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Microwave response of a two-dimensional electron stripe
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Electromagnetic response of a finite-width two-dimensional electron stripe is theoretically studied. It is
shown that retardation and radiative effects substantially modify the absorption spectrum of the system at
microwave frequencies, leading to a nontrivial zigzag behavior of the magnetoplasmon-polariton modes in
magnetic fields, similar to that recently observed by Kukuslgtial. [Phys. Rev. Lett.90, 156801(2003)].
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I. INTRODUCTION consider a 2D stripe of a finite widtW and focus on the
regime, where the retardation and radiative effects become
Plasma oscillations in low-dimensional electron systemsmportant® (in the quasistatic approximation the problem
(ES—inversion layers, systems on the surface of liquid hewas considered in a number of papers, for instance in Refs.
lium, quantum wells, wires and dots—have been experiment7_19. For mm-size 2D samples this corresponds to micro-
tally studied since 1976Refs. 1-3 and seemed to be well \yave frequencies—the parameter range, where other, very
understoodsee, e.g., Refs. 4-11Far-infrared transmission, interesting microwave photoresistance experinf@riéhave
as well as Raman spectroscopy experiments quantitativelyeen recently done. Although the stripe geometry differs
confirmed theoretically predicté4'® plasmon and magneto- .0 the experimental onédisks, our calculations repro-
plasmon spectra, both in two-dimensiofi2D) electron lay- duce all the experimental findin’g"s“’ and allow one to un-

ers, and in systems with Iovyer d|men3|o_nal(ty|res an_d derstand the physics of the observed effects. It will be shown
dotg. However, recent experimental studie® of the mi- hat the unusual ziazad behavior of the bulk-
crowave response of macroscopic 2D electron disks with thé 9zag

magnetoplasmon mode@nore exactly, magnetoplasmon-

diameter=1 mm revealed very interesting and fully unex- . ; . . L S
pected features of the magnetoplasmon spectra. Responsep&a”tons is explained by interplay of radiative and dissipa-

relatively small diskgwith the diameters0.1 mm) was very t'VT contr]b?tl_ct)ns to th|e|rtlr|]neW|dtht. £ 2D o0l
similar to that of microscopic dots. The spectrum consisted N an inhnité sampie the spectrum o magnetoplas-

. has been consideré@king into account retardation
of two sharp resonances corresponding to the bulk and ed ons ha: . X A
magnetoplasmon modes with the frequencies(B) ut ignoring the damping of modeby Chiu and Quini in

= ot At w.]2 wh is th lotron f d 1974. Their results are applicable for the description of far-
=Voptac/atad] 2, Wheréa, IS the cyclotron frequency and .qareq response, when the size of the sample is large as

l“’? thre pl:llsr\a fri;e(\ll{vui‘/n(;y tﬁt Zer;bTE?;]et'ﬁ ';'E?O'mlgn compared to the magnetoplasmon and radiation wavelengths,
arger samples, however, the uppoen agnetopiasi and the question of linewidth is not very important. We con-
mode exhibited substantial changes. At a certain finite valug; .. 4 finite-size geometry, more relevant in view of the

of B this mode intersected the cyclotron resonaf€R) line ecent microwave experimerts1520-27where the radiation

@= e gnd (iijlsappeared experletrr]]qgg drgmatl.ct:hbroadenmg.b nd the plasmon wavelengths exceed or are comparable with
Seécond, and in some cases a third mode, with a comparalyf, sample dimensions, and where the linewidth of modes

or even !arger amphtude, appeared in the_ absorpthn Spece'ssentially determines the observed nontrivial features of the
trum at higher frequencies and showed similar behavior. As %bsorption spectra

result, theB-field dependence of the bulk magnetoplasma
modes exhibited intriguing zigzag behavior as a function of
magnetic field ato > wp.*4*°

It was shown in Refs. 14 and 15 that the observed features
of the magnetoplasmon spectra are due to the influence of )
retardation effects. AB=0 the measured resonance frequen- Assume that the 2D electron-gas strigeW/2<x
cies turned out to be in a good quantitative agreement witi~ W/2,— <y <) lies in the plane=0, the external mag-
the old theoretical predictiodg, made for an infinite two- netic fieldB=(0,0,B) is directed along the axis, and the
dimensional electron systef@DES). At finite B and in the  dielectric constané of surrounding medium is uniform in all
disk geometry numerical calculatidfisdid reveal a certain the space. Let an external plane electromagnetic wave, with
zigzag behavior of the resonant bulk magnetoplasmoithe frequency » and the electric field E®{(r,t)
modes. The physical reason of such a strange behavior of theE®€“@ ¢V be normally incident upon the structure. It
modes at finiteB, as well as the overall behavior of the induces the oscillating charge and the electric curyémtthe
linewidths and strengths of the resonances, have not howev@b system, and the electric and magnetic fields around it.
been explained. The total electric fieldE©'=E®*+EM, given by the sum of

