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The influence of electron-phonon interaction on magnetotransport in two-dimensional electron systems
under microwave irradiation is studied theoretically. Apart from the phonon-induced resistance oscillations
which exist in the absence of microwaves, the magnetoresistance of irradiated samples contains oscillating
contributions due to electron scattering on both impurities and acoustic phonons. The contributions due to
electron-phonon scattering are described as a result of the interference of phonon-induced and microwave-
induced resistance oscillations. In addition, microwave heating of electrons leads to a special kind of phonon-
induced oscillations. The relative strength of different contributions and their dependence on parameters are
discussed. The interplay of numerous oscillating contributions suggests a peculiar magnetoresistance picture in
high-mobility layers at the temperatures when electron-phonon scattering becomes important.
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I. INTRODUCTION

Studies of high-mobility two-dimensional (2D) electron
systems in weak perpendicular magnetic fields B reveal sev-
eral kinds of magnetoresistance oscillations which are caused
by the scattering-assisted electron transitions between differ-
ent Landau levels and survive increase in temperature 7, in
contrast to Shubnikov-de Haas oscillations. Most of attention
is paid to the microwave-induced resistance oscillations
(MIRO) which appear under steady-state microwave (MW)
irradiation of 2D electron gas.! The MIRO periodicity is
determined by the ratio of the radiation frequency w to
the cyclotron frequency w,. while the amplitude is governed
by the radiation power. As the power increases, MIRO
minima are spread into intervals of zero dissipative re-
sistance known as ‘“zero-resistance states.”>* The basic
theoretical consideration®® of MIRO involves the picture
of transitions between broadened Landau levels under
elastic scattering of electrons by impurities or other in-
homogeneities in the presence of MW excitation, when elec-
trons absorb or emit radiation quanta. As a consequence of
these transitions, both the electron-scattering rate and the
electron distribution function acquire oscillating components
which lead to magnetoresistance oscillations. The corre-
sponding contributions are often described in terms of
“displacement” " and “inelastic”®° microscopic mechanisms
of MIRO, respectively. The above terminology emphasizes
that the scattering-assisted MW absorption gives rise to spa-
tial displacement of electrons along the applied dc field while
the modification of the distribution function is controlled by
inelastic relaxation of electrons. Consideration of these
mechanisms satisfactory explains both the periodicity and
the phase of MIRO observed in experiments, as well as their
power and temperature dependence.'%-!?

Inelastic scattering of electrons by acoustic phonons
makes possible the phonon-assisted transitions of electrons
between Landau levels. The probability of such transitions is
maximal when the phonon momentum is close to the Fermi
circle diameter, 2py. This leads to a special kind of magne-
tophonon oscillations also known as phonon-induced resis-
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tance oscillations (PIRO),'*!7 whose periodicity is deter-

mined by commensurability of the characteristic phonon
energy with cyclotron energy. In GaAs quantum wells with
very high mobility (~107 cm?/V s), these oscillations are
visible already at T=2 K (Ref. 17) while in the samples with
moderate mobilities (~10° cm?/V s) they are well seen at
T=10-20 K. A theoretical description of PIRO assuming
interaction of 2D electrons with anisotropic bulk phonon
modes and showing a good agreement with experimental
data has been presented recently.!®

Both MIRO and PIRO are observed in the same interval
of magnetic fields, B<1 T, and have comparable periods.
Moreover, the temperature interval where MIRO are well
seen experimentally (T=<10 K) overlaps with the tempera-
ture interval where PIRO are detected. Therefore, the ques-
tion of coexistence and interplay of these remarkable oscil-
lating phenomena is important both from theoretical and
from experimental point of view. So far, however, experi-
mental studies of magnetotransport in MW-irradiated 2D
samples with very high mobility were focused on the case of
low temperatures (7<<2 K). As temperature increases, one
may pose a question: what happens with magnetoresistance
of the sample which shows PIRO if this sample is irradiated
by microwaves? More generally, there exists an important
problem of the influence of electron-phonon interaction on
MW-induced magnetoresistance. Some aspects of this prob-
lem have been considered previously. First, it is well estab-
lished that increasing MW power leads to heating of the
electron system, especially in the samples with lower mobil-
ity. The effective electron temperature 7, is determined by
the power transmitted from electron system to the lattice via
electron-phonon interaction.!” The heating causes a suppres-
sion of MIRO amplitudes'!?%?! for two main reasons: the
enhancement of Landau-level broadening and a decrease in
the inelastic-scattering time. In this sense, a consideration of
electron-phonon interaction becomes necessary for descrip-
tion of MW photoresistance at elevated MW power. Further,
as shown theoretically,?>?} there is a direct influence of
electron-phonon scattering on the photoresistance: this scat-
tering in the presence of MW excitation can give rise to
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pronounced magnetoresistance oscillations whose behavior
is different from that of the case of impurity-assisted trans-
port. A consideration of electron-phonon interaction as a pos-
sible reason for the absolute negative resistivity and zero-
resistance states has been also presented.?’

The aim of this paper is to give a consistent theoretical
description of magnetotransport under MW irradiation in the
presence of both elastic and phonon-assisted electron scatter-
ing. It is demonstrated that the magnetoresistance has contri-
butions of MIRO, PIRO, and the terms corresponding to in-
terference of these types of oscillations. Apart from this,
heating of electron system leads to an additional PIRO con-
tribution which is shifted by phase with respect to equilib-
rium PIRO. Superposition of all these contributions gives
rise to a complicated oscillating resistivity picture which is
essentially different from either equilibrium magnetoresis-
tance or MW-modified magnetoresistance under elastic scat-
tering only. The analytical expression for magnetoresistance
is obtained by assuming weak excitation, when the response
is linear in MW power.

The paper is organized as follows. Section II describes the
quantum Boltzmann equation for the system of 2D electrons
interacting with impurities and phonons in the presence of
microwaves. Section III is devoted to calculation of electron
distribution function and resistivity. Section IV contains nu-
merical results based on the expressions derived in Sec. III,
description of different contributions to oscillating magne-
toresistance, a discussion of the approximations used, and a
brief conclusion.

