . and Xlﬁ-)ll' The blue curve corresponds to the case when

2
rs|* = /1Ho|?, (25)

only XJ(_ZJ_ | is considered, while the red curve refers to the

contribution of XI(Ii)II' The green curve shows the case when
both surface susceptibilities are considered. These theoretical
results have also been confirmed with numerical simulation,
where the detailed simulation setup and results can be found
in Appendixes A and C.

For reference, we compare the SHG from the singular
metasurface with the SHG from an unstructured metal surface,
i.e., a flat surface. The SHG from a flat surface made up of
the same metal as the metasurface is presented in Fig. 4(c) as
dashed lines, where three different colors correspond to three
kinds of combinations of nonlinear surface susceptibilities.
The comparison in Fig. 4(c) proves that the singular meta-
surface strongly improves the SHG efficiency by 10 orders of
magnitude when compared with a flat surface.

In Fig. 4(d), we keep the incident angle at 45 degrees but
change the grating period 7 in the calculation of SHG. In tun-

ing the parameter 7', the shape of the metasurface is preserved.
These results show that the SHG from a singular metasurface
decreases when increasing the grating period. This is expected
because the number of singular points reduces in a given area
when T increases, leading to weaker harmonic generation.

In the above far-field calculation of SHG, the shape of
the singular metasurface preserves such that the ratio of sin-
gularity size § to period T is a constant. The ratio §/T
characterizes the degree of singularity, where § /T — 0 gives
an ideal singular point [32]. In Fig. 4(e), we study how &/T
affects the SHG in the far field by fixing the grating period
T and simultaneously shrinking the size of singular point 4§,
which corresponds to elongating the cavity length L in the slab
frame. The calculation results show that the SHG increases
when reducing §/T and finally diverges as §/T — 0. How-
ever, both the nonclassical effects from electrons [42] and
the experimental imperfection [32] result in a blunt singular
point for surface plasmons, which ends up with a finite SHG.
Another takeaway emerging from Figs. 4(d) and 4(e) is that
the SHG efficiency is determined by the size of the singular
point and grating period that we can achieve.

VI. SHG AT NORMAL INCIDENCE

As shown in the previous section, the nonlinear source
in the singular metasurface can be modeled as two effec-
tive surface currents (J¢,J7") with only the magnetic one
being nonzero. From the definition in Eq. (20), the effective
magnetic surface current is proportional to wave-vector ;.
Therefore both electric and magnetic surface currents become
zero under normal incidence, resulting in a zero harmonic
field generation in the far field. This situation is often im-
practical in experimental setups where instead being able to
generate at normal incidence is preferable. Is it then possible
to modify the metasurface in order to generate SHG in the far
field under normal incidence?

The answer is yes. The singular metasurface shown in
Fig. 1(a) possesses two kinds of inversion symmetries along
with the interface. To quantify the degree of asymmetry for
the singular metasurface, we define two factors: oy and oy ;
oy is defined as L; /L in Fig. 1(b), quantifying the asymmetry
of two singular points in one period. In contrast, o; measures
the asymmetry of two bumps of singular surface, defined as
ay = d,/(d) + dy) in Fig. 1(b). Particularly, oy, = 0.5 gives
two identical singular points, while oy = 0.5 leads to two
bumps with the same shape. In Fig. 5(a), we have shown four
cases of the singular metasurface: (1) &, = 0.5 and oy = 0.5;
2) ap = 0.5 and a4 # 0.5; 3) ap # 0.5 and oy = 0.5; (4)
ar # 0.5 and oy # 0.5. For the pure symmetric case (1), two
kinds of inversion centers are marked as black dashed lines.
For the asymmetric bump shape in case (2), the inversion
center is the center of the bumped region. In contrast, for
asymmetric singular points in case (3), the inversion center
locates at the center of the singularity. Finally, when the sym-
metries of both the pumped region and the singular points are
broken, the surface inversion center disappears. Therefore we
expect only case (4) without a surface inversion symmetry to
contribute an SHG in the far field.

