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Optical interface engineering with on-demand magnetic surface conductivities
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Optical interfaces with arbitrary magnetic and electric surface conductivities can enable the design of photonic
devices with new functionalities, but practical approaches to date are nonexistent. Regular interfaces, such as
those with graphene, are optically interesting due to their tailorable electric surface conductivity. However,
their magnetic surface conductivity is negligible since the magnetic response in natural materials is generally
weak from the terahertz frequency onward. The quest for artificial magnetic response has recently triggered
the development of magnetic metasurfaces that, however, can only provide the interface with a limited value
of magnetic surface conductivity. Herein we find that vertical heterostructures based on regular nonmagnetic
metasurfaces have a direct correspondence to an optical interface with both magnetic and electric surface
conductivities, whose desired values can be structurally engineered. Moreover, we identify several unique
photonic and plasmonic responses at optical interfaces with specific magnetic surface conductivities, including

a polarization-insensitive Brewster effect and pure magnetic surface waves.
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I. INTRODUCTION

In many instances in material science, “the interface is
the device” [1,2]—an observation that is particularly true in
photonics and most notably with the advent of metasurfaces
and two-dimensional (2D) materials. In general, the optical in-
terface can be characterized with magnetic (o,,) and/or electric
(o.) surface conductivities [3—5]. From the duality principle,
magnetic and electric surface conductivities are of equal im-
portance since they control the character (e.g., wave front,
polarization, magnitude) [6-11] of electromagnetic waves,
and their prudent design can allow for beam shaping, steering,
and focusing [12-16]. As such, there is a continuing quest to
realize optical interfaces with desired values of magnetic and
electric surface conductivities.

However, for conventional optical interfaces (such as those
with graphene, a typical 2D material), they generally only
have an electric surface conductivity [17-22], while their
magnetic surface conductivity is almost zero, due to the weak
magnetic response in natural materials. As a result, for opti-
cal interfaces, their intriguing physics and applications have
been limited to cases only with electric surface conductivity,
while cases with magnetic surface conductivity have remained
largely unexplored, even in theory. Recent approaches to in-
ducing a finite magnetic response at the interface resort to
magnetic metasurfaces. The magnetic metasurfaces use res-
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onant geometries with rather complex, deep-subwavelength
irregular patterns, e.g., split-ring resonators, fishnet struc-
tures, and nanoparticle arrays [9-16,23,24]. In principle, a
strong magnetic response can be created through displace-
ment or conduction currents within the magnetic metasurface.
However, these deep-subwavelength irregularities unavoid-
ably pose difficulty and challenges in the fabrication process,
along with complexity in theoretical modeling. Despite the
considerable advances in magnetic metasurfaces, the reported
achievable values of magnetic surface conductivity are still
limited. A general strategy to engineer giant and even on-
demand magnetic surface conductivities would present a
fundamental breakthrough in the advancement of photonics.
Here, we propose a universal scheme to design optical
interfaces with on-demand magnetic surface conductivities,
whose value—in principle—can be unbounded. We moti-
vate our approach by first establishing a direct equivalence
between magnetic optical interfaces and vertical heterostruc-
tures. Note that for regular vertical heterostructures, especially
those composed of regular nonmagnetic metasurfaces and di-
electric slabs, their optical response is generally considered
nonmagnetic [17-22]. However, upon close inspection, we
reveal that these vertical heterostructures are, in fact, equiva-
lent to an optical interface characterized by effective magnetic
and electric surface conductivities. Remarkably, the magnetic
surface conductivity can be readily tailored, for example,
through the thickness a of dielectric slabs and the electric
surface conductivity o, of nonmagnetic metasurfaces. This
scheme then facilitates the exploration of intriguing physics
and applications of optical interfaces with magnetic surface
conductivity, such as transverse electric (TE, s-polarized)
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FIG. 1. Exotic photonic and plasmonic responses at the optical interface with on-demand magnetic surface conductivities. (a) Schematic
illustration of the effective optical interface with magnetic and electric surface conductivities, which are denoted as o,, and o,, respectively.
Such an optical interface (upper panel) can be effectively constructed by a vertical metasurface—dielectric—metasurface heterostructure (lower
panel), in which the metasurface (e.g., graphene) is nonmagnetic. For conceptual illustration, the figure in (a) is not plotted to scale; actually,
the distance between the two parallel interfaces is much larger than the C—C bond length in graphene. (b) Existence of Brewster effect and
surface waves in the parameter space of Im(o,) and Im(o,,). Here, and in the following figures, the regions above (region 1) and below (region

