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Abstract—Properties of surface plasmon polariton waves are theoretically studied in structures containing
topological insulators with the axion effect. The effect of axion properties on dispersion, localization,
and polarization of plasmon polaritons is analyzed. A possibility of determining the axion effect from the
variation in the plasmon-polariton polarization is shown, and conditions for enhancement of polarization
effects are revealed in waveguide structures of the dielectric−metal−dielectric type.
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1. INTRODUCTION

Sensitivity of surface plasmon polaritons—elec-
tromagnetic waves propagating along the metal−di-
electric interface [1]—to optical properties of media in
which they are excited allows them to be successfully
used as biological and chemical sensors [2, 3]. In
a number of works it is also pointed out that this
sensitivity favors enhancement of some optical effects
related to the effect of magneto-optical [4−6], opti-
cally active [7, 8], chiral [9], and other properties of
a material on its permittivity tensor. In this work we
propose using surface plasmon polaritons to observe
the axion effect in topological insulators by optical
methods.

Topological insulators are band insulators (di-
electrics) featuring surface conducting states [10].
Recently these properties have been found in a wide
range of materials, e.g., Bi1−xSbx, α-Sn, Bi2Se3,
Bi2Te3, etc. If time inversion excited, for example,
by placing the sample in a magnetic field, introducing
impurities in it, or applying a ferromagnetic or anti-
ferromagnetic layer on its surface, a magnetoelectric
effect, the so-called axion effect, arises in topological
insulators [10−12]. This effect manifests itself in
the coupling of the electric (E) and magnetic (B)
components of the electric field. The coupling is
defined by a Lagrangian L = (αΘ/4π2)EB, where
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α = e2/�c is the fine structure constant and Θ is
the quantized axion angle that is multiple of the
odd number of π. The coupling of the magnetic and
electric field components resulting from the axion
effect can be expressed by constitutive equations

D = εTIE + ᾱB, (1)
H = B − ᾱE, (2)

where εTI is the permittivity of the topological insula-
tor, ᾱ = αΘ/π.

From the Maxwell equations we can obtain a wave
equation for propagation of an electromagnetic wave
inside a topological insulator with the axion effect:

ΔE − εTI

c2

∂2E
∂t2

= 0, (3)

which does not involve any terms related to the axion
effect. This means that though constitutive equations
differ from those which describe radiation propagation
in an ordinary isotropic dielectric, the axion effect
does not affect electrodynamics in the bulk of the
medium, namely, it does not make the bulk wave
change its polarization and propagation constant at
any propagation direction and initial polarization. The
only change caused by the axion effect is that vectors
E and B as well as D and H are pairwise orthogonal
while vectors E and D and H and B are not collinear,
according to Eqs. (1) and (2).

At the same time, as follows from the boundary
conditions, on the surface of the topological insu-
lators with the axion effect there arise the effective
charge surface density ρef = (ᾱ/4π)Bn and the effec-
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tive current surface density jef = (ᾱc/4π)Eτ , where
the subscripts n and τ denote the normal and tan-
gential components of the corresponding vectors of
the electromagnetic field inside the topological insu-
lator. Thus, the axion effect can manifest itself at
the interface of two media, one of which has axion
properties while the other does not. Specific features
of optical radiation reflection from such interfaces are
considered in a number of works [13−15]. How-
ever, it can be expected that the axion effect will
also manifest itself when the electromagnetic wave
interacts with the interface of the axion and nonax-
ion media not once (as in the case of reflection or
refraction at the interface) but continuously, having
the form of a running surface wave, e.g., a plasmon-
polariton wave. In this case, the effective length of the
wave−surface interaction increases. The role of the
medium without the axion effect is played by the metal
needed for existence of surface plasmons. Note that
surface plasmons can also be excited on the surface
of the topological insulator due to its surface con-
duction [16−19], but the energy of these plasmons
corresponds to the frequencies of the far-infrared and
terahertz ranges rather than the optical range. Thus,
further analysis will be performed for structures in
which the topological insulator (TI) with the axion
effect borders a metal, which allows optical response
to be observed in the visible and near-infrared ranges.
To obtain a structure like this, any sublayer up to
3−7 nm thick, inert with respect to the optical proper-
ties of the structure, can be sandwiched between the
topological insulator and the metal.

