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Fine structure of cyclotron resonance in a two-dimensional electron system
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Itis established that cyclotron resonance (CR) in a high-quality GaAs/AlGaAs two-dimensional electron system
(2DES) originates as a pure resonance that does not hybridize with dimensional magnetoplasma excitations. The
magnetoplasma resonances form a fine structure of the CR. The observed fine structure of the CR results from
the interplay between coherent radiative and incoherent collisional mechanisms of two-dimensional plasma
relaxation. We show that the range of 2DES filling factors from which the phenomenon arises is intimately

connected to the fundamental fine-structure constant.
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Cyclotron resonance (CR) spectroscopy is the most direct
and convenient method of characterizing the Fermi surface
and determining the effective mass of semiconductors [1-3].
In a two-dimensional electron system (2DES), a perpendicular
magnetic field quenches the in-plane motion of electrons into
cyclotron orbits. In turn, if the phase and polarization of the
incident electromagnetic radiation are synchronized with the
electron orbital motion, CR is triggered. The first observation
of CR in 2DESs was reported for charged carriers in an
inversion layer on Si [4,5]. Subsequently, CR spectroscopy
has been successfully applied to research on many two-
dimensional (2D) systems, for example, isotropic 2D carriers
in GaAs heterostructures [6—8], composite fermions [9],
heavy fermions in MgZnO/ZnO heterojunctions [10,11], and
anisotropic heavy fermions in AlAs quantum wells [12,13].

It is widely believed that the cyclotron resonance originates
from the dimensional magnetoplasma resonance [14—16]. The
frequency of the hybrid cyclotron magnetoplasma mode is
described by the equation
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where w. = eB/m*c is the cyclotron frequency, and ), is the
dimensional plasmon frequency [17] (Gaussian units are used
in this Rapid Communication unless otherwise stated):
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Here, ny and m* are the density and the effective mass of the 2D
electrons, and ¢ is the effective permittivity of the surrounding
medium. For a narrow 2DES stripe of width W, the plasmon
wave vector can be approximately described by ¢ = w N/ W
(N = 1,2, ... is the number of the plasmon harmonic).
Contrary to general belief, we discovered that the CR
originates as a pure resonance that does not hybridize with
dimensional magnetoplasma excitations. The CR rises as a
single peak with superimposed contribution from different
dimensional magnetoplasma modes. Therefore, initially the
CR line shape exhibits a multipeak structure. We show that
the CR fine structure is resolved when the coherent radiative
2D plasma relaxation dominates the incoherent collisional
damping. In large samples, this regime appears when the 2D
conductivity 2w oy, is much larger than c. Moreover, the range
of 2DES filling factors v in which the CR fine structure
necessarily arises is dictated by the relation 2woy, > c. The
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latter can be rewritten very elegantly as v > 1/, where
o = e?/hc &~ 1/137 is the fundamental fine-structure constant.

Experiments were performed on a set of high-quality
GaAs/AlGaAs single quantum wells with a well width of
25 nm located approximately 465 nm below the sample
surface. The electron density n; in different samples ranged
from 0.5 to 6.6x 10" /cm?, with a typical transport mobility
of 5x10° cm?/Vs (T = 1.5 K). Disk-shaped mesas with
diameters of d = 1 and 2.5 mm were fabricated from these
heterostructures. No extra metallic parts were present on
top of the mesas or near them. Microwave radiation with
frequencies of 10-250 GHz was supplied to the sample via
arectangular waveguide. The frequency ranges of 10-40 GHz
and 40-250 GHz were covered by an Agilent generator and
a set of backward wave oscillators, respectively. To detect the
plasma resonances, a differential optical technique was used
[18,19] (see Supplemental Material I and I1 [20]). We measured
the differential luminescence spectrum in the presence and
absence of microwave radiation. The integral of the absolute
value of the differential spectrum served as a measure of the
microwave absorption intensity of the sample. Luminescence
spectra were recorded using a charge-coupled device (CCD)
camera and a double-grating spectrometer with a spectral
resolution of 0.03 meV. Then the magnitude of the differential
signal was studied as a function of the microwave frequency
and magnetic field. A stabilized semiconductor laser operating
at a wavelength of 780 nm and a power level of approximately
0.1 mW served as the photoexcitation source. Light from
the laser was guided to the sample through an optical quartz
fiber inserted inside the waveguide section. The sample was
immersed in a liquid-helium cryostat with a superconducting
magnet. Experiments were performed at a sample temperature
of T =15K.

