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RBSTRACT

For elsctromagnetic wave-guided oscillations of two-dimensional
(2D) electron layer periodic array in a transversal magnetic field,
the dispersion relation i1s analized. Oscillation frequencies much
lever thén the electron c¢yclotron frequency exist undser certain con-
ditions. HRdditionally, the perpendicular propagation to tho layers
is investigated. It is demonstrated, that a strong magnetic field
causes a frequency ahift and splitting, which are in inverse rela-
ti?u to the esxternal magnetic fileld and the perlod of the layered

electron systeam.
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1. Recently much attention has been tocused on elementary exci-
tations of semiconductor superjattices in an oxt;rnal magnet ic
fleld [1-7). The dispersion relation of the cyclotron waves for &
layered alectron aystem in the Voigt configuration with a atatic
magnetic field perpendicular to the Planes was derived in (1]:
On the basis of experimental studies of the magnetic field dupen-
dence of far infrared tranamission through highly doped InAs/GuSb
superlattices, it wae suggeated the sxistence of helicon modes in
these systems ({2]. Toelis et al.[3] and Kushwaha [4] obtained
the dispersijon relation for the fraquancy of the collective
excitations i{n a superlattice as a function of the components of
the wvave vector parallel and perpendicular to the layers, and the
existence of helicon waves propagating along the superlattice axis
was demonstrated. Wendlar and Kaganov  [5-7) found, that these
]ou-frequency helicon waves under the conditions of the Quantum
Hall Effect bLehave like helicon modes pPropagating in a homoge -

heous medium, byt showing undamping.

In experimental invostithlona of the high frequency absurtjon

by a two-dimensional (2D) alectron gas, trapped on the liquid “He

surface, electromagnetic resonance frequencies much lower than the

electron resonance frequency were obasrved [B). R model of Yedgo"
magnetoplasmons was Proposed for the theoretical explanation of

thess rasonances {9, 10). In Rer. [11] the behaviour of “edge" magneto-

Plasmons in a semiconductor superlattice bounded by a lateral

surface perpendicular to the layers was studied. Jt was shown,

that in aystems containing inhomogeneous 2D eleciron gas resonance

modes much lower than the electron cyclotron froquency and dupending

~2-

inversely on the external magnetic fimld CAN pPraRagats.
In previous papers [12, 13) the spectrum of magnetoplasma wave-

guided oscillations of a aingly two-dimensional slectron layer in
o bounded aystem was described, It was shown that a strong mugnetic

field causes a frequency shift and splitting, depanding inversely
’
on the external magnetic field. In the present communication the
magnetoplasma oscillations of the wave-guided type in aemjconductor
[]

superlattices are studied (in the case of a zero megnetic fiwld

these modes were described by Korzh and Kosevich for a periodic
array of 2D conducting layers (14}). We shall demonstrate that o;clb
lation frequencies much lower than the slectron c}élotron fraquancy
and ~ depending inversely on the external magnatic field can sxist
under certain conditions in a periedic array of homogenecus 2D elec-
tron layers.

2. The model we have adopted to describe the superlattice struc-
ture cunsists of a periodic array of -triétly 0 oi-ctron layers at
the positions z=nd, whers n*0, *1, %2, .,, 1s the layer index, and
d is the distance between adjacent laysrs. The array 18 imbedded in
@ homogenecus dielectric medium with dielectric constant «. A static
magnetic fleld H 13 applied alung the direction perpendicuiar
to the planes. The vibration spectrum of the described asystem can
be obtained by writing the general solution of the ;°ff equation in
the regions between Lthe electron layers, assumlng that the electric
{ield of the collective excitations forms a Bloch wave and imposing
the standard electromagnetic boundary conditlons at sach of the 2D
vlectron layers, In the local limit k<<kl. tk, boina1tho Ferml wave

|
!



vector of the 2D electron gas, and k being the component of the
weve vactor of the collective excitations parallsl to the layera) the

resulting dispersion relation is given by

n

» f ca 2
[ w ¥ = Sla,q} ] [ 1+ S{a,q) ] el {1)
2« 2co
where a'[u'GIC‘-k‘).,{ fhhno.n./m.c, u'-eﬂofm.c. m‘=m(1'i/ur).

