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Ultrastrong coupling of high-frequency two-dimensional cyclotron
plasma mode with a cavity photon
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The microwave transmission of a two-dimensional electron stripe placed on a metallic patch resonator is
studied. An ultrastrong coupling of the cyclotron plasmon with a resonator photon mode is identified in the
regime, where the plasmon frequency is much greater than the photon frequency. In the zero magnetic field,
it is established that the polariton frequency is determined exclusively by the resonator photon frequency and
the electron system—resonator overlap factor. Polariton magnetodispersion is studied as a function of electron

density, resonator sizes, and stripe dimensions.
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I. INTRODUCTION

Light-matter interaction in solid-state systems has received
considerable interest. Of particular interest is the strong
coupling regime, where light and matter excitation lifetimes
are so long that energy exchange can occur between them
many times before the system decays back into its ground
state. In solid-state devices, this regime has been realized for
excitons in a semiconductor cavity,! intersubband transitions in
quantum wells,”> and quantum electrodynamics circuits based
on Josephson junctions.> Under such conditions, excitation
dispersion curves exhibit an anticrossing behavior with a
mode separation often referred to as Rabi splitting (2Q2p),
analogous to the well-known vacuum Rabi splitting of atomic
systems.* Recently, special attention has been drawn to
the case where Qp is of the same order of magnitude as
the uncoupled excitation frequency; this regime has been
termed the “ultrastrong coupling regime”.> Numerous physical
phenomena have been predicted in this ultrastrong coupling
regime, including the parametric generation of nonclassical
light and the new nonadiabatic cavity QED phenomena
reminiscent of the dynamical Casimir effect.””’

Recently, the ultrastrong coupling of a coplanar microres-
onator photon mode with a two-dimensional electron system
(2DES) cyclotron plasma mode has been observed with a
record ratio 2Qz/wy = 0.93.3° Here, w, is the frequency
of the unperturbed resonator photon mode. Such a large
cyclotron plasmon-photon coupling was caused by a high
number of available excitations per unit volume in the 2DES
and an almost unitary overlap factor « between the polarization
medium and the coplanar photon mode. Research on cyclotron
plasmon polaritons in the 2DES has an unmatched advantage:

The frequency of material excitation jw? + a)i (wc and w),

are cyclotron and plasma frequencies, respectively) can be
tuned over a wide range by simply sweeping the magnetic
field or changing the electron density of the system.'*'2 All
these facts suggest that plasmon polaritons in 2DES are the
system of choice in order to explore the ultrastrong coupling
regime. In the present work, we experimentally address the
cyclotron plasmon polariton spectrum in the previously un-
explored regime @, > wy. The polariton magnetodispersion
exhibits a strong dependence on the overlap factor o and
the 2DES properties. Different overlap factors are realized
by changing the size of the metallic patch resonator. We
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note that the obtained data are of great importance for the
practical realization of 2DES plasma polariton devices.'>!*
This is owing to the fact that the present system possesses
high tunability in the ultrastrong coupling regime.

II. EXPERIMENTAL TECHNIQUE

Experiments were performed on two types of commercially
available Alj 33Gag ¢7As/GaAs heterostructures with a 20-nm-
wide single quantum well located 200 nm below the crystal
surface. Electron densities n, for the structures were 4.7 x
10" cm~2 and 2.75 x 10! cm™2, with a transport mobility
w A 10° cm?/V s (T = 4.2 K). Stripe-shaped mesas with
lengths (L) of 1.4, 1, and 0.6 mm and widths (W) of 50,
100, and 150 um were fabricated from this heterostructure.
The stripe terminates in an Ohmic contact at both ends.
Two 20-um-wide metallic gate fingers are deposited on top
of the mesa across the stripe [see Fig. 1(c) for a schematic
illustration]. These gates excite and detect the polariton wave.
The semiconductor chip has a form of 3 x 1.5 x 0.6 mm?®
parallelepiped. It is placed on aa x b metallic patch resonator,
where a and b are the resonator sizes along and across the
stripe, respectively. The resonator is fabricated on top of either
a ceramic (with dielectric permittivity 10) or a teflon (with
permittivity 2.5) substrate. Resonators of different dimensions,
including 4 x 4 mm?2, 8 x 4 mm?, and 10.8 x 4 mm?, were
investigated to tune the coupling between the resonator and
the 2DES. Microwave radiation with frequencies from 0.1 to
40 GHz was guided with a coaxial cable and transferred to
the 2DES via a 50 2 coplanar waveguide transmission line.
The central conductor of this waveguide is bonded from one
side to the central gate finger e [Fig. 1(c)], which serves as a
polariton exciter. The central conductor is bonded to the end
gate finger ¢ from the other side, which collects the microwave
signal transmitted through the 2DES stripe, and directs it onto
a Schottky diode located outside the cryostat. The ground
planes of the coplanar waveguide are connected to the adjacent
Ohmic contacts S and D of the 2DES stripe. The microwave
power at the entrance to the coax cable was about 1-10 uW.
The sample is placed in a helium cryostat at the center of
a superconducting solenoid. Experiments are carried out by
applying a small magnetic field (0—1.5 T) perpendicular to the
sample surface at T = 4.2 K.
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FIG. 1. (Color online) (a) Magnetic-field dependence of 2DES
stripe transmission measured for several microwave frequency values
(ny = 4.7 x 10" cm~2, resonator 4 x 4 mm? on a ceramic substrate).
The zero on the vertical axis indicates the signal level in the absence
of input microwave power. (b) Magnetic field values (filled dots)
where transmission resonance occurs for a large set of microwave
frequencies. The corresponding linewidths are plotted by open
symbols as well. The dashed lines represent the cyclotron frequency
(CR) and the resonator photon frequency. The dotted line shows the
theoretical estimate of the polariton mode. (c) Schematic geometry
of the semiconductor chip with a 2DES placed on top of the metallic
patch resonator.