2) the optical interface are both free space.

or transverse magnetic (TM, p-polarized) magnetic surface
waves and a polarization-insensitive Brewster effect. The
polarization-insensitive Brewster angle can vary from 0° to
90° by engineering the ratio between electric and magnetic
surface conductivities. Moreover, we find the transmittance
through an optical interface with o, — oo can gradually in-
creases from zero to unity by increasing o,.

II. RESULTS AND DISCUSSION

We begin with the introduction of a universal scheme
to construct effective optical interfaces with a magnetic
surface conductivity by exploiting vertical heterostructures.
The vertical heterostructure is composed of a dielectric slab
sandwiched between two identical nonmagnetic metasurfaces
[Fig. 1(a)]. The dielectric slab has a relative permittivity of &,
(e.g., &, = 2 used in the calculation) and a thickness of a. For
the sake of simplicity, the regions above and below the dielec-
tric slab are both set to be free space. The only assumption
used in the derivation is that these nonmagnetic metasurfaces
in Fig. 1(a), such as graphene and metal-based nanostructures,
can be effectively treated as a homogenized interface and
modeled by an electric surface conductivity o, [17-22]. The
homogenization of these metasurfaces is generally reasonable,
if the size of their unit cells is much smaller than the wave-
length of the studied waves, including propagating waves and
surface waves. Meanwhile, this work is carried out under the
scenario that the distance between these two metasurfaces is
much larger than the bond length in their constitutive materials
(e.g., the C—C bond length in graphene).

After some calculations (Supplemental Material Sec. S1
[25]), the vertical heterostructure is found to be equivalent

to an optical interface with an effective magnetic surface
conductivity o,E (6, ™) and electric surface conductivity o E
(o™ for TE (TM) waves. These surface conductivities can
be derived by following a similar calculation procedure in
Ref. [26]. In short, they can be expressed as
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where k% = 3k, + 2k?iel is the wave vector of light within
the dielectric slab, |k%¢'| = €rko, and ko = w/c is the wave
vector of light in free space. The analytical calculations
in this work are actually applicable for both lossless and
lossy systems. For lossy systems, these conductivities are
complex numbers, of which the real part characterizes the
material loss. For conceptual brevity, the whole system be-
low is considered to be lossless. As such, o, and o, are
pure imaginary numbers. According to Egs. (1) through (4),
arbitrary magnetic and electric surface conductivities can, in
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FIG. 2. Exotic plasmonic response at the optical interface only with a magnetic surface conductivity. Here, o™ = 0, and the other
structural setup is the same as Fig. 1. (a) Field distribution of TE magnetic surface waves if the interface has Im(o,'¥) > 0. (b) Field distribution
of TM magnetic surface waves if the optical interface has Im(o;"™) < 0. The wavelength of TE or TM surface waves [namely, surface plasmon
polaritons (spp’s)] is denoted as At spp and Aqy opp, respectively. Here, and in the following figures, the working frequency of 2 THz is chosen.

principle, be achieved, for example, by engineering the slab
thickness and the electric surface conductivity of nonmagnetic
metasurfaces. With this fancy capability enabled by vertical
heterostructures, we now proceed to discuss some intriguing
plasmonic and photonic phenomena emerging at optical inter-
faces with magnetic surface conductivity.

Figure 2 shows that under specific circumstances, the
optical interface only with a magnetic surface conductivity
(namely, in the absence of electric surface conductivity) can
support the propagation of magnetic surface waves. Without
loss of generality, the dispersion of surface waves at an optical
interface with magnetic and electric surface conductivities is
governed by

UTE
(k" + wpoo, ") - (1 + k. wlm) =0 5)

and

™
(1 + M. Ze

we(

where kTE™ = /k2 — (kﬁE’TM)2 and kiE’TM are the compo-

nents of the wave vector perpendicular and parallel to the

) +ofom) =0 ©

interface, respectively. From Eqs. (5) and (6), the existence of
magnetic surface waves is only determined by o,,, regardless
of o,. That is, the optical interface supports TE (TM) magnetic
surface waves if Im(o,)F) > 0 (Im(o,'™) < 0). Similarly, o,
plays a determinant role for the existence of electric sur-
face waves. For brevity, the existence conditions for these
magnetic and electric surface waves are summarized in
Fig. 1(b).

