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Surface plasmons in two-dimensional (2D) electron systems have attracted great attention for their
promising light-matter applications. However, the excitation of a surface plasmon, in particular, transverse-
electric (TE) surface plasmon, remains an outstanding challenge due to the difficulty to conserve energy
and momentum simultaneously in the normal 2D materials. Here we show that the TE surface plasmons
ranging from gigahertz to terahertz regime can be effectively excited and manipulated in a hybrid dielectric,
2D material, and magnet structure. The essential physics is that the surface spin wave supplements an
additional freedom of surface plasmon excitation and thus greatly enhances the electric field in the 2D
medium. Based on widely used magnetic materials like yttrium iron garnet and manganese difluoride, we
further show that the plasmon excitation manifests itself as a measurable dip in the reflection spectrum of
the hybrid system while the dip position and the dip depth can be well controlled by an electric gating on
the 2D layer and an external magnetic field. Our findings should bridge the fields of low-dimensional
physics, plasmonics, and spintronics and open a novel route to integrate plasmonic and spintronic devices.

DOI: 10.1103/PhysRevLett.133.156703

Introduction—Plasmons are collective excitations of
electronic charge density in metallic structures. In three-
dimensional (3D) systems, one has to overcome a gap of
several electronvolts to excite the bulk plasma oscillations,
which makes it challenging to be manipulated. The
situation in two-dimensional (2D) systems is very different
since the plasmon frequency is usually proportional to /g
with g being the propagating wave vector of plasmons [1],
implying that the excitation energy can be desirably tuned
far below the optical regime. Another benefit of a 2D
configuration is the electrical tunability of the Fermi energy
and thus of the charge carrier density [2,3]. As a result,
surface plasmons in 2D materials, for example, graphene
(GRA), have attracted significant attention with the well-
developed fabrication technology of 2D materials [2-7]. In
particular, transverse-magnetic (TM) plasmons are broadly
studied while transverse-electric (TE) plasmons are seldom
studied for their restrictive excitation condition. For usual
2D systems with the parabolic electron dispersion, it is
widely believed that the TE plasmons are not present for
their positive imaginary component of conductivity, which
is well described by the Drude model [8]. For graphene, it
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was theoretically proposed that the sign of the imaginary
part of the conductivity may reverse near the spectral onset
of intraband scattering to unlock the TE modes [9].
However, the resulting TE plasmons locating in infrared
and terahertz regime are yet to be verified.

On the other hand, spin waves—collective excitations of
spins in ordered magnets—can carry information even in
magnetic insulators, which largely reduces the Joule heat-
ing problem during information processing [10,11].
Spintronic systems are also easily integrated with other
physical systems, for example, photons, qubits, and pho-
nons, to form hybrid systems for multifunctional informa-
tion processing [12,13]. The frequency of spin waves
ranges from gigahertz in ferromagnets (FM) to terahertz
in antiferromagnets (AFM) [14]. This makes it possible to
couple them to surface plasmons in 2D materials that have a
continuous spectrum [15-17]. Hybrid 2D materials
with magnetic films, which stimulated a lot of interest
recently [18-24], also provide an accessible platform to
investigate the hybrid magnon-plasmon excitation.

In this Letter, we show how the conventional constraint
on a TE surface plasmon excitation can be overcome by the
interplay of surface plasmons and spin waves. In particular,
we investigate the wave propagation in a hybrid dielectric
(DE), 2D electron gas (2DEG), and magnetic insulator
structure as shown in Fig. 1. An incident electromagnetic
wave first induces a surface wave at the interface of
media 4-3 and an evanescent wave inside medium 3.
The evanescent wave propagates toward the 2DEG layer
and excites TE surface plasmons and surface spin waves

Published by the American Physical Society
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FIG. 1. Schematic of the modified Otto configuration com-

posed of a prism, a dielectric layer, a 2DEG layer, and a
ferromagnetic layer. An incident electromagnetic wave induces
an evanescent wave in the dielectric layer above a critical incident
angle. The evanescent wave propagates toward +-e, direction and
excites surface plasmons in the 2DEG layer as well as surface
spin waves in the magnetic layer.

simultaneously free from the constraint of 2DEG conduc-
tivity. The frequency of this surface plasmon-magnon
polariton can be well tuned by an external magnetic field
and falls into the gigahertz regime for FMs and terahertz for
AFMs. For comparison, plasmons are barely generated
when a magnet is replaced by a (nonmagnetic) dielectric
material. Furthermore, the excitation of the surface
plasmon manifests as a sharp and robust dip in the
reflection spectrum of the layered structure, which is
feasible to be observed in experiments. These findings
give a state-of-art demonstration of surface-plasmon exci-
tations in hybrid 2D material-magnet structures and they
should open a promising avenue to study the interplay
of spintronics, nanophotonics, and low-dimensional
physics.

