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Magnetoplasma resonances in two-dimensional electron rings
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Employing millimeter-wave spectroscopy, we have studied the magnetoplasma excitations of a two-
dimensional electron gas confined in a ring geometry. The observed spectrum decomposes into several
high- and two low-frequency branches. For large magnetic fields the latter are identified as edge magne-
toplasmons localized at the inner and outer boundary of the rings. With decreasing magnetic field the
inner edge mode exhibits a crossover from antidotlike to dotlike behavior. The resonances can also be
analyzed in terms of plasmons in a strip with periodic boundary conditions.

The investigation of plasma excitations in bounded
two-dimensional electron systems (2DES's) ranging from
classical disks to strongly confined quantum dots which
contain only a few electrons is an active Geld of current
research. Such studies have mostly been restricted to the
simple case of circular disks. ' This geometry together
with the approximation of an external parabolic
confinement potential leads to frequencies of the allowed
dipole excitations of the form'

co+ =+co, /2+(co, /4+coo)'i

where co, =eB /m * is the cyclotron frequency and coo the
plasma frequency of the confined system at zero magnetic
Geld. For a classical disk approximated by a thin oblate
spheroid with diameter d the latter is given by
coo=3m.n, e /SEEom*d, where n, denotes the 2D electron
density. In a magnetic field B applied perpendicularly to
the 2D plane the plasma resonance splits into two
branches with the upper branch approaching ~„whereas
the lower mode eventually decreases in frequency as 1/B.
This mode is connected with the presence of the bound-
ary of the system and has hence been termed edge magne-
toplasmon (EMP). The magnetic-field dependence in Eq.
(1) holds regardless of the system size which is a conse-
quence of the assumption of a parabolic potential and
reAects the generalized Kohn theorem. For nonparabol-
ic potentials or in inhomogeneous fields higher-lying
modes ' can be excited in addition to the fundamental
resonance (1).

The set of plasma oscillations for geometries that devi-
ate from the disk shape can be expected to be distinctly
different. This is demonstrated in the present paper for a
2DES confined in a ring geometry. Such a system may
alternatively be considered as a disk with a repulsive
scatter, also known as an antidot, " ' at its center. The
observed resonances indeed exhibit features of the spectra
of both dot and antidot systems. Which description pre-
vails depends on the aspect ratio of the ring and on the
magnetic-Geld strength. Around zero magnetic field the
resonances are reminiscent of the modes in simple circu-

lar disks. At larger B two modes with negative
magnetic-field dispersion develop, which we interpret as
edge magnetoplasmons at the inner and outer boundary.
For a narrow ring, the resonances can also be described
as 1D plasmons' ' whose wave vector is determined by
the mean perimeter of the ring. Some aspects of our ex-
perimental data are consistent with a recent theoretical
treatment of plasma excitations in rings in the screened
hydrodynamic approximation discrepancies originate
from the fact that we here study the unscreened case.

We have investigated two ring geometries with about
the same outer diameter, d =50 pm, but different aspect
ratios. The inner diameters are d; = 12 pm ("broad
rings") and 30 pm ("narrow rings"), respectively. The
patterns are etched into a standard molecular-beam-
epitaxy-grown 5-doped GaAs-oa, Al, „Asheterostruc-
ture containing a 2D electron gas with density
n, =2.3 X 10" cm and dc mobility p = 1.2 X 10
cm /V s at T=4.2 K. The rings are arranged in a square
lattice covering an area of several mm in order to in-
crease signal strength. The samples, which are mounted
in a Q-band waveguide, are studied with microwave
transmission spectroscopy at T=4.2 K. We measure the
amplitude and relative phase of the transmitted signal as
a function of the magnetic Geld at fixed frequencies be-
tween 28 and 480 GHz. In a more limited frequency
range and with less resolution in amplitude and phase we
are also able to perform frequency sweeps at fixed mag-
netic field.

The transmission amplitude for the broad rings is
displayed in Fig. 1. Together with the simultaneously
recorded phase these spectra reveal a complex set of reso-
nances. Plotting the observed resonance frequencies
against magnetic field [Fig. 2(a)] one can recognize
several distinct modes, two of which are seen to split into
"doublets" at finite magnetic field. We label these modes
with co„+,n =0, 1,2, . . . , where n is the number of nodes
in the radial direction. The second, angular index "+"
can in general assume the values +m, but is here found to
be restricted to rn =+1, hence our abbreviated notation.
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The other azimuthal modes, having zero dipole moment,
are not excited in the uniform external high-frequency
field of our experimental setup. From the circular sym-
metry it further follows' that co„+=co„atB =0.

