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We present a robust technique for computationally studying surface polariton modes in hybrid
materials. We use a semi-classical model that allows us to understand the physics behind the
interactions between collective excitations of the hybrid system and develop a scattering and transfer
matrix method that imposes the proper boundary conditions to solve Maxwell’s equations and derive
a general equation describing the surface polariton in a heterostructure consisting of N constituent
materials. We apply this method to a test structure composed of a topological insulator (TI) and
an antiferromagnetic material (AFM) to study the resulting surface Dirac plasmon-phonon-magnon
polariton (DPPMP). We find that interactions between the excitations of the two constituents result
in the formation of hybridized modes and the emergence of avoided-crossing points in the dispersion
relations for the DPPMP. For the specific case of a BiaSes TI material combined with a 3D AFM
such as NiO, MnF5 or FeFs, the polariton branch with low frequency below 2 THz redshifts upon
increasing the thickness of T1 thin film, which leads to an upper bound on the thickness of the T1 layer
that will allow an observable signature of strong coupling and the emergence of hybridized states.
We also find that the strength of the coupling between the TI and the AFM, which is parameterized
by the amplitude of the avoided-crossing splitting between the two polariton branches at the magnon
resonance frequency, depends on the magnitude of the magnetic dipole and the line width of the
magnon in the AFM material as well as on the Fermi energy of Dirac plasmon in the TI. Finally, we
show that materials with extremely high quality, i.e. low scattering loss rate, are essential to achieve
an experimentally-observable strong coupling between a TI and 3D AFM material. The overall
analysis identifies the material properties that are necessary to achieve experimentally-observable
strong coupling for the interaction between THz excitations in a TI/AFM heterostructure and can

thereby guide experimental efforts.

I. INTRODUCTION

Surface Dirac plasmon polaritons (DPP), the electro-
magnetic collective modes of electrons that are localized
evanescent waves in the direction perpendicular to the
surface and propagate on the surface of a topological in-
sulator (TT), can be used for a broad range of interdisci-
plinary applications in sensing, imaging, detection, and
photonic data storage in the THz spectral windows [IH6].
Likewise, magnons, which are the collective excitations of
electronic spins in a magnetic material, can be used in
realizing high frequency information storage, quantum
computing, information transport, and data processing
on the micro-scale and nano-scale with extremely low en-
ergy consumption owing to the absence of charge trans-
port [7HIH]. If material constituents such as TIs and mag-
netic materials are combined to form a hybrid material,
an incident electromagnetic (EM) wave can excite the in-
ternal degrees of freedom of all constituent materials, re-
sulting in the generation of collective excitations (i.e. po-
laritons) with emergent properties that provide a possible
foundation for novel devices with unique optical and elec-
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trical functionalities. For example, the plasmon-magnon
interaction can result in a new type of polariton that
combines both spin and charge collective excitations into
a coherent mode with intriguing and non-trivial proper-
ties [16) [I7]. The creation and properties of such hybrids
has been of interest for some time [I8, [19], but there
is still no comprehensive study of such interactions due
to the large gap between plasmon and magnon energies
in conventional semiconductors or metal systems. Recent
advances in the synthesis and fabrication of materials and
heterostructures with clean and well controlled interfaces
now make it possible to explore the interaction between
such excitations. Examples of materials that are now
accessible for such studies include graphene and 3D TIs
such as BisSes, BisTes, SboTes, all of which host a Dirac
plasmon on their surface with energy in the THz spectral
window [20H25], and 3D antiferromagnetic (AFM) mate-
rials such as NiO, MnF,, FeFy [26H30] or 2D AFM van
der Waals materials like FePSs or Crls [3TH35] that have
magnon energies in the same THz frequency regime.

There have been several prior investigations of the cou-
pling between Dirac plasmons in graphene and magnons
in AFMs[I7, [36]. For instance, Bludov and co-authors
used a simple model that neglected all dissipation in
the system to study the interaction between a graphene
layer and an AFM[I7]. They found that the dispersion
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of the surface magnon-plasmon polariton in this sys-
tem changed drastically upon varying the carrier den-
sity of the graphene or the sign of the group velocity.
Pikalov and co-workers extended the study of Bludov by
taking into account the damping of both the magnons
and plasmons[36]. The authors in these works, however,
have not focused on the strength of the interaction be-
tween Dirac plasmons and magnons in their system. In
particular, they have not explicitly considered the rela-
tionship between the coupling strength and the intrin-
sic properties of the involved materials, which is critical
to provide guidance toward materials that could achieve
experimentally-observable strong coupling in such hybrid
material systems. To the best of our knowledge, there has
not yet been any comprehensive examination of the in-
teraction between a TI and an AFM that considers both
electric and magnetic degrees of freedom. Notably, inter-
actions between the Dirac plasmon mode and the lattice
vibrations, i.e. phonons, in a bulk TT significantly al-
ter the dispersion of the surface Dirac plasmon polariton
in the TI, resulting in the formation of Dirac plasmon
phonon polariton mode that is different from the polari-
ton modes of 2D materials like Graphene [24]. In the
case of chalcogenide materials with a rhombohedral lat-
tice and quantum layer structure like that of BisSes, two
characteristic phonon modes are observable when the AC
electric field is perpendicular to the ¢ axis: the alpha
phonon, also known as the (Eul) mode, and the beta
phonon, also known as the (Eu2) mode [37]. The strong
alpha phonon mode oscillation contributes to a large vari-
ation in the BisSes permittivity in the THz regime we
consider in this work.

Here we present a comprehensive theoretical study of
the formation of surface Dirac plasmon-phonon-magnon
polaritons in a TI/AFM bilayer structure. Using a semi-
classical approach, we investigate the surface polariton
modes in a heterostructure by employing the scattering
and transfer matrix method to solve Maxwell’s equations
for an EM wave propagating in the considered system
and subject to specific boundary conditions that deter-
mine the surface modes. We then derive an analytic
equation describing the surface Dirac plasmon-phonon-
magnon polariton (DPPMP) in a TI/AFM bilayer as-
sociated with the p-polarization of incident light mode,
which allows us to explore the properties of the surface
DPPMP as a function of the structural parameters of
the constituent materials. The computational and an-
alytical developments presented in this work go beyond
previously reported techniques for the description of sur-
face polariton modes in an optical layered structure. For
example, in reference [I7] Bludov and co-workers devel-
oped the transfer matrix technique for the specific case
of Graphene and an AFM layer. In reference [3§], the
surface plasmon mode in a multilayer structure is dis-
cussed in terms of the transfer matrix method, but this
technique will struggle with numeric convergence when
considering a large number of layers with finite thick-
ness. In this work we employ both transfer matrices and

scattering matrices to study the surface plasmon modes
in a heterostructure. Further, by combining transfer and
scattering matrix methods with proper boundary condi-
tions for the electric and magnetic fields of polaritons ex-
cited on the surface of multilayer structures we straight-
forwardly obtain equations describing the mode that are
general and concise rather than considering the other as-
pects of the scattering problem with reflection coefficients
as in refs [38]. The advantage of the approach we report
here is that the imposed boundary conditions together
with the transfer matrix directly give us a simple analyt-
ical derivation for the case of a material with few layers.
Meanwhile, the scattering matrix approach provides an
advanced and accurate tool for dealing with more realis-
tic multilayer structures.