o, m, n.and * are respectively the charge, the uffective mass,
the surface density and the relaxation times of the 2D- carriers.
The structure factor of the superlattice S{a,q) 18 given by the
expression Sla,q)*sinled)/(coal{ad)-con(qd)} there hq is the quasi-
impulse of the collective excitations along the axis of ths supser-
lattice llsli. We have writtsn the dlspersion relation (1) in a
form, which permita ys to describe the electromagnetic waves of
the wave-gulded type interacting with the periodic array of two-di-
rmensicnal slactron layers. For these modes w'dc’x*/s, i.e. o¥30. In
Ehu following discussion we assums, that the frequencieas under
consideration are much higher than the inverse relaxation time of

tha 2D carrisrs (wrd>t),

3. First of all we snalyssa the velation (1) in the close vicinity

of the line wsck/«'™. In this case the coupling between layers is

strong {ad<<1} and Eq. (1) can bs written in the form

X X
a4 -1
wreols [ [———— - 2 ain"(qds2) ] -
2 : (21
I z
“Hd ’o -2 aldl
- p [ — & + 2 sin®(qd/2} ] ! .
2 o? et 2

Here u;‘*lnc/td)"’uis the frequency of the 2D plasmon with effsctive
bulk density n_=n _/d, a.-(ncd/tl"' is the characteristic phaase
velocity of the “acoustic™™ 2d plasmon [16] +» and the squared frequsan-

2 . .
Yy « is given by

o} o [ 2 stn"1aar21/14s_se1*e + 2 ain’1qas2) ] (3)

For qd+0 Eq. (2] takes the following form

o' . u:‘ A e )

If we put here a=0, we can find the frequency at the point, where

' to)?/e . ()

the curve wscwlk,q} intersocts the line weck/«' Y. At this point the
frequency of the collesctive sxcitations is . 1.8, the qd=0
mode in tha strong coupling limit is Just like a 3D plasmon, which

propagates with the group velocity given by

v {ou/oK) | = [...: 7 (el et ) ] orat”? (5}
We can sse that under tha.conditlon u.(toﬂ this |rouﬁ velocity de-
ponds on the external magnetlc field: in this case v;-u:d/n tv_ccc).
It u“))u;‘.tha'kroup velocity of the qd-o‘-od- is thf physical va-
locity of the wave propagating in a homogeneous medium with dielec-

II.’

tric perwittivity « iv.-c/t . As & result of the above considera-

tion we can state that In the close vicinity of the point a-o.u-u'l

a slowly increasing oscillation frequency Lim observed when the slec-
tron cyclétron frequency 1s much lower than o Let us Temark
that thia oscillation frequency depends on the squared oxterna!"nal-
netic field.

For qd»0 Eq.{(2) takes the form !
o * s'at | (&)



Here 8 13 a characteristic magnitude with dimensiocn of velocity.
1t is given by the following expreasion:

3" - [ t2 sin®(qds2107% + -

w d
z -2 " 2
+ (2 sia(qdr2)eis sc)e) o ] 2
. C

Wo see that in tﬂe qd~o case w, represents the frequency at the
point where the curve w=wik,q) Intersects the line a=0.If the
condition (d>>2c 1s satisfied ,then w, is much less than the
electron cyclotron frequency L However, if 0d<<2c and fi<dcq,
the frequency at the intersection point is -z w .

It ia easy to show that the group velocity of the qd=0 mode at
the point a-O,unuo is

2 sin"tqdsay . s
"."[ ] ——] . (o)

{ts/c)% + 2 sin"(qd/2)) €

It qd))lolo and 0d/2c<<1, then the group velocity v, is much Jess

% For these parameter relations the character of v, de-

than c/f
Eonda on the dimensionless quantity t--u-t"'d/c: if t“<<1 then the
group velocity does not depend on the external magnetic field; if
(->)1 + then v, is proportional to the aexternal magnetic field.
Therefore, we can stats that in a layered system, for qd~o, a linsear

in k increasing oscillation frequency above the electron cyclotron

resonance frequency can be ocbasrved,

¢. Lot us now conslder the frequency splitting and the shift of
homogensous (k=0) wave-gulded magnetoplaama oscillations of a
layared alxtran system. In this cass E£q. (1) can be transformed to the
form ' .

