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Abstract: We theoretically investigate a metal-to-insulator transition in artificial two-dimensional
(2D) crystals (i.e., metasurfaces) of tightly coupled closed-ring resonators. Strong interaction between
unit resonators in the metasurfaces yields the effective permittivity highly dependent on the lattice
spacing of unit resonators. Through our rigorous theory, we provide a closed form of effective
permittivity of the metasurface and reveal that the permittivity possesses a Lorentzian-type resonant
behavior, implying that the transition of the effective permittivity can arise when the lattice spacing
passes a critical value.

Keywords: effective medium description; metasurface; metamaterials; metal-to-insulator transition

1. Introduction

Metal-to-insulator transition is an essential physical phenomenon in crystal solids as it
results in drastic changes in electrical and optical responses of materials [1-3]. In artificial
crystals, such as three-dimensional metamaterials and two-dimensional metasurfaces, the
notion of transition can be extended in the context of an effective medium theory. It was
shown that artificial assemblies of subwavelength unit resonators can exhibit either metal
or insulator phases [4,5] during light-matter interaction. Hyperbolic metasurfaces [6—8]
that utilize both metal and insulator phases for separate principal axes are now at the
core of various applications [9-12], realizing unprecedented optical properties. Moreover,
in high-density metasurfaces, the transition is shown to be controllable by the coupling
strength between unit resonators [13,14].

Likewise, owing to its importance, the metal-to-insulator transition in metasurfaces
has been investigated in various structures. However, despite such extensive studies,
detailed physical accounts (i.e., physical interpretations of the effective phase and the tran-
sition condition) have not been intensively made yet. More importantly, understanding of
the underlying physics of the phase transition is still desired to capture an intuitive picture
of the transition and for further development of relevant applications. In this paper, we
consider metasurfaces with tightly coupled resonators and show that the metal-to-insulator
transition arises in metasurfaces depending on the strength of coupling. In particular, we
make a rigorous analysis on a model metasurface composed of closed-ring unit resonators
and provide accurate and physically intuitive criteria for the transition. When resonators
are capacitively coupled to each other with a deep subwavelength lattice spacing, we find
that the metal-to-insulator transition occurs when the lattice spacing exceeds a critical
value. We also clarify the underlying physical mechanism of the phase transition in terms
of light transmission in metasurfaces through two competing transmission channels.
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2. Theoretical Model

The phase of a metasurface can be expressed in terms of its effective permittivity
and permeability. These effective parameters are governed by the interaction of light
with constituent resonator elements. For tightly coupled resonators, the conventional
effective medium approaches used with dilute metasurfaces, such as the Maxwell Garnett
theory, do not apply [15]. Here, we make a rigorous coupled-mode theory calculation to
derive effective parameters for dense metasurfaces. Consider an exemplary metasurface
composed of subwavelength rectangular ring resonators, as shown in Figure 1. Resonators
are spaced periodically with gap sizes gy and gy, in the x- and y-directions.

e , incident plane wave
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Figure 1. Schematic of a metasurface consisting of rectangular closed-ring resonators of perfect
electric conductors. The incident is an x-polarized plane wave impinging upon the metasurface
normally. ¢V and ¢® denote the two dominant light channels in the metasurface.

To simplify the problem, we assume that the rectangular rings are made of a perfect
electric conductor (PEC) with side lengths a, b (2 < b) smaller than the wavelength A of
the incident light. For tightly coupled resonators with narrow gaps gx, gy < A, nearby
resonators can interact with each other through charges induced by incident light [16].
These capacitive interactions open a highly efficient transmission channel through the gap
(channel ¢®) mediated by the funneling process [17,18]. Together with the channel ¢!
through the open rectangular hole region, the gap channel ¢{? determines the phase of
the metasurface. To determine the transition analytically, we adopt the coupled-mode
theory [19,20]. For an x-polarized electric field incident normally onto the metasurface
(region II, —h/2 < z < h/2) as illustrated in Figure 1, magnetic fields in regions I (z < —h/2)
and III (z > h/2) can be expanded in terms of quantized diffracted waves of orders m and n:

— ) o . '
Hy = 75" [gelfo=+3) 1 ¥ R e~ 5+
— —1 o 4 — ; (Z_h)-i,-z(p (1)
Hiyp=27Zy' ¥ TypeXmE2)tigm,

mn=—oo

where Zj = (‘110/80)1/2 is the free-space impedance, @un = apm(x —a/2) + Bu(y — b/2),

= 27tm/ dy, B = 270/ dy, Xmn = (k3 — a2, — ,B%,)l/z, and kg = 27t/ A. Inside the meta-
surface region II, we treat the rectangular hole region and gap region separately. In the gap
region, we note that the x-polarized electric field barely couples to the gap region parallel
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to the x-axis (—~w <x<a+w, b+w <y <b+w+ g,) due to the strong cut-off condition.
Subsequently, we neglect electromagnetic (EM) waves inside this gap region and consider
only the remaining gap ¢® (2 + w < x < a+w + gy). In the rectangular region ¢V (0 < x < a,
0 <y <b), we make a single-mode approximation and consider only the fundamental
waveguide mode [20]. This allows for writing the EM waves inside the metasurface as

—=(1) , , —=(2) ‘ ‘
E, = (sin(%) (Alelklz + Ble”klz),0,0), H), = (o, z;! (Azel"oz +B0e”koz>,0>, 2)
with ky = (k§ — =2/ bZ)l/z. The remaining field components can be obtained from

Maxwell’s equations. By applying continuity boundary conditions of tangential EM fields at

two 1nterfaces z==+h/2, all the undetermined coefficients A], i Tmn = (Tx,mn, Ty, mn, Tz,mn) ,
and Rmn = (Rumn, Ry,mn, Rzmn) can be fixed. Specifically, one can readily show that the

continuity of Ey at two interfaces (z = £h/2) and the divergencelessness of the magnetic
field give constraints such that [20]

“m/gn ,Bnan

Rx'mn - _“%1+X%m Ry'mn, Rz'mn - a%ﬂ""?(%m Ry,mi’l/ (3)
Tx,mn = - azjzi%m Ty,mnr Tz,mn = - alzj:f;%in Ty,mn~
Then, the continuity conditions of E, at two interfaces can be simplified as
k mn iPmn — -
B R s () )
= Aye—iko/2 4 B, pikoh/2 (on c(2)) (4)
=0 (otherwise),
and
o0
Ko X iPmn | — ik1h/2 ik1h/2 1
B (B Tomete) =) (4807 e 07) (o)
_ Azezkoh/Z + Bze—zkoh/2 (on C(z)) (5)
=0 (otherwise).
Now, the inverse Fourier transform of Equations (4) and (5) gives rise to
8100m0 — 3 Ui(;r(m Rymn = Quin [Ale ikih/2 4 B, ezklh/z} + Omn [Aze—ikoh/z_FBzeikoh/z},
(6)

af,oi(;:m Tymn = Qun [Alezklh/Z + Ble—zklh/z} + Omn [Azeikgh/Z + Bze—ikgh/z}.
Here, 6, is the Kronecker delta. Q;,,, and an are vector dependencies between ex-
ternal diffracted waves and internal waveguide modes in two channels, and are defined as

1 a b Ty _ 1 atw+gy rdy
= 3 _J Pmn = lq’mn
= i /0 /0 dxdysin( 72 )0, Oy = e dxdye™ @

Equation (6) gives the relationship between the waveguide modes in the metasurface
and the diffracted waves in the free space. In particular, we note that the zero-th order
transmission and reflection coefficients can be written as

Ty00 = dZab {A ekih/2 4 g e—zklh/Z} +8 Sx {A eikoh/2 4 B e—zkoh/z}

®)

