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Abstract: Nonreciprocal light phenomena, including one-way wave propagation along an
interface and one-way optical tunneling, are presented at terahertz frequencies in a system of
magnetically controlled multi-layered structure. By varying the surface termination and the
surrounding medium, it is found that the nonreciprocal bound or radiative Tamm plasmon
polartions can be supported, manipulated, and well excited. Two different types of contributions
to the non-reciprocity are analyzed, including the direct effect of magnetization-dependent
surface terminating layer as well as violation of the periodicity in truncated multi-layered systems.
Calculations on the asymmetrical dispersion relation of surface modes, field distribution, and
transmission spectra through the structure are employed to confirm the theoretical results, which
may potentially impact the design of tunable and compact optical isolators.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical non-reciprocity refers to the asymmetrical characteristics in the transmission of the field
when the source and detector are exchanged in their locations. This property is of immense
importance for devices such as optical isolators [1-3], which allows light to propagate one single
direction but blocks light in the opposite direction. The traditional way for realizing optical
non-reciprocity relies on magneto-optical (MO) Faraday effects in a system based on ferrite
materials, i.e. Yttrium Iron Garnet (YIG). However, owing to the intrinsic weakness of Faraday
effects, such ferrite-based systems are generally bulky, thereby hindering the miniaturization of
optical devices. Over the past two decades, enhanced nonreciprocal response is investigated in
photonic crystals (PCs) by use of optical resonances. For example, resonant Faraday rotation
response can be achieved by use of Bragg scattering in a magnetic photonic crystal waveguide [4],
and also based on guided resonances [5], it is possible to obtain strong nonreciprocal response in
a MO photonic crystal slab. Nonreciprocal behavior has also been demonstrated by considering
numerous other techniques or methods, such as spatio-temporal dynamic modulation [6-9],
opto-mechanical coupling effects [10-12] and the use of nonlinear optical processes [13-16].
It is well known that surface waves may possibly show nonreciprocal properties when the
time-reversal symmetry is broken in a system [17-22]. Recently, Raghu and Haldane [17, 18]
predicted firstly that the 2D MO PCs system can possess unidirectional photonic modes, which
are direct analogs of chiral edge states of the electron in the quantum Hall effect. The field of such
modes is bounded by the surface of PCs, exhibiting one-way wave propagation characteristics.
Followed by the proposed theoretical prediction, several research groups [19,20] realized and
observed experimentally the electromagnetic one-way edge states in different MO PCs. The
existence of one-way surface plasmon polaritons (SPPs) is also demonstrated in a plasmonic
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waveguide under a static magnetic field [21]. However, the working frequency for this device
is limited at visible spectral ranges, and meanwhile the required magnetic field is very high
(B > 10 T) and not achievable to date.

On the other hand, Tamm plasmon-polaritons (TPPs) are surface localized waves bounded at
the interface between a metal and a dielectric Bragg mirror and were proposed theoretically and
confirmed experimentally by Kaliteevski and co-workers [23-25]. As for conventional SPPs, the
confinement of TPPs on the metal side originates from the fact of the metal’s negative dielectric
constant at a frequency below its bulk plasma frequency. However, on the side of the Bragg
mirror, the confinement is not due to total internal reflection but to the photonic band gap arising
from the dielectric multilayer structure. Furthermore, TPPs can be supported in both the TE and
TM polarizations and be excited without the use of special optical techniques such as prism or
grating coupling. Due to the rapid growing interest in their properties, a number of potential
applications on TPPs have been found in the realization of various optical components, such as
absorbers [26], filters [27], optical switches [28,29], polariton lasers [30-32], and single photon
source [33] or the novel promising tool to engineer fluorophores emission [34-36].

