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dimensional electron systems

S A Mikhailov and V A Volkov

Institute of Radioengineering and Electronics, Academy of Sciences of Russia, Marx Ave.
18, Moscow 103907, Russia
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Abstract. New collective excitations of the inhomogeneous two-dimensionz) (2D) electron
system—inter-edge magnetoplasmons (sEMe)—are predicted. YEMP propagate along the
boundary of two contacting 20 regions with different conductivities, The edge mag-
netoplasmon propagating along the outer edge of a 20 layer is a special case of [EMP, Both
the two half-planes and the disc geometry are considered. Two branches of the IEMP spectrum
are found. The upper branch with frequency larger than the cyclotron frequency w. decays
even in the collisionless limit on account of the emission of the ‘bulk’ 2p magnetoplasmons
into the region of the 2D layer with the smaller electron density. The frequency of the lower
IEMP branch is smaller than w,; its damping is very small in strong magnetic fields. In
quantizing magnetic fields B the frequency and damping of the low-frequency IEMP mode
oscillate with B. It is shown that the cyclotron resonance splitting in inhomogeneous 2p
electron systems can result from the strong coupling between the 1EMP and the cyclotron
resonance branches. Recent experimental data are discussed.

1. Introduction

In recent years there have been considerable efforts to investigate the collective exci-
tations in low-dimensional electron systems in semiconductor microstructures [1-8]; for
a short review see also [9]. Several modes of the cyclotron resonance, bulk mag-
netoplasmon and edge magnetoplasmon types have been observed in the far-infrared
(FIR) excitation spectrum in systems of quantum wires [2, 3], quantum dots [1, 2, 4, 5]
and antidots [6, 7]. At high magnetic fields B the frequencies of the magnetoplasmon-
like and the cyclotron-resonance-like modes increase with 8 and approach the cyclotron
frequency w,. At low magnetic fields the magnetoplasmon-like mode exhibits positive
B dispersion in dots and negative B dispersion in antidots. The low-frequency edge-like
mode decreases in frequency with increasing field at high B. In the system of antidots
the low-frequency mode approaches the cycloiron frequency at small B. The spectrum
of these modes depends characteristically on the sizes of a systern.

The characteristic feature of the edge magnetoplasmons is their small damping at
high magnetic fields. It has been shown both theoretically {10} and experimentally [11-
14] (for a review see, e.g., [15]) that at w.T > 1 the edge-magnetoplasmon damping is
smalinot only in the collisionless limit ot > 1but alsoat wt < 1 (here Tisthe momentum
relaxation time). This circumstance makes it possible to observe these modes in semi-
conductor structures in the microwave and radiofrequency ranges[12, 13]. The existence
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of low-frequency weakly damped collective excitations in two-dimensional (2p) electron
systems at strong magnetic fields allows one to investigate the dynamic properties of 2D
systems in the quantum Hall effect regime.

In the present paper we predict the new low-frequency collective excitations in
inhomogenous 2D electron systems. In contrast with the edge magnetoplasmons propa-
gating along the outer edge of the 2D system, these waves propagate inside the inhom-
ogeneous 2D layer along the boundary of two contacting regions with different con-
ductivities, They can be called ‘inter-edge magnetoplasmons’ (IEMP) by analogy with
interface magnetoplasmons propagating along the boundary of two plasmas in three
dimensions (30} (for a review see, e.g., [16}). An inhomogeneous 2b electron system
with a step-like density profile can be realized artificially, for example using a composite
gate electrode or a persistent photoeffect. Probably, an analogous situation is realized
alsoin the nominally homogeneous 2D system under the influence of long-range impurity
potential fluctuations. The 1EMP properties have not been investigated till now. Below,
the theoretical analysis of IEMP is presented.

In section 2 we briefly outline the properties of interface magnetoplasmons in an
inhomogeneous 3D plasma. A phenomenological theory of IEMP in inhomogeneous 2D
electron systems is given in section 3. The results of subsections 3.2-3.6 are devoted to
the IEMP propagating along a linear boundary of two half-planes. They are based on the
rigorous solution of the problem, obtained in [10]. Subsection 3,7 is devoted to an
investigation of iEMP in the case of a single disc-shaped inhomogeneity. In section 4 the
results obtained are discussed in connection with recent experiments.

2. Interface magnetoplasmons in three dimensions

Let the right (left) half-space x > 0 (x < () be occupied by a plasma with dielelectric
permittivity ghg{®) (ehs(w)) and let magnetic field B = (0,0, B} be parallel to the
interface. An interface magnetoplasmon wavevector g = (0, g,, 0) is assumed to be
perpendicular to the magnetic field B (Voigt geometry). The retardation effects as well
as the spatial dispersion of dielectric permittivity &,4(w) are neglected. Supposing that
the potential of the wave has the form ¢(r) = @(x) exp(ig,y — iwt), one can find the
spectrum of the interface magnetoplasmons from the following equation:

Val£ap(0,)V50(x)] = 0 (1)

where g,5(w, x) = £55(0)8(x) + el5()B(—x), £,.(w) = £,{w), £,,(10) = ~£,(w) and
6(x) is the step function, i.e. 6(x) = 1 whenx > Oand 8(x) = Owhenx < 0. Thesolution
of equation (1) gives the dispersion equation of an interface magnetoplasmon in the
Voigt geometry:

&5 () — ie, (w) sgnfg,) + el{w) + i€}, (@) sgnlg,) = 0. 2)

Now we use the collisionless Drude formulae for £,4(w) and restrict ourselves to the

case of two plasmas with the same charge sign and effective mass m* of carriers:
ex(w) = k(1 — 0%, /(0? - o))
epl(w) = kiow? 0 /w(w? - vl).

