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The response of two-dimensional electron gas to a temperature gradient in perpendicular magnetic field under
steady-state microwave irradiation is studied theoretically. The electric currents induced by the temperature
gradient and the thermopower coefficients are calculated taking into account both diffusive and phonon-drag
mechanisms. The modification of thermopower by microwaves takes place because of Landau quantization
of the electron energy spectrum and is governed by the microscopic mechanisms which are similar to those
responsible for microwave-induced oscillations of electrical resistivity. The magnetic-field dependence of
microwave-induced corrections to phonon-drag thermopower is determined by mixing of phonon resonance
frequencies with radiation frequency, which leads to interference oscillations. The transverse thermopower is
modified by microwave irradiation much stronger than the longitudinal one. Apart from showing prominent
microwave-induced oscillations as a function of magnetic field, the transverse thermopower appears to be highly
sensitive to the direction of linear polarization of microwave radiation.
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I. INTRODUCTION

Electron transport in two-dimensional (2D) electron sys-
tems placed in a perpendicular magnetic field remains one
of the most important subjects in condensed matter physics.
Recently, it was established that a variety of interesting
transport phenomena takes place [1] in the region of mod-
erately strong magnetic field, where the Shubnikov—de Haas
oscillations of the electrical resistivity are suppressed because
of thermal smearing of the Fermi level. In particular, there are
several kinds of magnetoresistance oscillations [1] observed
in high-mobility 2D systems such as GaAs quantum wells,
strained Ge quantum wells, and electrons on liquid helium
surface. Among these phenomena, the microwave-induced
resistance oscillations (MIRO) appearing under microwave
(MW) irradiation of 2D electron gas [2-5] are studied most
extensively. Their origin is briefly described as follows. In
the presence of the MW excitation, when absorption and
emission of radiation quanta by the electron system take place,
both the distribution function and scattering probabilities of
electrons are modified. These modifications correlate with
the oscillating density of electron states owing to Landau
quantization in the magnetic field B, thus leading to corre-
sponding oscillating contributions to resistivity determined by
the ratio of the radiation frequency w to the cyclotron frequency
w. = |e|B/mc. The period and phase of MIRO, as well as
the temperature and power dependence of their amplitudes,
are in agreement with this physical picture supported by a
detailed consideration of microscopic mechanisms of MIRO
in the past years [6—11]. According to both experiment and
theory, the MW irradiation strongly affects the longitudinal
(dissipative) resistivity and has a much weaker effect on the
transverse (Hall) resistivity. More recent experiments uncover
the existence of small corrections, sensitive to the direction
of the electric field of microwaves (MW polarization), to
both longitudinal and Hall resistivities [12,13], also in general
agreement with theory.

Apart from its influence on electrical resistivity, the MW
excitation is expected to modify other transport coefficients
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of 2D electrons, for the same reasons as explained above.
The thermoelectric coefficients are of special interest in
this connection. The study of thermoelectric phenomena in
magnetic fields has a long history, and the fundamentals of
this topic, with applications to bulk conductors, are reviewed
in Ref. [14]. The electrical response to temperature gradient
VT is described by the longitudinal (Seebeck) and transverse
(Nernst-Ettingshausen) components of thermoelectric power
(briefly, thermopower). These coefficients are determined
by two mechanisms: the diffusive one, when electrons are
directly driven by the diffusion force due to temperature
gradient in electron gas, and the phonon-drag one, when
electrons are driven by a frictional force between them and
phonons propagating along the temperature gradient. The con-
tribution of both these mechanisms in magnetothermopower
of 2D electron systems has been studied in a number of
theoretical and experimental works [15-21] (see also review
paper Ref. [22] and references therein). The quantum effects
are commonly observed in strong magnetic fields, where
Shubnikov—de Haas oscillations of thermopower coefficients
take place [22]. In high-mobility GaAs quantum wells, the
phonon-drag thermopower shows another kind of quantum
oscillations, related to resonant phonon-assisted scattering
of electrons between Landau levels [20]. This occurs in the
region of moderately strong magnetic fields, below the onset
of the Shubnikov—de Haas oscillations, which is favorable for
observation of MW-induced quantum effects.

There are two main ways in which the MW irradiation
can influence the thermopower. First, this irradiation leads
to nonequilibrium electron distribution that has nontrivial
dependence not only on electron energy but also on the tem-
perature of electron gas. Both the diffusive and phonon-drag
contributions to thermoelectric coefficients should be sensitive
to such changes. Next, the MW irradiation in the presence
of magnetic field considerably influences electron-phonon
scattering. This causes an effect on electrical resistivity [23]
under conditions when the probability of electron-phonon
scattering is comparable to that of elastic scattering by
impurities. At temperatures below 4.2 K these conditions
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are realized only in very pure 2D systems. In contrast, the
effect of microwaves on electron-phonon scattering is always
important for thermoelectric properties, since the phonon-
drag mechanism determined by this scattering gives a very
significant [15], if not a major, contribution to thermopower of
2D electrons.

The above consideration also suggests that in spite of the
same microscopic mechanisms involved in both cases, the
effect of microwaves on magnetothermoelectric coefficients
of 2D electrons should be different from their effect on
magnetoresistance. The classical Mott relation between the
diffusive current responses to temperature gradient and to
electric field is not expected to be valid under MW excitation,
even for the moderately strong magnetic fields. Moreover, one
may presume that both longitudinal and transverse components
of thermopower oscillate with magnetic field in a way different
from MIRO, and their dependence on MW polarization is also
different. Therefore, there is enough motivation for a theoret-
ical study of the influence of MW irradiation on thermopower
of 2D electron systems in perpendicular magnetic field. The
present paper is devoted to this previously unexplored problem.

In the linear response regime considered in the following,
the current density j is given by the general expression

j=6E —pBVT, (D)

where E is the electric field in the plane (x, y) of the 2D electron
system. It is assumed that the 2D system is macroscopically
homogeneous so that the chemical potential u does not depend
on 2D coordinate r. Under conditions when no conduction cur-
rents flow in the system, one gets E = &V T'. The thermopower
tensor & describes the voltage drop as a result of temperature
gradient. It is given by @ = pf, where the resistivity tensor
p is the matrix inverse of the conductivity tensor 6. The
theoretical approach presented below is based on calculation
of thermoelectric tensor B in the presence of the ac field of
microwaves by using the method of the quantum Boltzmann
equation [1,8,10,23] established in the previous calculations
of the conductivity tensor 6. As both B and & are known,
the thermopower is found straightforwardly. The results are
presented for the case of moderately strong magnetic field,
when the Shubnikov—de Haas oscillations are still suppressed,
but quantum oscillations due to Landau quantization exist in
high-mobility 2D systems. Such oscillations are caused by
inelastic scattering of electrons between Landau levels as
a result of electron interaction with acoustic phonons of a
resonant frequency w,; (magnetophonon effect [20,24-29])
and with microwaves of frequency w. These two kinds of
inelastic processes actually interfere, leading to combined fre-
quencies w,, £ w whose ratio to w. determines the periodicity
of the quantum magneto-oscillations [23]. As shown below,
such oscillations exist in both longitudinal and transverse
thermopower caused by the phonon drag, while the diffu-
sion part of the thermopower follows the MIRO periodicity
determined by the single frequency w. The phonon-drag part
of the MW-induced contribution to transverse thermopower is
found to be comparable with that of longitudinal thermopower.
Since the transverse thermopower is much smaller than the
longitudinal one in classically strong magnetic fields, it is
dramatically affected by MW irradiation, demonstrating giant
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microwave-induced oscillations and a high sensitivity to the
direction of MW polarization.

The paper is organized as follows. Section II describes the
main formalism including description of ac electric field gen-
erated by incident electromagnetic radiation, electric current
in the presence of temperature gradient, and kinetic equation
for 2D electrons with collision integrals for electron-impurity
and electron-phonon interactions. In Sec. III the kinetic
equation is solved and the tensor f is presented and discussed
both for the equilibrium case and under MW irradiation.
Section IV contains expressions for longitudinal and transverse
components of thermopower tensor &, their discussion, and
presentation of the results of numerical calculations of these
components as functions of magnetic field and polarization
angle. More discussion and concluding remarks are given in
the last section.

II. GENERAL FORMALISM

Throughout the paper, one uses the system of units where
Planck’s constant & and Boltzmann constant kp are both set
to unity. The electron spectrum is assumed to be isotropic
and parabolic, with effective mass m. The Zeeman splitting of
electron states is neglected.