Whereas the above symmetry considerations apply
equally for simple circular disks, there are marked
changes in the magnetoplasma spectrum induced by the
ring geometry. The most prominent difference as corn-

pared to the resonances in a simple disk is the behavior of
the upper branch of the lowest doublet, the co0+ mode.
Near B =0 this branch exhibits a positive magnetodisper-
sion as expected for the upper branch of a circular disk
where it would approach cyclotron resonance with in-
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FIG. 2. Frequencies of the observed magnetoplasma reso-
nances for two different ring geometries, (a) wide rings, (b) nar-
row rings (parameters are given in the text). In regions where
the dispersion is flat the resonance positions cannot be resolved
in our magnetic-field sweep experiments (coo+ and co&+
branches). The curves in (a) are dispersions calculated from Eq.
(2) for d=12 pm (solid line) and d =50 pm (dashed line). The
insets show micrographs of the corresponding sample surface.

creasing B. Here, however, above B=0.25 T, the fre-
quency of the co0+ branch decreases with increasing mag-
netic field; at the same time its oscillator strength de-
creases rapidly. Both findings are known to be charac-
teristic signatures of edge magnetoplasmons. These par-
ticular types of excitations have been shown to be local-
ized at the edge of a 2DES at suf5ciently large magnetic
fields. They correspond to the co mode of the sim-
ple parabolic model, Eq. (1). For larger B a better ap-
proximation for their dispersion for the case of a disk is
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FIG. 1. Amplitude of the millimeter wave transmission for
the array of electron rings with diameters d =50 pm and d; = 12
pm, referred to as wide rings in the text. (a) and (b) show data at
fixed frequency f vs magnetic field; (c) shows the normalized
transmission vs frequency in the vicinity of zero magnetic field.

where the modulus of l=icr „/eeoc is the length to
which the EMP is localized at the edge and d is the disk
diameter. Using the Drude model for the conductivity
tensor and the appropriate sample parameters
[ nr*=0.06 mS„=E( so&, +1) 2/=6. 8, and n, =2.3
X 10" cm /Vs], Eq. (2) describes the data well for the
cop+ mode above B= 1 T without any adjustable parame-
ters if d is set to the inner diameter of the ring as rejected
in the solid line in Fig. 2(a). For the above reasons we are
led to conclude that the high-field tail of the co0+ mode
constitutes an EMP localized at the inner boundary of
the ring and thus may be called an antidot EMP. The
lowest branch, the co0 mode, likewise exhibits a negative
magnetodispersion together with a decreasing oscillator
strength and is the EMP at the outer edge (the dot EMP).
The above interpretation is substantiated by the observa-
tions in the narrow rings with the same outer, but larger
inner diameter [Fig. 2(b)]. Here the frequency of the co0+
mode has decreased whereas the frequency of the outer
EMP remains almost unchanged (except near B =0,
where the modes are not localized). The ratio of the mea-
sured cu0+ frequencies for the two rings is precisely repro-
duced by Eq. (2) for magnetic fields above = 1 T.
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In a heuristic approach we determine the crossover
field B„where the characteristics of the cop+ mode
change from bulk to edge behavior. Proceeding in the
same spirit as above (i.e., approximating the antidot-EMP
dispersion with the dot-EMP dispersion) and using Eq.
(1) we find B, from the condition that the frequency of
the upper branch of a disk with the outer diameter be
equal to the frequency of the lower branch of a disk with
the diameter of the antidot, i.e., co+(d) =to (d, ). For the
wide rings we thus obtain B,=0.24 T in good agreement
with the observed transition field.

Turning to the higher-lying resonances, the "bulk mag-
netoplasmons" (BMP's), we observe a marked splitting of
the m, mode. The oscillator strength of its upper branch
rapidly decreases with increasing B, so that we observe it
only up to =0.2 T. The lower branch of this doublet
shows a negative magnetic-field dispersion at small B
which can unambiguously be inferred from the polar plot
(Fig. 3). In general, the splitting of all modes co„ into
doublets co„+is a consequence of the distinction between
left- and right-handed electron motion in the presence of
a magnetic field. For the EMP modes, the dot EMP (cl)p

) is connected with left-handed, the antidot EMP (Cpp+)

with right-handed electron trajectories. To classify the
BMP resonances (n ~ 1) we apply the theory of Ref. 19
and find that which branch of the BMP doublets is higher
in energy depends on the aspect ratio d/d; of the ring.
For our structures with a comparatively low value
(d/d;=4. 2 for the wide rings) we obtain cp„)co„+,