To analyze the axion effect on the properties of
the plasmon structure modes, we find eigenmodes in
the form of the surface electromagnetic waves prop-
agating along the Ox axis that is perpendicular to
the surface of the TI occupying the region z > 0. For
simplicity, we will describe the system using the linear
approximation in the small parameter, fine structure
constant α = 1/137� 1. Then, expressed in terms
of the complex wave vector k = {βk0; 0; iγTIk0}, the
electromagnetic field of the surface wave inside the
TI is

E = E0 exp(ik0βx) exp(−γTIk0z), (4)

where k0 = ω/c is the wavenumber in free space. Note
that since bulk modes of the topological insulator are
degenerate in polarization (see Eq. (3)), the surface
wave is not split into a sum of quasi-TM and quasi-
TE components, as is the case, for example, in gy-
rotropic dielectrics.

Dispersion, polarization, and localization prop-
erties of the eigenmodes of the TI−metal plasmon
structure can be obtained by solving Maxwell equa-
tions with the corresponding boundary conditions,
which, in the absence of surface charges and currents,

Fig. 1. Dependence of the plasmon resonance wavelength
on the topological insulator permittivity (thin curve is for
gold, bold curve is for silver).

have an ordinary form: normal components of vectors
D and B and tangential components of vectors E
and H are continuous at the interface. The resulting
dispersion relation is free of terms linear in α, and thus
the axion effect does not exert significant influence on
the dispersion of plasmon polaritons

β =
√

εmεTI

εm + εTI
, (5)

where εm is the permittivity of the metal, and on their
excitation conditions. At the same time, a distinctive
feature of a topological insulator is high permittivity
(about a few tens). As a result, the plasmon reso-
nance wavelength corresponding to β →∞ shifts to
the infrared region. The corresponding shift is shown
in Fig. 1.

Solution of the eigenmode problem shows that
the axion effect causes a change in polarization of
plasmon modes of this structure. A similar effect
was earlier revealed for plasmons at the TI−dielectric
interface [20]. Complex amplitudes of the electro-
magnetic field of the plasmon polariton on the TI
surface have the form (up to the constant factor)

E0 =

⎛
⎜⎜⎜⎜⎝

γTI

iᾱ
εTI

εTI−εm

iβ

⎞
⎟⎟⎟⎟⎠, H0 =

⎛
⎜⎜⎜⎜⎝

ᾱγTI
εm

εTI−εm

−iεTI

iᾱβ
εm

εTI − εm

⎞
⎟⎟⎟⎟⎠, (6)

i.e., the TM mode acquires small-value TE compo-
nents. This means that the plasmon-polariton TM
wave elliptically polarized when there is no axion
effect (the phase shift between the components Ex

and Ez is π/2) suffers polarization ellipse tilting when
there is the axion effect. Since the TE component Ey

is in phase with Ez, the plasmon polarization ellipse in
a medium with the axion effect turns out to be rotated
about the Ox axis through an angle

ϕ = arctan
(

Ey

Ez

)
≈ ᾱ

εTI

β(εTI − εm)
. (7)
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It is noteworthy that the direction of the polariza-
tion ellipse rotation is uniquely related to the plasmon
propagation direction. This is similar to the Rashba
effect, when the directions of the electron spin and
momentum are uniquely related.

In this case, the ratio of the TE and TM compo-
nents ν is

ν =
∣∣∣∣Ey

Hy

∣∣∣∣ =
ᾱ

|εTI − εm| . (8)

Numerical estimations show that ν is as small as
about 10−4 because εTI ∼ |εm| ∼ 10. Therefore, to
observe experimentally changes in plasmon-polariton
polarization due to the axion effect, it is important to
find conditions for enhancement of this effect.

To this end, three-layer structures like TI−metal−
TI or TI−metal−dielectric can be used. In these
three-layer structures featuring gyrotropic response,
enhanced effect of gyrotropy on the dispersion [4, 5]
and polarization [6] properties of the plasmon modes
was earlier observed. It is these structures with a thin
(5 to 20 nm) metal film that are of special interest
for plasmonics because long-range modes can be
excited in them, which results, first, in a considerably
higher Q factor of plasmon resonances and, second,
in increased penetration depth of the electromagnetic
field of the plasmon in the dielectric.

In these three-layer structures, modes of two
types can be excited, which correspond to two so-
lutions to the dispersion equation for surface plasmon
polaritons(

γ2
2

ε2
2

+
γ1

ε1

γ3

ε3

)
tanh(γ2k0w) = −γ2

ε2

(
γ1

ε1
+

γ3

ε3

)
,

(9)
where subscripts 1 and 3 corresponds to the media
surrounding the metal (subscript 2) and w is the
metal layer thickness. The mode with a smaller prop-
agation constant β is the fast mode usually charac-
terized by lower absorption that decreases with de-
creasing metal layer thickness. However, in nonsym-
metric structures it has a cutoff and cannot be excited
at metal layer thicknesses below a certain threshold
value. When permittivities of media 1 and 3 are
significantly different, this mode cannot be excited at
all. At the same time, the slow mode corresponding to
the upper branch of the dispersion equation solution
can be excited at any combination of permittivities
and metal film thicknesses.