Figure 1(a) shows typical resonant microwave absorption
curves as a function of the magnetic field measured for several
radiation frequencies. The horizontal axis is located at the
signal level at which no microwave radiation is supplied to
the sample. The data were obtained at an electron density
of 0.9x10'"'/cm? for a single disk having a diameter of
d = 1 mm. The absorption has the shape of a resonant peak
that shifts to higher magnetic field values as the microwave
frequency f increases. Second and third peaks emerge at
frequencies above 20 and 30 GHz, respectively. The physical
origin of the observed resonances is best identified by plotting
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FIG. 1. (a) Microwave absorption intensity ind = 1 mm size disk
as a function of magnetic field for microwave frequencies f of 18,28
and 47.5 GHz. Electron density in the sample is n, = 0.9x 10'! /cm?.
(b) Magnetodispersion of the first three magnetoplasma modes in the
sample. The dashed line corresponds to cyclotron frequency in GaAs.
(c) Mode linewidth versus resonance frequency for the first N = 1
(circles) and the second N = 2 (squares) magnetoplasma modes.

their magnetic field positions versus the incident microwave
frequency, as shown in Fig. 1(b). The experimental points
follow three lines, which in the strong magnetic field limit
tend asymptotically to the cyclotron frequency w. = eB/m*c
(m* = 0.067m). Such behavior is characteristic of the dimen-
sional 2D magnetoplasma modes, the magnetodispersions of
which are described by Eq. (2S) (see Supplemental Material
III [20]) with frequencies at zero magnetic field of f, = 12,17,
and 23 GHz [solid lines in Fig. 1(b)] [14,21]. One interesting
point with respect to Fig. 1(a) is that the fundamental (N = 1)
magnetoplasma mode undergoes strong broadening as the
radiation frequency increases. At frequencies of f > 40 GHz,
the magnetic field position of the fundamental mode is almost
equal to the CR value, B, = 2mm™*cf/e [arrows in Fig. 1(a)].
At the same time, the second and third magnetoplasma
harmonics are superimposed on the broad contour of the
fundamental mode, which is already indistinguishable from
the cyclotron resonance. The observed behavior of the dimen-
sional magnetoplasma modes is a precursor of the appearance
of pure CR. This effect is thoroughly studied in the remainder
of this Rapid Communication.

The broadening and interplay of different magnetoplasma
resonances are at the heart of CR observation in 2DES. Next,
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we will study in more detail the broadening of the magneto-
plasma excitations. Figure 1(c) shows the dependence of the
magnetoplasma resonance half-width on the resonance fre-
quency for the first two modes. Circles and squares correspond
to the fundamental magnetoplasma mode (N = 1) and its
second harmonic (N = 2), respectively. The half-width of the
resonance, Af, was calculated by multiplying the half-width
A B on the magnetic field by the magnetodispersion slope at
the field at which the resonance occurs: Af = (df/9B)AB.
After 40 GHz the second and third magnetoplasma harmonics
start to run into the fundamental mode. In this limit, we
determine the fundamental mode half-width from the B-field
difference between the plasmon resonance maximum and half
maximum on the resonance high magnetic field side. To
determine the second harmonic width we subtract resonant
fundamental mode background from the absorption curve. The
magnetoplasma mode width saturates at a constant level of
Af =1 GHz in the low-frequency limit. We attribute the
relaxation of the plasma mode in this limit to incoherent
scattering of charged carriers in the 2DES, Aw =y =1/1
[22], where y is the incoherent collisional scattering rate in
the sample. As the magnetoplasmon frequency is increased to
f ~ c¢/nd, the mode width rises rapidly. One may attribute
such broadening of the plasma wave to the superradiant decay
I' from the coherent dipole reradiation by oscillating 2D
electrons [23-27]: Aw =y + T,
270,y 47rn,e?
I'= y = 3