This paper is organized as follows: In Sec. [[]] we de-
scribe the methods and models employed in this paper to
study the interaction between a TT and AFM. We first re-
view the basic theory starting with Maxwell’s equations
and standard boundary conditions (Sec. [[JA). We then
give the solutions to Maxwell’s equations for the bulk
mode within each constituent material (Sec. [[IB). Us-
ing the scattering (or equivalently transfer) matrix tech-
nique, we then obtain a general equation for the sur-
face polariton mode in a heterostructure (Sec. [[IC). In
Sec. [ we apply the method presented in Sec. [ to
a TI/AFM bilayer structure, beginning with a general
consideration of the formation of Dirac plasmon-phonon-
magnon polaritons in this system (Sec. [[IJA). We then
discuss the dependence of these dispersion relations on
various combinations of constituent TI and AFM ma-
terials and explore the material properties required to
obtain an experimentally-observable strong-coupling be-
tween the TI and AFM (Sec. [IB-D). Finally, conclu-
sions and perspectives are provided in Sec. [[V]

II. THEORY

Interactions between light and matter can be investi-
gated within three conceptual frameworks [39] [40]. (1)
Classical description, in which the collective excitations
are considered as harmonic oscillators and their coupling
relates to the exchange energy between the two oscilla-
tors. In this scheme, the coupling strength between the
two oscillators is an input parameter used to fit the dis-
persion relation w(k) to experimental data. For this rea-
son classical models make it difficult to understand the
physical origin of the coupling strength or its relationship
to the properties of the constituent materials[41]. (2)
Semi-classical description, in which Maxwell’s equations
are used in combination with the optical response func-
tions to describe polaritons. This approach allows one
to relate the interaction between two excitations with
the structural parameters of the constituent materials
through the optical response functions. (3) Quantum
mechanical representation, in which the polaritons are
hybrid modes, a linear superposition of a matter and



photon state. The interaction between the matter and
photon states is described through the interacting part
of the total Hamiltonian. In all three pictures, the hy-
bridized modes are created when two or more distinct
excitations interact with sufficient strength to form new
modes that cannot be represented by considering either
excitation alone. The signature of hybridized states is
an avoided-crossing between the two modes at the point
where they would be degenerate in the absence of any
interaction. Our goal in the present work is to study
the coupling between a TI and an AFM that results in
the formation of surface Dirac plasmon-phonon-magnon
polariton (DPPMP). We then characterize the proper-
ties of the surface DPPMP as a function of the struc-
tural and material properties of the constituent materi-
als to quantify the coupling between the TI and AFM
through the magnetic degree of freedom. These data al-
low us to understand the physics behind the coupling
constant and predict material combinations that might
have stronger coupling. To achieve this goal we use the
semi-classical approach in which we are going to solve
Maxwell’s equations to derive the dispersion relationship
of the surface DPPMP in a TI/AFM structure. In the
following parts of this section we first present a robust
technique to obtain the solutions of Maxwell’s equation
for an EM wave propagating in a heterostructure com-
posed of N constituent materials using state-of-the-art
scattering and transfer matrix methods that are compu-
tationally effective and capable of dealing with a com-
plex heterostructure [42H46]. Combining these methods
with proper boundary conditions describing the surface
polariton, an evanescent wave that decays quickly along
the propagation direction, we then obtain a general equa-
tion determining the surface polariton mode in the het-
erostructure. We will discuss how to solve this equation
numerically in general and then apply it to a specific
case with a simple structure involving a TT thin film and
an AFM material where an analytical description can be
acquired.

A. Maxwell’s equations and boundary condition

We consider a heterostructure composed of N layers
with an EM wave beam incident from the left hand side
(see Fig. . We denote the z-axis as the growth direction
of the structure. The dimension of the heterostructure
along y-direction is infinite while along the x-direction
it is finite with a width W, as depicted in Fig. [ As
depicted in Fig. [2] we set the direction of propagation of
the EM wave in the system to be parallel to the x-z plane
along the positive direction so that for s-polarization the
electric field of the EM wave is polarized along the y-axis.
For p-polarization the magnetic field of the EM wave is
polarized along the y-direction.

The EM wave propagating within each part of the
structure is a solution of Maxwell’s equations subject to
the standard EM boundary conditions at the interfaces
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FIG. 1. (a) Schematic of a multilayer structure consisting of
N constituent layers that have the same width W along the
x-direction. The z-axis is chosen as the growth direction of
the structure. The thickness, permittivity, permeability in the
m*"* layer, and optical conductivity of the carrier sheet at m*"
surface/interface are denoted by dp, em, pm and o.,, respec-
tively, whereas I,, indicates the interface matrix at the mth
interface. (b) Schematic of the amplitudes of incoming and
outgoing EM waves used in the scattering matrix approach.
The EM wave is incident on the left surface in the figure.
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FIG. 2. The electric and magnetic components of EM wave
corresponding to the TE and TM polarization.

between two materials. In the absence of free volume
currents and charges, Maxwell’s equations read [47, 48]:

V-D=0 (1)
0B

VxE——E (2)

V.B=0 (3)
oD



with

D = EQEE (5)
B = jiouH (6)

where E, D, B, and H are the electric, displacement,
magnetic, and magnetizing field of the EM wave, respec-
tively; €9 and po are the permittivity and permeability
of free space, respectively; € and p are, respectively, the
relative permittivity and permeability of the media. The
boundary conditions at the m!”* interface are given by:

n X (Hpy1 — Hm)‘z:zm =Jm (7)
n X (Epi1— Em)‘z:zm =0 (8)
n- (Derl - Dm)'z:zm = Pm (9)
n- (Bpi1 — Bﬂl)‘z:zm =0 (10)

where m is a unit vector perpendicular to the m*" inter-
face, J,, is the in-plane current, and p,, is the carrier
density of the electron gas at the m*® interface.

Taking the curl of equations [2] and [] and inserting
into [I] and [f] into [3] one obtains:

These are the wave equations we solve to obtain the dis-
persion relationship between the energy (frequency) of
the EM wave in the material and the wave vector. In
the next section we will give detailed solutions for these
equations to derive the bulk polariton mode in each con-
stituent material, i.e. the TT and AFM.

