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Microwave-induced magnetotransport phenomena in two-dimensional electron systems:
Importance of electrodynamic effects
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We discuss possible origins of recently discovered microwave induced photoresistance oscillations in very-
high-electron-mobility two-dimensional electron systems. We show that electrodynamic effects—the radiative
decay, plasma oscillations, and retardation effects—are important under the experimental conditions, and that
their inclusion in the theory is essential for understanding the discussed and related microwave induced
magnetotransport phenomena.
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I. INTRODUCTION dent wave forces 2D electrons to oscillate in the 2D plane,

but oscillating 2D electrons emit a secondary radiation from

Recently discovered effects of microwave induced gian&he JDES. As a result, the system loses energy, and the
photoresistance oscillatioh¥and zero-resistance statésn cyclotron-resonance line gets an additional contribution to

){/eer;ys-hlg(;gbeé%():tro;]{trr\;%tt)g:jty tr\T/]vl(J)é(rj]lmzr;(sg;rz;le%lg:?trogndsys- the linewidth. The simplest way to calculate this contribution
P is to solve the Maxwell equations for electromagnetic waves

o841 i _ : '
th?OYTtICEﬂ _mtere;p rl]ndSp't%é%tﬁ large Inun:rk])er .Of theo passing through the 2DES. Such a solutfogives for the
retical scenarios published so (see also the pioneer- ;. iccion amplitude

ing work by Ryzhif?43 full understanding of the phenom-
enon has not yet been achieved. It is not clear, for instance, 1
why the giant photoresistance oscillations and zero- t(w) = T+ 2notac’

) X . mwo(w)/c
resistance states are observed only in samples with the elec-
tron mobility exceeding=10" cn?/Vs: in samples with the whereo(w) is the conductivity of the 2DES antithe veloc-
one-order-of-magnitude lower mobility a completely differ- ity of light. If the 2DES is placed in a magnetic field and the
ent and easily understandable behavior was obséfved:  electromagnetic wave is circularly polarized, we can substi-
other unclear issue is the influence of finite dimensions of theute for o the Drude expression
sample and plasma oscillations in it.

So far, published theoretical scenarios mainly discuss the _ nee’ i 2
phenomenon in terms of the influence of microwaves on the olw) = m w-w.+iy’ 2
probability of electron scattering or on the steady-state elec- . )
tron distribution function. The goal of this paper is to point to Wherens, e, and m* are the density, charge, and effective
the importance oklectrodynamiceffects which have been Mass of 2D electrons,, is the cyclotron frequency, andis
ignored in theoretical literature so far. We will discuss threeth€ scattering rate, related to the mobilig=e/m*y. The
physical effects: the radiative decay, plasma oscillations, anfansmission, reflection, and absorption coefficients then get
retardation effects. We will show, by means of simple quali-the form
tative arguments and estimates, that these effects are evi-

1)

2
dently important under the conditions of experiméenigwe T=t=1- r : 27 5, (3)
calculate the influence of microwaves on the electron distri- (0= aw)*+(y+1)
bution function and the microwave response of a finite-width
2D wire, accounting for electrodynamic effects, and show 2
that these effects have a dominant role. We believe that this R= _ 2 2 (4)
g . . — o (0= w)+ (y+1I)
work may give another direction of thinking about the origin
of microwave-induced phenomena in 2DES’s. and
29I’
Il. RADIATIVE DECAY 5

A (o w2 (e 1
We begin the discussion with the effect of radiative decay.
In this section we will assume that the 2DES is uniform
occupies the plane=0, infinite inx andy directions, and is
placed in vacuum. Electromagnetic wave is assumed to
incident upon the 2DES along the axis. Physically, the I = 2mne?m'e. (6)
radiative decay develops as the reaction of the medium
(2DES to radiation®® Oscillating electric field of the inci- The ratio of the second contribution to the first one

One sees that the linewidth of the cyclotron resonance here is
"determined by the collisional scattering ratelus the elec-
bgodynamic contribution
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I 2mneu 2oy can thus be safely ignored, and the microwave-modified
; = c = P () steady-state electron distribution function can be calculated
as follows33

is much bigger than unity in the high-electron-mobility sys-  Since the effect was observed under the quasiclassical
tems, used in the discussed experiments; hgrengew is the  conditions
static conductivity of the 2DES. For a typical electron den-
sity of ng=3x10"cm? and for the mobility of u hy <KT=ho=fiw <E, (8)
=10"cn?/V s, itisT'/y=90, and hence, the radiative decay hereT is the t ‘ ML is the Eermi
effect is very important in the discussed phenomena. Notice\évanerﬁse":’he ?:Iaesr:iEZIraBL:)rI?zrianFnlse uitioer:mIIf ?E:rgg’mwfe is
that atl’/y>1 the incident-wave energy is mainly reflected infinite and the electric field of the (rqlormall. incident Wzve
by the 2D electron gas, but not absorbed in it. P, . . mally inc .