Ryo=1— dfgfn [Alefiklh/z + Bleiklh/z} _ % [Azefikoh/z + Bzeikoh/z]

The results so far are obtained from the continuity of the tangential components of
the electric fields at two interfaces. In order to fix the undetermined coefficients A; » and
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B1 2, the same procedure can be applied to the continuity of the magnetic fields. After a
straightforward calculation, one can find that A; » and B ; can be obtained from a matrix
equation C = M~1G, where a 4 x 4 matrix M is defined by

iy o o .
et (Wl,l + %) el (W1,1 - %) e 03w 2 W
iki % _k —iky % ky iko ikl
M= ez (Wl, ko e 2( Wy —|— ko e"™02 W » e 2Wi ) )
ok 2 . o
e_lkl 2 W2,1 61k17 W?_,l e_lk07 (W2,2 + 1) (é'lko7 (W2,2 — 1)
o h o . o
e’lklfwzll e’lklfwm e'koz (Wpo —1) e~ tkoz (Who+1)

with two column vectors C! = (A1, By, Ay, By) and GT = (71/8, 0, 2, 0), where T denotes the
transpose. W; is the light-channel coupling factor given by

2 by & 22 ) 4
= /2 & + Ximn / () ipmn / (D) —igpun
I/V]'l n S(C(j))dxdy m,ngfoo koXmn < ci) dxdyuy ¢ ¢ dXdyMy ¢ - (10

Here, S(c') is the cross-sectional area of the channel c() in the x — y plane, and

(1) (2)

uy ' =sin(my/b) and u,~’ = 1 are the waveguide mode profile. When the ring resonators
are in a deep subwavelength scale, the coupling factors can be approximately written as

’

~ b 4a d2 .k
Wip~ nZS; d, tigmra W2 = g’f( i J”EOQ)f a5

4 2 4k b 2kob
Wi ~ g; 1gxm30 Wa1 =~ du - g%ﬁ% Q,

where

— 28xT 3
:ln( dy )_j,

Q= [ln(izn(zs:rg”) + %’ln(izn%:gxn + %gln(w%) — %qu — %}

(12)

The deep subwavelength thickness of the metasurface allows for approximating
Equation (9). By expanding up to linear terms of koh and k1h, we finally arrive at simplified
zero-th order transmission and reflection coefficients that are necessary to define the
effective parameters:

Ty,OO %P—f—iO’,R%oo ~1—F+io,

K2h
F= 7%7 [dfsf/]n( 7TW12+4W22 —Zlkoh) (7‘(Wll 17'[2]70 —4W2,1)], (13)
= koh(d 4{1;11;[2 + ) n~ W1 Woo —iWy, k02 ZW222k —W1oWa .

3. Retrieval of Effective Indices of the Metasurface from Transmission and
Reflection Coefficients

The main idea of defining the effective indices is to replace the inhomogeneous
structures by unstructured homogeneous media by keeping the scattering properties
unchanged. Since the near and far fields in unstructured media are exactly the same, the
homogenization is usually done by matching the far-field scattering properties, which is
valid only for the structures having subwavelength periodicity. The retrieval methods of
effective indices are introduced in various literatures. Here, we follow the scheme present
in [21]. In terms of transmission and reflection coefficients, T and R, the effective refractive
index and impedance can be written as [21].
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2 _ p2 _R22_ T2
1+ T R),Zeffz (1-R2)"—T 14)

1

Since we assume that the metasurface is made of PEC and the lattice constant is smaller
than the incident wavelength, the system is lossless, and only zero-th order diffracting
waves can reach the far field. We note that this constraint allows a further simplification of
Equation (14). One can readily show that the transmission and reflection coefficients in the
complex plane are orthogonal to each other when the media are lossless:

Re(T)Re(R) + Im(T)Im(R) = 0. (15)

Together with energy conservation, |T|2 + |R\2 = 1, one can find that the relation
(14+T>—R?)/2T = Re(T)/|T|* holds. Consequently, Equation (14) can be reduced as