The goal of this paper is to theoretically study electro-the external and the scatterédduced fields, satisfies the
magnetic response of a finite-size macroscopic 2DES. W#laxwell equation

II. THEORY
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VX(VXE®Y+S—=-——j(x,)8(2). (1 i (X) = o, ES - —Xxf d e'qxxf e 1B (x)dx’
(VXE™+ 577 =7 @ g 00 (D 0= o - | dawed ] e ()
Assuming that all physical quantities do not depend onythe iwoyy, [ dg, wz
coordinate, and looking for a solution in the form + —yczx f p e'qxxf e (x)dx', (10
- -Wi2
Eind(X,Z,t) — f dquind(qx,Z,w)einX_iwt, (2)

H el W2
| : P
100 = 0 B~ f doj e f &9 (x') ¥

we get equations for the Fourier components of the electric — -Wi2
fields and currents ; % wi2
] | d . f ’
| _ 100y f CL f . (11)
ind 2 2 y
&ZEX oind _ 4K c — K -WI2
P E = ix(2), 3
we These equations are solved by reduction to a matrix form.
pind Expanding the currents in a complete set of functions,
FE, , driw .
=), *) W00\ (An) [2mx( 1
c : => co n+—- ||, (12
iy /55 \By w 2

Here k?=q2- w?e/c?. Following a standard procedure, we
now relate the induced field at alto the field at the plane and following a standard procedure we get the system of

z=0 algebraic equations
ind _ gind K2 = > -
Ex,y(quZ) Ex,y(Qx-O)e ’ (5) 2 ME#)An + E Mgrllrzl)Bn - 2( 1)m quEeXtv (13)
and the field az=0 to the Fourier components of the current n=0 n=0 m(m+1/2)
' 2wk o o
Elxnd(QXa 0) == _jX(qX)1 (6) (21 22p — 2(_ 1)m ext
we nZO MEDA + nZO MZ2B, = pre—ye 0y ES,  (14)
. 27w where
Ey(,,0) = 2 M%) 7
- : , MV =5+ mam(m (15)
Substituting Eqs(5)—(7) into Eq.(2), we get a relation of the mn EmNT e TmeEeh
electric field in all the space to the current inside the stripe at
z=0, 2iwo, W
e wz M = = —2"— (), (16)
EM(x2)= - — f g2 J e W, (x)dx
@ w2 8o,
®) M === (), (17)
£ =12 [ Lo [ ) oy, (9) 22 Awoy Wy
y K 2) T« e y ' My = Son— 2 (), (18)

The z dependence of the field is determined here by thexnd ) =wWye/2mc. The integrals)®) are defined as

multipliers e @2 in the integrands. Equatior(8) and (9) B mn

describe both the evanescent induced fi¢fsts of the in- )/ — 2 2\*1/2

tegrals corresponding tqf > we/c?) and the scattered out- Imnnl V) = f_m dAQ™ = " m(Qm(Q), (19

going wave(qZ < w?e/c?). The sign of Imx should be prop-

erly chosen to satisfy the scattering boundary conditions a¥here

|2 —ce. ) (-)™Yn+1/20 cosmQ
Now we need to relate the current and the total electric Y(Q) = 5 5-

field inside the stripe. We do not consider in this paper pos- Q°-(n+1/2

sible nonlocal effects and use the relatiop,(r) The part of the integrals in Eq19) from Q=-0 to Q=0

=0,5E5(r)0(W/2-|x), whereo; is the conductivity tensor  gives imaginary contribution to the matrix elements in Egs.

of the 2DES, dependent on the frequency, magnetic field an@3) and (14) and physically corresponds to the radiative

the momentum relaxation rate, aftk) is the step function. decay.