II. GENERAL FORMALISM

In the region of weak magnetic fields, when the cyclotron
energy is small in comparison with the Fermi energy, it is
convenient to calculate the resistivity by using the quantum
Boltzmann equation for the generalized Wigner distribution
function f,p,, which depends on energy &, quasiclassical 2D
momentum p, and time 7. The coordinate dependence of this
function is omitted since only spatially homogeneous 2D
systems are under consideration. To take into account the
influence of MW radiation and dc excitation on 2D electrons,
one may use a transition to the moving coordinate frame (see
Ref. 9 and references therein), when the MW and dc field
potentials are transferred to the collision integrals and do not
appear on the left-hand side of the kinetic equation. The
scattering of electrons by impurities and phonons is treated
within the self-consistent Born approximation (SCBA),
which assumes that both the mean-free path of electrons and
the magnetic length are larger than the correlation lengths of
the corresponding scattering potentials. Then, the quantum
Boltzmann equation takes the form

Jd
((9—t+w )fgp,—J’g";,+J’;]’;l+J§;,, (1)

where J™, JP", and J¢ are the collision integrals for electron-
impurity, electron-phonon, and electron-electron scattering,
respectively. They are written as
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Jepi= if dTeiST{f dr' [EM/Z, P)fy 4-m2(P)
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where « is the index of corresponding interaction (im, ph, or
ee). Throughout the paper, the system of units with =1 is
used. The distribution function in the double-time represen-
tation, f; . (p), is related to the Wigner distribution function
Sep: DY the Wigner transformation, which is defined for arbi-
trary function A as A,,=[d7e*"A,, ., »(p). The Keldysh
self-energies are described by the following expressions:
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The retarded and advanced self-energies, 3 and 3®4, can
be expressed as
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The quantities entering Eqgs. (3)—(9) are described below.
First, G . (p) is the Keldysh Green’s function for electrons,
which is related to f; .,(p) as
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Gz_l,;z(P) = f df,[le,t'(P)Gf\r,,z(P) - Gfl,,r(P)fr',rz(P)],
(10)

where G* and GX are the retarded and advanced Green’s
functions. The Green’s function G*~ is expressed by the lin-
ear combination, G*"=G~*+GR-GA. Next, Dy(Q) is the
Keldysh Green’s function for phonons,

Dyo(Q) ==2mi[N,, (8(Q = wyg) + (N, + )AL+ wyo)].
(11)
where N, =[e“r@T—1]"! is the Planck’s distribution func-

tion and w, is the phonon frequency. To find G, G**, D™,
and D**, one uses

G =G*+G*, G"=G"-G",

D~ =D*+DF  D*=D"-DA (12)

The retarded and advanced Green’s function of phonons are
expressed as

1 1
Dio(Q) = - 13
}\Q( ) Q—w)\Q+i0 Q+w)\Q+i0 ( )

and DQQ(Q)z[DfQ(Q)]*. The retarded Green’s function of
electrons depends on the magnetic field B and satisfies the
equation

p2 B 7 R 1 , )
€— Gopy=1+ | dre’®™| dt
2m " 8me? op* | P 2

R R STCAN | )

+ G (PR ()],
(14)

where m is the effective mass of electrons. The equation for
the advanced Green’s function G* differs from Eq. (14) only
by a replacement of the superscripts R with A. The integral
on the right-hand side of Eq. (14) describes the influence of
impurity scattering on the energy spectrum of 2D electrons
in the magnetic field (the influence of other kinds of interac-
tion on the electron spectrum is neglected here).

The electron-impurity interaction in Egs. (3) and (7) is
described by the Fourier transform of the random potential
correlator, w(g). The interaction with phonons [Egs. (4) and
(8)] is considered under approximations of equilibrium pho-
non distribution and bulk phonon modes. The influence of
electron-phonon interaction on the phonon spectrum is ne-
glected. The phonons are characterized by the mode index A
and three-dimensional phonon momentum Q=(q,q.). The
squared matrix element of electron-phonon interaction po-
tential is represented as M,o=Cyol(g,), where I(q,)
=[(0|e™*|0)|* is determined by the confinement potential
which defines the ground state of 2D electrons,
function C\q is determined by both deformation—potential
and piezoelectric mechanisms of interaction,
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Here D is the deformation-potential constant, /4 is the pi-
ezoelectric coupling constant, and p,, is the material density.
The sums are taken over Cartesian coordinate indices, e)q;
are the components of the unit vector of the mode polariza-
tion, and the coefficient «;j is equal to unity if all the indices
i,j,k are different and equal to zero otherwise. The polariza-
tion vectors and the corresponding phonon mode frequencies
are found from the eigenstate problem

E [KU(Q) szMQ ]er, 0, (16)

where K;;(Q) is the dynamical matrix and &; is the Kro-
necker symbol. For cubic crystals and in the elastic approxi-
mation, the dynamical matrix is expressed through three
elastic constants which are written in the conventional nota-
tions,

K;;(Q)

=[(c11 = c49)Q; + 440718+ (c1p + €40) 0,0,(1 = 5,).

(17)

The 2D vector R, ,, standing in the exponential factors in

Egs. (3), (4), (7), and (8) includes both the term with dc field

E=(E,,E,) and the MW-induced term which depends on the

frequency w and amplitude E,, of the MW field strength. It is
convenient to use R*=R, * iR, given by

+ .eE+(tl - fz) ek,

—i _

1ty - mo

[Si(eiwtl _ eiwtz) + s+(e—iwz|

n \2mw
e)] (18)
and R~

ll,2=[R;rlt2]*, where E. =E, * iE,. The form of the com-
plex coefficients s. depends on polarization of the radiation.

In the case of linear polarization (used for the calculations
below),

1 1

V5w+w tiw,

(19)

Si=

while in the case of circular (-) polarization, s,=0 and s_
=1/(w-w +iw,). Here w, is the radiative decay rate which
determines the cyclotron line broadening because of electro-
dynamic screening effect.”*>° Under usual experimental
conditions, when the electromagnetic radiation is normally
incident from the vacuum on the sample with dielectric per-
mittivity €, and 2D electron layer is close to the surface of
the sample, one can find w, =2me’n; /mev€", where \€ —(1
+ e)/ 2 and ny is the sheet electron dens1ty It is assumed that
o, is much larger than the transport scattering rate of elec-
trons, this condition is amply satisfied for high-mobility elec-
trons.

