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Abstract

We propose a Brewster-like reflectionless transmission effect of evanescent waves: no evanescent
reflected waves are observed at evanescent wave incidence on a plane interface of two media. Similar to
the well-known Brewster effect for propagating waves, the proposed Brewster-like effect for evanescent
waves occurs when surface impedances of waves in the neighboring media are equal. Contrary to the
known Brewster effect for complex incidence angles related to the existence of some surface wave (when
surface impedances are equal for evanescent waves to both sides of the two-media interface decaying in the
directions away from the interface), the proposed Brewster-like reflectionless transmission corresponds to
the surface impedances equality for evanescent waves decaying in the same direction. It was shown that the
proposed Brewster-like effect for evanescent waves can occur for both (p- and s-) polarizations and only for
magnetic media (u # 1 for at least one of the two neighboring media). Based on the proposed Brewster-like
reflectionless transmission of evanescent waves, we suggest a method of a totally-reflected-wave’s phase
patterning with a pattern vanishing exactly at Brewster’s angle.
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1. Introduction

The famous Brewster effect has been known for more than two centuries in optics of dielectric media [1].
This effect is one of the basic ones in polarization optics and it has numerous applications, e.g., in polarizers,
glare filters, gas lasers, for broadband angular selectivity, for avoiding unwanted light reflection in holography
and microscopy [2-7].

Due to the rapid development of electrodynamics of metamaterials (including optics of metamaterials
with non-unit magnetic permeability [8-11]) in the last years, the Brewster effect has been intensively studied
for magnetodielectric media interfaces [12-19]. For example, the Brewster effect was predicted for s-polarized
waves on an interface of two magnetodielectric media with positive refractive indices [12,13,19], for either
s- or p-polarized waves on an interface of media with positive and negative refractive indices [18]. In addition,
it was shown that under some conditions the Brewster angle at a two-media interface is absent for both
polarizations [15] or under some other conditions it exists simultaneously for both polarizations [15].

The extension of many effects formerly known for propagating waves to the case of evanescent optical
waves (near field) has been one of the important trends in modern optics (nanooptics) in the last two
decades. Thus, a near-field optical microscope [20], near-field optical tweezers [21], near-field molecular
spectroscopy [22,23], and near-field holography [24] have been developed. In the current article, we consider
transmission of evanescent waves through systems of magnetodielectric layers and, in particular, analyze
an analog of the Brewster effect for evanescent waves when no evanescent reflected waves are observed at
evanescent wave incidence on a plane interface between two media (below we will refer to this effect as the
Brewster-like reflectionless transmission of evanescent waves).

First, we recollect features of the Brewster effect for propagating waves in magnetodielectric layers.
Then, we analyze if a Brewster-like reflectionless transmission of evanescent waves exists. Finally, we consider
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a possible application of the Brewster-like reflectionless transmission of evanescent waves.

2. Theory. Description of the Brewster effect for propagating waves in terms of
surface impedances

First, let us recollect features of the Brewster effect for propagating waves. The well-known Brewster
effect on an interface of two dielectrics proves itself as zero reflection of a p-polarized propagating plane
wave incident on this interface at a certain angle (Brewster’s angle). Similarly, the variations of the Brewster
effect at interfaces of magnetodielectric media (either for p- or for s-polarization) studied in [13-15, 18] show
themselves in zero reflection of propagating plane waves incident on these interfaces at certain angles. This
zero reflection, corresponding to Brewster’s angle, meets the equality condition of surface impedances Z of
waves in neighboring magnetodielectrics (read [25] on surface impedance). Indeed, let us consider a plane
interface of two half-spaces filled with magnetodielectrics with permittivity and permeability e; and p; and
with €2 and po (see Fig. 1).

& H

Fig. 1 — Transmittance of a plane wave through an interface between magnetodielectric with dielectric permittivity 1
and magnetic permeability p1 and magnetodielectric with 2 and po.

By definition, surface impedance Z of a plane wave incident on a plane surface is the proportionality
coefficient between the electric field component F; tangent to this surface and the tangent component H; of
the magnetic field of this wave:

Et:Z[Htxn], (1)

where n is a normal vector to the surface [25]. Thus, surface impedance is a value determined both by the
plane wave and by the surface considered. Surface impedance characterizes a single (with definite wave
vector k and definite polarization s- or p-) wave incident on a plane surface. Note that Z of a reflected wave
has the opposite sign compared to Z of the incident wave because H; changes its sign on reflection concerning
the xz-plane whereas E; remains unchanged. The Maxwell’s boundary conditions are known to require the
continuity of electric and magnetic field tangent components at a media interface. Therefore, the equality of
the surface impedance of a wave in one medium to the surface impedance of a wave in another — neighboring
— medium means that only one wave (either incident or transmitted) in each medium is needed to meet the
boundary conditions on the media’s common interface. In other words, when the surface impedance of a
wave incident on an interface from one medium equals to the surface impedance of the transmitted wave in
another medium to the other side of the interface, the reflected wave is absent.

