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The spectra of magnetoplasma excitations in two-dimensional electron disks and rings are studied by optical
detection of resonance microwave absorption. For ring-shaped structures, two types of edge magnetoplasma
modes localized along the inner and outer boundaries of the ring are observed. It is shown that the interaction
between these modes |eads to a strong modification of their magnetic-field dependences as compared to disks.
In addition to the longitudinal edge magnetoplasma excitations, transverse plasma modes associated with the
electron density oscillations along the ring radius are revealed. The spectra of magnetoplasma excitations are
calculated in terms of the electrodynamic theory for both ring-shaped and disk-shaped structures. The classifi-
cation of all modes of collective magnetoplasma excitations observed in the experiment is performed on the
basis of the comparison between experimental and theoretical results. © 2004 MAIK “ Nauka/Interperiodica” .
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Low-dimensional electron systems in semiconduc-
tor structures are the object of numerous experimental
and theoretical studies. Specifically, considerable inter-
est has been expressed in studying magnetoplasma
excitations in two-dimensional electron systems con-
fined to a certain geometry. Most publications con-
cerned with this subject consider the properties of 2D
and 1D magnetoplasma excitationsin structures shaped
as disks, quantum dots, antidots, and quantum wires
[1-6]. Meanwhile, structures with the ring geometry
were relatively poorly investigated from both theoreti-
cal and experimental points of view. In this geometry,
by varying theratio of the outer a and inner b diameters
of the ring, one can study the transition from two-
dimensional (a/b > 1) to one-dimensiona (a/lb ~ 1)
plasma excitations. Another attractive feature of the
ring geometry is the possibility to study the interaction
between two spatially close magnetoplasma edge
modes and the dependence of this interaction on dis-
tance, electron density, and magnetic field. The few
experimental [7] and theoretical [8] attempts to study
2D structures with a ring geometry did not clarify the
guestion about the modification of plasmaexcitations at
the transition from the one-dimensional to two-dimen-
sional case, because these studies included no compar-
ative analysis of rings with different ratios a/b and no
comparison between the spectra of plasma excitations
in disks and rings. In addition, in the experiment [7],
not all magnetoplasma excitation modes characteristic
of thering geometry were observed and the dependence

of the energy of these modes on the 2D carrier concen-
tration was not investigated.

The present paper reports on the study of the collec-
tive excitation spectrum of a ring-shaped 2D electron
system. A comparative analysis of the excitation spec-
trameasured for aring and a disk with the same outer
diameter is performed, and the modification of the
magnetoplasma excitation modes depending on the
dimensions, magnetic field, and 2D electron concentra-
tion isinvestigated.

The measurements were carried out on two n-type
GaAg/AlGaAs structures (300-A-wide single quantum
wells) with electron densities of 2.5 x 10 and 0.8 x
10" cm2. On these substrates, mesas were fabricated
(by photolithography) in the form of rings with the
outer diameter a = 0.6 mm and the inner diameter b =
0.2 mm. For comparison, disks with a diameter of
0.6 mm coinciding with the outer diameter of the rings
were fabricated on the same substrates. The spectra of
the dimensional magnetoplasma resonances were mea-
sured by the method of optical detection of microwave
absorption [9, 10], which provides a high sensitivity.
We studied differential (with respect to the microwave
power) spectra of recombination radiation of 2D elec-
trons at atemperature T = 1.54.2 K in the frequency
range of microwave excitation from 4 to 50 GHz. The
photoexcitation and the reception of the recombination
radiation were performed via a quartz optical fiber,
which led directly to the sample. The optical signal was
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Fig. 1. (a) (1) Experimental luminescence spectrum of radiation and (2) the differential spectrum with respect to the microwave
power for a structure with a ring geometry (a = 0.6 and b = 0.2 mm) in the resonance magnetic field B = 50 mT at a microwave
excitation frequency of 17.7 GHz. (b) Typica magnetic-field dependences of resonance absorption measured for the same structure

with different microwave radiation frequencies. The 2D electron concentration is 2.6 x 10M cm=2.