In contrast to J™ and JP" described above, the electron-
electron collision integral J*° is not affected by the external
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fields. In Egs. (5) and (9) the “exchange” Coulomb terms in
the self-energies are neglected since the main contribution to
the electron-electron collision integral at low temperatures
comes from small-angle scattering. The dynamical screening
effects are also neglected. The statically screened 2D inter-
action potential is written as

21re?

elg+qp)’

where gy=2¢*m/ € is the inverse screening length.

Having solved the kinetic Eq. (1), one can find the dissi-
pative current density j, averaged over the period #,=27/w
of the microwaves,

j=—f 2771] (277)2p J diGipr 20

The current can be also expressed through the distribution
function f,,, with the aid of Eq. (10). The factor of 2 in Eq.
(21) accounts for the spin degeneracy of electrons (the Zee-
man splitting is neglected).

U,= (20)

III. CALCULATION OF RESISTIVITY

It is assumed in the following that the temperature 7 is
small in comparison with the Fermi energy &p. Therefore, all
the quantities whose dependence on the absolute value of
electron momentum is slow can be taken at p=|p|=pp,
where pp is the Fermi momentum related to the sheet elec-
tron density ng as pp= \'2’7Tn Accordingly, instead of the
function f,,, one may use the distribution function f,,
which is equal to f,p, at p=p, and depends on the angle ¢ of
the quasiclassical momentum in the 2D plane. The absolute
value of the momentum q=p—p’ transferred in the elastic
scattering by impurities is then given by ¢=2pp sin(6/2),
where 0=¢—¢' is the scattering angle. In a similar way,
since the characteristic phonon energy w,q is small com-
pared to the Fermi energy, the electron-phonon scattering is
treated in the quasielastic —approximation, with Q
= \r/q§+4p12¢ sin(6/2). The angle of the vector q is given by
@,=/2+ ¢, where ¢p=(p+¢')/2.

Another approximation used below is the neglect of tem-
poral harmonics of the distribution function f,,,. Strictly
speaking, excitation of such harmonics by microwaves can
contribute to the dc through the processes of second order in
interaction, which leads to the so-called “photovoltaic”
mechanism of MW photoresistance.” According to theoreti-
cal estimates, this contribution is not large and since no ex-
perimental evidence for the importance of the photovoltaic
mechanism has been found, its neglect is justified. In the
approximations described above, Eq. (1) is reduced to a sta-
tionary kinetic equation for time-independent distribution
function f,

&fs im h ee
wcﬁ—: =T+ T+ T (22)

The collision integrals standing here are calculated by using
the equations of Sec. II (for transformation of electron-
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impurity collision integral, see also Refs. 9 and 27). This
leads to the following expressions:

2
im dQD
oo [
0

2
P > f e MBI,

0 277}\n

(0)2 [J (ﬂ)]zDa+nw+'y[fa+nw+ytp faga]

(23)

+fsgo)fs—w)\Q+nw+y<p’ - (Nw)\Q + 1)fs<p]Ds—w)\Q+nw+y
+ [(Nw)\Q +1 _f8<p)fs+w)\0+nw+'y<p’
Nw)\Qfsga]Ds+w)\Q+nw+y}' (24)

The rate »(6) characterizing the impurity scattering is de-
fined as v(0)=mw[2pp sin(6/2)], and the quantities w,q and
M,q are expressed through the variables g, 6, and ¢ as
described above. Next, J,(B) is the Bessel function and D,
=m~! f GR )/i is the density of electron states ex-
pressed m umts m/a (so D,=1 at B=0). In the presence of
magnetic field (o, <ef is assumed) the SCBA leads to the
form

2 7Tk8

—1+22akcos
k=1 W,

a;p= (- D" exp(- Wk/wcrq)L}(_l(Zwk/wch), (25)

where 7, is the quantum lifetime of electrons and L are the
Laguerre polynomials. In the following, the case of overlap-
ping Landau levels corresponding to weak magnetic fields
is considered. The density of states is then given by the ex-
pression D,=1-2d cos(2me/ w,), where d=exp(-m/ w,7,) is
the Dingle factor and 7, is the quantum lifetime of electrons
due to impurity scattering: 7, '=1(6) [here and below, the
line over the function denotes the angular averaging
(2m)'[3"d¢ --]. The angular-dependent variables 8 and 7y
standing in Egs. (23) and (24) are proportional to the MW

and dc fields, respectively,

eE vp
'2w

B= s_(e'® = &'¢") + 5,(e7¢ = 7¢")]| (26)

and
y=—LE (=) = E(e70 - )], (27)
2iw,

where vp=pr/m is the Fermi velocity.

It is convenient to expand the distribution function in the
angular harmonics: fqu:Ekfake"k‘P. The density of dissipative
electric current is determined by the k=1 harmonic. Apply-
ing the usual notation j.=j, = ij,, one has

e

j=PF f deD,f,,. (28)
ar

In the regime of classically strong magnetic fields, the aniso-
tropic (k#0) part of the distribution function is expressed
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through the isotropic (angular-independent) part f,=f, -0
directly from Eq. (22), by neglecting the angular dependence
of all distribution functions in the collision integrals [Egs.
(23) and (24)]. The collision integral J** does not lead to
angular relaxation of the anisotropic distribution and, there-
fore, does not contribute to such a solution. A subsequent
linearization of the collision integrals [Egs. (23) and (24)]
with respect to the dc field E allows one to find a linear
response to this field in Eq. (28). The response to E_ defines
the symmetric part of the diagonal conductivity, j_=o0,E_,
where

eznsf277 dﬂ(l
oy=-— —(1-
¢ mwf 0 2m

xjdslv(e)klhﬁf %z, mMoR” ] (29)

21Td
st | LS i
0 T p

with

. af; oD
Rfaﬁ = Ds:Ds:+;m>(9_8 + [fs _fe+nw] 8De+nw (30)
e de

and

f e

Rgfll = DSDS—(U}\Q‘FVLLUE (Nw}\Q + 1 _fs—w}\Q+nw) + [(Nw}\Q + l)fs

oD
D (31)

- (Nw)\Q +fs)fa—w)\Q+nw]E g-w)g+nw:
The resistivity p is expressed as p=o,/ o-zl, where o
=e’n,/mw, is the classical Hall conductivity.

