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Absolute negative conductivity in two-dimensional electron systems associated with acoustic
scattering stimulated by microwave radiation
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We discuss the feasibility of absolute negative conductitkiNC) in two-dimensional electron systems
(2DES’s stimulated by microwave radiation in a transverse magnetic field. The mechanism of ANC under
consideration is associated with electron scattering on acoustic phonons accompanied by absorption of micro-
wave photons. It is demonstrated that the dissipative components of the 2DES dc conductivity can be negative
(oxx=0y,<0) due to negative values of the dc photoconductivity caused by microwave radiation at certain
ratios of the microwave frequendy and the electron cyclotron frequenf),. . The phase of the oscillations
of the dissipative dc photoconductivity associated with photon-assisted electron scattering on acoustic phonons
is quite different from that in the case of the photon-assisted impurity scattering mechanism. The concept of
ANC associated with an interplay of the scattering mechanisms can be invoked to explain the nature of the
occurrence of zero-resistance “dissipationless” states observed in recent experiments.
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[. INTRODUCTION electron absorbs such a photon and transfers to a higher Lan-
dau level (LL), a portion of the absorbed energyA ().,
The effect of vanishing electrical resistance and transitionwhere{).=eH/mc is the electron cyclotron frequendy,is
to “dissipationless” states in a two-dimensional electron sys-the Planck constaniyis the electron effective masd,is the
tem (2DES subjected to a magnetic field and irradiated with Strength of the magnetic field, is the velocity of light, and
microwaves has recently been observed in the experimenf§=12,3 . .. is the LLindex, goes to an increase of the
by Mani etal,! Zudov et al,2 and Yanget al® The most electron kinetic energy, whereas the change in the electron

popular scenarfty® of the occurrence of this effect is based Potential energy ide=74(Q—Af€), whereA=N’—N. If
on the concept of absolute negative conductivANC) in (Q—=A%RQ)>0, the potential energy of electrons increases

2DES proposed more than three decades ago by Rg/zhiiWith each act of their scattering. Hence, the dissipation cur-

8 . : rent flows opposite to the electric field, resulting in negative
i_hater,h at dr?ta"eid ttf:jeti)r:]y o:itthe A':icriiﬁe\f\/talsr] dzg/ii) d;de t; e(_abSO|the, not differentialconductivity. A similar situation

€ photon-assiste purily scattering Ped. Reiises in multiple-quantum-well structures with sequential

cently, a version of the theory of this effect was presented b¥esonant tunneling in which ANC associated with photon-

9 g . .
Durstet al.” Some nonequilibrium processes in 2DES assoyqgisted transitions between the spatially separated states was

ciated with electron-phonon interactions were studied theogpgened experimental.

retically as welf.* Since the probability of scattering with spatial displace-
The feasibility of ANC in heterostructures with a 2DES in ments of the electron Larmor orbit centérexceeding the
a magnetic field under microwave irradiation is associateGuantum Larmor radius. = (ch/eH)Y2 is exponentially
with the following. The dissipative electron transport in the small, such scattering processes are effective, and the varia-
direction parallel to the electric field and perpendicular to thetion of the dissipative component of the current caused by
magnetic field is due to hops of the electron Larmor orbitmicrowave radiation(i.e., the photocurrehtis substantial
centers caused by scattering processes. These hops resultiorly in the immediate vicinities of the resonancéQ
change in the electron potential ener§y=eEdsé, wheree  —AQ |<=maxXeEU#, I'}, where ' characterizes the LL
=|e] is the electron charg€& = |E| is the modulus of the net broadening® One of the intriguing features of the observed
in-plane electric field, which includes both the applied andexperimental characteristics is a steep temperature depen-
Hall components, and¢ is the displacement of the electron dence of the maxima and minima of the 2DES resistance
Larmor orbit center. If the electron Larmor orbit center shiftswhich, perhaps, cannot be explained by invoking solely the
in the direction opposite to the electric field4<0), the photon-assisted impurity scattering mechanism. Therefore,
electron potential energy decreaség<0). In equilibrium, the contributions of other scattering mechanisms should be
electron Larmor orbit center hops in this direction dominateassessed. In this paper, we calculate the dc dissipative com-
so the dissipative electron current flows in the direction ofponents of the 2DES conductivitynobility) tensor, assum-
the electric field. However, in some cases, displacements afig that the main scattering mechanisms are electron scatter-
the electron Larmor orbit centers in the direction of the elecing and electron photon-assisted scattering on acoustic
tric field (with e>0) can prevail. Indeed, under sufficiently phonons. This assumption is supported by the high quality of
strong microwave irradiation the main contribution to thethe samplesiwith the electron mobilityu>10" cn?/V s)
electron scattering on impurities can be associated with praised in the experimertts® performed at low temperatures
cesses involving the absorption of microwave photons. If afT=1 K).
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Il. GENERAL FORMULAS As follows from Eg. (1), the density of the dissipative