Some electrodynamic properties of very clean 2D eIectrorFO(t)_(EX’ Ey)=(Eqgcos wt, Egsin wt) is uniform, it is written
systems with Zrop/c>1 were studied in very interesting as
papers by Falko and Khmelnitski, and by Govorov and Jf  of e
Chaplik®® Related features of quantum-wire systems under —+ —(— eE(t)—-v X B) =0, (9
the quantum-Hall conditions, where the similar relevant pa- Jt dp ¢

rameter has the form72 p,c and can bemuchlarger than  \yhere we have ignored the scattering integral, sipeew,
u_mt_y,_ were discussed in Ref. 49,, is the Iongltudlna_l re- we, andT. The electric fieldE(t)=(E,,E,) here isnot the
sistivity (.)f th.e 2DES. The effect of th? electrodynamic line oyiemal electric field of the incident wa\,, but the total
broadening is well known in the optics of metals and, forgeyt consistent ac electric field at the plaze0, related to
example, in the theory of powerful laser sources of veryy,q amplitude of the incident wag, by the Maxwell equa-

short _electroma_\gnetic burst$.In _2DES sample_s, showing tions, E=t(w)E,. Heret(w) is determined by Eqgl) and(2),
the microwave-induced zero-resistance effect, it has been rndE=E.—iE. is the complex amplitude of the field. E@)
=E,-iE, )

cently directly ob:?‘e_rved |ln7 very important absorption experi-p < the exact solution
ments by Studenikirt al.

. The.formula(6) can be qlerived from simple physical con- f(p,t) = fo[p —-m*V(1)], (10)
siderations(some discussion of related effects can be also _ S _
found in Ref. 5}. An incident electromagnetic wave forces Vvalid at any amplitude of the electric fiefde., in the non-
2D electrons to oscillate in phase with the frequeacyach  linear regime, top Here f, is the Fermi-Dirac distribution
electron, oscillating relative to the positive background, profunction andV=(V,,V,) resolves the classical equations of

duces a dipole radiation with the inten§tyl~d2/c3 ~ motion for one electron,

~ w*e?a?/c®, where a is the oscillation amplitude and eceriot R
~ealis the dipole moment. The radiative decay rBieof a Vye=iVy= —; =— B — . (11)
single oscillating charge can then be determined dividing im(w=-w) IM(0-w.+il)

by its average energy~m*a’~m*w?a®. This gives Iy
~ew?/m*cd. For N 2D electrons, oscillating in phase, the
intensity | should be multiplied byN?, while the average
energy byN, so one getd'~NI',. The value ofN in the
considered case is estimated as the number of electrons in t
coherence area\ X \, where\ ~c/ w is the wavelength of
radiation, so thatN~ng2 This finally gives I'~NI,
~ng?/m*c, in agreement with the exact formul@). Equa-

One sees that radiative effects remove the divergeney at
=w, even if the impurity and phonon scattering inside the
sample is fully neglected, and that B& vy this is the most
'hrgportant relaxation mechanism.

The function(10) is periodic in time. The microwave-
induced steady-state distribution functiéife) is found by
averagingf(p,t) over the oscillation period. This gives

tion (6) thus describesoherent dipoleeradiation of electro- 1 (™ dx
magnetic waves by oscillating 2D electrons excited by mi- F(e) = f(p,t) = —f — ,
crowaves. The quantiyi’ can be also treated as the o 4, ex;{ e—Ep+U+2yUecosx
probability of electrorphotonscattering in the 2DES. KT

At I'> vy the radiative processes also govern the steady- (12)

state electron distribution function formed by microwaves.

Incident electromagnetic radiation with the frequency closavhereU is proportional to the microwave power and reso-
to the cyclotron one continuously excites electrons to highepantly depends on the frequency

Landau levels, and there must be a physical mechanism

which returns the system back to tfguasjequilibrium. In : ezES

some publications(e.qg. Ref. 39 inelastic-scattering pro- - 2m (0 - w)?+ 1?2’
cesses due to electron-electron collisions are considered to be

the reason of such relaxation. The probability of such inelasFigure 1 shows the functiofi2) at different values ot/ Eg.

tic processes M, is, however, much smaller than that of At U>Eg the functionF(e) describes inversion of popula-
elastic processegy),® while v, in its turn, is much smaller tion. This requires, however, rather strong microwave pow-
than the probability of electron-photon scatteriigUnder  ers, which was probably not realized in the discussed
the experimental conditiond > y> 7,%) inelastic processes experiment$3

U

(13

165311-2



MICROWAVE-INDUCED MAGNETOTRANSPORT..