Let us consider the cases of p- and s-polarized waves in more details and derive expressions for surface
impedances in magnetodielectric medium. We consider a plane wave with the wave vector k; incident on
a plane interface parallel to the coordinate plane xz (see Fig. 1). The plane of incidence is parallel to the
coordinate plane zy and the tangent component of the wave vector equals to k, (this component remains the
same for waves in both sides from the interface). First, let us consider p-polarized waves with magnetic fields
parallel to the z-axis. The z-component of the magnetic field is H, = A, exp (ik1,y + tkyx) (here and further
we omit the factor exp(—iwt)), where k1, = \/kie1p11 — k2 is the y-component of the wave vector k; in the
first medium, A, is the magnetic field amplitude and kg is the wave number in vacuum. From the Maxwell
equations, B, = —(0H,/0y)/ikoe1 = —k1yH,/koe1. Therefore, the surface impedance of the wave in the first
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medium with €; and p; is

7 = E, _ _& _ kly _ k8€1/,61 - k% (2)
p = [H X ey]m Hz ]{5061 koEl '

The surface impedances equality condition
\/k%é‘l,ul — k%/koé’l = le = ng = \/k%é‘gug — k%/k)oSQ (3)

(ka/ko); = €182 (112 — e2pm1) / (€3 — €3). (4)

gives

In the case of nonmagnetic media, this condition has the form of (k,/ko)* = e162/(e1 + €2) and

transforms into the well-known formula tana; = (k. /ko) /\/51 (k /ko = y/e2/e1, where a; is the

incidence angle of a wave in the medium with dielectric permittivity .

By analogy, we consider an s-polarized wave. The electric field is directed along the z-axis and
equals to E, = A, exp (ik1,y + ikyx), where A, is the electric field amplitude. From the Maxwell equations,
H, = (0E./0y)/ikop1 = kiyE. /kop1. Therefore, the surface impedance of the wave in the medium with &,
and pq is

E, E, k k
Z1s = 17 T H, ISMI - 2 - 2’ (5)
[ z X ey]z x 1y koel,ul — km
and the surface impedances equality condition Z1, = Zo4 gives the formula for Brewster’s angle
(o /ko)2 = papia (e2p11 — €1p12) [ (13 — 13). (6)

Even though the Brewster effect in magnetodielectric media was described and studied more than
forty years ago [19], the case when there are only waves evanescent in the y-direction in neighboring layers
(i.e. the “complex incidence angle” case when k2 > kZequ1 and k2 > kZeapuiz) has been analyzed incompletely.
In particular, the case of surface impedances equality for evanescent waves decaying in the same direction
(e.g. in the +y-direction) in two neighboring media has not been considered yet. On the contrary, the case
of surface impedances equality for evanescent waves to both sides of the two-media interface decaying in
the directions away from the interface is well-studied and is commonly related to as the Brewster condition
at complex incidence angles [26]. The last case corresponds to a surface wave running along the two-media
interface (e.g. surface plasmon-polariton, Zenneck wave etc.) [26,27].

In the present paper, we carefully analyze the case of an evanescent wave incidence on a two
magnetodielectric media interface and find out whether a kind of a Brewster-like reflectionless transmission
exists in this case of evanescent waves.

3. Results. The Brewster effect for evanescent waves

Let us consider a medium with €; and p; (we consider only real-valued dielectric permittivities
and magnetic permeabilities in this paper). Let a p-polarized plane wave evanescent in the y-direction
with k2 > kZequ1 propagate in this medium. In this case, magnetic field H, = A, exp (—k1,y + ik,x) and
the z-component of the electric field E, = —(0H./0y)/ikoe1r = ki1yH,/ikoe1r = —Z1,H,, where ki, =

k2 — kEeipn > 0 and
le = 7/ﬁlly/l‘k0€1 = 4/ k% — kg&lp,l/iko{fl. (7)

By analogy, for an evanescent wave decaying in the y-direction with k2 > k2eouo in the medium with
epand o H, = A, exp (—Koyy + ikyx), and Ey = —Zo, H, = Koy H, [ikoeo, where koy = \/k2 — kieops > 0
and A, is the magnetic field amplitude in the second medium. Therefore, in the case of Z;, = Zy,, it can be
possible that only one above-mentioned evanescent wave decaying in the y-direction exists in each medium
(see Fig. 2) and Maxwell’s boundary conditions at the media interface are met.