The density of the in-plane dc current in a 2DES in acurrent— i.e., the curlrent p_arallel to the r_1et. eIeptric field
transverse magnetic field is given by the following equa-E_Cf”m be pre;ented %(E)_U(E.)E' The dissipative cur-
tions: rent is determined by the transitions of electrons between

their quantum states with a change in the coordinate of the
jx=0(E)Ext+onEy, jy=0(E)Ey—oqE,, (1)  electron Larmor orbit centef. The energies of the electron
states in a 2DES in crossed magnetic and electric figlds

where o(E) and oy are the in-plane dissipative and Ha”hglecting Zeeman splittingare given by

components of the dc conductivity tensor, respectively, wit

o(E)= o= o0y, and, considering the classical Hall effect,

oy=0y=—o0,=ecX/H. Here, X is the electron sheet

concentration, and the directiomsandy are in the 2DES

plane. Positive values @f(E) correspond to electron drift in

the direction opposite to the direction of the electric field,

i.e., to the usual conductivity, whereas the cag&)<O0 is

referred to as ANC. Adjusting the standard “orthodox” approattfor calcu-
We shall assume thdit(), #Q.>T, whereT is the tem- lation of the dissipative current in a 2DESee, for example,

perature in energy units. In this case, one can disregard theefs. 7,10,12,17, and 18j,(E) can be presented in the

processes accompanied by the emission of microwave phéerm

tons.

hQ . +eEE. )

N—I—l
2

EN,§:

. e
in(B)=7 X fN<1—fN,>J 6° 0yVel?|Qu (LAT /2| NGOl (N =N Qc + frog + €E L7y ]

N,N’
+(Ng+1) S (N=N)EQ—hog+eEL*q,]+1g(dy,dy) Ny AQ+(N=N")AQ+ o, +eELg,]
+1a(dy, ) (Ng+ 1) [ AQ+(N=N)EQ—fiw,+eELq,]}. (3)

Here,fy is the filling factor of theNth Landau level given by for simplicity we have neglected the effect of microwave
the Fermi distribution flirl1ct|on,q=(qx,qy,qz), 0q=S0,  radiation polarization The ratié,, /€, characterizes the ef-
and Ny=[ exp (iwg/T)—1]"" are the phonon wave Vector, fact of microwave field on the in-plane electron motion.
frequency, and distribution function, respectivedyis the  \hen this ratio is small, the Larmor orbit center oscillation
velocity of soundg= ya;+qy+0dz, 9, =Va,+0dy, d(w)is  amplitude in the microwave field is smaller thanand ra-

the LL form factor which at small definiteneds can be diative processes with the participation of more than one
assumed to be the Dirac delta functid¥,/°=w(q) exp  microwave photon are insignificant. In such a case,
(—I2q§/2) characterizes the interaction of electrons with|Q(qx,qy):jﬂLZqim_ The inclusion of polarization effects
acoustic phonons witlv(q)>q~* andw(q)=q for the pi- |eads to the appearance of some anisotropy of the dissipative
ezoelectric and deformation interactions, respectiVelyis  and Hall conductivities at frequencies far from the cyclotron
the width of the electron localization in thedirection per-  resonancél??

