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Experimental investigation of the damping of low-frequency edge magnetoplasmons
in GaAs-Al, Ga,_, As heterostructures
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A detailed experimental study of damping and velocity of low-frequency edge magnetoplasmons in
GaAs-Al, Ga,_, As heterostructures is presented. The damping is observed to be frequency dependent
at filling factors close to integer values. The magnitude of the damping increases with frequency, the
dependence being somewhere between linear and quadratic. This finding indicates that the damping of
low-frequency edge magnetoplasmons cannot be described by the effective relaxation time. The experi-
mental results are discussed in terms of existing models of low-frequency edge magnetoplasmons.

INTRODUCTION

Recently there has been an interest in the low-
frequency edge magnetoplasmons (EMP’s) in two-
dimensional electron gas (2DEG) in GaAs/Al,Ga,_, As
heterostructures' ~!* and on liquid-helium surface.!”> !
Low frequency in this case refers to the situation where
w7 <<1, 7 being the momentum relaxation time at zero
magnetic field. In a bounded 2DEG these low-frequency
plasma oscillations associated with the edge of the sample
are observed as sharp resonances in the frequency domain
and can be thought to be a rotation of edge charge, elec-
tric field, and Hall current distributions around the exter-
nal magnetic-field direction. Around integer filling fac-
tors (v), the field dependence of the velocity and damping
of the low-frequency EMP’s has been shown to be non-
monotonic. Indeed, the velocity response exhibits pla-
teaus while the damping forms sharp minima. This
behavior distinguishes the low-frequency EMP response
to that observed for high-frequency EMP’s (Refs. 18 and
19), where no oscillatory behavior of the damping is ob-
served. Below we will use the abbreviation EMP to refer
to low-frequency EMP only. The behavior of the velocity
of the EMP’s has been discussed in detail* ™~ !? but little is
known about the reasons causing EMP damping. This
problem is of interest because it is closely related to the
main problem of EMP physics, the edge charge spatial
distribution. The EMP damping is much more sensitive
to details of the edge charge distribution than that of
EMP frequency.!

Several theories exist as to the nature of the edge
charge distribution in GaAs/Al,Ga,_,As 2DEG struc-
tures. Volkov and Mikhailov' (VM) proposed a model in
which the 2DEG is described by local conductivities o,
and o,, and where the edge of 2DEG is assumed to be
infinitely sharp. In this theory, the edge charge distribu-
tion is a result of the compromise between the Hall
current taking charge to the boundary and the Ohmic
current trying to distribute charge over the bulk of the
2DEG. They defined a strip of width / along the 2DEG
boundary, which accommodates the main part of the
edge charge given by
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where o is the EMP frequency and ¢ is the dielectric per-
mittivity. For the propagation of EMP’s along the
boundary of a 2DEG half plane, the frequency
o'(k)=Rew(k) and the damping o' (k)=Imw(k) are
given in Ref. 1 by
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In a bounded 2DEG, the EMP resonant frequencies can
be determined from Eq. (2) and the condition for the
wave vector K,
27n
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where P is the length of the perimeter of the 2DEG and n
is an integer. The resonant linewidth is determined by
20" (k). In this theory, the value of the damping »''(k) is
described in terms of the effective relaxation time 7*, as
shown here:
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Equation (4) is only valid when w7* >>1. In the frequen-
cy region w7* << 1, EMP damping is predicted' to depend
on o, rather than on o, (). As this contradicts the ex-
perimental results presented below, we shall discuss only
the w7 >>1 domain of the VM theory. Usually kl <<1
so that the weak dependence of @ on k in Eq. (4) can be
neglected. Thus, in a bounded 2DEG the fundamental
and spatial-harmonics EMP modes are predicted to have
the same linewidth. This theory has subsequently been
applied to the interpretation of experimental results pub-
lished by Ashoori et al.,!' where the magnetic-field
dependence of 7* was presented. The applicability of the
VM theory in the quantum Hall effect (QHE) regime was,
however, questioned in this paper. Other theories exist in
which the EMP charge distribution is assumed to be con-
trolled by the Larmor radius.®?° This assumption is
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reasonable for a 2DEG with an infinitely sharp edge po-
tential. At small enough o, (w), the value of / from Eq.
(1) can be smaller than the Larmor radius, such that the
EMP edge charge distribution is no longer determined by
1, but by the Larmor radius.