Let us analyze in details the condition Z3, = Zs, under the assumptions e1,e9,u1,u2 # 0, k2 > kieip,
k2 > k052u2, K1y > 0 and kg, > 0. From this condition we obtain €162 > 0 (contrary to the surface plasmon-
polariton existence condition when k1, = —/k2 — k%elm < 0 and e162 < 0). The Brewster condition
Zip = Zyp in this case is

(ka/ko)s = €162 (€112 — £2p11) / (€1 — €3) > 0 (8)
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Fig. 2 — Dependencies of magnetic field z-component magnitude (in logarithmic scale) on the y-coordinate in the case

of a p-polarized plane wave with k, = ko1/85/12 incident in the zy-plane from the left. The black curve corresponds

to the case of e2 = 1.0 and p2 = 7.0, the solid red curve — to the case of €2 = 7.0 and p2 = 1.0. In both cases, € = 9.0,

p=1.0,e1 =5.0 and p; = 1.0. At y < 0 there is the medium with € and y, at 0 < y < 0.1 the layer with €; and

w1 is placed, and at y > 0.1\ there is the half-space with €2 and u2. The dashed red line is a straight-line segment
connecting points of the solid red curve

and is the same as given above (4) for non-evanescent waves. Then, assuming 3 > €3 without loss of generality,
we have €19 > eop1. In turn, from the conditions (km/ko)z > ey and (kz/k‘o)2 > eolio We have egjio > 141
(both for 0 < e3 < &1 and for &1 < €5 < 0). These conditions

g162 > 0, sf > eg, €1 > oy and Eagfia > E1[41 (9)

However, they require ps # py. Therefore, the Brewster-like reflectionless transmission for evanescent
p-polarized waves cannot be realized for nonmagnetic media.

By analogy, we consider the case of s-polarized waves evanescently decaying in the y-direction with
k2 > k2ey1py and k2 > k2eopo. In the first medium the electric field is E, = A, exp (—k1yy + tkyx) and the
x-component of the magnetic field is H, = E./Z1s = —k1,E. [ikop:, where

Zys = —ikopi /K1y = —ikom/\/ k2 — kgerp. (10)

It follows from the surface impedances equality condition —ikop1/k1y = Z15 = Zas = —ikopa /Ko,y and
with k1, > 0 and K9y > 0 that ppus > 0 and the Brewster condition Z1, = Zy, is

(ko /ko)2 = papa (e2p1 — e1p12) /(43 — 1) > 0, (11)

having the same view as for the case of non-evanescent s-polarized waves (6). Therefore, for the last inequality
along with conditions k2 > k3eju; and k2 > kZeaus to be compatible, the following conditions must be
satisfied (without loss of generality):

pipe >0, e1p1 > eope and eyps > eapy at ,u% > ,u%. (12)

Obviously, these inequalities require €5 # £1. As in the case of p-polarized evanescent waves, the
Brewster-like reflectionless transmission for s-polarized evanescent waves does not occur in nonmagnetic
media.

By a particular example let us illustrate the fact that a reflected evanescent wave is absent in the case
of equal surface impedances. We consider a layer of the thickness d = 0.1\ with £; = 5.0 and p; = 1.0 between
a half-space with 5 = 1.0 and us = 7.0 (to the right of the layer) and a half-space with ¢ = 9.0 and u = 1.0
(to the left of the layer) (see Fig. 2). The specified values of e1,e9,11,u2 meet the conditions (9) when the
Brewster-like reflectionless transmission for p-polarized evanescent waves can occur. Let a p-polarized wave
with the z-component of the wave vector k, be incident from the left half-space. The Brewster-like reflectionless
transmission through the interface between the layer with €; and p; and the right half-space with €5 and
o is realized at (km/kO)f, =e1e2 (e1p2 — e2p1)/ (3 — €3) = 85/12 (Eq. 4). In this case, (kz/ko); > e =5,
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(lcgﬂ/k:o)zz9 > gopg = 7 and (km/ko)i < e = 9. As shown in Fig. 2 (black curve), under the condition of
(kz/ ko)i = 85/12, only one evanescent wave (decaying in the y-direction) exists in the layer. On the contrary,

if 5 = 7.0 and py = 1.0, the Brewster condition is not met at (kg /ko)> = 85/12, and the field in the layer is
a sum of two evanescent waves, one of which decays in the y-direction and the other grows (see the solid red
line in Fig. 2 which is not a straight-line segment in the layer).

