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Atomic-scale electromagnetic theory bridging optics in microscopic
world and macroscopic world
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Atoms in the microscopic world are the basic building blocks of the macroscopic world. In this work, we construct
an atomic-scale electromagnetic theory that bridges optics in the microscopic and macroscopic worlds. As the building
block of the theory, we use the microscopic polarizability to describe the optical response of a single atom, solve the
transport of electromagnetic wave through a single atomic layer under arbitrary incident angle and polarization of the light
beam, construct the single atomic layer transfer matrix for light transport across the atomic layer. Based on this transfer
matrix, we get the analytical form of the dispersion relation, refractive index, and transmission/reflection coefficient of the
macroscopic medium. The developed theory can handle single-layer and few-layers of homogeneous and heterogeneous 2D
materials, investigate homogeneous 2D materials with various vacancies or insertion atomic-layer defects, study compound
2D materials with a unit cell composed of several elements in both the lateral and parallel directions with respect to the

light transport.

Keywords: atomic-scale electromagnetic theory, two-dimensional materials, transfer matrix method

PACS: 42.25.Bs, 42.68.Ay

1. Introduction

Electromagnetism, electrodynamics, and optics deal with
radiation, transport, detection, reception, and other relevant
processes of electromagnetic waves and light in vacuum, air,
water, glass, crystal, cable, fiber, and other media and mate-
rials, either transparent or opaque, homogeneous or inhomo-
geneous, isotropic or anisotropic. In the past centuries, the
physics concepts, rules, laws and theories describing elec-
tromagnetics have become pretty mature and can be found
in many standard textbooks of classical electromagnetism,
electrodynamics and optics.['"?) The bases behind them are
Maxwell’s equations describing the evolution of electric and
magnetic fields under the actions of electric charges and cur-
rents. In the simplest situation of vacuum, Maxwell’s equa-
tions are written as follows:

JB aD
VXE=——, VxH=—
% a’ " ot’

V.-D=0, V-B=0,
D=gE, B=uH. (1

In history, these equations have successfully predicted the ex-
istence of electromagnetic waves in a vacuum and inferred
that light is a kind of electromagnetic wave. In a vacuum,
electromagnetic waves are transverse waves with their elec-
tric and magnetic fields oscillating (polarized) in the plane
perpendicular to the transport direction. These waves are ex-
pressed by mathematical functions as E = Ege Tk and
H = Hye 'tk Here, we have assumed a monochro-
matic electromagnetic plane wave with an angular frequency
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o, wavelength A, and wave vector k = @/c = 2m/A (where ¢
is the speed of light in a vacuum) transporting along the z-axis
direction. The electric and magnetic field amplitudes (Ey, H)
are polarized in the transverse xoy plane.

In a more complicated situation of an isotropic, homoge-
neous, nonmagnetic dielectric medium, the popular assump-
tion for a long time is the electromagnetic waves transport
in a macroscopically continuous medium described by the
constitutive relation of the electromagnetic medium as D =
&E+P,P=yE, B=uyH, where P represents the macro-
scopic polarization of the medium. Then Maxwell’s equations
are written as follows:

0B oD
\Y% =——_V = —
x E 3 x H 5
V.-D=0, V-B=0,
D=gFE+P=¢geE, B=yH. 2)

Here, we only consider an isotropic and nonmagnetic medium
where the electric susceptibility )y and dielectric constant &
are isotropic scalar quantities. However, more general situ-
ations can be handled similarly. These equations form the
basis for implementing a complete description of the elec-
tromagnetic field evolution and electromagnetic wave trans-
port within a medium, other than the simplest situation of
vacuum is P =0, D = gF, and B = ygH. Within a ho-
mogeneous and isotropic dielectric medium, electromagnetic
waves are still transverse waves, but the electromagnetic fields
are now expressed as E = Ege 11k | — Hje~iortiknz
where n = /€ is the refractive index of the dielectric medium.
When combined with electromagnetic boundary conditions
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for macroscopic media, these equations readily handle re-
flection, transmission, refraction, and absorption of electro-
magnetic waves across the interfaces between two media.
The corresponding reflection, transmission, and absorption co-
efficients can be extracted using the well-established Fres-
nel formula.[!-?! This macroscopic electromagnetic theory can
be extended to handle the general problem of wave trans-
port in complicated media composed of a cascade of multi-
ple homogeneous media, possibly with the assistance of an-
alytical and numerical tools like transfer-matrix method.3-5!
The differential Maxwell’s equations can also be solved nu-
merically using complex yet elegant approaches such as the
finite-difference time-domain method!! and the finite-element
method,!”! which are available under commercially available
software packages.!®”! These numerical approaches can han-
dle arbitrary complicated inhomogeneous optical media, ma-
terials, and devices with micro/nanoscale modulation on the
dielectric constant.

One crucial ingredient for the macroscopic electromag-
netism, under the macroscopic Maxwell’s equations described
in Eq. (2), is the derivation of macroscopic polarization
P. This polarization is an averaged quantity for a suf-
ficiently large volume (AV), involving a large number of
atoms/molecules (with dipole moment P, i = 1,2,...,N) that
comprise the medium, as given by

P= Y P=1E. ©)
Obviously, this macroscopic model is accurate in princi-
ple only when AV is much larger than the size of a sin-
gle atom/molecule, and the number N is much larger than 1.
Within the framework of this macroscopic model, all electro-
magnetic phenomena occur within continuous media, except
for the interface between two media, where the discrete na-
ture of atom/molecule is completely absent. The electromag-
netic properties of the medium are solely described by the phe-
nomenological continuous function of } and €. In the long his-
tory, people have always assumed that this macroscopic elec-
tromagnetism model maintains perfect accuracy and poses no
problem.

Yet, surfaces and interfaces always exist in any electro-
magnetic media, and discrete nature of atoms/molecules is
expected to manifest in the electromagnetic field and wave
around and within these surface/interface atoms/molecules.
This leads to some certain discrepancies (with the exact ex-
tent of discrepancy unknown) from the predictions and de-
scriptions made by the macroscopic electromagnetic model,
especially at the atomic and sub-atomic scale near the sur-
face/interface. Besides, in the past decade, two-dimensional
(2D) materials like graphene, MoS;, black phosphorus, het-
erogeneous van de Waals materials, and many others have at-
tracted great interest in multidisciplinary areas of science and

[10-15] For these homogeneous/heterogeneous nat-

technology.
ural 2D materials, with each composite atomic layer having a
thickness (less than or close to 1 nm) several orders of magni-
tude smaller than the wavelength of light, and with the overall
thickness of a regular 2D material sample still far smaller than
the wavelength of light, it is naturally expected that the macro-
scopic electromagnetic model will encounter some inaccuracy
problems, although the extent of deficiency is unknown. To
address these fundamental questions, it is highly desirable that
we transition from the macroscopic electromagnetic model to
a more deliberate microscopic electromagnetic model. Such
a model can handle the above atomic-scale electromagnetic
field and wave issues on the one hand and can evolve to ad-
dress macroscopic electromagnetic field and wave issues with
high accuracy at a size scale comparable and far larger than
the light wavelength.

In this paper, we develop and present a systematical
atomic-scale electromagnetic theory, aiming to fulfill the fun-
damental purpose of building a bridge connecting optics, elec-
tromagnetics, and electrodynamics in the microscopic and
macroscopic worlds. In Section 2, we provide a detailed dis-
cussion on constructing such a theory and present the specific
procedures by first considering the simplest situation of light
normally transporting through a homogeneous medium. We
divide the three-dimensional (3D) homogenous medium into
a periodic stack of a series of single 2D atomic layers and
introduce the atomic volume polarizability and atomic-layer
line polarizability as critical physical quantities to describe the
optical response of each atom and atomic layer, respectively.
Then, we transform the solution of vacuum Maxwell’s equa-
tions into the construction of a one-dimensional (1D) single
atomic-layer transfer matrix. This matrix serves as the build-
ing block of the atomic-scale electromagnetic theory, enabling
us to handle all light transport properties, including the trans-
mission/reflection coefficients, effective refractive index, and
dielectric constant, for this homogeneous medium. In Sec-
tion 3, we proceed to handle the more complicated problem of
light transport through a homogeneous medium with atomic-
layer defects and a general heterogeneous medium composed
of multiple chemically different layers. The key to the power
of theory lies in directly combining individual single-layer
transfer matrices for different 2D material atomic layers and
incorporating them into the framework of 1D transfer-matrix
method. In Section 4, we address the transport of obliquely in-
cident light through homogeneous and heterogeneous media,
with the central point remaining the construct of the single
atomic-layer transfer matrix. By separately considering the
TE and TM polarizations, we transform the 3D electromag-
netic problem into simple problems that can be solved using
the 1D transfer-matrix method. In Section 5, we consider an
extreme situation where light propagates laterally within the
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2D plane of a single or a few atomic layers. We will answer
the fundamental question of whether or not light can be con-
fined and localized within a single atomic layer or a few atomic
layers with thickness several orders of magnitude smaller than
the wavelength of light.

In Section 6, we present a few examples of calculations
to demonstrate how to use the methodology of the developed
atomic-scale electromagnetic theory to handle light transmis-
sion/reflection through a single atomic layer, a homogeneous
medium plate consisting of an arbitrary number of layers, a
homogeneous medium with atomic-layer defects, and a het-
erogeneous medium composed of several chemical types of
atomic layers. In Section 7, we further discuss several im-
portant issues that cannot be completely addressed within the
framework of the developed atomic-scale electromagnetic the-
ory. One issue is the determination of the atomic volume polar-
izability and atomic-layer line polarizability, which can either
be calculated in the framework of quantum mechanics or mea-
sured via careful and deliberate experiments. The other issue
is how to extend the developed atomic-scale electromagnetic
theory from optics for simple single-element materials to han-
dle optics for more complicated multiple-element compound
materials. Finally, in Section 8, we present a full, deliberate,
yet compact summary of this lengthy paper and offer an ex-
tensive perspective of the developed atomic-scale electromag-
netic theory. This theory serves as a high-efficiency bridge
connecting optics, electromagnetics, and electrodynamics in
the microscopic and macroscopic worlds, connecting classi-
cal optics with quantum mechanics, and extending from 1D
atomic-scale optical problems to more complicated 2D and 3D
atomic-scale optical problems.

