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Observation of acoustic plasma waves with a velocity approaching the speed of light
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We investigate the electrodynamics of a disk-shaped two-dimensional electron system in the proximity
of a screening gate. The two-dimensional plasmons in the system under study exhibit the linear dispersion
characteristic of acoustic plasma waves. We experimentally achieve the limit when the velocity of acoustic
waves approaches the speed of light. We show that retardation effects lead to strong coupling between acoustic
plasmons and the light, which is manifested in the renormalization of the electron effective mass. We develop a

theory to substantiate the observed phenomena.
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I. INTRODUCTION

Acoustic waves in gaseous and solid-state media are
among the most common occurrences in nature. Examples
of acoustic excitations include ordinary sound waves, zero-
sound vibrations in quantum Fermi liquids, and Bogolyubov
waves in correlated bosonic systems. For most of them, the
velocity does not exceed V; = ¢y/300, where ¢y = 3 x 108
m/s is the speed of light. However, the relativistic regime,
when the velocity of acoustic waves becomes comparable to
the speed of light and polaritonic effects become significant,
remains much less explored. Understanding the behavior of
matter under such conditions is one of the most outstanding
open problems in modern physics, with possible implications
in the areas of ultrastrong light-matter coupling [1-3], new
photonic states of matter [4-6], and even the neutron star
instability against collapse into a black hole [7,8].

One of the representatives of the family of the acoustic
waves is a two-dimensional (2D) plasma wave propagating in
a solid-state two-dimensional electron system (2DES) placed
in the vicinity of a back gate [9-18]. In this case, screening of
the Coulomb interaction of charges in the 2DES leads to the
following linear dispersion law of acoustic plasmons [9]:
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where wap is the acoustic plasmon frequency, V), is the acous-
tic plasmon velocity in the quasistatic approximation, ¢ is the
wave vector of the plasmon, / is the distance between the
conducting gate and the 2DES, n; and m* are the density and
effective mass of the 2D electrons, and g and & denote the
electric constant and effective permittivity of the semiconduc-
tor crystal between the back gate and 2DES, respectively. The
electric field of such a wave is localized in the semiconductor
substrate. For this reason, Eq. (1) contains the total dielectric
permittivity of the substrate ¢. In view of the above, it should
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be mentioned that for a number of years, the velocity of
acoustic plasmons was considered to be very small due to the
screening of the Coulomb interaction.

In this paper, we report on the experimental results of
achieving the limit of V,/c > 1 (with ¢ = ¢y/+/¢ being the
speed of light in the semiconductor substrate hosting the
2DES), when relativistic retardation effects start to play a
significant role. We show that the retardation effects cause
strong interaction of acoustic plasmons with the light, which
renormalizes both plasma frequency at zero magnetic field
and acoustic plasmon behavior in a magnetic field. Both of
these effects can be simultaneously described through the gi-
ant renormalization of the effective mass of the charge carriers

[19-21]:
V2
m:m*(1+c—‘;). ()

II. EXPERIMENTAL TECHNIQUE

The experiments were carried out on semiconductor het-
erostructures with a single GaAs/Al,Ga;_,As (x =0.3)
quantum well of 20-nm width. We investigated the samples
with the electron density n; = 7.5 x 10! ¢cm™2 and elec-
tron mobility = 0.4 x 10° cm?/(Vs) at the temperature
T = 4.2 K. The disk-shaped mesas of diameter D = 4 and
6 mm were fabricated from the quantum well on the top
surface of the sample by means of optical lithography and
wet chemical etching. The metallic gate was deposited on the
bottom surface of the semiconductor substrate. The distance
h separating the quantum well and the gate was adjusted
in the range of 140-640 um at the manufacturing stage by
polishing the GaAs substrate. Plasmons in the samples were
excited with the electromagnetic field from either a rectangu-
lar waveguide or a wire antenna. Plasma resonances in the
2DES were detected using a noninvasive optical technique
based on the ultrahigh sensitivity of the recombination pho-
toluminescence spectrum of 2D electrons in GaAs, even to
minor heating caused by the resonant microwave absorption.
The system was continuously illuminated by a laser with
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FIG. 1. Microwave absorption curves plotted as a function of
the magnetic field for five excitation frequencies. The measurements
are taken for the sample with 2DES diameter D = 4 mm, electron
density n; = 7.5 x 10" cm~2, and substrate thickness & = 640 pm.
The inset depicts the sample schematic with the back gate marked in
orange at the bottom surface of the substrate.