Consider a monochromatic electromagnetic wave normally
incident on the surface containing a 2D layer (the direction of
incidence coincides with the direction of the magnetic field,
along the z axis). The electric field of this wave near the layer
is written, in the general form, as

Egi) = Eg)Re[eef"“”]

Sl () ()]

where e is the polarization vector. The second part of this
equation represents the wave as a sum of two circularly

polarized waves, er = (e £ iey)/«/z = kyeTX; y is the

angle between the main axis of polarization of Eﬁi) and the x
axis, and x4 are real numbers characterizing ellipticity of the

incident wave (they are normalized according to K}r +k? =

1). A circular polarization means that either «, or x_ is equal
to zero. In the case of linear polarization, k. = x_ = 1/+/2 s0
that e. = ¢*X /4/2. The screening of electromagnetic waves
due to the presence of free carriers in the 2D layer changes the
polarization angle and ellipticity [30,31], so the electric field

in the layer, E;, differs from Eﬁi) and has the following form:

E = &Re (w—we)s ! +w+we)s ! e it
t — ﬁ c/)¥— i c/o+ —i )
3
where
€+

S = ——F—— (4)

wto +io, '
Here w, is the radiative decay rate that determines the
cyclotron line broadening because of the electrodynamic
screening effect. It is given by w, = 2mwe’n,/mc+/€*, where

ng is the electron density, +e* = (1 + 4/€)/2, and € is
the dielectric permittivity of the sample material. Next,
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E, = E(g)/\/g. InEqgs. (3) and (4), itis assumed that transport
relaxation rate, v,,, which determines electron mobility, is
much smaller than either | & .| or w,. The relation v, K @,
is a very good approximation for high-mobility samples with
typical electron density n; > 10'! cm™2.

Apart from the ac field E,, the electron system is driven by
a weak static (dc) field E. To take into account the influence
of both these fields on 2D electrons, it is very convenient
to use a transition to the moving coordinate frame (see
Ref. [10] and references therein). Then, the quantum kinetic
equation for electrons derived by using Keldysh formalism for
nonequilibrium electron systems (see details in Refs. [10,23])
contains the effect of external fields only in the collision
integral. The radiation power is assumed to be weak enough
to neglect the influence of microwaves on the energy spectrum
of electrons: the spectrum remains isotropic and the density
of states is not affected by the radiation. Further, the magnetic
field is assumed to be weak enough so there is a large number
of Landau levels under the Fermi energy. The kinetic equation
written for the electron distribution function f;, averaged over
the period 27 /w takes the form

afé‘(p

P m
ﬁ “V fep + @ dp = Jep, Jop = Jl + Jg:ﬂh’ ®)

where ¢ is the electron energy, p,, = p.(cos ¢, sing) with
pe = ~/2me is the electron momentum in the 2D layer plane,
and ¢ is the angle of this momentum. Since the dependence
of all quantities on the spatial coordinate r is considered
as a parametric one, the coordinate index at the distribution
function and collision integrals is omitted. The density of
electric current is given by the expression

2
._ e de s .
i= —/deDE/ —Peofep —01EE —céEVM,, (6)
b4 0o 2m

where 0, = e’ny/mw, = |elnyc/B is the classical Hall con-
ductivity and D, is the density of electron states expressed
in the units m/mw. Next, é = (91 (1)) is the antisymmetric
unit matrix in the space of 2D Cartesian indices. The last
term in the expression (6) is given by the spatial gradient
of magnetic moment M of electrons per unit square. This
moment arises because of diamagnetic currents circulating in
the electron system. Actually, the last term in Eq. (6) does
not contribute to the fotal current across any finite sample.
However, the necessity of taking into account this term (its bulk
analog is —c[V x M]) in the expression for the local current
density was emphasized in studies of magnetothermoelectric
phenomena a long time ago [14,32]. Being expressed through
the distribution function, the magnetic moment comprises two
terms:

m
M, =— /d‘S[Ds‘8 - Hs]fs’ @)
B

where f, is the isotropic (averaged over @) part of elec-
tron distribution function, and I1, = f_FOO de' Dy is the an-
tiderivative of D,. In the ideal 2D electron system, the first
and the second terms in M, correspond to magnetization
due to bulk and edge currents, respectively [33]. In the
case of the equilibrium Fermi distribution function f; =
{expl(e — w)/T]1+ 1371 it is easy to transform Eq. (7) to
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a well-known thermodynamic expression M, = —92/dB,
where Q = —(Tm/n) [ deD, In{1 + exp[(n — &)/ T]} is the
thermodynamic potential per unit area.

In the absence of any collisions, J,, = 0, the local current
is nondissipative, j = j®, where

i = _ﬂ/dgnaést — o €E. 3
B

If coordinate dependence of f, exists solely due to tem-
perature gradient, one has V f, = (3f,/dT)VT. The integral
term in Eq. (8) is reduced to nondissipative thermoelectric
current —AVT flowing perpendicular to VT, with g =
(cm/mB) [ deTl,(3f,/dT)é. If chemical potential u entering
fe also depends on coordinate, the integral in Eq. (8) produces
an additional term proportional to Vu. This term, with the
aid of the identity df,/du = —df,/de, can be combined
with the last term of Eq. (8), leading to the form o,€V¢,
where { = ® + /e is the electrochemical potential and
is the electrostatic potential determining the electric field
E = —V &. The electric field or, in general, the gradient of the
electrochemical potential induced as a result of a temperature
gradient is derived from the expression j® = 0. This leads
to diagonal thermopower tensor & = 1o, where 1 is the unit
2 x 2 matrix and

o= /dsn e 9)

Teng T~

Substituting the equilibrium distribution function into Eq. (9),
one gets the well-known result

S 02
a=—-——8=——, (10)
le|ng aT

where § is the entropy of 2D electron gas per unit area.
For strongly degenerate electron gas, i = €, one has S =
% /3)n, T /ek.

The collision integrals J;”" and J2 standing in Eq. (5)
describe, respectively, electron-impurity and electron-phonon
scattering [23]:

Ty = /0 2—¢ Z V(19en DI (IRs - Gen )T

XD£+nw+y,, [fa+nw+yn¢’ - fE(p]v (11)
2
JphZ/ d‘p/Z/OO d‘hm
e 0 2m S ) o 27
0
x Y Mg (IR, - qg, DP[(Nog- + frp)
n=-—00

Xfe —w,q- tnotyy ¢ (N)»Q‘ + l)fsw
X Ds —w; - Tno+y, +MAQ*[J (|R q |)
X[(Ny—@+ +1— fé‘(ﬂ)fs+w,“0++i1w+yn+(o’

—Ny—q+ fE(ﬂ]D£+le++nw+y’f}’ 12)
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where J,, is the Bessel function, v(q) = mw(q) is the isotropic
elastic scattering rate expressed through the Fourier transform
w(q) of the correlation function of random potential of
impurities, qg;, = Py — Pstnwy' 15 the momentum transferred
in scattering in the presence of ac field, and R,, is a complex
vector describing the coupling of the electron system to this
field:

ek,

\/Ema)

The interaction with phonons is considered under approx-
imation of bulk phonon modes. The phonons are charac-
terized by the mode index A and three-dimensional phonon
momentum Q with out-of-plane component ¢,. The squared
matrix element of the electron-phonon interaction potential is
represented as Mg = C,ql,,. The squared overlap integral
1,. = |(0]€'%:%|0)|* is determined by the confinement potential
which defines the ground state of 2D electrons, |0). The
function Cjq characterizes electron-phonon scattering in the
bulk. The in-plane momenta transferred in electron-phonon
collisions, qZ, are found from the equation q% = p., —
Peto,g: +nog>» Where QF = (q;,,¢;) and w;q is the phonon
frequency. The effect of the static electric field on the
collision integrals is given by the energies y, = Vp - qep
and y = =Vp-qE, where Vp = c[E x B]/B? = (¢/B)¢E
is the drift velocity in the crossed electric and magnetic
fields.

In the case of electrons interacting with long-wavelength
acoustic phonons in cubic lattice, the expressions for C,q and
dynamical equations needed for determination of w;q are the
following:

R, =

(4 +5-.(54 —5)/i). 13)

1
Cio=—|D*) erqieidid;
Q 20nws0 ; Qit2.Qj4i4j
(eh1s)?
+— Z Kijkkirjr€rQ€aQeqiqqirqd | » (14)
ik R
> [Kij(Q) — 8ijpuwiglerq; = 0. (15)

J

Kij(Q) = [(c11 — caa)g] + caa Q*18i; + (c12 + cas)
x qiq;(1 —8;;). (16)

Here D is the deformation potential constant, i4 is the
piezoelectric coupling constant, and p,, is the material density.
The sums are taken over Cartesian coordinate indices. The
coefficient «;j; is equal to unity if all the indices i,j,k are
different and equal to zero otherwise. Next, e,q; are the
components of the unit vector of the mode polarization, and
K;;(Q) is the dynamical matrix expressed through the elastic
constants ¢y, 12, and cy4.