2. Atomic-scale electromagnetic theory for
homogeneous-material medium

Let us first consider the simplest model of a macroscopic
solid dielectric medium and its microscopic building element,
as shown in Fig. 1(a), where each particle represents an atom,
and each microscopic unit cell contains only a single atom.
Thus, along the light propagation direction, the macroscopic
solid medium can be looked upon as a periodic stacking of
single atomic layers, as seen in Fig. 1(b). The critical point of
this microscopic electromagnetic theory is then to first explic-
itly determine the optical response of this single atomic layer
in terms of well-known and popularly-used macroscopic opti-
cal quantities, such as transmission, reflection, and absorption
coefficients for both the optical field and intensity. When this
procedure is successful, we are then able to place all these mi-
croscopic electromagnetic quantities into the well-established
physical framework of macroscopic electromagnetism, elec-
trodynamics, and optics.
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Fig. 1. Schematic for the atomic-scale electromagnetic theory bridging
optics in the microscopic world and macroscopic world. (a) A macro-
scopic optical crystalline medium is considered as a three-dimensional
stack of its fundamental building block: discrete atoms embedded within
vacuum. (b) Along the transport direction of light, the medium can be
viewed as a one-dimensional periodic stack of single atomic layers as the
building blocks. (c) The optical response of each atomic layer can be
modeled as a § function representing the polarized charge and current in-
duced by the local electric field. (d) The whole medium can be modeled
as a periodic stack of multiple & functions.

2.1. Introduction of atomic polarizability into vacuum
Maxwell’s equations

Let us begin the discussion with light transport in a di-
electric medium. Traditionally, one would consider the evolu-
tion of the electromagnetic field and the motion of electromag-
netic wave in a continuous dielectric medium, whose optical
response is described entirely and perfectly with permittivity
and permeability. However, there is another naive, yet unusual
and natural way of thinking: looking upon all dielectric me-
dia as composed of a large number of discrete atoms embed-
ded within the vacuum background. In this perspective, each
atom is polarized by the electric field of the illuminated exter-
nal light, and the optical response of each atom is represented
by a point dipole with a moment related both to the local elec-
tric field E;(r) and atomic polarizability o;. All these atomic
dipoles serve as secondary radiation sources, emitting optical
waves, inducing multiple scattering between atomic emitters,
and eventually resulting in the stabilized macroscopic optical
field evolution and wave transport.

Based on this physical insight and operational methodol-
ogy, the classical Maxwell’s equations Eq. (2) for light trans-
port in a homogeneous dielectric medium can be reformulated
as follows:

JE OJP
o
P(r)=Y" Po(r—r) =Y aE(r)d(r—r). @

Under the popular situation of harmonic wave excitation with
time dependent function of E(r,t) = E(r)e™?, H(r,t) =
H(r)e 1" Eq. (4) becomes

VxE:—yoaa—Ij, VxH=g¢

VXE=—-iyoH, VxH=igowE+J,
. N
J:—lwazizlEi(T)S(r—m). Q)

Indeed, Egs. (4) and (5) indicate a significant departure from
the traditional view of electromagnetic field and wave trans-
port within a macroscopic continuum medium. Instead, they
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suggest that electromagnetic field and wave now transport
through a cloud of discrete atoms, which are numerous in
amount and situated in vacuum, interacting via fundamental
forces of nature. Unlike Egs. (1), (4) and (5) include elec-
tromagnetic radiation sources J embedded within the vacuum
background. However, the challenge lies in the fact that the
radiation source J is unknown, as it depends on the yet-to-be-
determined local electric field E. Consequently, our current
task is to find a solution to these two coupled equations, which
represent the microscopic Maxwell’s equations. It is important
to note that we have assumed a single-element medium, where
all atoms are identical and possess equal atomic polarizability.
The precise determination of the radiation source J relies on
the solution for the local electric field E. Solving these cou-
pled equations represents a crucial step in our effort to develop
the atomic-scale electromagnetic theory.

2.2. Solution of microscopic Maxwell’s equations for single
atomic layer

In this scenario, we focus on the optical response of a sin-
gle atomic layer and examine the behavior of light as it travels
through this layer. We consider the simplest case where the
incident light is normally directed onto the atomic layer and
propagates parallel to the stacking direction of atomic layers,
represented by the z-axis. The incident light is a transverse-
polarization electromagnetic wave, with its electric field and
magnetic field aligned along the transverse x and y axes, re-
spectively. Let us assume that the electric field is polarized
along the x-axis, and the atomic layer is located at z = 0. Then,
we can express the electric field as E(r) = £E(z) and the mag-
netic filed as H (r) =9H(z).
plify the microscopic (or atomic-scale) Maxwell’s equations

With this setup, we can sim-

into the following form:
& N
V2E(z) +K°E(z) = —k2% Yo, 8(r—r)E(@), (6

which can be further simplified into

d’E(z)
dz?

FRE(Z) = —kzés (2)E(2). %)
Notice that the solution procedure remains the same when the
electric field is polarized along the y axis. Reaching the fi-
nal step of Eq. (7), we consider all atomic dipoles within the
atomic layer, with a total number being N, and calculate the
average atomic density as 1/AS, assuming the average area
occupied by each atomic dipole is AS. Consequently, the
effective atomic polarizability for this atomic layer is given
by a/AS. In some sense, ¢¢ can be regarded as the volume
atomic polarizability, while o//AS corresponds to the atomic-
layer line polarizability. Solving Eq. (7) may seem a little un-
usual in optics. However, upon further consideration and ref-
erence, one can make a comparison with the well-known 1D

d-function problem in quantum mechanics, which provides a
clue to the answer. Let us briefly analyze the physics picture.
The incident light propagates from left to right and strikes the
atomic layer, inducing polarization of atoms and leading to re-
flection and transmission of light, as commonly observed in
optics (as illustrated in Fig. 1(c)). The solution of Eq. (7)
indicates that the electric field distribution can be written as
follows:

E(z)=e®4re & 7<0, E(z)=te'®, z>0. (8)

Besides, some physical and mathematical reasoning argu-
ments upon Eq. (7) also suggest the following connection con-
ditions at z = 0 where the atomic layer sits:

E(2)];=0- = E(2)|:=0+>
dE(z) dE(z)
dz |z=04r - TZ

(04
—o- =K ——E(2)|:—0. 9
7=0 ASg, (Z)lz—O ©)]
Defining op = a/(ASg) as the line polarizability of atomic
layers and combining Eq. (8) with Eq. (9), we immediately
find

l+r=t, t—(1—r)=ikapt. (10)

A simple derivation finally gives

1 1 1
t= 1/ (1 — zikam), r= EikalD/ (1 — 2ika1D> . (1D

Equation (11) provides the explicit formulation of the trans-
mission and reflection coefficients for light passing across a
single atomic layer, directly describing the optical response
of that atomic layer. It is worth noting that we do not di-
rectly adopt the electromagnetic field continuity boundary
condition commonly used in classical electrodynamics text-
books. Instead, we mathematically derive the boundary con-
dition Eq. (9) directly from Eq. (7), specifically, we obtain the
magnetic field boundary condition (the second part of Eq. (9))
by integrating both sides of Eq. (7). The integration operation
involving the §-function leads to a discontinuity of the first
derivative of the electric field, which translates to a discontinu-
ity of the magnetic field. In physical terms, the single atomic
layer exhibits an infinitesimally-thin polarized current (sur-
face polarization current) excited by the incident electric field.
This surface current induces the discontinuity of the magnetic
field. It is important to highlight that in classical electromag-
netics and electrodynamics, the theory primarily deals with
macroscopic dielectric or metallic slabs, not infinitesimally-
thin atomic layers. Consequently, only free current (not polar-
ization current) will induce the discontinuity of the magnetic
field in classical theory. Moreover, at optical frequencies, the
electric field does not induce free current, resulting in both the
electric and magnetic fields being continuous across a dielec-
tric/metallic slab surface.
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2.3. Solution of microscopic Maxwell’s equations for mul-
tiple atomic layers

As we progress to handle a slab of medium composed of
a stack of a series of atomic layers, we can follow a similar
procedure as we did for Eq. (7). Consequently, we find the
simplified 1D model to be

d’E(z)
dz?

+IE(z) = —Kap Y, 8(z—z)E@). (12)

Here, N represents the number of atomic layers along the light
transport path. To solve this optically coupled system of mul-
tiple atomic layers, we adopt the well-established transfer-
matrix method.?->) This method first focuses on construct-
ing the transfer matrix for each individual atomic layer, then
employs an iteration algorithm to derive the overall trans-
fer matrix for the system, and finally calculates the transmis-
sion and reflection coefficients, as well as the electromagnetic
field within the system. It should be noted that Eq. (12) de-
scribes the wave transport across multiple atomic layers and is
solved using the transfer-matrix method. In this formalism, the
electromagnetic interaction/coupling between different layers
has been fully incorporated within the individual atomic-layer
transfer matrix. The complex amplitudes of the forward in-
coming wave and its reflection wave, as well as the backward
incoming wave and its reflection wave across each individual
atomic-layer, are all unknown due to the interaction/coupling
between different layers, and they need to be solved.

As shown in Fig. 2(a), consider the i-th atomic layer, the
electric fields at the two sides are written as

E(z) = E (2) +E; (2)
_ Ei-i-eik(z—z;)+Ei—e—ik(z—Z[)’ 7< 7,
E(z) = E}{ (2) +E,(2)

= EiJ-rH e k(=) +E_,; eiik(ziz'% z>z.  (13)

Implementing the connection conditions at z = z; similar to
Eq. (11), we find

Ef+E- =E} | +E
)—(Ef —E[ )= —kaip(E;" +E;).  (14)

1

(E l-:’l - Ez:rl
Assuming the distance between the i-th and (i + 1)-th atomic
layer is a; = a, then we find that the field at the left hand side
of (i + 1)-th atomic layer is related with the field at the left
hand side of i-th atomic layer via the following unit-cell trans-
fer matrix:

(Ei+1<Zi+1)> T (El.*(z,-)>
E;(ziv1) \E(@))
T—T <(1+i§ka1D)e”‘“

i%kame*ik“ (15)
fi%kalDeik“

(1—ilkajp)eika

If the optical medium is composed of N atomic layers, then the
overall transfer matrix T' = Ty = T,,T,—1T;+1 T;To Ty will con-
nect the transmission wave and reflection wave with the inci-
dent wave as ! ) =T ( i) from which we immediately

0
find the solution to the transmission and reflection coefficient

as
r=—="1/Tn, t=T1—(Ti2T2)/Tn. (16)

Equations (11), (15), and (16) essentially form the funda-
mental formulation connecting macroscopic optical quantities,
such as the transmission and reflection coefficients ¢ and r,
and the wave vector of the light wave k, with the microscopic
physical quantities related to atom layers. These include the
atomic polarizability o, the effective cross-section of an atom
within an atomic layer AS, the atomic-layer line polarizability
ap, and the atomic layer separation size (or lattice constant
for crystalline medium) a. Following Eq. (16) and calculating
the reflection wave and field, as well as the transmission wave
and field, we can continue to use the transfer-matrix method
with Egs. (13) and (15) to calculate the internal wave and field
everywhere inside the medium. These equations play a crucial
role in bridging the microscopic and macroscopic worlds, al-
lowing us to understand the behavior of light at both atomic
and macroscopic scales.