Together with Egs(8) and (9) this gives a system of two Having solved Eqgs(13) and(14) and having got the co-

integral equations for the electric current inside the stdpe efficientsA,, B, in terms of the external fieIEiXt, we can

=0, x| <W/2 calculate the current E412), and the fields Eq€8) and(9),

(20)
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inside the stripe. Then, calculating the joule heat
:f‘fvﬁzdx(j*E+jE*)/4 and dividing it by the energy flowg,
=cVe(|E; 2 +|ES¥]2) /87, we get the absorption cross section

Q/S, (the dimensionality cm All plots of the next section

show the frequency, magnetic field and other dependencies

of the dimensionless “absorption coefficient”

_Q
SW’

defined as the absorption cross secti@fs, normalized to
the width of the sample.

A (21

Ill. RESULTS

A. Preliminary notes

The plasma frequency in a 2DES, calculated in the qua-

sistatic approximation is given by the formtda

27N E°

e @ 2

wh(Q) =
whereng, e, andm* are the density, the charge, and the ef-
fective mass of 2D electrons, arglis the plasmon wave
vector. In a stripe of a finite widthV the lowest quasistatic
eigen-mode frequency is expectedjat 7/ W. Therefore we
choose for the frequency unit the quantity

_|27*ng€?
@0~ mew

For a typical macroscopignillimeter-sizg GaAs 2D sample
its value lies in the gigahertz range
20 - 43.3%

Ind 10 cmi?]
2w ewmm] [GHz]

(for the effective mass we use*/my=0.067. Everywhere
below we measure the frequencies in unitw, magnetic
fields in unitsw./wy, and the momentum relaxation raje
=e/m*u in units y/ wy (u is the mobility)

0% 0.1

Y [ eWmm]
wo  u[10P cn?/vs] NV nd10t cm 2]’

We also introduce the retardation parametgedefined as the
ratio of the frequency of the quasistatic 2D plasm@2)
with the wave vectorg=7/W to the frequency of light
mc/\eW with the same wave vector

(23)

(24)

(25)

_opleW  [2nw

. 26
m*c? (26

a
7C
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FIG. 1. Absorption spectra of a 2D electron stripe ydiwg
=0.05 and at different values of the retardation parametet6
curves are shown ife) with « varying from 0.1 up to 1.6 with the
step 0.1.(b) provides a more detailed view on the same spectra
around the first and the second modes.

r
Wo
where
2mn€?
r==T (29
m*cve

is the radiative decay rate in amfinite sample(see a discus-
sion in Ref. 1.

We solve the system of Eq§l3) and (14) numerically,
restricting ourselves by a finite numbif, of harmonics in
the expansiongl2). The matrix equation, described by Egs.
(13) and (14), then has the sizeNg, X 2N;,. Convergence of
the solution with respect th,, has been checked. All results
shown below have been obtained witlj=16. For the con-

In the considered case of the uniform dielectric constant theluctivity tensoro,; we have used the Drude model

retardation parameter does not depend oa Its numerical
value is negligibly small for microscopic 2DE®r instance
for quantum wires and dotsbut can be of order unity for
millimeter-size 2D samples,
a=0.29/nd 10 cm?] X W{mm].

The formula(26) can be also presented as

(27)

B __nsez w+iy
0-)(X_O-yy_I?(w+i'y)2—w2 (30
Cc
ne’? we
== 0Oy = —_— . 31
Ty = 7 Tyx m* (a)+i'y)2—w§ (3)
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2'5: | (@) a=0.1
i )
=y

Absorption

FIG. 2. Absorption spectra of a 2D electron stripe as a function of the frequency a8 fietd, at y/wy=0.05 and at several
representative values of the retardation paramete0.1, 0.4, 0.8 and 1.4. Each plot shows 21 curvesufgiw,y varying from 0 to 4 with
the step 0.2.

B. Zero magnetic field the dominant one in the spectrumt a higher value of the

. : , retardation parameter. In general, as seen from Fig. &, at
We begin the presentation of results with the cas@of =1 the absorption spectrum has the shgpalitatively dif-

=0. We assume that the incident electromagnetic wave i?erentfrom that in the quasistatic limit: It consists of man
linearly polarized, and show results only for the perpendicu- q ) y

lar polarization(E®'=0). The case of the parallel polariza- peaks wnh_qwte comparable amphtudes, in contrast to the
) y . L . . guantum wire/dot spectra, when the higher modes are hardly
tion has been also studied, but it is less interesting.