sin(f )/ (coall)-coplqdl)=-(2¢c/0d) (£ + ! (9}

-

where !‘ux"'&/c. In the particular cass gd+n/2 the relation 19)
coincides with the formule whith dusuribes ihe ahitc e#na the split-

ting of homougeneous magnetoplasma oscillations of a Sindle 2D elec-

tzon layer in a symmnetric acreened system 112,13}, This ceincidence

is due to the fact, that the electrodynamics of a single 2D elec-
tron layer in a symmmetric screensd syatem ia equivalent to the
electrodynamics of an array of 2D electron layers with surfaces cur-
tents oacillating with a difference of phase of n/J Letwsen adja-

cent layers.

In order to understand the distributlion of the starting points
of the dispersion curves of the wava-guided type let wus analyze
the graphycal solutions of Eq. {9) with the aid of the intersection
points of the Ffunctions Fﬂtl-llnlt)I{con(tl-co:(qdi] and
Fl=—(2c/ﬂdl I(ﬁt-) (Fig.1). Wo ses that the interaction betwesn
wave-guided electromagnetic modes and collective excitations of
the layared aystem leads to the sppearsnce of a shift and splitting
of the frequencies cor;oapondlns to the asymptotics of the func-
tion E (8) { I/F (X )=0 for w ~(2mqlesds®’} n=0, 1, 2, ...).

The behaviour of the indicatad ahift and aplitting depends on the
pesitions of the frequencies - with reapect to the characteristic
frequency wi 1) 1f “k(“-' then cne of the splitted [requancies
is localized above w and the second splitted froq;oncy is localized
below Q". (ii} 1f w dw, then both splitted frequencles are localized
above w . In this case the gap existing between the aplitted fre-
quencies decreases with the increasing of the number n of th; wave~
guided mode. !

‘Wo see also, that as a result of the interaction of the electro-

Magnetic waves with the cyclotron oscillations of the layarad

-7-



slectron gas, the electron cyclotron rescnance frequency Wy i ahife-
od, but It does not undergo splitting. It is sesn that the shift
of L is positive (negative) if -, lios below {above]l the frequency
w_ corresponding to the nearest zero of the function F'([). In tha
case when w t«, the electron cyclotron frequsncy is not shifted.

In the case of qd<<1, and assuming that the layers are close to-
gothar (in the senss that £<<1} the disperslon relation of the col-
lective modes takes the form {3,4)

u-u_lcq)'/{u;0[oq}'l (10)

which {a just the dispersion relation for the hslicon propagating
along the superlattice axlis.

4 4 u.)’cq/‘l" and D((u.. then ¥q.(9%}) has solutions corresponding
to the frequencies much lower than tha slesctron cyclotron frequency
lu((uil. These frequencies can be calculated with the aid of the re-

lations

‘ we(2Inp-qdiesde™ ™ 2 (2no /ad), ne1,2,... {11}

(X 3

wet2nneqdic/ds™™ 2 (2no sed), n*0,1.2,... {113}
|

Here n((uhc"'dlznc and o _-acn /H . Lot us anote that e, 13 the Hall
componsnt of the two-dimensional electron gas. It is well known {286
for example {17)) that in high magnetic flelds at low temperatures
the Hall conductivity of the degenerate 2D electron gas is quantited.
Therefore tha splitting and the shift of the oscllilation fre-
quencies of the wave-guided type interacting with the layered elec-
tion gas in a stxong magnetic Fleld will be quantized as well under
such conditions,

We see thut for u—>)cq/c"' and ﬂ<<uu the frequency splitting is

small and proportiovnal to the small dimensicnless parameter hﬂM;u
In other words, we can state that a strong magnetic field causas a
frequency shift and splitting of the starting points of the wave -
guided modes in a periodic layered system, depending inversely on
the éxternal magnetic field H° and the period of the array of two-
dimenaional electron layers d. Howsvar, in the case of resocnance
interaction of the homogeneous {(k=0) electromagnetic wava-gulded
modes and the electron cyclotron rescnances the frequency splaitting
ia proportional to the square Toot of the indicatsd amall parame-
tor: Avw/w ~ (n/uhl"'. R similar effect of splitting increass was
discussed in [18} for the resonance of oxcthna in thin dislectric
films with surface polaritons and was discussed also in [12,13] for
the resonance interation betwssn wave-gulded oscillations and Cy -

clotron waves in a aingla 2D electron layer.