nc m*(1 4 ngaas)c’

wheren = (1 + ngaas)/2 is the effective refractive index of the
surrounding medium. However, the half-width Aw =y + T
(Aw/2m ~ 10 GHz for the structure under study) in Eq. (3) is
not frequency dependent and greatly exceeds experimentally
observed linewidth [Fig. 1(c)]. Therefore, the prior view of
2D plasma relaxation requires thorough revision. Indeed, the
observed rapid linewidth growth could be easily explained in
light of the fact that formula (3) applies only to a 2DES of
infinite size. The coherent superradiant decay of a 2D plasma
oscillations in a sample of finite size (d < A) is given by the
corrected equation [28]

n3d3w;‘, d?
ome 1oz @)

Indeed, the experimental data in Fig. 1(c) obey the quadratic
prediction on the frequency in Eq. (4) (solid lines). From
our experimental data, it follows that the key parameter that
separates the regimes of incoherent and coherent 2D plasma re-
laxation is the commensurability between the radiation wave-
length and 2DES disk diameter [Fig. 1(c), vertical dashed line].

To further study the CR genesis and the interplay between
the single-particle and collective relaxation processes, we used
a disk with a larger diameter, d = 2.5 mm, and an electron
density of n; = 1.6x 10" /cm?. This structure features a high
retardation parameter, A ~ 1, that equals the ratio of the
plasmon and photon frequencies at the wave vector determined
by the size of the structure. The large retardation parameter
indicates hybridization between the plasmon and photon
modes. This leads to more pronounced manifestation of higher
magnetoplasma harmonics, together with a reduced slope of
the magnetodispersion curves that cross the cyclotron line
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FIG. 2. (a) Magnetodispersion of the series of the magneto-
plasma modes in d = 2.5 mm size disk with electron density of
ny = 1.6x 10" /cm?. The dashed line corresponds to the cyclotron
frequency in GaAs. The inset shows magnetoplasma resonance peaks
in microwave absorption intensity versus magnetic field. Arrows
denote the position of CR. (b) Microwave absorption as a function of
the magnetic field. At all three microwave frequencies, f = 46, 75,
and 110 GHz, the broad CR line is indented by a fine structure.
Arrows denote the position of CR. The filled region indicates the
B-field range in which the CR fine structure can be resolved. Curves
are offset vertically for clarity.

[29-31]. As we will see later, this property contributes to the
CR fine-structure resolution. The inset of Fig. 2(a) demon-
strates typical dependencies of the microwave absorption
versus the magnetic field for four microwave frequencies,
f =18, 24, 38, and 46 GHz. The absorption shows a series
of resonant peaks. However, none of them correspond to
excitation of CR at B, [arrows in Fig. 2(a) inset]. For the
frequencies under consideration (f < 50 GHz), the incoherent
single-particle damping dominates the 2D plasma relaxation
y > Dgisk. Therefore, the observed peaks correspond simply
to the dimensional magnetoplasma harmonics. Their mag-
netodispersion is summarized in Fig. 2(a) by solid dots.
Multiple magnetoplasma modes intersect the CR line owing
to retardation effects [29-31].
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To unveil the origin of the cyclotron resonance, we contin-
ued our research on the same sample at higher irradiation fre-
quencies. Figure 2(b) shows the magnetic field dependence of
the 2DES disk absorption intensity for microwave frequencies
of f = 46,75, and 110 GHz. At higher excitation frequencies,
multiple magnetoplasma resonances merge with each other,
and their maxima start to follow a common envelope function
centered precisely at the CR field B, [arrows in Fig. 2(b)]. The
width of the CR envelope is much larger than the linewidth
of each individual magnetoplasma resonance. Considering
that the condition d > A is already fulfilled at 110 GHz, we
interpret the broad envelope resonance as a pure CR with
width defined by a collective superradiant relaxation Aw = I
[see Egs. (3) and (4)], whereas the magnetoplasma reso-
nance linewidth is determined by a single-particle collisional
relaxation, Aw = 1/t [22]. Therefore, the magnetoplasma
resonances are superimposed on the CR contour forming
a fine structure of the resonance. The CR fine structure is
resolved when the coherent superradiant 2D plasma relaxation
dominates the incoherent collisional damping [gix = I" > y
(which is equivalent to 27 o,, > 1). From the B-field widths
of the resonances in Fig. 2(b), one can obtain I' /2w = 7.4 GHz
and y /27 = 0.7 GHz.