B. Bulk polariton modes

pe O°E 5
— . -E)—-V-°E = 11 . . s
c ot? +V(V-E)-V 0 (11) We now consider the bulk polariton modes within each
V - (c0eE) =0 (12) constituent material of the heterostructure displayed in
- 2H Fig. [[I Because the propagation direction of the EM
M—Q > +V-(V-H)- V:H =0 (13)  wave lies in the x-z plane, within the m'* bulk material
ct ot shown in Fig. |2| the solutions to the wave equations
V- (popH) =0 (14) [12] can be explicitly written as:
J
Em’m - eikz,nzz . 0 e_ikz,nzz O ﬁib,m
E, = |Eym | =¢lkamz=wt . 0 ethzmz ) 0 e~ thzmz B (15)
z.m ik, m z,m ,—ik, m x,m
Ez,m _72,771 et m? 0 7kz‘m€ Woz,m %2 0 By7m
[
and
kzm iky mz kzm —ik. mz A
H;c,m ei(k:mmlw—wt) 2 k20 4 w € 2 k(g) ) w € Aw,m
H — H l ( z,m+ ’z,wt) e?,kz’mz O _l ( I,m+ z,rn) e—zkzﬁmz y,m
m ym | = w kzm w kzm B
HZ m HoHm kzm ik z kzm —ik z oo
) 0 Tve z,m 0 w e z,m By,m

where A, ) m and B ), are the amplitudes of
the x- and y- components of forward- and backward-
propagating EM waves, respectively, w is the frequency of
the EM wave, k; , and k, ., are the x- and z-components

—~

16)

(

of the wave vector of the EM wave within the m!" layer,
and x and z are the coordinates along the x- and z- di-
rections.

Substituting Eq. [15]into Eq. and after some alge-



bra, one obtains:

Em lmw? X
(S S A % Y|=0 (17)
4 J
X eikzymz ‘ 0
Y = 0 elkz’"Lz
Z km,mr eik‘z’m,z O

Here k,,, =

EM wave, Z is the identity matrix, and ¢, and u,, are,
respectively, the dielectric function and magnetic perme-
ability tensors associating with the m!” material in the
layered structure. In general, one can numerically solve
equation |18 using the eigenvalue algorithm to obtain the
dispersion of bulk polariton mode w(k,,) of an EM wave
propagating within the m!" layer of the considered sys-
tem for an arbitrary magnetic configuration (i.e. arbi-
trary ;) in the magnetic material.

k2 . + k2, is the total wave vector of the

In figure [3] we plot the dispersion relationship of bulk
polariton mode w (k) corresponding to a bare TT (BiySes,
red curve) and a bare AFM (FeFs, blue line) associated
with TM-polarization and compare them to the bare pho-
ton mode (dashed black line). For FeFy we assume that
the magnetization is along the x-axis. We see the sig-
nature of a magnon collective excitation in the disper-
sion relationship of bulk magnon polariton mode in FeF,
by the presence of a clear anti-crossing point near the
magnon frequency 1.59 THz. The anticrossing is visible
due to the low scattering loss rate (small line width) of
the magnon in FeFy. We note that we do not directly see
a mode associated with the magnon itself (i.e. constant
at 1.59 THz), rather we see the anticrossing in the disper-
sion relation of bulk magnon polariton mode only when
the EM wave is nearly degenerate in energy with the
magnon. In the same way, the a and 8 phonons in BisSes
cause the kinks in the dispersion relation of bulk Dirac
plasmon-phonon polariton mode of BisSez around 2 and
4 THz. The wave vector, and hence the momentum, of
the bulk magnon polariton mode in FeFs is always larger
than that of light in this regime. Furthermore, as a con-
sequence of weak coupling between the EM wave and the
magnon in FeFy the dispersion of bulk magnon polari-
ton in the FeF5 is almost linear. In contrast, the strong
interaction with the « phonon [46] causes the wave vec-
tor of the bulk Dirac plasmon-phonon polariton in the
BisSes at low frequency to increase dramatically from 0
to 6 x 107 em ™!, then decrease down to 1 x 106 cm™!
before reaching the bare photon’s dispersion, i.e. k =
at very high frequency (not show).

In a simple picture, one could expect that when a TI

which possesses nontrivial solutions when

2
[ w
det k2,7 — “mEm ) g (18)
c
where
e—ikzymz 0 A:v;rn
O efikz,vnz Ay,m (19)
k‘m,mr e—z’kz‘mz O Bmvm
kzm By’m
[
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=
[
g
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FIG. 3. The dispersion of bulk Dirac plasmon-phonon polari-
ton mode in BizSes (red curve) and bulk magnon polariton
in FeF3 (blue line); the dashed black line represents the bare
photon’s dispersion relationship w = ck. The magnetization
of the AFM material (FeF3) is along the x-axis.

and AFM (e.g. BizSes and FeF3) are put together to
make a hybrid material, the EM wave can interact with
both the electric and magnetic excitations in each con-
stituent material via electric and magnetic dipoles. As
a result, the dispersion of the EM wave in the hybrid
structure will be totally different from those of either of
the bare materials. In the next part we will develop a
mathematical tool for investigating the surface polariton
in the generic heterostructure depicted in Fig. We
then apply it to study the surface DPPMP in a TI/AFM
bilayer.

C. Surface modes

Let us now turn to the study of surface polaritons,
which is the main goal of this work. Starting with the
standard boundary conditions for the EM wave at the



mth interface of the structure shown in Fig. [1| we have:

n X (Ems1 — En)|. =0 (20)

nx (Hps1 — Hy)|, = Jom (21)

m

where

0
TT L TY
n=10 , Jm:J'mEm+17 O—m:<0m Um) (22)
1

where I, is an interface matrix that relates the ampli-
tudes of the EM wave in the adjacent m‘* and (m + 1)
layers. If we define:

1010 100
U(0101>’ V<010) (24)

then the interface matrix I,,, will read:

nen) (m) e

xr
odr ol
. . o where
Here o,, is the optical conductivity tensor of correspond-
ing two-dimensional carrier gas at m!"-interface. Substi- 0 — kzm 0 Fe,m
tuting Eqgs. [I5] and [16] into Eqs. 0] and 1] one obtains L — 4 k2 kS k2 K2
" Lo tm ko 0 - ks m 0
E 13
0 . 0 L

Aa:,m Aw,m-‘rl 26

N A (26)

By,m =1, y’mH (23)  and

x,m x,m
B B - J
g7 AY g, I
0 _kemgn Kz m41
w w _o¥T _gYY _gYT _ 5YY
Rm — V ki.m+1+k§,7n+1 0 _ ki,m+1+kz,7n+1 0 _|_ O—WL Um Um 0m. (27)
rxr xT xrxr X
10 fbm i1 wkz,Oerl I wkz m+1 I o Umy or Umy
x,m x,m

w

and the propagation matrix between the m!" and (m +

J

(

1)t interfaces is defined by

e_ikz,m+ld7n+1 0 O
0 e tkzmt1dmi1 0 0
Pm,erl = 0 eikz,m+1dm+1 0 (28)
0 0 etkz,m+1dmir

The amplitudes of EM waves in the outer and inner
region can be related by [40]

AO AN+1
=10Py1ly... Pvn_1 N1 2
<Bo> 0F0,111 N—1,NIN (BN+1 (29)

