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Magnetodispersion of two-dimensional plasmon polaritons
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We have investigated the spectrum of two-dimensional (2D) plasmon polaritons over the full range of magnetic
fields. In our study, we investigate a disk-shaped two-dimensional electron system (2DES) with a metallic gate on
the backside of the substrate. Importantly, we show that 2D plasmon polaritons hybridize with the TM0 photonic
mode of a dielectric waveguide formed by a sample substrate. We have developed a theory for plasmon-polaritons
in an infinite 2DES. We find the experimental data to be in good agreement with the developed theory.
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I. INTRODUCTION

The interaction of light and matter is at the heart of
nearly every optical process found in nature [1]. It has
been established that the response of a two-dimensional
electron system (2DES) to the incident electromagnetic radi-
ation is dominated by plasmon excitations. Because of their
compelling properties, two-dimensional (2D) plasmons have
proven to be a versatile tool for integrating photonics with
electronics. For example, 2D plasmons provide extreme sub-
wavelength confinement of light while still offering a long
lifetime. Also, plasmon velocity can be tuned over a wide
range by changing the 2DES density or applying an external
magnetic field. In this regard, screened plasmons in gated
structures are especially promising as they allow for den-
sity tuning through the field effect [2–11]. Gated plasmons
have linear dispersion that has been studied over a broad
range of wave vectors and in the absence of retardation
effects [5,12–14].

Charges in a 2D layer are incapable of effectively screening
a 3D field of an incident electromagnetic wave. This fact leads
to a strong hybridization of light and 2D plasma, which is
expressed in the formation of a new quasiparticle — plasmon
polariton [15,16]. Polaritonic effects are particularly strong
when the quasistatic frequency of the 2D plasmon ωplasmon is
comparable to the frequency of light ωlight for a given wave
vector q, and when retardation becomes significant. It was
shown that retardation leads to a considerable reduction in the
resonant plasma frequency [15]. In particular, for practically
important gated plasmons, the retarded frequency is given
by [17,18]

ωp = ωg√
1+ V 2

p ε

c2

, ωg =
√

nse2h

εε0m∗ q = Vp q, (1)

where ωg and Vp are the frequency and velocity of the gated
plasmon in the quasistatic approximation. Here, q is the
wave vector of the plasmon, h is the distance between the

conducting gate and 2DES, ns and m∗ are the density and
effective mass of the 2D electrons. ε0 and ε denote, respec-
tively, the electric constant and effective permittivity of the
semiconductor crystal between the back gate and 2DES. The
parameter Vp

√
ε/c is a quantitative measure of the strength of

the retardation effects.
When a perpendicular magnetic field is applied, the plas-

mon resonance in a laterally confined 2DES splits into two
modes — the cyclotron (bulk) and edge magnetoplasmons
[19–24]. However, retardation effects significantly modify the
plasmon-polariton behavior in the magnetic field. Unfortu-
nately, the fundamental magnetoplasma mode is very weak
due to radiative damping, and quickly disappears against the
background of plasmon harmonics in relatively low mag-
netic fields [25]. This makes the experimental determination
of magnetodispersion virtually impossible. Such crossover is
manifested in a zigzag behavior of the observed bulk magne-
toplasma modes [15].

In the present paper, we investigate the magnetodispersion
of 2D plasmon polaritons over the full range of magnetic
fields. It is accomplished employing a unique structure design
with a metallic gate on its backside. The gate effectively
suppresses the radiative damping of plasma waves, eliminat-
ing the problem of zigzag behavior. Experiments on disks
with different diameters allow us to determine the spectra of
plasmon-polariton waves in magnetic fields of up to 0.3 T.
Most importantly, these experiments reveal the mechanism
responsible for coupling the incident light and 2D plasma.
We establish that 2D plasmon polaritons hybridize with the
TM0 photonic mode of a dielectric waveguide formed by a
substrate.