Physical model and the excitation spectrum—Let us first
look at the excitation spectrum of the hybrid system
DE/2DEG/FM(DE) shown in Fig. 1, where the DE and
FM layers are semi-infinite. The electromagnetic properties
of the hybrid structure should satisfy the Maxwell equa-
tions,

VxE=-9B, VxH=9D, (1)

where E and H are, respectively, electric and magnetic
fields, while D = ¢p¢E and B = po(H + M) are, respec-
tively, the electric displacement and the magnetic induction
with €, ug, and € being the vacuum permittivity, vacuum
permeability, and material permittivity, respectively. After
eliminating the electric components, Eq. (1) can be com-
bined to

(V2 + i) H - V(V-H) + KM = 0, (2)

where k* = eugw®, M = M,m, with M, being the satu-
ration magnetization and m the normalized magnetization
vector of the FM layer.

On the other hand, the magnetization dynamics in the
FM layer is governed by the Landau-Lifshitz-Gilbert
(LLG) equation [25-27]:

om = —ym X H. 4 + am x o,m. (3)

The first and second terms on the right-hand side of Eq. (3)
respectively describe the precessional and damped motion
of the magnetization toward the effective field H.y; with y
and a being the gyromagnetic ratio and the Gilbert damping
parameter. In general, Hg; is a sum of the external field H,,
the dipolar field H, the crystalline anisotropy field, and the
exchange field. It is assumed that the external field is
applied along the x axis, H, = H,e,, and is strong enough
to generate a uniform equilibrium state, My = M e,. Then
the spin-wave excitation above this ground state can be
represented as M = M, + M e, + M. e, with M, , < M
and the dynamics of (M,, M) is derived by linearizing the
LLG equation (3) around M, as

)= )G e
M, v K H,
where k= (), — iaw)w,,/[(w, — iow)? — ?], v=
w,0/[(0, — iaw)* — ©*], with w, =yH,, ®, =7yM,.
This linearization procedure is sufficient to describe low-
energy excitation of spin waves [28,29]. Without loss of
generality, we have neglected the exchange field, because it
does not contribute significantly to the low-energy excita-
tion in the soft magnets like yttrium iron garnet (YIG).
By substituting Eq. (4) into the Maxwell equations (2),
we can derive self-contained equations for H, and H..
We consider an incident wave with momentum k() =
(0, k4 cos @, k4 sin 0). Then the spins mainly oscillate in the
y and z directions, and the combined LLG and Maxwell
equations in medium 2 read

(au+k%<1+'<> Oy~ i3y )(Hy):o. (5)

—0,. +iksv 0y, +k5(1+x)/ \H;

Z

By solving Eq. (5), we derive the surface spin-

wave mode with H, = (0, Hé_y),H;—Z))e"kzv-"—’(zz, E,=

(Eg;),0,0)eika)'y_"zz, H<2_y> = iKzEg;)/(/Aoa)), and ky ., k3, @
are related to each other by the determinantal equation.
Unless stated otherwise, we always label the wave vector
and decay exponent in medium i by k; ,, and k;, and they
satisfy k7, — k7 = w?/c?¢; (i = 3,4). The upper indices (+)
indicate the exponential increase or decay modes in the +z
axis. Note that such surface modes can be interpreted as
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Damon-Eshbach modes beyond the magnetostatic limit
[30,31].