The transfer matrix is then defined as:
Ty Tz
T=1yFPy1l,... Pn_1nINn = 30
040,111 N-1,NIN [T21 Ty (30)

where T; ; (4,7 = 1,2) is itself a 2 x 2 matrix and

A:E,TTL _ Bw,m
ao=(4m)o = () e
In the same manner, we define a scattering matrix So,,
that connects the amplitudes of the EM wave on the left

side of the 0" surface (denoted by Iy in Fig. [1)) to those
on the right side of the m'" interface (denoted by I,, in

(

Fig. [1)) of the structure:

(5)=sn(52) o

and a transfer matrix M, ; that connects the amplitudes
of the EM wave on the right side of the m!" interface to
those on the right side of the I interface (I > m) of the

structure:
A, A

Then the scattering matrix So; = So,m ® M, that re-
lates the outgoing and incoming states on the left side of
the 0" surface to those on the right side of I*" interface,

() = (3) o4

will be obtained via a recursive method:



—1 _

Sth= [T ()T s ] () T sg, (35)
1 B
si3=[z- (M“ ) sz (i) T (802 M - M) (36)
So 1= Sg, Soz + So,m (37)
S07 = S0 M 1So7 + St MY (38)
[
where O, ©12 = 021 (022 are 2 x 2 block elements  which possesses non-trivial solutions only if
m,l m,l m,l m,l
of the matrix Om,z (O =5, M), T is the identity matrix.
Overall, one can construct the total scattering matrix det[T11] =0 (42)

S = SO,N = S()71 X MLQ ®...Q MN—l,N that links the
amplitudes of EM waves in the outer and inner region:

Ani1 _g Ay
By Byt

leading to the well-known relationship between the scat-
tering matrix S and the transfer matrix 7"

T—l
S=| i
|:T21T111

(39)

—T1_11T12 :| o |:t ’I":|
- = / (40)
Tho — T Ty Tho r i
where t,t' and 7,7’ are each 2 x 2 matrices indicating
the transmission and reflection coefficients of the total
electromagnetic wave which is in general with both TE-
and TM-polarization. Here ¢t and r are, respectively, the
transmission and reflection associated with an incident
wave propagating along the +z direction, whereas t’ and
r’ correspond to the incident wave propagating along the
-z direction. This formulation allows for an explicit pic-
ture of the reflection and transmission coefficients for
the TE and TM polarized EM waves propagating in the
structure.

In order to apply these techniques to investigate the
surface polariton, we note that a key feature of the sur-
face polariton mode is that it is an evanescent wave
that carries energy propagating laterally, i.e , in the x-
direction in our coordinate system, while decaying expo-
nentially in the z direction. Without loss of generality,
we consider a Cartesian coordinate system as depicted in
Fig. with the origin O at the left surface of the struc-
ture (see Fig[lp). This leads to the condition Ay = 0 for
the surface polariton excited on the surface of the struc-
ture corresponding to the interface matrix Iy indicated in
Fig. [1l Further, at the right hand side of the terminated
surface of the structure, i.e the surface associated with
interface matrix Iy in Fig. the EM wave is strictly
outgoing wave (i.e. nothing is incident from the right).
This yields By+1 = 0. With these boundary conditions,
the amplitudes of the EM wave determining the surface
polariton mode of the heterostructure shown in Fig. [T}
in the transfer matrix formalism, are given by:

0 _ [T Tiz| (ANt
By To1 Too 0

(41)

In term of the scattering matrix, we re-write Eq.

as:
g1 (An+1) _ [ Ao
By By 1
Applying the condition Ay = By11 = 0, we obtain the

condition for non-trivial solutions:

1 —_
det|S|

(43)

(44)

Equations and are general equations that allow
us to determine the surface polariton mode dispersion
w (k) for a general heterostructure with N layers. To
solve those equation 2] and [#4] numerically, we vary the
frequency w and the in-plane wave vector k,. The surface
polariton mode then corresponds to the local maximum
of the function F (w, k) = det‘TH‘ or F' (w, ky) = det|S|.
For this reason, a plot of F or F’ as a function of w
and k, accurately represents the dispersion relation. No-
tably, Eq. allows for a simple analytical derivation of
the surface polariton mode in a structure with few lay-
ers. Meanwhile, Eq. [44] gives better numeric convergence
when there are a large number of layer. This is due to
the advantages of the scattering matrix method, which
relates the incident and outgoing fields and avoids their
mixture [42H45].

IIT. RESULTS AND DISCUSSIONS

We now apply the methods presented in the previous
section to investigate the interactions between a TI and
an AFM. The input parameters for our calculations are
the thickness of the corresponding material constituents,
the frequency dependent dielectric functions, the perme-
ability tensors, and the optical conductivities of the two
dimensional carriers on the surface and at the interface
between two materials.

In the absence of an external magnetic field, the optical
conductivity tensor of the two-dimensional carrier gas on
the surface and at the interface between two materials
takes a diagonal form:
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FIG. 4. (a) The structure under consideration in the remain-
der of this work. A TI is deposited on top of an AFM with
arbitrary magnetization direction. An EM wave with, in gen-
eral, both TE- and TM- polarization is incident on the top
surface of the TI material to excite the electric degree of free-
dom in the TT thin film, which can then couple with the mag-
netic degree of freedom in the AFM layer. (b) A finite TI film
with thickness dr; in contact with a half-infinite AFM. A; ;
and B; ;, with ¢ = z,y and j = 0,2, are the amplitudes of
the forward- and backward-propagating EM waves in the air
(indicated by j = 0) and within the AFM material (indicated
by j = 2).

o= (g 2) (45)

ie, 0 = g% = ¢ and 0" = 0¥ = 0. The magnetic
permeability tensor of a magnetic layer can be written as

Pzz O 0
p=10 tpyy O (46)
0 0 pe

where p¢e = 1 if the magnetization is along the &-

. . N 2v2H, M :
direction and pee = 1+ 47T—Qg—(w+i/r,,mg)2 otherwise.

¢& = x,y, or z. Here H, is the anisotropy field, H,
is the exchange field, M is the sublattice magnetiza-
tion, Qo = v+/(2H, + H,) H, is the resonance frequency,
7 = g5 is the gyromagnetic ratio in cgs units, g is the
Lande g-factor, and Ty,q4 is the damping constant for the
AFM.

The dielectric function of corresponding layers, which
are isotropic materials considered in this work, in the
structure is given by the Drude-Lorentz model [50]:

w2 N w2,
— Y i 47
e (W) = e w? +iTw + T; wo,n — w? —ilw (47)

where €., is the dielectric constant at high frequency
(w — 0), the second term on the right hand side of Eq.
[ 7 indicates the Drude bulk contributions, and the third
term is a sum of all contributions from the other Lorentz
oscillators presenting in the system.