Figure 1 exhibits the absorption spectra of a siripe as %isible and only the lowest one is dominant. All the modes,
function of the frequency, ag/ wy=0.05 and at several val- s seen from Fig. 1, experience quite essential redshift, in

: [ . , and 15.
ues of the retardation parameter One sees that at smail agreement with Refs. 12, 14, a
(the quasistatic limjtthe absorption spectrum is similar to

that of quantum wires: A strong peak corresponding to the C. Finite magnetic fields

fundamental 2D plasmon mode with~ 7r/W is accompa- Figure 2 illustrates the behavior of modes in finite mag-
nied by a number of very weak higher-harmonics peaks, cometic fields. Ifa is small, Fig. 2a), the absorption spectrum
responding tay~ (2n-1)7/W with n=2,3,..., . Due to the is, again, very similar to that of quantum wires. The funda-

symmetry of the external electric fiel#(x)=ES*'=const, mental mode approaches the CR line according to the simple
the even 2D plasmon modes witfr-2n7/W are not ex- law wpgB)=V\w)+w?, slightly increasing in the linewidth
cited. Whena increases, the fundamental mode first in-and decreasing in the amplitude. All the higher modes be-
creases in amplitude, reaches its maximum, and then déwave similarly; no one of them becomes stronger than the
creases, additionally experiencing a very strong broadenindundamental mode. Such a behavior was many times ob-
The behavior of the second mode is similar, but it reaches itserved in far-infrared experiments on quantum-wire arrays,
maximum at a larger value af. As a result, at a certaia see, e.g., Refs. 7 and 9.

the second-mode peak has a larger amplitude and a smaller If « becomes larger, Fig.(B), the lowest, fundamental
linewidth than the first onésee, e.g., the curve far=0.8.  mode loses its amplitude, approaching the CR line, and the
The third, fourth, and all other modes behave similarly, butsecond mode becomes stronger. At even higher frequencies,
each subsequent mode reaches its maxint@anad becomes and at larger values of, Fig. 2c), the same happens with
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FIG. 3. Absorption spectra of a 2D electron stripe as a function

of the frequency and thB field, at y/ w,=0.2 anda=0.4. FIG. 4. The frequency versus magnetic field dependence of
magnetoplasmon-polariton modes, as obtained in Ref. 13. The units

the second mode: it disappears, approaching and intersectir}ﬁ” /wg)((g)lén?t’i/o“r;ps(qs)éea?ﬁe ‘:e;trx‘t"’l(gsg;/rz (laieieogurt\/h; t‘:r?;’

the CR, and_ releaS(_as its s_trength to the_ next mode. _Exper{(—) the asymptotess/ wy(q)=1/a*(), Whicﬁ correspond to the

mentally, this manifests itself as a zigzag behavior Ofdispersion of Iightw:cq?v’e.

resonancéd® (we remind readers that in experiments the

absorption was measured as a function of magnetic field at a .

fixed microwave frequendy When o increases, the lower- 'S gradually reduced witim because of the decrease of the

mode peak gets broader and disappears, intersecting the éﬁrrgspondmg dipole matrix elemerjise stress tha_Fn_ are

line, while a new, stronger peak, corresponding to the nexlr,’Ot identicalto the radiative decay raﬂ_é (29) in an |nf|n|te_

higher mode, arises at smallBr At even larger values aof, §amp|§. The growth ofa I,ea,ds to the increase of the radia-

Fig. 2d), such a relay-race of oscillator strengths betweer}V€ /0Sses. When the radiative decay rijeof thenth mode

the modes becomes more and more pronounced, especiafffcOmes equal to the dissipative decay ratene amplitude

for higher modes. The frequency of the lowest modes exhib@! this mode reachs its maximum. A, is a decreasing
its a very weak magnetic-field dependence at laigéig function of n, the absorption maxima for the higher modes
2(d). " are observed at larger valuesafThis explains the behavior

i resonances @=0, Fig. 1.