(3)

Here, 0, = eB/m*cisthe cyclotron frequency, w,y) = (4tn,ge?/m*k)"? and ny, are the
plasma frequency and the electron density in the right (left) half-space plasma, e is the
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electron charge, ¢ is the velocity of light and x is the background dielectric permittivity,
which is supposed to be independent of x. After the substitution of equation (3) into
equation (2), the dispersion equation assumes the form

1 - o2a(w+ Q) - 0?2o(w—Q)=0 (4)

where Q. = w,.sgn(g,). Aswas to be expected, the interface magnetoplasmon frequency
is an odd function of the wavevector g, and magnetic field B, and the commutation of
the indices ‘5’ and ‘I’ reverses the sign of the frequency.

The @(Q,) dependence is shown in figure 1 [15] in the case w? > w}. There are two
branches of the w(L2) curve at positive values of w. The upper branch w, (Q ) lies
in a range between the left @ = (w? + w})'? and the right w = (w? + co’f))‘f’2 bulk
magnetoplasmon branches (the lower and upper chain curves). The frequency of the
lower branch, @, is smaller than |@.|. The w;o,(,) curve takes its maximum value
0P = (w, — w1)/2 at Q, = (w, + w)/2, while the w,,(Q,) curve takes its minimum
value 0T = (0, + w)/2 at Q. = (w, — @)/2. So, the magnitude of the ‘gap’ between
the upper and lower branches equals w3" — @By = ). In the special case of a weak
inhomogeneity (|| < 1) the lower mode frequency vanishes while the upper mode
w,(€2:) tends to the left and right bulk magnetoplasmon frequencies. The ‘gap’ collapses
and the Q. dependence of the interface magnetoplasmon frequency reduces to that
shown in the inset of figure 1 in the opposite case of the surface magnetoplasmon
waves (@, — 0). So, the ‘gap’ arises in the interface magnetoplasmon &, dependence in
consequence of the anticrossing of the surface magnetoplasmon and the cyclotron-
resonance branches.

In small magnetic fields the upper interface magnetoplasmon mode can be presented
in the form o, (Q,) = 01 — aQ./20) at |w,| <€w,, where @, = [(w? + w0})/2]'? isthe
interface plasmon frequency at B = 0[18], and & = (w? — wi)/(w?! + w}) = (n, = n)/
(n, + m) is the inhomogeneity parameter (&} < 1). A simple expression,

wlow(gc) = a'wggc/(wz + wg) (S)
which is applicable under the condition
a(we/w)*/[1 + (o fw)?) <1 (6)

can be obtained for the lower interface magnetoplasmon mode. Asfollowsfromequation
(6), expression (5} is valid at any values of « in both weak (| w./w;| < 1) and strong (| @,/
o] » 1) magnetic fields as well as at any magnetic field if 40 /27 < 1.

Damping of the interface magnetoplasmons is conditioned by the charge carrier
collisions with lattice imperfections. In the momentum-relaxation-time approximation,
equation (5) can be generalized as follows:

wlow(gc) = [w§/(w§ + w%)] (a’Qc - 1/7)

Thus, the low-frequency interface magretoplasmon is a weakly damped mode in the
limit of strong magnetic fields (| aw 7| > 1).

Itis to be emphasized that equation (4) describes the collective excitation spectrum.
In addition, the one-particle cyclotron resonance @ = @, can be observed in the absorp-
tion spectra of the system involved. The high-B branch of the upper interface mag-
netoplasmon mode and the low-B branch of the lower mode are very close to the
cyclotron resonance mode if ;<€ . Hence, a ‘split’ cyclotron resonance can be
observed in the absorption spectra of strongly inhomogeneous {w, <€ w,) systems. It will
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Figure 1. The magnetic field dependence of the
interface magnetoplasmon frequency in an inhom-
ogeneous 3D plasma, The broken straight lines show
the cyclotron resonance @ = |, |: the upper (lower}

tal o)

Figure 2. The charge, electric field E and current j
distributions of the fundamental {dipolar) inter-edge
magnetoplasmon mode in a disc-shaped inhom-
ogeneity at the first (a) and at subsequent (b)

chain curve is the bulk magnetoplasmon in the right
{left) hali-space w = {w? + w¥,)"?; the upper and
lower full curves are the upper and lower branches
of the interface magnetoplasmon. Inset: the same
dependences in the case of the surface magneto-
plasmons (1, = 0, & = 1). Note the disappearance of
the ‘gap’ between the upper and lower interface mag-
nctoplasmon branches.

moments of time. For the details, sec the text,

be shown below that similar features can also be observed in the inhomogeneous 2D
systems.