To confirm the above assertion, we calculate the effective
surface current and SHG in the parameter space of o7, and o.
Note that changing the value of «;, and ¢ shifts the resonance
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FIG. 5. SHG under normal incidence by breaking the surface inversion symmetry. (a) symmetry of singular metasurface quantified by two
parameter ¢, and o4, where dashed line show the inversion center; (b) The effective electric surface current as a function of «;, and «;; (¢) SHG
as a function of &, and «;. The parameter setting for the singular metasurfaces are 7 = 10 nm and 6 = 0.27.

peak position, so we calculate SHG for the corresponding
first-order mode. Despite a lack of inversion symmetry, the
effective magnetic surface current keeps zero under normal
incidence. However, the story differs for the effective electric
surface current J_f Figure 5(b) illustrates the evolution of J¢ in
parameter space, which shows that the nonzero effective elec-
tric surface can only be achieved by deviating both «;, and ay
from 0.5. The nonzero surface electric current subsequently
gives rise to a large SHG in the far field, shown in Fig. 5(c).

VII. CONCLUSION

In conclusion, we have studied the SHG for singular meta-
surfaces following a transformation optics approach. This
work further extends the previous transformation optics-based
work about SHG from kissing cylinders to the extended meta-
surface geometry, bringing new insight into the light—matter
interaction for the singular plasmonic structures. By means
of transformation optics we have mapped a complex singular
surface into a simple slab geometry, such that an analytical
solution to SHG can be obtained. Also, the nonlinear source
of SHG is modeled as a surface polarization, whose symmetry
determines the induced near- and far-field patterns. In addi-
tion, the singular metasurface in this paper possesses a variety
of symmetries. We show that broken symmetry is necessary to
receive a nonlinear far-field signal, which can be realized by
using oblique incidence or by breaking the surface inversion
symmetry. Finally, we found that SHG of the singular meta-
surface weakly depends on the incident angle of light, which
can be applied to realize an all-angle SHG device.
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APPENDIX A: COMSOL SETUP FOR SHG CALCULATION

To check the validity of our theory, we have implemented a
Comsol model to perform numerical simulations. We solve a
system of two one-way coupled equations for the fundamental
and second-harmonic fields, respectively. The critical point
in the numerical simulations is the setup of the two surface
polarizations P; and P in Comsol. Accounting for Pj is
straightforward as it is directly related to an electric surface
current by Ji = —iwgP), which can be easily implemented
using Comsol built-in source options. Considering a surface
polarization normal to the interface, on the other hand, is
not as simple. In order to account for such a polarization we
need to add a weak form contribution. For a bulk polariza-
tion vector, Py, this is u0w§ fQ P, - EdV where E is the test
function and 2 is the volume inside the metal. The relation
between a bulk polarization and the surface polarization, P,
can be expressed as P, = §3oP, where the delta function §3¢
is nonzero only at the metal surface. Finally, for a surface
polarization normal to the surface, i.e., P = P, fi, we get the
following weak form contribution:

oS / P.E - AdS, (A1)
a0

where the integral is now performed only on the metal bound-

ary 32. Both P, and E are evaluated inside the metal using

the built-in operators down or up. With this setup in Comsol,

we were able to perform numerical simulations of SHG from

singular metasurfaces.

APPENDIX B: SHG FROM A FLAT SURFACE

Now, we assume a TM-polarized plane-wave (E,, E,, H;)
incident on a flat metallic surface (x = 0) from air with in-
cident angle 6,,, where x > 0 and x < O correspond to air
and metal domain, respectively. The transmitted field inside

S
the metal can be expressed as H!™* = tHye ko ¥ Fikoy Y wwith
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koy = kg" sin®;,, where ¢ is the transmission coefficient for
the magnetic field and can be written in terms of incident angle
as
2¢ep cosb;
f = F in ] (B 1 )
ep c08 0y, + v/ ep — sin? 6;,

