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Absolute negative conductivity in two-dimensional electron systems associated with acoustic
scattering stimulated by microwave radiation

V. Ryzhii* and V. Vyurkov
Computer Solid State Physics Laboratory, University of Aizu, Aizu-Wakamatsu 965-8580, Japan
~Received 8 May 2003; revised manuscript received 5 August 2003; published 16 October 2003!

We discuss the feasibility of absolute negative conductivity~ANC! 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
(sxx5syy,0) due to negative values of the dc photoconductivity caused by microwave radiation at certain
ratios of the microwave frequencyV and the electron cyclotron frequencyVc . 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.

DOI: 10.1103/PhysRevB.68.165406 PACS number~s!: 73.40.2c, 78.67.2n, 73.43.2f
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I. INTRODUCTION

The effect of vanishing electrical resistance and transit
to ‘‘dissipationless’’ states in a two-dimensional electron s
tem ~2DES! subjected to a magnetic field and irradiated w
microwaves has recently been observed in the experim
by Mani et al.,1 Zudov et al.,2 and Yanget al.3 The most
popular scenario4–6 of the occurrence of this effect is base
on the concept of absolute negative conductivity~ANC! in
2DES proposed more than three decades ago by Ryz7

Later,8 a detailed theory of the ANC effect in 2DES due
the photon-assisted impurity scattering was developed.
cently, a version of the theory of this effect was presented
Durst et al.9 Some nonequilibrium processes in 2DES as
ciated with electron-phonon interactions were studied th
retically as well.10–13

The feasibility of ANC in heterostructures with a 2DES
a magnetic field under microwave irradiation is associa
with the following. The dissipative electron transport in t
direction parallel to the electric field and perpendicular to
magnetic field is due to hops of the electron Larmor or
centers caused by scattering processes. These hops resu
change in the electron potential energyde5eEdj, wheree
5ueu is the electron charge,E5uEu is the modulus of the ne
in-plane electric field, which includes both the applied a
Hall components, anddj is the displacement of the electro
Larmor orbit center. If the electron Larmor orbit center shi
in the direction opposite to the electric field (dj,0), the
electron potential energy decreases (de,0). In equilibrium,
electron Larmor orbit center hops in this direction domina
so the dissipative electron current flows in the direction
the electric field. However, in some cases, displacement
the electron Larmor orbit centers in the direction of the el
tric field ~with de.0) can prevail. Indeed, under sufficient
strong microwave irradiation the main contribution to t
electron scattering on impurities can be associated with
cesses involving the absorption of microwave photons. If
0163-1829/2003/68~16!/165406~8!/$20.00 68 1654
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electron absorbs such a photon and transfers to a higher
dau level ~LL !, a portion of the absorbed energyN\Vc ,
whereVc5eH/mc is the electron cyclotron frequency,\ is
the Planck constant,m is the electron effective mass,H is the
strength of the magnetic field,c is the velocity of light, and
N51,2,3, . . . is the LL index, goes to an increase of th
electron kinetic energy, whereas the change in the elec
potential energy isde5\(V2LVc), whereL5N82N. If
(V2L\Vc).0, the potential energy of electrons increas
with each act of their scattering. Hence, the dissipation c
rent flows opposite to the electric field, resulting in negat
~absolute, not differential! conductivity. A similar situation
arises in multiple-quantum-well structures with sequen
resonant tunneling in which ANC associated with photo
assisted transitions between the spatially separated state
observed experimentally.14

Since the probability of scattering with spatial displac
ments of the electron Larmor orbit centerj exceeding the
quantum Larmor radiusL5(c\/eH)1/2 is exponentially
small, such scattering processes are effective, and the v
tion of the dissipative component of the current caused
microwave radiation~i.e., the photocurrent! is substantial
only in the immediate vicinities of the resonancesuV
2LVcu&max$eEL/\, G%, where G characterizes the LL
broadening.15 One of the intriguing features of the observe
experimental characteristics1–3 is a steep temperature depe
dence of the maxima and minima of the 2DES resista
which, perhaps, cannot be explained by invoking solely
photon-assisted impurity scattering mechanism. Theref
the contributions of other scattering mechanisms should
assessed. In this paper, we calculate the dc dissipative c
ponents of the 2DES conductivity~mobility! tensor, assum-
ing that the main scattering mechanisms are electron sca
ing and electron photon-assisted scattering on acou
phonons. This assumption is supported by the high quality
the samples~with the electron mobilitym.107 cm2/V s)
used in the experiments1–3 performed at low temperature
(T.1 K!.
©2003 The American Physical Society06-1
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II. GENERAL FORMULAS

