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Axionic surface wave in dynamical axion insulators
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The electromagnetic response of three-dimensional topological insulators can be described by an effective
axion action with a quantized axion field. Once both time-reversal and inversion symmetries are broken, for

example, in antiferromagnetic topological insulators, the axion field becomes dynamical along with magnetic
fluctuations. The dynamical axion field, when coupled to electromagnetic fields, can lead to rich physical
phenomena. Here, based on the modified Maxwell’s equations, we reveal the existence of an exotic type of
polariton excitation, termed a surface axion polariton, which propagates in the interface between a dynamical
axion insulator and a dielectric. When doping the dynamical axion insulator to be metallic, the coexistence
of axion-photon coupling and plasmon-photon coupling will further generate a mixed surface axion plasmon
polariton. We also propose a Kretschmann-Raether configuration to experimentally detect the surface axion
polariton. Our result provides an alternative way to study the axion electrodynamics in condensed matter physics.

DOLI: 10.1103/PhysRevB.106.075103

I. INTRODUCTION

An axion is a hypothetical particle to solve the charge-
parity (CP) problem [1-3] in quantum chromodynamics.
However, the existence of axions in nature has yet to be ver-
ified. In condensed matter physics, an effective axion action
Sy = (297“)2 f dr’dtE - B emerges in three-dimensional (3D)
topological insulators, which can be derived from (4+1)-
dimensional Chern-Simons theory [4,5]. Here, E and B are
the electric field and the magnetic field, 8 is the effective
axion field, and « is the fine-structure constant. If an insulator
preserves the time-reversal symmetry (7) or the inversion
symmetry (P), 6 has to be quantized with the value of 0
(mod 27) for topologically trivial insulators or & (mod 27) for
topological insulators. Such a quantized 6 expects to induce
various topological magnetoelectric effects [5—11], for ex-
ample, the quantized magneto-optical Faraday/Kerr rotation
[12-19], and image magnetic monopole effect [20]. Though
3D topological insulators have a quantized axion field 6, the
surface states need to be fully gapped to observe those topo-
logical magnetoelectric effects. Recently, antiferromagnetic
topological insulator MnBi, Te4 was found to be an ideal axion
insulator, having both a quantized axion field 6 and a gapped
Dirac-cone surface state [21-38].

When both 7 and P are broken, the axion field would
become dynamical with spatial and temporal dependence
[39,40]. The large dynamical axion field, characterized by a
nonzero spin Chern number [41], was proposed in antiferro-
magnetic topological insulators, such as Mn;Bi,Tes [42,43],
(MnBi,Te, ), /Bi, Tes superlattices [41] and MnBi,Te, films
[44]. A review of the axion physics in condensed matter can be
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found in Refs. [45,46]. A dynamical axion field can give rise
to exotic effects, such as the dynamical chiral magnetic effect
[42,47,48], nonlinear level attraction [49], anomalous magne-
toelectric transport in charge-density-wave Weyl semimetals
[50], and nonreciprocal surface plasmon polaritons in Weyl
semimetals [51-54]. Interestingly, in a dynamical axion insu-
lator (DAI), the dynamical axion field can couple linearly to
photons, leading to so-called axion polaritons [39] inside the
DAL, which will be henceforth termed a bulk axion polariton
(BAP). Notably, the BAP spectrum features a tunable forbid-
den gap, and when the frequency of incident light lies in this
gap, it cannot propagate in the interior of the DAI but expects
to be totally reflected [39].

Surprisingly, in this paper, we find that a different type of
axionic polariton can emerge in the forbidden gap of BAP,
with a manifestation of surface waves propagating in the in-
terface between a DAI and a dielectric. This polariton is called
a surface axion polariton (SAP) to distinguish it from the BAP.
More intriguingly, when the DAI is doped to be metallic,
mixed couplings among axions, photons, and plasmons can
further generate an exotic surface axion plasmon polariton
(SAPP). We have also proposed a feasible experimental setup
based on the Kretschmann-Raether configuration [55,56] to
excite and detect the SAP through the minimum reflectivity.

This paper is organized as follows. In Sec. II, we will
give a description of the model consisting of a dynamical
axion insulator and a dielectric. In Secs. III and IV, we will
investigate SAP and SAPP, respectively. In Sec. V, we will
propose a feasible experimental setup to detected the surface
axion polariton. We conclude in Sec. VI.