3. Inter-edge magnetoplasmons in two dimensions

3.1. Qualitative considerations

By analogy with the case of edge magnetoplasmons [10, 15], the origin of IEMP can
be explained in the following way. Consider, for example, a 20 electron layer with
inhomogeneous concentration in the form of a disc. The electron density is agsumed
to be equal to n¢ at r > R and sl at r < R. Let us consider the case when the charge-
density fluctuation arises in a narrow strip near the boundary of the disc (figure 2(a)).
As a consequence, an electric dipolar field E arises inside and outside the dis¢. In
the presence of a strong perpendicular magnetic field B, the electrons begin to drift
in the direction perpendicular to the vectors E and B. The electric current inside and
outside the disc is proportional to the Hall conductivities ¢!, and of, respectively. If
do,, = o}, — 0%, # 0, the electrons will accumulate near the boundary of the inhom-
ogeneity and, as a consequence, the initial fluctuation will shift (figure 2(b)). Then, this
process repeats itself, resulting in the rotation of the initial charpe-density distribution.
The charge accumulation rate and, bence, the IEMP frequency « are proportional to 80,
and inversely proportional to the disc radius R. At high B the IEMP frequency is proved
to be small compared with the cyclotron one. With decreasing B the 1EMP branch
increases in frequency. By analogy with the 3D case, a ‘gap’ opens in the Q. dependence
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of the IEMP frequency at a certain magnetic field, owing to the anticrossing of the edge-
like branch and the cyclotron-resonance branch. It is to be emphasized that a similar
anticrossing in the system of antidots (i.e. at n} = 0) has been interpreted in [7, 9] in
terms of the parameter r./R, where r, is the cyclotron radius. In the case of IEmP, the
anticrossing of these branches has another origin. The value of the ‘gap’ is proportional
to min{ni, n¢} # 0 and does not vanish in either the two half-planes geometry (R — )
or the local approximation (r,— 0); see below.

The dissipative decay of IEMP charge is conditioned by the diagonal current, which
is proportional to some average value of o}, = Re g,,. Since the charge accumulation
rate is proportional to 8a,,, the iEMP damping is small under the condition |8a,,| >
Oy . It will be argued below that the upper IEMP branch has a strong non-dissipative
damping in addition to the dissipafive one. This specific effect takes place in two
dimensions only,

Besides the lowest (dipolar) IEMP mode, there are higher (multipolar) IEMP modes
in the 2D disc-like inhomogeneity. In the limit of infinite radius of the disc, we obtain an
IEMP with wavevector g, propagating along the boundary of two contacting 2p half-
planes.

3.2. Basic formulation: two half-planes geometry

Let us consider the 2D electron layer confined in the plane z = (). In perpendicular
magnetic field B = (0, 0, B) the local conductivity tensor of the system is

Gap(w,7) = [0%3(w)B(x) + 0 (@)B(—x)]6(2) (7)

where {&, 8} = {x, ¥}, 0. {w) = 0, (0), 6,(w) = —0, (@) and o,, = 0. The spatial dis-
persion of the conductivity tensor, including a diffusion component of the current, as well
as the retardation effects are neglected. The dielectric permittivity of the surrounding
medium is assumed to be independent of x and equal to k', at z > 0and k, at z < (. Then
the system of equations for the 1EMP potential ¢ and charge density p can be written as

div[x(z) grad @] = —4mp dpfet +divj=0 je = —0(0, N3P (8

The general solution of the system (8) obtained by the Wiener-Hopf technique along
with the detailed investigation of the special case of the edge magnetoplasmons
(04s(w) = 0) have been presented in [10]. In the general case (olg(w) # 0), the JEMP
dispersion equation is as follows:

o “ d (g,
1+M—tanh[l § ln(s (a “’)> ]=0 ()
ax=lqyl&

i|Q_v[601x T 0 1+§2 El(q7w)

where g, is the IEMP wavevector, 80,5 = 0Ohp — oLﬁ, and g (g, @) are the effective
dielectric permittivities of the right and left 2D layers:

£.4(g, ©) = x + @2micly) (w)/o = k(1 + ql.,). (10)

Here k = (ky + K,)/2. The length /' = 2itig, (w}/wk determines the scale of the spatial
dispersion of the dielectric function &(g, ). Its real (imaginary) part is related to the
imaginary (real) part of the diagonal conductivity of a 2p layer, o,(®w) = o, (w) +
1o, {(w).

Equation (9) is valid not only in the case of an isolated inhomogeneous 2D layer
confined in the plane z = 0, but also in the cases of heterostructures, metal-insulator-
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semiconductor (MIS) structures, multilayer superlattices, 20 electron systems on the
liquid helium surface. etc., provided that the appropriate expressions for €, (g, @)
are used [10]. The dispersion equation (2) for interface magnetoplasmons in three
dimensions can also be obtained from equation {9) by the substitution of dielectric
permittivities

£55(w) = k6,5 + dmiok{w)/w

of right and left 3D plasmas into equation (9). In the present paper we restrict ourselves
to the case of an isolated inhomogeneous 2D layer with the dielectric permittivities of
equation (10).

Now, let us analyse the 1EMP dispersion equation (9).

3.3. Inter-edge plasmonsat B =0
In the absence of a magnetic field, the dispersion equation {9) assumes the form

1 (= sin? — @?(0, q}.)/wz)] _
coshL! i drln(sint-—w%(@,q_,,)/wz =0 (11)

where the collisionless Drude model is used for o,,(w), i.e. o (@) = ine?/m*w, n, is
the surface electron density and

@ay(Gs ) = [reni0e* /m*x) (g + 47)'°]' (12)

is the 2D plasmon frequency in the right (left) half-plane.
In the special case of the edge plasmons (n} = 0), equation (11) has a single solution,
ie.

w*{(g,) = ©2(0,9,)/n (13)

where 7 = 1y = 1.21. . . [19]. The damping of this mode equals zero in the collisionless
approximation. Contrary to the cases of interface plasmons in 2 3D plasma and edge
plasmons in a 2D layer, equation (11) has no real solutions at n! # 0, i.e. there are no
undamped inter-edge plasmons at B =0 in the collisionless limit in a 2D layer. This
unexpected result can be explained in the following way.