The density of the in-plane dc current in a 2DES in
transverse magnetic field is given by the following equ
tions:

j x5s~E!Ex1sHEy , j y5s~E!Ey2sHEx , ~1!

where s(E) and sH are the in-plane dissipative and Ha
components of the dc conductivity tensor, respectively, w
s(E)5sxx5syy and, considering the classical Hall effec
sH5sxy52syx5ecS/H. Here, S is the electron shee
concentration, and the directionsx and y are in the 2DES
plane. Positive values ofs(E) correspond to electron drift in
the direction opposite to the direction of the electric fie
i.e., to the usual conductivity, whereas the cases(E),0 is
referred to as ANC.

We shall assume that\V, \Vc.T, whereT is the tem-
perature in energy units. In this case, one can disregard
processes accompanied by the emission of microwave
tons.
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As follows from Eq. ~1!, the density of the dissipative
current— i.e., the current parallel to the net electric fie
E—can be presented asj D(E)5s(E)E. The dissipative cur-
rent is determined by the transitions of electrons betw
their quantum states with a change in the coordinate of
electron Larmor orbit centerj. The energies of the electro
states in a 2DES in crossed magnetic and electric fields~ne-
glecting Zeeman splitting! are given by

eN,j5S N1
1

2D\Vc1eEj. ~2!

Adjusting the standard ‘‘orthodox’’ approach16 for calcu-
lation of the dissipative current in a 2DES~see, for example,
Refs. 7,10,12,17, and 18!, j D(E) can be presented in th
form
j D~E!5
e

\ (
N,N8

f N~12 f N8! E d3q qyuVqu2uQN,N8~L2q'
2 /2!u2$Nqd@~N2N8!\Vc1\vq1eEL2qy#

1~Nq11!d@~N2N8!\Vc2\vq1eEL2qy#1I V~qx ,qy!Nqd@\V1~N2N8!\Vc1\vq1eEL2qy#

1I V~qx ,qy!~Nq11!d@\V1~N2N8!\Vc2\vq1eEL2qy#%. ~3!
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Here,f N is the filling factor of theNth Landau level given by
the Fermi distribution function,q5(qx ,qy ,qz), vq5sq,
and Nq5@ exp (\vq /T)21#21 are the phonon wave vecto
frequency, and distribution function, respectively,s is the
velocity of sound,q5Aqx

21qy
21qz

2, q'5Aqx
21qy

2, d(v) is
the LL form factor which at small definitenessG can be
assumed to be the Dirac delta function,uVqu25w(q) exp
(2l2qz

2/2) characterizes the interaction of electrons w
acoustic phonons withw(q)}q21 and w(q)}q for the pi-
ezoelectric and deformation interactions, respectively,19 l is
the width of the electron localization in thez direction per-
pendicular to the 2DES plane (l !L), uQN,N8(L

2q'
2 /2)u2

5uPN
N82N(L2q'

2 /2)u2 exp@2L2q'
2/2# is the matrix element

determined by the overlap of the electron wave functio
before and after the hop caused by the scattering,

uPN
N82N(L2q'

2 /2)u2 is proportional to a Laguerre polynomia
We shall assume in the following that the dominant mec
nism of the acoustic scattering in the temperature range
der consideration is the piezoelectric interaction~see Ref.
20!.