II. MODEL DESCRIPTIONS

To demonstrate the emergence of axionic surface wave,
we consider a system where a DAI hosting dynamical axion
field is in close contact with a dielectric, as schematically

©2022 American Physical Society
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FIG. 1. Schematic illustration of a DAI/dielectric structure. The
DALI (dielectric) is located in the z > 0 (z < 0) region, with an in-
terface at z = 0. The red arrows in the DAI represent the magnetic
moments. The surface axion polariton (SAP) propagates along the x
direction in the interface.

shown in Fig. 1. The DAI and the dielectric are placed in
the z > 0 and z < O regions, respectively, with an interface
between them located at z = 0. Due to the breaking of 7 and
P, the axion field 6 in the DAI is generically nonquantized,
which can be decomposed into a static part and a dynami-
cal part as 6(r,t) = 6y + 80(r, t). Previous works [39,41,42]
have already shown that the spin-wave excitation in DAIs
can induce fluctuations of the axion field, since 860 = §ms/g,
where 8ms is proportional to the amplitude fluctuation of the
antiferromagnetic order along the z direction, and 1/g is a
tunable coefficient defined as 96 /0ms.

In addition, we apply a static external magnetic field along
the x direction, given by By = ByX, in order to generate a
linear coupling between the axion field and x component
of the electric field E, of electromagnetic waves [39]. The
electrodynamics of such an axion-photon coupled system can
be obtained by the Euler-Lagrangian equation, leading to
modified Maxwell’s equations and the equation of motion
for the axion [39]. For better clarity, we take the long-
wavelength approximation and ignore the dispersion of the
axion (the inclusion of axion dispersion will not affect our
results qualitatively), so the linearized equation of motion can
be simplified as [see the Supplemental Material (SM) [57] for
more details]

1D «
VxH—-— = —(3,0)By,
c ot c
8259+ 259+r859 AE.B e
o m Y so = ,
ar2 ar o

where A = «/(8n2g*J), and J, m, and " are the material-
dependent stiffness, mass, and damping of the axion mode.
The constituent equations are D = ¢E and B = uH, where €
and p are the dielectric constant and magnetic permeability,
respectively. It should be mentioned that the coefficient 1/g
can be tuned by the strength of the spin-orbit coupling which
can be realized by element substitution, and 1/g reaches its
maximum value near the topological transition point [42,49].
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FIG. 2. Spectra of surface axion polariton (SAP) with and with-
out axion damping. (a) SAP spectrum (red lines) in the forbidden gap
(shaded in orange) of the bulk axion polariton (BAP) spectrum (blue
lines). (b) SAP spectra for different values of axion-photon coupling
strengths b, where the black dashed line represents the cutoff wave
vector. (c) Spectra of BAP (blue lines) and SAP (red lines) with axion
damping I' = 0.02 meV. Inset: Enlarged view of the SAP spectrum.
(d) The propagation length of SAP for different values of axion
damping. The parameters in the numerical calculations are chosen
ase; =10, ey =1, uy = uy = 1, and m = 2 meV.

III. SURFACE AXION POLARITON

Before the discussion of SAP, we first recall the BAP for
later reference. The BAP originates from the linear coupling
between the photon and the axion excitation inside a DAI [39].
Based on Eq. (1), the dispersion relation of the BAP with
axion damping is given as [39,49]

= enw?(—h? — n.12 +ilw + a)z)’ ?)
—m? +ilw+ w?

where k and w are the wave vector and frequency, respectively,
and b = aBy/\/873g%J¢ is related to the axion-photon cou-
pling strength, which depends on By, 1/g, and J. For typical
DAIs such as the MnBi,Te4/Bi,Tes heterostructure [41], b
can be tuned in the approximate range of 0-5 meV [49] under
characteristic values of € and By. The dispersion relations of
the BAP with and without axion damping are plotted as blue
lines in Figs. 2(a) and 2(c), respectively. The most prominent
feature of the BAP dispersion relation is the emergence of
a forbidden gap separating two BAP branches with limiting
frequencies of m and my, = ~/m? + b?, shaded in orange in
Figs. 2(a) and 2(c). Interestingly, when the frequency of the
incident light lies within the forbidden gap of the BAP, total
reflection is expected to occur, leading to significantly en-
hanced reflectivity.