(a) A (b) A
E7 | (2
r
z z
- - 7 t
E; agp Eiy n
[«— a — l— q —
Zi Zit1

Fig. 2. Schematic for the solution of the macroscopic plate under
atomic-scale theory and classical-optics theory. (a) Atomic-scale the-
ory. (b) Classical-optics theory.

2.4. Retrieval of characteristic transport feature of light in
crystalline medium

In the above, we establish a connection between the
macroscopic optical transport properties for a continuous
medium slab and the microscopic physical quantities of the
composite atoms in response to light. In a sense, the transmis-
sion, reflection, and absorption coefficients for both the op-
tical field and energy are all extrinsic quantities that reflect
the physical and optical properties of the medium as a whole.
However, the more important and desirable goal is to identify
some intrinsic physical quantities.
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2.4.1. Dispersion relation of light transport

Classical optics states that the transport of light within
a continuous medium is characterized by the mere physical
quantity of refractive index n and dielectric constant € (with
£ = n?), as shown in Fig. 2(b). Besides, the intrinsic transfer
matrix of an electromagnetic wave traveling within this con-
tinuous medium across the i-th layer of a distance a is given

by
eikna 0
M= < 0 eikna) ) (17)

and its eigenvalues are
A1 2 = cos (kna) +isin (kna) . (18)

Furthermore, we also solve the eigenvalues of single-layer
transfer matrix Eq. (15) and get its eigenvalues as

Mg = [cos (ka) — %kam sin (ka)]

2
:I:i\/l — {cos (ka) — %ka]D sin (ka)} . (19

We construct an equation f(ka) = cos(kna) — cos(ka) +
(1/2)koypsin (ka), and can obtain the relationship between
the microscopic polarizability ¢p and the macroscopic refrac-
tive index n by carrying out the Taylor series expansion on this
equation. When ka = 2ma/A tends to zero, e.g., for the current
where A > a, we perform Taylor series expansion on f (ka) at
ka =0 and can get

1
Jo(ka) = Ekzaz%,
1
fi (ka) = 3K%a? (O‘ID 1),
1
fz(ka):§k2a2<a”) n2+1) k4 4(0611))
1
f3 (ka) = KPa? (O“D 1)

_dpaploen L oa
12ka{a 2(n 1)]

2.4.2. Effective dielectric constant and refractive index

When we take the first-, second- and third-order approxi-
mations, we can get

%#H:o, (20)

(%2 1) - e (%2 =0, @n
a 6 a

% <1ék2a2) _n? (1112k2a2n2>

+( L 2) 0. 22)

The above relations have built the connection between the mi-
croscopic polarizability and the macroscopic refractive index.
When we consider the first-order approximation, we can ob-
tain the following explicit relationship:

1D 1D

n=./—+1, =n®—1. (23)
a

When we consider the second-order approximation, we can
get the following explicit relationship:

oD 1 oUp n?—1
S e L 3 B S P N L B V1
" \/a ( 6 a>+’ a 1-Liza (24)

2.5. Transmission and reflection for homogeneous-
medium plate under atomic-scale theory and classical-
optics theory

We proceed to consider light transport through a micro-
scopic or macroscopic homogeneous-medium plate with arbi-
trary thickness (or atomic layer number) in the framework of
both the atomic-scale electromagnetic theory and the more fa-
miliar classic optical theory. Suppose a homogeneous plate
has a thickness of d and consists of N atomic layers, where
N can be any arbitrary integer number. In the atomic-scale
electromagnetic theory, according to Eq. (16), the overall T-
matrix is given by

T =Ty=(T)",
- (1+i%k(X1D)eilm i%kame*”‘“ 25)
l 7i%k0€1Deika (l - i%kam)e_“‘“ '

One way to calculate the macroscopic plate T-matrix T
is via direct computation of matrix multiplication following
Eq. (25). Yet, it is worthwhile to have a deep analysis and
further simply the calculation of Eq. (25) by using the charac-
teristic matrix (or eigenvector matrix) of single-layer 7'-matrix
T; corresponding to the eigenvalues Az 4. It is easy to find that
the corresponding eigenvector is

X = ((nglln/le)’ Xe= (wflm/nz)' 20

By defining a matrix as

| 1
—T)/Tiy (A4 Tll)/T]z) , (27)

we find the following formulation:

S'T,-S:()g 104) T,-:S(/}; 7?4)51. 28)

Then it is easy to find that

S =(X3,Xy) = (w

LAWY 0

T_TN_(Tf)N_S<< 0 (A

) e (29)
Comparison between Egs. (28) and (29) indicates that the
macroscopic plate T'-matrix differs from the single-layer T'-
matrix only in the central phase-transport term.
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For comparison, we introduce the calculation method of
transmission/reflection coefficients based on the air-medium
Fresnel’s formula well known in classical optics. For a plate
with a thickness of d shown in Fig. 2, the electric fields of the
air and dielectric medium can be represented as

Ei(z) =AefipAe i 7 <0,
Ey(z) =Be™ 4+ Be™% 0<z<4d,
E3(z)=Cefi4Cle M2 z>4.
Here the wave vector of light in continuous air and dielectric
medium is k| = ko = @/c and kp = nky. Based on the bound-

ary conditions atz=0andz=d (d = ja, j=0, 1, 2, 3,...),
we can get

AN C\ _ (Tu T C
(v)-r(é)-(Rm)(&) e
where the matrix element is given by

2 2
T, = (ki +K2)" itki—k)a _ (KL =k2)" i sig)a

4k]k2 4klk2 ’
Tip = K-k o ilkith)d | ki —k3 e ilki—k)d
dk1ko 4k ko ’

2 2 2 2
TZ] — kl _k2 ei(kl_kZ)d _ kl _k2 ei(kl-‘rkz)d

4k ky 4k ko ’

(k1 —k2)2 —i(ky ko )d (kl +k2)2 —i(ky—kp)d

Ty = LT R2) 1+ky A VA 1=%2)¢
2 dhiky T ik, €

Finally, let A=1,A’ =r, C=1t, C' = 0, the transmission and
reflection coefficients of electromagnetic fields are

r=—"1/Tn, t =T —Ti2Tr/T. (31)

The energy transmission and reflection coefficients are sim-
ply R = |r|> and T = [t|? respectively. Basically, Egs. (24)
and (30), in combination with Eq. (31), are the formulas used
to account for the transmission and reflection coefficients for
a microscopic and macroscopic homogeneous plates. Note
that when the atom polarizability is anisotropic, we can treat
it as a tensor and solve the electromagnetic field distribution
based on boundary conditions. This allows us to capture the
full polarization response of the single-layer or few-layer two-
dimensional materials, considering its directional dependence.
Besides, it should also be emphasized that not only the con-
ductivity with an imaginary part in the permittivity can be con-
sidered, but also the dielectric tensor with dispersion response
can be processed.

3. Atomic-scale electromagnetic theory for
heterogeneous-material medium

In Section 2, we consider a homogeneous crystalline
medium composed of a periodic stack of uniform single

atomic layers. The atomic-scale electromagnetic theory devel-
oped for this simple yet general problem serves as a bridge be-
tween optics in the microscopic and macroscopic worlds. This
theory is applicable to the contemporary hot issues in optics,
particularly for materials science and the fascinating domain
of 2D materials. In this section, we further explore several
more complicated scenarios involving atomic layer stacks and
buildings.

3.1. Homogeneous medium with atomic-layer defect

As illustrated in Fig. 3(a), the first situation we consider
is a homogenous medium built from a periodic stack of matrix
atomic layers with line polarizability op ¢ and layer thickness
ap. Within this medium, there exists a defect atomic layer
with line polarizability ojp g and layer thickness a4. This
defect atomic layer can either be a vacancy with ajpg = 0,
where the original atomic layer is missing for some reason,
or be another atomic layer replacing the original one. No-
tice that such atomic-scale defected media are hard to cal-
culate using the classical continuum-medium optics method,
as a single atomic layer cannot be adequately described by
the continuum-medium model. However, this problem can be
readily handled by the current atomic-scale electromagnetic
theory. Moreover, the methodology developed in Subsec-
tions 2.2 and 2.3 is based on the single-layer transfer matrix,
enabling theoretical calculations for both defected and perfect
media to be performed within the same background. Suppose
the matrix-medium atomic-layer T"-matrix is Tp, while the de-
fect atomic-layer T-matrix is Ty, and they are respectively
given by

1—|—ilk061])() e ikao
p— (ka0 ik . e
—izkayp e (1— likalD,O)e 0

T (] +i%ka1D’d)eik“d i%kalD,de*”‘“d
4= , . , B
—1%ka1D7de1"“d (1 — 1%ka1D7d)e ikag

i%kOC[D’()eiikaO

For a medium composed of N matrix-medium atomic layers,
a single defect atomic layer, and M matrix atomic layers, the
overall T-matrix for the defected matrix medium slab is then

T = (To) N Ty(To)™. (34)

With the overall T-matrix at hand, the calculation of trans-
mission wave and field, the reflection wave and field, and the
internal wave and field at the matrix-medium atomic layers
and the defect atomic layer is straightforward, following the
procedures presented in Subsection 2.3. On the other hand,
if the matrix medium involves multiple defect atomic layers,
either homogeneous-material layer or heterogeneous-material
layers, the calculation procedure is also similar. This means
that the developed atomic-scale electromagnetic theory has a
broad range of applicability.
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Fig. 3. Homogeneous medium with atomic layer defects and heteroge-
neous medium composed of a series of different atomic layers stacked
one by one. (a) Schematic illustration of homogeneous medium (green
regions) with atomic layer defects (gray regions). (b) Schematic illustra-
tion of the heterogeneous medium. There are three different atomic layers
(blue, orange and green regions) in a period.

3.2. Heterogeneous medium

As shown in Fig. 3(b), the second situation we consider
is a heterogeneous medium composed of a series of different
atomic layers stacked one by one. Suppose the heterogeneous
slab has N atomic layers, and the i-th atomic layer has the
atomic polarizability oqp; and layer thickness a;. Then the
i-th atomic-layer T-matrix T; is given by

_ (l + i%kOClD,i)eika" i%kam_,,»e‘ik”i (35)
' —i%kalpﬁieik‘” (1 — i%kalpﬁi)e*ik“i .