For the processes with the absorption of a single real p
ton in each act taken into account in Eq.~3!, the quantity
I V(qx ,qy)5J1

2(AJVLq'), whereJ1(t) is the Bessel func-

tion andJV5(EV / ẼV)2 is proportional to the incident mi
crowave power,EV is the microwave electric field amplitude
and ẼV is some characteristic microwave fieldẼV.21,22 Here
s
nd

-
n-

o-

for simplicity we have neglected the effect of microwa

radiation polarization The ratioEV / ẼV characterizes the ef
fect of microwave field on the in-plane electron motio
When this ratio is small, the Larmor orbit center oscillatio
amplitude in the microwave field is smaller thanL, and ra-
diative processes with the participation of more than o
microwave photon are insignificant. In such a ca
I V(qx ,qy).J VL2q'

2 /4. The inclusion of polarization effect
leads to the appearance of some anisotropy of the dissipa
and Hall conductivities at frequencies far from the cyclotr
resonance.21,22

Deriving Eq. ~3!, we have taken into account that th
displacement of the electron Larmor orbit center isdj
52L2qy . First two terms on the right-hand side of Eq.~3!
correspond to the electron-phonon interactions whereas
third and fourth terms are associated with such interacti
accompanied by the absorption of a photon. It is worth po
ing out that, as can be seen from Eq.~3!, at the resonance
V5(N82N)Vc , the contribution of the photon-assiste
processes to the dissipative conductivity becomes zero~see
Refs. 7 and 8!. The characteristic amplitude can be presen
as21,22

ẼV5
A2mVuVc

22V2uL

eAVc
21V2

. ~4!
6-2
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At the cyclotron resonanceV5Vc , the quantityẼV tends to
zero. However, the quantityI V(qx ,qy) in the immediate vi-
cinity of the cyclotron resonance is limited either due to
specific behavior of the Bessel function or by the LL broa
ening.

Assuming thateEuju!\uV2LVcu,\V,\Vc , one can
expand the expression for the dissipating current given
16540
-

y

Eq. ~3!in powers of (eEL2/\s) and present the dissipative d
conductivity in the following form:

s~E!.sdark1sph , ~5!

in which terms of the order of (eEL2/\s)3 and higher have
been neglected. As a result, from Eq.~3!, we obtain
sdark5S e2L2

\3s2D (
N,L

E d3q qy
2uVqu2uQN,N1L~L2q'

2 /2!u2d8~q2qL!@ f N~12 f N1L!Nq2 f N1L~12 f N!~Nq11!#, ~6!

sph5JVS e2L4

\3s2D (
N,L.0

E d3q qy
2q'

2 uVqu2uQN,N1L~L2q'
2 /2!u2@N qd8~q1qV

L !2~Nq11!d8~q2qV
L !# f N~12 f N1L!, ~7!

whered8(q)5dd(q)/dq, q(L)5LVc /s, qV
(L)5(V2LVc)/s, andL.0. Substituting the integration overd3q for the inte-

gration overdqdq'du, where sinu5qy /q' , Eqs.~6!and ~7! can be rewritten as

sdark} (
NL

E
0

` dqdq'q'
3

Aq22q'
2

expF2
l 2~q22q'

2 !

2 G uQN,N1L~L2q'
2 /2!u2d8~q2q(L)!

3@ f N~12 f N1L!Nq2 f N1L~12 f N!~Nq11!#, ~8!

sph}J VL2 (
N,L

E
0

` dqdq'q'
5

Aq22q'
2

expF2
l 2~q22q'

2 !

2 G uQN,N1L~L2q'
2 /2!u2@N qd8~q1qV

(L)!

2~Nq11!d8~q2qV
(L)!# f N~12 f N1L! ~9!

and reduced to

sdark} (
N,L

f N~12 f N1L! E
0

`

dq expS 2
l 2q2

2 DGN
L~q!@Nq2 exp~2L\Vc /T!~Nq11!#d8~q2q(L)!, ~10!

sph}JV (
N,L

f N~12 f N1L! E
0

`

dq expS 2
l 2q2

2 DHN
(L)~q!@N qd8~q1qV

(L)!2~Nq11!d8~q2qV
(L)!#, ~11!

where

GN
(L)~q!5 E

0

Lq

dtt3
expF ~ l 22L2!