Apart from the BAP propagating in the bulk of the DAI,
now we will show that a surface wave is allowed to propagate
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along the interface between the DAI and dielectric, which
amounts to finding a bound state solution to the modified
Maxwell’s equations under appropriate boundary conditions.
Surface waves are strongly localized at the interface and
exponentially decaying away from the interface. There are
many types of surface waves such as surface plasmon polari-
tons [58], surface photon polaritons [59-62], surface exciton
polaritons [63], Dyakonov surface waves [64], and so on
[65-70]. We consider the transverse magnetic (TM) mode
case at first, where the magnetic field is transverse to the direc-
tion of surface wave propagation. The propagation direction of
the surface wave is fixed along the x direction. By taking the
plane wave ansatz of both the electromagnetic wave and the
axion field, the magnetic field at the interface can be written
as H) = Hy e'kex=iot %<, where n =1, II denote the z > 0
and z < 0 regions, respectively, k' is the decay constant, and
s = —1(+41) for n = L, II. By solving the modified Maxwell’s
equations with the boundary conditions of H] = H,' and E| =
El, the ratio between the two decay constants is obtained as
[57]

1 eff
kZ 6[ 3
T — ) ( )
k; €n
eff b

where €] ). To get a stable surface wave

=a(l - o,
solution localized at the z = O interface, both kI and kH must
be positive, thus requiring opposite signs between ee“ and
enr. Since the dielectric constant ¢yy in the dielectric is always
positive, the effective dielectric constant € needs to be neg-
ative. This can only be satisfied when m < w < my, i.e., the
frequency of the surface wave must exist in the forbidden gap
of BAP.

The surface wave excitation results from the axion-photon
coupling and exists only at the interface. Therefore it is termed
SAP to distinguish it from BAP. The dispersion relation of
SAP can be obtained as [57]

2 ff
E1MIE — frénéf’ M1 4)
ke = o 2 off ;
€11 — €1€]

where uy and py are the permeabilities of the DAI and the
dielectric, respectively. Since w is constrained in the range
between m and m,, of the forbidden gap of BAP, there exists
a threshold wave vector of k, = m. /ey when w — m and

a cutoff wave vector of k. = /erur(b* + m?) when w — my,
as schematically shown by the red lines in Fig. 2(a). This is

different from the dispersion relation of a surface plasmon
polariton starting at zero wave vector and approaching an
asymptotic frequency at large wave vectors. In Fig. 2(b), we
present the dispersion relation of SAP for different values of b,
where the b-dependent cutoff wave vector has been explicitly
plotted as the black dashed line. It can be seen that a larger b
leads to a larger range of allowed SAP frequency as well as
a larger cutoff wave vector. Consequently, topological DAIs
with a large dynamical axion field and a large b are highly
preferred candidates for SAP.

When taking the axion damping into account, the propaga-
tion vector becomes complex as k, = k. + ik . The dispersion
relation of SAP with a typical value of axion damping I" =
0.02 meV is shown by the red line in Fig. 2(c). Notably, in

contrast to the undamped case, the cutoff wave vector of SAP
is no longer at w, [see the inset of Fig. 2(c)]. In addition, the
imaginary part of k, will result in a finite propagation length
of the SAP, which is defined as Lgap = 1/(2k)). In Fig. 2(d),
we choose different values of I to plot the propagation length
Lgsap as a function of w over the whole frequency range of
SAP, where Lgap lies in the cm ranges and increases with
decreasing w.

IV. DISCUSSION

More interestingly, as pointed out in Refs. [71,72], under
modified boundary conditions induced by the nontrivial axion
term, a boundary charge term appears at the boundary of the
DALI, which can lead to a mixing of TM and transverse electric
(TE) modes. In this case, the plane wave ansatz for the TM and
TE modes can be written as

Hyn — H(;?eik(xfiwteskf_TMz’
_ o ikex—iot sk .z
By = Egenetere, )

where n = L, II denote the z > 0 and z < O regions, respec-
tively, s = —1 (+1) for n =1 (II), and & 1, (k) are the
decay constants for the TM (TE) mode. For convenience, we
define two dimensionless ratios between the decay constants
as 1 = k! /KL, = kipy/kt oy The detailed expres-
sions of #; and #, can be obtained through the modified
boundary conditions of H; , — kGE, , = H'| — k6E," [57].
To find a surface wave solution where all the electromagnetlc
modes are localized at the interface, #; and #, must be positive.
However, since the dielectric constant €; of DAI is positive,
such a condition cannot be satisfied [57], thus forbidding the
existence of surface waves in this case.