By analogy with the 3D case (see figure 1) the inter-edge plasmon frequency w(q,)
is expected to lie in the frequency range

wl(oa Qy) < ws(Qy) < wr(oa Qy)

Were it the case. the inter-edge plasmon would emit ‘bulk’ 2D plasmons into the left half-
plane {with the smaller electron density, n., < nf). This emissive process is possible,
because the proper energy conservation law

ws(qy) = (g ‘?y) (14}

can be fulfilled owing to an additional wavevector g,. Hence, the B = 0 inter-edge
plasmon has a finite non-dissipative Landau-like damping even in the collisionless limit.
This damping is due to 2D ‘bulk’ plasmon emission into the half-plane with the smaller
electron density. This effect is absent in the 3D case owing to the dispersionless spectrum
of 3D plasmons.
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Nevertheless, the emissive damping of the inter-edge plasmons is small provided
n! < nf. In this limit the inter-edge plasmon spectrum has the form (13), where

n = noll — (ul/n)(n} = 1) /tan™! (ng — 1)'2 (In (2n{/nenl) + 1 — im)]

and n./nf <1 (collision damping is neglected here). The wavevector g, defined by
equation (14) is large compared with | g, | in this limit: [g,/q,| = nonl/ni < 1. Therefore,
‘bulk’ 2D plasmons ate emitted almost perpendicularly to the ‘edge’ of the system. Owing
to the condition | ¢,/g;| < 1, the overlap of the eigenpotentials of the inter-edge plasmon
and the left half-plane ‘bulk’ plasmon is small, and the efficiency of the inter~edge
plasmon energy leakage is slight. Hence, just the condmon |qy/qx| <1 results in the
weak emissive damping of B =10 mter-edge plasmons atnl < nl.

The inter-edge plasmon damping increases with . Under the weak inhomogeneity
conditions (|a| < 1}, a B = 0 inter-edge plasmon does not exist.

3.4. Inter-edge magnetoplasmons: upper mode

In the presence of a finite magnetic field there are two branches of IEMP, the upper
branch, w,,(g,), lying in the frequency range

[wi(0,q,) + 0] <w,(g,) <[wi(0,q,) + wi]"

(i.e. inside the ‘bulk’ magnetoplasmon continuum of the left 2D region), and the lower
branch, with frequency smaller than | @,|. The upper mode decays on account of the
emission of 2D ‘bulk’ magnetoplasmens into the half-plane with the smaller electron
density. One can show that the condition n! < nf is insufficient for the small damping of
the upper IEMP branch. In addition, the magnetic field should be small enough: |w,| <

@0, g,). Then w3,(q,) = ©%(0, g,)/n, where

(n§ — 1)'"? [n's( 20! . ) Q. ]}
= e iy [T e Ry g e
=0 {1 tan~' (7% — V2 Lal \ " nonl 7] T w0, 4,)

The overlap of the eigenpotentials of the inter-edge magnetoplasmon and the left half-
plane ‘bulk’ magnetoplasmon increases with both w, and n;. Hence, the IEMP damping
increases and the w,,(g,) mode disappears. Nevertheless, the existence of this mode
should be taken into account in calculating the response of inhomogeneous 2D electron
systems to an external electromagnetic field.

So, the upper IEMP branch dampmg in the two half-planes geometry is small only n
the narrow range of parameters: n} <nfand|w,| < (0, g,). Therefore, the subsequent
subsections will be devoted to the detailed analysis of the lower 1EMP mode only. The
emissive damping of the lower IEMP mode is absent and its collision damping is small at
strong magnetic fields.
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Figure 3, The wavevector and magnetic field dependences of the lower t1EMP mode frequency
in the two half-planes geometry: (¢) the dimensionless frequency wy,, /o, versus the dimen-
sionless wavevector wl(g,)/w? = [={n} + nl}e/m*xwllq, at B = const; (b) the dimen-
sionless frequency wi/w,(g,} versus the dimensionless cyclotron frequency w./w.(g,) at
g, = const. The chain line in the latter is the eyclotron resonance,

3.5. Inter-edge magnetoplasmons: lower mode

First of all we consider the properties of the low-frequency IEMP mode using the Drude
model for g,4(). In the collisionless limit (t,, 1) — %}, the dispersion equation (9) can
be written in the form

@ = Q. tanh [(1/m) F(w}(0, q,)/(w? ~ ™) — (1/7) F(wi(0, 9,)/(w} ~ @®))] (15)
where

[ z\ 2{ln (2/2) + 1] 0<z=l
F&) = jo dln (l * 'sE) B {(3/2) In(2z) + 1/z z>1 (16)

So. the frequency of the lower IEMP mode can be presented in the following forms. In
the long-wavelength limit, i.e. ©,(0, g,) <|w,|, we have

wi(0,q,) [ 2ew: wi(0,q,) 2ew?
ln( p )-— . ln( 5 )
Q. w:(0, ) TQ, wf(0,q,)

wi(0,9,) = wf(0,q,) [ 2w}
= ’ng 1 bi ln(wz(q )y(af)) atw,((},qy)<]wc|.

wl'ow(Qy) =

(17)
Here e = exp(1) =2.718. . ., and
Yoy = (1 = a)i=aa /(1 + @) ¥o¥ae

The values of & = (n — n})/(n} + ny)and wi(g,) ={w?(0, g,) + 0§(0, g,)}/2 have the
same meaning as in section 2. In the short-wavelength limit, i.e. 0,0, ¢,) ® | w,|, one
can write

w3(09 q,v) — wlz(o: Qy) =
‘wi(0.q,) + ©f(0,q,)

The wavevector and magnetic field dependences of wy,,(g,) are shown in figure 3.