pendicular to the 2DES planel<€L), |Qu ' (L2q%/2)|? Deriving Eq. (3), we have taken into account that the
:|p“’*N(|_2qf/2)|2 exp[—L2q?/2] is the matrix element displacement of the electron Larmor orbit center 48
determined by the overlap of the electron wave functions= —L“dy. First two terms on the right-hand side of E§)
before and after the hop caused by the scattering, angPrrespond to the electron-phonon interactions whereas the
third and fourth terms are associated with such interactions

PN'~N(L242/2)|2 is proportional to a Laguerre polynomial. . . . .
l/vg shaEII aqsLsur)rLe inrihepfollowing that ti?e domliona}r/n mechagccompanled by the absorption of a photon. Itis worth point-

) ! o ing out that, as can be seen from E8), at the resonances
nism of the acoustic scattering in the temperature range uns~ ., L .
. SO . C . =(N"=N)Q., the contribution of the photon-assisted
der consideration is the piezoelectric interacticee Ref. T o
20) processes to the dissipative conductivity becomes g&re

For the processes with the absorption of a single real pho§§I§-27 and § The characteristic amplitude can be presented

ton in each act taken into account in E8), the quantity

10(ax.ay) =JI5(VTnla,), whereJy(t) is the Bessel func-

tion and Jo= (€ /€0)? is proportional to the incident mi- \/EmQ|QZ—QZ|L
crowave powerE, is the microwave electric field amplitude, o= c
and&,, is some characteristic microwave fiefg.?*?> Here eJQi+0?

4
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At the cyclotron resonanc@ =, the quantity, tends to  Ed. (3)in powers of @EL?/%s) and present the dissipative dc
zero. However, the quantity,(q,,q,) in the immediate vi- ~conductivity in the following form:
cinity of the cyclotron resonance is limited either due to a
specific behavior of the Bessel function or by the LL broad- 0(E)=0garkt opn, (5)
ening.

Assuming thateE|¢|<#|Q—AQ | <2Q,7Q., one can in which terms of the order ofgEL%/#s)® and higher have
expand the expression for the dissipating current given bypeen neglected. As a result, from Eg), we obtain

e?L?

R 2) Z f d%q qyVgl?lQun+ 4 (L?0%/2)[26" (9= g™ [ Fn(1—Frs )Ng— P a (1= F)(Ng+ D), ()

Odark™ (

2L4

ﬁ332>NA>O f d°q aga? |Vl 2| Quaa(L2aE 2N 8 (a+Gg) (Nt 1) 8 (a =) (21— n)s (D)

Oph= «79(

where 8’ (q)=ds&(qg)/dg, qV=AQ./s, gi=(Q—AQ.)/s, andA>0. Substituting the integration oveFq for the inte-
gration overdqdq, dé, where sid=q,/q, , Egs.(6)and(7) can be rewritten as

=dqdq, g} 12(4>~q%)
Odancs 2 7 exp| — ——5——||Qun+ (L7025 (g —a™)
0 \Vg?—q?
XN = e DN Fuea(I= T (Vg + D], (8)
=dgdq. a3 12(g?—q?)
opn*Jal 0 \/qz_q; X {_ 2 —||Qun+a(L2g $12)1PIN 8 (a+agY)
1
—(Ng+ 1) 8 (=g (1= fyaa) 9

and reduced to

. |2 2
Taan 2 Fu(1=fria) fo dqexp(—Tq)qu)[Nq— exp(— ALQ/T)(Ng+1)]6" (a—a™), (10
oo Ja & (1= fN+A>f dqexp(—Tq HR(@)[Vg0" (a+a6”) = (V1) 6" (a—ab))], (11

where

(12=L?)
ex t?
p{ 212

Lqg
aiva= [ e Pl 12
|2_L2
exp ( )tz
() 4 s 2L2 Af12/0 |2
|_|N (q): 0 dtt m |PN(t /2)| (13)