In the absence of MW radiation, when S=0, one should
substitute in Eq. (29) [J,(8)]*=1 for n=0, [J,(8)]*=0 for
n# 0, and take into account that f is the equilibrium Fermi
distribution function. Then, using R”)=D2(df,/de) and R
=—(Nww+1)fs(1— fg—w}\Q)Dst_w)\Q/T’ one obtains the ex-
pression for the linear resistivity of 2D systems. The phonon—
assisted contribution, which is proportional to the factor RSO,
in this case is given by Egs. (8) and (9) of Ref. 18.

The MW excitation leads to a significant modification of
the resistivity. First, one should consider in Eq. (29) the
terms with nonzero n, corresponding to absorption of n
quanta of radiation. Next, it is necessary to account for the
changes in electron distribution function f, owing to this
absorption. This modified distribution function is found from
the isotropic kinetic equation

Jm g e 4 e =0. (32)
The collision integrals J”" and J?" are given by Egs. (23) and
(24), where y=0 and only the isotropic part of the distribu-
tion function is retained (since the anisotropic part is small,
fegr=feo=Tfc). The isotropic electron-electron collision inte-
gral is given by®?

Jge:fdglfdQAss’(Q)[(l _fs)(l _fa')fs+Qfs’—Q_fafs’(l

—fer) (1 = fer_) Do DeyoDer o (33)

and the function A, ()) is estimated as A

PHYSICAL REVIEW B 81, 165319 (2010)

= (2mer)'In(qy/q,), where g, is a characteristic (small) mo-
mentum separating the ballistic and diffusive regimes of
electron-electron scattering; see Ref. 8 for a more detailed
consideration. This energy-independent form of A is valid in
the experimentally relevant region of temperatures, where
the transferred momentum g~ T/vp lies in the interval g
>qg>q,.

Below, only the terms linear in MW power are taken into
account. Following the basic idea of Ref. 8, the distribution
function is presented in the form

fe=Te+ ofe (34)

where f% slowly varies with energy on the scale of w,., and
of ; oscillates with the period w,.. The function f; differs from
the equilibrium Fermi distribution because of the influence
of microwaves and satisfies Eq. (32) where the oscillating
contribution to the density of states is neglected, D, =1.
One should notice that the electron-electron scattering is
stronger than electron-phonon scattering and controls the
electron distribution if the MW intensity is not high. Thus,
the function f; can be reasonably approximated by the heated
Fermi distribution characterized by the electron temperature
T,. This temperature is determined from the balance equation

W,=W,, (35)

where W, is the MW power absorbed by the electron system
and W, is the power transmitted out of this system through
the energy relaxation owing to electron-phonon scattering.
The balance equation can be obtained by integrating the ki-
netic Eq. (32), multiplied by the energy and density of states,
over energy €. This leads to the following expressions:

me

W, = [V + v h(w)] (36)

where v} =1(6)(1-cos 6) is the transport rate of electrons
due to electron-impurity scattering and

eE v 2
Py= (h—F> (|S+|2+ |S—|2) (37)
1)

is the dimensionless function proportional to MW power.
The rate

a _ & e N2 Q
Vph(w) = Sl { 2Na)>\Q Na))\Q—w Nw)\Q+a) +2 ( O\Q~®
w2
NG ANQ e
Nw)\Q+w) + (1)2 (ZNZ)\Q Ni)}\Q—o) Nw)\Q+w)

(38)

characterizes energy absorption due to electron-phonon scat-
tering. The integral operators 5‘ are defined as

2 2

S dAL = f dGJ dd’E dqz mM, (1 —cos 6)"A,
27y

(39)

where A is an arbitrary function which depends on the vari-
ables of integration. The function N{,=[e®Te—1]! differs
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from the Planck’s distribution function N, by substitution of
electron temperature 7, in place of the lattice temperature 7.
The introduction of the operators 3',1 considerably simplifies

notations in the following. The power absorbed by the lattice
is

=1|§

{wa[N Ny I (40)

“\Q “\Q

Assuming T,/ T—1<<1, one gets W,«T,—T. According to the
balance Eq. (35), this means that the heating is directly pro-
portional to the MW power. Since only the contributions
linear in power are considered, the relation 7,/7T—1<<1 must
be satisfied. In this approximation, the balance equation is
rewritten as

T 2 tr +
—e—lsz(2> _VIM (41)
T 2T ph

where the energy relaxation rate v/ »n 18 introduced by the

expression
S LX) wa)
=80 - F| — 42
Vph 0{ T <2T } ( )

and F(x)=[x/sinh(x)]?. The function F (w)q/2T) can be also
expressed through the Planck’s distribution, F(wyq/2T)
=(w\o/T)* wa N“))\Q+ 1). In the high-temperature limit,
when 27,> o, w,q, the dependence W, xT,—T takes place
even at high MW power. In this limit, 7/,(w) becomes fre-
quency independent and coincides with the transport rate due
to electron-phonon scattering. This rate is defined as

~ | 2T
vﬁ;’w&{—F(ﬂl) . 43)
wa 2T

Once the distribution function )‘Z is known, one can find
the rapidly oscillating correction Jf, from the oscillating
(proportional to the Dingle factors) part of Eq. (32). This
leads to the following expression:

of. P, ’
E - 4 gw Vim+ SO{gw}\Q( N - Ni’)\Q)}
Sl{gw—a)}\Q 0\Q - Ni,)\Q_w) + gw_,,w}\Q(Nw}\Q
= Niy 1) = 200, o (N o = NG, ). (44)
where

gm = 5Ds—w(fz—w _fz) + (5Ds+w et+w _f:;) (45)

and 6D.=D,—1=-2d cos(2me/ w,). The inelastic-scattering
time 7;,,, which describes relaxation of the isotropic part
of the distribution function due to both electron-electron
and electron-phonon scattering, is defined as 1/7,=1/7,,
+1/7,,. The electron-electron scattering contribution has
been w1de1y discussed in the literature.®?”2® The result for

the electron-phonon scattering contribution is

PHYSICAL REVIEW B 81, 165319 (2010)