Thus, the proposed Brewster-like effect manifests itself in the absence of a reflected evanescent wave.
On the other hand, contrary to the Brewster effect for propagating waves, the power reflection coefficient is a
unity in some range of values of k, around Brewster’s angle because of total internal reflection.

4. Discussion. Reflected wave phase tailoring

One of the actively developing areas of modern electromagnetics is electrodynamics of metasurfaces —
surfaces structured on a subwavelength scale in a certain way. One of the applications of metasurfaces is
manipulating the phase and amplitude of reflected waves along a metasurface plane [28,29]. The described
Brewster-like reflectionless transmission of evanescent waves enables manipulating the phase of a wave
totally reflected from a layered surface depending on the thicknesses of layers. In this case, the reflected
wave phase may depend on the layers’ thicknesses only at incidence angles that do not meet the Brewster
condition ((4) or (6)) whereas the phase of the reflected wave is independent of the layers’ thicknesses if the
incident wave satisfies the Brewster condition.

To illustrate this effect, let us consider a plane magnetodielectric layer between two half-spaces of
magnetodielectrics (see Fig. 3) again. Let a p-polarized plane wave with z-component k, of the wave vector
be incident from the left half-space.

& Hy | & M

d

— Z Y

Fig. 3 — The structure demonstrating manipulation of a reflected wave phase. A plane wave with z-component k, of
the wave vector is incident from the left half-space with € and p on a layer with €1 and 1

If the Brewster condition (4) is met at the interface of the layer and the right half-space, a reflected
evanescent wave (growing in the y-direction) is absent in the layer. Therefore, the characteristics of the
wave reflected in the left half-space is independent of the layer thickness. Indeed, this can be seen in Fig. 4,
where the phase of the reflectance r in the left half-space is shown as a function of k,/kq for different layer
thicknesses d and for €5 = 1.0 and ps = 7.0 (the 7 magnitude equals to 1 at the Brewster condition because
(kz/ ko); > e9/i2). However, if the Brewster condition (4) is not met there is a reflected evanescent wave in
the layer growing in the y-direction, which leads to the dependence of r phase on d.

Based on this effect of reflectance phase independence on d at the Brewster condition (4) and reflectance
phase dependence on d for other incidence angles, we could tailor the reflected field phase distribution along
the reflecting surface (by setting the distribution of d along the surface while the interface between the
medium with € and p and the medium with £; and p; remains plane) so that this distribution depends on the
incidence angle k,/kqo. At Brewster’s incidence angle, the reflectance from the surface has a uniform phase
distribution.

5. Conclusions

In the paper we proposed the Brewster-like reflectionless transmission of evanescent waves through a
two-media interface. If an evanescent wave is incident on a plane interface between two media (in the case
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Fig. 4 — Phase of the reflectance r in the left half-space (see Fig. 2 or Fig. 3) as functions of ks /ko. The black curve
corresponds to the layer thickness d = 0, the red curve — d = 0.05\, the blue curve — d = 0.1\

of incident wave decaying along the normal to the interface in the direction to the interface), the reflected
evanescent wave, decaying in the direction opposite to that of the incident wave, may be absent. Similar to the
known Brewster effect for propagating waves, the proposed Brewster-like effect for evanescent waves occurs
when surface impedances of waves in the neighboring media are equal. Contrary to the known Brewster effect
for complex incidence angles related to existence of some surface wave (when surface impedances are equal for
evanescent waves to both sides of the two-media interface decaying in the directions away from the interface),
the proposed Brewster-like reflectionless transmission corresponds to the surface impedances equality for
evanescent waves decaying in the same direction.

We considered both the cases of p- and s-polarized waves. It was shown that the Brewster-like
reflectionless transmission for evanescent waves could occur for any of these polarizations. In the case of each
of these polarizations, it is necessary that at least one of the two neighboring media has magnetic properties
(i.e. has magnetic permeability different from unity) for the reflectionless transmission to take place.