The electric field at wy inside the metal (x < 0) is

kG op o
E, = ——}ZH()e_Lk‘l‘ x+iky, y
WFEOEF
rop IO S op
Ey — "0 Z‘H()e_lko*‘ x+ikyy Y. (B2)
WFENEF

From the electric field, the surface polarization can be ob-
tained as

(650) 0 e
P o=eiy® (EV =@ Oy tszeikij
X OXJ_J_J_( ) XJ'J‘LG)IZ;S()SIZ; 0
IWF 7,WF
_ (2) _ @ "O0x "0y 2442 ik
Py = EOX”J_”EXEy = XHJ-H m[ HOe’ 0y V’ (B3)
Fe0CR
x10~12
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FIG. 6. SHG from a flat metallic surface with incident angle
O =7 /4. (@) X7}, #0and X7y = 0:(b) X}, = 0and xi7) #0:
(©) x), #0 and |7, #0. The solid line and the dashed line
correspond to theoretical calculation with Eq. (B7) and Comsol
simulation, respectively.

where kg’ys = 2k;" . Finally, the two surface currents can be
expressed as

2
e (k)
m _ 0y (2 Oy 2052 ikeSy
Jo =i X115 ot Hpe™
E0€s WEREOER
IWF 1,0F
e _ . (2) "0x 0y 2442 ikiSy
Jy = —losX 75! Hye™ . (B4)
WEEOER

The generated second-harmonic field can be easily ob-
tained with these two currents by mode matching. The
generated second-harmonic fields by the surface current
(J)?, JI") are expressed as

Href(s) — rwSHOeikgfx-ﬁ-ikG_)f)’
z

Hém(ws) — thHOe—ik(,;;Sx-}—ik((;;‘_Yy’ (BS)
where r®* and t“s are the corresponding coefficients for
reflected and transmitted second-harmonic fields. Then by
matching the field at the boundary with following boundary

(a)

10~
2 107
[72]

10—10

—e— Theoretical

--a-- Numerical
0.4 0.5 0.6 0.7 0.8 0.9

welwp
(b) 10-3
106
(O]
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--a-- Numerical
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wrlwp
() 102 '
1074
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(7] 10—8
10-10 —e— Theoretical
10-12 m-a-- Nulmerical )
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wrlw)p

FIG. 7. Numerical verification for theoretical calculation of SHG
from singular metasurfaces. (a) x*) | # 0 and XH(zL)H =0;(b) x* | =
0and x,7 # 0; () x{?), # 0 and x| # 0. The solid line and the
dashed line correspond to theoretical calculation with Eq. (24) and
Comsol simulation, respectively. The geometric parameter settings
for the singular metasurface are 7 = 10 nm, 6 = 0.27, and d, =
d, = 0.05d. The incident angle of the plane wave is 7 /4.
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conditions

ws+ _ pgws— _ __Je
H; H; =—J

EXT —EPST = -Jr, (B6)

we have the following SHG efficiency for the flat metal sur-
face

2
/|Ho!?.

e m
ZnJy !

|resp? =
Zm +Zd

(B7)

As a benchmark, we check the theoretical calculation of
SHG efficiency of a flat metal surface by Eq. (B7) with Com-
sol simulation in Fig. 6, where three combinations of two
surface susceptibility are considered. The excellent agreement

between theory and simulation demonstrates the correctness
of our theoretical approach.

APPENDIX C: NUMERICAL VERIFICATION

Using the Comsol simulation, we further check the cor-
rectness of our theoretical calculations. Here we compare the
frequency dependence of SHG (as a function of fundamental
frequency wp) between theory and simulation. In Fig. 7, we
compare our theory with Comsol results, where a good agree-
ment is achieved. A small discrepancy comes from neglecting
the integration of the polarization in the region x > L; and
x < —L, in the slab frame. The agreement between our
theoretical calculation and Comsol simulation confirms the
validity of our analytical framework on SHG from a singular
metasurface.
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