1 Re(T) | Re(R)—|R]?
neff - koharCCOS< ‘T‘Z ), Zﬁff — W (16)

Replacing T and R in Equation (16) with Ty, oo and Ry o9 yields the effective index and
impedance of the metasurface. For instance, let us examine the refractive index. By putting
Equation (13) into | Ty,00|24|Ry,00]2 = 1, one can find that |T; 0 ‘2 can be approximated as
Re(F) + 2Im(F)c. This gives a significantly simplified form of the refractive index:

_ 1 Re(Tyo0) \ o 1 Re(F)
Meff = koharccos( ol )~ koh ATCCOS\ Re(F)+2Im(F)r

o 2Am(F)o 1 2Re(17)o
— WarCCOS(l — W) = WarCCOS (1 — W)

(17)

In the last step in Equation (17), we used the fact that Re(—7W; , +4W,,) = 0 and
Re(tWy1 —4W,1) = 0 from Equations (11) and (13). Note that ¢ is real-valued and very
small when k, gy < a,b. Equations (16) and (17) clearly show that there is a singularity
at Ty 00 = 0 = Re(F) + 2Im(F)c. One can find that this singularity corresponds to the
transition point at which the effective refractive indices change from real (imaginary)
to imaginary (real), and that the absolute value of Im(F)c/ (Re(F) 4+ 2Im(F)o) is always
smaller than 1 except when it is very close to the singularity. This allows for approximating
Equation (17) such that

1 4Re(n)o 5
ﬂeffrwkoh\/lm(rl)_'_ZRe(;?)a(l—FO(O')+...). (18)

The validity of this approximation is shown in Figure 2. However, note that Equation
(18) holds the same singularity with Equation (17), implying that the transition condition
in Equation (17) is still valid in Equation (18). By putting all geometric parameters in
Equations (11) and (13) into Equation (18) and keeping up to the linear terms of g, /T
and /T, where I is one of all other geometric parameters much larger than gx and i, we

arrive at
8adj Q — 7wh/2gy
neff ~ 5 3 . (19)
hk§d b3\ wh/2gx — Q — 7'(2dy/k%b4dx
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300 -
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= —Re(n,,) (Equation (14))
q>) —Im(n,) (Equation (14))
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0 ]

5 | 10 | 15 | 20
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Figure 2. Comparison of exact and approximated effective refractive indices calculated from Equa-
tions (14) and (19), respectively. Here, we seta = b, dx = dy = 1.0214, gx = gy = 0.001a, and h = 0.01a.

Depending on structural parameters, this index is either pure imaginary or real,
thereby representing the metal and insulator phases, respectively. When structural param-
eters are varied continuously, we observe that the change of refractive index from pure
imaginary to real, or metal-to-insulator transition, occurs when the denominator passes
zero, or when the gap size g, exceeds the critical value g;, which is determined by

hr omg\ | A
—ZIn( . >_ TR 20)

This is a condition for the phase transition with a critical lattice spacing. We point out
that the same condition can be derived from the vanishing transmission, Ty oo = 0. In the
transition condition in Equation (20), g; is determined only implicitly. For convenience, we
re-express the transition condition in terms of the critical frequency w; for given gap sizes

Sy such that
7tdyC d hr 29, 7T 3 172
— yco Y 8x

where w; = 27cg/ Ay, ¢p is the speed of light in a vacuum, and A; is the gap-size-dependent
transition wavelength. Then, Equation (19) can be simplified in terms of transition frequency:

8ad2c2 1
[ oadycy |

~ . 22
teff dybPhr \| w? — wi (22)

Note that Equation (22) is valid when g, h < d, dy < A. In the same manner, explicit
calculation also shows that the effective impedance in Equation (16) can be approximated as

| 8ahb® *

and effective permittivity and permeability of the metasurface by

o Grdy 1 _ 8ab

“eff ¥ Tt w? — w?’ Hes ~ m2dyd,’ @)
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We note that the effective permittivity possesses a Lorentzian-type resonant behavior.
We also note that similar expressions for SZJy( £ and VZ 7 can be obtained with x, y interchanged.