Finally, N,q in Eq. (12) is the distribution function of
phonons. In the presence of thermal gradients this function
depends not only on the frequency w, g but also on the direction
of Q. In the general case, N, can be represented as a sum
of symmetric (s) and antisymmetric (a) parts satisfying the
relations N;_q = Njq and Nj_o = —Nj, respectively. The
drag of electrons by phonons is caused by the antisymmetric
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part. In the linear regime, N is proportional to VT while N* is
reduced to the equilibrium distribution function. In particular,
one often uses the following form [34]:

N,
@ 90 1w - VT, (17)

Nig = N, +
Q @i aa))\Q T

obtained from a linearized kinetic equation for phonons in the
relaxation time approximation. Here N,,, = [exp(w.q/T) —
117! is the equilibrium (Planck) distribution function, 7 is
the relaxation time of phonons, and w,q = dw,q/9Q is the
phonon group velocity. Notice that a simple expression u,q =
5,Q/ Q relating the group velocity to the sound velocity s, is
valid only in the isotropic approximation. For elastic waves
in real cubic crystals the direction of u,q does not generally
coincide with the direction of Q, though the symmetry relation
u,_q = —u,q is always valid. Substituting Eq. (17) into the
expression for the collision integral ng;,h, it is convenient to
write the latter as a sum of two parts,

h _ 7 ph(0) h(1)
& =I5+ I, (18)
where J!fph(o) contains the equilibrium phonon distribution
Ny, only, while Jslzph(l) is determined by the anisotropic

nonequilibrium correction to phonon distribution [second term
in Eq. (17)] and is proportional to V7. The second term in
Eq. (18) is responsible for the phonon-drag contribution to
electric current.

By using Eqgs. (11) and (12), one can directly check the
identity [ deD, [ dgJ., = 0 expressing the electron conser-
vation requirement. It is worth emphasizing that the collision
integrals Eqgs. (11) and (12) are written in the general form
valid for an arbitrary relation between radiation frequency w,
phonon frequency w,q, and electron energy e. In Ref. [23]
the collision integrals are written in a simpler form valid
under the assumptions w < € and w,q <K €. For degenerate
electron gas, the electrons contributing to electric current have
energies ¢ close to the Fermi energy, and these assumptions
usually work very well for microwave frequencies and acoustic
phonon scattering. However, in the problem of diffusive
thermocurrent an extra accuracy is required, so the terms of
the first order in w/¢ are to be retained at least in the isotropic
part of the electron-impurity collision integral [see Eq. (25)
below].

III. SOLUTION OF KINETIC EQUATION

When searching for the response to temperature gradients
only, the effect of the dc field in the collision integrals is
omitted, ¥, = ¥ = 0. It is also assumed that the main cause
of momentum relaxation of electrons comes from electron-
impurity scattering rather than from electron-phonon scatter-
ing. In GaAs quantum wells with electron mobility of about
10° cm?/V s this approximation holds al low temperatures
T < 10 K (for GaAs quantum well of typical width 20 nm
the phonon-limited mobility is estimated as 1.3 x 107 cm?/V
sat T=42 K and 3.8 x10° cm?/V s at T =10 K).

Thus, one may neglect the contribution J;’;’“’)

ph(1)

to Jgg‘, but the contribution Jg, ° leading to phonon drag

must be retained. It is convenient to expand the distribution

in comparison
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function in the angular harmonics, fep, =), fore’™*®. The
electric current density given by Eq. (6) is determined by
the components with k = £1. Only the effects linear in MW
power are considered below. The distribution function is
represented as a sum of two terms, f,, o4 + fer MW) where fex QW)
is proportional to MW power. For k # 0 the ﬁrst term is given
by the expression comprising the diffusive and phonon-drag
parts:

1 Ps (8f£k+l

~ikw, + v D, {% T

2 2
d d o
+/ QO/ (p E el(k*k)w
k/

x M [ Z IDs 1, (fomtngire 7 — fsk’)} } ., (19)
I=%1

V. T+ gg" lv_ T)

where Vo=V, £iV,, v® = py[1 — cos(k)] (the line
over the expression denotes angular averaging), and vy =
v[2p, sin(6/2)]. The integral operator M is proportional to

J
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temperature gradient and defined as
M{A) = Z[ —kaQnF ( 2T)

% |: VT + 1 Ba)xQ

Q2 q q zka a(pq
with F(x)=[x/sinh(x)]>. It is taken into account that
w;,q K &, which allows one to use the quasielastic approxima-
tion, when the transferred 2D momentum g, is replaced by
q, with absolute value ¢ =2 p, sin(8/2) depending on electron
energy and scattering angle 6 = ¢ — ¢’. The angle of the vector
qis ¢, =m/2+ ¢, where ¢ = (¢ + ¢’)/2. The phonon fre-
quency can be written as w,q = s, @, where Q = ,/q? + g2
and s,q is the sound velocity that depends on the mode index
and direction of vector Q. If the quantum well is grown in the
[001] crystallographic direction, as assumed in the following,
both w,q and M, are periodic in ¢, with the period 7 /2.

To find f,, MW) with the accuracy up to the linear terms in
MW power, only the contributions with low-order, |n| < 1,
Bessel functions J,, are to be taken in Egs. (11) and (12).
Physically, this corresponds to a neglect of multiphoton
absorption processes. If k& # 0, then

q~€VT]A, (20)

2ip — b*e 21¢ Zet(k —k)g
k/

— fot) = Dectoyo(fomtwore 7 — fek’)]} } , (21)

where only the isotropic part of the distribution function is
retained under the collision integrals. It is essential that J£° is

f(MW) _ Pu(e)/4 /Zﬂd(p fzndq)
ikw, + u(k)D
X Z { Vo [D€+nu)(f8+nu)k’€7ik/9— fex) — Dg fgk/(ef"k/e_ D]
n==1
_M { Z l[D€*lw;~Q+nw(feflw;~Q+nwkfe_ik,‘g
I==+1
[
where
2e2E & )
Pole) = (s ]” + I 1) (22)

is the dimensionless function proportional to MW power [see
Eq. (4) for definition of s1] and

*
S8,

(s+ P+ 5-1) @9
is a complex dimensionless coefficient which depends on the
direction of MW polarization and determines the sensitivity of
transport properties of electrons to this direction. The neglect
of multiphoton processes implies P, (¢) < 1. The expression
(21) comprises both electron-impurity and electron-phonon
parts, though only the electron-phonon part is essential below.

To find the isotropic (k = 0) part of the distribution func-
tion, it is necessary to include electron-electron scattering into
consideration. Though the corresponding collision integral
JZ¢ is not written in Eq. (5) explicitly, it can be found in
Refs. [9,23]. The kinetic equation is written as

T4 IO 4 g =0, 24)

not affected by MW irradiation, while Ji™ is nonzero only
in the presence of MW irradiation. The distribution f, is
represented as a sum of smooth part £(? and rapidly oscillating
part f™MW). The smooth part is controlled by electron-electron
scattering and, therefore, can be approximated by a heated
Fermi distribution with effective electron temperature T7,;
the latter is to be found from the energy balance equation
[deD,e[J} im oy ph(0)] 0. For the oscillating part, one gets
the following expression:

P,(e) nw
f;MW) = 4 TinVur Z (1 + %(1 —_ Ztr))

n==+1
X8D€+nw(f8+nw - fa)’ (25)
where § D, = D, — 1, vy = 7, ' = v®*V is the transport relax-
ation rate, and
dInty,
= 26
‘ dlne (26)

is the logarithmic derivative of the transport time over
energy. The inelastic scattering time 7, entering Eq. (25)
describes relaxation of the isotropic oscillating part of electron
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distribution [9]. This relaxation is caused mostly by electron-
electron scattering and scales with temperature as 7, o< 7,72
The electric current is given by Eq. (6), where the
distribution function, found from Egs. (19), (21), and (25)
with the accuracy up to the terms linear in both VT and P,
is substituted. The thermoelectric tensor f determining the
thermocurrent is represented below as a sum of four parts:

B =B +BY + B + W, 27)

where diffusive (d) and phonon drag (p) parts are written
separately. Two first terms correspond to dark thermocurrent,
in the absence of MW irradiation, while the next two terms are
MW-induced corrections. While ,3((10) and ,320) are determined

only by f,, O from Eq. (19), the MW-induced parts are found in
a more elaborate way, by combining together the results given
by Egs. (19), (21), and (25), as described in Sec. III B.

A. Dark thermocurrent

In the absence of MWs, the linear response to temperature
gradient is found from Eq. (19) for k = £1 with isotropic
(k' = 0) distribution functions substituted in the right-hand
side. The thermoelectric coefficients are given by the following
expressions:

A0) |e| f(o) w I .é — vtrngi )8
d = w? +v2D? (28)
&

(0) |e| /

{ Z ng la);\Q 5(0)[&0)»0 - f(O))(U)LQ} 9 (29)

I=%1

and
w.EeD € — vtrsDezl
2 22
wt‘ + vtI‘DS

where P, is the integral operator defined as
A do [T d d
PUA) = / / dey Z / dq:

2
% (1 = cos 6)'m ZMAQT)LF<Q)AQ) @1Q

02
The matrices given by Eqgs. (28) and (29) contain diagonal
symmetric (o 1) and nondiagonal antisymmetric (o €) parts,
so their symmetry is the same as the symmetry of the electrical
conductivity.