A. Surface polariton mode in a TI/AFM structure:
General considerations

We start with a general consideration of the forma-
tion of surface Dirac plasmon-phonon-magnon polari-
tions (DPPMP) in the TI/AFM structure shown in Fig.
[4 where an AFM on a substrate (MgO) is capped with
a TI thin film. An EM wave with both TM- and TE-
polarization is incident on the top of the TI thin film
to excite the collective excitations, specifically (a) the
Dirac plasmons on the surface of the TI and at the in-
terface between the TT and AFM and (b) the magnon in
the AFM. These electric and magnetic excitations of the
system can interact with each other to create new hybrid
modes (i.e. DPPMPs) that manifest as a change in the
dispersion relation w(k). We analyze the emergence of
these DPPMPs below.

For the sake of simplicity, we assume that the AFM
is sufficiently thick to be considered as half-infinite. We
then indicate the amplitudes of incoming and outgoing
EM wave as denoted in Fig. [{b). The surface DPPMP
dispersion relationship for this structure can be acquired
under the conditions A, ¢ = Ayo = Bz2 = By2 = 0,
which yield a transfer matrix determined by T = Iy PI;
where I (I7) is the interface matrix between the air and
the TI (TI and AFM) and P is the propagation matrix
within the TT thin film. To construct the transfer matrix
T for the solutions of surface DPPMP in the system, we
first establish the interface matrices Iy and I; by inserting
Eq. [0] into Egs. [26] and 27] After some algebra, one
obtains:

1+ A+ B 0 1-A+B 0

j— 0 1+4C+D 0 1-C+D
mTl1-A-B 0 1+A-B 0
0 1-C-D 0 1+C-D
(48)
where
A 1 ke m (K2 i1 + 52 i) (49)
,LLZZn?’J—FlkZ,m-Fl (kg,m + kg,m)
/’LO,Um kz mWOm
=" 50
Bt k2, o
I m+1
=" (51)
[T -
kz,m
and m = 0,1 with
pge =1 (53)
Hge = 1ée (54)
Wie = g™ (55)

the permeability of the air, TI, and AFM, respectively.
Here ¢ = z,y, or z, the coordinate axes; oy and o are,
respectively, the optical conductivity of the Dirac plas-
mon on the surface of the TI layer and at the interface



between the TT and the AFM. Using the explicit forms
of the interface matrices Iy and I, together with the
propagation matrix

e~ thz1dr1 0 0 0
0 e~th=adrr () 0
P = 0 0 eikz,ldTI 0 (56)
0 0 0  etk=adrr

one can obtain the transfer matrix for the structure in

Fig. [4

T = I,PI, = (T” T”) (57)

To1 T

The surface DPPMP modes in the TI/AFM bilayer
J

satisfy

det [Tll] =0 (58)
Because we do not consider an external magnetic field,
the TE and TM modes are uncoupled, leading to a diag-
onal form for Ti:

(59)

Solutions of Eq. [58 would correspond to T = 0 and
T2 = 0, associated respectively with the TM- and T E-
polarization of the light incident on the structure. The
TE-polarization light cannot excite the Dirac plasmon on
the surface of the TT material [46], so we consider only the
T M-polarization of the EM wave determined by Ti{ = 0,
which gives:

1 k.0 (ki + kil) towk 000 14 Ng;kz,l (ki + k§2) NONZyIsz,la'l o—ike1dri
pyy ke (B2 +K20) k2 + K2, i Mo (B2 +K2,) k2 RZ ©0)
i B kz,O (kz + kg,l) NOsz,OUO . ,Uz;ylkz,l (kﬂz” + kg,Q) _ NOILLZQIWICZ’101 eikz,1dTI =0
pllk.y (k2 +k2,) K2+ k2, pi Mk, o (k2 +k2,) k2 + k2,
[
Eq. is general because it applies to various kinds tain the bulk modes within each region given by:
of TI/AFM bilayer combination. This equation can be
solved numerically to obtain the dispersion of the sur- w? 9
face polariton in a TI/AFM structure once the optical k0 =173 —kz (62)
response function and thickness of the constituent ma-
terials are known. We note that for the p-polarization,
one has the magnetic field of the EM wave along the y- 1T TT 2
direction. This suggests that magnetization of the AFM k.1 = 5 — k2 (63)
along the y-direction would not exert any impact on the ¢
spectrum of surface DPPMPs because the yy- compo-
nent of the permeability tensor will be 1 in this case . \/ eAFM [ AFM )2 2 64
(,u;j‘yFM = 1). We therefore consider the case in which the 2=\ T2 T e (64)

magnetization of the AFM is along z-direction, i.e. per-
pendicular to the magnetic field of the EM wave, which
yields an AFM permeability of the form:

2v2H, M

W(2J —(w+ Z'/7'mag)2

AFM _ AFM _q 4 g

Hyy — = (61)

Solving Eq. for the considered configuration, we ob-
J

TI]C k AFMkj
ol (1+€ 2,0 +00 z,O) <1+6 z,1 n

k271 Eow

€TI kz 0

s o) 1
k2’71 EoWwW

Here k, = g ~ % where W is the width of the TI and
AFM ribbon along the x-direction. There is no magnetic
order in the TT materials in this consideration, so

P =gy =1 (65)

Substituting the relations [65] [61} [62} [63] and [64] into Eq.
we finally obtain:

Ulkz71 ) e tkz1drr

eTlk, o coeTw (66)
AFMk. k
€ z,1  O1Rz1 eik=adrr _
eTlk, o coeTIw



In the limit d7; — 0, Eq. [66] reduces to

EAFMk'Z,O

n (o0 +01) k20

1
+ kz’Q Eow

=0 (67)

This is an equation that describes the surface Dirac
plasmon-magnon polariton in a graphene-like/AFM sys-

tem [36]. The third term % on the left hand side
includes the contribution from the two surfaces of the T1I,
which are degenerate in the dp; — 0 limit.

B. Parameters and relationships for specific
TI/AFM structures

To investigate the surface DPPMP in specific TT/AFM
structures, we consider three TI candidates, BisSes,

J
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BisTes and SbyTes, whose bulk dielectric function in the
far-IR range of interest is given by [46]:

52 S3
e =eo + + £

w2 —w? —iwl,

where w,, 'y, and S, are the frequency, the scattering
rate, and the strength of the Lorentz oscillator associated
with the @ (z = «) and the 8 (z = () phonons of the
TT thin film. Numerical values for all TT parameters are
taken from reference [22] and listed in Table

TABLE I. The TI parameters used in this work, taken from [22].

Materials €00 Sa(cm™ ) wa(ecm ™) To(em™ 1) Sg (cm™ 1) wglem™ 1) T (em™ 1)

BizSes 1 675.9 63.03
BisTes 85 716 50
SboTes 51  1498.0 67.3

17.5 100 126.94 10
116 95 15
NA NA NA

TABLE II. The parameters for AFM materials used in this paper, taken from [28] [30, [36].