1 A
Tph A

+1+fz+wm—f§ }. (46)

~wyg

In derivation of this expression, the integrals S’O{(2Na,A
+1)exp(*27w,q/ w,)} containing rapidly oscillating factors
are neglected, which allows one to consider only the outscat-
tering contribution in the collision integral. At high tempera-
tures, 27> w, q, energy dependence of 7,, becomes inessen-
tial. For typical parameters of GaAs quantum wells, 1/7,, is
small in comparison to 1/7,,, so 7;,=7,,. According to Eq.
(44), the function Jf, is composed from three terms: the first
one is caused by electron-impurity scattering while the two
other terms are due to electron-phonon scattering. The sec-
ond term does not oscillate with MW frequency and exists
owing to electron heating. The third term is directly propor-
tional to MW power and, in this sense, is analogous to the
first term. Since only the effects linear in MW power are
considered, the saturation®® of &f, is neglected. Strictly
speaking, this approximation also requires a neglect of heat-
ing in the third term on the right-hand side of Eq. (44) be-
cause accounting for 7, # T would produce the contributions
of higher orders in MW power in this term.

Having found the distribution function, one can calculate
the resistivity from Egs. (29)—(31). It is written as

p=p.+p, (47)

where p, and dp are caused, respectively, by the components
of the distribution function f and &f,. Consider first the
modifications of resistivity associated with the function f;.
The heated Fermi distribution f5 is substituted into Egs. (30)
and (31), and only the terms linear in MW power are retained
(n=0, =1). The integral over ¢ in Eq. (29) is calculated
under the approximation

27T > o, (48)

when the Shubnikov-de Haas oscillations are thermally av-
eraged out. The result of this integration can be divided into
five parts,

i di
Pe = P+ P+ Do + P+ P - (49)

Two of these terms come from impurity-assisted (index im)
scattering, the first one is the resistivity without irradiation
and another one is a well-known®?2728 MW-induced correc-
tion which describes MIRO due to displacement mechanism
of photoresistance,

Ir
o _mv 2
= 1248, (50)
g mv’ TW Tw | 27O
pos == —5"2d°P,,| sin®— + —sin— |,  (51)
en 1) o, 1)

s c c c

where v;, =v(6)(1-cos ). This rate can be also expressed
through the angular harmonics v, of the elastic-scattering
rate v(6) as v;,=Bvy—4v,+1,)/2.

The phonon-assisted (index ph) contribution comprises
three terms. The first is described as the phonon-assisted re-
sistivity modified by heating,
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2
o= s, {]—')\Q(O)<1 +2d2 cosﬂ)
.
— 2d*H,o(0)sin MQ} . (52)
wC

Here and below,

(l))\Q+ w

‘7:>\Q(w) = Nw)\Q - Nz))\Q+w + T w)\Q+w(Nw)\Q+w + 1)9
e
(53)
2m(wy g + )
H)\Q(w) = (Nw)\Q w)\Q+w)¢ (54)

c

The term pgh does not oscillate as a function of w. In the
limit 7,=T it is reduced to the resistance p,;, calculated in
Ref. 18. The part of pph proportional to the squared Dingle
factor describes PIRO modified by heating [note that H,(0)
is nonzero only at 7, # T]. The second phonon-assisted term
is the MW-induced “classical” photoresistance, which is not
related to quantum oscillations of the density of states and,
therefore, does not oscillate with the magnetic field,

P;lh 20 52{-7:)\Q o) + Fro(= 0) =2F,o(0)}.  (55)
This term essentially requires melastlc scattering: a formal
11m1t1ng transition w)\QHO makes p h equal to zero. There-
fore, pph has no analog in the impurity-assisted transport. The
contribution [Eq. (55)] is strongly suppressed with decreas-
ing frequency w and increasing temperature 7. Finally, the
third phonon-assisted term can be attributed to the displace-
ment mechanism of MW photoresistance,

s m A 27wy o — w)
p;fh = ZdszSZ{f)\Q(— w)COS—Q
27 (wyo + @ 27w
+ fAQ(w)cosM - 2F\q(0)cos o 2Q
C C

21wy — )
~ Hyql= w)sin™—— 2=~ H,q(w)

27m(wyo +
X sin—( 2Q )

c c

2
+2H,o(0)sin m”"}. (56)
w,

In contrast to the impurity-assisted contribution pd”, this
term contains oscillating functions of (wyq * w)/ w, describ-
ing interference of MIRO and PIRO.

The next step is to consider the terms associated with the
oscillating part of the distribution function, Jf,, generated by
microwaves. Taking into account that Jf, is proportional to
MW power, one should retain only the terms with n=0 in Eq.
(29). As a result,

5p=_2i{vgg,f dgakgmzsl{fdsﬁleghﬂ, (57)
€Ny

where 6R™ and SRP" are obtained by a linearization of R
and R"0 w1th respect to f,
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aof,

OR™=D>*—=, (58)
de
95f
ph _ & —
6Rs - Dst—w}\Q Je (Nw}\Q +1 .fz—w}\Q)
J oD
-D Ds ® fe fs ® — -
\Q de )\Q J AQ

X [N+ 1= Fomay )= Ny + 1) e ]

(59)

O\Q

The integration over energy in Eq. (57) is done with the aid
of Eq. (44) for f, and under the approximation [Eq. (48)].
The result for dp appears to be rather complicated. It is pre-
sented below in a simplified form omitting the terms qua-
dratic in electron-phonon scattering contributions,

27w | 27w
sin——
,

op=- —2d2 Tin lm[P V!

wim
ens c

+48 {277wa 277wa( —NE )}

o , “'AQ “xQ

c

c

A 2 -
+ prsl{H)\Q(— w)sinM—w)
W

27(wy\q + )

2
+ 'H)\Q(w)sin - 2H)\Q(0)Sln T\
w,

c c

X cosz? +[2F,(0) = Frg(- ) = Fro(w)]

2 1
X oS 2 cos? Q| E[.ﬂQ(w) - Frol-w)]

w, w,
2 2
X sin 71-wsin WwAQ}] (60)
wC wC

This form is valid under the condition v/ > >|V Wl (see the
definition of the rate vph below and the correspondmg dis-
cussion in the next section). The first term in the square
brackets of Eq. (60) is the impurity-assisted scattering
contribution.® The second one is the phonon-assisted scatter-
ing contribution which is caused by heating and does not
oscillate with MW frequency. The third one (proportional to
P,) is the phonon-assisted scattering contribution showing
interference of MIRO and PIRO. Since only the terms linear
in MW power are considered, the functions F and H in Eq.
(60) should be taken at equilibrium, 7,=T. The same state-
ment concerns Eq. (56).