At N>1, using the asymptotic expressions for the Laguerre polynofiialse can obtaimP&A)(t2/2)|2:J§(\/2Nmt), where
Ja(t) is the Ath Bessel function, so thdP{M(t%/2)|?= coS[2Nt—(2A +1)7/4]/wNt if t=1/y2N and |P{"(t%/2)|?
=t?" whent<1/\2N<1. ThereforeG{*(q) andH{»(q) become

1 (1°—L?) (2A+1)m
M (q)m —— 2 2 _earam
G\M(q)= NLa Jo " dtt exp L2 t?| cog| V2Nt 7 ,
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|2—L2 2A+1
HM(q) = ——— J dtt4exp( )2 lc g2 t—( )W},
NLq
atLg>1, and
1 S 2A+1)7T
G(NA)(Q)ZWL —qu =0 | V2Nt- }
1 [La 2A+1)7T
H(NA)(Q):WL o|t\/_zaz__zcos2 V2Nt— }

at 1A2N<Lqg<1. After integration involving averaging
over fast oscillations, one can obta®{"(q)=[2\27(1
—1?/L?)%NLg] *=(2y27NLg)"* at Lg>1 and
G{M(q)=(Lg)%8N in the range 1y2N<Lg<1. Analo-

Neglecting terms containing higher powers of exp
(—%Q./ksT) and denoting

G(a) ="y (1~ fn, +1)G(Q)

gously, forH{(q) in these ranges one obtains, respectively,and

H{M(q)=3[2V27(1-1%/L?)%NLq] *=3(2\27NLqg) *
and H(NA)(q)zS(Lq)4/32N. Derivative of the function

Hf\,A)(q) is proportional to the average displacement of the
electron Larmor orbit center in the direction of the electric

field associated with the electron transition betweenNtte
and (N+1)th LLs involving a microwave photon and an
acoustic phonon with energié<€) and#zsq, respectively. As
an example, the function{})(q) calculated using Eq(13),

in which the asymptotic|P{"(t%/2)|?=J3 (2N t) was
used, is shown in Fig. 1.

Ill. DARK CONDUCTIVITY

Considering the explicit formula for the phonon distribu-

tion (Planck’s function, Eq.(10) can be presented in the
following form:

. |2q2
Tdark® > fN(l_fNJrA)f dqexp(——)G (q)
NAZ0 0
AQ,
8\ q— s | (14

1.5 : , : ; , : ,

1— exp[h(sq—AQ)/T]
exp(hsg/T)—1

Hy, "(a)

il | , | , | .
% 2 ) 6 8

Lq

10

FIG. 1. FunctionH{)(q) given by Eq.(13). The dashed line
corresponds to averaging over fast oscillations.

h(AQ.—sQ)
—

where N,,, is the index of the LL immediately below the
Fermi level, we present Eq14) in the following form:

F(gQ)=1—exp

Q) d 2g2
Odark™ €XP| — —— Ldq exp| — ——|G(a)F(q) lg=q®
& hs) s 7O, 1202 15
= ﬁ L_(lc exp —? exp| — g2 . (15

We have taken into account thiag")=LQ./s>1. For ex-
ample, if H=2 kG, one obtaind.q")=10. Hence, forq
~q™ one can seG(q)=G/Lq, whereG=1/2\27N. A
similar formula foro g4, can be derived also for the defor-
mation mechanism of the electron-phonon interaction. One
can see from Eq(15) that the expression fary,, contains

a small exponential factor exp-(i()./T). This factor arises
because the dark conductivity is associated with the absorp-
tion of acoustic phonons with the enerfjgq close to the LL
spacing by electrons transferring from almost a fully filled
LL (just below the Fermi leveIN=N,) to the next one
which is nearly empty. However, the number of such photons
at T<A. is small. The rate of processes with emission of
acoustic phonons accompanying electron transitions from an
upper LL is also exponentially small due to a low occupancy
of this level and the Pauli exclusion principle.