1.0 v

[} . T T T T
o
P !‘\ T/E.—0.02 —— U/E=0.00
I E /E=00 ——— UJE,=0.02
1 ---- U/E=0.10
08|y = .
Vo \ ——- UE=050
O R —-— U/E=1.50
LIC- \ ‘\‘ i
Sosl \ M\ 1
Q \ !
= (R
2 \\ A
c NN
<] \
S 04 M 1
._g \Y
ﬁ ——— ‘\ N
pel '/ “.‘\‘\‘\é"{\-
02 H IR ST —— .
' i Y ~ D DY
| [ N TS
t i M \ S~
1 \ ~.
| L '; \ \\ = ~
0.0 ; | \ ‘\ 1 N L hY|
0.0 1.0 2.0 3.0 4.0 5.0
E/E,

FIG. 1. Electron distribution functioril2) at different micro-
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TABLE |. Comparison of the microwave frequendy w/2

and the plasma frequendy=wy/ 27 in several zero-resistance-state
experiments.

Ref. ng/ cm? size fo (GHz)  f (GH2)
3 3x 101 50—200um 64-128 27-115
4 3.5x 10! ~5 mm ~14 30-150
5 3x 101 200 um 64 10-170
14 2x 101 0.4—-5 mm 10-37 7-20

experimertt* made with a one-order-of-magnitude lower mo-
bility sample (u=10° cn?/V s) the magnetoplasmon reso-
nance at the frequenail4) was really observed. However,
the question, why the depolarization shift was seen in the
old, lower-mobility samples, but is not seen in the new, very-
high-mobility samples, or vice versa, why the new effect of
giant photoresistance oscillations was not seen in Ref. 44 has

wave power levels. The upper characteristic point on the energyot been answered yet.

axis(whereF approaches zey@orresponds tE:(\fE—F+ VU)2. The

lower point (where F approaches unity al <Eg and zero at

U>Eg) corresponds t&=(VE—\U)2.

Ill. PLASMA OSCILLATIONS AND FINITE-SIZE
EFFECTS

Physically, the depolarization shift arises due to the dif-
ference between the total self-consistent ac electric figld
really acting on the 2D electrons at the plarve0, and the
external field of the incident electromagnetic wakig As
was seen in the previous section, in an infinite sample this
difference leads to a substantial broadening of the cyclotron-

. . ) .resonance line. In a finite-size sample it is even more impor-
The second important effect which should be discussed i b P

connection with the experiments’ is plasma oscillations.

Passing electromagnetic radiation through iafinite 2D

electron gas, placed in a magnetic field, one would observ:

the cyclotron resonance at the frequeney w.. In a finite-

size2D sample with lateral dimensioh¥ the cyclotron reso-
nance is shifted to a higher frequency due to a depolarization
effect. The depolarization shift is always observed in far-

fant as it shifts the resonance frequency itself. For a 2D wire
of the width W in the x direction the relation between the
total and external ac electric fields has the foisee, e.g.,
Ref. 57

_E _ 0
E.= (@)’ where{(w) =1 el wg (16)

infrared absorption spectra of quantum-dot and quantum- i i ) ) )
wire systems, see, for instance, Refs. 54 and 55. In quantuffi & Screening functioawe have ignored the linewidth here
wires the resonance is seen at the bulk-magnetoplasmon fre- In so far published theoretical scenarios only infinite-size

quency

2

w\p = \/”wg + wg, (14)

where wy= wp(m/W) is estimated as the 2D plasmon fre-

quency

wp(Q) = V2mnefg/m*e (15)

with the wave vectog~ /W, and € is the dielectric con-

2D systems have been conside(@d— >, wy< w), and pho-
toresistance oscillations associated with the cyclotron fre-
quency and its harmonics have been obtained. If to assume
that the same models work in a real, finite-size sample, than
one should evidently expect, in view of E{.6), that these
oscillations are shifted to magnetoplasmon frequencies. As
seen from the above estimates and Table I, this depolariza-
tion shift is very far from being negligible, and hence a
proper explanation of the discussed phenomena is still ab-

stant of surrounding medium. The same result also followsent.

from the generalized Kohn theoreth.