received by a high-sensitivity CCD camera and ana
lyzed by a double spectrometer with a spectral resolu-
tion of 0.03 meV. The microwave radiation was sup-
plied to the sample either through the microwave chan-
nel or through a coaxial microwave cable providing the
high-frequency power transmission in the frequency
range of 0-50 GHz with an attenuation smaller than
5 dB. The absolute value of the difference signal was
integrated over the whole spectrum of the recombina-
tion radiation, and the resulting integral intensity of the
differential spectrum served as a measure of the inten-
sity of microwave absorption. Thus measured, the
intensity of microwave absorption was studied as a
function of magnetic field for different microwave exci-
tation frequencies.

Figure 1la shows a typical radiation recombination
spectrum of 2D electrons (the upper curve) and the cor-
responding differential spectrum with respect to the
microwave power (the lower curve); the spectra were
obtained at T = 1.5 K and a 2D electron concentration
of 2.6 x 10" cm™ under the resonance conditions (f =
17.7 GHz) in magnetic field B = 50 mT. According to
this figure, the resonance microwave absorption leads
to achange in the shape of the recombination radiation
line because of the heating of the electron system due
to the resonance absorption of the microwave power.
Figure 1b shows the dependences of the resonance
absorption on magnetic field for a ring structure (a =
0.6 mm and b = 0.2 mm) with a2D electron concentra-
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tion of 2.6 x 10 cm2 under different microwave exci-
tation frequencies. The arrows indicate the magneto-
plasma modes observed in the experiment and classi-
fied according to the theoretical calculation (see
below). The dependences of the resonance magnetic
field measured in this manner on the microwave radia-
tion frequency are shown in Fig. 2a. For comparison,
Fig. 2b presents the magnetic-field dependence of the
resonance modes for a structure fabricated in the form
of adisk with adiameter equal to the outer diameter of
the ring on the same substrate. From Figs. 2a and 2b,
one can see that, although the electron concentrations
and the outer diameters of the structures are equal, their
magnetoplasma excitation spectra are radicaly
different.

For the classification of the resonances observed in
the experiment, it is convenient to use two guantum
numbers that completely describe all resonance modes
for both the ring geometry and the disk. One of these
numbersisn =0, 1, 2, ..., which corresponds to the
number of nodes that occur in the radial direction for
the distribution of the charge density perturbation. The
other is the azimutha number |, which describes the
angular distribution of the induced charge density and
takesonthevaluesO, +1, +2, £3, .... Applying this ter-
minology to the magnetic-field dependences shown in
Figs. 2aand 2b, we can state that the resonance modes
observed in our experiment belong to the series of exci-
tations with n = 0 and different I. Specificaly, for the
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Fig. 2. Experimental magnetic-field dependences of the resonance excitation frequencies of different magnetoplasma modes for
(a) aring structure with a = 0.6 mm and b = 0.2 mm and (b) a disk with a diameter of 0.6 mm at ng = 2.6 x 10'* cm™. Theoretical
dependences f(B) for the (c) ring and (b) disk geometries with the same parameters.

ring geometry, modes with | = +1, £2, -3, and -4 man-
ifest themselves, and for the disk geometry, we have
modeswith| =+1 and +2. Despitetheidentical symme-
tries and similar choices of quantum numbers, the
behavior of magnetoplasma resonances in the case of
the ring geometry qualitatively differs from that in the
disk. The difference is most pronounced for the upper
branch of the lower doublet of the resonance modes
(curve n =0, | = +1in Fig. 28). In the region of low
magnetic fields, this mode has a positive magnetodis-
persion, as well as the corresponding mode in the disk
geometry (curve n = 0, | = +1 in Fig. 2b). However,
unlike the case of the disk, where the dependence is
monotonic and asymptotically tends to the cyclotron
resonance frequency in the region of high magnetic
fields, inthe case of the ring geometry, it reaches amax-
imum near 80 mT and then decreases with increasing
magnetic field. Simultaneously, a sharp decrease occurs
in the oscillator strength of the corresponding reso-
nance. Such a behavior of the resonance mode testifies
to its localization near one of the ring edges starting
from a certain magnetic field and, hence, points to the
edge character of thismode. A similar behavior in high
magnetic fields is observed for the lower resonance
branch (curve n =0, | = -1 in Fig. 248). This mode ini-
tially has a negative magnetodispersion and, as the