Materials H, (Oe) H. (Oe)

M (G) wo (THz) Tmag (ns) Lande factor Tneer (K)

NiO 6.4 x 10° 9.7 x 10° 400
MnF, 8x10® 5.33x 10° 592
FeF,  2x10° 5.4x10° 560

1.01 0.175 2.05 523
0.26 7.58 2.0 67
1.59 0.11 2.25 78

The surface states of these TIs host two dimensional
spin-polarized (Dirac) plasmons that behave as a con-
ducting electron sheet whose optical conductivity is given
by

€2EF

L — 69
77 2 (iw —71pp) (69)

where E is the Fermi energy of the surface states, Tpp
is the relaxation time of the Dirac plasmon, and e is the
electron charge. We note that the hybridized states at
the interface between a TI and another material (here
the AFM) may have an impact on the carrier density at
the interface [46] [51] and make it different than that on
the surface of a pristine TT layer. However, for simplic-
ity we neglect this effect and assume the same optical
conductivity expression for the surface of the TI and the
interface between the TI and the AFM. In other words,
in the following oy = 01 = o as given by Eq.

We note that in the long-wavelength limit
(kgdr;r < 1), the analytical expression for the sur-
face plasmon-phonon-polariton in the TT thin film was
derived in [51]

9 vE/ 2T pe? ke

YTy goh Etop t Ebot + kxdrrETI (70)
and
2 h 2./2 d
W2, eoerrhvp + €\ 2mnpdr; ki (71)

\/4€%€%Ih2'l)% + 2808T[62\/ 27TTLDdT]

where the subscripts T'I and T'I_ stand for the optical
and acoustic mode, respectively. Here vg is the Fermi
velocity for the Dirac plasmon in the TI; nyp is the sheet
carrier concentration of the entire TI thin film, includ-
ing the contribution from both surfaces; €¢op, €por and
ery are the permittivity of the top and bottom dielec-
tric media and the TI, respectively; k, is the in-plane
wave vector; and drpjy is the thickness of the TI layer.
In this work, we focus on the optical mode of the sur-
face plasmon polariton in the TT because only this mode
can be excited in a traditional optical experiment since
the acoustic mode does not have any contribution in the
optical dipole matrix element [52].



We also consider three AFM candidate materials,
NiO, MnF5 and FeF5, which all support THz frequency
magnons [30]. We note that the Neel temperature of NiO
is about 523 K while that of FeFy and MnF5 are, respec-
tively, 78 K and 67 K [28]. We therefore imagine that
the NiO sample could be studied experimentally at room
temperature while the FeFs; and MnF, samples would
be investigated at low temperature. We assume that the
samples are below their Neel temperatures in the calcula-
tions we conduct here. The frequency-dependent perme-
ability of these AFMs is given given by Eq. The mag-
netic parameters and magnon frequencies of each AFM
are listed in Table The permittivity of these AFMs
are taken to be the same, with the characteristic value
eAFM — 5.5,

In order to gain physical insight into the formation of
surface DPPMP modes in these TI/AFM structures, in
parts and we consider ideal materials in which
we set the scattering rate of all excitations to zero. In
part [ITE| we study how the non-zero realistic line widths
of these excitations influence the coupling between a TI
and AFM and the formation of hybridized states.

C. Formation of surface Dirac
plasmon-phonon-magnon polaritons in TI/AFM
structures

We begin with the dispersion relations of surface
plasmon-phonons in a BisSez TT layer interacting with
a magnon in a FeFy AFM. In Fig. [f we plot the F as
given by Eq. as a function of frequency w and in-plane
wave vector k,. We apply this technique to BisSes/FeFs
bilayers with two different thicknesses of BisSes film: (a)
drr = 10 nm and (b) dry = 200 nm. In both cases we
use a Fermi energy of the Dirac plasmon EFr = 1 eV.
The color in Fig. [b|represents the magnitude of the func-
tion F whose maxima reveal the dispersion of the surface
DPPMP. In Fig. (a), for a rather thin BisSes layer, we
observe the formation of a surface DPPMP through anti-
crossings around 1.5 THz, 2 THz and 4 THz, i.e. where
the TI plasmon becomes degenerate with, respectively,
the energies of the magnon in the FeFs material, the a-
phonon in the BisSes, and the S-phonon in the BisSes.

As shown in Fig. [f[b), when the thickness of the
BisSes layer is increased to dry = 200 nm we continue to
see the contributions from a- and S-phonons in the dis-
persion, but the signature of the interaction between the
BisSes and FeF; layer at 1.59 THz disappears. This is
because the dispersion of the upper branch of the surface-
plasmon-phonon polariton in a bare TT layer described by
Eq. [70] blueshifts to above 2 THz with increasing BisSes
thickness due to the negative real part of its permittiv-
ity in this domain. In contrast, the lower mode, below
2 THz, redshifts because the real part of the permittivity
of BisSes is positive in this region. This redshift of the
lower branch mode below 2 THz causes this mode to no
longer intersect with the magnon resonant frequency at
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FIG. 5. Surface DPPMP dispersion in BisSes/FeF; structure
calculated using Eq. with the Fermi energy of Dirac plas-
mon on its surface Er = 1 eV and the thickness of TI layer
(a) drr = 10 nm and (b) dr; = 200 nm.

1.59 THz. As a result, the anti-crossing associated with
TI/AFM interaction cannot be observed in Fig. [5[b). A
similar effect is seen in all three types of TI materials
considered in this work; Fig. [6] shows the frequency-
dependent dielectric function of all three TIs, with the
transition from positive to negative values of the real part
of ep; at around 2 THz. This analysis indicates an upper
bound for the thickness of TI layer in which one could
observe the coupling between a TT and an AFM. Specifi-
cally, in the case of BisSes/FeF5 structure, the thickness
of the TI layer should not exceed 120 nm.

D. Impact of material parameters and Fermi
energy on the coupling strength

We now consider the impact of material parameters
and Fermi energy on the strength of the interaction be-
tween a TI and an AFM. In Fig. [7] we show the disper-
sion of the DPPMP around the magnon frequency for
three different TI/AFM bilayers: (a) BiaSes/NiO, (b)
BisSe;/MnF5, and (c) BixSes/FeF;. The thickness of
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FIG. 6. Frequency dependent dielectric function of topolog-
ical materials for corresponding BisSes (blue), BizTes (red)
and SbyTes (green) with (a) the real part and (b) the imagi-
nary part.