Figure 3 shows the wavelength- and gap-dependent effective permittivity of the
metasurface. One can clearly see that, for a fixed wavelength, the phase transition can be
controlled by varying gap size at a deep subwavelength scale. We point out that our theory
successfully resolves the extraordinarily high refractive index in [4]. We also note that the
effective permeability is independent of gap size agreeing with the result in [22].

~40,000R€(,) ¢ 40000 2*10% § 1
pe
....... P Tt 42
- Re(e,,) i

| —Retuy |

10 , 15 5 6 7 8 9 10
Wavelength(in a) Wavelength (in a)
(a) (b)

Figure 3. (a) Analytically calculated wavelength- and gap-dependent effective permittivity of a metasurface of a = b,
w =0.01a, h = 0.01a. (b) The upper panel shows a cross-cut spectrum of effective permittivity (purple) and permeability

(blue) at gy = 0.005a. The cut line is shown in (a) as a dotted line. The bottom panel shows corresponding effective
refractive indices.

4. Discussion
4.1. The Origin of the Metal-to-Insulator Transition: Macroscopic Channel Competition

So far, we discussed the gap-size-dependent metal-to-insulator transition based on the
far-field transmission and reflection coefficients. One of the main advantages of using the
coupled-mode theory is that the theory provides the full descriptions of the electromagnetic
field distribution near the metasurface, allowing understanding of how the transition is

related to the macroscopic near-field features. Specifically, one can rewrite the far-field
transmission coefficient in Equation (8) as

Exr1(x,y)
Ty00 = (/CU) dxdy + /c<2> dxdy) 7xdxdy ) (25)

We previously discussed that the transition condition can be also obtained by letting
Typo = 0. This means that, from Equation (25), the phase transition occurs when the
transmissions of the Ey fields in two channels cancel each other out. To be specific, we first
evaluate the integral over the c!) channel, averaging Ey on a unit lattice. This gives rise to
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Exrp 2abaw?  (w? —w?) —in

= dxdy|,—o ~
g /cm dxdy xdylz=o ntdydy x (w? — w?)* + a2’

PO (26)

where 0 = nd;wz/ 2b*ky > 0. Comparing with Equation (24), we find that the sign of

Re (E,(cl)) is opposite to that of the effective permittivity and vanishes at the transition

frequency, whereas Im (E 3((1) > does not vanish. For the second channel ¢®, one can find that

an explicit calculation yields the same trend except for the overall sign change. Therefore,
the metal-to-insulator transition condition can be restated in terms of lattice-averaged
electric field components by

Re (E,(})) — Re (E?)) — 0, Im (ES)) +Tm (ES{‘") —0. 27)

On the other hand, the magnetic field components in each channel can be writ-
ten as Hﬁ} ~ 4Zy 'sin(my/b)/ 7 and Hﬁ} ~ Z, ' with negligible imaginary. Conse-

quently, the total energy flux through the metasurface, equivalent to the z-component
—

—
of the time-averaged Poynting vector <S> = Re(E x H > /2, can be simplified as
(Sz) ~ Re(Ex)H,/2. This gives rise to an intuitive criterion for the metal and insula-
tor phases of a metasurface through

<S£1)> >0, <S£2)> <0, & < 0 for metal,
<S§1)> <0, <S§2)> >0, >0 for insulator. )

This is one of our main observations. The effective phase becomes metal when incident
light transmits through the evanescent channel c()); otherwise, it becomes insulator. This
means that the effective phase follows the characteristic of the channel through which
incident light passes. Therefore, the phase transition is a result of the competition between
those light channels to admit the incident light.