Based on all the individual atomic-layer T-matrix, the N-layer
heterogeneous slab has the overall T-matrix given by

Ty =TT, \T'I)T. (36)

In addition, if the heterogeneous slab forms a macroscopic
composite medium by stacking M periodic slabs, then the
overall heterogeneous plate has the T"-matrix given by

T = (Ty)M. (37

Having obtained the T-matrix for a heterogeneous slab or
macroscopic plate, all the optical properties, including the re-
flection and transmission coefficient, the electromagnetic field
within the heterogeneous, and the effective refractive index

and dielectric constant for the composite heterogeneous slab,
can be derived and calculated. Besides, Eqs. (35) and (36)
can also encompass the more general situation where a defec-
tive atomic layer exists within the heterogeneous materials and
structures.

4. Atomic-scale electromagnetic theory for
oblique incidence of light

In Sections 2 and 3, we consider the simplest light propa-
gation situation where the illumination light is normally inci-
dent upon a single atomic layer, a multiple atomic-layer slab,
and a macroscopic dielectric medium slab. In this simplest
configuration, the atomic-scale electromagnetic theory only
needs to handle the simplest 1D problem of optics and electro-
magnetics, which is a scalar-wave transport problem. It turns
out that this 1D optical problem can be solved by adopting a
procedure similar to the well-established quantum mechani-
cal problem of electron §-functional potential barrier. Yet, it
is necessary to extend this theory and consider a more gen-
eral configuration where the illumination light is obliquely
incident upon a single atomic layer, a multiple atomic-layer
slab, and a macroscopic dielectric medium slab. When doing
this, we find it is difficult to follow the simple 1D scalar-wave
solution procedure as developed in Section 2 to solve these
more complicated problems of atomic scale optics and elec-
tromagnetics. Rather, we should stand within the framework
of classical electrodynamics and solve the transport of vector
light and electromagnetic waves across the atomic layer. We
have found the critical point in the whole procedure of solu-
tion is the construction of the connection/boundary conditions
of electromagnetic fields across the atomic layer, and this has
been placed in the Appendix with great details.

It is well established in classic optics that the vector wave
transport through an optical slab or current atomic layer is ba-
sically a 3D problem, but it can be simplified and decomposed
into 2D problems with TE and TM polarization with respect
to the naturally selected light incidence plane. In the follow-
ing we present the atomic-scale electromagnetic theory for the
general situation of oblique incidence. We will focus on the
solution of electromagnetic field for light passing across a sin-
gle atomic layer, and then the construction of the T'-matrix for
this atomic layer, since it is clear from Sections 2 and 3 that
these two steps are standing on the center core of our atomic-
scale electromagnetic theory. In the following we will address
how this general situation can be handled analytically.

4.1. TE polarization

In this polarization state, the non-zero EM field compo-
nent is (E,,Hy,H;). According to the schematic picture of
Fig. 4(a), the atomic layer is still modeled as a & potential
barrier to describe its response to the external field. Suppose
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the incident light has an inclined angle 6 against the surface
normal direction of the atomic layer, so that the tangential and
normal wave vector components are given by k, = ksin 0 and
k, = kcos 0. Then the electric field across the atomic layer is
given by

Ey(2) = E (2) +E; (2)

_ E;relkxxﬂkz(zfz,-) +Ei*elkxx*ikz(2*2i), <z,

Ey(Z) 1+1( )+Ez+1( )

_ ot aikextikz(z—z) — L ikex—iky(z—z)
= Eif,e™ VtE e ’

, 2>z (38)
The magnetic field H, and H, can be written readily using
Maxwell’s equations in vacuum. To determine the light trans-
port characteristics (transmission and reflection) through the
atomic layer for a given incident wave EZJr etk tik(z=2i) one
should utilize some connection formula (or boundary condi-
tions) for electromagnetic fields across the atomic layer. This
has been discussed in great detail in the Appendix material.
According to Eq. (A32), we have

+ I
EL+E L =E +E;,

ik(Ef —E;)) —ik(E —E[) = —K*oup(E; +E; ). (39)

After some simple algebraic manipulations, we reach the fol-
lowing transfer-matrix formula as the connection/boundary
conditions for fields across the atomic layer:

I -1 l+]
1 1 +
- ETY o o)
1+ 1 OClD —1 —l—l OClD Ei

Further considering the transport phase accumulation within a
single atomic-layer unit cell, we can construct the following
unit-cell T-matrix:

(&) == (20). @

eika 0 o
ren=(% ) (0 )

1 1

1—‘r1 OtlD —1—|—1 OtlD
. k2 ik, . k2 —ik,
_ (1—|—12—k7(x1D)e1 <4 Iy-Qipe 1kza 1
= e ika (] _; K Cika |42
—12720(]])6 ( _ITkZaID)e <

It is easy to find that for normal incidence, Eq. (42) is identical
to Eq. (15). This means that for a simple scalar-wave transport
problem, the quantum mechanical solution can yield the same
result as the atomic-scale electromagnetic solution.

(a) x (b) x
Er H; Ei Hi E7 Hiy
0(2) 5(2)
H B
\9 i+1 \0 +1
\ i \ :
0
Hfy o Ef,
X1D ¥1D
Ef  Hf Bin gy BEf H
Zi Zit1 Z; Ziy1

Fig. 4. Schematic for solution of light transport through a single atomic
layer represented by 8-function polarized charge and surface current in
the framework of transfer-matrix method. (a) Oblique incidence situation
where TE-polarized light transports with an arbitrary angle with respect
to the atomic layer. (b) Oblique incidence situation where TM-polarized
light transports with an arbitrary angle with respect to the atomic layer. In
these two situations, the incident angle (equal to the transmission angle)
is 6, and we have the ordinary 2D optical problems.

4.2. TM polarization

In this polarization state, the non-zero EM field compo-
nent is (H,,Ex,E;).
Fig. 4(b), the atomic layer is again modeled as a § potential

According to the schematic picture of

barrier to describe its response to the external field. Again
suppose the incident light has an inclined angle 0 against the
surface normal direction of the atomic layer, then the tangen-
tial magnetic field across the atomic layer is given by

= H"(z) +H; (2)

_ Hi+elkxx+1kg(zfzi) _|_Hifelkxx71kz(zfz,')’ 2< 1z,

Hy(Z)

Hy(z) = H:rl( )+H ()

ikyx+ik; (z—2) + Hi:—l eikxx*ikz(zfzi)

= H e , 2>z (43)
The other two field components E, and E, can be written
readily using Maxwell’s equations in vacuum. To deter-
mine the light transport characteristic (transmission and re-
flection) through the atomic layer for a given incident wave
HZ-Jr e thrtike (2= ), one should utilize some connection formula
(or boundary conditions) for electromagnetic fields across the
atomic layer. This has been discussed in great detail in the

Appendix material. According to Eq. (A34), we have

H,—H7,=H—H,

(Hi+1 +H ) — (H +H) = ik;aip(H;” —H;). (44)

l

After some simple algebraic manipulation, we have the fol-
lowing transfer-matrix formula as the connection/boundary
conditions for fields across the atomic layer:

L1 (H
1 1 Hz+1

- +
—(, ! ! MY @)
1+ikoqp 1—ik,04p Hi
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Further considering the transport phase accumulation within a
single atomic-layer unit cell, we can construct the following
unit-cell T-matrix:

Hiil(ZiJrl)) _m <Hi+(zi))

<Hi+1(zi+1) =0 H; (z) )’ (40
etka 0 -1\

ren- (5 5 ( 1)

1 —1
x ( 1+ ikzocID 1— ikz(XlD )

l-l-ilkZOC]D glika —ilkzque
= 2 ; 2 . 47)
i%kz(xlDe”‘f“ (17i%k1061]))€_1kza '

Now that we have constructed the single atomic-layer unit-

—ik;a

cell T-matrix, we can follow the similar procedure developed
in Sections 2 and 3 to analyze all important characteristics
for light propagation through a single atomic layer, multiple
atomic layers, and eventually a macroscopic slab composed of
a large number of atomic layers, with an arbitrary inclined an-
gle, or an arbitrary value of non-zero transverse wave vector.
We can also handle more complicated situations of homoge-
neous medium embedded with an atomic-layer defect and het-
erogeneous medium made from a stack of different atomic lay-
ers. Extension of the theoretical solution procedure is straight-
forward and we will not repeat them here.

5. Localized surface state for single and few
atomic layers

We continue to consider an interesting question: can a
single atomic layer or a thin film consisting of a few atomic
layers (either homogenous or heterogeneous) support a lo-
calized surface state whose electromagnetic field is confined
around the atomic layer or atomic-scale thin film? This is by
no means a simple question whose answer is readily known. In
the following we will address this fundamental problem by uti-
lizing the methodology developed in Section 4. The schematic
illustration of the localized surface state is presented in Fig. 5.
According to the standard definition in classical optics and
electromagnetics, the surface state is a self-sustained eigen-
mode of an optical system that can exist without an incident
light. That is the reason why only outgoing radiation waves are
present in Fig. 5, and no incoming radiation waves are present.

Let us first consider the TE mode. Equations (38) and
(39) now become

E () = E; (2) = E; e =ikG=2) - 7 < 7

Ey(2) = E, (2) = B} e HiREa) e s g0 48)

El, =E7, ikE} | +ikE; = —KapE; . (49
The two equations would together yield the non-zero solution

of field (i.e., eigenmode), which exists only when

1
kzziikzam, 4k =K ke > k. (50)

Then the propagation constant of this localized surface state is

[ 1
ke =k\/1+ Zk2och > k. (51)

We proceed to consider the TM mode. Equations (43) and (44)
now become

given by

Hy(z) = H (z) = H elkorikea) 7 < 7,

H(2) = Hiy () = B 690, s (52)

H, =—H7, Hf —H =—ikopH; . (53)

The two equations would together yield the non-zero solution

of field (i.e., eigenmode), which exists only when

L A=K k> ke (54)

2
k,=1—
1D

Then the propagation constant of this localized surface state is

4
ke =y [ 14— > k. (55)
®ip

Obviously Egs. (50), (51), (54), and (55) tell us that there in-
deed exists a surface state for both the TM and TE modes even

given by

for a single atomic layer. Is this a surprising result that goes a
little bit beyond one’s imagination? The answer is yes at least
for us before this work. It is also interesting to find that the
localization degree of the field, as proportional to |k;|, for the
TM mode is much larger than for the TE mode, because

2 1
|kz|TM = TID > k> ‘kz‘TE = EkzalD- (56)

In addition, Eq. (56) indicates that the field at the TE mode is
very weakly confined around the atomic layer, while the field
at the TM mode is very tightly confined around the atomic
layer.