magnetic field increases, it becomes|ocalized along the
outer edge of the ring representing an analogue of the
edge magnetoplasma mode withn = 0, | = -1 in the
disk. Proceeding from this fact, we can assume that, in
high magnetic fields, the mode withn =0, | = +1 is
localized and propagates along the inner boundary of
the ring, because its excitation energy in these fields
considerably exceeds the excitation energy of the lower
resonance mode with n = 0, | = —1 propagating along
the outer boundary. In addition to the aforementioned
resonances, the magnetoplasma spectrum of the ring
contains other edge modes, namely, modes with quan-
tum numbers| = -2, =3, and —4. These excitations also
propagate along the outer edge of the ring but possess
higher energies.

We also carried out the measurementsfor aring with
the same dimensions but with alower concentration of
2D carriers: 0.8 x 10 cm. The resulting dependences
of the energies of resonance mode excitation on mag-
netic field are shownin Fig. 3a. Asin the case of Fig. 2,
Fig. 3b shows the corresponding magnetic-field depen-
dences for a disk with the same concentration of 2D
carriers. In addition to the lower resonance modes with
n=0, | = %1, excitations corresponding to n = 1 appear
in ring-shaped structures with lower charge carrier con-
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Fig. 3. Experimental magnetic-field dependences of the resonance excitation frequencies of different magnetoplasma modes for
(a) aring structure with a = 0.6 mm and b = 0.2 mm and (b) a disk with a diameter of 0.6 mm at ng = 0.8 x 10'* cm™. Theoretical
dependences f(B) calculated for the (c) ring and (d) disk geometries with the same parameters.

centrations. The fundamental difference between these
excitations and the resonances with n = 0 liesin their
behavior in high magnetic fields. The resonance modes
with n = 0 arelocalized along the inner and outer edges
of the ring, while the upper resonances with n = 1
behave in a radically different way. As is seen from
Fig. 3a, the lower branch of the resonance doublet with
n =1, | = +1 has a negative magnetodispersion in low
magnetic fields;, as the field increases, this branch
exhibits a growth and, in high magnetic fields, it tends
to the cyclotron resonance frequency, thus displaying
the features of a “bulk” magnetoplasmon. By contrast,
the upper branch of this doublet withn=1, | =1 ini-
tially has a positive magnetodispersion but rapidly
decays with increasing magnetic field and, therefore, is
only observed in the fields below 50 mT. Note that,
unlike the edge modes with n = 0, | = +1, which are
related to the charge density oscillations along the
perimeter of the ring, the modeswithn=1,1 =1 are
related to the charge density oscillations along the
radius of the ring, and the quantity w,-,(B=0)=Q s
the corresponding plasma frequency.

In addition to the aforementioned difference
between the magnetic-field dependences of resonances
in the ring- and disk-shaped structures, the behavior of
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the magnetoplasmamodes exhibit other distinctive fea-
tures, which testify to the transition from the purely
two-dimensional case (disk) to the quasi-one-dimen-
sional case (ring). Primarily, this refers to the lower
edge resonance mode in the ring, which exhibits amag-
netic-field dependence different from the one charac-
teristic of the disk geometry. Such a behavior can be
explained by the strong interaction of the two edge
modes corresponding to the outer and inner edges of the
ring. Thisinteraction isalmost completely absent in the
ring with a small inner diameter (a/b > 1)), and, as a
conseguence, the plasma frequency at B = 0 and the
dependence of the resonance frequencies on magnetic
field should in this case only dlightly differ from those
obtained for the disk geometry. Figure 4aillustrates the
comparison of the magnetic-field dependences
obtained for the frequencies of the lower edge magne-
toplasma modes, n = 0, | = —1, localized at the outer
perimeter of the structuresin the case of the disk geom-
etry with the diameter d = 0.6 mm and in the case of the
ring geometry witha=0.6 mmandb=0.2mmat a2D
electron concentration of 0.8 x 10* cm2. As one can
see from this figure, in the case of the ring, the plasma
frequency at B = 0 is amost two times smaller and the
field dependence is weaker than in the case of the disk.
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Fig. 4. Comparison of the experimental magnetic-field
dependences of the lower resonance modewithn=0,1 =-1
for a disk with a diameter of 0.6 mm and aring with a =
0.6 mm and b = 0.2 mm; the 2D electron density concentra-

tionis (a) 0.8 x 10 and (b) 2.6 x 101 cm 2.