Recently, great attention has been devoted to Terahertz (THz) science and technology due to
its real-world applications, including sensing, imaging and wireless communications [37-39].
However, there still exists a challenge on the realization of high-performance, tunable, broadband
and compact THz isolators, due to inadequate research of non-reciprocity mechanisms. In this
work, we aim to examine significant non-reciprocity for TPPs at terahertz frequencies based
on magnetically tunable multi-layered structure, when the external static magnetic field is less
than 1 Tesla. It is shown that asymmetrical dispersions of TPPs can be obtained, leading to
one-way wave propagation at the surface of semi-infinite structure or one-way optical tunneling
when the structure becomes finite. Distinct nonreciprocal behavior can be tuned flexibly by
varying geometrical or external parameters, i.e. surface terminations, the surrounding medium or
external magnetic field. Moreover, the robustness of unidirectional propagation by the influence
of a obstacle, as well as non-reciprocity in transmission related to loss effect of MO materials, is
also investigated in our numerical simulations.

2. Model and methods

Let us start with a one-dimensional magnetoplasmonic crystal (MPC) as schematically illustrated
in Fig. 1(a). The unit cell of the MPC consists of one magneto-optical active layer (ML),
i.e. gyrotropic material, and one non-magnetic isotropic dielectric, with thicknesses d;, d5,
and permittivities €|, e, respectively. The external static magnetic field is applied along —z
direction, forming a Voigt configuration with magnetization in the plane of the MPC interface
and perpendicular to the wave vector of TPPs. The optical property of ML is characterized by a
permittivity tensor,

€] iA] 0
€ = —iA] €] 0 (1)
0 0 €

We take the following parameters for ML, i.e. €] = ex[1l — w?,(l +ia/w)/(w +ia)? — w?)],
Ay = —Eoowf,a)c/[a)((w +ia)? - wg)] and ei = €[l — wlzj/(u)(a) +ia))]. Here € is the high-
frequency permittivity, w), is the plasma frequency of ML, the collision frequency a characterizes
loss strength in the ML, w. = eB/m™ is the cyclotron frequency, e is the electron charge, and m*
is the effective mass of electrons. Here we take a typical kind of semiconductor material for the
ML layer, i.e. the indium antimonide (InSb), which can have a permittivity at THz frequencies
similar to that of metals at optical frequencies, therefore using the Drude model [40,41] for the
permittivity of ML layer. It should be noted that the studied nonreciprocal behavior throughout
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Fig. 1. (a) Schematic diagram of the proposed MPC structure, formed by alternating
magneto-optical active [permittivity €;] and isotropic dielectric layers [permittivity €;]. The
semi-infinite MPC structure with a top magneto-active layer is embedded into a kind of
homogeneous background dielectric material with its permittivity €. (b) Dispersion of
bound TPPs at the surface of MPCs. Gray and red lines correspond to the TPPs solutions
when the external magnetic field is absent [B = OT] or present [B = 0.1T], respectively.
f+ and f_ denote respectively the cutoff frequencies where the forward- and backward-
propagating modes vanish, then representing the one-way wave propagation by light blue
region. Yellow and white regions correspond to pass-bands and stop-gaps of an infinite
MPC. Light lines for the background material are also shown by dotted lines.

the paper is only limited to the case of TM-polarized light beam (magnetic field along z direction),
because the TE mode solutions (electric field along z direction) for this system still possess
time-reversal symmetry and Lorentz reciprocity. And the e~/ time-dependent convention for
harmonic field is used in this work.

The entire MPC structure is embedded into a kind of homogeneous surrounding material
with permittivity €,. To study wave propagation behavior in this system, we may firstly find
the solution of the band structure for 1D infinite periodic structure of MPCs by using standard
transfer-matrix approach [42,43]. Let us consider a unit cell by starting from the interface of ML,
and finishing the next such location after going through a full period A = d; + d», and the total
transfer matrix 7 associated with such a particular choice of the unit cell gives T = P, My P, M.
M; j is the interface matrix associated with the magnetic field at the interface between the layer i
and j, taking the following form

2 _ A2 5 5 %
o _GN| F+ROF-F

o , 2)
Y2k \ Fi-F Fi+E

where Fy, = (€nkxm +iAnky)/(€2 — A%), m = i, j. The propagation matrix P,, = diag[e™xmdm,

e~tkxmdm] describes the phase shift of the propagation wave in the m-th layer. By solving the
eigenvalue problem on the matrix 7',

T = KA ) (3)
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one can obtain the Bloch modes for the infinite MPC, where K is the Bloch wave vector.