Based on the Brewster-like reflectionless transmission effect for evanescent waves, we proposed a
method of tailoring of totally-reflected-wave phase distribution in the plane of a reflecting surface. If we
take such system of plane layers as a reflecting system, that the Brewster condition for evanescent waves
is met at the interfaces between these layers, the reflected wave phase will be independent of the number
and the thicknesses of these layers at the Brewster condition. However, at other angles the reflected wave’s
phase will depend on the characteristics of this layered system. This fact could be used for the development
of a structured layered system with layers’ thicknesses varying along the layers plane, thus, providing a
desired totally-reflected-wave phase distribution. This distribution would be observed only for incidence
angles different from Brewster’s angle, whereas the phase distribution would be uniform at Brewster’s angle.
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AHHOTALUSA
Mpr onucbiBaeM ¥ TEOPETUYECKU aHAIU3upyeM 3P deKT 6e30TPparkaTeIbHOIO ITPOXOXK IEHUS

9BAHECIEHTHBIX BOJIH Yepe3 TPaHMIly cpej, nofobublil addekry Bpiocrepa s pacipocrpans-
fomuxcsa BoH. Janubiit 9¢pdekT BhIpakaeTcs B TOM, UTO €CJIU Ha IUIOCKYIO TPaHUILy pasiesia
JIBYX CDP€J] IIaJIaeT IBAHECIEHTHAsI BOJIHA (KOr/a M IAI0IIas BOJIHA 3aTyXaeT B HAIPABICHUN
[I0 HOpDMaJM K IDaHUIle pa3jesa JBYX Cpell), TO OTParKeHHasl IBAHECIeHTHasl BOJIHA,
3aTyxalolias B HAIPABJIEHUHU, IPOTUBOIIOJIOXKHOM HAIIPABJIEHUIO 3aTyXaHUsl MAJAI0MEN BOJTHbI,
orcyrcrByer. HazoBem nannblii apderT Ge30rparkaTebHBIM IPOXOXKIEHNEM Bprocrepa st
3BaHeCIeHTHBIX BostH. [logobuo m3BecTHOMY 3ddexTy Bprocrepa mjst pacpocTpaHsonmxcs
BOJIH, 0e30TpazkaTelbHOe MPOXOXKIEeHWe DBprocrepa [Jisi 9BaHECIEHTHBIX BOJH BO3HUKAET,
KOIJIa TIOBEPXHOCTHBIE MMIIEJAHCHI BOJIH B IPAHUYAIINX CPejax paBHbL. V3BecTHBbIN a3ddekT
Bprocrepa 11 KOMILUIEKCHOTO yIvia IaJEHHs CBSI3aH C CYIIIECTBOBAHHEM IIOBEPXHOCTHOI
BOJIHBI, KOTJIa TOBEPXHOCTHBIE UMIIEIAHCHI PABHBI JIJIsl 9BAHECIEHTHBIX BOJIH 110 00€ CTOPOHBI
PPAHUIBI, 3aTyXalONUX B HAIPABJIEHUAX OT I'DAHUIBI ABYX cpen. [Ipu sroM onmcbiBaeMoe
HaMH Ge30TparkaTeIbHOE IIPOXOXKIeHne Bpiocrepa cooTBETCTBYeT PABEHCTBY ITOBEPXHOCTHBIX
UMIEIAHCOB JIJIsi YBAHECHEHTHBLIX BOJIH, 3aTYyXAIONUX B OJHOM U TOM K€ HAIPABJICHUMU.
st TUIOCKUX T'paHUIl ABYX Cpell ObLIO TEOPpEeTHYECKH MHoKa3aHo, 4To 3dderT Bpiocrepa
JJIsI 9BAHECIEHTHBIX BOJIH MOXKET MMETh MECTO KakK /I P-, TaK M JJIs S- IOJISIPU3AIINH,
[IpUYEeM TOJIbKO €CJIM XOTd Obl OJiHA W3 JBYX IpAHUYAIUX cpej 00JajaeT MarHUTHBIMUA
cpoiicrBamu (p # 1). Ha ocroBe paccMorpentoro adgdexra 6€30TpazkaTeIbHOrO IPOXOK ICHUS
Bprocrepa mpemjioykeH MeToZ HACTPOUKH (ha30BOIO pPACIPEIEsICHUSI BOJIHBI, HCIBITABIIEH
[IOJIHOE OTPArKeHHe, B IVIOCKOCTH OTPArKAIOIIEH TOBEPXHOCTH, IPUTOM YTO JAHHOE (ha30BoOe
pacripejiesieHue IPEeBPAIIAETCs B OJHOPOJIHOE IIPU YCIOBUN H€30TParKaTesIbHOIO IIPOXOXK JIEHUST
Bprocrepa.

KuroueBnbie ciioBa: adpdekt Bprocrepa, sBaHeciieHTHaAs BOJIHA, OJIMXKHEE 110J1€, MATHUTOIU-
3JIEKTPUK, TTOBEPXHOCTHASI BOJIHA
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