We have previously reported a different model for the
EMP problem.!? This approach is based on the assump-
tion that in the QHE regime the EMP charge is accom-
modated in edge channels (EC’s). The concept of EC’s
has been used extensively to explain many interesting
effects in direct current (dc) magnetotransport experi-
ments and a detailed theoretical discussion was given by
Buttiker in Ref. 21. In Ref. 12, the edge excitations in
the 2DEG are considered as interactive charge density
waves propagating in the EC’s. The EMP’s are con-
sidered to be the simplest type of the edge excitations cor-
responding to the in-phase vibrations of the charge in all
the EC’s. This model will be referred to as the EC model
of EMP’s. The model provides a link with dc measure-
ments of EC’s and helps reduce the problem of EMP
charge distribution to the problem of the spatial structure
of the edge channels.

The EC model of EMP is applicable if / from Eq. (1) is
much smaller than the strip width occupied by the EC’s.
In reality, the edge potential of a 2DEG is believed not to
be infinitely sharp but varies with distance into the sam-
ple. This smooth edge potential results in wide edge
channels. By treating experimental EMP spectra in
terms of the EC model of EMP, we prev1ously estimated
the edge channel width to be =3000 A.2 More recent
measurements of edge channel width by an independent
method have given rise to values of ~4000 A.22 The
large width of the EC’s allows one to propose that EMP
damping must mainly occur inside EC’s. This assump-
tion leads to the conclusion that EMP damping should
decrease with a decrease in frequency and, thus, it is im-
possible to introduce an effective relaxation time. A sim-
ple consideration results in a »” < »* dependence, howev-
er, this contradicts views adopted in the literature.!! As
a result, detailed measurements of EMP damping have
been carried out with the conclusion that the damping is
indeed frequency dependent. We will show that the
dependence of w’'(w) is observed to be somewhere be-
tween linear and quadratic. A microscopic theory of the
EC structure is needed for a qualitative description of
EMP damping.

EXPERIMENTAL TECHNIQUE AND RESULTS

The method that we used for the investigation of
EMP’s is to treat the 2DEG as a transmission resonator.®
The EMP’s are excited and detected with the help of two
open-ended coaxial cables coupling the sample with an rf
generator and sensitive receiver, see Fig. 1. The source
frequency was swept and the power transmitted through
the sample was measured with the aid of a spectrum
analyzer preceded by a low-noise rf amplifier. Our sys-
tem utilized the tracking generator of the spectrum
analyzer as an rf source. The experimental setup allowed
us to make measurements in the frequency range up to
400 MHz, in a magnetic field up to 8 T, and at tempera-
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FIG. 1. Schematic representation of a sample with coaxial
cables. (a) 2DEG is far away from a metal surface. (b) 2DEG is
close to a metal surface. Only one coaxial cable is shown. (1)
2DEG, (2) coaxial cable, (3) the metal plate.

tures down to 0.3 K. For some measurements the sample
was put face down on a polished metal plate, see Fig.
1(b). In this situation the distance between the 2DEG
and the metal is controlled by the surface roughness of
the metal and is estimated to be =1-2 pum. Four
different high-mobility GaAs/Al,Ga,_,As heterostruc-
tures were analyzed, all samples were cleaved into
squares of length 7 mm except for sample 2, which was
rectangular (3X6 mm?). Carrier densities and mobilities
of the samples measured at 1.7 K in the dark are as fol-
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FIG. 2. Transmitted signal vs frequency measured on sample
1 at filling factor v=2 and rf source power —70 dBm (70.7 uV).
Inset: the fundamental EMP mode. To resolve the narrow line,
the data were taken in small frequency domain. The source
power is —73 dBm.
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lows sample 1, 3.4X10" cm™? and 1.3X10°
cm’ 2v~'s7l sample 2, 1.4X10'"" cm™? and 6.7X10°
cm?V 7 !s™h sample 3, 1.2X 10" c¢cm™? and 2.0X10°
cm?V~!'s™! and finally for sample 4, 1.2X 10" cm ™2

and 2.1X10°cm? V™ !s7!