Since the photonic band structure is only associated with the eigenvalues of transfer matrix,
which is independent of the particular choice of a unit cell, one can consider a more general
transfer matrix 7, with a top layer, i.e. MO material with thickness od; (o € [0,1], a
geometrical parameter determining the truncation of the terminating layer of MPCs), which is
given by T, = P;'TP,,, where P, = diag[e’*>17%1, ¢=ikx10d1] That is, T,, and T have the same
eigenvalues, and the eigenvectors for them satisfy the relations

“

With the boundary condition that the tangential field components should be continuous across
the interface, one can find the dispersion relation for TPPs,

o €l Tipe 2kaodi 4 Ty — oiKA X Ay )
qp = ikx - —— —kye,—5——
€2 — A2 Tipe 2knodi — Ty 4 ¢iKA 700 2 A2

qp = [k5 - (%)Zfb, (6)

describing the wave decay rate in the background material.

Eigenmode solutions of Eq. (5) for our proposed structure could be found by using a commercial
root solver (Mathematica FindRoot), to search the numerical root k, of Eq. (5) at a fixed frequency.
The non-reciprocity of TPPs which comes from the contribution of the first and second item on
the right hand of Eq. (5) will be analyzed below.

where ¢, is defined as

3. One-way wave propagation at the interface of semi-infinite MPCs

Without loss of generality, we consider a typical kind of semiconductor material for the ML
layer, i.e. the indium antimonide (InSb), the dielectric layer in the MPC, i.e. germanium (Ge)
with high permittivity e, = 16 in THz region, which can provide good index contrast with
InSb, thereby forming the band gap of the MPC, and low-loss background materials SiO, with
permittivity €, = 4 in the THz region for our calculation. The corresponding parameters of
InSb at room temperature are taken as m* = 0.014my (my is the free electron mass in vacuum),
wp =2X 103 rad/s, and €, = 15.68 [40,44]. We neglect the influence of the absorption in InSb
by setting @ = 0 for initial calculations. The MO and dielectric layer have identical thickness
with d| = d, = 10um throughout this work.

Fig. 1(b) depicts regions of photonic pass-bands (yellow regions) and stop-gaps (white regions),
together with the dispersion of the forward (k, > 0) and backward (k, < 0) TPPs, where the
surface termination is the InSb layer with o~ = 1. In the absence of external magnetic field, B = 0
T, modes solution of TPPs is symmetrical and reciprocal, f(k,) = f(—k,). However, when the
magnetic field turns on, i.e. B = 0.1 T, it is seen that there exists distinct and asymmetrical TPPs
modes with f(ky) # f(-—k,), and the branches of forward and backward TPPs approach and
vanish, respectively, at different cutoff frequencies f. and f_, which implies the THz waves in the
frequency region of [ f_, fi] (the light blue region) can only propagate forward. For the range of
results shown, the dispersion curves of TPPs lie in the band gap of the MPC and simultaneously
outside the light cone of the surrounding medium. This indicates the associated modes are
localized at the surface of MPC, and meanwhile not accessible to direct excitation by incident
radiation.

As a direct illustration of wave transport properties for our system, we plot in Fig. 2 the
out-of-plane magnetic field profile by using a finite element solver (COMSOL Multiphysics).
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Fig. 2. Steady-state field distribution H, at a frequency f = 2.8 THz with the applied
magnetic field (a) B = 0T; (b) B = 0.1T, in the absence of the scatterer; (c) B = 0.1T, when a
large PEC obstacle [height 40um and width 8 um] is inserted. The line source at the interface
is marked with "e" in the figure.