III. EXPERIMENTAL RESULTS

Figure 1(a) shows the magnetic-field dependence of the
transmission of the 2DES stripe (L = 1.4 mm, W = 50 pm)
for several values of microwave frequency. The semiconductor
chip was placed on top of the square 4 x 4 mm? resonator on
a ceramic substrate [Fig. 1(c)]. The zero on the vertical axis
indicates the signal level in the absence of the input microwave
power. Each curve shows a resonance that is symmetrical
with respect to the zero magnetic field. This resonant peak
corresponds to the excitation of hybrid photon-cyclotron
plasmon mode with wave vector ¢ = m/a, where a = 4 mm
corresponds to the size of the side of the resonator. The
resonance at zero magnetic field is a frequency insensitive
background. We think that this background comes from the
fact that the 2DES stripe plays the role of a nonresonant
transmission line between excitation e and detection ¢ gates.
In order to gain further insight into the nature of the observed
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mode, transmission experiments were repeated for a number
of frequencies. Figure 1(b) shows the plot of the magnetic
fields corresponding to the transmission maxima versus the
microwave frequency (solid points). Only one branch of the
polariton magnetodispersion is observed. The low-frequency
branch originates at B =0 T from a certain frequency wpp
and tends to a photonic horizontal asymptotic value wy =
c/+/€ - /a in the limit of large magnetic fields. Here, ¢ is the
effective dielectric permittivity of the medium that surrounds
the resonator. The precise value of & was obtained from a
theoretical simulation of electrodynamic response of the patch
resonator with a semiconductor crystal on top of it. For the
resonator under study, the effective permittivity is ¢ = 8.4.
For comparison, we show on the same plot the magnetic-field
dependence of the low-frequency polariton mode linewidth
(open symbols). The polariton linewidth is obtained from the
half width of the polariton resonance in B sweeps multiplied
by the magnetodispersion slope. To calculate the half width of
the resonance, we subtract nonresonant background from the
transmission curve, and take the B-field difference between
the polariton resonance maximum and half maximum on
the resonance high magnetic field side. In the limit of large
magnetic fields, the polariton linewidth is Af = 0.56 GHz,
which corresponds to the resonator photon lifetime (Q =~ 25).
At the resonant point wy = w., we may conclude that the
polariton splitting 282 /wq derived only from the frequency
position of the low-frequency polariton mode is not less than
0.5, indicating an ultrastrong coupling between the cyclotron
plasmon and photon modes (Fig. 1).

We attempt to understand the polariton magnetodispersion
behavior using a common approach based on the microscopic
quantum theory of two independent coupled oscillators:
the bare resonator photon mode and a bosonic cyclotron
plasma excitation.'> This approach allows us to introduce an
effective dielectric constant £w?/c* = ¢* = ew}/c?, where &
is described by the relation

1 o l -«

- = + . (1)

N () €
Here, epgs(w) = ¢[1 — a)lz,/(a)2 — wf)] is the usual dissipa-
tionless Drude dielectric constant of the 2DES, w, = eB/m*
is the cyclotron frequency, m* denoting the effective mass
of 2D electrons, and « is the overlap factor between the
polarization medium and the resonator photon mode. In
the limit of @ = 1, the used theoretical approach recovers the
homogeneous Hopfield model.!® For the system under study,
), represents the two-dimensional plasmon frequency with
dispersion:!’

nsez

wf,(k) = 2)

m*epe(k)
wherek = /W x N (N = 1,3,5...)isthe wave vector of the
plasmon and n; is the density of the two-dimensional electrons.
The permittivity of vacuum and the effective permittivity
of the medium surrounding the 2DES stripe are denoted
by &y and e(k), respectively. For the 2DES stripe under
study (W = 50 pum), the fundamental plasmon frequency is
wp/2m =117 GHz. This plasmon frequency is far larger
than the unperturbed photon frequency wy/2m = 13 GHz
[Fig. 1(b)]. The theoretically predicted results based on Eq. (1)
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with w,/2m =117 GHz, ¢ = 8.4, and o = 0.73 are repre-
sented by the dashed line in Fig. 1(b). There exists a qualitative
agreement between the theoretical and experimental results.