2L2
t2G

AL2q22t2
uPN

L~ t2/2!u2, ~12!

HN
(L)~q!5 E

0

Lq

dtt5
expF ~ l 22L2!

2L2
t2G

AL2q22t2
uPN

L~ t2/2!u2. ~13!

At N@1, using the asymptotic expressions for the Laguerre polynomials,23 one can obtainuPN
(L)(t2/2)u2.JL

2 (A2Nmt), where
JL(t) is the Lth Bessel function, so thatuPN

(L)(t2/2)u2. cos2 @A2Nt2(2L11)p/4#/pNt if t@1/A2N and uPN
(L)(t2/2)u2

.t2L when t,1/A2N!1. Therefore,GN
(L)(q) andHN

(L)(q) become

GN
(L)~q!.

1

pNLq E0

`

dtt2 expF ~ l 22L2!

2L2
t2G cos2 FA2Nt2

~2L11!p

4 G ,

6-3
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HN
(L)~q!.

1

pNLq E0

`

dtt4 expF ~ l 22L2!

2L2
t2G cos2 FA2Nt2

~2L11!p

4 G ,
at Lq@1, and

GN
(L)~q!.

1

pN E
0

Lq

dt
t2

AL2q22t2
cos2 FA2Nt2

~2L11!p

4 G ,
HN

(L)~q!.
1

pN E
0

Lq

dt
t4

AL2q22t2
cos2 FA2Nt2

~2L11!p
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at 1/A2N,Lq,1. After integration involving averaging
over fast oscillations, one can obtainGN

(L)(q).@2A2p(1
2 l 2/L2)3/2NLq#21.(2A2pNLq)21 at Lq @ 1 and
GN

(L)(q).(Lq)2/8N in the range 1/A2N,Lq,1. Analo-
gously, forHN

(L)(q) in these ranges one obtains, respective
HN

(L)(q).3@2A2p(12 l 2/L2)5/2NLq#21.3(2A2pNLq)21

and HN
(L)(q).3(Lq)4/32N. Derivative of the function

HN
(L)(q) is proportional to the average displacement of

electron Larmor orbit center in the direction of the elect
field associated with the electron transition between theNth
and (N11)th LL’s involving a microwave photon and a
acoustic phonon with energies\V and\sq, respectively. As
an example, the functionH50

(1)(q) calculated using Eq.~13!,
in which the asymptoticuPN

(L)(t2/2)u2.JL
2 (A2Nmt) was

used, is shown in Fig. 1.

III. DARK CONDUCTIVITY

Considering the explicit formula for the phonon distrib
tion ~Planck’s! function, Eq. ~10! can be presented in th
following form:

sdark} (
N,L.0

f N~12 f N1L! E
0

`

dq expS 2
l 2q2

2 DGN
L~q!

3
12 exp@\~sq2LVc!/T#

exp~\sq/T!21
d8S q2

LVc

s D . ~14!

FIG. 1. FunctionH50
(1)(q) given by Eq.~13!. The dashed line

corresponds to averaging over fast oscillations.
16540
,

e

Neglecting terms containing higher powers of ex
(2\Vc /kBT) and denoting

G~q!5 f Nm
~12 f Nm11!GNm

(1)~q!

and

F~q!512 expF\~LVc2sq!

T G ,
where Nm is the index of the LL immediately below th
Fermi level, we present Eq.~14! in the following form:

sdark} expS 2
\Vc

T D d

Ldq F expS 2
l 2q2

2 DG~q!F~q!G uq5q(1)

5GS \s

TLD S s

LVc
D expS 2

\Vc

T D expS 2
l 2Vc

2

2s2 D . ~15!