BisSes and Fermi energy of the Dirac plasmon in all
of these calculations is dry = 10 nm and Er = 1 eV,
respectively. One observes that the coupling strength,
defined by the magnitude of the separation A between
the upper and lower modes near the magnon frequency
and at a specific in-plane wavevector around the max-
imum anti-crossing point, increases from BisSes/NiO
(Fig. : Anio = 0.015 THz) to BisSes/MnF, (Fig.
E]b: Apinr, &~ 0.028 THz) and has the largest value for
BisSes/FeFy (Fig. : Aper, ~ 0.07 THz). This is
because the anisotropy constant K = y2M H, (where ~y
is the gyromagnetic ratio, M is the sublattice magneti-
zation and H, is the anisotropy field) that determines
the magnitude of the magnetic dipole in the AFM is
the largest for FeFy and smallest for NiO. We have also
performed similar calculations for different TI materi-
als combined with FeFs (data not shown) in which we
used the same Fermi energy for the Dirac plasmon on
the surfaces of all the TI films. These calculations tell
us that the coupling strength between TIs and FeFs is
almost independent of the change in TT materials. These
data suggest that the interaction between a surface Dirac
plasmon-phonon polariton in a TT with a magnon in an
AFM primarily depends on the amplitude of the mag-
netic dipole in the AFM material, which is mainly de-
termined by the magnetization and effective anisotropy
field, i.e. intrinsic properties of the AFM. This is be-
cause the larger magnitude of the magnetic dipole of the
AFM leads to a stronger interaction between the local
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FIG. 7. Surface DPPMP dispersion in the vicinity of magnon
frequency calculated using Eq. for (a) Bi2Ses/NiO , (b)
BisSe3/MnF2, and (c) BizSes/FeF; bilayer structures. In all
cases drr = 10 nm and Er =1 V.

spin moment in the AFM and the magnetic component
of the EM wave propagating in the system. As a result
of this increased coupling, the EM wave excites magnon
polaritons containing a larger number of magnons. This
stronger magnon polariton, in turn, mediates a stronger
interaction between magnon states in the AFM and Dirac
plasmon phonon states in the TI, resulting in a larger
contribution of magnons to the formation of Dirac plas-
mon phonon magnon hybrid modes. In other words, one
would expect, based on the data presented thus far, that
a larger magnetic dipole for an AFM should lead to a
stronger interaction between the surface DPP in a TI



and the magnon in the AFM. However, as we will now
show, this is not the case for the surface DPPMP in the
TI/AFM bilayer at low Fermi energy, a regime typically
at Ep < 0.4 eV for the materials investigated here.

02 04 06 08 1
EF (eV)

FIG. 8. Surface DPPMP dispersion in BixSes/FeFs bilayer
structure calculated using Eq. as a function of varying
Fermi energy of the Dirac surface plasmon. drr = 10 nm
and the in-plane wave vector k, = 0.8 x 10* em ™! are kept
constant.

We now investigate the influence of the Fermi level of
surface states in the TI layer on the coupling between
the TI and AFM. In Fig. [§] we plot the energy of the
surface DPPMP modes in a BisSes/FeFs bilayer as a
function of the Fermi energy of the TI surface states
from 0 to 1 eV. We simply observe the blueshift of all
polariton branches because the higher Fermi level leads
to more electrons participating in the surface mode and
that shifts the dispersion to higher frequency per Eq.
A direct consequence of this blueshift is that in-
creasing Fermi level from zero will always shift the Dirac
plasmon-phonon-polariton closer toward resonance with
the magnon polariton mode, thereby increasing the cou-
pling strength. To understand how these shifts affect
the coupling strength, in Fig. [9] we plot the dispersion
relations for the DPPMP in the BipSez/MnFs bilayer
for three different Fermi energies (a) Fr = 0.1 eV, (b)
E; =04 ¢V, and (c) Ef = 1 eV. We plot in green

the dispersion of the bulk magnon polariton mode in the

EAFJ\/IMAFZ\I 2

MnF5, which is given by k% = For low
Fermi level (Er = 0.1 eV, Fig. @h the Dirac plasmon-
phonon-polariton in the TI crosses the MnF5 magnon
resonance frequency 0y = 0.26 THz at approximately
k, = 0.028 x 10* em™!. The magnitude of the anti-
crossing (A, which is a measure of the strength of the
coupling) is extremely small and barely visible in Fig. @h
This occurs because the surface Dirac plasmon-phonon-
polariton in the TI thin film at low Fermi energy is rel-
atively far out of resonance with the magnon polariton
mode in the AFM represented by the steepest green line
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FIG. 9. Surface DPPMP dispersion in BisSes/MnF5 struc-
ture calculated from Eq. with drr = 10 nm, Fermi energy
(a) Er =0.1eV, (b) Ef =04 eV, and (¢) Ef =1 eV. The
green dotted line in all figures is the dispersion of the bulk
magnon polariton mode in the MnFs.

in Fig.[9h. Being relatively far from resonance reduces the
magnon contribution to the hybridized DPPMP state, re-
ducing the coupling strength. In contrast, for slightly
higher Fermi level (E; = 0.4 eV, Fig. [Pp) the Dirac
plasmon-phonon-polariton in the TT crosses the magnon
resonance frequency at approximately k, = 0.014 X
10* em~!. The magnitude of the anti-crossing (A) is
significantly larger because the Dirac plasmon-phonon-
polariton in the TT are very close to the resonance point
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FIG. 10. TI-AFM coupling strength in the BizSes/FeFs,

BisSe3/NiO, and BizSes/MnF; bilayer structures as a func-
tion of the Fermi energy of the Dirac plasmon in the TT film.
In all cases drr = 10 nm. Note that we use the technique
presented in our previous work[46] to extract the strength of
the coupling between the TI and the AFM that we call A;
the magnitude of A is schematically depicted in Fig. [} For
each bilayer the magnitude of A is extracted at the maximum
anti-crossing (around 1.6 THz for BizSes/FeF2, at 1 THz for
BizSe3/NiO, and around 0.26 THz for BizSesz/MnF>).

with magnon polariton in the AFM at w = 0.26 TH=z
and k, = 0.013 x 10* em~! (i.e. the anticrossing fea-
ture in the green line). A further blueshift in the Dirac
plasmon-phonon-polariton in the TI caused by a further
increase in the Fermi Level (Ey = 1 €V, Fig.[9) does not
further increase the magnitude of the anti-crossing (A).
To understand this saturation more clearly, in Fig.
we plot A as a function of BisSes Fermi level for bi-
layers constructed with all three candidate AFM mate-
rials. The magnitude of A for the BiySe3/MnFj struc-
tures initially increases with increasing Fermi level and
then saturates for Er > 0.4 eV as described above with
reference to Fig. [0 For similar reasons, the magnitude
of A for the BisSes/NiO structure initially increases and
then saturates for Er > 0.8 eV. In contrast, A for the
BisSes/FeFs structure increases monotonically with in-
creasing Fermi energy across the range of E'r we consider
here. The increasing threshold for saturation of A is
directly related to the magnon frequency in the AFM.
MnF; has the lowest magnon frequency and thus the
lowest saturation Er. FeFy has the highest magnon fre-
quency and thus the highest saturation Er (above the
range of Er considered here). Taken together, this anal-
ysis suggests that one way to tune the magnitude of the
coupling between a TT and an AFM is by gating the elec-
trons on the surface of the TI thin film.