Equation(15) differs from that calculated previously by
Erukhimov® for the dark conductivity associated with
acoustic phonon scattering by the last exponential factor
which, according to Eq(15), depends on the width of the
electron localizationl. This dependence is attributed to a
significant contribution of the electron scattering processes
with g,# 0 which were neglected in Ref. 18. As can be seen
from a comparison of Eq.15) and that obtained in Ref. 18,
the inclusion of such scattering processes results in the re-
placement of factor exp{L2Q%72s%) = exp (—#0Z/2ms)
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(as in Ref. 18 by a much larger factor exp(20%2s?) [as WhenQ—AQ>0.
in Eq. (15)]. This yields a substantially highgexponen- Outside the resonances, i.e., in the rangg#s ), (T/#)
tially) value of oy, than if the transitions witly,#0 were ~ <|Q—AQ[<Q, Egs.(18) and(19) lead to

neglected. However, the temperature dependences of the

2 2
dark conductivity obtained in Ref. 18 and in the present pa- _(a) A(Q—AQc) _ 1(Q-AQ.)
per coincide(compare also with Ref. 24 Tph * Jo €XP T ex 252 =0
(22)
IV. PHOTOCONDUCTIVITY atO—AQ. <0 and
Cc
Using Eq.(9), we arrive at the following formula for the 20— AQL)2
dissipative dc photoconductivity: (Mo — exp| — ( - | -o 23)
2s
_ A
Oph™ ; ‘Téh)' (16) at 0 —AQ:>0. In this frequency range, the photoconduc-
. . tivity is determlned by two componentst ) (which is
where, at relatively low microwave powerg/g<1), negative and oy ") (whose contribution is posm\)eAs a
122 result, whenA Q. <Q<(A+1)Q., we obtain
Joc fu(1—f f dgex ) ™
R Jo 2 fu(1=fuia) | daexp| - (@) o=+ o (24)
X[N 8" (a+d5)) = (Ng+ 1) (a—ai)] so that
12q2 12(Q—AQ)?
~Jgf dgexp ——)H(A)(q) opnJa| T &P T T
XN (a+af) ~ (N + )8 (=g )] (17 + oxp MO AL
T
Integrating on the right-hand side of E@.7), we obtain
12(Q—-AQ.— Q)2
P N —EH(A) A X exp| — ( 2c C)H
Q qu Xp 2 (q q W 2s
q= qQ
(19 _ O—-AQ. T) 25
atQ—AQ.<0 and o Q. )
|2q2
a=qf;" The negativity of o, associated with photon-assisted
(19 acoustic scattering near the resonance§ &A Q. and in
atQ—AQ_>0. Here, the ranges\ Q. <Q(A+1)Q.is attr_iputed to the following.
WhenQ <A, the electron transitions between LL's con-
N tributing to o) are accompanied by the absorption of
(A) (A) . ph i s X
HV(q)= N—N2A+1 fn(1—fne ) HY (). acoustic phonons with energidso,~AQ.—Q which are

rather small. In this situation, the probability of the photon-

The photoconductivity given by EqL6)—(19) as a func- assisted phonon absorption decreases Wif[h decreas?ng pho-
tion of microwave frequency exhibits pronounced oscilla-"°" ene]rcgyr?wqocq bepau;e of a Qecree_lsheén the matrix ele-
tions in which the photoconductivity sign alternates. At theMents of the scattering In question wit ecreasingsee
resonance€)=AQ,, the photoconductivityr,,=0. Near Fig. 1. Since the energies of phonons absorbed near the
the resonancesc’s(\/WL) (T/W)<ﬁ|9 AQ resonances are small, the distinction betwagnwith suffi-