780-nm wavelength, which created a quasistationary popula-
tion of photoexcited holes in the GaAs quantum well. The 2D
electrons recombinate radiatively with these photoexcited 2D
holes, and the recombination luminescence spectrum turns out
to be extremely sensitive to the temperature of the 2DES. Re-
combination spectra with and without microwave excitation
of the 2DES were recorded and analyzed with a spectrometer
and a CCD camera. The integral of the absolute value of the
difference of these two spectra is a quantitative measure of the
system heating, i.e., the microwave absorption. This technique
is described in detail elsewhere [22,23]. All measurements
were taken in a liquid helium cryostat with a superconducting
coil at T = 4.2 K. The magnetic field of 0-0.4 T was directed
perpendicular to the sample surface.

III. RESULTS AND DISCUSSION

Figure 1 shows typical microwave absorption curves as
a function of the magnetic field, obtained for the sample
with electron density n; = 7.5 x 10" cm~2 and GaAs sub-
strate thickness 7 = 640 um. All data plots demonstrate a
pronounced microwave absorption resonance, symmetric with
respect to the zero magnetic field. To further examine the
nature of the resonance, we include its magnetodispersion in
Fig. 2, marked with the red dots. Here, the low-frequency
branch (w_) corresponds to the excitation of the edge magne-
toplasmon (EMP). In a qualitative sense, this mode originates
from the skipping-orbit collective motion of electrons along
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FIG. 2. Magnetodispersion of the acoustic 2D plasmon observed
in the sample with 2DES disk diameter D = 4 mm, electron den-
sity ny =7.5 x 10" cm™2, and substrate thickness & = 640 um
(red dots). Dashed curves represent the low- and high-frequency
branches, w_ and w., respectively. The dashed straight line indicates
the cyclotron resonance (CR) magnetodispersion w = eB/m*. Solid
lines represent fits of the experimental points according to Eq. (3)
with renormalized effective electron mass. The red arrowhead marks
the calculated nonretarded plasmon frequency fap = 18.2 GHz. The
inset shows the dispersion of the acoustic 2D plasmon at zero mag-
netic field, with the solid line denoting the theoretical prediction
calculated from Eq. (4). The plasmon velocity is v = /g = 0.8c.

the edge of the 2DES. The high-frequency branch (w.) in
Fig. 2 refers to the excitation of the cyclotron magneto-
plasma mode arising from the collective motion of electrons
in cyclotron orbits throughout the entire area of the 2DES.
It should be noted that the observed behavior is similar to
that of acoustic plasma waves measured in 2DES disks when
retardation effects are small [24]. Magnetodispersion in Fig. 2
is accurately described using dipole approximation [25]:

W W¢\2 )

i =+ (2)+wp, 3)
where w),, is the experimentally determined plasma frequency
at zero magnetic field and w. = eB/m 1is the effective cy-
clotron frequency.

Importantly, the resonant plasma frequency at zero mag-
netic field is appreciably lower than the nonretarded value
fap = 18.2 GHz (marked by the red arrowhead in Fig. 2)
calculated from Eq. (1) for m* = 0.067mg, the dielectric
permittivity e = 12.8, and the wave vector g ~ 3.7/D [26].
Another crucial observation in Fig. 2 is that the upper
cyclotron magnetoplasma mode intersects the cyclotron res-
onance line w, = eB/m* (straight dashed line) instead of
tending to it asymptotically (as shown by the dashed curve).
Both phenomena make it evident that relativistic retardation
effects substantially modify the spectrum of acoustic plas-
mons, which is consistent with the fact that the quasistatic
plasmon velocity V, = wap/q = 1.5c.