II. EXPERIMENTAL TECHNIQUE

The experiments were carried out on semiconductor
samples with a single GaAs/AlGaAs quantum well. The
samples had the 2D electron density ns = 7.5 × 1011 cm−2

and the electron mobility μ = 0.4 × 106 cm2/(V·s) at the
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FIG. 1. Dependence of the microwave absorption on magnetic
field in the sample with 2DES diameter d = 7 mm, electron den-
sity ns = 7.5 × 1011 cm−2, and substrate thickness h = 640 μm.
Plots show the data obtained at four excitation frequencies. Traces
of Lorentzian fits to the experimental data for the frequency f =
17.5 GHz are plotted with fine black curves. The inset at the top is
the sample schematic with the back gate marked in red at the bottom
surface of the substrate.

temperature T = 4.2 K, corresponding to the transport re-
laxation time τ = 15 ps. Samples with disk-shaped mesas
of various diameters were fabricated from the quantum well
through optical lithography and wet chemical etching. In
our study, we investigated six samples with mesa diameters
d = 3, 4, 5, 6, 7, and 10 mm. GaAs substrate thickness for
all the samples was fixed at h = 640 μm. A metallic gate
was thermally deposited opposite to the quantum well side of
the substrate. The sample schematic is depicted at the top of
Fig. 1. We used two schemes to excite microwave resonances
in the 2DES. One approach was to place the sample in the
cross section of a rectangular waveguide powered by a mi-
crowave generator. The other approach involved feeding the
microwave signal from the generator to a wire antenna in the
vicinity of the sample. To detect the microwave absorption
in the sample, we employed a noninvasive optical technique
based on the high sensitivity of GaAs recombinant photolu-
minescence spectra to even slight heating of 2DES. A detailed
description of the technique is provided elsewhere [26]. All
the experiments were performed at the temperature T = 4.2 K
in the magnetic field of (0–0.4) T directed perpendicular to
the sample surface. The samples were immersed in a liquid-
helium cryostat with a superconducting coil.

III. RESULTS AND DISCUSSION

A. Magnetoplasmons in screened disks

Figure 1 demonstrates typical microwave absorption de-
pendences on the magnetic field in a sample with disk
diameter d = 7 mm measured at different microwave exci-
tation frequencies. The experimental curves reveal several
microwave resonances symmetric with respect to magnetic
field inversion. For accurate analysis, we fitted each experi-
mental curve with several Lorentz peaks to determine the peak
positions. An example of such a fit is shown in Fig. 1 for
the data corresponding to the microwave excitation frequency
f = 17.5 GHz.

To analyze the physical properties of the observed mi-
crowave resonances, we plot their frequencies versus the
applied magnetic field. Magnetodispersion data for the sam-
ples with diameters d = 7 and 3 mm are presented in
Figs. 2(a) and 2(b), respectively. We can see that in all the
samples, the behavior of the fundamental plasmon mode is
similar in a qualitative sense. In the presence of the magnetic
field, it splits into two branches. Such splitting is common
for the plasma modes in a disk-shaped samples [19–22,24].
It corresponds to removing the mode degeneracy due to the
azimuthal number in a nonzero magnetic field. The lower
mode ω−(B) with negative magnetodispersion is often called
the edge magnetoplasmon mode [19–21,23]. The upper mode
ω+(B) has positive magnetodispersion and corresponds to the
usual (“bulk”) 2D magnetoplasmon [27].

As for the gated 2DES under consideration, the edge and
bulk magnetoplasmons as well as their splitting in a weak
magnetic field have been previously investigated in [18]. In
the same work, it has been established that given strong retar-
dation, magnetodispersion of the modes in a screened disk is
well described by the following equation [19,24,28,29]:

ω± = ±ω′
c

2
+

√(
ω′

c

2

)2

+ ω2
p, (2)

where ωp is the plasma frequency at zero magnetic field
determined by Eq. (1) and ω′

c is the renormalized cyclotron
frequency

ω′
c = eB/m∗

1 + V 2
p ε

c2

. (3)

For the screened plasmon in a disk geometry, the wave vector
q in Eq. (1) should be taken as q = 3.7/d [22]. The experi-
mental points are fitted according to Eq. (2) (solid red lines
in Fig. 2), with ωp and ω′

c/B used as free parameters. For ex-
ample, considering a sample with d = 7 mm in zero magnetic
field, we find the plasma frequency of the fundamental mode
to be fp = 5.2 GHz. It can be seen that Eq. (2) accurately
describes the lower ω−(B) and upper ω+(B) branches of mag-
netodispersion in low magnetic fields, up to several tens of
mT. In the high magnetic field limit, when eB/m∗ � ω+(B),
the measured data strongly deviate from Eq. (2).