Wiow(qy) = @ a2 atw(0,9,) > |w.|. (18)
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The collision damping wi,,.(g,) of the lower IEMP mode is small in strong magnetic

fields, | w.z| ||~ > 1 (for the sake of simplicity we suppose here that v, = 7, = ). In
the limit of large wavevectors, w,(0, g,) > | w.|, we have

w}ow(?y) = wl'ow(%r) - iw?ow(?y) =af2, — i/l’ w (0, Qy) > ICUC] (19)

In the long-wavelength limit, @(0, ,) <|w,|, the dispersion equation assumes the
form

w = [(0] - 0f)/7Q]In (2ewiy(a)/wi(l + ifwr)).
Now let us consider two special cases. When @,(0, g,) < ||, but |@4(g,) |7 > 1,

the IEMP frequency wiow(q,) is determined, as before, by equation (17), while the IEMP
damping wiow(q,) is

(20}

wintay) = LD OO0 T (Ze0Er )]

QT Wi (g,) wi(g,)

Inthe long-wavelength, w0, g,) < | w,], andlow-frequency, | wiu(g,} |7 < 1, limits, the
IEMP frequency and damping are defined by the following expression:

@ou{qy) = [(w? — w})/7Qc] f((de/m) awet| V(@) —ilw} - wfif2]w]. 1)

Here, the function f(x) is the solution of the equation f(x) = Injxf(x}]. In the limitx > 1,
it can be approximated by the limit of the sequence f,(x),

f) = lim £,(x)  where fo(x) =0, sy (x) = Inlaf ()] 22)

Note that, under these conditions, the IEMP damping does not depend on the momentum
relaxation time v (compare with the analogous result for the edge magnetoplasmon
theory [10]).

In all the cases considered the IEMP damping w[’ow(qy) is small compared with the
1EMP frequency wi,,(g,). In small magnetic fields, law. t[ < 1, the weakly damped low-
frequency 1EMP mode does not exist. Thus, the 1EMP is a well defined elementary
excitation of an inhomogeneous 2D electron system in the limit of strong magnetic fields,
|wz|®|al™ > 1.

3.6. Low-frequency IEMP in quantizing magnetic fields

In the most important case of quantizing magnetic fields, the Drude model is inappli-
cable. Since the results obtained above describe the behaviour of IEMP in quantizing
magnetic fields only qualitatively, it is desirable to ascertain the general iEMP properties
without using any model for o,4(®). We do this below in the low-frequency limit, using
the general properties of the conductivity tensor only.
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Figure 4. Functions G(z, &) versus z at different valves of a: a = 1 for the upper curve
and a = @ for the lower curve. Inset: the z dependence of the relative error [G(z, &) —
G(z,0))/G(z, &} at different o (the numbers near the curves are the values of ). It is seen
that the approximation error does not exceed 8.5% at & = T and 5% at o < 0.9 at any values
of z.

First of all, we rewrite the dispersion equation (9) in a more convenient form. Let us
introduce an average length = (I, + [,)/2 (the lengths /, and /, were defined by equation
(10)) and generalize the definition of the inhomogeneity parameter o

a=(, —h)/(; +1}) = (0% ~ 0)/(0k + o).
Then. the dispersion equation (9) can be presented in the form

o = (260, sgn(g, /&1 Gg,y 1l ) (23)
where

G(z, @) = (n/2e) tanh[(1/m) F(z(1 + @) — (1/m) Fz(1 - a))]  (24)

and the function F{z) is defined by equation (16). In the limit || < 1, the function
G(z, &) can be written as G(z, a) = G(z, 0} = 2F'(z)}, where

F2) Jm‘z d: [1/(1 = z3)Y}In[1 + (1 = z22)/2/2) atl<z<1
Z) = —_—
o Stz [1/(z2 - 1)) tan~1 (22 — 1)1 atz>1
In{2/z) 0<z<l
= / (25}
/22 z> 1.

However, figure 4 demonstrates that the approximate equality G(z, &) = G(z,0) is
proved to be really valid at any values of |a] < 1. It is seen that, even at |a| = 1, the
relative error {G(z, &) ~ G(z, 0)]/G(z, &) does not exceed 0.085 at any z and tends to
zero at z <€ 1 and z > 1. So, the dispersion equation for the low-frequency IEMP mode
(including the special case of the edge magnetoplasmons, | &| = 1) can be approximated
with good accuracy by the expression

© = [260,,(w)q,/x] F'(lg, | K(®)). (26)

Toobtain the [FMP dispersion law in more detail, we consider the low-frequency limit
| wi0w(gy)| < @y. Here wy is some inherent characteristic frequency of the 20 system,
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below which the frequency dispersion of the conductivity tensor o,4(t) is negligible.
Since o',4(w) = Re 0,4(w) is an even function, and og(w) =Im o,e(w) is an odd
function of the frequency, ome cap write in the low-frequency limit (w < wg)
Oup(w) = 045 (0) and o5 (w)/w = constant, and therefore

0 {w) = 0,,(0) (1 —iwt") Oxy(w) = ny(o)' (27)

The phenomenological parameter t* with the dimension of time is introduced here
formally. The real part I’ of the length / = [' + il" is frequency-independent and positive
in this limit, while its imaginary part, [, is inversely proportional to w:

I'= —[210% (0)/ K]y = 270, (0)T* /K I" =2n0L(0)/wk.