A magnetic line current as the source is located at the surface of the MPC, radiating waves of
various wave vectors. Those matching up with the dispersion curves may be picked up to excite
the TPPs. The working frequency is set to f = 2.8 THz. As expected, surface waves, propagating
forward or backward, are both well excited shown in Fig. 2(a), when the external static magnetic
field is absent. In contrast, with the introduction of magnetic field, i.e. B = 0.1 T, the source
radiates forward, and only along a single direction [Fig. 2(b)], implying the excitation of one-way
TPPs identical with the prediction shown in Fig. 1(b). Moreover, the unusual property of such
one-way edge mode on strong suppression of backscattering is also examined in Fig. 2(c). A slab
of perfect electrical conductor (PEC) is inserted on the interface, and it is observed that forward
propagating waves choose another route to go around the obstacle to avoid being backscattered.
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Fig. 3. Effect of (a) applied magnetic field B and (b) the permittivity €, of the background
material on the cutoff frequency f; and f_, and the bandwidth Af = fi — f_ of one-way
wave propagation band. Note that ¢, = 4 and B = 0.1T are used in (a) and (b), respectively.
Other parameters are the same as Fig. 1.
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The performance of the one-way propagating frequency band may be affected by geometrical
parameters or external factors applied to the proposed system. Next, We calculate the cutoff
frequencies of the forward (f;) and backward (f-) propagating modes, as well as the one-way
transport regions, as a function of the applied magnetic field and permittivity of surrounding
medium, shown in Fig. 3(a) and 3(b), respectively. With the increase of magnetic field, from 0O
T to 0.2 T, the cutoff frequency starts to experience a splitting, giving rise to an increase of f;
but a decrease in f_. Consequently, the bandwidth Af = f. — f- of one-way propagating band
exhibits a nearly linear variation from 0 to 0.4 THz, as the magnetic field increases. On the other
hand, it depends little on the permittivity €, of the surrounding medium as seen in Fig. 3(b).
Both f, and f- decrease dramatically as €, increases from 1.5 to 10, but Af = 0.2 THz remains
almost unchanged.

We remark that in this regime, the field [seen from Fig.2] is strongly localized at the interface
and just penetrates into the first layer of multilayer systems. Therefore, such non-reciprocity on
TPPs develops mainly from contribution of the magnetization effect in the top layer of MPCs,
directly related to the second item in Eq. (5). Meanwhile, in the limit of k, > w/c, the TPPs
tends to be far away from the photonic band edge, and our proposed system in Fig. 1(a) may
be considered as a simple waveguide structure formed at the interface of MO and background
materials. Under this circumstance, the dispersion for the interface mode is given by

e
a» = _m(kyAl + kyxi€1) @)

and the cutoff frequencies of the forward and backward propagating mode f, and f_ can be
expressed analytically as [21,41]

1] [0} &) w.
= — — 4+ + —1, 8
F 2 4 € + €xo 2 ®)
1 (,4)2 600(1)[2) We
= — [4[ =+ - =<, 9
F 2w 4 € + € 2 ©)

Thereby, the one-way-propagating bandwidth A f = w,. /2 is proportional to the magnetic field B,
and independent of the permittivity of the surrounding medium, which is in excellent agreement
with the results shown in Fig. 3.

We turn to investigate in Fig. 4 the impact of the surface termination by vary o on the
manipulation of TPPs. As the thickness of the top layer decreases from o = 0.8 to 0.1, the cutoff
frequencies f; and f- move to higher ones, and the bandwidth A f tends to zero, resulting in
weaker non-reciprocity effect shown in Fig. 4. Nevertheless, at smaller o, i.e. o < 0.5, itis
seen that there exists the radiative mode solutions for nonreciprocal TPPs inside the light cone of
surrounding medium. We explain the formation of such radiative modes as below: when the top
layer InSb layer shrinks to be a thin film, i.e. o < 0.5, the localized field for interface modes
starts to extend into the multilayer structure more deeply than in the case of o = 1 shown in Fig.
3, the above mode of simple waveguide structure becomes not applicable, and new solutions
including radiative modes may arise within the band gap of the MPCs. It should be noted that,
different from the completely localized modes, the field for those radiative TPPs is not well
confined at the interface, and can propagate in the background material.