In the dielectric medium 3, M =0, the TE wave
solution to the Maxwell equations reads H;=

(O,Hg;),Hgi))eik3~>'y+K3z, E; = (Eg?, 0,0)eky 537 with

the relation ng) = —iK3E<3§) /(pow). At the interface of
media 3 and 2, the tangential components of electric field
should be continuous while the tangential components of
magnetic field are connected by the surface electric currents
Je = aE;—x) corresponding to surface-plasmon excitations
in the 2DEG layer, i.e.,

WY -HS —aED B -ED ©
where we shifted the z = 0 plane to the interface of 2DEG
for simplicity and imposed the requirement of in-plane
momentum conservation k3 , = k, , = g. The semiclassical
approximation for plasmons as surface electric currents
associated with electromagnetic wave emission is a stan-
dard approach [8,9]. Nontrivial solutions of Eq. (6) exist
provided

) 0)2€3 620)2

T e,

— ipgwo = 0, (7)
where &, (p€{FM,DE}) depends on the nature of
medium 2 such that

k%.z B k%(l + K)

Seng = —i[ k
M ’( A

S8

Opg = k%/Kz- (Sb)

This is our first key result. When medium 2 is a dielectric,
the resonance condition is reduced to the familiar form in
literature by inserting opg into Eq. (7) [9]. This condition
only has real solutions when o is purely imaginary
and otherwise has a negative imaginary component.
Therefore, it cannot be fulfilled for conventional 2DEG
whose conductivity is well described by the Drude model
[9,32,33]; i.e., 6 = 6yEp/(al — inhw) with oy = e*/4h,
Er being the Fermi energy and I" being the relaxation rate of
carriers. This implies that the TE surface plasmons cannot be
resonantly excited using the conventional Otto setup.

The situation changes dramatically when medium 2 is a
ferromagnet. By plugging gy into Eq. (7), we find that the
resonant frequency should satisfy the equation

2 22
) W€ g — kv peooEF

- =0. 9

Tz +q(l+l<+1/)Jr nh ©)

Firstly, we recover the frequency of surface magnon mode
in the magnetostatic limit (w0 < cq) when Ep =0 as

(a) 20 J (b) 20
_ <15
N S A — S
I A———— S,
1
Ql;. O —H=03T Q‘ﬁ .
= —H=04T = i +o
s s Light cone e 5 = orton’2
DE/GRA/DE
0 0
0 2 4 6 8 00 01 02 03 04 05
q (mm") Field (T)
FIG. 2. (a) Dispersion relation of the surface plasmon-magnon

polariton. The light cone is bounded by w = cq/\/€;. €4 = 14,
€3 =2, Er =0.8 eV. The parameters of YIG are used with
e3 = 10.8, My = 0.175 T [35-37]. (b) Resonant frequency of the
surface plasmon-magnon polariton as a function of external field
at different values of the Fermi energy in the hybrid structure
shown in Fig. 1, 8 = 1.16... The black line at @ = 0 is the solution
to resonant condition (7) in DE/GRA/DE structure.

®, = w, + ,,/2 [blue and red dashed lines in Fig. 2(a)]
[30,34]. Secondly, as we go beyond this limit, the spectrum
can be obtained by numerically solving Eq. (9), with the
result shown in Fig. 2(a). Clearly, there is an overlap
between the light cone and surface plasmon-magnon
dispersion, suggesting the possibility to match both
momentum and energy between the incident photons
and hybrid plasmon-magnon modes and thus enabling
the plasmon excitations. It is noteworthy that the resonant
frequency can be well tuned in the gigahertz regime by the
external field, as shown in Fig. 2(b).

Reflection rate—Now we proceed to demonstrate that
the surface plasmons and magnons can be simultaneously
excited by shining a proper wave on the hybrid system. The
excited surface plasmon will carry away electromagnetic
energy and reduce the reflection rate of the system,
which provides a feasible way to detect the excitation of
surface plasmons in experiments. Here we consider an
s-polarized incident wave with electric field perpendicular
to the incident plane k() = (0, ky, k.) in medium 4, where
ky, = kysin@ and k, = kycos®, as shown in Fig. 1.
To satisty the Maxwell equations, the magnetic and electric
fields should read H{’"” = (0, Hf‘f},’) JH iy tke2)

and  EY=(E{"".00)e k) with B =

+ Egiir)kz/(ﬂow), Hffér) = —E‘(‘l’ir)ky/(yoa)), where i, r
label the incident and reflected waves, respectively.
Above a critical angle 0, = arcsin y/€3/€4 (€4 > €3), the
incident light induces evanescent waves in medium 3 [32].
The finite thickness of medium 3 allows for the coexistence
of exponential increase and decay modes, i.e.,