In the approach involved (see also [10]) the values of 4,(0), 0,,(0), 7%, /', etc., are
supposed to be the phenomenological parameters that should be determined from an
experiment¥,

Now, supposing that |6¢,,(0}| > 0.,.(0) and w <€ w,, one can find the following
results. In the short-wavelength limit |g,/’| > 1, the IEMP frequency and damping do
not depend on the absolute value of g,:

Wiow(qy) = [780,,(0) sgn g, /xl'] — i/7*. (28)

Under the conditions |g,7'| < 1 and | @y,.(g,)T*| > 1, which are compatible with each
other at | 80,,(0)| > ¢,,(0), it can be found that

@owlqy) = [29,60,.(0)/x]In 2/|q, |I' —i(z*In2/|q,|I") . (29)

Finally, in the long-wavelength, lg,d’| < 1, and low-frequency, | @0, (g,)T*| <€ 1, limits,
we have

Wiou(q,) = [29,00,,(0)/x] f(2| 80, (0) /w0 (0)) — imlg, b0, (0)| /= (30)

where the function f(x) is defined by equation (22). As follows from equations (28)-
(30), the 1EMP frequency and damping oscillate with B in quantizing magnetic fields.
Under certain conditions (see, e.g., equation (30) ) the IEMP damping can take quantized
values in the quantum Hall effect regime. The IEMP damping is small compared with the
1IEMP frequency in all the cases considered (equations (28)—(30)).

An analysis of the spatial distribution of the field and the charge density of IEMP
shows that the [EMP field is localized near the inhomogeneity boundary at a scale smaller
than |g,{™". The charge-density localization length is of the order of (/) In(2/|g,/}) at
lg,{[ <1, and of the order of |g,|™" at |g,{| > 1. At large |x| the behaviour of the
potential @(x) is described by the asymptotes ¢(x) « Ko(|g,x|) at |g,J] <1 and
@(x) = exp(—igq,x|) at |g,/| & 1 (here Ky(z) is the Macdonald function).

3.7. Low-frequency IEMP in the disc geometry

Since the results of preceding subsections show that the damping of the upper IEMP
mode is rather strong, we restrict ourselves to the consideration of the low-frequency
t Under the conditions of applicability of the Drude model, the length I = 2xnel/m* k0l = e’r/rhiw,
determines the distance over which the cyclotron energy ficw, becomes equal to the enerpy of electron-electron
interaction {here |& + i/t| < w,, ¥ = 2an,A? is the Landau level filling factor, A is the magnetic length). The
time t* coincides with the momentum relaxation time r in the Drude model.
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{w <|w,|) mode here. The IEMP spectrum can be found from the system of equations
(8) with the local conductivity tensor

Oupl, 1) = [055(0)8(r — R) + 0 (@)6(R — r)]6(2) (31)
(the local theory is applicable under the condition r, <€ R}. Now, the Wiener—Hopf
technique is powerless. We propose the following preedure to solve the problemi.
First, we extract an r-independent term from the local diagonal conductivity:
O (@, 1) = 0 (@) + S0, (w, 7).

The magnitude of o< will be defined more exactly below. Then, supposing that ¢(r,

)= @r) exp(—iwt) we write the system (8) in the form
div[x grad @(r, 2)] + [47io (w)/w] 8(2)A, @(r, 0) = — (4i/w) 5(z)D(r) (32)
where A, is the 2D Laplacian, the function D(r) is

D(r) = an'[aaxx (ws r)aa’qj(r’ O)] - Aa’ﬁ[a n'ayx(w’ !')][3,399(1‘, O)]
and A,y is the antisymmetric tensor of the second rank (i.e. A, = A, =0and A,, =
~A,, = 1}. Carrying out the Fourier transformation of equation (32}, we find that

¥(g.z =0) = [2ni/wrg (1 + gl5)] D(g)

where ¢(g, z = 0) and D(q) are the Fourier transforms of the functions @(r, 0) and D(r)
respectively, and g = (g, ¢,) is a 2D vector. The effective length /. is related to the
effective diagonal conductivity o by the usual expression:

Lo (@) = 2miot (w)/wk.

The inverse Fourier transformation then results in the following integral equation for
the 1IEMP potential ¢(r) = @(r, z = 0):

27i [ dge?r 1 " [ 3 ( aqa(r'))
= r [g-r‘ LA SR
(") wzcj a( + gl.) (2n)2f & e ger \0om(@, ) o

3oy, (w,r") dg(r)

— Ay ox ox} :1 . (33)

Up to now we have not taken into account the symmetry of the inhomogeneity. Now,
assuming that 0,4(w, r) depends on the absolute value of the vector r, i.e. 0, 4w, r) =
o.p(w, r), and substituting @(r) = ¢,(r) exp(in®) into equation (33), we find the fol-
lowing integral equation for @,(r):

an(r) = (ZJE‘n/(UK) (ny oyx)(pn(R)Ln(r’ R) + _f dr' L n(ra )
x [ (r60.r)
The kernel L,(r, ¢') is defined by

N {99 .
L"(r’r)_J; 1+qleﬁ-"n(fl")-’n(qf)

7 (So—xx(r‘)qon(rr) .