5. The deformation (dus to the action of a atrong magnetic fioid)
of the lowsst wave-guided modes interacting with the layered systum
is shown in Fig. 2. In the Inset it is shown ths splitting of the
lowest mode in the long-wavelength limit, For valuss of the vave vec-
tor corrcsp;nding to the Iimit kac<<l the dopondonﬁo of the splitted

frequencies on the wave vector k can be described with the ald ¢f

the following expression: ,

cq

L [ 4
- &£

s+ _Bc (121

[ 1 e 20kd/m)® ]
2 w sd
L] |
) :
We ses that the splitted frequencles increass with the squars of

the component of the wave vector k perpendicular to the axterral
magnetic field,
The vicinity of intersspt of straight lines ,...' and  wack/et?

i3 shown in Fig. 2. We sse that with the Increasing of the wave



vy —

vector k the dlspersion curve describing the louqst splitted
branch ahows & kink when it approximates the freguency w . Rt W
this curve intersects the line uﬂck/tuq, enters the region oo
and centinuously transforms into the dispersion law for the plasma
cacillations of the layered electron gas. The highest of the
splitted branches afproxlmatoa. with the increvasing of k, to the

*% but does not Intersect it and does not show kink

lipne w=ck/«
when « ls near the frequency . We ses also, that the curve
deacribing the coupled cyclotron - wave-guided medes shows a small

[ T 4

increasing on k when k(u.c /e, but it shows a kink when k reaches

oE Therefore, we can state that in

the vicinlty of the line weck/s
& system with small concentration of the 2D carriers lin the aense
that (d/c<<1) the behaviour of the disperslon curves can be ex-
plained as a result of the intersection of the wave-guided disper-
sion curves with the dispersion curve describing the cyclotren osci)-

lations of the layesred electron gaa,

“6. The disperaion relation for magnetoplasma oscillations of the
wave-guided type in semiconductor superlattices has been preaented.
The behaviour of these modes in the clcose vicinity of the line

weck/s*?

has been discussed. The frequency shift and splitting
caused by a aéroni magnetic fleld has been studied.

We have demonatrated that resonance modes whose frequencies are
smaller than “. and decreass with increasing H° are not only obaerved
in syatema with iﬁhomogonooul 2D electron gas, but they can exist
under certain conditions in a layered system of unbounded extended
along the planes electron layers.

We should mention an important difference between "edge™ modes

and described by Eq. (9} electromagnetic excitations. For the des-

-10-

cription of the splitting of the starting points of tha wave-guided
modes (9) it is necessary to take the retarded sffects of the elec-
tromagnetic waves into account. On the other hand, the existence of
"edge"" magnetoplasmonas is connected oasentially with the loss of
translation jnvariance of the syatem. It is clear thet the behavicur
of “edge" modes does not essentially depend on the account of

retarded effacts,

The frequency splitting indicated in Eqs. {11, 11a} §8 associated
with the Faraday effect for olectromagnetic waves propagaeting along
the direction of the magnetic fileld perpendicular to the planes with
2D current carriers. Lat us remark that tha damping of the magneto-
rlasma oscillations for u((u-. u~t>>1 is determinated principally by
the dissipative conductivity of the 2D electron gas: T Cay T

0_7. i.e. the splitting of the resonance lines exceeds their width,

j
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FICURE CAPTIONS

E1C. 1: Graphical solution of Eq. (%). The thick (thin) =~ontinucus

curves represent the defined In the text function Fl(r) (F'(tl}.

The danhed- dotted lines ropresent the asymptotics of Flttl.

FIG. 2: Dispersion curves of the lowsst branches of the magnetoplas-

m3 oscillations in a periodic array of 2D electron layers: rdse=3-10""

n/u“-x-m". qd=n/3, n =1.10"" aw’? , me1x107™ 4r., €=13, d=Su107* om.