Figure 2 shows dependences of the ratio between
the TE and TM components of plasmon modes on the
metal layer thickness in quasi-symmetric TI−gold−
TI structures. Here the TI is characterized by the pa-
rameters ε1 = ε3 = 25, ᾱ1 = 1/137, and different val-
ues of ᾱ3 at the wavelength λ0 = 1000 nm. An impor-

Fig. 2. Dependence of the TE/TM ratio at the boundary
of medium 1 with ᾱ1 = 1/137 on the metal layer thickness
in the quasi-symmetric structure with ᾱ3 = 1/137 (black
bold curve), ᾱ1 =−1/137 (black thin curve), and ᾱ3 = 0
(gray bold curve) and at the boundary of medium 3 with
ᾱ3 = 0 (gray thin curve). Solid and dashed curves corre-
spond to the fast and slow modes, respectively.

tant point is the difference between the axion change
in the polarization of the surface plasmon polariton
shown in this work and the analogous change caused
by the gyrotropic properties of the dielectric [6]. While
in the latter case the tilting angle of the polarization
ellipse substantially depended on the electromagnetic
field distribution in the surface wave and increased
with fraction of the electromagnetic field energy for
the gyrotropic dielectric, in the case of the axion effect
the situation is reverse. In symmetric structures with
the axion effect parameter ν does not change with
decreasing metal layer thickness either for the fast or
for the slow mode (solid and dashed black bold lines,
respectively).

The character of the dependence of the plasmon
mode polarization on ᾱ in three-layer structures can
be explained as follows. At large metal layer thick-
nesses, the TE/TM component ratio corresponds to
the value achieved at the corresponding interface of
two semi-infinite media. For the completely sym-
metric structure (black bold curve in Fig. 2) both
metal−TI interfaces turn out to be equivalent and
make an identical contribution to the rotation of the
polarization plane, which does not depend on the
thickness of the metal layer because the TE/TM
component ratio does not change inside the metal. In
other cases, where axion angles for two interfaces are
different, polarization of plasmons at the solitary in-
terfaces of the metal and both media are also different,
and thus the effect of the second interface becomes
noticeable as the metal layer thickness decreases.

Note that dispersion curves for different ᾱ3 are
equidistant. This is, as pointed out above, because
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Fig. 3. Dependence of the TE/TM ratio on the metal layer
thickness at the boundary of medium 1 with ε1 = 1 (black
bold curve), ε1 = 25 (black thin curve), and ε1 = 27 (gray
curve) in the structure comprising the TI with ε3 = 25 and
ᾱ3 = 1/137.

the contribution to the polarization rotation from each
interface of the media both with and without the axion
effect are summed.

In structures in which ᾱ3 �= ᾱ1 (black thin and
grey bold curves), enhancement of polarization effects
with decreasing metal thickness is observed for slow
modes. In addition, when the metal layer thickness
is appreciably large, the tilt of the polarization ellipse
is identical for both the fast and the slow mode de-
spite the asymmetry of the structure and the result-
ing asymmetric redistribution of the electromagnetic
field of the plasmon. This is because the tilt of the
polarization ellipse is directly caused by the interface
of the axion and nonaxion media, and the nonzero tilt
of the plasmon polarization is therefore observed near
the interface of media 1 and 2 with a different axion
angle even at large thickness of the metal layer.

In nonaxion dielectric 3 (gray thin curve), in which
TE components are only due to the TI on the other
side of the metal, these components decrease in value
with increasing metal layer thickness.

Enhancement of polarization effects for slow
modes (black thin and gray bold curves in Fig. 2)
allows polarization effects to be observed in non-
symmetric structures. Figure 3 shows ν at the
boundary of medium 1 in the following structures:
air/gold/TI (ε3 = 25, ᾱ1 = 1/137), gray curve; dielec-
tric (ε1 = 25)/gold/TI, black thin curve; and dielectric
(ε1 = 27)/gold/TI, gray curve. The appreciably non-
symmetric structure with the air allows two orders of
magnitude higher polarization effect to be obtained,
and, in addition, it is simpler to be experimentally
implemented.

Thus, we investigated the axion effect in topologi-
cal insulators on the properties of the surface plasmon
polaritons excited at the boundary with metals in two-
and three-layer structures. A change in the polariza-
tion of the plasmon polaritons through appearance of

TE components proportional to the axion angle is re-
vealed. Various structure versions are considered, and
enhancement of polarization effects by several orders
of magnitude is shown to be possible in nonsymmetric
plasmon structures in which the second dielectric is a
material with a low refractive index, e.g., air.
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