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Edge-magnetoplasma excitations in GaAs-Al Ga1 As quantum wires
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We report the experimental observation of strongly localized edge collective excitations propa-
gating around each individual wire in a modulation-doped GaAs-Al Ga& As quantum-wire array.
The excitations have been observed in radio-frequency experiments at magnetic fields in the vicini-
ties of the filling factors v=2 and 4. For other magnetic-field strengths or with rising temperature
the high-finesse edge wave transforms abruptly into a very difFerent type of excitation, i.e., into a
strongly damped relaxation mode distributed all over the wire.

Currently there is a broad interest in the physics of
semiconductor quantum wires. ~ Quantum wires have a
width of the order of 100 nm, which is comparable to
the Fermi wavelength and the electrons thus represent
a quasi-one-dimensional electron system. The collec-
tive excitations in quantum wires have been studied ex-
perimentally in samples which were fabricated by us-

ing lithographic techniques on two-dimensional electron
systems2 s (2DES) (for theoretical treatments see Ref.
7). These plasmons are strongly damped at low frequen-
cies 2vrfr ( 1 (r is the momentum relaxation time),
therefore the measurements are carried out at high f
in far-in&ared or Raman ' experiments. The plas-
mon dispersion is found to exhibit a strong anisotropy
for difFerent directions of the driving electric field re-
flecting two difFerent excitations, i.e., propagating 1D
plasmons parallel and standing-wave plasmons perpen-
dicular to the wires. ' Applying a magnetic field B
perpendicular to the wire shifts the plasmon frequency
without changing however the character of the excita-
tion qualitatively. Here we report very difFerent collec-
tive excitations in quantum wires which, to our knowl-
edge, have so far not been observed or predicted. We
have studied in radio-frequency (rf) experiments the dy-
namic response of deep-mesa-etched GaAs-Al Gaq As
quantum-wire arrays. At high perpendicular magnetic
fields and in the vicinities of the filling factors v = 2 and
v = 4 (v = hnc/eB, n is the 2D electron density) we ob-
serve at low temperatures T well-pronounced resonances
with a surprisingly small damping in spite of the condi-
tion 27rfT 5 x 10 s (( 1. The resonance frequency de-
creases when v changes &om 4 to 2 and does not depend
on the direction of the driving electric field with respect
to the wire axis. These excitations resemble edge mag-
netoplasmons in large area 2DES where the &equency is
determined by the perimeter of the sample. (See, e.g. ,
Refs. 8—15 for experiments and Refs. 16 and 17 for the-
ory. ) We explain the observed resonances as edge plasma
waves propagating around each individual wire in the di-
rection determined by the orientation of B. They are lo-
calized in a very small region close to the wire edge which

is narrower than 100 nm. Moreover, outside the vicinity
of integer filling factors or with rising T, we observe that
the spectrum changes its shape and the character of the
excitation transforms into a relaxation type of excitation
thus that the &equency and damping strongly depend on
the direction of the driving electric field with respect to
the wire. We explain this by the increase of the localiza-
tion region of the plasma excitation, which is governed
by the diagonal conductivity 0, and leads, with in-
creasing 0. , to an overlap of the two excitation regions
at the opposite sides of each wire. This results in the
transformation of the strongly localized high-finesse edge
plasma wave into a damped relaxation mode distributed
all over the wire. The dispersion in this relaxation regime
is in good agreement with calculations based on the local-
capacitance approximation.

Arrays of periodic quantum wires have been fabricated,
starting &om modulation-doped Al Gaq As-GaAs het-
erostructures, which consisted of a 10-nm-thick GaAs cap
layer, a 50-nm-thick n-doped and a 25-nm-thick undoped
spacer Al Gaq As layer. A photoresist mask has been
prepared by holographic lithography and the pattern was
etched 200 nm into the heterostructure through the 2D
electron layer using deep-mesa etching techniques. We
will extensively discuss one sample where the wires had a
geometrical width t = 540 nm, a period a = 1000 nm, a
length L = 4.5 mm, and the number of the quantum wire
was about 7000. We have studied four wire arrays with
the same dimensions which show essentially the same be-
havior and a series of arrays with geometrical wire widths
ranging from 600 to 300 nm which will be discussed be-
low. In the dark, the wires had no mobile electrons. With
pulses &om a red light emitting diode we could then in-
crease the electron density. The actual width m of the
electron channels was smaller than t, caused by a lat-
eral edge depletion usually of 100 to 120 nm on either
side of the wire. ' To study the dynamic response we
used a nonresonant rf measurement cell in which conven-
tional 2D samples have been measured previously.
The quantum-wire sample was positioned, as sketched in
Fig. 1, between two electrodes which act as transmitting
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FIG. 1. Dependence of the rf signal U~ on the magnetic
Seld B for different antenna positions at T = 4 K. U~ is
normalized to 100'%%uo at B=O, the curves are shifted vertically,
and the scale is given in the figure. (a) The applied electric
Beld is perpendicular to the wire axis. (b) The applied electric
Seld is parallel to the wire axis.