We have taken into account thatLq(1)5LVc /s@1. For ex-
ample, if H52 kG, one obtainsLq(1).10. Hence, forq
.q(1) one can setG(q).G/Lq, where G.1/2A2pN. A
similar formula forsdark can be derived also for the defo
mation mechanism of the electron-phonon interaction. O
can see from Eq.~15! that the expression forsdark contains
a small exponential factor exp (2\Vc /T). This factor arises
because the dark conductivity is associated with the abs
tion of acoustic phonons with the energy\sq close to the LL
spacing by electrons transferring from almost a fully fille
LL ~just below the Fermi level,N5Nm) to the next one
which is nearly empty. However, the number of such photo
at T!\Vc is small. The rate of processes with emission
acoustic phonons accompanying electron transitions from
upper LL is also exponentially small due to a low occupan
of this level and the Pauli exclusion principle.

Equation~15! differs from that calculated previously b
Erukhimov18 for the dark conductivity associated wit
acoustic phonon scattering by the last exponential fac
which, according to Eq.~15!, depends on the width of the
electron localizationl. This dependence is attributed to
significant contribution of the electron scattering proces
with qzÞ0 which were neglected in Ref. 18. As can be se
from a comparison of Eq.~15! and that obtained in Ref. 18
the inclusion of such scattering processes results in the
placement of factor exp (2L2Vc

2/2s2)5 exp (2\Vc
2/2ms2)
6-4
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~as in Ref. 18! by a much larger factor exp (2l2Vc
2/2s2) @as

in Eq. ~15!#. This yields a substantially higher~exponen-
tially! value ofsdark than if the transitions withqzÞ0 were
neglected. However, the temperature dependences of
dark conductivity obtained in Ref. 18 and in the present
per coincide~compare also with Ref. 24!.

IV. PHOTOCONDUCTIVITY

Using Eq.~9!, we arrive at the following formula for the
dissipative dc photoconductivity:

sph5 (
L

sph
(L) , ~16!

where, at relatively low microwave powers (JV,1),

sph
(L)}JV (

N
f N~12 f N1L! E

0

`

dq expS 2
l 2q2

2 DHN
(L)~q!

3@N qd8~q1qV
(L)!2~Nq11!d8~q2qV

(L)!#

.JV E
0

`

dq expS 2
l 2q2

2 DH (L)~q!

3@N qd8~q1qV
(L)!2~Nq11!d8~q2qV

(L)!#. ~17!

Integrating on the right-hand side of Eq.~17!, we obtain

sph
(L)}2JV

d

Ldq F expS 2
l 2q2

2 DH (L)~q!NqGU
q52q

V
(L)

~18!

at V2LVc,0 and

sph
(L)}JV

d

Ldq F expS 2
l 2q2

2 DH (L)~q!~Nq11!G fU
q5q

V
(L)

~19!

at V2LVc.0. Here,

H (L)~q!. (
N5Nm2L11

Nm

f N~12 f N1L!HN
(L)~q!.

The photoconductivity given by Eqs.~16!–~19! as a func-
tion of microwave frequency exhibits pronounced oscil
tions in which the photoconductivity sign alternates. At t
resonancesV5LVc , the photoconductivitysph50. Near
the resonances (s/A2NmL), (T/A2Nm),\uV2LVcu
,(s/L), (T/\), the value of the photoconductivity varies a
a power of (V2LVc):

sph
(L)}2JVS TL

\sDL2~V2LVc!
2

s2
,0 ~20!

at V2LVc,0 and

sph
(L)}JVS TL

\sDL2~V2LVc!
2

s2
.0 ~21!
16540
he
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whenV2LVc.0.
Outside the resonances, i.e., in the ranges (s/L), (T/\)

,uV2LVcu,Vc , Eqs.~18! and ~19! lead to

sph
(L)}JV expF\~V2LVc!

T G expF2
l 2~V2LVc!

2

2s2 G.0

~22!

at V2LVc,0 and

sph
(L)}2 expF2

l 2~V2LVc!
2

2s2 G,0 ~23!

at V2LVc.0. In this frequency range, the photocondu
tivity is determined by two components:sph

(L) ~which is
negative! andsph

(L11) ~whose contribution is positive!. As a
result, whenLVc,V,(L11)Vc , we obtain

sph.sph
(L)1sph

(L11) , ~24!

so that

sph}JVH 2 expF2
l 2~V2LVc!

2

2s2 G
1 expF\~V2LVc2Vc!