The expressions (28) and (29) describe the thermoelectric
tensor in a wide region of temperatures and magnetic fields.
Quantum oscillations of '36(10) and ,BA‘E,O) occur because of the
oscillating dependence of the density of states, D,. In the
following, the approximation of overlapping Landau levels is
used: D, = 1 —2d cos(2re/w,), where d = exp(—nr/|w.|T)
is the Dingle factor (d <« 1) and t is the quantum lifetime
of electrons, given at low temperatures by v = 1/75. Apart
from the condition d < 1, the validity of the expression for
D, implies 7 >> 1. Under the same requirements, [T, = & —
(we/m)d sin(2w e /w.). The integrals over energy in Egs. (28)
and (29) are calculated below under the assumption of strongly
degenerate electron gas, and the quantum effects up to the
second order in the Dingle factors are retained. To take into

A. (30)
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account energy dependence of the Dingle factor due to energy
dependence of 7, the logarithmic derivative Z = dIlnt/d1ne
is introduced. The diffusive part is given by the following
expression:

A T, 2Z,.v2 2 B
O _ _mlelTe we |14+ == vtrz +6dcos L2 | e
) + X

i
3(w2 + v w? + V2 W,

2.2
. [1 - ZtrZQ - ”‘; —12d 8; Bsin

c tr Tl @c

=l
i 31
|we|T

with X =272T,/w. and B =93(X/sinhX)/0X = (1 —
X coth X)/sinh X. All energy-dependent quantities, namely
Vir, T, Z4r, and Z, in Eq. (31) are taken at ¢ = e. The classical
terms and the quantum term proportional to d in the diagonal
part of /%0) have been reported previously [22].

Calculating the phonon-drag part from Eq. (29) under the
same approximations, one gets the result

2mER

+2d? (1 — Ze +

5(0) _ le|ng .l 2 ~
= —— L w[I +2d*T.1¢

» m(wf n vtzr) [T 1]
—v[T1(1 4 2d°) + 4d*T 11

X
_4d Fs 1%
sinh X

cos e—( /2)vtri]} . (32
Similarly to Eq. (31), this expression contains both classical
terms and quantum terms proportional to d and d?. The
dimensionless functions I'; used here and below are defined as

1
r, s
A T W
Lo | = P,f cos = =¢ s (33)
an Sln 27Ta)/Q

271w

where 75,5 denotes 75n at ¢ = ¢r. The function I'; determines
the classical contribution [34] to phonon-drag thermoelectric
response and does not depend on the magnetic field. This
contribution has been considered previously in the isotropic
approximation for the phonon spectrum, when there are one
longitudinal phonon branch with velocity s; and two transverse
branches with velocity s,. For high temperatures, when 7' ex-
ceeds both s, pr and 7s; /a (pr is the Fermi momentum and a
is the quantum well width), I'; is temperature-independent. At
low temperatures, T < s, pr, the Bloch-Gruneisen transport
regime is realized, when electron scattering by phonons occurs
at small angles, # < 1. In this regime [35], I'; scales with
temperature as 72 (or as T* if only the deformation-potential
mechanism of electron-phonon interaction is present). The
functions I';, and Iy, standing in the quantum contributions
depend on the magnetic field and can be analytically calculated
only in certain limits (see Appendix).

The terms ocd in Egs. (31) and (32) describe the
Shubnikov—de Haas oscillations of the thermocurrent. The
forthcoming consideration, however, is focused at the case
of |w.| « 2m>T,, which means that X/sinh X is expo-
nentially small so the Shubnikov—de Haas oscillations are
suppressed and the quantum corrections are given by the
terms oc d? only. Using ny = mep/m, one may check that
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the tensor (31) under these conditions satisfies the Mott re-
lation B = —(72T,/3e|)(36 /der), where 6 = 1oy — €0,
is the conductivity tensor whose components are o; =
engve(1 + 2d2)/[m(wf + vtzr)] and o, = eznsa)c/[m(a)g +
vtzr)]. The quantum corrections both in these expressions and
in Eq. (31) are essential only in the classically strong magnetic
fields, so the terms o< (vy/w.)d” are neglected in comparison
to the terms o< d?.

The diffusive thermoelectric coefficients do not oscil-
late before the onset of Shubnikov—de Haas oscillations.
In contrast, quantum magneto-oscillations of phonon-drag
thermoelectric coefficients persist under the assumed condition
|we| < 2m2T,, because of the presence of I';; in ﬁg)). Indeed,
the oscillating nature of the function cos(2ww,q/w.) is not
completely washed out after the integration under P. The
major contribution to such integrals comes from the region
of variables around ¢, =0 and 6 = w, which physically
corresponds to backscattering of electrons as a result of
emission or absorption of phonons moving in the quantum well
plane; the wave number of these phonons is close to 2 pr. Thus,
there exist resonant phonon frequencies, roughly estimated as
2prs;, which lead to magneto-oscillations of phonon-drag
thermopower observed [20] in high-mobility samples. With
decreasing temperature, the oscillations are exponentially sup-
pressed in the Bloch-Gruneisen regime (see Appendix). The
same kinds of oscillations are observed in electrical resistivity;
they are known as acoustic magnetophonon oscillations or
phonon-induced resistance oscillations [24-29].

B. Microwave-induced thermocurrent

The distribution functions f;; and f._; determining the
electric current under MW irradiation are to be found up
to the terms linear in P,(g). There are two types of such
MW-induced contributions. The direct ones are obtained in
two ways: (i) by calculating f;flw ) from Eq. (21), where
the isotropic distribution function f is retained under the
integral (only the phonon part is essential), and (ii) by
calculating fa(i)l from Eq. (19), where the isotropic MW-
induced distribution function f™"W) is placed in the right-hand

side. The indirect contributions assume calculation of f;i)]

and fe(rlw ) by substituting anisotropic parts of f;}cvlw) and

f;]?), respectively, in the right-hand sides of Eq. (19) and
Eq. (21). A similar technique has been used for calculation
of the MW-induced conductivity. Following the notations of
Ref. [10], one may denote the direct contributions (i) and (ii)
as the “displacement” and “inelastic” ones, respectively, and
the indirect contributions as the “quadrupole” ones. Strictly
speaking, there exists one more indirect contribution called
the “photovoltaic” one [10], which is determined by the MW-
generated time-dependent part of the distribution function and
cannot be obtained from the kinetic equation Eq. (5) because
the latter is written for time-independent f;,. The indirect
contributions to B begin with the terms of the order vy/w,
compared to direct contributions. Since all the MW-induced
contributions are of quantum nature and important only in
the region of classically strong magnetic field, w, > vy, the
indirect contributions are less significant than the direct ones
and can be safely neglected in the thermopower coefficients
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presented in the next section. Therefore, the attention below is
focused at the direct contributions only.

The current is calculated in the regime when electron gas
is degenerate. Within the required accuracy, the solution of
Eqg. (25) is given by the following expression:

2T w

d . 2me
fF(MW) = —P,(&)Tinvy { sin sin
’ 2 [OR W,

2me 2w

Cos
We We

-2

x (9, — £2,) — cos

0 0
X I: et + fe—a)

w 27TZ 0 0
—(1-2z S AR
+ ( e + lwm)( wt — foot)

(34)

The first term of this expression gives the main contribution
sufficient for calculation of the MW-induced resistance [9].
The second term represents a correction of the order w/e,
which is necessary for calculation of the diffusive ther-
mopower. The term proportional to the factor sin(2rw/w,) in
Eq. (34) also enters Eqgs. (35), (37), (43), (45), and (48) below,
where the contribution of inelastic mechanism is present. This
factor reflects the property [9] that the strongest modification
of the electron distribution function under MW irradiation
in the presence of weak Landau quantization occurs when
w/w. = n £ 1/4 (nis an integer). The correction proportional
to the factor cos(2rw/w,.) appears because the resonance
absorption of MW radiation at w/w, = n also has an effect
on the distribution function.

The consideration below assumes the approximation
|we| < 272T,, when Shubnikov—de Haas oscillations are ther-
mally averaged out. This dramatically simplifies calculation of
the integrals over energy because one can average the products
of rapidly oscillating functions such as D, and f™MW) over the
period w, before integration over the energy. After substituting
Eq. (34) into the first part of the right-hand side of Eq. (19) and
calculating the current according to Eq. (6) [one may equally
use Eq. (28) with f© replaced by fMW)], the diffusive part
of B takes the form

AMW) le|d? Tinvew? PyThy
MW —
7T, (02 + v})

2
w: | 2nw 2T w A
X [ £ sin é —ve(1 — Zy) cos 1] ,
2rw W, W,

(35)

where all energy-dependent quantities are taken at ¢ = ¢, in
particular, P, = P,(¢r). The main contribution to the deriva-
tive over temperature in Eq. (19) comes from temperature
dependence of the inelastic relaxation time, expressed through
the logarithmic derivative

Zn =

dlnt;, ~_» (36)
olnT,
The factor sin(2rw/w,.) typical for MW-induced conductiv-
ity [9] does not appear in the diagonal part of thermoelectric
tensor Eq. (35), because of different dependence of the
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diffusive thermoelectric current on electron energy distribution
as compared to the drift current. The first term of f™MW) is
averaged out in the diagonal components of 3((1MW), while the
second term of fE(MW), proportional to cos(2rw/w,), survives
this averaging.

For the phonon-drag part of B the result is the following:

2nw

AMW) 2le|nsd*P, 2rw
ﬂp — T 7 5 .