The results are considerably simplified under the condi-
tion 27> w. In this case one can write a general expression
for the whole resistivity [Eq. (47)], which includes also the
terms omitted previously in Eq. (60). It is convenient to rep-
resent the resistivity as a sum

P=Ppt Pos> (61)

where the background (nonoscillating) part is
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m
Py = E[y;;(l +2d°) + vy,], (62)

and the oscillating part includes four terms,

m o) N Z,TO T | 2T
Pos= 5 2d°\ V5, = Py(v, + v/ ) sin*~— + —sin——

en, 0, o, ,
2w | 27w T,
Py Tin(Vyy + v3) sm—w + (;e - 1) v
+ 2V (v, + V )]} (63)

The phonon-assisted transport rate V is given by Eq. (43)
while the oscillating rates v, and v}, are defined as

27T 2
_3 _COSMF<M) , (64)
w)\Q W, 2T
4nT . | 2
=T sn{sin—‘lm” F(J‘”A )} (65)
W, W, 2T

As seen from this definition, oscillations of V " and V with
the magnetic field have different phases governed by cosine
(index c) and sine (index s) functions, respectively. The rate
V;L differs from /), by the presence of the oscillating factor
cos(2mwyq/ w,) under the integral operator. This rate de-
scribes equilibrium PIRO, the first term in Eq. (63), in the
approximation of overlapping Landau levels (d><1) used
here (notice that in Ref. 18 V;L is denoted as V;]h)). The direct
influence of microwaves on magnetoresistance is described
by the second and the third terms in Eq. (63), which are
proportional to P,. These terms express contributions of the
displacement and inelastic mechanisms of photoresistance,
respectively. Their frequency dependence is given by the
same oscillating functions as in the case of impurity-assisted
transport®>2728 while the scattering rates are modified by
electron -phonon interaction: v, — v; +v and V] —]
+V . ThlS modification is very essent1al because the rates

Voh - and Vph oscillate with the magnetic field. The interference
of phonon-induced magnetoresistance oscillations with
MIRO is produced as a result of multiplication of these rates
by the frequency-dependent oscillating functions. Finally, the
last term in Eq. (63) has no analog in the theory of impurity-
assisted magnetotransport. It is proportional to 7,— T and can
be described as a result of MW heating on phonon-assisted
magnetoresistance. This term does not oscillate with fre-
quency w but it oscillates with the magnetic field, similar to
the equilibrium magnetoresistance. The phase of these oscil-
lations is shifted with respect to the phase of equilibrium
PIRO. Notice that the heating factor 7,/7T—1 is expressed
through P, with the aid of Eq. (41), so the whole MW-
induced correction to p is proportional to P,

IV. NUMERICAL RESULTS AND DISCUSSION

As follows from the above consideration, quantum oscil-
lations of resistivity in 2D electron layers irradiated by mi-
crowaves demonstrate a rich and complicated behavior if
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electron-phonon interaction is taken into account. The ab-
sorption of microwaves in the presence of this interaction
leads to the appearance of various additional oscillating con-
tributions to magnetoresistance, Eq. (63). These contribu-
tions are similar to equilibrium PIRO in the sense that their
periodicity depends on characteristic phonon frequencies
w)q With Q=2py. However, they are essentially nonequilib-
rium and some of them [those entering the last term of Eq.
(63)] have a phase different from that of equilibrium PIRO.
The nonequilibrium phonon-induced contributions entering
the second and the third term of Eq. (63) show the periodic-
ity determined by combined frequencies such as w = w, o and
correspond to the interference of PIRO and MIRO.

To illustrate the influence of microwaves on magnetore-
sistance and to compare contributions of different terms in
Eq. (63), numerical calculations have been carried out. The
sample parameters are taken for [001]-grown GaAs quantum
wells of high mobility (1.17 X 107 cm?/V s at low tempera-
ture) experimentally investigated in Ref. 17 without MW ex-
citation. The list of parameters necessary for description of
electron-phonon interaction can be found in Ref. 18. The
inelastic-scattering time was estimated according to the
relation®

- = )\in_ 5 (66)

where \;, is a numerical constant of order unity. For calcu-
lations, \;,=1 was chosen which is consistent with experi-
mental data.?® The rate v}, characterizing the displacement
mechanism of photoresistance under impurity-assisted scat-
tering has been calculated with the aid of the model of long-
range random impurity potential described by the correlator
w(g)<exp(-I.q). The correlation length, I.> p;l, is deter-
mined by using the transport rate v found from the given
mobility and quantum lifetime 7,=15 ps estimated in Ref.
17.

Figure 1 shows the oscillating part of resistivity at a lat-
tice temperature of 6 K without microwaves (in equilibrium)
and under 135 GHz excitation whose intensity is determined
by the MW electric field E,. For the chosen frequency, the
increase in intensity leads to enhancement of PIRO maxima
at 0.12 and 0.18 T while the maximum at 0.3 T is suppressed
and eventually inverted, and two additional maxima appear
at its sides. The inversion of this PIRO peak cannot be ex-
plained as a result of simple superposition of phonon-
induced and MW-induced oscillations and is attributed to
interference of these kinds of oscillations, as reflected in Eq.
(63). The lower panel of Fig. 1 shows relative contributions
to the oscillating resistivity. Apart from the impurity-induced
contribution (MIRO), this plot shows the total contribution
of displacement mechanism, inelastic mechanism, and non-
equilibrium PIRO. All these contributions are comparable,
though the inelastic mechanism contribution is smaller than
the others in the region around 0.3 T. The B dependence of
this contribution closely follows the MIRO plot, showing
slight deviations caused by phonon-induced oscillations. In
contrast, such deviations are very pronounced in the dis-
placement mechanism contribution (see, for example, peak at
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FIG. 1. (Color online) Upper panel. Magnetic-field dependence
of the oscillating part of resistivity, p,, calculated for the quantum
well of Ref. 17 at T=6 K in equilibrium (black, curve 1) and under
135 GHz MW excitation with E,=2 V/cm (blue, curve 2) and
E,=3 V/cm (red, curve 3). Lower panel. MW-induced contribu-
tions to p,, at £,=3 V/cm: displacement mechanism, second term
in Eq. (63) (green, curve 1), inelastic mechanism, third term in Eq.
(63) (magenta, curve 2), nonequilibrium PIRO, fourth term in Eq.
(63) (orange, curve 3). The contribution due to elastic impurity
scattering (MIRO) is shown by black dashed line.