4. One-way optical tunneling through finite-size MPCs

We proceed to explore the possibility to see a kind of completely localized TPPs with non-
reciprocity, which are different from those shown in Fig. 1(b). They may be excited directly by
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Fig. 4. (a) Dispersion for bound (or radiative) TPPs lying outside (inside) the light cone for
the background material by tuning the surface terminating layer from o = 0.8 to o = 0.1.
(b) Effect of surface terminating layer on the cutoff frequency fy and f-, and the bandwidth
Af = f+ — f- of one-way wave propagation band. Note that €, = 4 and B = 0.1T are used
in (b). Other parameters are the same as Fig. 1.
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Fig. 5. (a) The schematic diagram is the same as Fig. 1(a) except that the top layer of the
MPC and the surrounding materials are replaced by the dielectric and metallic material,
respectively. (b) Dispersion for TPPs [the red line] consists of radiative solutions lying
inside the light cone for the background material (with permittivity, e, = 16). The applied
magnetic field B = 0.3 T and the parameter y for surface terminating layer is set to y = 0.4.
All other parameters and settings are the same as in Fig. 1.

incident plane waves. Based on the previous system in Fig. 1(a), we simply change the surface
termination layer from magnetized InSb to the dielectric, and simultaneously the background
from dielectric to the semiconductor material, i.e. unmagnetized InSb, as shown in Fig. 5(a). The
parameter y is used to tune the thickness of top dielectric layer of the MPC. All other geometrical
parameters and settings remain unchanged. Correspondingly, by replacing the €], o by &, v,
respectively, and meanwhile setting A to be zero in Eq. (5), we can obtain the dispersion for
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TPPs in this system shown in Fig. 5(a),

" € lee—2ikx2‘yd2 + Tll _ eiKA
b = lKx2— - e
q x & lee—zlkxzde — Ty + eiKA

(10)

where the transfer matrix 7" is also changed by 7' = P M, P M>;.

Likewise with Fig. 1(b), we plot in Fig. 5(b) the complete dispersion of forward and backward
TPPs with a particular case of the external magnetic field B = 0.3 T and the parameter y = 0.4.
Asymmetrical and nonreciprocal TPPs [ f(ky) # f(—k,)] are supported. Here, another type of
contribution to the non-reciprocity of TPPs is revealed. It comes from the periodic violation of
MPCs due to the surface termination [42,43], which results in the removal of the spatial symmetry
for the MPCs structure, i.e. the mirror reflection symmetry. The non-reciprocity for TPPs may
be directly seen from Eq. (10), in which the off-diagonal elements for the transfer matrix show
asymmetrical properties, i.e. T12(ky) # T12(—ky). It is emphasized that the Bloch band for 1D
infinite two-component MPCs remains symmetrical, i.e. the Bloch number K(k,) = K(=k,),
due to the maintenance of spatial symmetry induced by periodicity of the structure. Notice
that such TPPs mode solutions are bounded at the interface. The wave evanescent decay in the
semiconductor is due to the negative dielectric constant, and meanwhile waves are falling within
the band gap of MPCs. The lightlines for the dielectric material (permittivity €;) are also shown
by dotted lines. The localized TPPs lying inside the light cone are expected to be directly excited
by incident plane waves propagating at the dielectric.
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Fig. 6. Steady-state field patterns H; for the finite-size structure consisting of a unmagnetized
InSb layer (with thickness a = 28 um) on the surface of a 3-period MPC plus with a dielectric
first layer under the back illumination (a) and front illumination (b), when the incident angle
6 is chosen to be 6 = 17.72°. The proposed finite-size structure is embedded into a uniform
surrounding medium with permittivity e, = € = 16. Here f = 2.67 THz is used. Other
parameters are identical with those in Fig. 5. In (a), the TPPs are well excited at the interface
between non-magnetized InSb and MPCs, exhibiting strong enhancement on the magnetic
field by the white color with its magnitude beyond the scope of the colorbar.