To account for such behavior, we develop a rigorous theory
of the plasmon-polariton waves in an infinite gated 2DES
[30]. The theory is based on Maxwell’s equations with stan-
dard electrodynamical boundary conditions: vanishing of the
tangent components of plasmon electric field on the metal
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FIG. 2. Magnetodispersion of the plasmon modes observed in
the samples with 2DES disk diameters d = 7 mm (a) and d =
3 mm (b). Both samples have the same electron density ns = 7.5 ×
1011 cm−2 and substrate thickness h = 640 μm. Red dots denote
the fundamental screened plasmon mode. Blue circles correspond to
its second harmonic. Green circles correspond to the axisymmetric
plasmon mode. The inclined dashed line indicates the cyclotron
resonance (CR) magnetodispersion ωc = eB/m∗ with the effective
electron mass m∗ = 0.067m0. The red solid curves are the fits to the
experimental points obtained according to Eq. (2). The theoretical
prediction [30] for the magnetodispersion of the upper plasmon mode
is plotted in a solid black line. The horizontal dashed lines indicate
the photon asymptote ω = ωinf at the infinite magnetic field (see
details in text).

surface, their continuity at 2DES plane, and discontinuity of
their derivatives due to nonzero 2D current density in 2DES.
To find the dispersion equation, we also use material equations
(Ohm’s law and the continuity equation for charge density
current) with the Drude model for the conductivity tensor. As
a result, the developed theory makes it possible to calculate
the plasmon frequency ω+ for a given wave vector and mag-

netic field. To compare this theory with the experiment, we
use a standard wave vector quantization for plasmons in a
gated disk-shaped 2DES, q = 3.7/d [22]. Figure 2 includes
the theoretical results for ω+(B) calculated at high magnetic
fields for ωc > ω+(B) (solid black curves). It shows that in
this range of magnetic fields, the theory is in good agreement
with the experimental data.

We note that it was impossible to determine the magne-
todispersion of plasmon-polariton modes experimentally for
a long time due to the crossover between different plasmon
harmonics [25]. It occurs because the strong interaction of
the fundamental plasmon with light causes a substantial ra-
diative decay of the mode. The fundamental mode decays
faster and releases its oscillator strength to the second har-
monic [25], leading to the zigzag behavior of the observed
resonance. Surprisingly, we do not see such a pattern in
our case. It can be explained by the suppressed radiative
decay of the plasma modes due to the back gate effect,
considering strong screening qh � 1. For comparison, the
Supplemental Material [30] includes the magnetodispersion
of the plasmon-polariton resonance obtained for a back-
gated disk with d = 1 mm. In that case, the condition for
strong screening is not satisfied, and the zigzag behavior
comes out. Thus, the absence of a zigzag pattern allowed
us to correctly and accurately study the magnetodispersion
of plasmon-polariton modes in the limit of high magnetic
fields.

B. Plasmon-polariton dispersion

Identifying the exact mechanism of coupling between
plasma waves and light has been a major challenge. To date,
there is still no consensus on which photon mode a plasmon
couples to. To address this critical question, we investigate
the dispersion of plasmon-polariton waves at different values
of the magnetic field B, from B = 0 (black dots in Fig. 3)
up to the formal limit of the infinite magnetic field (red dots
in Fig. 3). At zero magnetic field, experimental data closely
follow the theoretical prediction (1) (black line in Fig. 3)
[17,18], given the retardation parameter Vp

√
ε/c = 1.59. Ac-

cording to this theory, the plasma wave is hybridized with the
TEM photon mode of the substrate, acting as a parallel-plate
waveguide. The velocity of this TEM photon mode is c/

√
ε.