C

ciently small and very close values @fis insignificant. Due
<(s/L), (1/7), the vglue of the photoconductivity varies as to this, the rate of the absorption of acoustic phonons with
a power of L—AQ,):

fiwg slightly higher thari (A Q. — () exceeds that of acous-
L2(0—AQ,)>2 tic phonons wnhﬁquﬁ(AQC—.Q). In the first case, the
o<—jﬂ< )—<o (20)  electron Larmor orbit center displacemefg=17(— A€
S + wy)/eE>0 and therefore the change in the electron poten-
tial energyse>0, so that such an act of the electron scatter-
atQ=A0<0 and ing provides a negative contribution to the dissipative cur-
rent, i.e., to ANC. In contrast, near the resonances bl at
>0 (21) slightly larger thanA ()., the scattering acts witld¢<0
dominate.

2

2 2
(Q-AQ)
)OCJQ( ) s? :
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Sufficiently far from the resonances the energies of the
emitted (absorbedl phonons are relatively large. The matrix
elements of the scattering involving such phonons and the
phonon number steeply decrease with increasing phonon en- 10
ergy (momentum as shown in Fig. 1. In this situation, the
electron Larmor orbit center displacemen&=7()
—AQ.—wq)/eE>0 corresponding to the emission of less
energetic phonons prevail, which results an,<0 if Q
>AQ, but Q is still not too close to A +1)Q.. When(} -10
increases approaching to and passing the next resonance, the
situation repeats, leading to an oscillating dependenes, pf
on Q if Q. is kept constant or of)., at fixed Q). W6z 05 o’ 1

20 : . : : : : . (a)

Wi, T)

According to the formulas obtained above, @ b
4 F20 I (b)

— h Q) g

Odark™ 0 EXP| — , (26) :

T £

Q-AQ .

_ — \
o~ oo 2 Wl —q—T). 27) R
A c -

whereo is the characteristic value of the conductance due to
the acoustic scattering and the functit\{w,T) is deter-
mined by Eq.(25). The net dissipative conductivity and its
sign are determined by bot#g,. and op,,. As seen from
Egs. (15 and (26), the expression fobry,, comprises an
exponential factor exp{hQ./T) which is small atT FIG. 2. Frequency dependenceWfw,T) at different tempera-
<hQ.. Due to this factor, the photoconductivity associatedtures for range¢a) T>7is/L and(b) T<#s/L. The inset shows the
with the electron-phonon scattering accompanied by the atdemperature dependence of the near-resonance maxitsatid
sorption of microwave photons can dominate at rather smaline) and minimum(dashed ling magnitudes.

values of 7, . TheW versusw dependences at different tem- o ) ) )
peratures fot Q¢/s=10,1/L=0.1 are shown in Fig. 2. One shown in Fig. 3. Here the microwave power is normalized by
can see that the amplitude of the oscillations increases witR = (mQ*2m)(%c/e?). Figure 3b) exhibits a relatively
increasing temperature. At sufficiently high temperatufes ( Slow increase(logarithmic like in the magnitudes of the
>#s/L=0.4 K), the amplitude of the oscillations is nearly a maximum and minimum near the cyclotron resonance at
linear function of the temperature. This is due to an almoshigh powers.

linear increase in the number of acoustic phonons wjith ~ As can be drawn from the above formulas at low tempera-
~L L. However, wherT becomes comparable with(),,  tures (T=#s/L), when() increases in the rang&(.<Q

the rising temperature dependenceogf is affected by the <A, opn sequentially tums to zero a@k=Af., Q
processes of the emission of microwave radiation with the= AQ¢+ d, andQ=AQ.+A,. The photoconductivity be-
electron transitions to lower LL'&¢hese processes which be- comes rather small in the rangdQ.+A,<Q<(A
come essential a&t=7% were not taken into account in our +1){¢. The quantitys, can be estimated as

mode).