Linear
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FICx. 3. Polar diagram (amplitude vs phase) corresponding to
the amplitude data displayed in Figs. 1(a) and 1(b). Curve pa-
rameter is the magnetic field. Full coverage of a resonance in a
sweep results in a closed circle. A partial sweep through a reso-
nance leads to an arc segment. This is the case if a resonance is
close to B =0 or if a branch is not a monotonic function of B
and is swept through twice. The sense of rotation along the
curves with increasing magnetic field is clockwise (counter-
clockwise) for modes with positive (negative) magnetodisper-
sion. In particular, the signals at 92, 98, and 172 GHz each ex-
hibit one mode with positive and one with negative dispersion,
whereas, e.g., for f=175 GHz both of the two resonances be-
long to modes with positive dispersion.

which is the opposite of the situation in simple circular
disks. ' It must, however, be kept in mind that, in con-
trast to the assumption made in Ref. 19, our rings are not
screened by metallic electrodes. This leads to differences
in the spectrum observed, in particular for the magnetic-
field dispersion of the cop+ branch which in the screened
model is found to saturate at larger B always retaining a
positive magnetodispersion. Nevertheless, the
identification of the lower branch of the co& mode as co, +
is supported by the experimental observation that at
1arger B this branch contains almost all of the total oscil-
lator strength. This is consistent with the fact that for
large B the character of the dominant mode is cyclotron-
resonance-like so that it is connected with right-handed
electron trajectories. No doublets are observed for the
highest, the cu2 and co3 modes. Since these modes are
weak [Fig. 1(b)] their upper branches co2 (co3 ) presum-
ably do not have sufhcient strength to be resolved in our
experimental setup, so that we only see the corresponding"+"branches. The total oscillator strength is primarily
distributed among the cop and co& modes at small B and, as
already mentioned, almost entirely contained in the co&+
branch at larger magnetic field.

The ring spectrum displays marked analogies with the
magnetoplasma resonances in antidot grids. Kern
et al. ' and Zhao et al. ' have observed two modes whose
magnetic-field dependence is strongly reminiscent of the
modes cop+ and m&+. The analog of our mp mode is ab-
sent in the antidot grid since that system has no outer
boundary. Hence the lower mode of the antidot grid ap-
proaches cyclotron resonance as B~0 whereas in our
finite system the cop+ and cop modes merge into a finite
plasma frequency at zero magnetic field. Further, it is in-
teresting to note that a mode corresponding to our co&

branch has recently been theoretically predicted for anti-
dot grids, ' but has not been seen in the experiments. ' '
Our data reveal that such a resonance is likely to be a
consequence of the ring geometry, i.e., the presence of an
outer boundary of the system. Furthermore, in Ref. 16
the difference between the screened and unscreened limits
for antidot grids has been explicitly worked out. The re-
sults suggest that an unscreened hydrodynarnical calcula-
tion of electron rings would be able to reproduce our
data.

Finally, we note that the excitations in the narrow
rings [Fig. 2(b)] can also approximately be described as
1D magnetoplasmons with wave vector q =2/d, where d
is the mean diameter of the ring. From the calculations
of Eliasson et al. (Fig. 2 in Ref. 18) we obtain top=57
GHz and cu, =200 GHz for our sample parameters for
zero magnetic field, which is in good agreement with the
experimental values extrapolated to B =0. Within this
model we can understand yet another experimental de-
tail. For the wide rings the oscillator strength of the
highest (co3) mode is larger than the strength of the tp2

mode, which at first appears surprising as it is different
for simple disks. In a straight strip, however, only the
modes with an odd number of nodes possess a finite di-
pole moment. Altering the symmetry of the strip by
"bending" it to a ring leads to a nonzero moment also for
the even modes yielding a small but discernible signal for
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the co2 mode in the wide-ring geometry [Fig. 1(b)]. For
the narrow rings the excitation of higher-order modes is
obviously too weak to be observable for both even and
odd modes.

In conclusion, the magnetoplasma excitations of the
2DES confined to a ring geometry exhibit intricate
features which are determined by the interplay between
geometrical parameters and the magnetic field. The spec-
trum decomposes into a set of high-frequency bulk mag-
netoplasma modes and two low-lying edge magneto-
plasmons which can unambiguously be connected with
the two boundaries of the ring. Since we have shown that
the plasma resonances are to a great extent dominated by

geometric considerations, our results, although obtained
for comparatively large structures, may serve as a guide-
line of what is to be expected for smaller, nanometer-
scale systems, in particular for a quantum dot with a
repulsive impurity at the center.
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