The excitation of such nonreciprocal TPPs is further confirmed by using COMSOL Multiphysics.
We show in Fig. 6 the steady-state field patterns for a finite structure consisting of a unmagnetized
InSb layer (with thickness a = 28 um) on the surface of three complete period MPCs plus with a
first dielectric layer (y = 0.4), in the presence of external incident radiation. Counterpropagating
plane waves are incident from the surrounding dielectric material, with its permittivity, i.e.
€. = € = 16. Other parameters are chosen with B = 0.3T and f = 2.67 THz. For the case
of backward incidence, at a particular incident angle 8 = —17.72°, strong field enhancement
is seen at the surface of MPCs, and backward TPPs (k, < 0) is well excited, giving rise to
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full transmission through the whole structure [Fig. 6(a)]. In contrast, for the case of forward
incidence, 6 = +17.72° [Fig. 6(b)], strong reflection is observed, resulted from the suppression
of the excitation of forward TPPs (k, > 0). Therefore, one-way optical tunneling through
such a finite-size structure could be achieved. Notice that other selection for the thickness of
unmagnetized InSb has no intrinsic influence on the non-reciprocity effect, but change slightly
the intensity of light tunneling.
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Fig. 7. Nonreciprocal transmittance T through the finite-size structure in Fig. 6.
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Fig. 8. The calculated isolation spectra for positive and negative incident angles when the
loss in ML is absent (a) @ = 0, and present (b) @ = 0.1 THz.

As a validation of the above results, we can also directly determine the response of a
finite structure illuminated by light by using transfer-matrix formalism. Figure 7 presents the
transmittance through the same structure as Fig. 6 as a function of incident angle 6 and frequency
w. It is observed that there exists distinct and asymmetrical transmission peaks, 7(0) # T(—6),
over a certain of frequency range around 2.46 — 2.85 THz. Such pronounced non-reciprocity of
transmittance reveals that the optical properties are dependent of the specific direction, which is
not observed in nonmagnetic, linear, and time-independent structures. Moreover, the transmission
peaks could map well onto the dispersion curves for TPPs shown in Fig. 5 (b). Thus, the
nonreciprocal character of TPPs may bring the directional dependence in transmission and result
in one-way behavior for this finte-size system.

For the purpose of clearly demonstrating the performance of the non-reciprocity in trans-
mission, which is strongly dependent on the incident angle of light, we define the isola-
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tion between the forward transmittance 7(6) and backward transmittance T(—6) expressed by
Iso = 10log[T(-0)/T(6)] and show in Fig. 8 the isolation spectra as a function of frequency
and the incident angle 6 of light illumination. Here we take a particular case with the applied
magnetic field B = 0.3 T. In the absence of loss in ML, @ = 0 [Fig. 8(a)], it is found that the best
isolator performance could exceed 70 dB at a specified incident angle when the nonreciprocal
TPPs are excited. Moreover, over the range of frequencies f = 2.7 — 2.85 THz, there exist
two different incident angles to achieve high isolation in transmission. When the loss in ML is
introduced [here in Fig. 8(b) we use a realistic typical value of @ = 0.1 THz for InSb in the
terahertz region], the transmission peaks for both directions are suppressed and broaden, and
the non-reciprocity becomes weaker. Nevertheless, the isolation can approach as high as 35 dB,
resulting in pronounced non-reciprocity for the proposed structure.

5. Conclusions

In summary, we investigate optical non-reciprocity behaviors associated with asymmetrical TPPs
in terahertz MPCs. Nonreciprocal bound TPPs could be supported with a top ML for the MPC,
giving rise to the observation of one-way wave propagation at the surface of semi-infinite MPCs.
Such non-reciprocity can be attributed to the contribution of direct magnetization effect of surface
terminating layer of MPCs. By varying the top layer of MPCs to the dielectric and the other
side of the interface by metallic materials, radiative TPPS with non-reciprocity could be seen,
originating from the periodicity violation in truncated MPCs. In comparison with the bound
TPPs, radiative mode solutions lie inside the light cone for the surrounding materials, and can be
well excited directly by incident plane waves, which enables us to see one-way optical tunneling
through a finite-size structure. It is expected that those results may provide potential applications
on the design of tunable and compact optical isolators. Compared to other metal-dielectric
MO structures based on InSb materials that have been proposed for THz isolators [45,46], the
proposed nonreciprocal structure is simple in the geometry design, and compact with thickness
less than 100 pum. Meanwhile, our isolator exhibits high non-reciprocity at its operating frequency
which can be broadly tuned by changing the incident angles, surface termination as well as
external magnetic field.
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