Nevertheless, the above issue can be circumvented by dop-
ing the DAI to shift its Fermi level to the conduction or
valence bands to be metallic. Its dielectric function can then
be described by the Drude model with frequency-dependent

2
), where w2 = %

ep = €1(1 — m » = aen 15 the plasma fre-
quency of the charge carriers. Here, m* = m, is the effective
mass, € is the vacuum permittivity, and » is the carrier con-
centration. Similar to a typical metal case, the Drude dielectric
function becomes negative in certain frequency ranges below
wp, within which the condition of positive #; and #, can be
satisfied [57]. The surface wave excitation found in this case
is called a SAPP, due to mixed couplings among axions, pho-
tons, and surface plasmons. The dispersion relation of SAPP
is obtained as [57]

kx =w eff ’ (6)

ff
\/l‘z €5 €DUI — EMMUIIED
13l — ep

where ED = ep[(1 — ED(;{ mz))]. Interestingly, as shown

in Fig. 3(a), it is found that #; (red lines) and #, (blue lines)
become purely imaginary when the frequency w satisfies wp, <
w < m (the detailed expression of the b-dependent wy, is given
in the SM [57]). This will result in a forbidden gap A = m —
wp in the SAPP spectrum, as shaded in orange in Fig. 3(b). The
magnitude of the forbidden gap A increases with increasing
b, as presented in Fig. 3(c). It should be pointed out that in the
absence of axion-photon coupling (b = 0 meV), the SAPP
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FIG. 3. Spectra of the surface axion plasmon polariton (SAPP).
(a) The two ratios, #; (blue) and #, (red), vs frequency with b =
3 meV. Both #; and #, exhibit a gap between w, and m, where they
become purely imaginary. (b) Spectrum of the SAPP without axion-
photon coupling (b = 0 meV, red line), which is reduced to that of
SPP. Spectrum of SAPP with axion-photon coupling (b = 3 meV,
blue lines). The orange area represents the forbidden gap of SAPP.
(c) The magnitude of the forbidden gap A of SAPP as a function
of b. (d) The asymptotic frequencies of w., , (green) and wy, , (blue)
with varying b. The parameters are ¢; = 10, ey = 100, p; = puy =1,
m =2 meV, and w, = 8 meV.

will be reduced to a traditional surface plasmon polariton
without the forbidden gap, as reflected by the red line in
Fig. 3(b). In addition, there are two limiting frequencies for a
sufficiently large wave vector k,. One is the axionic frequency
Weo,a and the other is the plasmonic frequency we, p.
Figure 3(d) shows the two asymptotic frequencies as a

(a) (b)

function of b, where it can be seen that the plasmonic
(axionic) frequency ws p (Wso,q) increases (decreases) with
increasing b.

V. EXPERIMENTAL DETECTION

To experimentally excite SAP by light, both frequency
and wave vector must be matched. However, since the SAP
wave vector is always larger than that of light in free space,
an increment of light wave vector is required. This can be
achieved by the experimental setup based on the classical
Kretschmann-Raether configuration [55,56], as illustrated in
Fig. 4(a), where the DAI is placed between a prism and air.
When the angle of the incident light onto the prism is larger
than the critical angle y, of total internal reflection, the in-
cident light can be converted to evanescent wave to increase
the wave vector. Resonant excitation of SAP in the DAI/air
interface can be realized by tuning the incident angle to match
the parallel wave vector, which will manifest as a minimum in
reflectivity. In Fig. 4(b), we plot the reflectivity of the light as
a function of the incident angle under different thicknesses L
of the DAI with fixed » = 1 meV. The minimum reflectivity
shows up at L = 160 um. Further, in Fig. 4(c), we present
the optimal thickness of the minimum reflection with varying
b, which is found to decrease with increasing b. Since b can
be tuned by an external magnetic field or by internal element
substitution, this will lead to a tunable optimal thickness for
resonant excitation, which might be a smoking gun to detect
the SAP.

VI. CONCLUSION

In summary, we have proposed the SAP as another type
of polariton propagating in the surface of a DAI, which lies
in the forbidden gap of the BAP. When doping the DAI
to the metallic phase, the simultaneous presence of axion-
photon coupling and plasmon-photon coupling leads to the
SAPP as a mixed type of polariton. An experimental scheme
of the Kretschmann-Raether configuration was proposed to
experimentally detect the SAP, where resonant excitation of
SAP shows up as a minimum reflectivity. The proposal of SAP
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FIG. 4. Excitation and detection of a surface axion polariton (SAP). (a) Experimental setup of the Kretschmann-Raether configuration,
where a dynamical axion insulator (DAI) is placed between air and a prism. Light is incident onto the prism with an angle of y, which
transforms into an evanescent wave (EW) when y exceeds the critical angle of total internal reflection. The SAP is excited in the interface
between the DAI and air, which propagates along the x direction. (b) The reflectivity of the incident light with a frequency of w = 2.1 meV
as a function of the incident angle for different thicknesses L of the DAI. The dashed black line marks the critical angle. Resonant excitation
of SAP manifests as the minimum reflectivity when L = 160 um. (c) The optimal thickness of the DAI exhibits the minimum reflectivity as a
function of b.
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could further facilitate the study of axion electrodynamics in
condensed matter physics.
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