The above theory of localized surface state for a single
atomic layer can be extended to examine a more general situ-
ation of atomic-scale thin film made from either a few homo-
geneous atomic layers, or a defective thin film, or a stack of
heterogeneous atomic layers. This has to be done by combin-
ing the above theory and the methodology developed in Sec-
tions 2, 3, and 4. Suppose a given atomic-scale thin film ex-
tends in space from z; and z», and the corresponding T'-matrix
connecting the field at the left side and the right side of the thin
film is T'. Then for the TE mode we have

Ef(n)\ . [Ef(z1)
<Ez(22)>_T<E1(ZI)>’ o7
and for the TM mode we find
Hy(z2)\ . (H(21)
<H5(22)> - (Hf(21)> ' 9
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Following the definition for the surface state, which does not
involve incoming electromagnetic waves, we immediately get
the condition of the surface state, which is

ES (z2) = TioE| (z1), TnE; (z1) =0, (59)
Hy (z2) = Ti2H; (z1), ToH; (z1) =0, (60)

for the TE and TM modes, respectively. Equations (59) and
(60) yield both the dispersion relation for the localized sur-
face state, namely, the eigenvalue for &, k, versus k, and the
field distribution, namely, the eigenvector for (E;r ,E;") and
(H,HY).

xT X
(a) (b)

() ()
E; Hf Ef Hi B Hify
Hf}y Bl
z z

1p 1p

Zi Zit1 Zi Zip1

Fig. 5. Localized surface states. Illustration of TE-polarized and TM-
polarized light. (a) TE polarized light. (b) TM polarized light.

6. Several examples applying the atomic-scale
electromagnetic theory

In the above sections, we have presented the atomic-scale
electromagnetic theory to solve the transport of electromag-
netic waves through a single atomic layer and a thin film com-
posed of general multiple homogeneous/heterogeneous atomic
layers under arbitrary incident angles and polarization of light
beam by using the microscopic volume and line polarizability
to describe the optical response of a single atom and a sin-
gle atomic layer. To have a clear idea about the power of the
atomic-scale electromagnetic theory, here we proceed to show
several typical examples. We rigorously solve the transmis-
sion spectra of electromagnetic waves in three typical media
via the atomic-scale electromagnetic theory, including a ho-
mogeneous medium plate with increasing numbers of atomic
layer, a homogeneous medium with defects and a heteroge-
neous medium. Notably, we have built the connection between
the microscopic polarizability and the macroscopic refractive
index in Section 2. So when the microscopic polarizability
cannot be acquired directly, it also can be indirectly obtained
according to the relationship between the macroscopic refrac-
tive index and the microscopic polarizability, while the macro-
scopic refractive index usually is easy to be measured experi-
mentally in actual situation. In subsequent calculations, with-
out special notice, we will adopt the explicit relationship under
the first-order approximation shown in Eq. (23) to acquire the
microscopic polarizability op = (n2 — 1) a.

6.1. Homogeneous-medium plate under atomic-scale the-
ory and classical-optics theory

We first calculate the transmission spectra of electro-
magnetic wave for a microscopic diamond plate composed
of various atomic layer numbers under both the atomic-scale
theory and the classical-optics theory and make a compari-
son between the microscopic and macroscopic theories. The
macroscopic refractive index of the diamond is ng = 2.417
and the thickness of the single atomic layer of diamond is
ap = 0.375 nm, so the atomic polarizability of the diamond
is op,o = 4.84ap = 1.82 nm. The excitation wavelength of
the incident plane wave is A = 1550 nm.

The calculation results are illustrated in Fig. 6, where the
red solid lines and blue dotted lines represent the results calcu-
lated by classical-optics macroscopic theory and atomic-scale
microscopic theory, respectively. As shown in Fig. 6(a), when
the atomic layer numbers are relatively small, e.g., only be-
low 10 layers, the thickness of the plate (3.75 nm) is much
smaller than the excitation wavelength of the incident plane
wave (A = 1550 nm). In this case, both theories show that the
transmissions are almost 100%, but the calculation results of
atomic-scale theory (blue dotted line) are slightly smaller than
those of classical-optics theory (red solid line) and the trans-
mission differences between them are about 0.03%, a small
discrepancy but already remarkable considering the govern-
ing position of macroscopic Maxwell’s equations. Moreover,
Fig. 6(b) shows that as the layer number increases to 100 (the
thickness of plate is 37.5 nm), the two transmission coeffi-
cients calculated by two theories decrease to 0.88 gradually,
and their differences are still much smaller than the absolute
transmission strengths.

(a) 1.0000 (b) 1.00
5 0.9995 g
Q Q
t ‘m 0.96
£ 0.9990 E
2 E
< s 0.92
£ 0.9985 st

0.9980+ 0.88+

0 2 4 6 8 10 0 2 4 6 8 10

Layer numbers (10°) Layer numbers (10')

Fig. 6. Transmission for macroscopic diamond plate under atomic-scale
theory and classical-optics theory. The red solid lines and blue dotted
lines are calculated by classical-optics theory and atomic-scale theory re-
spectively. In panels (a) and (b), the transmission spectra of various layer
numbers: (a) up to 10 layers and (b) up to 100 layers. The single atomic
layer thickness is 0.375 nm, the atomic polarizability is 1.82 nm and the
excitation wavelength is 1550 nm.

6.2. Homogeneous medium with atomic layer defects

We continue to calculate the transmission spectra of elec-
tromagnetic wave in the homogeneous medium with atomic
layer defects by using the atomic-scale theory. Figure 7(a)
shows the schematic illustration of homogeneous medium
composed of stacked graphene atomic layers (green regions)
with atomic layer defects (gray regions). The macroscopic
refractive index of graphene at an excitation wavelength of
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A = 1550 nm is ng = 1.59+ 1.211 and the thickness of sin-
gle graphene atomic layer is ap = 0.360 nm, so the atomic line
polarizability of graphene is ajp o = 0.023 + 1.3851 nm. Be-
sides, the defect atomic layers are the vacancy with ajp ¢ = 0,
and the thickness of single defect layer is ag = 0.360 nm. Fig-
ures 7(b) and 7(c) indicate the transmission spectra of homo-
geneous stacked graphene medium without and with atomic
layer defects of various layer numbers. The red solid lines and
blue dotted lines represent the transmission curves without and
with atomic layer defects respectively. On the one hand, one
can see that, for the homogeneous graphene medium without
any defects, the transmission strengths (red solid curves) de-

crease gradually with the increase of atomic layer due to the
existence of nonzero imaginary atomic polarizability. On the
other hand, for the homogeneous medium of 10 (or 100) lay-
ers with 2 (or 20) atomic layer defects plotted in Figs. 7(b) and
7(c), where the atomic layers extend from 5th to 6th layer, and
from 41th to 60th layer, respectively, are defects (gray region).
By making a comparison of these transmission spectra, we can
see that the existence of defect layers significantly affects the
transmission efficiency. On the other hand, the influence of
defect layers on the transmissions decreases with the increase

of thickness of plate.

Defects
(a) (b) 1.00 (c) 1.0

: g 0.9]

5(2) 8(2) 6(2) 3(z) 6(2) 8(2)d(2)d(2) 5 0.984 =
0 0
E E 0.8
0 0
5 0.961 5
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Fig. 7. Homogeneous graphene medium with atomic layer defects. (a) Schematic illustration of homogeneous medium with atomic layer defects.
The defect atomic layers are the vacancy with op ¢ = 0 (gray region). (b) and (c) The transmission spectra of homogeneous medium without
and with atomic layer defects of various layer numbers. The red solid lines and blue dotted lines are the transmission curves without and with
atomic layer defects, respectively. (b) 2 layer (5th and 6th layer) defects in 10 layers and (c) 20 layer (from 41th to 60th layer) defects in 100

layers. The excitation wavelength is 1550 nm.

6.3. Heterogeneous medium composed of different atomic
layers

We proceed to calculate the transport behaviors of elec-
tromagnetic wave in a heterogeneous medium composed of
a series of different atomic layers stacked one by one, as
illustrated in Fig. 8. There are four types of atomic lay-
ers in a period. The atomic thicknesses of them are a; =
0.3 nm (blue), a; = 0.2 nm (orange), a3 = 0.4 nm (green),
and a4 = 0.5 nm (yellow), and their atomic polarizabilities
are op,; = 1.023 nm, oypp = 0.312 nm, otjp 3 = 0.896 nm,
and ap 4 = 2.145 nm. The excitation wavelength of incident
plane wave is still A = 1550 nm. Notably, these thicknesses
and atomic polarizabilities are optional and do not correspond

to any actual materials here. According to the connection

between the microscopic polarizability and the macroscopic
refractive index shown in Eq. (23), i.e., n = \/W,
we also can obtain their macroscopic refractive indexes are
ny =2.1,n; = 1.6, n3 = 1.8, and nqy = 2.3, respectively. The
transmission spectra of heterogeneous medium with various
layer numbers are calculated, such as 100 layers in Fig. 8(b)
and 1000 layers in Fig. 8(c). When the plate is 100 layers, the
transmission strength is about 0.963, as seen in Fig. 8(b). Be-
sides, when the thickness increases to 1000 layers, the trans-
mission strength decreases and then increases. Especially,
when the atomic layer is 500, the transmission strength reaches
the minimum value of about 0.73, as shown in Fig. 8(c).