Due to a significant decrease &, in the range of micro- o= E (28)
wave frequencies off the cyclotron resonance, at relatively L
low microwave power the maxima and minima correspond-AS follows from Eq.(25)
ing to higher resonances are very weak. Indeed, comparing T
Jo at Q/1Q.=2.25 and at)/Q.=1.25, for the ratio of the 1
maxima forA =2 andA =1 we obtain a value of about 0.1. AO=Q,{1— 2015 )| (29

At elevated microwave powers, the magnitudes of the maxi-
mum and minimum near the cyclotron resonance as funowhere y=(%s/Tl)(s/l{.). One can see from Eq29) that
tions of the power tend to saturation. In this case, for a roughA,/Q.>1/2. The valued, increases with decreasing tem-
estimate J,/4 in Egs. (25 and (27) can be replaced by perature. At sufficiently low temperatur&@{#s/L), one ob-
J2(\Jq). Due to this, at high microwave powers, the ratiotains Ay/Q.<1. For s=3x10° cm/s,|=(5-10)
of the magnitudes of the maxima and minima corresponding< 10~ ' cm, H=2 kG, andT=1 K, Egs.(28) and(29) yield

to higher resonances\¢>1) and those corresponding to the 8,/Q.=1/5 andAy/Q.=3/5—3/4.

cyclotron resonanceA(=1) can be markedly larger. The de-  Both the dark conductivity and photoconductivity
pendence of the photoconductivity (). calculated for depend to some extent dh/qlz. In our calculation we as-
different temperatures and normalized microwave powers areumed that for the piezoelectric acoustic scattednvrgl2
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, , : : (a) served experimentally Moreover, the maximdéminima) of
o,n determined by the photoassisted acoustic scattering at
Q/Q. close to the resonances approximately corresponds the
minima(maxima of o, associated with the photon-assisted
impurity scattering. Hence, one can assume that at low tem-
peratures T<#s/L) the dissipative dc photoconductivity is
determined primarily by the photon-assisted impurity scatter-
ing mechanism, so that maxima & — A, somewhat
smaller than() . and minima(with ANC) at ) — A (), some-
what larger thar{), occur. However, the contribution of the
photon-assisted acoustic scatteringrtg, becomes essential
when the temperature increases framAs/L to T>#%s/L,
3 . . . . ‘ . . (b) suppressing the maxima and minima caused by the photon-
ol assisted impurity scattering. Thus, the combined contribution
— P=10x0n of the photon-assisted impurity and acoustic phonon scatter-
_. 32:2.2 1 ing mechanisms complicated by sensitivity of the domains
structures formed due to ANC to the characteristics of the
dissipative dc photoconductivitycan responsible for the
rather nontrivial pattern of the observed effect.

Cpn (arb. units)

Spn (arb. units)

VI. CONCLUSION

] We have calculated the dissipative component of the dc
I L e conductivity tensor of a 2DES in a transverse magnetic field
Q. and irradiated with microwaves. We have demonstrated that
the electron transitions between the Landau levels stimulated
by the absorption of microwave photons accompanied by the
emission of acoustic phonons can result in absolute negative
conductivity in rather wide ranges of the resonance detuning
«q~Lexp (—I2q§/2). One can also use another approxima—Q_A_Qc- Thus, thg “acoustic” m_echanism of the ab§olute
tion |Vq|zocq*1(1+I2q§)*2 which corresponds to the wave negatlve. conductivity can contribute to the formation of
functions of 2D electrons proportional to exp|@/!). How- zero-resistance states.
ever, such a change |V,|? does not significantly affect the
obtained results.

An important feature of the obtained oscillating, ver- One of the authordV.R.) is grateful to V. Volkov for
sus Q/Q. dependence is that these oscillations have théringing Refs. 1 and 2 to his attention and valuable discus-
phase significantly shifted compared to that in the case of theions and R. Suris and I. Aleiner for stimulating comments.
photon-assisted impurity scattering mechanisand ob- The authors thank A. Satou for numerical calculations.