Vir Tin Fsl —— Sin
2 2
m(a)c + vtr)

(OB (OB
X[—weé + (3/2)vy1]

L, T Tw . 2nw
+ [ "2 sin sin

+ Fs2

(& c a)C

x[@c(—& + 80) + 2vi(1 + ho)]

Fs 2
W, oF e

L LT o T | 2w
+ [ "¢z sin sin

xmgmﬂwmq, (37)

where
go=b6,+b"6., 8 =b'6,—-1b"6,,
R R (38)
ho=0b'6, —b"6,, hy =b'6,+b"6,;
6, = ((l) _01) and 6, = ((1) (1)) are the Pauli matrices, while b’
and b” denote real and imaginary parts of b [see Eq. (23)],

respectively. The quantities I; differ from I'; by placing the
factor

2 19
P L T
4p2sin?0/2 ) wiq 3¢,

cos(4p,) — sin(4g,) (1 +
under the integral operator P in Eq. (33). In the general
case, both terms in Eq. (39) are essential for calculation
of T;. In the isotropic approximation for phonon spec-
trum the second term in Eq. (39) vanishes, but T is still
nonzero, because the piezoelectric-potential part of M,q
remains angular-dependent. If the anisotropy of the phonon
spectrum is weak, the second term in Eq. (39) can be
neglected in the calculation of the piezoelectric-potential
contribution.

The expression (37) includes contributions from both
inelastic (first term) and displacement (second and third terms)
mechanisms. The inelastic-mechanism contribution can be
obtained from Eq. (29) after replacing £ with fMW). The
displacement-mechanism contribution has a form similar to
that of the MW-induced contribution to conductivity [8], as it
contains the factors sin(2r w/w.) and sin?(wr w/w, ). The first of
these factors has extrema atw/w. = n £ 1/4, corresponding to
the conditions of maximal displacement of electrons along the
effective drag force or against this force under photon-assisted
scattering, similar to the case of a response to dc field [7].
The second factor describes the enhancement of photon-
assisted scattering probabilities in the resonance, w/w. = n,
and their suppression in the antiresonance, w/w, = n + 1/2.
The displacement-mechanism contribution depends on MW
polarization direction through the terms with the matrices of
Eq. (38).

PHYSICAL REVIEW B 91, 235307 (2015)

The fundamental difference between ﬁ,gMW) and the MW-
induced contribution to conductivity is given by the factors
I; and T, which are not merely constants but functions of
the magnetic field describing the magnetophonon oscillations.
The products of these magnetophonon oscillating factors
by the MW-induced oscillating factors sin(2rw/w.) and
sin?(rw/w,) physically correspond to the interference of these
two kinds of oscillations and can be viewed as a result of photon
and phonon frequency mixing in the scattering probabilities.

The phonon-drag part of B depends on electron tem-
perature 7, through the inelastic scattering time tj,.
The quantities T'; and T are determined by the lattice
temperature 7.

There is an important question of whether the thermo-
electric tensor B satisfies the symmetry with respect to time
inversion (Onsager symmetry). In the absence of microwaves,
this symmetry, of course, is satisfied. Under MW irradiation,
when electrons are out of equilibrium, the Onsager symmetry
can be broken [10]. In application to the problem of electrons
in the presence of electromagnetic waves, the time inversion
implies, apart from the magnetic field reversal w, - —w,,
the transformations e — e* and k — —Kk, where Kk is the
wave vector of the electromagnetic wave. e — €* means that
e+ — ef, which is equivalent to k. — i (see the beginning
of Sec. II), while k — —k means that the sign at @, in
Eq. (4) for sy is inverted, as follows from reversibility of
the wave transmission problem [30] employed for derivation
of Eq. (3). Therefore, the denominator in Eq. (4) transforms
asw*w. +iw, > o F o — iw,, whichresults in s — s;"F
under the time inversion. The Onsager symmetry relation takes
the form

Bij(we,s—.54) = Bji(—w,57,57), (40)

and similar relations can be written for the other transport
coefficients including the conductivity. From sy — s one
can see that both [s,|? + |s_|? and s_s% are invariants with
respect to time inversion; thus the function b defined by
Eq. (23) is also an invariant. The MW-induced part of f
given by Eq. (37) does contain the terms violating the Onsager
symmetry Eq. (40); these are the terms at the matrices gy and
81. These terms are invariant under permutation of Cartesian

indices.

IV. THERMOPOWER COEFFICIENTS

Having found B, one may calculate the thermopower tensor
&, which is presented below as a sum of dark and MW-induced
parts, & = @ 4+ ™MW, Because of the presence of terms
which depend on MW polarization, this tensor is a general
matrix.

In the absence of MW irradiation, & has the same
symmetries as the resistivity tensor, () = o) and ) =
—a(). By using the expressions o) = ma,/e’n, and p) =
mvy(1 + 2d?)/e*n together with Egs. (31) and (32), where the
Shubnikov—de Haas terms are neglected, one obtains, within
the accuracy up to d?, the following results:

2
T,
a0 =_—_-° <1

Z 2 1
= 4 ) (1 424°T,), (A1)
3|€|8F

w2+ v2 le|
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FIG. 1. (Color online) Longitudinal (a) and transverse (b) ther-
mopower in the absence of microwave excitation plotted for three
temperatures. The calculations are done for a GaAs quantum well of
width 14 nm with electron density 7, = 5 x 10'' cm~2 and mobility
2 x 10° cm?/V s. The quantum lifetime of electrons is T = 7 ps.

Vi * T, 2nZ
o) = s Vtz{”—— [Ztr+2d2<ztr— il )}
wz + v | 3lel er et
1
_Lowr, } . “2)
el

In the classical case, the thermopower coefficients have the
usual forms found in literature [22]. The Landau quantization
leads to additional terms proportional to 2. In the phonon-drag
part of thermopower, these terms are determined by the
function I';; oscillating with the magnetic field. Because of
these quantum corrections, the transverse phonon-drag ther-
mopower is nonzero. In Fig. 1 the longitudinal and transverse
thermopower are plotted as functions of magnetic field for a
rectangular GaAs quantum well of width 14 nm, with electron
density n;, = 5 x 10" cm™ and mobility 2 x 10° cm?/V s.
The quantum lifetime t = 7 ps is assumed, which corresponds
to the ratio 7/t =~ 11. The phonon scattering time T, is chosen
as 0.2 us for each mode, which approximately corresponds to a
1 mm mean-free path for phonons [36]. The elastic coefficients
for GaAs in units 10'! dyn/cm2 are ¢y = 12.17, c¢pp =
5.46, and c44 = 6.16. The deformation potential, piezoelectric
coefficient, and density are D = 7.17 eV, hi4 = 1.2 V/nm,
and p = 5.317 g/cm?, respectively. The energy dependence
of the transport time and quantum lifetime is assumed to be
o €32 and o &!/2, respectively, which corresponds to v(g) o
exp(—I.q) under the condition of small-angle scattering, when
l.pr > 1.The oscillations of the thermopower coefficients are
caused by magnetophonon resonances. At low temperature,
the oscillations are barely visible because the system falls into
the Bloch-Gruneisen regime, but they are essential at higher
temperatures. The last peak of o is due to the scattering
of electrons by high-energy (longitudinal) phonons; this peak
disappears first with lowering temperature. The nonoscillating,
proportional to 1/ B, part of ) is determined by the diffusive
contribution.

Let us consider now the thermopower coefficients in the
presence of MW excitation. While Eqs. (41) and (42) are
valid for both classically strong and classically weak magnetic
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fields, the MW-induced contributions are important only in the
limit of classically strong magnetic fields. For this reason, only
a part of the terms presented in Eqs. (35) and (37) are essential
for calculation of thermopower in this limit. In particular,
the longitudinal thermopower in classically strong magnetic
fields is written simply as o,y = pyyByx. The influence of
microwaves on Hall resistivity py, is weak [12], so oy, is
directly determined by fB,,. Neglecting the contributions of
higher order in v /w. in Egs. (35) and (37), one obtains

2d*P 27w 27w Tin?
a)(c¥W) = 2 v Tin— sin [ — —
le| 8m2epT,

c e

I + BTy + b'Tea] sin? =2

We

- 2
+[(1+b/)r‘x2+b/rsz]z—w5m ”“’}, (43)

c e

while «™W) differs from this expression by changing the sign
at b'. The first term in Eq. (43) is caused by modification of
the isotropic distribution function of electrons by microwaves
(inelastic mechanism) and includes both the phonon-drag and
the diffusive contributions. Since the diffusive term increases
with decreasing temperature, it may become comparable to
the phonon-drag one. However, inevitable heating of electron
gas by microwaves tends to hinder the contribution of the
diffusive term. The remaining terms in Eq. (43) describe
the phonon-drag thermopower caused by the displacement
mechanism. They contain contributions proportional to &/,
which change the symmetry of the thermopower coefficients.
The dependence of these contributions on the polarization
angle x can be illustrated for the case of linear polarization of
the incident wave, when b is represented in the form

b le—2ix 0 — o2 + a)f, —2iw.w,

2 ? + 0l + 0k

(44)