In addition, the characteristic magnetic field at which
the resonance frequency decreases by half is greater in
the case of thering: 0.14 T instead of 0.06 T in the case
of the disk. Such a dependence of the frequency of the
lower resonance mode on magnetic field testifies to a
considerable interaction between the inner and outer
edge modes. Indeed, according to the theoretical calcu-
lations [6], the closer the edge modes, the higher the
frequency Q and the weaker the magnetic-field depen-

2 1/2

0 Q
dence w(B) ~ Q . A similar effect of the
w(B) [QB_%ZHD

edge mode interaction is observed for a 2D electron
concentration of 2.5 x 10'* cm (Fig. 4b).

Our assumptions concerning the classification and
character of the magnetoplasma modes observed in the
experiment are confirmed by theoretical calculationsin
terms of the classical eectrodynamics [11]. In these
caculations, a self-consistent solution is found to the
Poisson equation and the continuity equation for the
induced density of 2D charge carriers with additional
boundary conditions for the radial component of the
current. The problem is solved by expanding the con-
centration in the orthonormal basis of Bessel functions
of thefirst and second kinds, J,(1,, 1) and Y(u, 1), ina

GUBAREV et al.

ring with a sharp potentia profile.1 We used this
method to calculate the energies of the eigenmodes of
electron density in thering geometry for different quan-
tum numbers (n, 1). Specifically, for modes withn = 0
and | = £1, 2, and £3, the corresponding calculated
magnetic-field dependences are shown in Fig. 2c. For
comparison, Fig. 2d shows the magnetoplasma exci-
tation spectrum calculated for the disk geometry.
Figure 3c displays dependences of magnetoplasmares-
onances on magnetic field that are calculated in asimi-
lar way for aringwitha=0.6 mmand b =0.2 mm and
with an electron concentration of 0.7 x 10'* cm and
for a disk with a diameter D = 0.6 mm and with a 2D
electron concentration of 0.8 x 10* cm. From Figs. 2
and 3, one can see that the experimental and theoretical
results are in good agreement, which determines the
classification of all magnetoplasma modes observed in
the experiment.

Thus, by employing the optical detection method,
we experimentally studied the magnetic-field depen-
dences of the resonance excitation frequencies in 2D
electron rings. The resonance spectra of rings exhibit
two types of modes: the high-frequency “bulk” magne-
toplasma excitations, which tend to the cyclotron reso-
nance frequency in high magnetic fields, and a set of
edge magnetoplasma modes with lower energies,
which propagate along the inner and outer boundaries
of the ring. We carried out a classification of the reso-
nances observed in the experiment on the basis of the
radial and azimuthal quantum numbers. For compari-
son with the ring geometry, we used the same method
to measure the excitation spectrafor adisk with adiam-
eter equal to the outer diameter of the ring. We have
shown that a change in the geometry of the structure
under study leads to a qualitatively different resonance
excitation spectrum. In terms of the electrodynamic
theory, we calculated the magnetic-field dependences
of resonance excitations for both the ring and the disk.
The resulting energies of plasma and magnetoplasma
excitations coincide with the resonances observed in
the experiment, which testifies to the applicability of
the given approximation. All this allows us to construct
afull picture of collective excitations of the electron gas
inaring and opens up new possibilitiesfor further stud-
ies of 2D edge plasmons. In this respect, the phenome-
non of specia interest is the transition from 2D to 1D
magnetoplasma excitations, which occurs in the ring
geometry when the ratio of the outer diameter to the
inner one decreases.
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