The transmitted signal versus frequency of sample 1 at
filling factor v=2 is shown in Fig. 2. The peaks in the
data correspond to the excitation of the fundamental
mode and several spatial EMP harmonics. The funda-
mental mode in this figure demonstrates the EMP vibra-
tion with highest value of quality factor Q =110 that has
so far been reported (Q =w'/20" is the ratio of the reso-
nant frequency to the linewidth). Figure 3(a) presents a
similar trace for sample 2 except that the 2DEG is close
to the metal surface as described in Fig. 1(b). For the
problem of concern here, the measurements with the met-
al plate are important because they help to demonstrate
that the EMP charge distribution does not depend on fre-
quency. It can be seen from Fig. 3(a) that the peaks in
the EMP spectrum are equidistant, the frequencies of the
fundamental and subsequent harmonics being 17.5, 35.0,
51.8, and 67.8 MHz, respectively. The reason for this is
that the metal plate restricts the electric field of the
EMP’s and the Hall current to a strip of width d=1-2
um near the boundary, making the EMP a perimetric ex-
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FIG. 3. (a) Transmitted signal vs frequency measured on
sample 2 near the metal plate at filling factor v=1 (the top
panel) and v=2 (bottom panel). rf source power is —65 dBm
(the top panel) and —68 dBm (bottom panel). (b) The funda-
mental EMP mode resonant frequency vs integer filling factor
values. (c) The same as in (b) but for a sample far away from the
metal plate.

citation. For this situation, Eq. (2) is still applicable pro-
vided that Inl/kl is substituted by Ind /I.! Similar ex-
pressions appear in the EC model of EMP.'? For a per-
imetric excitation, wave vector k can be found from Eq.
(3). The equidistance of the EMP resonances shown in
Fig. 3(a), therefore, indicates that [/ is not frequency
dependent. For samples without the metal plate, the as-
sumptions made in Eq. (3) are rather approximate and
can lead to significant error.

The resonant frequency of the fundamental EMP mode
of sample 2 with the metal plate for different integer
filling factors is shown in Fig. 3(b). The corresponding
data for the same sample but without the metal plate are
shown in Fig. 3(c). It can be seen that for both cases
there is a deviation from linearity of ' as a function of
filling factor, but this is more clearly seen for the sample
with the metal plate close to the surface. This deviation
supports the EC model for EMP and has been discussed
in detail in Ref. 12.

The position and linewidths of the EMP peaks for sam-
ples 3 and 1 were measured in order to determine the res-
onant frequencies and damping as a function of magnetic
field, and are shown in Figs. 4(a) and 4(b), respectively.
The very narrow EMP resonances observed lead to the
measurement of the plateaulike behavior of w(v) near in-
teger filling factors more precisely than has been done be-
fore, see Fig. 5 (sample 1). The linewidths of the funda-
mental and spatial harmonics were also measured in or-
der to examine the frequency dependence of the damping.
The normalized EMP resonant frequencies versus nor-
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FIG. 4. Resonant frequency and damping (linewidth) of the
fundamental EMP mode vs filling factor. The top panel shows
the data taken on sample 3. The resonant frequency and damp-
ing are normalized to those at filling factor v=1. The resonant
frequency and the linewdith at v=1 are 77.5 and 2.13 MHz, re-
spectively. The bottom panel shows the data for sample 1. The
resonant frequency and damping are normalized to those at
filling factor v=2, which are 157.84 and 1.5 MHz, respectively.
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FIG. 5. Normalized resonant frequency of the fundamental
EMP mode for sample 1 as a function of filling factor values
close to v=2.