The dashed- dotted line represents the dispersion law week/e' ™,

set: Splitting of lowest wave-guided mode.

In-

FIC. 3: Same as Fig.2: dstails of the oscillation ﬁrnnchas in the

vicinity of intercept of straight lines o=0 and .
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uid helium surface {7]. A static magnetic field & is
applied along the direction perpendicular 1o the elec-
tron layer plane.

In order to investigate the vibration spectrum of
a bounded system, it is necessary 10 solve the Max-
well equations in the medium with the relevant
boundary conditions. If a twe-dimensional current
with densily f, exists in the electron layer, then the
boundary conditions take the form

(H,~H.) Xn u..”.mg... (E,-E)xn=0, )

Esna:_.mEnno:.:n_==:<nn§.&32na?oa 3?
dium 1 to medium 2. .

The surface current can be written as Fi=emgp,
where r, is the surface charge density and v is the two-
dimensional electron velocity. The velocity v satis-
fies the equation of motion

Eﬁuﬁm@ w.,.xmlﬁq. (2)
at ¢ T
where 1 is the characteristic relaxation time of the
charged carriers and E, is the tangential electric fleld
in the electron layer. Eq. (2) is written in the time-
relaxation approximation in the ocal limit and per-
mits one lo presenl a semiphenomenological de-
scription of the phenomena under consideration,
Solving Maxwell’s equations in the dielectric me-
dium with the boundary conditions (1}and (2),and
also with the condition E,=0 at the external sur-
faces, we obtain the dispersion equation for the mag-
netoplasma waves,

s 2

Ae " (e/q,)cth(9,d,) + (ex/g:)cth(gady)
/
A_ ta e_éa_ﬁw cth(gdy) =R
(3)

where
gir=k*—(wic)e s, m*=m(l+iwr),
wh =eH/m*, QP=4nein,/m*ec. (4)

Formula (3) contains all the known results as lim-
iting cases.
In the case w} =0 (H=0) we obtain from (3) and
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(4) the dispersion equation for the surface polari-
lons in a bounded medium:

TH mode
¢ € 2*¢c
HQESQ_T Maisén T (5)
TE mode
o
9 cth{q,d\) +g; cth(g,dy) = ~ - (6)

If we put d,=co, £*=0 then we can derive a dis-
persion relation, that is similar to that oblained in
ref. [8]. The right-hand sides of eqgs. {5) and (6)
permit one to find the frequency changes of the TH
and TE modes, due to the conductivity of the two-
dimensional electron Bas, when the external mag-
netic field is absent. In the limit d,=d,=co similar
expressions were derived in ref. {9) for the case of
w71 and in ref. [10] for the case of wra !,

Let us consider the collisioniess limit and neglect
the retardation of eleciromagnetic waves {1/t &« w
< ( »b\ﬂ? Then the following relation helds

L n.\nem*
- ck+Q{cth(kd,) +cth{kd,;)] "
ck2

+ € cth(kd,) +¢; cthikd,) ' 7

w

where

Q=dnelngime, wp=eHme.

We see that the usual dispersion relation

3 3 Sck

W =wy + ——-r
Wh €, +0~ . Amv

is valid in the limiting case kd> 1 and ck > max {2,
wyl.

Note first of all that there are two characteristic
values of k for kd>» 1:k, =w,/c and Ky /e, If

1 1

+ -l «xQxw,, (9

‘&, 77

then all the values of k can be divided into three
intervals:
(1) In the range k> k., when o 3wy, we have

2 Sk

W= .
n_+m~

(10)
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Fig. 3. {a} Same as fig. |, but with parameters 2d/c=0.0035,

2w,y =0.00063, n,=10"cm ", H=1x10"G,m=10""g,d=1
cm, €= L. {b) Details of the lowesi oscillation branches for w x @ y.

u._.nmﬁ _ £ {s5/c) m . (15)
dk |, | e+ (sio)’e

It follows from eq. (15} that {1) .._oann\(.ﬂ under
the condition Qd<<c, and (2) eonQ..\m under the
condition (14). The former case may be illustrated
with fig. 3 and the latter is represented by figs. | and
2 for different ratios /wy.