G%(r )) _n ] (34)

and J, is the Bessel function of the sth order.

t An application of this procedure to the exactly solvable two half planes tEMP problem gives rise to the
dispersion law in the form of equation (26).



Inter-edge magnetoplasmons in 2D systems 6535
The integral equation (34) is completely equivalent to the system of equations (8).

It can be solved by the method of successive approximations. As the first step, we omit
the second term and obtain the simple analytic expression for the 1EMP potential:

@) = Qan/wx) (05, — o} )@(R)L,(r, R). (35)

The function L,(r, R) contains the uncertain length [_g. It can be determined now from
the condition of continuity of the normal component of the current at the disc boundary$:

Ir= [_Oxx 39%(7’)/3" T Oy (1”/?’) !pn(?')];:§fg =0. (36)

Equations (35) and (36) yield the following equation for /.
ta=T{1 420 [ 1, W0) (37)
. o 1t &(lea/RY "

where I = (I, + [,)/2 is the average length and & = (I, — L)/(L. + ) is the inhomogeneity
parameter. It can be shown that the corrections to the simple result [ =/ are small at
any values of |nlg/R} if || <€ 1, as well as at any values of |&| if |nl.g/R| < 1 or |nles/
R| ® 1. Indeed, let us define a new function,

dx
x4z

5,0 = [ 25590 | (39)
0

with the following asymptotes:

_|uint) - 2iae - ) at z/ln] <1

= (39
(1/x2) [In(2z) — ¥(|n| + 1/2) + O(1)] Catz/|n|> 1.

$a(2)
Here W is the digamma function. Equation (37) can be rewritten in terms of $,(z):

I/R = (leg/R)/11 — &(R/1.5)S(R/l5)]. (40)
Since the asymptotes of z8(z) have the form

‘—z/[:r(n2 - 1/4)] atz/ln| <1

z8,(2) =
— (1/7z) [In(2z) = Y(|n| + 1/2) = 1 + O(1)] atzf|n|>1

(41)

the approximate equality /¢ = [ is really proved to be valid under the conditions men-
tioned above. It can be shown also that the corrections to expression (35), conditioned
by the second step of the successive approximation method, are small under the same
conditions.

§ As shown in [15], this condition has to be fulfilled in two dimensions. Otherwise, the presence of a &(r —
R)3(z) term in the IEMP charge distribution would lead to a logarithmic divergence of the IEMP potential and
energy.
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Now, let us return to expression (35) for the IEMP potential. Substituting » = R into
equation (35), we obtain the dispersion equation for 1EMP in a disc-shaped inhom-
ogeneity:

27n

1=l oo [ gt

1+ gleg(w)
One can write this equation in terms of the function S,(z):
w, = [247"(0;): - Uizx)/xlcifl S (R/le). (43)

Using equations (43) and (39) we find the IEMP dispersion equation in the limiting cases
|al.g/R| > 1 and |nley/R| <€ 1 respectively:

Ji(qR) = 0. (42)

w, = 7(05, — 05, ) sgn n/kly at|nlgy /R[> 1 (44)
w, = [2(0%x — o} )n/kRI (IN(2R /L) — (|| + 1/2))  at|nig/R|< 1. (45)

Now, let us compare these results with those obtained in the two half-planes geometry
(equations (28) and (25)). Taking into account the asymptote W(|n| + 1/2) =in|n| +
Q(n?)at|n| ® 1,itcanbe seen thatequations (44) and (45) coincide with the appropriate
expressions, defined by equations (26) and (25), provided g, is replaced by g, = n/R.
This simple ‘quantization rule’ is really valid down to |n| = 1 because W(3/2) = 0.036 <

1. This conclusion is quite natural, because the 1EMP charge and field are strongly
localized near the boundary line. Obviously, this ‘quantization rule’ can be generalized
to the inhomogeneities of more complex forms, such as square, rectangle, etc.: the IEMP
dispersion law can be found from the appropriate formulae of the two half-planes IEMP
problem by the substitution

g, = 2an/P (46)

where P is the perimeter of the inhomogeneity region.

It should be mentioned that the disc-shaped iEMP modes (see figure 2) have an
additional radiative damping in comparison with the IEMP in the two half-planes
geometry. It has been estimated in [20] in the case of edge magnetoplasmons. Under
typical experimental conditions, the radiative damping of IEMP modes is sufficiently
small and decreases with increasing | #|.

4, Discussion and conclusions

We have investigated new magnetoplasma waves, viz. inter-edge magnetoplasmons,
propagating in an inhomogeneous 2D system along the boundary of two contacting
regions with different conductivities. In strong magnetic fields these waves are well
defined low-frequency excitations localized near the inhomogeneity boundary, The edge
and inter-edge magnetoplasmons can be used as a probe of the edge and ‘inter-edge’
electron states near the external and ‘internal’ boundaries. The strong coupling of inter-
edge magnetoplasmons t¢ the cyclotron resonance (see figure 3) gives rise to cyclotron
resonance splitting. This is not the case for the edge magnetoplasmons. The results
obtained above are applicable to the cases of both the two half-planes geometry and the
single disc-shaped inhomogeneity.