malized damping for samples 2 (with a metal plate), 3,
and 4 at the filling factor v=1 are presented in Fig. 6.
The corresponding actual frequencies for the sample
close to the metal plate are smaller [from 17 to 68 MHz,
Fig. 3(a)] than those for the other samples. It can be seen
that for sample 2, close to the metal plate, the damping
has a linear dependence with frequency, whereas for the
samples with no metal plate, this dependence is some-
where between linear and quadratic. A similar frequency
dependence of the damping was observed at v=2. The
damping of the fundamental, second, and third spatial-
harmonic EMP modes near v=2 for sample 1 is shown in
Figs. 7(a), 7(b), and 7(c), respectively. It can be seen that
the frequency dependence of the damping remains essen-
tially unchanged at small intervals of v.
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FIG. 6. EMP damping vs EMP frequency at filling factor
v=1. Resonant frequencies and the linewidth of EMP spatial
harmonics are normalized to those of the EMP fundamental
mode. Triangles, circles, and crosses represent data for samples
2, 3, and 4, respectively. The data on sample 2 were taken for
the sample closest to the metal surface [Fig. 3(a)]. Resonant fre-
quency and damping of EMP fundamental mode are the follow-
ing: sample 3, 77.5 and 2.1 MHz; sample 4, 58.4 and 1.75 MHz;
sample 2, 17.5 and 1 MHz.
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FIG. 7. The damping of EMP modes near v=2 for sample 1.
Panels from bottom to top correspond to fundamental, second,
and third spatial EMP harmonics, respectively.

All the above data have been obtained on cleaved sam-
ples. The same measurements have been performed on a
2DEG mesa and on a 2DEG confined electrostatically by
means of gate-induced depletion. In all cases similar re-
sults were obtained to those described above.

DISCUSSION

From our experimental data it can be seen that the
EMP damping cannot accurately be described by an
effective relaxation time. This distinguishes EMP’s from
2D bulk plasmons, where detailed investigations in the
IR region have revealed that the spatial harmonics all
have the same linewidth.?

We now consider a possible explanation for the results
obtained in terms of both the VM model and the EC
model of EMP’s. In the VM model in order to obtain a
minimum of the damping at integer filling factors, one
has to assume that in the QHE regime

Imo,, (0)>>Reo, (0) . (5)

Thus, from Egs. (1) and (2), it follows that Imo,, (@) con-
trols the width of the edge charge distribution / and
Reo,, (w) controls the magnitude of the EMP damping.
Further, in Ref. 1, it is assumed that

Reo,,(0)=0,,(0), (6)

Imo,, (0)=—Reo ., (0)o7* . (7

Equation (7) defines the effective relaxation time 7*. The
EMP damping can also be expressed’ as w” xReo, /I,
which is equivalent to expression (4). The value of / was
shown to be independent of w; therefore, in order to de-
scribe our results in terms of the VM model, one has to
discard assumption (6) and treat Reo,, as a frequency-
dependent adjustable parameter in the QHE regime.
This, therefore, implies that 7* obtained from Eq. (7) can
no longer describe EMP damping. Independent checks
that Egs. (5) and (6) are valid have not been carried out,
since the quantity Imo,, in the quantum Hall regime has
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not been measured. It is not clear what the conductivity
mechanism in the 2DEG should be in order for Eq. (5) to
be valid. There exist contradictory data about the fre-
quency dependence of Reo,, in the QHE regime. Lee
et al.** and Batov et al.?® have observed a frequency
dependence but measurements of the surface acoustic-
wave damping®® are described well by the assumption
that Reo,, is frequency independent. This discrepancy
requires further investigation.

In the EC model of EMP, the edge charge distribution
is controlled by the spatial structure of the EC’s. A
theoretical description of the EC structure was recently
presented by Chklovskii, Shklovskii, and Glazman
(CSG).?" In this model a steplike behavior of electrostatic
potential was found with plateaus corresponding to strips
of compressible liquids and steps corresponding to strips
of incompressible liquids. The compressible strips in this
picture are the EC’s. The density of states was adopted
to be a sum of delta-function-like distributions, each delta
function corresponding to one Landau level. Disorder re-
sults in the localization of states at the edges of EC’s and
in hopping conductivity across the EC’s. The broadening
of the Landau levels due to this disorder results in a vary-
ing potential inside the compressible strips, i.e., the edge
channels. In order to get a rough idea of what the poten-
tial behavior inside the edge channels is like, one can take
the density of states of the broadened Landau level to be
a sum of the delta-function-like distributions and then ap-
ply the CSG consideration to that Landau level. Never-
theless, the idea of the EC as a wide strip with a high
density of localized states at Fermi level seems to be val-
id. Recent experimental estimations of the EC width'?%?
confirm this point of view.