E. The role of linewidth

Thus far we have been considering ideal materials in
which we neglected all loss rates by setting the linewidths
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FIG. 11. Surface DPPMP dispersion in BigSeg/Fng struc-
ture calculated using Eq. For both calculations the Fermi
energy of the Dirac plasmon is Er = 0.7 eV, the thickness
of the TI layer is d7r = 80 nm, and the linewidths of the a-
and (- phonon in the TT and the magnon in the AFM are set
at the realistic values listed in Tables[land [[Il The linewidth
of the Dirac plasmon is (a) I'p = # = 10 THz and (b)

_ =
I'p=- =0.1TH-z.

TDP

to zero. This has allowed us to understand much of the
physics underlying the emergence of hybridized states
due to strong coupling. We will now consider realis-
tic material parameters by including dissipative effects
via non-zero linewidths. We start by considering the in-
fluence of scattering rate (linewidth) on the dispersion
of the surface DPPMP for the BisSes/FeFs structure.
In Fig. we plot the energies of the surface DPMP
modes for dr; = 80 nm, Er = 0.7 eV, and realis-
tic values of the loss rates in the system described by
the linewidths of the a- and - phonons in the TI and
the magnon in the AFM as given in Tables [I] and [}
The linewidth (relaxation time) of the Dirac plasmon for
the calculation in Fig. (a) isI'p = T;P =10 TH=z
(t = 0.1 ps). For Fig. [11|b) the linewidth (relax-
ation time) is I'p = % = 0.1 THz (r = 10 ps).
When the relaxation time of the Dirac plasmon is small
[Fig. [11}(a)], the polariton branch below 2 THz is invisi-
ble and there is no anti-crossing signature in the vicinity
of w~ 1.6 THz. In contrast, for an increased relaxation
time for the Dirac plasmon [Fig. [[1{b)], the polariton




branch below 2 THz becomes clear and the anti-crossing
signature in the vicinity of w ~ 1.6 T Hz becomes appar-
ent. This behavior of the polariton branch below 2 THz
is due to the dominance of the TT surface states at the
low frequency; at high frequency the a- and - phonons
with smaller linewidths (see Table [l) play an important
role. The line width of the AFM is very small in compar-
ison to that of TI and therefore has less impact on the
whole dispersion relation for the DPPMP. These calcula-
tions imply that the coupling between TI and AFM can
only be observed with extremely high TI quality (small
linewidth). Specifically, for BisSes our calculation pre-
dicts that the linewidth of the Dirac plasmon on the sur-
face of BisSes should not exceed 1 THz.
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FIG. 12. Surface Dirac plasmon-phonon-magnon polariton
dispersion in BisSes/FeF2 structure versus the variations of
TT’s linewidth (a) and AFM linewidth (b) calculated from
Eq. With the Fermi energy of Dirac plasmon on its surface
Er =1 eV and the thickness of TTI layer dr; = 10 nm at a

fixed in-plane wave vector k, = 0.13 X 10* em ™.

Finally, we consider the effect of scattering rate on the
coupling strength. For convenience and clarity, when we
consider the effect of TT loss rate we will assume zero loss
(zero linewidth) for the AFM and vice versa. Computa-
tionally, we change the scattering loss rate in the TI by
adding a multiplicative factor n7; to the initial values of
the linewidth of the o~ and (- phonons (listed in Table I
and the Dirac plasmon in the TT layer, which has initial
value I'g = 0.1 THz. In Fig. a) we plot the dispersion
at a fixed in-plane wave vector of k, = 0.1 x 10* cm ™! as
a function of npy. We find that the scattering loss rate in
the TT material has almost no impact on the strength
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of the coupling between the TI and the AFM as in-
dicated by the persistently-observable splitting between
the upper mode at around 1.64 THz and lower mode at
1.55 THz. We note, however, that the two branches of
the polariton become progressively fainter upon increas-
ing the linewidth of the TI, as discussed previously. In
Fig. b) we present an analogous plot as a function
of nappr. We find that the upper and lower polariton
modes merge into a single polariton when napyr ~ 25,
i.e. for a factor or 25 increase in the linewidth of the
magnon in the AFM relative to the base value listed in
Table [ This merge into a single polariton occurs be-
cause when linewidth in the AFM exceeds the coupling
strength (anti-crossing) and provides a benchmark for
the AFM linewidth that would require to be achieved
to create an experimentally-observable coupling between
the TI and the AFM. Together with the above analy-
sis, this result shows the critical importance of extremely
high quality samples for any experimental study of the
coupling between a TI and an AFM such as those theo-
retically explored here.

IV. CONCLUSIONS

In summary, we have presented a robust method for in-
vestigating the surface polariton modes in a heterostruc-
ture by using the scattering and transfer matrix method
with proper boundary conditions. We then apply this
technique to systematically study the interaction be-
tween a TT and an AFM in a TI/AFM bilayer mediated
by both the electric and magnetic degrees of freedom.
For the specific case of BisSez combined with the 3D
antiferromagnetic materials MnFy, NiO, or FeF5, we ex-
plore the limits for reaching the strong coupling regime
evidenced by the formation of DPPMP hybridized states
and emergence of an anti-crossing. Our calculations pre-
dict an upper bound for the thickness of the TI layer
that could be used to experimentally observation such
strong coupling with those AFMs. We quantify the de-
pendence of the coupling strength on the magnetic dipole
and linewidth of the magnon, which are intrinsic proper-
ties of the AFM material. We also quantify the depen-
dence of the coupling on the Fermi energy, and hence the
carrier concentration, of the Dirac plasmon on the sur-
face of the TI and at the interface between the TI and
the AFM. We find that the strength of the interaction
between a TI and an AFM can be tuned via gating the
electrons on the surface of the TI. We also find that the
saturation of the coupling strength primarily depends on
the magnetic dipole of the AFM material. Finally, we
show that extremely high material quality is essential to
experimentally observing strong coupling between the T
and the 3D AFM considered in this work.

One of the most important results of the approach pre-
sented here is the physical insight it provides to guide and
prioritize work to characterize potential AFM materials
for reaching the strong coupling regime in such hybrid



material structures. For example, FePSs, a 2D antiferro-
magnetic van de Waals material, has a magnon frequency
of about 3.7 THz [53] and an anisotropic constant (=
2.66 meV) [35] 541 B5] that is three orders of magnitude
larger than that of MnFsy (&~ 0.0023 meV) [30]. This
suggests that FePSs is an extremely promising material
for a TT / AFM heterostructure in which strong coupling
could be observed experimentally. Use of FePS; may
even avoid the requirement of extremely high TT qual-
ity to observe a visible Dirac plasmon phonon magnon
polariton mode below 2 THz. However, we cannot use
the approach described here to quantitatively predict the
coupling in a heterostructure containing FePS3 because
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we lack complete information of the suite of material
parameters necessary to formulate an analytical expres-
sion for the FePS3 permeability tensor. This illustrates
how the present work guides material development and
characterization efforts to focus on materials with large
anisotropic constants.
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