and receiving antennas. Using different antenna positions
around the sample we could apply ac electric fields and,
also, measure the response in different directions with re-
spect to the wire axis. We have measured the normalized
amplitudes of the signal, either in a sweep of B at con-
stant f, U~ = U(f = const, B)/U(f = const, B = 0),
or at fixed B values in sweeps of f, Uy = U(f, B =
const)/U(f, B = 0). As has been demonstrated before,
the real (plasmon &equency f„) and ixaaginary (damp-
ing pz) parts of the response can be determined &om
the Uy spectrum using a linear-oscillator approximation
with, depending on the sharpness of the resonance, 2—

10% accuracy for f„and 5% accuracy for pz.
As an example for original curves we show in Fig. 1 U~

curves for difFerent antenna positions. The rf response,
which was measured with similar results on four differ-
ent samples with the same width t, exhibits an oscillatory
behavior periodic in 1/B. As seen from Figs. 1(a) and
1(b), the signals measured in difFerent orientations of the
antennas with respect to the wire direction, show a quali-
tative difference for B values lying in the vicinity of v = 4
in comparison to other B values. This directly reflects
the anisotropy of the wire array, which is not expected
for a 2D sample, and the special behavior near v = 4. A
similar behavior as for v = 4 was also observed at higher
B near v=2.

For a full understanding of the dynamic excitations
in the wire array we have investigated the whole three-
dimensional U vs B and f space. In Figs. 2(a) and
2(b) we show the results taken at difFerent B values near
v = 2. The &equency dependence of the response at
v = 2 is characterized by curve | in Fig 2(a). A.s has
been demonstrated before, such Uy dependences in-
dicate collective excitations with small damping. If we
vary B, curve C gradually transforms into curves B or
D and then into curves A or E. This change in the &e-
quency spectrum indicates a transition &om an oscilla-
tion to a relaxation regime. Figure 2(b) shows the f„and
p„values obtained &om these Uy spectra by Gts with the
harmonic oscillator model. As expected, the damping of
the excitations is small in the vicinity of v = 2. Note
that only in a small B region the parameters f„and p„
determined for the two difFerent directions of the driv-
ing electric field are very close to each other and exhibit
similar B dependences. Outside this regime the pz val-
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FIG. 2. (a) Ur spectra in the vicinity of v = 2 at T = 4 K.
Capital letters correspond to different B values indicated by
the arrows in (b). (b) f„and p~ values in the vicinity of v = 2

and T = 4 K for different directions of the exciting electric
field. (c) f~ and p~ values in the vicinity of v = 4 at different

temperatures with electric Geld applied perpendicularly to the
wire axis.

ues exceed the f„values and both experimental values
are very different for different directions of the electric
field. (We cannot study in detail the relaxation signal
for a driving Geld applied parallel to the wire axis be-
cause this lies at very high f )Figure .2(c) shows data
obtained in the vicinity of v = 4. At T = 4 K the f„
and pz values are nearly the same, indicating a moderate
damping, where as at T = 1.7 K the fz value increases
while the p„value decreases with respect to T = 4 K.
This indicates that for v = 4 a high-finesse collective
excitation occurs only for T = 1.7 K.

At low B the response of the quantum-wire sample is
dominated by its imaginary part, as shown in Fig. 3(a).
The &equency f„ is larger than zero only in the vicinity
of integer v values. Note that at low B the f„values
increase with decreasing v in contrast to decreasing f~
at high B when the v index changes from 4 to 2. The
interesting finding in Fig. 3(a) is that the oscillatory B
dependence of p„ is in phase with the U~ dependence.