Heterogeneous
(2) () 1 00T () 1.0
o= 1 =}
8(2) 8() 5(2) 6(=) | () 8(2) ) () 5 .08 £ 091
wn N 12}
£ g
2 2
a1p,1 ¥1p2 ¥1p,3 X1D4 Q1p,1 ¥1p2 ¥1p,3 XD 4 S 0-96_ S 0.81
H H
Ialll%llaa!!%! Ialllazll%.!%.
0.94 T T T T ! 0.7 T T T - !
Z1 Ry 23 2 Zi-3 Zi—2 Zi—1 % 0 2 4 6 8 10 0 2 4 6 8 10

Layer numbers (10%)

Layer numbers (10%)

Fig. 8. Heterogeneous medium is composed of a series of different atomic layers stacked one by one. (a) Schematic illustration of the het-
erogeneous medium. There are four different atomic layers in a period. The atomic thicknesses of them are a; = 0.3 nm (blue), a, = 0.2 nm
(orange), a3 = 0.4 nm (green), and a4 = 0.5 nm (yellow), respectively, and their atomic polarizabilities are &tjp,; = 1.023 nm, @jp> = 0.312 nm,
ap3 = 0.896 nm, and &|p 4 = 2.145 nm, respectively. (b) and (c) The transmission spectra of heterogeneous medium of various layer numbers:

(b) 100 layers and (c) 1000 layers. The excitation wavelength is 1550 nm.
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7. Further discussions
7.1. Accounting for atomic polarizability

In the above atomic-scale electromagnetic theory, we find
that the atomic polarizability (either single-atom volume po-
larizability o or single atomic-layer line polarizability op)
stands right at the center core. Consequently, the precise value
of these two physical quantities is pivotal for quantitative un-
derstanding and prediction of various optical characteristics.
In the above sections, we have adopted a simplified model
where o p is assumed to be a constant quantity for any homo-
geneous medium made from uniform atoms and atomic lay-
ers, irrespective of the number of atomic layers comprising
the concerned microscopic/macroscopic slab. From general
knowledge of condensed matter physics, this simplified model
means that when the slab increases its thickness layer by layer,
the optical response of each layer ap; keeps unchanged and
maintains the value of an individual isolated atomic layer oy,
Obviously this is an approximation and has neglected the mod-
ification upon the single atomic-layer optical response from
other atomic layers due to mutual interaction (atomic-scale
microscopic electronic and chemical interactions) between ad-
jacent layers (nearest neighboring, second-nearest neighbor-
ing, etc.). Of course, this approximation could be very ac-
curate for some materials with weak layer-to-layer electronic
and chemical interactions and couplings, such as conventional
graphite (made from periodic loosely stacking of single-layer
graphene) or contemporary van der Waals materials (made
from arbitrary loosely stacking of heterogeneous single-layer
2D materials).

On the other hand, if there exists strong layer-to-layer
electronic and chemical interactions and couplings, then the
isolated-layer model assuming independent single-layer opti-
cal response OC?D is no longer a good model as significant inac-
curacy might occur. One can imagine the following physical
picture. Suppose a single isolated atomic layer with an optical
response described by a?D. Now the second atomic layer of
same material is added and adhered to the first layer. If signif-
icant electronic and chemical interactions and couplings occur
between these two layers, the optical response for each layer
will be modified to some extent, and the atomic polarizabil-

ity for the two layers will become asz)l and 051(2D).2~ It should

be noted that in principle (X?D, 051(12)) , and 061(12))‘2 can be cal-

culated quantum mechanically by adopting some condensed

matter physics or quantum chemistry methodologies like first-

16,17

principles density functional theory!'®!”] and Kubo-formula

18,19]

based linear response theory. ! If there is symmetry in the

chemical structure of the two-layer medium, then we might
have 0(1%)’1 = 0‘1(12)),2- The same physics logic and operation
procedure can be extended to handle a homogeneous medium

slab consisting of 3, 4, ..., N atomic layers. When N is very

large so that we have a macroscopic homogeneous medium
plate, it is expected that the optical response for all atomic
layers should be the same as ik, except the atomic layers
right at or close to the two surfaces, whose optical response

can be described by orjuface

. Moreover, the contribution from
the surface atomic layers could be negligible compared with
the bulky atomic layers for such a macroscopic medium plate
comprised of thousands or even millions of atomic layers.

For a thin film composed of only a few atomic layers,
either homogeneous or heterogeneous, the optical response
of each atomic layer al(g)i (i=1,...,M) should be different
from each other in principle when one considers the inter-
layer electronic and chemical interactions induced chemical
structure and electronic structure deformation from the ideal
non-interacting multiple layer 2D material thin film. Then we
are encountered with general optically heterogeneous 2D ma-
terials even for chemically homogeneous 2D materials, where
all values ocl(g.)i differ from each other. In this case, we still
can use the formulations developed in Section 4 to calculate
and extract the transmission, reflection, absorption, and other
relevant optical quantities.

It is well-known in classical optics and electromagnet-
ics that one can solve Maxwell’s equations and calculate the
above relevant optical quantities only when the dielectric con-
stant and refractive index distribution function €(z) and n(z)
are known a priori. Without the knowledge of €(z) and n(z),
optics and electromagnetics would completely fail to describe
and predict all optical and electromagnetic phenomena in the
macroscopic scale. The situation is similar in the current
realm of microscopic optics and electromagnetics. Now in
our atomic-scale electromagnetic theory, the atomic polariz-
ability ojp; plays the same role as £(z) and n(z) in the clas-
sical macroscopic optics and electromagnetics. Without the
knowledge of otp;, the microscopic optics and electromag-
netic would also fail to describe and predict all optical and
electromagnetic phenomena on the microscopic scale.

In the classical optics and electromagnetics, one usually
adopts some well-established and highly accurate experimen-
tal approaches and techniques to determine the value of € and
n for a homogeneous medium and material. For instance, the
powerful methodology of ellipsometer measures the ampli-
tude and phase of reflection light for an incident plane-wave
light against the surface of a homogeneous medium sample,
and then extracts the value of € and n based on the Fresnel
formula well-known in classical optics and electromagnetics.
This standard approach applies to numerous materials and me-
dia, either dielectric or metallic materials, either solid or liquid
media. These data have been summarized in many handbooks
and databases of optical constants, allowing for easy search,

access, and are used by general readers and users.
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On the other hand, one can also adopt some theoretical
and numerical approaches to calculate the value of € and n. For
example, some of these approaches are based on the quantum

18,191 where one first calculates the

theory of solid materials,
microscopic electronic structures, examines the linear optical
response against eternal light, extracts the macroscopic per-
mittivity ¥, and finally determines the value of € and n. Fairly
speaking, these theoretical calculations and numerical simu-
lations are very complicated and troublesome, but usually the
accuracy and precision are not satisfactory for many materials
compared with experimental data, indicating the inadequacy
of contemporary condensed matter theory and methodology
in application to handle the optical properties of complex solid
and liquid materials.

The situations might be different for single atomic-layer
or few atomic-layer 2D materials, where the chemical struc-
tures and electronic structures are relatively simpler than 3D
solid materials and liquid materials. For van der Waals stack
2D materials, the situations are even simpler, because the inter-
layer stack is loose and the electronic and chemical inter-
actions are weak, so that the optical response op,; of each
atomic layer within the whole van der Waals 2D materials
maintain their original value. Since all values of oqp; are
available, we can adapt the formulation of Eqgs. (35) and (36)
to account for the overall optical response of this special het-
erogeneous 2D materials structure.

7.2. From single-element materials to multiple-element
compound materials

In the above sections we have considered a simple situ-
ation where the unit cell (repeating building block) of solid
crystalline material consists of a single atom A, whose op-
tical response is described by the atomic polarizability «.
Then the crystalline material can be looked upon as the pe-
riodic stack of single atomic layer AL, whose optical re-
sponse can be described by the atomic-layer line polarizabil-
ity oup = a/(ASg), where AS is the average cross-sectional
area of the atom along the periodic stacking direction. As we
have seen clearly in the above sections, ¢p is the primary mi-
croscopic optical quantity that can determine the macroscopic
optical quantities, such as the transmission, reflection, absorp-
tion, dielectric constant, and refractive index.

In nature, most matters and materials are not made from
single-element atoms, but from multiple-elements and multi-
ple atoms within a unit cell, in other words, they are compound
matters and materials. How to handle the microscopic optics
for such a more complicated situation? The answer still lies at
the heart of the above discussions. The compound crystalline
solid materials can still be looked upon as a periodic stack of
single layer of multiple-atom (noted as Al, A2, and so on),
which consist of multiple atoms and multiple elements. The

critical quantity for microscopic optics is still the line polariz-
ability for the single multiple-atom layer, which is now given
by

Yo

QD= "o
&Y AS;

(61)

which assumes that the unit cell consists of i = 1,2,....M
atoms, each with atomic polarizability ; and cross-sectional
area AS;, respectively. The model of Eq. (61) has decomposed
the optical response of the unit cell building the atomic layer
and the whole crystalline material. There might be an alterna-
tive model where one looks upon the optical response of the
unit cell as a whole with an overall volume polarizability Oty
and effective cross-sectional area AS.ej;. Then the single-layer
line polarizability is given by

Ocell
op =

— el (62)
€0AScen

In principle we can perform quantum mechanical simulations
to determine the values ¢ for each atom within the unit cell,
but the accuracy might not be satisfactory for many compli-
cated compound solid materials. With the single-layer line po-
larizability a;p and the atomic-layer thickness (also the inter-
layer distance) a at hand, we can adopt the same formulations
as developed in Sections 3, 4 and 5 to account for the optical
response of a single-layer compound 2D material, multiple-
layer homogeneous or heterogeneous compound 2D materials,
and eventually the macroscopic crystalline solid compound
materials.

A more complicated while also more practical situation
is that the compound materials have a large unit cell consist-
ing of multiple atoms in both the lateral cross section and
the parallel crystalline axis with respect to the light propa-
gation direction, namely, the 3D unit cell (or repeating cell)
involves several atomic layers AL1, AL2, and so on. Then
each single multiple-atom layer has line polarizability op ;
(j=1,2,...,N) and layer thickness a; (j =1,2,...,N), where
N is the layer number within a unit cell along the parallel crys-
talline direction. op_ ; can be accounted for by adopting the
rule set by Eq. (61) or Eq. (62). With these unit cell opti-
cal response quantities at hand, we can adopt the similar for-
mulations as particularly developed in Subsection 3.2 for het-
erogeneous medium and Subsection 2.3 for periodic atomic-
layer stack structure to account for the optical response of
these multiple-atom multiple-layer compound 2D materials,
thin film, and eventually macroscopic medium.

All the above rules, although complicated and trouble-
some, can become the basis for building the connection be-
tween optics in the microscopic world and the macroscopic
world for complex compound matters and materials. It is pos-
sible to retrieve the optical response of atoms within each mi-
croscopic unit cell from numerous optical measurement data
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accumulated for so many compound materials existing in na-
ture in the past several centuries.

8. Summary and perspective

We have made a great effort to construct an atomic-scale
microscopic electromagnetic theory based on three fundamen-
tal aspects of thinking. Firstly, atoms in the microscopic world
are the basic building blocks of all matters and materials in the
macroscopic world. Secondly, all atoms can be assumed to be
sitting and embedded within the vacuum background. Thirdly,
optics for macroscopic materials must have a close connection
with optics for microscopic atoms. Our prominent goal, seem-
ingly a magnificent dream, is for this atomic-scale electromag-
netic theory to become a theoretical system that bridges op-
tics in the microscopic and macroscopic worlds. If this dream
comes true, it would represent a significant step towards ad-
vancing the fundamental physics of electromagnetics, optics,
and electrodynamics to a new horizon and arena. As very
few efforts have been made by the optics and electromagnetics

(20 there are very few lessons

community in the past decades,
that can teach and guide us on how to go forward.