Since b’ = Re(b) contains the terms both even and odd in
magnetic field, «,,, in general, is not symmetric in B (the
reversal of magnetic field means alteration of the sign of . in
all equations). The “inelastic” contribution in Eq. (43) should
dominate at low enough temperatures, when v, 7, > 1. The
“displacement” terms become more important with increasing
temperature. It is worth emphasizing that the oscillations in
these terms due to the factor sin?(w/w.) are comparable by
amplitude with the oscillations due to the factor sin2rw/w,).
This behavior is in contrast with that for MW-induced resis-
tance. In the resistance, the contribution at sin(2r w/w,.) domi-
nates because it overcomes the oscillating part of sin?(rw/w.)
by the factor 2wrw/w. which is numerically large in the
region w > w, where MIRO are observed. As a consequence,
the MW-induced resistance magneto-oscillations due to the
displacement mechanism are very similar to the magneto-
oscillations due to the inelastic mechanism [9], so these two
mechanisms are difficult to separate experimentally. In the
phonon-drag thermopower, the contributions at sin2rw/w,)
and sin(rw /) are proportional to the functions 'y, and ",
respectively, and I';; is larger than I'y,. Moreover, I'c; > Iy
in the region of low magnetic fields, |w.| < 47 pFs;; see the
Appendix. The ratio of the amplitudes of sin(2rw/w.) and
sin’(mw/w,) oscillations in the “displacement” part of the
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thermopower is estimated as w/2pps;,, which is of the order
of unity for typical electron densities and MW frequencies. The
same is true for the “displacement” contribution to transverse
thermopower described below by Eq. (47).

A more careful analysis is required for evaluation of the
transverse (Nernst-Ettingshausen) thermopower, because the
latter is determined by both diagonal and nondiagonal parts
of B and is sensitive to MW-induced modifications of the
longitudinal resistivity. Indeed, axy = pxyByy + OxxBry. The
influence of microwaves on p,, is weak and not essential
for determination of c,,, while their influence on p,, is
strong. Under the assumed condition that the electron-impurity
scattering is more important than electron-phonon scattering,
the longitudinal resistivity correction due to MW irradiation is
written as [9]

2w . 2nw
P, sin , 45)

eng W, N

MW) _2d2mv12rtm

XX
and pY™ = p(NW). Equation (45) implies that p{™ is
governed by the inelastic mechanism. The displacement mech-
anism for electron-impurity scattering is less important at low
temperatures, especially in the case of small-angle scattering
processes relevant for high-mobility 2D systems [9]. In
contrast, for electron-phonon scattering determining phonon-
drag thermopower, the displacement mechanism is significant
under the condition w;qg < 27 when the main contribution
to oscillating functions I';; and I'y, comes from large-angle
scattering processes (backscattering). Among the “displace-
ment” terms contributing into the transverse thermopower
a\™ there is a strong polarization-dependent term coming
from the diagonal part of the matrices gy and &, in Eq. (37).
The other contributions to ag‘y/lw) contain a small factor vy /w.
Out of them, only the “inelastic” ones can compete with
the mentioned polarization-dependent contribution. Therefore,
with the assumed accuracy up to d?, the result is written as a
sum of two terms:

otff;/,lw) >~ Aayy sin(x + ) + oz;“y, (46)
where
2d°P, L LT
Aaxy = |b| (FCZ - FCZ) s
le o8
. Tw . 2nw
+(Fs2 - Fx2) sin ) (47)
We We
and
in 2d2PwU[2rfm 2nw | 2nw 72T, Ty
o = — sin '+ -
’ le|w. W, W, 3er 2
0*T { e . 2mw 2nw
— sin — (1= 2Z)cos .
2T, er 2t W, W,
(43)

To obtain &), one should change the sign at the second term
in Eq. (46). Since the effects under consideration are linear in
MW intensity, the polarization-dependent term is a harmonic
function of the doubled polarization angle; a similar angular
dependence is expected for electrical resistivity [37]. This term
is characterized by the amplitude Ac,, and the phase angle
np which are, respectively, a symmetric and an antisymmetric
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function of the magnetic field. For linear polarization, when
Eq. (44) is valid, the phase angle is defined as tannp =
2w.w,/ (@* — cuf, + w%). One may introduce the effective
polarization angle xgp = x + np/2 describing the direction of
the ac electric field in the 2D plane, which is different from the
polarization of the incident wave. The polarization-dependent
term, in general, is not antisymmetric under reversal of B,
though for special orientation of the incident ac field along x
or y axes the symmetry property a(\'V)(B) = —a{™)(~B) is
preserved. If the angle xp is equal to 7w /2 or 0, which means that
the electric field in the 2D plane is polarized along y or x axes
(i.e., along or perpendicular to the temperature gradient), the
polarization-dependent term is equal to zero. The contribution
of this term can be experimentally distinguished from the other
contributions by its dependence on the polarization.

The polarization-independent term given by Eq. (48)
contains several contributions of different origin, though all of
them are caused by the inelastic mechanism. The first part [the
first line of Eq. (48)] comprises three different contributions.
The first one, at 'y, comes from the MW-induced correction
to resistance if the thermoelectric current is due to the
phonon-drag mechanism. The second contribution comes
from the MW-induced correction to resistance if the ther-
moelectric current is due to the diffusive mechanism. These
two contributions can be distinguished from each other by
their temperature dependence. At low temperatures (roughly
estimated as 7, < 0.5 K), the second contribution can exceed
the first one, as it decreases with 7, slower [see Eq. (A11) for
low-temperature behavior of I'j]. However, the MW heating
of electron gas renders this regime practically unrealizable.
The third contribution, at I'y;, is caused by the MW-induced
correction to the phonon-drag part of thermoelectric tensor. In
contrast to the first and second contributions, this one contains
magnetophonon oscillations. However, in the region of fields
where these oscillations exist, |w.| < 2pFs;, the term 'y /2 is
much smaller than I'';. The second part [the last line of Eq. (48)]
contains the contributions due to MW-induced correction to
diffusive part of thermoelectric tensor. This part does not
exceed the contribution proportional to 727, /3¢ in the second
line of Eq. (48) under the assumed condition |w.| < 27%T,.
Therefore, the contribution proportional to I'; dominates over
the others in Eq. (48) in the relevant region of parameters.
This means that magneto-oscillations of a;“y are determined
only by the ratio w/w, and are similar to MIRO. The
magneto-oscillations of the polarization-dependent term are
more complicated, because they also have the magnetophonon
constituent due to the factors ., — [, and Ty, — ['yy [see
Eq. (47), Fig. 6, and its discussion below]. Therefore, the two
terms in Eq. (46) can be distinguished from each other not
only by polarization dependence and B-inversion symmetry
but also by the behavior of magneto-oscillations.

It is important to emphasize that the components of the
thermopower tensor given by Eqs. (43) and (46) do not violate
the Onsager symmetry. This fact requires an explanation in
view of the observation (see the end of Sec. III) that some
terms in B violate this symmetry. Indeed, @ is formed as a
result of matrix multiplication of p and B and its full form
does contain terms violating the Onsager symmetry. However,
such terms are small in comparison to the terms included in
Egs. (43) and (46), so they are neglected.
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FIG. 2. (Color online) Longitudinal (left) and transverse (right)
diffusive thermopowerat T = 1.5 Kand T = 4.2 K under the linearly
polarized MW excitation of frequency 130 GHz and electric field
E, = 2V /cm. The parameters of the system are the same as in Fig. 1.
The dashed lines show the dark thermopower (no MW excitation).
The narrow solid line in the right-hand part shows the result of
approximation a\™ ~ p®™) () for T = 1.5 K. The inset presents

the calculated behavior of the longitudinal resistance.

Coming to presentation of numerical results, let us consider
first the diffusive contribution to thermopower coefficients.
This contribution is given by Egs. (41), (42), (43), and (46),
where all T'; and I'; are set to zero. The inelastic scattering time
here and below is estimated according to [9] T, = €F/ T2.The
diffusive thermopower is not sensitive to MW polarization.
The longitudinal diffusive thermopower «,, is modified by
the microwaves in two ways: through the heating of 2D
electrons and through the quantum correction in Eq. (43).
The calculations (see Fig. 2) demonstrate that the heating
mechanism is more essential. In particular, it leads to a peak
at cyclotron absorption frequency and to oscillations at small
B caused by the oscillations of absorbed MW power due to
Landau quantization. The transverse diffusive thermopower
.y, in contrast, is considerably affected by the MW-induced
quantum corrections from Eq. (48). Among these corrections
there is a term pMW) /3,(3,) , whose oscillations directly reproduce
the MIRO pattern shown in the inset of Fig. 2. The calculations
demonstrate that the other terms, those in the last line of
Eq. (48), are equally important, although their contribution
becomes weaker with increasing temperature.