0.25 T and minimum at 0.4 T). The contribution of nonequi-
librium PIRO is clearly shifted by phase with respect to the
other contributions. This shift leads to a partial compensation
of different contributions, which reduces the influence of mi-
crowaves on magnetoresistance.

The effect of microwaves of a smaller frequency, 50 GHz,
is illustrated in Fig. 2. The magnetoresistance is considerably
changed only in the low-field region. These changes are
similar to those in Fig. 1: PIRO peaks are either enhanced or
inverted by microwaves. Again, the inelastic mechanism
contribution is weakly modified by electron-phonon interac-
tion while the displacement mechanism contribution is
strongly modified by this interaction and shows numerous
oscillations related to interference of PIRO with MIRO. The
nonequilibrium PIRO contribution is smaller than the others.
The relative decrease in this contribution with lowering fre-
quency also follows from Egs. (41) and (63).

The calculations demonstrate that the displacement
mechanism of MW photoresistance is much stronger influ-
enced by electron-phonon interaction than the inelastic
mechanism. This property is understood from Eq. (63) show-
ing that the relative contributions caused by phonons for
these two mechanisms are determined by the ratios |v;i|/ v
and [,]/ v, respectively. At T=6 K the second ratio is
small, as also seen from experimental data:!” the amplitudes
of equilibrium PIRO governed by the rate V;}L are small com-
pared to the background resistivity. On the other hand, for
long-range impurity potentials one has v, < v/, while 15 is
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contributions to p

FIG. 2. (Color online) The same as in Fig. 1 for 50 GHz MW
excitation with E,=0.5 V/cm (blue, curve 2) and E,=0.8 V/cm
(red, curve 3). The MW-induced contributions in the lower panel
are shown for £,=0.8 V/cm.

approximately twice larger by amplitude than V;,l,L since the
main contribution to the oscillating phonon-assisted rates
comes from backscattering processes, #== . Therefore, one
always has

[Vl 1V
n
L (67)

im im

With increasing temperature, when electron-phonon scatter-
ing gets stronger and the rates v}, increase, the ratio |V;i| /v,
becomes comparable to unity and the displacement mecha-
nism contribution is considerably modified by this scattering.
This corresponds to the temperature chosen for the calcula-
tions. Further increase in temperature leads to an interesting
situation when the amplitudes of v;i become much larger
than v}, , so the displacement mechanism of MW photoresis-
tance is dominated by electron-phonon scattering.

It is worth noting that at low temperatures (T=1 K),
when phonon-assisted contributions are yet frozen out, the
inelastic mechanism is parametrically stronger®® than the
displacement one because of large value of 7;,,. However, in
the samples of very high mobility, like those investigated in
Ref. 17, the contribution of the displacement mechanism ex-
perimentally proves to be important'? starting from 7=2 K.
According to estimates, at this temperature the product 7;, v
determining the strength of inelastic mechanism is smaller
than unity. As follows from Eq. (63), the parameter 7,V
also determines the relative strength of phonon-assisted con-
tribution in the inelastic (third) term compared to the similar
contribution in the displacement (second) term. Therefore, in
the temperature region when phonon-induced oscillating

contributions to resistivity become thermally activated (T
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>2 K), their relative influence on the MW photoresistance
via inelastic mechanism is already suppressed. In particular,
at T=6 K a strong inequality,

T V<1, (68)

m=im

allows one to neglect the phonon-induced oscillating photo-
resistance due to inelastic mechanism. For the samples of
moderate mobility (~10° cm?/V s), the applicability of Eq.
(68) requires higher temperatures. Nevertheless, in the low-
temperature region (7;,},>1) the ratio [¥5,]/ ¥}, remains
small and phonon-induced photoresistance due to inelastic
mechanism can be neglected in comparison with the
impurity-induced photoresistance. Notice also that the condi-
tion [Eq. (68)], being applied to nonequilibrium PIRO [the
last term in Eq. (63)], allows one to neglect the part which
comes from Jp and is proportional to 7;,. Thus, under con-
dition [Eq. (68)] one may always ignore the contribution to
Jp caused by electron-phonon interaction. In contrast, the
nonequilibrium contributions to p, caused by this interaction
cannot be ignored and are important for evaluation of MW-
induced magnetoresistance in 2D systems where PIRO is ob-
served. These contributions are described by the oscillating
rates V;?l and V;Z in Eq. (63).

The main approximations used in the paper are discussed
below in more detail. The approximation of overlapping
Landau levels corresponds to a simplified (single-mode) de-
scription of the oscillating density of electron states in con-
trast to the exact SCBA expression (25). Though in high-
mobility samples separation of Landau levels becomes
essential already at B=0.1 T, this description produces a
very good agreement with the calculation based on Eq. (25)
(see Ref. 18) for equilibrium oscillating magnetoresistance
up to B=0.4 T. This means that the first PIRO harmonic
dominates in the main interval of magnetic fields under con-
sideration and only the last PIRO peak at B=0.6 T appears
to be slightly sensitive to the shape of the density of states.
Besides, regarding a limited validity of the SCBA in the
regime of separated Landau levels, the single-mode descrip-
tion proves to be a reasonable choice. It also provides a
rigorous justification for introduction of inelastic-scattering
time necessary for analytical description of inelastic mecha-
nism of photoresistance.