Moreover, Egs. (5) and (6) indicate that if o] =™ = ( and
Im(aan:) > 0 (or Im(anT1M) < 0), the optical interface would
only support magnetic surface waves, without the appear-
ance of electric surface waves. While this knowledge, along
with Egs. (5) and (6), is widely known to the community of
plasmonics (see, for example, in Ref. [26]), how to create
the optical interface only with a required magnetic surface
conductivity remains elusive. We show in Fig. 2 that these
conditions can be realized through the judicious design of
vertical heterostructures.

Figure 2(a) shows TE magnetic surface waves sup-
ported at an optical interface that only has a magnetic
surface conductivity with Im(onfE) > 0. As can be seen from
Eq. (2), we have oF =0 for TE waves, if the nonmag-

netic metasurface has an electric surface conductivity of oy =
Kdiel irdiclasy  —ikdicla/>

o1t e T which can be realizable via regular design
ez e "z =
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FIG. 3. Exotic transmission at the optical interface with magnetic and electric surface conductivities. The structural setup is the same
as Fig. 1. Here we discuss the case with |aeTE’ ™| _ o0 under the incidence of either TE or TM waves with sind; = 0.8. (a) Transmission
coefficient 7T (T™) as a function of [Im(o,F)| ([Im(c,™)]). (b) Total field distribution under the incidence of TE waves. (c) Total field
distribution under the incidence of TM waves. The white dashed line in (b) and (c) stands for the designed optical interface.

methodologies for metasurfaces [17-19]. By substituting

this specific oy into Eq. (1), o,)F = —i- “ T
kd‘el(tdn ‘ 2 tcot =)

is obtained. Correspondlngly, if the dielectric slab has a

thickness of a € (&% e W,:;#) (N is an odd number), we

further have Im(o,ZE) > 0, which is exactly the condition

for TE magnetic surface waves. In Fig. 2(a), a = lk% and

o; = —19.77iGy . are applied in the vertical heterostfucture,
and then we have o =0, o F = 48.36iG ,, and kﬁE =
1.34ky for TE magnetic surface waves, where Gy, = e /4h
is the universal electric surface conductivity and Gy, =
Mo GO .

N Similarly, Fig. 2(b) shows the propagation of TM mag-
netic surface waves at the optical interface that only has a
magnetic surface conductivity with Im(o,"™) < 0 by exploit-
ing vertical heterostructures. From Egs. (3) and (4), (TeTM =

. e
0 and oM = —i.

el e if the nonmagnetic
e, (tan ~“5—-+cot <5—)

metasurface in the vertical heterostlgugture mlllas an electric
surface conductivity of oy = %% We further
have Im(o,'™) < 0, if the dielectric slab in the vertical het-
erostructure has a thickness of a € (4% e W@—#) (M is an

even number). In Fig. 2(d), a = (;(T{} and o, = 90.63iGy .

are used for illustration; correspondingly, we have o™ = 0,
o’ = —10.59Gy,, and k™ = 1.03ko for TM magnetic sur-
face waves.

Upon close inspection of Egs. (1) through (4), o,
and o B ™ can also be mﬁmte under specific circum-

stances. To be specific, if a = kdlel (n is an odd number), we

TE, TM

have Im(o/® ™) — 00 according to Egs. (2) and (4), and
o, /B ™| = | L | according to Egs. (1) and (3). Furthermore, if
o, =0 (namefy, the vertical heterostructure in Fig. 1 becomes
a bare dielectric slab), Im(o,/E™) — oco. Note that the opti-
cal interface with Im(o,"5™) — 00 has been rarely explored
due to the weak magnetic response available in nature, and it
can give rise to some exotic photonic responses, as shown in
Fig. 3.

Figure 3(a) shows the transmission of light through the
optical interface as a function of [Im(c,"=™)|, under the
extreme scenario of Im(o,® ™) — 0o and with a fixed in-
cident angle 6; (e.g., sin6; = 0.8 used in the calculation). If
[Im(o,"E-™)| — 0, total reflection happens [Fig. 3(a)-3(c)].