FIG. 3. Photoconductivity as a function &f/ Q). at (a) different
temperatures antb) different microwave powers.

ACKNOWLEDGMENTS

*Electronic address: v-ryzhii@u-aizu.ac.jp Lett. 91, 086803(2003.
IR. G. Mani, J. H. Smet, K. von Klitzing, V. Narayanamurti, W. B. 10y, Ryzhii, JETP Lett.7, 28 (1968.
Johnson, and V. Umansky, Natufleondon 420, 646 (2002. 1LV, 1. Ryzhii, Fiz. Terd. Tele9 2886 (1968 [Sov. Phys. Solid State
2M. A. Zudov, R. R. Du, L. N. Pfeifer, and K. W. West, Phys. Rev. 9, 2286(1969]. ]
Lett. 90, 046807(2003. 2A. D. Gladun and V. I. Ryzhii, Zh. Esp. Teor. Fi30, 978(1969
3C. L. Yang, M. A. Zudov, T. A. Knuuttila, R. R. Du, L. N. Pfeifer, [Sov. Phys. JETRO, 534 (1970].
and K. W. West, Phys. Rev. Le®®1, 096803(2003. 13y shikin, JETP Lett.77, 236 (2003.
4P. W. Anderson and W. F. Brinkman, cond-mat/03021@8pub-  *B. J. Keay, S. Zeuner, S. J. Allen, Jr., K. D. Maranowski, A. C.
lished. Gossard, U. Bhattacharya, and M. J. W. Rodwell, Phys. Rev.
SA. V. Andreeyv, I. L. Aleiner, and A. J. Millis, Phys. Rev. Lefl1, Lett. 75, 4102(1995.
056803(2003. 15V, 1. Ryzhii, R. A. Suris, and B. S. Shchamkhalova, Fiz. Tekh.
5F. s. Bergeret, B. Huckestein, and A. F. Volkov, Phys. Re67B Poluprovodn.20, 1404 (1986 [Sov. Phys. Semicond0, 883
241303(2003. (1986)].
V. 1. Ryzhii, Fiz. Terd. Telall 2577 (1969 [Sov. Phys. Solid '®B. M. Askerov, Electron Transport Phenomena in Semiconduc-
Statell, 2078(1970]. tors (World Scientific, Singapore, 1994
8V. I. Ryzhii, R. A. Suris, and B. S. Shchamkhalova, Fiz. Tekh.1’B. A. Tavger and M. Sh. Erukhimov, Sov. Phys. JEZ® 354
Poluprovodn.20, 2078(1986 [Sov. Phys. Semicon@0, 1299 (1967.
(1986)]. 18M. Sh. Erukhimov, Fiz. Tekh. PoluprovodB, 194 (1969 [Sov.

9A. C. Durst, S. Sachdev, N. Read, and S. M. Girvin, Phys. Rev. Phys. Semicond3, 162 (1969].

165406-7



V. RYZHII AND V. VYURKOV PHYSICAL REVIEW B 68, 165406 (2003

By, F. Gantmacher and Y. B. LevinsoBarrier Scattering in Met- Tverd. Telal9, 3618 (1977 [Sov. Phys. Solid Stat&9, 2113
als and Semiconductof®North-Holland, Amsterdam, 1987 (1977].
20T, J. Drammond, W. Kopp, H. Morkoc, and M. Keever, Appl. 23|, S. Gradsteyn and I. M. RyzhiRable of Integrals, Series, and
" Phys. Lett.41, 277(1982. o Products(Academic Press, London, 1994
A. D. Malov and V. I. Ryzhii, Fiz. Tverd. Teld4, 2048(1972 240 G. Balev, Fiz. Tverd. Tel82, 871 (1990 [Sov. Phys. Solid
[Sov. Phys. Solid Stat&4, 1766(1973)]. State32, 514 (1990].

22\, V. V'yurkov, A. D. Gladun, A. D. Malov, and V. I. Ryzhii, Fiz.

165406-8