Consider now the influence of microwaves on the ther-
mopower coefficients in the presence of both diffusive
and phonon drag mechanisms. Theoretical and experimental
studies of GaAs quantum wells show that for temperatures
above 0.5 K the phonon-drag contribution dominates over
the diffusive one. Consequently, the behavior of thermopower
is governed mostly by the influence of MW excitation on
the phonon-drag contribution. For the typical parameters of
MW excitation, the oscillating quantum corrections given
by Eq. (43) are of the order of several ©V/K. The partial
contributions due to inelastic mechanism [the first term in
Eq. (43)] and displacement mechanism (the remaining terms)
are shown in Fig. 3. The role of the displacement mechanism
increases with increasing temperature. At low temperatures
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FIG. 3. (Color online) Microwave-induced corrections to longi-
tudinal thermopower at 7 = 1.5 K and T = 4.2 K due to inelastic
(a) and displacement (b) mechanisms, for linearly polarized MW
excitation of frequency 130 GHz and electric field E, =2 V/cm.
The parameters of the system are the same as in Fig. 1. Two plots for
T = 4.2 K in (b) correspond to two angles of MW polarization.

(Bloch-Gruneisen regime), the period of the oscillations is
determined by the ratio w/w.. With increasing temperature,
the magnetophonon resonances become important and the
picture of oscillations becomes more rich. The sensitivity of
the displacement mechanism to MW polarization is illustrated
by plotting its contribution for two angles of electric field of
the incident wave, x = 0 and x = /4.

However, the relative change of the longitudinal component
o,y under MW irradiation is not strong. The terms due to
phonon drag in Eq. (43) are proportional to the functions
51, T, and Ty, which are small in comparison to I';
in the important region of parameters |w.| < 2prs,g and
|w.| < 2m2T,, where magnetophonon oscillations take place
but Shubnikov—de Haas oscillations are suppressed (see a
more detailed comparison in the Appendix). The ratio of
the relative change of «,, due to MW irradiation to the
relative change of the resistivity p,, is estimated by a small
factor I'y;/ ;. This means that even in the case when MW-
induced resistance oscillations are strong, the MW-induced
oscillations of the longitudinal thermopower still may be weak.
The magnetic-field dependence of «,, at low temperature is
presented in Fig. 4(a). For T = 1.5 K one can see changes in
the oscillation picture, in particular, inversion of the minimum
around 0.18 T and a considerable enhancement of the last
peak. The vertical shift of a,, as a whole with respect to o' is
caused mostly by the diffusive mechanism contribution, due to
heating of electrons by microwaves; see Fig. 2. With increasing
temperature, the relative effect of microwaves on «,, becomes
weaker because o?) increases faster than oMW,

The transverse thermopower oy, in contrast, is strongly
changed by microwaves, because the dark thermopower a9 is
small itself. At low temperature [see Fig. 4(b)] the modification
is almost entirely governed by the oscillations of resistivity,
which means that the approximation a{Y'™ ~ p(\™) () works
well. This approximation is no longer valid when temperature
increases and the polarization-dependent contribution, the first
term in the expression Eq. (46), becomes significant. This is
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FIG. 4. (Color online) Longitudinal (a) and transverse (b) ther-
mopower at 7 = 1.5 K under the linearly polarized MW excitation of
frequency 130 GHz and electric field E,, = 2 V/cm. The parameters
of the system are the same as in Fig. 1. The dashed lines show the dark
thermopower. The narrow solid line shows the result of approximation
aYW) > pMW) BO) for transverse thermopower.

demonstrated in Fig. 5, where o, is plotted for two directions
of ac electric field: along the x axis (x = 0) and at the angle
of /4 to this axis. With increasing B, when the ratio vy/w,
becomes smaller, oy, deviates from the simple dependence
o pMW) and becomes strongly sensitive to polarization.

The polarization dependence of a,, for different magnetic
fields is characterized by the amplitude Ac,, given by Eq. (47).
This function is plotted in Fig. 6 for different temperatures.
The complicated oscillating behavior of Aa, is caused by the
interference of magnetophonon oscillations with microwave-
induced oscillations. At small 7, when the system is in the
Bloch-Gruneisen regime, Acy, is small. With increasing T,
Aoy, increases and saturates around 10-15 K. The inset in
Fig. 6 shows how the rotation of the MW polarization angle
changes the total transverse thermopower.

4 x=0—, /X=n/4

(nVIK)

(03

00 01 02 03 04 05 06 07 08 09

FIG. 5. (Color online) Transverse thermopower at 7 =4.2 K
under the MW excitation of frequency 130 GHz and electric field
E, =2 V/cm, for two different directions of linear polarization of
incident wave. The parameters of the system are the same as in Fig. 1.
The dashed line shows the dark thermopower. The narrow solid line
shows the result of approximation a{Y™ ~ p{™ g,
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FIG. 6. (Color online) Magnetic-field dependence of
polarization-sensitive part of transverse thermopower at different
temperatures, for the MW excitation of frequency 130 GHz and
electric field E, =2 V/cm. The parameters of the system are the
same as in Fig. 1. The inset shows dependence of thermopower on
the polarization angle at B = 0.5 T.

The relative contribution of the polarization-dependent part
can be further enhanced at higher MW intensity and at higher
mobility, because the second term in Eq. (46) is proportional
to the factor v2t;,, which goes down when inelastic scattering
time Ty, X Te_2 decreases because of microwave heating of
electron gas and when the transport scattering rate vy, (inversely
proportional to the mobility) decreases.

In the case of circular polarization or nonpolarized radi-
ation (chaotic polarization) the polarization-dependent term
vanishes and oY) is determined by the second term in
Eq. (46). Since the most important part of this term is
given by p\™) (), the oscillations of transverse thermopower
under these conditions follow the MW-induced resistance
oscillations.

The longitudinal and transverse thermopower components
oy, and oy, are directly measured in the Hall bars. The
longitudinal thermopower can also be measured in the Corbino
disk geometry [38]. In this case, polarization-dependent terms
do not appear and the voltage between inner and outer contacts
is determined by the thermopower oy = B;/04, Where B,
and o, are the diagonal parts of the tensors f and & in
the absence of MW polarization. Since o, is modified by
microwaves stronger than S,, the behavior of thermopower
in MWe-irradiated Corbino disks is determined mostly by
MW-induced oscillations of o;.

The theory developed in this paper does not take into
account temperature dependence of the density of states.
Such a dependence appears mostly due to contribution of
electron-electron scattering into the inverse quantum lifetime
1/7 (see Ref. [11] and references therein). This effect leads to
an exponential suppression of all quantum contributions in the
transport coefficients, including those considered above, with
increasing T,. Formally, this occurs because the Dingle factor d
acquires a multiplier exp(—r /..(T,)|w.|), where 1/7..(T,) ~
T?/er. This effect tends to decrease the quantum part of dark
thermopower and MW-induced corrections to thermopower
with increasing temperature. Since the main (phonon-drag)
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contribution to thermopower, in contrast, increases with in-
creasing temperature at 7 < pps,,itisimportant to investigate
possible competition of these opposite trends in the quantum
(proportional to d2) terms in thermopower. Assuming that 7, ~
T, the exponential dependence of these terms on temperature
in the Bloch-Gruneisen regime (T < prs; ) is written as e~ o,
where &7 >~ 27TT2/8F|C()C| + 2pps,/T is a nonmonotonic
function of temperature. This function decreases at T < T and
increases at T > Tp, where Ty = prs; (|w.|/4wms?)!/3. Since
the estimate for GaAs gives Ty > prs, even for magnetic fields
as small as 0.05 T, one may conclude that the temperature
dependence of the density of states does not alter the thermal
increase of the quantum contributions to thermopower at
T < prs,. However, at T > pps, all these contributions,
both in the dark thermopower and MW-induced corrections,
decrease with temperature instead of going to saturation.

V. DISCUSSION AND CONCLUSIONS

The influence of MW irradiation on the energy distribution
of electrons and on electron scattering by phonons and
impurities has a profound effect on transport properties of
2D electron systems in perpendicular magnetic field. While
the effect of microwaves on the electrical resistance is widely
studied, the related behavior of the other kinetic coefficients
has not received proper attention. This paper reports a
theoretical study of possible MW-induced quantum effects in
thermopower. Such effects can exist in the samples with high
electron mobility in the moderately strong magnetic fields, that
is, under the same conditions when the MW-induced quantum
oscillations of the electrical resistance are observed.

In contrast to electrical resistance, which at low tem-
peratures is determined by electron-impurity scattering, the
thermopower is determined mostly by electron-phonon scat-
tering, through the phonon drag mechanism. The theory of
phonon-drag thermoelectric response in quantizing magnetic
fields remains an issue of interest even under quasiequilibrium
conditions, in the absence of MW irradiation. A further
development of such theory is presented in this paper. In
particular, an anisotropy of the acoustic phonon spectrum has
been taken into account and analytical expressions valid in
the regime of overlapping Landau levels with the accuracy
up to the square of the Dingle factor have been derived; see
Egs. (32), (33), (41), and (42). The theory gives a clear picture
of the origin of magnetophonon oscillations observed [20] in
the longitudinal thermopower of high-mobility GaAs quantum
wells and predicts similar oscillations in the transverse
thermopower (Fig. 1). For typical parameters of GaAs wells,
the oscillations are clearly visible for temperatures above
2 K, while at lower temperatures they become exponentially
suppressed because the Bloch-Gruneisen regime is reached. In
the experiment [20], however, the oscillations were resolved
between 0.5 K and 1 K. This discrepancy can be explained
by taking into account that the phonon distribution function
in the experiments on thermopower is not reduced to the
form of Eq. (17) commonly applied by theorists. Even at
low temperatures of the sample, there can exist high-energy
phonons able to cause backscattering of electrons. Indeed,
since the phonon mean-free path at low temperatures is
very large (of 1 mm scale), it is quite possible that such
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high-energy phonons may arrive at the 2D system directly
from the heater, via ballistic propagation. Another possible
reason, which is especially relevant at low temperatures, is that
the modification of phonon distribution function is strong and
cannot be represented in the form of a small correction linear
in temperature gradient. In any case, a quantitative agreement
with experiment can be reached only if the phonon distribution
is known. The theory presented in this paper can be generalized
to the case of arbitrary phonon distribution by substituting
the antisymmetric part of actual phonon distribution function
instead of the second term in Eq. (17).