To bring such a magnificent dream into reality, we first
analyze it in detail and determine the direction to proceed with
such a theory. We realize that we must depend on existing
theories of prestigious credits instead of creating new ones
without significant credit. The choices for the existing the-
ories as a basis for our theory are Maxwell’s equations for
the macroscopic world and quantum mechanics for the mi-
croscopic world. Following this logic, we find that the elec-
tromagnetic and optical wave transport in macroscopic me-
dia and materials, which are governed and described solely
by Maxwell’s equations, should be closely related to the elec-
tromagnetic and optical response of microscopic atoms, which
are governed and described by Schrodinger’s equation. In this
regard, in a qualitative sense, the new theory under construc-
tion has already possessed the power to connect microscopic
world with macroscopic world and to connect classic physics
with quantum physics.

To place the new theory on a quantitatively solid ground,
the first step we take is to find and settle down the building
block of the theory, which is the microscopic volume polar-
izability o« used to describe the optical response of a single
atom. This parameter can be used to calculate quantum me-
chanically by adopting some mature first-principle condensed-
matter physics methodologies. The second step is to account
for the overall optical response for a single atomic layer con-
sisting of an infinite number of atoms within the cross sec-
tion perpendicular to the light transport direction. It turns
out that the microscopic atomic-layer line polarizability op,
connected with atomic volume polarizability ¢ and the effec-
tive cross section AS via the formula ap = o/(€AS), can

serve as such a critical optical quantity. Based on the quan-
titative parameter of the microscopic atomic and atomic-layer
response, the third step is to account for the macroscopic opti-
cal response for such a single atomic layer. To do this we use
the only available physics theory for light and electromagnetic
wave, i.e., Maxwell’s equations in the vacuum background, to
solve the transport of electromagnetic wave through a single
atomic layer under the simplest situation of normal incidence
and lateral polarization of plane-wave light, and more com-
plicated situations of arbitrary incident angles and polariza-
tion states of plane-wave light beam. With the assistance of
well-established 1D transfer-matrix method, we can construct
the single atomic layer transfer matrix. We have found that
such a microscopic transport quantity holds the key to solving
and extracting light transport characteristics for not only sin-
gle atomic-layer 2D material and few atomic-layers 2D mate-
rials, but also many atomic-layers films and macroscopic op-
tical films. With such deep physical insight, the fourth step in
our theory is to employ the single atomic-layer transfer matrix,
incorporate some simple transfer-matrix methodology, and de-
rive the analytical formulations for all relevant optical quanti-
ties. These include the transmission/reflection/absorption co-
efficient, which are extrinsic optical properties, for different
microscopic and macroscopic materials and media, and the
dispersion relation, refractive index, and dielectric constant,
which are obviously intrinsic optical properties, for macro-
scopic homogeneous media. In some sense, these four-step
procedures comprise the center core of the atomic-scale elec-
tromagnetic theory we aim to develop and construct. By mak-
ing a comparison with solutions obtained based on macro-
scopic continuum-medium Maxwell’s equations, we can build
a bridge between the microscopic atomic polarizability and
macroscopic dielectric constant/refractive index. The idea is
that when the atomic layer number is very huge, the optics
obtained by the atomic-scale electromagnetic theory should
accord perfectly with the macroscopic electromagnetic theory
based on continuum-medium Maxwell’s equations.

Notice that in the above four-step methodology of atomic-
scale electromagnetic theory, there is a basic assumption that
all atoms and atomic layers are immerged within vacuum, a
common background of matter. This is of course consistence
with the building law of our world and nature. Such an op-
eration can bring great convenience in the usage of the math-
ematics of transfer-matrix method and great flexibility in the
application of the physical theory, as one can freely incorpo-
rate arbitrary building blocks of single atomic-layer transfer
matrix (one specific matrix for one kind of atomic layer), into
whatever complicated structures and materials by simple oper-
ations of permutation and combination, similar to the situation
in macroscopic optics.[*>! As a consequence, the developed
theory can handle single-layer and few-layers homogeneous
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and heterogeneous 2D materials, investigate homogeneous 2D
materials with various vacancy or insertion atomic-layer de-
fect, study compound 2D materials with a unit cell composed
of several elements in both the lateral and parallel directions
with respect to the light transport. Of course, the developed
theory can equally handle a macroscopic single-element and
compound medium consisting of a large number of homoge-
neous and heterogeneous atomic layers. Obviously one can
see that the new theory can cover a very broad range of micro-
scopic optical problems.

An obvious new power of this atomic-scale electromag-
netics theory is that it readily allows one to handle light
transmission through single-layer and few-layer homogeneous
and heterogeneous 2D materials with/without atomic-layer
defects. This power is highly expected and desired by re-
searchers in the material sciences, the big family of 2D ma-
terials. Besides, it enables one to examine and answer a fun-
damental question as to whether or not there exists surface op-
tical states whose electromagnetic fields are confined around a
microscopic single atomic layer, although whose size is three
orders of magnitude smaller than the wavelength of light. No-
tice that all these matters are far from continuum medium, and
the ordinary dielectric constant and refractive index are not a
good quantity to describe optics and electromagnetics, or even
hard to define. Therefore in principle, macroscopic Maxwell’s
equations, which so far are the only physics theory govern-
ing and describing all optical and electromagnetic phenomena,
cannot directly apply to these microscopic matters and mate-
rials. In this regard, the atomic-scale electromagnetic theory
would fill in these big gaps and vacancies of optics and elec-
tromagnetics in the microscopic world.

All the new powers promised by the developed atomic-
scale electromagnetic theory have been well demonstrated by
a series of calculation results performed upon several typi-
cal examples. This microscopic electromagnetics and optics
theory can greatly help to deeply understand all microscopic
and macroscopic electromagnetic and optical phenomena from
the fundamental atomic origin. More importantly this atomic-
scale electromagnetic theory can set an example for construct-
ing a bridge of optics, physics and science between micro-
scopic and macroscopic world. Nonetheless, it is worthwhile
to notice with caution that the atomic-scale electromagnetic
theory alone itself is not able to describe optics and electro-
magnetics even armed with all the above mentioned promis-
ing ways, because it still requires the input of phenomeno-
logical microscopic optical response quantities as atomic vol-
ume polarizability o and atomic-layer line polarizability op.
If o and a;p are unknown, the atomic-scale electromagnetic
theory would lose its power. This is similar to the situation
of macroscopic optics and electromagnetics, where Maxwell’s
equations would lose the power to describe and predict opti-

cal and electromagnetic phenomena if the dielectric constant
€ and refractive index n are unknown. Therefore, the atomic-
scale electromagnetic theory should closely work with other
physical and chemical theories based on quantum mechanics
to find out the atomic and atomic-layer optical response ¢ and
agp under various situations where the electronic/chemical
interaction between different atomic layers (adjacent or non-
adjacent layers) is weak (thus negligible) or strong (thus not
negligible). A more promising way is to work with experimen-
tal measurements of macroscopic optical quantities as trans-
mission, reflection, absorption, phase change, and polarization
change as a function of light wavelength or frequency, to de-
termine all the microscopic optical response quantities for var-
ious matters and materials, either single element or compound,
much as macroscopic optics and electromagnetics have done
in the past decades and centuries.

Another important issue that we need to take into full ac-
count is to extend the current methodology of atomic-scale
electromagnetic theory from 1D configuration that applies
well to the big family of 2D materials, classical thin film mate-
rials, and of course classical homogeneous media, where ana-
lytical formulations are available, to more complicated 2D and
3D configurations for the optics and electromagnetics of mi-
croscopic wires, fibers, and islands with atomic and nanome-
ter scale far smaller than the wavelength light. Currently the
analytical solution and formulation are still not available for
2D and 3D configurations when combined with the point con-
figuration of single atom, and this surely will hinder the con-
struction of simple atomic-scale electromagnetic theory for 2D
and 3D and then see what the difference from classical macro-
scopic electromagnetic theory based on continuum-medium
Maxwell’s equations. Yet, the physics and mathematics in-
sight accumulated from the current 1D theory might be a good
hint for 2D and 3D theory. Only at that time when all ingredi-
ents and methodologies involved within the atomic-scale elec-
tromagnetic theory are fully at hand, can the new microscopic
theory shine all its great powers in the history of science and
technology.

Appendix A: Electromagnetic field radiated by
surface currents

(1) Principle of radiation from a single atomic layer
modeled as d-function surface current In this Appendix
material, we derive the electromagnetic field radiation from
a surface current formed at a single atomic layer and build
the boundary condition connecting the electromagnetic field
across the atomic layer. The schematic illustration of this

problem is depicted in Fig. Al.
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Fig. Al. Schematic picture illustrating radiation of electromagnetic wave
from a d-function surface current that is employed to model the optical
response of an atomic layer excited by an incident electric field. The
atomic-layer surface current is pointing within the xoy plane, namely, the
atomic layer, and perpendicular to the surface normal of the atomic layer,
namely, the z-axis direction.