T G
3expF2

l 2~V2LVc2Vc!
2

2s2 G J
5JV WS V2LVc

Vc
,TD . ~25!

V. DISCUSSION

The negativity of sph associated with photon-assiste
acoustic scattering near the resonances atV&LVc and in
the rangesLVc,V(L11)Vc is attributed to the following.
WhenV&LVc , the electron transitions between LL’s con
tributing to sph

(L) are accompanied by the absorption
acoustic phonons with energies\vq.LVc2V which are
rather small. In this situation, the probability of the photo
assisted phonon absorption decreases with decreasing
non energy\vq}q because of a decrease in the matrix e
ments of the scattering in question with decreasingq ~see
Fig. 1!. Since the energies of phonons absorbed near
resonances are small, the distinction betweenNq with suffi-
ciently small and very close values ofq is insignificant. Due
to this, the rate of the absorption of acoustic phonons w
\vq slightly higher than\(LVc2V) exceeds that of acous
tic phonons with\vq&\(LVc2V). In the first case, the
electron Larmor orbit center displacementdj5\(V2LVc
1vq)/eE.0 and therefore the change in the electron pot
tial energyde.0, so that such an act of the electron scatt
ing provides a negative contribution to the dissipative c
rent, i.e., to ANC. In contrast, near the resonances but aV
slightly larger thanLVc , the scattering acts withdj,0
dominate.
6-5



th
ix
th
e

e

ss

e,

t

s

ed
a
a
-

wi
(
a
os

th
e-
r

e
nd
ri

.
x
n

ug

tio
in
e
-

a

by

at

ra-

-

ty

V. RYZHII AND V. VYURKOV PHYSICAL REVIEW B 68, 165406 ~2003!
Sufficiently far from the resonances the energies of
emitted~absorbed! phonons are relatively large. The matr
elements of the scattering involving such phonons and
phonon number steeply decrease with increasing phonon
ergy ~momentum! as shown in Fig. 1. In this situation, th
electron Larmor orbit center displacementsdj5\(V
2LVc2vq)/eE.0 corresponding to the emission of le
energetic phonons prevail, which results insph,0 if V
.LVc but V is still not too close to (L11)Vc . WhenV
increases approaching to and passing the next resonanc
situation repeats, leading to an oscillating dependence ofsph
on V if Vc is kept constant or onVc at fixedV.

According to the formulas obtained above,

sdark;s expS 2
\Vc

T D , ~26!

sph;sJV (
L

WS V2LVc

Vc
,TD , ~27!

wheres is the characteristic value of the conductance due
the acoustic scattering and the functionW(v,T) is deter-
mined by Eq.~25!. The net dissipative conductivity and it
sign are determined by bothsdark and sph . As seen from
Eqs. ~15! and ~26!, the expression forsdark comprises an
exponential factor exp (2\Vc /T) which is small at T
!\Vc . Due to this factor, the photoconductivity associat
with the electron-phonon scattering accompanied by the
sorption of microwave photons can dominate at rather sm
values ofJV . TheW versusv dependences at different tem
peratures forLVs /s510, l /L50.1 are shown in Fig. 2. One
can see that the amplitude of the oscillations increases
increasing temperature. At sufficiently high temperaturesT
.\s/L.0.4 K!, the amplitude of the oscillations is nearly
linear function of the temperature. This is due to an alm
linear increase in the number of acoustic phonons withq
;L21. However, whenT becomes comparable with\Vc ,
the rising temperature dependence ofsph is affected by the
processes of the emission of microwave radiation with
electron transitions to lower LL’s~these processes which b
come essential atT*\V were not taken into account in ou
model!.