In the limit w, < wp, we note that the low-frequency
polariton branch at the zero magnetic field starts from
wLp = w,, while the upper frequency branch originates from
wup = wy. This particular case was realized in all previous
experimental studies of cyclotron plasmon and intersubband
plasmon polaritons.>®%%15 In the present experiments, we
address the opposite limit w, 3> wy, which is particularly
important for the construction of 2DES plasma polariton
devices.'>!* In this limit, wp = wy+/1 — and wyp = w,
[Eq. (1)]. The polariton frequency wip is determined exclu-
sively by the photon frequency wy and the overlap factor
«. Physically, this situation corresponds to the creation of a
complex excitation in the system, i.e., a photon dressed by the
cloud of electrons. In the remainder of the manuscript, we will
corroborate this picture of a low-frequency polariton branch
by measuring its dependence on the 2DES stripe and resonator
parameters.

Figure 2 shows a plot of the magnetic fields for transmission
maxima versus microwave frequency for three types of
resonators placed on a teflon substrate: 4 x 4 mm?, 8 x 4 mm?
(a=8 mm, b=4 mm), and 10.8 x 4 mm?2. The stripe
dimensions (L = 1.4 mm, W = 50 um) and the density of the
2DES (4.7 x 10" cm~2) have been maintained constant for all
three cases. The stripe was oriented along the resonator. The
change in the longitudinal resonator size a drastically affects
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FIG. 2. (Color online) Dependences of microwave resonance
frequencies on magnetic fields exhibiting transmission maxima. The
different symbols correspond to different resonators on a teflon
substrate: 4 x 4 mm?, 8 x 4 mm?, and 10.8 x 4 mm?. The inset
displays the unperturbed photon frequency and overlap factor values
versus resonator size a along the 2DES stripe. The data were recorded
for L = 1.4mm, W = 50 um, and n;, = 4.7 x 10'' cm~2.
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both wy and @ (Fig. 2). The inset of Fig. 2 displays the obtained
wo and o values versus resonator size a. For 8 x 4 mm?
and 10.8 x 4 mm? resonators, wy was obtained directly by
measuring the resonator transmission on sweeping microwave
excitation frequency at B = 6 T. For 4 x 4 mm? resonator the
photon frequency was obtained from the theoretical simula-
tion. The phenomenological overlap factor o was calculated
using the theoretical model Eq. (1). The line in the inset shows
the photon frequency dependence predicted by the theoretical
simulations. The overlap factor decreases with the increase in
a, indicating that the coupling between the cavity photon mode
and the polarization medium becomes weaker. Additional
experiments have demonstrated that the lateral resonator size
b has no effect on the polariton magnetodispersion. Therefore,
a cannot be estimated simply as the ratio of the 2DES stripe
and resonator areas. It is remarkable that for a 4 x 4 mm?
resonator, the calculated overlap factor is « = 0.96, suggesting
that the 2DES stripe introduces a dominant perturbation into
the field distribution of the bare resonator photon mode.
Hence, the theoretical model is incapable of describing our
experimental results quantitatively. However, the qualitative
agreement between model and experiment is evident. We
expect that a comprehensive theoretical description can be
obtained if the geometry of the interaction between the photon
resonator mode and 2D plasma is accounted for.