We now discuss our understanding of the propagation
and damping of EMP’s. Let us consider for simplicity
the 2DEG at v=1, see Fig. 8. The electric field of the
edge charge drives the Hall current, which transfers
charge from one part of the edge to another. In addition,
the edge charge drifts due to the confining potential of
the 2DEG. Both these processes determine the velocity
of the edge-charge movement or EMP velocity. Edge
charge entering a new part of the boundary redistributes
across the edge channel by either filling or emptying adja-
cent localized states. For wide edge channels, this can
lead to considerable damping. The time taken to reestab-
lish the local equilibrium across the EC is estimated to be

FIG. 8. An illustration of a sample edge. The strip
represents an edge channel. There are delocalized states under
Fermi level in the right side of the solid line.
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to=1/0 where [ is the EC width and o is effective con-
ductivity across the EC. For / =1 um and o =e?/h, this
estimation gives t,=10"!2 s, such that oty <<1 in the
frequency range concerned. This allows us to estimate
the current per unit length of the EC, I, arising from
equilibration processes to be I, =wp, where p is the EMP
charge per unit length of the EC and is given by
p=poexpl —i(ky —wt)]. The EMP power dissipation W
inside an EC can be estimated as

W=lo(EI+E}). ®)

The components of the electric field E, and E, in the EC
can be estimated as E,=I/0c=wp/oc and
E,~kplinl/kl. The EMP linewidth (20") is proportion-
al to the ratio W /E where E =p’Inl/kl is the electrostat-
ic energy of the EMP’s per unit length. By combining
these equations and assuming Inl/kl=1, the EMP
linewidth can be estimated as

2
L 4 ok?
o

1"

o' =l

. 9

Thus, we have the conclusion that o’’aw? This es-
timation shows that the frequency dependence of the
damping is unavoidable in the EC model of EMP’s, but it
does not, however, quantitatively agree with our experi-
mental data. In our data, the damping as a function of
frequency is somewhere between a linear and quadratic
dependency, as shown in Fig. 6. It is clear that a more
detailed calculation is needed to accurately describe the
damping in the EC model of EMP.

While the EMP resonant frequencies reported here
(taking into account differences in sample size) are in
qualitative agreement with values observed by other au-
thors,»>7%1011 there is a disagreement in respect to
EMP damping between our data and that published in
Ref. 11. A much stronger decrease of the damping on
approaching integer filling factors was observed in our
data. In order to understand this discrepancy, it is im-
portant to consider that in Ref. 11 damping of an EMP
wave packet was studied as compared with an EMP sine
wave in our samples. The packet consists of several spa-
tial EMP harmonics, which can have slightly different
phase velocities and different damping. In this case, the
EMP pulse would “wash out” showing not only a de-
crease in amplitude but a change in the shape of the
response as well. The broadening of EMP pulse was
indeed observed by Ashoori et al.!! If this ‘“washing
out” process dominates the pulse amplitude (which is
very probable in the QHE regime where the damping is
small), then the damping of the EMP wave packet can
differ significantly from the damping of an EMP sine
wave.

In conclusion, we present a detailed experimental study
of the EMP damping and velocity. The main experimen-
tal finding is a strong dependence of EMP damping on
frequency in the QHE regime. It means that the descrip-
tion of the EMP damping in terms of effective relaxation
time, which is often found in the literature, is not ade-
quate. While the edge-channel model of EMP gives rise
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to a frequency dependence of the damping, we have not
yet determined a detailed quantitative description of the
experimental data. Such a description is believed to re-
quire a microscopic theory of EC structure.
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FIG. 8. An illustration of a sample edge. The strip
represents an edge channel. There are delocalized states under
Fermi level in the right side of the solid line.