As a result of the above consideration, we can state
that in a bounded system under the condition {14}
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there are magnetoplasma oscillation frequencies in
the range w AQ_Q/\M. which are much lower than the
electron cyclotron resonance frequency.

The above results are relaled with ckzw, /¢ and
@ = wy where wy is defined by eq. (13). Let us now
describe wave guided magnetoplasma oscillations in
the screened system which correspond to the con-
dition w QQ«\M. We are interested in a shift and in
a splitting of such oscillation frequencies, caused by
a magnetic field.

«We illustrate this phenomenon in the symmetric
system when ¢, =¢;=¢ and 4, =d,=d. For frequen-
cies which satisfy the relation w?®2 c*k¥e, the dis-
persion equation (3} reduces 1o

sin kd=0, (16)
[2x{w® —wh) cglxd) +w? Qic)

X [(2e/6)(w* = wi)) c1glxd) + S}

=(fawy)?, (17)

where X =w’e/c = k%,

Eq. (16} corresponds to oscillations of the vector
E,, antisymmetric with respect to the electron layer
plane. These oscillations do not inleract with the two-
dimensional electron system.

The solutions of eq. (17) define the frequencies of
the long-wavelength oscillations of the wave guided
lype, interacting with the electron system. First of
all, we consider the frequency splitting for k=0 and
Kk =w,/¢/c. In this case eq. (17) can be transformed
to- the form

. - e
nmAntln.h.(.&vﬂlwklmAEHE:V. (18)

Q.

If d/ld wy and Q< wyy, then eq. (18) has solu-
tions, corresponding 10 the frequencies w K wy.
These frequencies can be derived from the following
equation,

8& \n b
gl —e)=% , 19
nmhn/n 2wy /€ 19

and they can be calculated with the relation

wd r 2
= Je= +
v ¢ *iua+:|~8: -

n=0,1,2.... (20)
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Anomalous damping of low-frequency edge
magnetoplasma oscillationsin case of quantum Hall effect

Yu A. Kosewich
Tastuvie of Physical Problems. Academy of Sciences of the USSR

{Submitted | November 1989)
Pis’ma Zh Eksp Teor. Fiz. 50.No. |1,471-475 (10 Decenber {989)

The diffusion component of the current near a boundary gives rise toan additional
damping of low-frequency edge magnetoplasma oscillations in inhomogeneous 2D
electron sy stems {including superlattices). This damping increases with
decreasing value of the dissipative conductivity o,, The possibility of
experimentally observing the anomalous damping of edge magnetoplasma
oscillations in the case of an integer quantization of the Hall eRect is discussed.

In the absence of an external magnetic field, plasmons in 2D electron systems' arc
damped only in the collisionless limit wr¥ 1, where 7 is the momentum relaxation
time. In a strong magnetic field, such that the condition w, 73 | helds {e, is the
cyclotron frequency), and Hall currents outweigh the dissipative currents, weakly
damped low-frequency magnetoplasma oscillations can exist in bath the collisionless
Jimit and the local hydrodynamic limit wr € 1. Weakly damped magnetoplasma oscil-
fations with frequencies below w_ and 1/7 have recently been observed experimentally
3."d are presently the subject ol active rescarch. These are edge magnetoplasma oscilla-
tions {EMOs} 1a bounded 2D electron systems under cunditions corresponding to the

506 0021-3640:/689/230506-05$01 00 € 1990 Arencan Instute of Physics 508

quantum Hall effect (see, for cxample, Refs. 2-5 and the bibliographies there). The
EMO frequencies are inversely proportional to the magnetic field and 10 the transverse
dimension of the 2D system. It follows from recent experiments® that the damping of
low-frequency {wr €1) EMC. is not desciibed at all by the eaisting theories. In the
present letter we show that if the rativ of the dissipative and Hall conductivities of
inhomogeneous 21D systems (including superlattices) is sufficiently small, o, /o, <1,
the diffusion component of the electric ficld near a boundary leads to 2 damping of
EMOs which increases with decreasing value of the ratio @,, /o, ,. Under conditions
corresponding 1o the quantum Hall effect in strong magnctic fields, this mechanism
may lead to an anomalous damping and to the disappearance of the EMOn This
property of EMOs stems from the vanishing of the normal component of the current
at the boundary of the system; in the case of a vanishingly low dissipative conductivity,
while the Hall conductivity is nonzero. the resutt wall be a pronounced increase in the
gradients of the nonequilibrium-carrier density near a boundary and an increase in the
dissipation. In &n ideal Hall sample (o,, = 0, ¢,, #0), the boundaries of the sample
are equipotentials, so edge magnetoplasma waves accompanied by oscillations of the
electron density and the boundary potential cannot propagate