These results in Figs. 1, 2, and 3 clearly demon-
strate two difFerent regimes in. the rf dynamic response
of quantum-wire samples. In the first one, i.e., in the
vicinities of v = 2 and v = 4 at T = 1.7 K and in the
vicinity of v = 2 at T = 4 K, the response is governed by
high-finesse collective excitations. Analyzing the phase
in difFerent positions around the sample we Gnd that
these plasma waves change the direction of propagation
when one changes the B orientation. The plasma fre-
quency decreases when v decreases. Further, there is an
"out-of-phase" dependences of the fz and p~ values in
the vicinities of v = 2 and v = 4, i.e., increasing f„ for
decreasing pz and vice versa. Such a behavior is very
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t ranging &om 600 to 300 nm. The samples were pre-
pared &om the same wafer; nevertheless we could not be
absolutely sure that the conditions at the etched surface
were exactly the same in the different fabrication pro-
cesses. However the general trend is that as the wire
width decreases the crossover from the high-6nesse edge
plasmon excitation to the relaxation regime occurs for
smaller temperatures or smaller 6lling factors. If we use
as a measure a Q factor Q = f~/pz we have for v = 4

Q = 3 for t = 600 nm, 2 (1.3) for 540 nm and 0.8 (0.2)
for 420 nm at 1.7 (4.2) K. For v = 2 we find Q = 10
(10) for 600 nm, 8 (5) for 540 nm, and 4 (2.2) for 420
nm at 1.7 (4.2) K. For the arrays with widths t = 300—
350 nm the response is practically governed only by the
relaxation type behavior. So the experiments with vary-
ing wire width support our interpretation above that was
derived &om changing B and temperature.

It is now an interesting question whether in the high-
6nesse regime close to v = 2 and 4 the wire edge magne-
toplasmons can also be described by the 2D plasmon for-
mula, Eq. (1), using there p = 2L for the wire. However,
the absolute detemination of an edge plasma frequency
is already in large area 2D samples a problem, since nor-
mally e and in particular 0 in the Hall regime are not
exactly known. If we use the parameters of the original
2D sample and apply Eq. (1) with p = 2L we find that
the calculated &equency is larger than the experimental
wire edge plasmon frequency, roughly by a factor of 2.

Further information on a possible special dispersion for
the wires can be deduced &om higher-index modes. So
far we have considered the excitation of the fundamental
mode m = 1. If we use the two-electrode transmitting
antenna shown in Fig. 3(b), the electric field has another
symmetry with respect to the wire contour as compared

to the "usual" (Fig. 1) antenna geometry. With this ar-
rangement we can excite two edge modes with q = vr/L
and q = 2x/L (m = 1 and 2). At B values far from v = 4
and 2 the Uf spectra are similar to the values measured
with the usual antenna geometry. When approaching the
value v = 4 or v = 2 we observe indeed two resonances
with &equencies f„i and f~z T. he interesting observa-
tion is that the &equency ratio of these two resonances
for v = 2 is f~z/f„i ——2.4. For a large area 2D sample
one usually finds for this ratio 1.5 to 1.8. This indicates
that the &equency of the wire-edge plasmons is quan-
titatively different &om the 2D case. For the moment,
without any accurate theory for this wire-edge magneto-
plasmon, we do not know whether this is a property of
the mode spectrum already for a single wire, or whether
it arises from interaction with the closely spaced neigh-
boring wires. For v = 4 in Fig. 3(b) we find that the
&equency ratio depends on T. When T increases &om
T = 1.7 K to T = 4 K the f„2/f„i value increases from
3 to 4 and the p„z/p„i value increases from 2 to 3. This
arises since for v = 4 the transition between the oscilla-
tion and the relaxation regimes occurs between T = 1.7
K and T = 4.2 K. Because of the different dispersions in
these regimes this leads to increasing mode ratios.

In summary, we have observed at v = 2 and v = 4
rf wire-edge magnetoplasmons, i.e., edge collective ex-
citations propagating around each individual wire in a
quantum-wire array. These plasmons are localized within
a very small distance from the wire edge that increases
outside the vicinity of interger v or rising T and, as a
result, the high-6nesse wire edge magnetoplasmon trans-
forms into a relaxation mode which is distributed all over
the wire and is strongly damped.
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