Figure 3(a) illustrates the role the patch resonator plays in
the formation of cyclotron polariton modes. The filled symbols
display the polariton magnetodispersion recorded when no
metallic resonator is present under the semiconductor chip.
The open symbols correspond to the case where this chip is
placed onto a 4 x 4 mm? metallic resonator. In both experi-
ments, the substrate material was ceramic and the 2DES stripe
has the following parameters L = 1.4 mm, W = 50 um, and
ny = 4.7 x 10! cm~2. Both magnetodispersion curves have
the same behavior; i.e., the mode frequency increases with the
magnetic field. We conclude that the polariton mode observed
in the absence of the patch resonator originates from the
coupling of cyclotron plasmon with accessory high-frequency
photon mode. We attribute this photon mode to an electro-
magnetic field resonance in the 2DES semiconductor crystal.
Notably, in all of our experiments, the complementary polari-
ton modes with a negative magnetodispersion were observed.
These modes revealed themselves as very weak transmission
resonances. An example of the magnetodispersion of the
complementary polariton modes measured for the reference
configuration (2DES stripe placed onto 4 x 4 mm? metallic
resonator) is plotted in Fig. 3(a) by small dots. The arrow in
Fig. 3(a) shows the calculated zero field frequency value of
the fundamental 1D plasmon mode for the stripe under study.
We interpret the observed modes as edge-magnetoplasma
polariton excitations. Edge magnetoplasmons (EMPs) are
plasma waves propagating along the edge of the 2DES in the
direction dictated by the external B field.'3->" Their velocity
is proportional to the Hall conductivity oy,  ny/B. Hence,
EMPs’ hallmark is their negative magnetodispersion; i.e., fre-
quency of the mode decreases with increase in magnetic field.
Observed modes have negative magnetodispersion [Fig. 3(a)],
and therefore, they have edge-magnetoplasma nature. A
detailed study of these modes will be a topic for our future
research.
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FIG. 3. (Color online) (a) Magnetodispersion of the polariton
mode for a 2DES stripe placed on a 4 x 4 mm? metallic resonator
on a ceramic substrate (open symbols) and on a bare ceramic
substrate (filled symbols). The small circles correspond to edge-
magnetoplasma polariton modes. (b) Polariton magnetodispersion
for different parameters of the 2D electron system, with a fixed
resonator (4 x 4 mm? on a ceramic substrate). The inset shows the
magnetic-field transmission dependencies of the 2DES stripes with
lengths L = 1.4 mm and 0.6 mm at f = 8.5 GHz.

Figure 3(b) shows the polariton magnetodispersion for
the different parameters of the 2D electron system, while
the resonator remains the same (4 x 4 mm? on a ceramic
substrate). The open circle points were obtained at L =
1.4 mm and n; = 4.7 x 10'! cm™? (structure 1). The filled
circle points were obtained at L = 0.6 mm and ny, = 4.7 X
10" ecm~2 (structure 2). Rectangular points were obtained at
L = 1.4 mm and n, = 2.75 x 10" cm~2 (structure 3). In the
strong magnetic-field limit, each of these magnetodispersion
curves merges into the same photonic line wy/27 = 13 GHz.
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Thus, we conclude that the frequency of the polariton mode is
not affected by the 2DES parameters at large magnetic fields. In
the opposite small magnetic field limit, the curves extrapolate
to the following zero field polariton frequencies: fip(l) =
6.8 GHz, fLp(2) = 7.0 GHz, and fip(3) = 6.0 GHz. In the
limit of w, > wy, the theoretical considerations yield a value
for the zero field polariton frequency of w = wp+/1 — @. When
the length of the 2DES stripe is decreased, the corresponding
o also decreases. This fact explains the rise of the polariton
frequency from fip(l) to fip(2). Due to the decrease of
the zero field polariton frequency from fip(1) to fip(3), we
conclude that in our experiments, the w,, > w limitis not fully
fulfilled. Therefore, the plasmon frequency w, ~ /ns/W
influences the polariton frequency fip, although to a minor
extent. In moderate magnetic fields, there is a strong difference
in behavior for all three magnetodispersion curves [Fig. 3(b)].
For instance, the inset of Fig. 3(b) shows the magnetic-field
transmission dependencies measured for 2DES stripes of
lengths L =1.4 mm and 0.6 mm at f = 8.5 GHz. This
observation is contrary to the theoretical model (Eq. 1). The
model predicts that the stripe length must not have such a
strong effect on the polariton magnetodispersion. A more
correct physical picture of the 2DES plasma behavior in
the presence of a magnetic field should be considered.” The
interpretation of this discrepancy is an interesting task and will
be a topic for our future research.

IV. CONCLUSIONS

In conclusion, we have investigated the microwave trans-
mission of a 2DES stripe placed on a metallic patch resonator.
A low-frequency 2DES polariton excitation is detected in
the ultrastrong coupling regime, w, > wy, distinct from
previous studies.>®%%!5 Physically, this limit corresponds to
the creation of a complex excitation: a photon dressed by the
electron cloud. We have shown that in zero magnetic field,
the polariton frequency is determined mainly by the resonator
photon frequency and the phenomenological 2DES-resonator
overlap factor. It is demonstrated that existing theoretical
models cannot quantitatively describe the observed polariton
state. Therefore, a theory that captures the cyclotron plasmon-
photon coupling geometry is highly desirable. In addition, a
demonstration of an edge-magnetoplasma polariton mode is
given. Obtained data are of value for researchers interested
in microwave response of 2DES in low magnetic fields, for
example, in the study of microwave-induced magnetoresis-
tance oscillations.?! The tunability of this system under study
makes it attractive for different applications operating in the
ultrastrong coupling regime.
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