1. We consider a semi-infinite (y <0} conducting 3D medium in an external
magentic field Hyf|Z. Effectively qualifying as a medium of this sort might be, for
example, a superlattice of 2D electron layers separated by thin insulating interlayers of
thickness & in the himit kd <€ | (Refs. 7 and ) This effect can be described correctly
only il the drift and diffusion components of the curtent are taken into account simul-
taneously in the magnetized conducting medium, so the system of equations for low-
frequency oscillations (wr € 1) consists of the Faissan equatian, the equations of elec-
trastatics, and the charge conservation law, along with the constitutive equations for
the electrie displacement D = ¢ E and the current density j = &(E ~ B¥p}, where e, o1,
and & are respectively the dielectnic constant, volume charge deasity, and conductivity
1ensor of the 3D medium, and 8> 0 is the Einstein coefficient. At (he p = O interface
between a conducting medium and an insulating external medium (with 2 dielectric
constant ¢,), boundary conditions are imposed: The electostatic polential @ ai the
normal component of the electnic displacement, D, are continuous, and the normal
component of the current, §,, vanishes. For the frequency w(k) of a surface magaeto-
plasmon which is propagating along this boundary, in the direction across the exlernal
magnetic field (Refs. 9 and 10, for example}, we find the dispersion relation

w e

{o,, *i0,, Xexp, + k) = yo (€ + oo, np + ko, ), (1)

xx

where the parameter »p, = [A7 + (470,, /¢ — ien)/Pa,, )7 is the reciprocal of the
depth (&) 10 which oscillations in the carrier densily pencirate into the conducting
medium (1/8 = Re x5 ). In the case of a small but nonzero @,, . corresponding 10 the
conditions o, €0,,, k6 €0, /e, in which case we have 8 = (280,, /w)'", the spec-
trum w" and the damping «” of a surface magnetoplasmon take the form

2

4ng . an [
w' = A W e— (o_" + XX gy, (2)
€t ey €t €g O x
507 JETP Lett, Vol 50, No. 11,10 Dec. 1589 Yu A Kosevich 507



In other words, in the case {g,, /z,, )° €ké <0, /0,, the damping of a surface mag-.
neIoPIasmnn is determined completely by the diffusion processes near the boundary,
and it does indeed increase with decreasing value of the ratio o,, /0,,, 8s 0" « (g, /

a,. "% In the case of vanishingly small values of o,, {2,,/0,, €k6 1), on the ather .-

hand, the quality factor of surface magnetoplasma oscillations becomes less than uni-
1y, and these weahly damped surface magneioplasmons cease 10 propagate.

~ The specirum and damping of surface magneloplasmons of the 1ype in (2) in the
region of their weak absorption can be found not only from dispersion retation (1) but

alo directly through the use of the surface-charge conservation law py, = — iw'p,
= =4 = —kyoo, . opy = kgt 4 6,0, the disuipation function ¢ {o” = #/24 ),
. Lrs ap
v = Jdie' [ E - 3 — 1+ F - g— |? ()]
v X x F!,\' ¥ ﬂ a). l ]

apd the electrostatic encrpy of the oscillations, 7.

4 [3
E=(dV I, 1 p 8 2 1
{/ Bn“E‘I VE ANy~ f dVe o (IE, |+ iEJ‘I ). (4)

io

The vanishing of the to1al current inside the diffusion layer near the interface is taken
mio account here: kg, o, — o, Bp/b= 0 In eapressions (3) and (4), ¥ and }, are
the regions of the conducting and exrernal media. The integral outside (inside) the
diffusion surface fayer determines the first (second)} term in enpression (2) for the
damping of the surface magnetoplasmons.