The transmittance |TTE™| increases with |[Im(oTE™)),
and it reaches unity if [Im(o,l5™)| — oo [Fig. 3(a)]. When
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FIG. 4. Exotic reflection at the optical interface with magnetic and electric surface conductivities. The structural setup is the same as
Fig. 1. (a) Reflection coefficients for TE and TM waves as a function of the incident angle. The polarization-insensitive Brewster angle
occurs at g = 47.7°. (b) and (c) Corresponding reflected and transmitted field distributions for TE or TM waves if the incident angle is
0; = 0 = 47.7°. For clarity, the incident field is removed. The white dashed line in (b) and (c) stands for the designed optical interface.

in (d).

perfect transmittance occurs, there is an abrupt phase change
between the incident and the transmitted waves at the de-
signed interface [Fig. 3(b) and 3(c)], since TTB™ = _]
[Fig. 3(a)].

We now turn to analyze another exotic photonic response
at the optical interface with both magnetic and electric surface
conductivities. We reveal in Fig. 4 that such an optical in-
terface can support a polarization-insensitive Brewster effect,
which is in drastic contrast to the extensively studied phe-
nomenon of a polarization-sensitive Brewster effect [27-29].
By allowing the reflection coefficients RTE and R™ to be zero
(Supplemental Material Sec. S2 [25]), the condition for the
Brewster effect is obtained as

TE
g &
—o = — . cos’fp e )
Om Ho
and
o e 1 ®

™ 2
o Ko cos“Op ™

where 0 g and 0p v represent the Brewster angle for TE
and TM waves, respectively. From Egs. (7) and (8), TE waves

TE N . . .. . . . .
Z:T,E fT?) The polarization-sensitive Brewster angle in (a) is highlighted as a red dot

"{E & e o, 1], while the

80
TM €
T

[1, oo]; see the brlef summary in F1g 1(b).
Generally, if Z TM # (‘°° )%, we have Op TE 7 OB.TM,

according to Eqs (7) and (8) that is, the Brewster effect
would happen at different Brewster angles for waves with

different polarizations, and it is thus polarization sensitive.

™
o.ﬂ

TE
However, if Z”ﬁ = (% )2, we would simultaneously have

R™ = R™ — () at the Brewster angle of 03 1e = 0p.tm = 05,
as exemplified in Fig. 4(a)—4(c). Correspondingly, the Brew-
ster effect for TE and TM waves occurs at the same Brewster
angle and becomes polarization insensitive. Note that the
condition for a polarization-insensitive Brewster effect can
be readily achieved by exploiting the vertical heterostruc-
ture. For example, when oy = 65.91iGp, and a = 0.1 mm
are used, this condition is fulfilled at 2 THz, and we have
a polarization-insensitive Brewster angle of 6 = 47.7° in
Fig. 4(a). Moreover, Fig. 4(d) shows that the polarization-

insensitive Brewster angle 0z can vary from 0° to 90° by
TE

judiciously engineering T and

oTE o™

= S = M <0 we have 6 = 0°. In addition, Supplemental

m m

. For example, when
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Material Fig. S4 [25] shows that the polarization-insensitive
Brewster effect can be approximately preserved under a rela-
tively small material loss.

III. CONCLUSION

In conclusion, we have revealed that vertical heterostruc-
tures have the capability to provide a universal platform for
the flexible design of effective optical interfaces with on-
demand magnetic surface conductivities, whose values are,
in principle, unbounded. This unique property allows us to
uncover some intriguing and hidden plasmonic and pho-
tonic phenomena at the optical interface with a magnetic
surface conductivity. Particularly, we have found the specific
conditions for optical interfaces to achieve the polarization-
insensitive Brewster effect, and we have demonstrated a
feasible scheme to construct the optical interface that only has
a magnetic surface conductivity and that can only support the

propagation of magnetic surface waves. Due to the flexibility
of our scheme to tailor the effective magnetic response, our
work may trigger many other fundamental studies on optical
systems with magnetic responses, such as the free-electron
radiation [30-32] from magnetic photonic crystals and the
near-field directionality [32—-36] from magnetic interfaces.
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