We start with the following well-established Maxwell’s

equations:
B JE
VXFE=— ,VXB:,UOJ—Fs()‘UOW,B:VXA,

9B
ot
(AD)
where J is the polarization current density, and its expression
is
0
A2
5 (A2)

The relationship between the vector potential A and the polar-

P
J = (JJ,,0) = Z— = —ioP = —io(PP,,0).

ization current density J is

Lo J(r eik}’

For the dipole polarization, the electric polarization intensity

(A3)

and the dipole moment satisfy

P = poe! Btk § (2) = (po.poy,0) e I § (7). (Ad)

Combining Egs. (A2)-(A4), we get

. ikr , ,
A(,,):_M/V%el(kxﬁkﬂ)a(z’) dv’. (A5)

47

We suppose that the coordinate of the source point is 7’ =
(x',y',7') and the coordinates of the field point are » = (x,y,z),
then r = \/(x —x)+ (y— y’)2 +(z— z’)z. Using the proper-
ties of the §-function, Eq. (A5) can be changed to

A(r)
1L @Wpo elkr i (k' +h:2') / /
- et s
r

_ l,uoa)po/ S’/ e ikr kxX'+k )5(2/) d7

luowpo oY) 42

ek 45’ (A6)

—y)+22

/ \/ (x—x")
Converted to polar coordinates to solve the double inte-

gral, Eq. (A6) can be simplified as

X2 (y—y) 22 Gt 1o
e ds

/ 1 x
\/x )+ (y—y)+22
o V242

v el /
m
e [ eV T ikercos@
ex/oﬁrdr/_ne* deé
e [ eV T ikersing
= ex/oﬁrdr/_ne* de
ik [ iV
= 2me'™ A ﬁﬂo (kyr) dr.
Through the substitution method, the integral part of Eq. (A7)
is simplified to

/
1kxx dS/

(A7)

ro0 eik\/ r2 422
) WK’O (er) dr
22 o
tet=b / SEFA (kx\/bz fz2> db, (A8)
Z
where Jy(x) is the O-order Bessel function, i.e.,
/ Jo (b\/ x?— a2> sin (cx) dx
a
0, 0<c<b,
= cos(u\/ cszz) (A9)
—Ta 0<b<ec,
2
/ Jo (b\/ x?— a2) cos (cx) dx
a
exp(fa /72702)
———Z 0<c<b,
- Ve (A10)
sin (a\/ cszz)
—-——— 7 0<b<ec.
2—_p2

(2) Radiation fields of homogeneous wave We first ex-
amine the situation where the surface current creates the ra-
diation field of homogeneous wave well studied in classical
optics. When k > k,, Eq. (A8) is equal to

/ ek, (kxx/bz —z2) db

Z

- /w [cos (kb) + i sin (kb)] Jo <kx\/l727—22) db

z
sin (\zI \//fk%) _cos (\Z| \/W)

= ]
(e k2
exp (i |z| /K> fk)%)
—i : (AL1)
ey
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According to the integral result of Eq. (A8), the vector poten-
tial can be obtained as

HoWPpo

e ikcrtikl2
2k,

A(r) = (A12)

In the right half plane, z > 0, so the magnetic induction inten-
sity can be obtained as

V % Do ei(kxx-ﬁ-kzz) .

How
B=VxA= Al3
% (A13)
In the left half plane, z < 0, we can get the magnetic induction
intensity, i.e.,
Ho
2k,

B =V X A = i(k.xxszz).

(Al4)

(2.1) Case of TM mode On the one hand, we consider the
TM mode, in this case, the polarization direction is parallel to
the incident surface, i.e., po = (pox,0,0), so we get

A(r) = Ho @ poy ikxx+ikzzax7 >0,
2k,
A(r) _ :’“‘,'Oa)poxeikX)(—ikgzalx7 7< O,
2k,
B=VxA= 1'u;wlr)oxei<kxx+kzz)ay, z>0,
B _ V % A _ lu;]w(7p0x)ei(kxx—kzz)ay7 < O’
E="vxp="H0 ) eilkethd (g 0k), 2>0,
k 2k
E= %v x B = cz‘ffw (—pox) el ®5) (k_0.k,), 7 < 0.
(A15)
Thus, the boundary conditions are
E(z=0")=Ex(z=0") =E,(z=0),
Hy(z=0")—Hy(z=0") = —J, = iopo,
= iwgapEx(z=0), (A16)
which can be written as another equivalent form as
d d d
—Hy(z=0")=—Hy(z=0")==—Hy(z=0
aZ Y(z ) az )(Z ) aZ )(Z )a
d
Hy(z=0")—Hy(z=0") = oup=Hy(z=0), (A17)

0z

where we have used the connection between the local field £
and the dipole strength p through the atomic-layer line polar-
izability o p.

(2.2) Case of TE mode On the other hand, we consider
the TE mode, in this case, the polarization direction is perpen-
dicular to the incident surface, i.e., po = (0, poy,0), we can
get

Ho®poy

A(r)= T elbtikio 750,
Z

0] ikpx—i
Afr) = HOOPO gitscitzq - <o,
2k,
o ,
B= ﬂpme‘("‘”kﬂ) (—ke,0,k), 2> 0,
2k,
o _
B = 0% by, ik (1, 0,k,), 2 <0,
2k,
N 0] .
E= ﬂPOyf:l<]€x}c+l<‘7z)‘1y’ 2> 0,
2k,
® A
E = Ko pOye‘<kxx*kzZ)ay, z<0. (A18)
2k,
Thus, the boundary conditions are
Ey(z=0") =Ey(z=07) =E,(z=0),
Hi(2=07) ~Hx(z=07) = J, = —iopo,
= —iwgupEy(z=0), (A1)

which can also be written as another equivalent form as

Ey(z=0")=Ey(z=0") =Ey(z=0),
0
dz

(3) Radiation fields of evanescent waves We consider

iEy(z =0")—

7 Ey(z=0") = -k oupEy(z=0). (A20)

another situation where the surface current creates the radia-
tion field of an evanescent wave, which is also well studied in
classical optics. When k < k, the localized surface mode will
be excited. Similarly, Eq. (A8) can be changed to

/m ¥, (kxx/bz —z2) db
Mo <kx\/b2 —z2) db

= /w [cos (kb) + isin (kb

eXp( K \/W)

_ OZCXP(—IZIﬁ)7 (A21)
K2 —k? B
where 8 = \/kZ — k%. We further get
A(r) = —71”‘;;” 0 o —Blil+ikx (A22)

In the right half plane, z > 0, the magnetic induction intensity
is

ilo®

B=VxA=— 2B V x poe Petike, (A23)
In the left half plane, z<0, the magnetic induction intensity is
B=VxA—— ig‘l’;"v x poePtike (A24)

(3.1) Case of TM mode

On the one hand, we consider the TM mode, in this case,
the polarization direction is parallel to the incident surface,

i.e., p = (pox,0,0), we can get

ll.Lo(lJpox e Brtikex

A(r)=-— TR

a,, z>0,
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ilo®Wpoyx oBetikex

A(r)=-— 2B ax, z<0,

B= i‘UO#G:*BZ“]‘”(JW7 7>0,

B= —%eﬁz“ma}, 7<0,

E— %V B = —‘mczia]?"”‘e—ﬁ”im(ﬁ,o,ikx), 2> 0,
Eo %v B — %kpmeﬁmm (—B,0,ik), z<0.(A25)

Thus, the boundary conditions are still

E(z=0")=E,(z=07) = E,(z=0),
Hy(z=0")—Hy(z=0") = —J; = i®po,
= iwgopE,(z=0), (A26)
or equivalently
2 Hy(e=0")= ZH,=0") = 2 H(z=0)
Hy(z=0%)—Hy(z=0") = a,DiHy(z =0). (A27)

0z

Obviously they are the same as for the homogeneous wave ra-
diation when comparing with Eqs. (A16) and (A17).

(3.2) Case of TE mode On the other hand, we consider
the TE mode, in this case, the polarization direction is per-

pendicular to the incident surface, i.e., p = (0, poy,0), we can

get
L G Do ‘
Alr) = — 1o @ poy e_ﬁz+lk"xay, 7>0,
2B
oo ‘
A(r)= _ 1Ho®Poy ePtikerg 7 <0,
23 ’
B—_ 1o Wpoy efﬁz+ikxx ([3,0, ikx), 7> 0,
2B
B = MHOPPo perikx (g 0 ik), 7 <0,
2B
ic Hoc®kpoy g, ix.
E= ?VXB: Tye BZ+1 ‘Xa/), Z>O,
i ok ;
E="Cvyp=HCOP0 perikng -0, (A28)
k 2B
Thus, the boundary conditions are found to be
Ey(z=0") =E\(z=0") =Ey(z=0),
Hi(z=0")—H(z=07) =J, = —iwpy,
= —iwgoupE,(z = 0), (A29)

or equivalently

Ey(z=0")=Ey(z=0") = Ey(z=0),
d P -
jZEy(Z =0%)- 3ZE y(2=07) = —KaipEy(z=0). (A30)

(4) Extension to general situation of polarization states
and radiation angle The above discussions have clearly
shown the explicit analytical form of electromagnetic fields
E, B, and H radiate from a surface current sheet of infinitely
thin thickness J. More importantly, if this surface current
J is ignited by the incident electric field E upon a single
atomic layer of line polarizability op, then the radiated elec-
tromagnetic field E and H in the left and right hand sides
of the atomic-layer surface current have a simple connection
formulation. This connection form can set the boundary con-
dition pivotal for solving current problem of light transporting
through single and multiple atomic layers. It is well known
that in classical optics and electromagnetics for light and elec-
tromagnetic wave passing across the boundary of two different
dielectric media, the solution of electromagnetic fields based
on Maxwell’s equations in each medium and building their
connection at the boundary via invoking the well-established
boundary conditions (the tangential components of electric
and magnetic field must be continuous across the boundary)
are two indispensable steps. The boundary condition match-
ing must use the continuous medium permittivity € and per-
meability y. Now for the current problem of atomic-scale op-
tics and electromagnetics where the continuous medium per-
mittivity € and permeability u are no longer applicable accu-
rately, we still can construct the boundary conditions of elec-
tromagnetic wave and field when light passes across a single
atomic layer, no matter the incident and radiation wave and
field are homogeneous or evanescent. For TE mode, the con-
nection/boundary conditions are

)

e
—~
]
|
o
+
~—
||
A
||
||
«(
—~
]
|
(=]
~—

0~
0~

=
—
s\l
I
(e}
+
~—
|
A
||

or equivalently

Ey(z=0")=Ey(z=0") =Ey(z=0),
J d _
jZEy(z: 0") — pRALE W(z2=07) = —k*oupEy(z =0). (A32)
While for TM mode, the connection/boundary conditions are
Ex(z=0")=E(z=07) = E(z=0),
W(z=0")—H,(z=0") =iwgaipE,(z=0), (A33)
or equivalently
0 . 0 _ J
SHy(:=0%) = 3 H,(:=07) = 3_H,(:=0),
0
Hy(z= 0") —Hy(z=0")= alDa—ZHy(z =0). (A34)

These two sets of connection/boundary conditions, in particu-
lar, Egs. (A32) and (A34) will be used in the entire scope of
the current work.
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We might consider a more general situation of incident
light polarization and inclined angle and construct the con-
nection/boundary conditions of electromagnetic field across
the atomic layer. The answer can be found by referring to
Eqgs. (A31)—(A34), which are

E((z=07)=E(z=07) =E«(z=0),
Ey(z=0")=Ey(z=0") =Ey(z=0),
Hi(z=0")—Hy(z=0") = —iwgaipEy(z = 0),
Hy(z=0%) — Hy(z = 07) = iogo0oipEs(z = 0).  (A35)

In a more compact form similar to the classical optics and elec-
tromagnetics, we have

nx(Et—E)=0, nx(H" —H ) =—iogapE.
(A36)

Here n is the surface normal unit vector of atomic layer, and
all the electromagnetic field components take the value right
at the site of atomic layer.
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