2 A similar qualitative method can be used to find the spectrum and damping of
EMO« (in the region of their weah absarpiion ), with allowance for the inhomogeneity
of the carniers near the boundary in a bounded 2D electron system (sce also Ref. 4).
Working from the law of conservation of the edge charge €. which sets up a potential
g = 2@In(1/hr)explikx ~ iwt) in vacuum {r is the distance from the edge of the 2D
system. & is the wave number along it, and A7 4 1}, and the expressions for the dissipa-
tion function and the electrostatic encrgy, a5 in expressions (3) and (4), we find the
following logarithemic-accuracy estimate of the spectrum and damping of the EMOs in
the case A8<o,, /o, . ké<|: '

w, =20, AIn(1/kb),

" ! 1 k 0
wp T2 + e LT 5)
P ax | SIn(1/A8) In(1/kB) il 1 k'EIn(1k8) {

up > UP ,

For the depth (8} of the localization of the nonequilibrium carricrs near the edge of
the 2D sysiem, the following expression holds in our diffusion approaimation:

D octmq Ly Sl (6)
— =Im {[( — _— - - }.
6 a ﬂoxl B
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it

The first_and second terms in (5) for " of the EMOs are determined by the
dissipation outside layer 8, while the third is determined by the dissipation in the layer
itsell. At frequencies w«|a,, [/8, we find from (5) and (6)

b= amio, 17 /(o' ) W = 2mo, k420", K in(1/ks). M

Eapression {7) for ™ of the EMOs differs from the corresponding expression which
has been derived by Volkov and Mikhailov® in that it contains a term proportional 10
o', k. This term can contribute significantly 10 the damping of EMOs in magnetic
ficlds {or of the value of £, of the 2D clectrons) which do nol correspond 1o the
middle of the plaleao of quanlized values of @,,. in which case ;. depends strongly
on the external parameters and increases significant!y ® At frequencies 0¥ 0, |/8.

* the depth & is equal to the diffusion length [6 = (280, /w)' “¥ 270, /0], and it

follows from (5} that under the condition o,,/[a, In(1/kd) ) <k €0,, /0, the
damping of the EMOs is determined completely by the diffusion currents near the
boundary. 1t increases with decreasing value of the ratio o,,/0,,, as w" « (0,,/
o, |if we ignore o, tw) in the limi wr < ), of. expression (2} for the damping of
surface magneloplasmons). In the case k62 0,, /0,,, in contrast, the EMOs become
sirongly damped (with a quality factor less than unily). The transition from weak
damping 1o ancmalous damping of EMOs thus occurs al w -0, /8. 5~ B, i.e , under
the condition

o"/o’ys kfIn{1/k8), (8)

where we have o™ /w' ~a,, kb/o,, ~ 1/In(1/kf) < L.

Working lrom expernimental data on the density of states near the Fermi level,
D(r,). for energies £, between Landau levels,'' we find the estimate
B=1/Die, )~ 10" cm. In strong magnetic fields H,=10T we thus have
&~Byr ~r /i, ~10 " cm and 8% fa, = (Ac/eH ) 2~ 107" om, justifying our
use of the tocal hydiodynamic appreximation under these conditions (r, is the radius
of a cyclotron orbit, and &, is the magnetic length).’*"" For the values k~ 10em - '
in the eaperiments of Ref. 6. we find from (8) o lower limit on the values of the
dy namic dissipative conductinity a,, (e, ) of 2 sample at which these 15 an anomalous
damping of EMOs:

aso, ~107" =100

A dynamic conductivity of this magnitude could apparently be achicved in high-guali-
1y 2D conducting channels with a high carrier mobility in strong magnetic ficlds (for
small integer values of the fitling facior, v= 1,2},

[ wirh to thank N. N. Beletskii, V. A. Yolkov, 1. M. Grodnenshii, M. 1. Kaganov,
A. Yu. Kamaev. S. A Mikhailov, L. P Piacvshii, V. L. Pokrowskii, V. M. I'udalov,
and M. 1. Reznikov for useflul discussions. :
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