Hy = (0, HS,) HL ) )etor=sss 4 (0, HYY) B etk s,

E; = (ES),0,0)ekr—2 4 (E}7) 0,0)ekrtas (10)

3.x° 3x°

156703-3



PHYSICAL REVIEW LETTERS 133, 156703 (2024)

where Hgi) = F ingC)@/(/zoa)) and Hg,i)

Y X
—iEg?k&y/(ﬂoa’)-
Now the boundary conditions require the continuity of
the tangential components of both electric and magnetic
fields at interfaces of media 4-3 and 3-2, i.e.,

H) + 1) =H) +H), (11a)

EY +EY) = BY) + B, (11b)

H etertmld o g elorld — 6EC) — HE) (11c)
ESelated 4 Fllolomm)d — gD (11d)

By expressing all the magnetic fields by their electric
fields counterparts and solving the resulting linear equa-

tions, we can derive the reflection coefficient R = EY))C / EE"ZC
as [38-42]

R k3 [k, sinh(xk3d) — ix3 cosh(k3d)] + 8¢
 k3[k, sinh(k3d) + iK3 cosh(ksd)] + 8,c_

(12)

where ¢y =(F poow—+k.)kzcosh(ksd) F i(x3 £k pgow)
sinh(k3d). For very thin dielectric medium 3 (k3d — 0),
the reflection coefficient is simplified as

_ _ik% + 51) (kz - /40660>
ik% + 51) (kz + ﬂUGw) ‘

(13)

This is the second key result of our work. Figure 3(a) shows
the reflection rate |R|?> as a function of the frequency of
incident wave when 6 = 36... A sharp dip in the reflection
rate appears at the resonant frequency (vertical dashed
line), implying a resonant excitation of the surface plas-
mon-magnon polariton. As a comparison, the reflection
rate is approximately one when the magnetic layer is
replaced by a normal dielectric with the same permittivity
€, (blue line), indicating very weak plasmon excitations.
This comparison explicitly confirms that the magnetic layer
releases the constraint to excite the TE surface plasmon. To
understand the essential physics, we further plot the electric
field in the 2DEG layer as well as the spin-wave amplitude
as a function of the wave frequency in Fig. 3(a). When
medium 2 is a magnetic layer, the spin wave is maximally
excited at resonance, which also significantly enhances the
electric field in the 2DEG layer and thus strongly excites
the surface-plasmon mode. However, there is no enhance-
ment of electric fields when medium 2 is a dielectric. Now
it seems safe to conclude that the surface spin waves boost
the surface-plasmon excitations, which carry away signifi-
cant amount of electromagnetic energy and thus generate a
considerable dip in the reflection spectrum.

(@) 1.0F 7 () 10
049 — = 0. me

08 _ppararn || 1 T :anc?-l(i)lze '
(\1_0.6 — DE/GRA/DE N_QS e 02mev
~ — Re(EEMDp b N - Lorentz-like /¢

0.4 —— Re (E/EV)pg ; 07 ‘ ]

04— j

0.0 ‘ == ‘ 03

8§ 10 12 14 16 6 8 10 12 14 16

© /2n (GHz) (d) w2z (GHz)

0.20
A015m
>
[}
£0.10
[_‘ -

0.05f 7T
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Er (eV)

0.05 0.10 0.15 0.20
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FIG. 3. (a) Reflection rate of the hybrid system, electric field
strength at the FM surface, spin-wave excitation amplitude as a
function of the incident wave frequency. d = 2.5 pm,
H,=03T,a=10"*T=0.01 meV,0 = 1.10,, Ep =03 eV.
(b) Fano-like and Lorentz-like reflection spectrum at small
relaxation rate and large relaxation rate of carriers, respectively.
The dashed lines are the results of analytical formula Eq. (14).
(c) Density plot of the line shape index p in the Ex-I" plane. The
line shape is Fano-like for p < 1 and Lorentz-like for p > 1. The
black dashed line is p = 1. (d) The minimum reflection rate as a
function of the Fermi energy at different external fields.
I'=0.01 meV.