Another (indirect) evidence of the importance of plasma

In macroscopic samples at microwave frequencies onescillations in microwave-induced magnetotransport phe-

should also expect the influence of depolarizatipfasma

nomena can be found in a recently published p&phr.this

effects. As seen from Eqgl4) and(15), the plasma shift can paper, another type of photoresistance oscillations has been
be neglected, if the sample size or the frequency are suffiebserved. Although these oscillations, contrary to Refs.

ciently large,w> w, or w®W> 27°n€?/m*e. Table | shows

1-17, are periodic if8 and have been found in the opposite

that this condition wasot satisfied in the discussed experi- magnetic-field regimev =< w., they are quite similar in ap-
ments: in almost all the cases the microwave frequency wagearance to the Brperiodic oscillations observed at

comparable with or smallgisometimes much smallethan

w=w, in Refs. 1-17: the photoresistance oscillate around

the plasma frequency < w,. The finite-size and plasma ef- the dark-resistance curves, and at sufficiently large micro-
fects should thus be included in the theory. It should be emwave powers approaches zero. Bwperiodic oscillation$?
phasized that, in the very similar microwave photoresistancbowever, were shown to be due to the excitation of plasma
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waves in the sampléhe edge magnetoplasmons, relevantin 25 - -

the regimew < w). Accordingly, it seems to be reasonable to A —
expect that the bulk magnetoplasmgtg) (or, maybe mag- i Yo=0.1 —_ g;g:;
netoplasmon polaritons, see the next segtiglay a part in 2r ———- =05 T
the phenomena observed in Refs. 1-17. - ——- =07
2 ' —-— 0=09
215 F i .
IV. RETARDATION EFFECTS £ :' 'f
The third electrodynamic effect important in the discussed 5 ' .
experiments is retardation. The retardation effects become’g ‘_ !
essential when the velocity of 2D plasmaid$) approaches 2 iy
the velocity of lightc/\'e. The relevant dimensionless param- \'
eter has the forf.6° \\

a=1/ Zfrje;w ~0.29/nd 10 cm2] x Wmm], (17)

where we have useq~ 7/W. In microscopic electron sys-
tems like quantum wires and dots, this parameter is small as ) o _
compared to unity, and the resonant response frequencies canF!C- 2. Absorption spectrum of a 2D wire with the widitt at

be calculated in the quasistatic approximation, using thélifferent values of the retardation parameder

Poisson equation. In macroscopic 2DES samples with lateral

dimensions of order of 1 mna,is comparable with or larger which leads to a many-peak dependence of the absorption
than unity, and retardation effects should be included in thepectra orB. Such behavior was observed in Refs. 59 and 60
theory (for instance,a~1.21 in Ref. 4. It was recently and was qualitatively described by Studeniléhal. at the
shown in Refs. 59 and 60, that retardation effects essentiallgnd of Sec. Il B in Ref. 17.

modify the absorption spectra of 2DEScat= 1, especially at As seen from Fig. 2, retardation effects uncover the higher
w= w,. To give an idea of how the retardation may influence2D plasmon harmonics hardly observable in the quasistatic
electromagnetic response of a finite-size 2D@S8| report  limit. We expect that they similarly influence the higher cy-
on this study will be published elsewhgreve show in Fig. 2  clotron resonance harmoniaghe Berstein modgsat

the absorption spectrum of a 2D wire with the widt{z =~ =mw., m=2,3...,which are usually weak in the quasistatic
=0,|x| <W/2), at different values of ther parameter. One regime. This may explain a weak dependence of microwave
sees that, at smalk (the quasistatic limjt the absorption induced photoresistance oscillations on the cyclotron-
spectrum is similar to that of quantum wires: a strong pealarmonics indexm.

corresponding to the fundamental 2D plasmon mode with

g~ /W is accompanied by a number of very weak higher- V. CONCLUSIONS

harmonics peaks, correspondingde- (2n+1)7/W with n
=1,2,...(the Kohn theorem is not applicable here as thee
confining potential is not purely parabolicincreasinga

We have argued that electrodynamic effects, not consid-
red in theoretical literature so far, may be crucial for under-
standing the physics of microwave induced magnetotransport

o n?)henomena recently observed in 2DES’s. Results of a more
The fundamental mode first increases, and then decreasesd@ta"ed study of these effects will be reported

amplitude, additionally experiencing a redshift. The ampli-
tude of this mode is maximum if the radiative losses are
equal to the dissipative ones. The behavior of higher modes
is different. Their frequency continuosly decreases and their | am grateful to Ramesh Mani, Sergey Dorozhkin, Igor
amplitude continuously increases with the growthaofAt Kukushkin, Jurgen Smet, and Klaus von Klitzing for numer-
a=1 the absorption spectrum exhibits many modes with alous discussions of experimental details and related physical
most equal amplitude, in contrast to the quasistatic limit. Inissues, as well as Hans-Erik Nilsson and Sverker Edvardsson
finite magnetic fields, all these modes increase in frequencyor interest in this work.
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