We now discuss the peculiarities of the experimental observation of [EMP in the
system of 2D discs with electron density »} immersed into the 2D background layer with
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density n%. This structure will be referred to as a system of dots (antidots) if n =0
(ni = 0) and as adot-like system (antidot-like system) if 0 < n¢ < nl (0 < ni < n¢). First
of all, it is interesting to compare the electromagnetic response of the system of isolated
dots (n¢ = 0) and the system with n¢ 0. In both systems, both collective (‘bulk’ and
edge or inter-edge magnetoplasmons) and one-particle (cyclotron) excitations exist.
However, it is known that the one-particle cyclotron resonance is not observed in
a system of isolated dots [1,4, 5, 8]. This result is explained (see, e.g., [1]) by the
depolarization effect conditioned by the screening of the external electric field by 2D
electrons inside the disc. So, only the collective resonances are observed in those
experiments.

The situation is different in the systems with n¢ # 0(dot-like or antidot-like systems).
Then, the electric field that acts on the electrons differs from the external field only
inside the disc and in some vicinity outside the disc. At a large distance from the disc,
the total field that acts on the electrons coincides with the external one. Therefore, both
collective (JEMP) and one-particle (cyclotron) resonances should be observed in the FIR
(microwave) transmission (absorption) experiments in such systems. Since the IEMP
frequency w),-, = &Q, is close to the cyclotron one at {a| =1 in moderate magnetic
fields (see equation (19)), the transmission (absorption) spectra of the electromagnetic
wave will demonstrate two close resonances. The linewidths of both rescnances are
defined by ™! and should be the same.

Thus, the splitting of the cyclotron resonance line in 2D electron systems can be
conditioned by the excitation of the JEMP propagating along the internal inhomogeneity
boundaries in a sample. Let us consider the nominally homogeneous 2p system under
the influence of long-range impurity potential fluctuations. In quantizing magnetic fields
the system involved can be imagined as a dot-like or an antidot-like system with local
regions of increased (‘lakes’} or decreased (‘hills’) electron density [21, 22]. The IEMP
modes can propagate along the perimeter of these regions. Their contribution has to be
taken into account when the absorption (transmission) spectra are analysed. It is essen-
tia] that the 1TEMP frequencies are independent of the sizes of the inhomogeneity regions
if they are small enough (see equation (19)). Taking into account the effect of excitation
of the IEMP modes at the internal inhomogeneities of the sample will possibly shed light
on the problem of the ‘anomalous’ cyclotron resonance in nominally homogeneous 2D
systems (see, e.g., [23-25]). This problem needs further study.

Recently, Liu et af [8] have observed the splitting of the cyclotron resonance in a
modulation-doped GaAs/AlGaAs heterostructure with a front surface grid-gate of
semitransparent Ti/Au. The grid-gate consisted of two orthogonal gratings of period
d =200 nm and linewidth 85 nm. At gate voltage V, < —0.4 V a system of isolated
quantum dots was formed in the 2D electron layer and the excitation spectra had
the form typical for a system of dots [1, 4, 5]. Withincreasing V, a lateral surface super-
lattice regime was realized. For V,= —40mV, the magneto-transmission spectra,
taken with laser lines of different wavelength A, were measured, and in the range
151 pm < A < 192 um the splitting of the cyclotron resonance was observed. The mag-
netic field dependence of the split-off resonance was close to w.= a|w,| with @ =0.9.
The authors were not successful in explaining the effect observed. We suppose that a
dot-like system with 0 < nf < ! was formed in the structure under the conditions
involved, and the split-off resonance observed in [8} was, actually, the 1EMP dipolar
mode.

It is to be emphasized here that the direction of rotation of the IEMP dipole coincides
with the direction of the cyclotron rotation of electrons in antidot-like structures. On
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the contrary, in dot-like structures the directions of rotation of the IEMP dipole and of
the electrons are opposite. This result does not depend on the charge sign of the carriers.
Therefore, inhomogeneity regions with increased or decreased electron density can be
identified using an incident electromagnetic wave with clockwise and anticlockwise
polarization. Since the dot-like structure was likely to be realized in [8], our supposition
can be confirmed or disproved by carrying out this experiment with a circularly polarized
incident electromagnetic wave. Also, the possibility of the observation of the 1EMp
dipolar mode in the low-frequency (@ < @.) region in the system involved shouid be
pointed out.

Finally, itis to be noted that the present local (r,/R — 0) theory (subsection 3.7) does
not give rise to the effect of anticrossing of the cyclotron resonance and the edge
magnetoplasmon resonance branches in the special case of a single antidot (nl =0,
n$ # 0). However, Kern er al [7] (see also [6] and [9]) have recently observed the effect
of anticrossing of these modes in the system of antidots. There are two possible reasons
for this discrepancy. The first one is the influence of spatial dispersion effects, controlled
by the parameter »./R. This explanation was in fact supposed in [7]. The other possible
reason for the effect observed is the interaction between the antidots. We are now
considering the problem of the electromagnetic response of a system of interacting
antidots. Our preliminary results show that the interaction between the antidots can also
give rise to the anticrossing of excitation branches. We hope to publish these results in
the very near future.
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