Line shape of the reflection spectrum—We further notice
that the line shape of the reflection spectrum near the
resonance is asymmetric. Physically, this may be inter-
preted as an interference effect between the background
continuum spectrum and a discrete mode [43]. Here the
continuous mode is the flat reflection spectrum without
considering the magnetic properties of medium 2 [blue line
in Fig. 3(a)], while the discrete mode is the hybrid surface
plasmon-magnon mode. Specifically, we can expand the
reflection rate (13) around the resonant frequency and
derive that [38]

(0 —wy + AB)* + 1
(0—wo)* +p*

where 4 is the well-known Fano parameter, 0y = o, — Aw
is the modified resonant frequency, f is the effective
linewidth, and 7 is the strength of the Lorentz contribution.
In general, near the resonance position, we may character-
ize the relative weight of the Fano and Lorentz line shapes
by defining a line shape index p =n/(Aw + Af) as [38]

IR]> = A, (14)

|7k T2 — pooowE el + mk (hw)?
N oo Epha? ’

P) (15)
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FIG. 4. (a) Reflection rate and spin-wave excitation

amplitude of an AFM as a function of incident frequency in
an DE/GRA/AFM structure. Here, m is the magnetization
order of an AFM. The inset shows the external field depen-
dence of the frequency of plasmon-magnon mode. wg, =

H,,(2H., + H,,). Parameters of MnF, are used with ex-
change field H., =556T, anisotropy H,, =0.88T,
M, =0.059 T, e, = 7.645 [46,47], ' = 0.8 meV. Other param-
eters are the same as Fig. 3(a).

When the relaxation rate of carriers I' in 2DEG is very
small, the ratio p & zk,n/pyooEr is much smaller than one
for higher Fermi energy, then the reflection spectrum is
Fano-like [43], as shown in Fig. 3(b) (red line). When the
relaxation rate I[' is very high, the ratio becomes
p ~ k1% /(oo Ephw?). In this regime, the Lorentz con-
tribution can be comparable and even dominate the Fano
contribution [orange line in Fig. 3(b)]. The complete phase
diagram of p in the Ep-I" plane is shown in Fig. 3(c). It is
noteworthy that the Fermi energy of the 2DEG can be tuned
by electric gating [44], which makes it possible to tune the
line shape and thus the minimum reflection rate of the
hybrid system. Figure 3(d) shows that the minimum
reflection rate |R,,|* can reach zero by appropriately tuning
the Fermi energy and external fields. In this situation, all the
energy of incident wave is converted to excite surface
plasmons.

Extension to antiferromagnet—The essential physics
presented above can be extended to AFMs. As an example,
we consider a two-sublattice AFM insulator with the easy
axis and external field both aligned along the x axis.
Following a similar approach presented above, we can
derive the reflection coefficient [38]. Figure 4 shows the
reflection rate as a function of the incident wave frequency.
Unlike the ferromagnetic case, two distinguished dips
appear in the subterahertz regime (red and blue lines)
depending on the direction of in-plane momentum (g) of
incident wave. This difference is because there are two
surface spin-wave modes in an AFM propagating in +e,
directions, respectively [39]. The incident wave with g > 0

(g < 0) only excites the surface spin wave and plasmon
propagating in the +e, (—e,) directions. Therefore one may
generate nonreciprocal surface plasmons [45] by properly
choosing the wave frequency.

Discussion and conclusions—In conclusion, we have
shown that surface spin waves in both ferromagnets and
antiferromagnets can boost the excitation of TE surface
plasmons ranging from gigahertz to terahertz regime in
2D materials. The excitation condition is not constrained by
2D conductivity and is thus applicable to a wide class
of 2D systems. The excitation of surface plasmons carries
away electromagnetic energy and generates a local mini-
mum in the reflection spectrum of the system. The dip
structure is quite robust against conductivity variation of
2D layers caused by the adjacent magnetic material, the
damping of magnetic systems, and the loss of dielectric
layers caused by defects and disorder in real materials [38].
Our findings should open a novel and feasible hybrid
platform to study the surface plasmons and further promote
their application in designing spintronic and plasmonic
devices.
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