The assumption of weak MW excitation means that only
linear terms in the expansion of magnetoresistance in powers
of MW intensity are taken into account. First, this implies a
neglect of multiphoton absorption processes and formally re-
quires that the argument B of the Bessel function in Eq. (29)
must be small for the scattering angles essential in the inte-
gration. Since the phonon-assisted scattering occurs in a
broad range of angles, the condition S<<1 is equivalent to
P,<<1 and is satisfied by a proper choice of the MW field
strength E,. Next, the neglect of saturation effect for inelas-
tic mechanism contribution®® requires 7,V P,<1. As

shown above, the phonon-induced photoresistance oscilla-

i

tions in high-mobility layers are essential at 7;,v;, <1, so the
neglect of saturation is also satisfied at P,<<1. Finally, the
absence of strong heating, 7,/7T—-1<1, is equivalent to
smallness on the right-hand side of Eq. (41) and also can be

expressed in terms of smallness of E,,.
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Coming back to multiphoton processes, it is worth noting
that phonon-assisted multiphoton absorption requires much
weaker MW fields than impurity-assisted multiphoton ab-
sorption. The reason is the long-range nature of impurity
potential in high-mobility (modulation-doped) structures,
which leads to small-angle scattering (6<<1) and, thereby,
effectively smaller B in the impurity term of Eq. (29). Since
the multiphoton processes are thought to be responsible for
the phenomenon of fractional MIRO observed at elevated
MW intensities, 3933 the above conclusion may be useful
for interpretation of relevant experimental data. In particular,
a recent experiment®* shows several high-order fractional
resonances in photoresistance when the MW power is still
insufficient to produce these features as a result of multipho-
ton processes under electron-impurity scattering. A consider-
ation of electron-phonon interaction, which enables multi-
photon processes at weaker MW power, could possibly
explain the data of Ref. 34 (indeed, the high-order fractional
features are observed at 7=6.5 K, when phonon-assisted
scattering may become important). A more detailed consid-
eration of this problem requires a separate study which is
beyond the scope of the present paper.

The neglect of electron-phonon and electron-electron in-
teractions in calculation of the Green’s function in Eq. (14) is
justified at low temperatures, when the inverse quantum life-
time due to impurity scattering, 1/7,, is much larger than the
corresponding inelastic-scattering rates. This leads to
temperature-independent density of states characterized by
the Dingle factors used in the above calculations. However,
while electron-phonon contribution is not essential in a wide
temperature range, the contribution of electron-electron scat-
tering to the Landau-level broadening cannot be disregarded
already at several Kelvin. To take this effect into account,
one should replace the Dingle factors d with temperature-
dependent functions d(T)=exp[-7/w,7,(T)], where

Lo )
(1) 7, 7-28’ 7-2‘) e

and the numerical constant \ (usually determined experimen-
tally) is on the order of unity. The reliability of this approach
is justified theoretically and proved in numerous works by
studying temperature dependence of quantum oscillations in
magnetoresistance.!>!7-28:36-39 The inclusion of temperature-
dependent Dingle factors into Eq. (63) leads, in particular, to
nonmonotonic temperature dependence of PIRO amplitudes,
which is also observed in experiments.!”#0

The consideration was done for the case of spatially ho-
mogeneous 2D electron system. The effects of a finite size of
the sample, in particular, the influence of contacts and edges
on the MW photoresistance, have been neglected. This in-
cludes, for instance, the neglect of confined magnetoplasmon
effects in MW absorption.*! The problem of magnetoresis-
tance under inhomogeneous MW field distribution appears to
be even more important. The observed insensitivity of MIRO
to the sense of circular polarization,*? the absence of MIRO
in contactless measurements,* and calculations of the field
distribution in 2D systems with metallic contacts** suggest
possible near-contact origin of MIRO phenomenon in high-
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mobility layers. This means that, owing to large MW field
gradients in the vicinity of contacts, there may exist an ad-
ditional (caused by near-contact regions) oscillating contri-
bution to resistivity** which exceeds the contribution caused
by uniform MW field in the bulk of the layer. The nature of
the assumed near-contact oscillating contribution remains
unclear and its theoretical description is currently missing.
Further investigation of this problem is necessary. In the
meanwhile, any extension of theoretical knowledge about
MWe-induced response based on bulk properties of 2D elec-
tron gas is important and may help to uncover the exact
nature of MIRO.

In summary, a theoretical study of the effects of continu-
ous MW irradiation on the magnetoresistance of 2D elec-
trons interacting with impurities and acoustic phonons is pre-
sented. The main subject of the study was the quantum
oscillations of resistivity caused by the scattering-assisted
electron transitions between different Landau levels. In the
absence of microwaves (in equilibrium), there is only one
kind of such oscillations (PIRO) owing to electron-phonon
scattering. When MW radiation is applied, the transitions
between Landau levels can occur with absorption or emis-
sion of MW quanta, either under elastic scattering by impu-
rities or under inelastic scattering by acoustic phonons. The
concept of microscopic mechanisms of MW photoresistance
(displacement and inelastic mechanisms), previously devel-
oped for the case of electrons interacting with impurities,
applies to both these kinds of transitions. The impurity-
assisted transitions are responsible for the oscillations
(MIRO) whose 1/B periodicity is determined solely by the
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MW frequency w. The phonon-assisted transitions lead to
more complicated oscillations which are described as a result
of PIRO-MIRO interference. It is demonstrated that such os-
cillations are attributed mostly to the displacement mecha-
nism. Finally, heating of electron system by microwaves
gives rise to an additional phonon-induced oscillating contri-
bution, denoted here as nonequilibrium PIRO, which is
shifted by phase with respect to equilibrium PIRO. This con-
tribution is not related to specific features of MW excitation
and appears also when electron system is heated by a dc
field. Accounting for all the oscillating contributions leads to
a peculiar magnetoresistance picture that should be observ-
able in high-mobility 2D layers if the temperature is high
enough so the electron-phonon scattering is not frozen out.
Some relevant examples are given in Figs. 1 and 2. Possible
investigation of such features in future experiments would
become a critical test of the theory presented in this paper.

One of the primary goals of this work was to emphasize
the importance of electron-phonon interaction in description
of the microwave-induced oscillating magnetoresistance. The
author believes that the results and conclusions of this re-
search will be useful for better understanding of existing ex-
perimental data and may stimulate further experiments and
theoretical studies.
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