To quantitatively account for the retardation effects in the
spectrum of acoustic 2D plasmons, we adapt the theoretical
concepts from the case of an infinite 2DES [19-21] to the
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bounded disk geometry. The details of the developed theory
are provided in the Supplemental Material [27]. According
to our prediction, retardation effects result in simultaneous
renormalization of plasma and cyclotron frequencies

wpz%, @)
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Notably, both of these effects can be accounted for by renor-
malization of a single quantity—the effective electron mass
m=m*"(1+ sz/cz).

To further test our hypothesis, we compare the experi-
mental data with the developed theory. For the given sample,
we find the experimentally obtained plasma frequency f, =
9.5 GHz to be approximately twice as low as the nonretarded
value fap = 18.2 GHz. At the same time, the experimentally
determined renormalization factor fap/f, =1.9 is in good

agreement with the theoretical estimate of +'1 + Vp2 /c* =
1.8, where V,, = wap/g = 1.5¢. Another way to compare the
experiment with the theory is to analyze the magnetic field
behavior of the acoustic plasma wave. The best fit of Eq. (3)
to the magnetodispersion data in Fig. 2 yields eB/m*w, =
3.6, which likewise agrees reasonably well with the theoret-
ical prediction of 1 + sz /c? = 3.3. Interestingly, retardation
does not affect the linear dispersion characteristic of acoustic
waves. Indeed, as shown in the inset of Fig. 2, the measure-
ment results for the disk diameters D = 4 and 6 mm (blue
dots) closely follow the linear dispersion (solid line) calcu-
lated from Egs. (1) and (4), which further proves the given
plasma mode to be an acoustic wave. From the inset we can
directly determine the actual velocity of the plasma wave
v =w,/q = 0.8¢c, which is very close to the speed of light
in the substrate c.

One of the most compelling features of acoustic plasma
waves in the relativistic regime is the tunability of the effective
electron mass through the variation of either the electron den-
sity n, or the distance i between the 2DES and the conducting
gate. In fact, according to Eqgs. (2) and (4), the effective elec-
tron mass can be expressed as

2 2
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Therefore m/m* is expected to be linearly dependent on the
substrate thickness /. To compare this prediction against the
measurement data, Fig. 3 includes the experimental results
for m/m*, obtained for h = 640, 475, 380, 340, 280, 215,
and 140 um, where all seven samples have fixed 2DES
mesa diameter D = 4 mm and electron density ny = 7.5 X
10" cm~2. Clearly, all the experimental data points exhibit
nearly perfect linear behavior following a straight line with a
slope of 4.2 mm~!, which closely agrees with the theoretical
value of nsez/eom*c% =4.0 mm~'. We start from m/m* =

m/m*
N
T
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FIG. 3. Dependence of the normalized electron mass m/m* on
the substrate thickness 4. Experimental data correspond to the 2DES
with fixed disk geometry, D =4 mm, and electron density n, =
7.5 x 10" cm~2. The solid line is a linear fit to the experimental
data.

(3.7%£0.1) for the sample, where hybridization with light
plays the most significant role, and end at the point m/m* = 1
for the linear extrapolation of the experimental data in Fig. 2
to & = 0. This behavior is in agreement with the prediction
of Eq. (6). Such a degree of consistency between the ana-
Iytical and experimental results confirms the validity of the
developed theory. Thus we have experimentally verified that
the spacing between the 2DES and back gate controls the
interaction between 2D plasma and light.

IV. SUMMARY AND CONCLUSIONS

In conclusion, we have explored acoustic plasma waves
in a 2DES screened with a metallic gate on the substrate
back side. Due to carefully selected structure parameters, we
were able to reach the limit where the acoustic wave velocity
approaches the speed of light in the semiconductor substrate,
v = 0.8¢, when acoustic plasmons interact strongly with light.
The strength of the light-plasmon interaction could be con-
trolled by varying substrate thickness or electron density. We
find that retardation effects lead to significant changes in the
plasma wave velocity and magnetic field behavior. We show
that both phenomena can be accounted for by the renormaliza-
tion of the electron effective mass, m = m*(1 4V} /c*). The
studied regime of the acoustic wave propagation is interesting
since it not only may be relevant to the physics of 2D electron
structures but also, for instance, can be a precursor of a tran-
sition to the new photonic states of matter and have relevance
to the physics of black hole formation.
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