Due to a significant decrease ofJV in the range of micro-
wave frequencies off the cyclotron resonance, at relativ
low microwave power the maxima and minima correspo
ing to higher resonances are very weak. Indeed, compa
JV at V/Vc52.25 and atV/Vc51.25, for the ratio of the
maxima forL52 andL51 we obtain a value of about 0.1
At elevated microwave powers, the magnitudes of the ma
mum and minimum near the cyclotron resonance as fu
tions of the power tend to saturation. In this case, for a ro
estimateJV/4 in Eqs. ~25! and ~27! can be replaced by
J1

2(AJV). Due to this, at high microwave powers, the ra
of the magnitudes of the maxima and minima correspond
to higher resonances (L.1) and those corresponding to th
cyclotron resonance (L51) can be markedly larger. The de
pendence of the photoconductivity onV/Vc calculated for
different temperatures and normalized microwave powers
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shown in Fig. 3. Here the microwave power is normalized
P5(mV3/2p)(\c/e2). Figure 3~b! exhibits a relatively
slow increase~logarithmic like! in the magnitudes of the
maximum and minimum near the cyclotron resonance
high powers.

As can be drawn from the above formulas at low tempe
tures (T&\s/L), when V increases in the rangeLVc<V
<LVc , sph sequentially turns to zero atV5LVc , V
5LVc1d0, andV5LVc1D0. The photoconductivity be-
comes rather small in the rangeLVc1D0,V<(L
11)Vc . The quantityd0 can be estimated as

d0.
2s

L
. ~28!

As follows from Eq.~25!,

D05VcF12
1

2~11g!G , ~29!

whereg5(\s/Tl)(s/ lVc). One can see from Eq.~29! that
D0 /Vc.1/2. The valueD0 increases with decreasing tem
perature. At sufficiently low temperature (T!\s/L), one ob-
tains D0 /Vc&1. For s533105 cm/s, l 5(5 –10)
31027 cm, H52 kG, andT51 K, Eqs.~28! and~29! yield
d0 /Vc.1/5 andD0 /Vc.3/523/4.

Both the dark conductivity and photoconductivi
depend to some extent onuVqu2. In our calculation we as-
sumed that for the piezoelectric acoustic scatteringuVqu2

FIG. 2. Frequency dependence ofW(v,T) at different tempera-
tures for ranges~a! T.\s/L and~b! T&\s/L. The inset shows the
temperature dependence of the near-resonance maximum~solid
line! and minimum~dashed line! magnitudes.
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}q21 exp (2l2qz
2/2). One can also use another approxim

tion uVqu2}q21(11 l 2qz
2)22 which corresponds to the wav

functions of 2D electrons proportional to exp (2uzu/l). How-
ever, such a change inuVqu2 does not significantly affect the
obtained results.

An important feature of the obtained oscillatingsph ver-
sus V/Vc dependence is that these oscillations have
phase significantly shifted compared to that in the case of
photon-assisted impurity scattering mechanism~and ob-
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served experimentally!. Moreover, the maxima~minima! of
sph determined by the photoassisted acoustic scatterin
V/Vc close to the resonances approximately corresponds
minima ~maxima! of sph associated with the photon-assist
impurity scattering. Hence, one can assume that at low t
peratures (T&\s/L) the dissipative dc photoconductivity i
determined primarily by the photon-assisted impurity scat
ing mechanism, so that maxima atV2LVc somewhat
smaller thanVc and minima~with ANC! at V2LVc some-
what larger thanVc occur. However, the contribution of th
photon-assisted acoustic scattering tosph becomes essentia
when the temperature increases fromT,\s/L to T.\s/L,
suppressing the maxima and minima caused by the pho
assisted impurity scattering. Thus, the combined contribu
of the photon-assisted impurity and acoustic phonon sca
ing mechanisms complicated by sensitivity of the doma
structures formed due to ANC to the characteristics of
dissipative dc photoconductivity6 can responsible for the
rather nontrivial pattern of the observed effect.

VI. CONCLUSION

We have calculated the dissipative component of the
conductivity tensor of a 2DES in a transverse magnetic fi
and irradiated with microwaves. We have demonstrated
the electron transitions between the Landau levels stimula
by the absorption of microwave photons accompanied by
emission of acoustic phonons can result in absolute nega
conductivity in rather wide ranges of the resonance detun
V2LVc . Thus, the ‘‘acoustic’’ mechanism of the absolu
negative conductivity can contribute to the formation
zero-resistance states.
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