As the wave vector increases, plasmon-polariton dispersion
is first transformed into that described in the case without
retardation [5,12] and then into the roton minimum [13,14].

At nonzero magnetic fields, the experimental data shift
upward in frequency (empty colored circles in Fig. 3). In rel-
atively low magnetic fields, when ω′

c � ωp, this shift equals
to ω′

c/2 [see Eq. (2)]. For example, at B = 50 mT, the exper-
imentally observed frequency shift is � f ≈ 3.5 GHz, which
is in good agreement with ω′

c/4π = 3 GHz. Dispersions for
nonzero magnetic fields B = 50, 100, and 150 mT predicted
by the theory are plotted in colored curves in the same figure.
The theory is in excellent agreement with the experimental
data. For small wave vectors, q, all the theoretical disper-
sion curves converge to the light dispersion in vacuum ω =
cq (dashed black line in Fig. 3). Clearly, when q is small,
the wavelength λ � h, and the electromagnetic field of the
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FIG. 3. Dispersion of 2D plasmon polaritons in various magnetic
fields. Dashed lines correspond to the “light cones” cq and cq/

√
ε.

Red dots denote the experimentally obtained asymptotics in high
magnetic fields ωinf (q). The red curve is the dispersion of the TM0

mode in the substrate. The black curve shows the prediction calcu-
lated from Eq. (1). The other solid curves are theoretical calculations
described in the text. The inset displays the dispersion of the TM0

dielectric waveguide mode propagating in the substrate (red curve).
Arrow in the inset corresponds to the wave vector q = 1/h.

plasmon-polariton wave is distributed in free space rather than
in the substrate.

In the strong magnetic field limit, the ω+(B) magnetodis-
persion curve flattens, tending asymptotically to a certain
horizontal line ω = ωinf (1/d ) (the dashed horizontal lines

in Fig. 2). This behavior is typical of the hybridization of
plasmons with photonic modes [31]. To establish a particu-
lar photon mode that hybridizes with plasma excitations, we
accurately determine ωinf (1/d ) from the experimental data,
based on the developed theory. For this purpose, we derive
an asymptotic formula describing the behavior of the upper
magnetodispersion branch ω+(B) in the strong magnetic field
limit ωc � ωp [30]:

ω+(B) = ωinf − const

ω2
c − ω2

inf

≈ ωinf − const

ω2
c

. (4)

This formula is used to fit the curves to the experimental data.
In Fig. 3, the ωinf frequencies are plotted as a function of
the inverse disk diameter (red dots). The obtained dispersion
starts from the free-space “light cone” cq at small wave vec-
tors and then tends towards the “light cone” in the substrate
cq/

√
ε. Such behavior is typical of waveguide modes prop-

agating in a dielectric slab. For comparison, the red curve in
Fig. 3 shows the dispersion of the TM0 mode in a dielectric
substrate with metal cladding on one side [32]. The inset to
Fig. 3 displays the TM0 mode dispersion for a wide range
of wave vectors. In the long-wavelength limit qh < 1, its
frequency closely follows the free-space frequency of light
ω = cq. For the wave vector q = 3.7/d ≈ 1/h (marked by
an arrow in the inset of Fig. 3), the mode dispersion trend
changes direction and starts to asymptotically approach the
ω = cq/

√
ε.

IV. CONCLUSION

In conclusion, in the present paper, we have investigated
the dispersion of plasmon-polaritons in disk-shaped 2DESs
over the full range of magnetic fields. It has been accom-
plished by using back-gated samples, where the radiative
decay of polariton modes is suppressed. Importantly, we have
shown that the fundamental plasma mode couples to the TM0

photonic mode of the dielectric substrate. This result is of
critical importance to the integrated photonics, as it gives an
understanding of which photonic modes need to be controlled
to create new types of plasmonic devices.
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