In order to understand the behavior of modes at finite
magnetic fields, it is helpful to compare our results with
like in Fig. 2b)], but for the four times higher scatterin those of Ref. 13. Figure 4 exhibits the calculated in Ref. 13
[ g- 2b)} g g dependence of frequency on magnetic field. As in Ref. 13 the

rate (y/ wy=0.2). One sees that the nontrivial exchange of"’ I bi th X :
oscillator strengths between the different modes almost dig'gen-value problem with a continuous magnetoplasmon
ave vectorq was considered, we normaliZzenly on this

appears and the whole spectrum reminds the one shown ;
F?g? &) (but with broaderplinewidths \ﬁot) the frequencie® andw to w,(q), EQ.(22), and use the
retardation parameter defined as

It should be emphasized that the predicted features can
observed only in samples with a sufficiently high electron
mobility. Figure 3 exhibits the absorption spectracat0.4

D. Discussion

e e _op@Ve T
As known, in an infinite 2DES the amplitude of the CR a"=a*(q)= o o (33
p

has a maximum when the radiative and dissipative decay

rates equal to eaph other. Thg absprption coefficient in thig)p(q) anda*(q) are reduced ta, anda, if q=7/W. As seen
case(for%;/gave circularly polarized in the CR directidnas  ¢rom Fig. 4, the magnetoplasmon dispersion exhibits two
the formf® different regimes. Ifw./w,<1/a*, it follows the quasistatic
29T behavior w= w2+ 2. The interaction of magnetoplasmons
(@=0 2+ (y+ D)2 (32 with light in this regime is small. ltv./ w,=1/a*, the mag-
@7 Y netoplasmon mode intersects the CR line and tends to the
which shows that the CR peak decreases and tends to zeasymptotew/ w,=1/a*, corresponding tav=cq/e. In this
both atI'/y—0 andI'/y—», and reaches its maximum regime, in the infinite-sample geometfdymagnetoplasmons
(=1/2) at I'/y=1. Similar situation is the case in a finite- strongly interact with light, and this manifests itself in the
width stripe, and it is the competition between the radiativechange of the mode dispersion.
and nonradiative processes that explains the zigzag behavior In the finite-size geometry, strong interaction of magneto-
of modes. plasmons with light in this regime manifests itself in the
Consider first the cagg=0, Fig. 1. In the quasistatic limit strong radiative decay of modes. As in the stripe ttle
a—0, the linewidth of thenth mode is determined by, mode corresponds tQ=m(2n-1)/W, the strong interaction
while its amplitudes—Dby the radiative decay rdig which  regime is expected ab/wy=(2n—-1)/a. As seen from Fig.

A.=
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2, a substantial broadening of the modes is observed, indeed, y<wo=T. (34
when thenth mode frequencyo/ wy approacheg2n-1)/ a.

As is also seen from these considerations, the modes with"iS implies, first of all, that the parametesI” should be
smallern approach the strong interaction regime and die aﬁmall. The COI"I.dItIOHy/F<l imposes the upper boundary on
lower frequencies, releasing their oscillator strength to thé® 2€roB resistance of 2D samples: It should be much
higher modes. This explains the nontrivial zigzag behavior o§maller than the wave ressta_npe .Of vacuum, 8rithis is
the magnetoplasmon-polariton resonances, which is seen [ case if the electron mobility in typical GaAs samples

Fig. 2 and was experimentally observed in Refs. 14 and 15§xceeds~105 cn?/Vs). Second, Eq(34) implies that the

We complete our discussion by answering the questio t’yp|cal size of the samples should lie in a certain window,

what happens with the spectra of Fig. 2 in the limit of a large'Vich extendsfor typical material parameteriom about 1

sample. How is the complicated structure of modes, showfM UP to a few centimeterlependent on the mobility

in Fig. 2, transformed to a simple, single-mode behavior of To summarize, we havg .theo'retlcally stu.dled microwave
Eq. (32) in the limit W— ? To answer this question, notice absorption spect_ra of a finite-width 2D stripe, taking |nt_o
that our frequency uniby is proportional to 1{W and de- account retardation effects. We have shown that retardation

creases wheW— . This means that the dimensionless dis_subspantially modifie; the_ miqrowave_ response of macro-
sipation parametery/ w, grows up, and that the multiple- scopic ZDESS' especially in h|gh—m_ob|I|ty samples. Our re-
resonance region observed at- wg is shifted to smaller S.UItS are In very gpod agreemenf[ with e.xperlme.ntal opserva-
frequencies in realdimensional units. As seen for example tions, and explain the mysterious zigzag dispersion of

from Fig. 3, in this limit one does get a singIe-resonancemagnetopk_ismon mode_s, discovered in Refs. 14 and 152 Fur-
behavior of the absorption spectrum. ther experimental studies of the predicted features in a

broader range of parameters would be very interesting.
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