4.2. Test of the Validity of the Effective Parameters

In order to check the validity of our theory, we examined light transmission through
multilayered metasurfaces, as shown in Figure 4. The metasurfaces, samples 1 and 2, are
made of rectangular rings as depicted in Figure 1 witha = b, dy = d, = d, and gx # gy.
Sample 2 is the 90-degree rotated version of sample 1. Both samples 1 and 2 are designed
to exhibit strongly anisotropic optical responses in x- and y-directions and to have opposite
signs in the effective permittivities in a particular spectral range (the pink-colored regions
in Figure 4). The spacing between each layer is kept as d/27 to allow two neighboring
metasurfaces to interact with each other via only zero-th order waves. Note that the

1/2
momentum of the first-order diffracted wave is given by xo1 = x10 = (k% —(2mn/ d)z)
Therefore, for a deep subwavelength periodicity d, the longest penetration depth for the
-1/2
diffracted wave is approximately given by (k% —(2n/ d)z) ~ d/2m. This spacing is
required to use the same effective permittivities in both single- and multilayered systems.
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108 Sample 1
(@) Sample 1 | >X Sample2 10 Rampe
d y 5] — e(géff)
ITa <Re(&)r)
d. |a Rotated 7 0 L = -
. [{__}_,y\‘ ample2
gyi 5] _Re(g f )
| B —Re(& eff)
g, 10 20
Wavelength (in a)
— Metasurfaces (FDTD)
(b) Samplej 21 4 --Homogeneous slabs (T-matrix)
H @
‘| Z:E | 2 i MM
k £
=1 T £ ;
Incidence %
SRR AN :
A M 0 l'. .'.. - . . .
d d 5 10 15 20 25 30
CTE o Wavelength (in a)
(c) Sample 1 2 1 g

Transmittance

5 10 15 20 25 30
Wavelength (in a)

Figure 4. (a) Schematic of two metasurfaces, 1 and 2, and corresponding effective permittivities
where gy = 0.00254, g, = 0.0188a, h =0.034, and d = 1.0375a. (b) FDTD-calculated transmission
spectrum (solid line) through the 1-2-1 layer with x-polarized incident light and (c) with y-polarized
incident light. Dotted lines are the spectrum obtained from the transfer matrix scheme applied to
multilayered homogeneous slabs possessing effective permittivities corresponding to (a).

Shown in Figure 4b,c are the transmission spectra of x- and y-polarized incident
lights, respectively, through the 1-2-1 layered system. For the numerical calculations by
implementing inhomogeneous 2D metasurfaces, we used the finite-difference time-domain
(FDTD) method. In the colored spectral range, our system effectively becomes a metal-
insulator-metal (M-I-M) or I-M-I multilayered system depending on the polarization. In
Figure 4b, we can see a peak in the colored region that corresponds to resonant tunneling
through two metallic barriers, and another peak at a longer wavelength that originates
from the Fabry—Perot resonance. With an incident light rotated as shown in Figure 4c, two
peaks appear in the colored regions. These peaks also correspond to resonant tunneling,
which appear in negative-permittivity media as demonstrated in [23]. For comparison,
we calculated the transmission spectra through multilayered homogeneous slabs possess-
ing corresponding effective permittivities. We note that all transmission spectra are in
good agreement.
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5. Conclusions

In conclusion, we theoretically demonstrated metal-to-insulator transition in meta-
surfaces that can be controlled by the lattice spacing of the unit resonators. Through
analytic calculations on the model metasurface, we rigorously defined the critical gap size
gt at which the transition occurs. Additionally, by seeking the macroscopic details of the
electromagnetic waves in the proximity of the metasurface, we defined quantitative criteria
for the phase transition. Our theory demonstrates that drastic changes in optical responses
can emerge from the interactions between unit resonators, an observation that is essential
for the engineering of metasurfaces with tightly coupled unit resonators for deformable,
reconfigurable, and functionalized metamaterials aiming for ultra-high-sensitive optical
responses and dynamic manipulation of their effective properties.
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