The CR fine structure is strongly modified as the excitation
frequency increases. Although the CR envelope function re-
mains almost unchanged, the fine-structure resonances merge
and almost disappear at f = 110 GHz [Fig. 2(b)]. The reason
is that at such high frequencies, the spacing between the
dimensional magnetoplasma resonances becomes comparable
to the resonance linewidth. At frequencies of @ > w,, Eq. (1)
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FIG. 3. Microwave absorption intensity as a function of magnetic
field for geometrically identical samples (d = 2.5 mm) with electron
densities of n, = 1.6, 3.2, and 6.6x10"' /cm?. Curves are offset
vertically for clarity. The inset shows a plot of the CR linewidth versus
the electron density. The dashed line marks the density dependence
of the resonance linewidth as predicted by Eq. (3).
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can be expanded in a series, o ~ @, + a)f, /2w,. Substituting
here expression for the plasma frequency from Eq. (2), we
obtain the frequency spacing between the N and N + 1
spectral lines of the CR fine structure:

= a)i(N =1) _ 27‘[0’,\¢y Wphoton ’ )
zwc c de

where wphoton = 27w¢/d is the photon frequency. The con-
ductivity oy, has the dimensionality of speed in Gaussian
units. Therefore, the first factor in (5) represents a new
dimensionless electrodynamic parameter that can be simplified
very elegantly as 2moy,/c = va, where a = e?/hc ~ 1/137
is the fundamental fine-structure constant, and v is the filling
factor. Therefore, we can rewrite Eq. (5) in a more concise
form Aw ~ (V&) Wphoton- Here we have analogy with the
fine-structure splitting of the spectral lines of atoms. The
atomic fine-structure splitting can be also reduced to a very
similar expression of AE ~ (Za)?Ry, where Z is the atomic
number and Ry is the Rydberg energy constant [32].

The CR fine structure is resolved whenever Aw > y, that

is,
Vet <—w"h°‘°“7> > 1 6)
4e

For all the experiments, in which magnetoplasma resonances
are observed, wphoton > @, > 1/7. Consequently, the condi-
tion v > 1/« dictates the filling factor range in which the
CR fine structure is necessarily resolved. For the sample under
study, WphotonT/4€ ~ 6, which limits the filling factor v interval
at which the CR fine structure can be observed to v > 23 [filled
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region in Fig. 2(b)]. The condition v > 23 (B < 0.3 T) agrees
well with the almost complete disappearance of the CR fine
structure at f = 110 GHz.

‘We have attributed the linewidth of the CR envelope contour
to the collective superradiant relaxation I". To further confirm
our hypothesis, we repeated the experiments of Fig. 2(b) for a
set of samples with different electron densities. The results for
three electron densities, ny = 1.6, 3.2, and 6.6 x lO“/cmz, are
shown in Fig. 3. The cyclotron resonance clearly broadens
considerably with increasing density. The inset of Fig. 3
summarizes all the superradiant linewidth points for the tested
samples. The dashed line represents the theoretical prediction
given by Eq. (3). There is good agreement between the theory
and experiment. The quantity I' plays a fundamental role in
light-matter interaction and can be treated as the probability
of electron-photon scattering in the 2DES [28].

In conclusion, we discovered that the CR originates as
a pure resonance that does not hybridize with dimensional
magnetoplasma excitations. The magnetoplasma resonances
are superimposed on the CR contour forming a fine structure
of the resonance. The rise of CR is observed whenever
two fundamental electrodynamic relations, 2mwo,, > ¢ and
2moyy > c,are satisfied. The latter can be reformulated as v >
1/a, where o = e%/hc ~ 1/137 is the fine-structure constant.
The experimental results agree well with the theoretical
prediction. These experiments pave the way for research in the
field of bizarre 2D plasma electrodynamics in the 270y, > ¢
and 2o, > c regimes.
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