The influence of MW irradiation on the longitudinal
oy, and transverse «, components of the thermopower
has been studied above by using the approved methods
applied earlier to calculation of the resistivity. It is found
that the MW irradiation has a considerable effect on both
these components. In contrast, for electrical resistance the
microwaves strongly modify only the longitudinal component
pxx- Both the diffusive and phonon-drag contributions to
thermopower are shown to be affected by MW irradiation. The
MW-induced quantum corrections to diffusive thermopower
increase with decreasing electron temperature, in contrast
to classical diffusive thermopower, which is proportional to
this temperature. However, since the phonon-drag contribution
dominates, the MW-induced quantum corrections to phonon-
drag thermopower appear to be more important. These effects
are of the order of several £ V/K for typical parameters of
the 2D system and MW excitation, and can be detected
experimentally. The oscillating behavior of MW-induced
corrections as functions of the magnetic field reflects the
properties of electron scattering by phonons under condi-
tions when the electron distribution function acquires an
MW-induced oscillating component (inelastic mechanism)
and when MW-assisted scattering takes place (displacement
mechanism). Both these mechanisms are important, and both
provide a mixing of resonant phonon frequencies with MW
frequency w, thereby leading to interference oscillations of
the thermopower.

In terms of relative values, the MW-induced changes in
the longitudinal thermopower are much smaller than the
corresponding effect in the resistivity. In contrast, the relative
MWe-induced changes in the transverse thermopower are large,
because in the classically strong magnetic fields the transverse
thermopower itself is much smaller than the longitudinal
one. At lower temperatures and weaker magnetic fields, the
oscillations of transverse thermopower c,, follow the picture
of MW-induced resistance oscillations (MIRO) [Fig. 4(b)]. As
the temperature and magnetic field increase, the oscillations of
ayy no longer follow the MIRO picture and become strongly
sensitive to polarization of the incident wave. The polarization
dependence of «a,, is much stronger than the corresponding
dependence of the electrical resistivity under MW irradia-
tion. These findings may stimulate experimental studies of
the transverse thermopower of MW-irradiated 2D electron
gas.

The appearance of a large polarization-dependent term
in the MW-induced transverse thermopower is one of the
main results of the present study. The nature of this effect
can be easily understood by considering the collisionless
approximation (no electron-impurity scattering, v, = 0), when
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the transverse thermopower does not appear without MW
irradiation. The drag of electrons by the phonons drifting along
the temperature gradient VT can be described [22] in terms of
a dragging force due to effective electric field E,; o« VT. The
electrons in the magnetic field are drifting perpendicular to
E ;. To compensate this drift, a real electric field E = —E
develops. Thus, the longitudinal thermopower is equal to
|E|/|VT| while the transverse thermopower is zero. When a
polarized ac field is applied to the system, the effective electric
field E,;, in general, is not directed along VT and becomes
sensitive to polarization. This occurs because E,, is formed as
a result of electron-phonon interaction assisted by emission
and absorption of radiation quanta, and this interaction is
stronger when the in-plane components of phonon momenta
are parallel to the polarization-dependent vector R,; see
Egs. (12) and (13). Consequently, the real electric field
E = —E;, is not parallel to VT, which means that there exists
a transverse component of thermopower. This component is
given by the first term in Eq. (46). Beyond the collisionless
approximation, the other, polarization-independent terms in
ayy, are also important. A larger relative contribution of
the polarization-dependent term is expected in 2D electron
systems with higher mobility (smaller vy;).

An important issue left beyond the above consideration is
the behavior of thermopower at zero longitudinal resistance. In
high-mobility 2D systems, intensive MW irradiation leads to a
remarkable phenomenon of zero-resistance states [3—5], which
means that the longitudinal resistance vanishes in certain
intervals of magnetic fields corresponding to MIRO minima
at lower MW intensity. This effect is often explained (see
Ref. [1] and references therein) as a result of the instability of
homogeneous current flow under condition of negative local
resistance, which leads to spontaneous formation of domains
with different directions of the currents and Hall fields. Since
the longitudinal resistivity formally enters the expression for
thermopower and, as shown above, considerably affects the
transverse thermopower in the presence of MW irradiation,
the magnetic-field dependence should demonstrate the regions
of nearly constant oy, in the intervals of p,, = 0, while a,,
is not expected to be sensitive to zero-resistance states. Of
course, this conclusion looks somewhat naive, because the
presence of domains may affect the behavior of measured
thermopower. It is not clear, however, which kind of domain
picture is realized under zero-resistance state conditions in
thermoelectric experiments, when there is no electric currents
through the contacts. Future studies should shed light on this
particularly interesting problem.
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APPENDIX: ASYMPTOTIC BEHAVIOR OF THE
FUNCTIONS I'; AND T;

In the approximation of the isotropic phonon spectrum, the
integral over the polar angle ¢, in the operator P, can be
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carried out analytically, and Eq. (33) is reduced to the form

I 2 T 00
n do d
r,, | = m—f La —cos@)”/ =y
. PuJo T o T
0 1
S 275, 0
X .,G F | — Cos = ,
);t e ( 2T > o8 : c27'rs-AQ
- 250 SN o,
(A1)
where O =.,/¢>+42 q=2prsin6/2), G, =D*+

(eh14)°9¢%q? /20", and G, = (eh14) (847 +q°)/2Q®. For
I'; one should replace G; and G, by G = —(ehl4)29q4q§/4Q8
and G, = (eh14)2(8q4q3 —q%)/408, respectively. The
functions G, and G, describe interaction of electrons with
transverse phonon modes due to piezoelectric-potential
mechanism, while G, and G, describe interaction with
longitudinal phonon modes due to both deformation
potential and piezoelectric-potential mechanisms. Analytical
expressions for the functions I, Ts,,, [, and 'y, calculated
from Eq. (A1) are given below in some limiting cases.

In the limit w, < 47s;,pr, when cos(2ms, Q/w.) and
sin(2ws, Q/w.) are rapidly oscillating functions of 6 and
q./pr, the main contribution to the integrals in Eq. (Al)
comes from the region of small ¢, when I,, >~ 1, and from two
regions of 6 around & = 0 (corresponding to forward scattering
of electrons) and 6 = m (backscattering), because these are the
regions of slowest variation of Q as a function of 6 and ¢,.
Under the requirement |w.| < 22T, which is already stated
as the condition when the Shubnikov—de Haas oscillations are
suppressed, one obtains
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For comparison, it is useful to present also the expression
for I'y:
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where ¢ (k) is the Riemann zeta function. This expression is
valid in the limit of 7' < s, pr and can be used for order-of-
value estimates at T >~ s, pr.

From the definition (A10), the applicability region
for Egs. (A2)-(A9) can be written as €, > 1. The
magneto-oscillations of the functions described by Egs. (A2)—
(A9) occur because of the terms with cos ¢, and sine¢;. The
amplitudes of these oscillating terms are always much smaller
than I'} of Eq. (All) in the case ¢, > 1. If T =~ s, pp,
this smallness is given by the factors e, ! for o, T, Tty
and I,y and €;2 for Ty, Ty, [y, and [y, With lowering
T, the oscillations are exponentially suppressed because of
F(S)LPF/T) ~ (2SAPF/T)2 eXp(—ZS;\pp/T) atT <« SAPF. In
the case of strong exponential suppression, the absolute values
of the functions given by Egs. (A2)—(A9) are determined by
their nonoscillating parts which are proportional to powers
of w.. The nonoscillating parts of n = 1 functions (I';;, [y,
['.;, and ) are much smaller than T'; due to parameters
(we/2m2T)?* for the piezoelectric-potential contribution and
(w./ 272T)* for the deformation-potential contribution. The
nonoscillating parts of n = 2 functions (I'c2, ['s2, [, and I'yy)
contain extra small factors €, 2, because these functions are
much smaller than n = 1 functions at small-angle scattering,
0K 1.

In stronger magnetic fields, when w. is comparable to
4m s, pr, analytical expressions can be obtained at 7 > s; pr
and under a wide-well approximation, the latter means that
the quantum well width a is much larger than 7 /pr so
that the convergence of the integral over g, takes place at
q. < pr and is governed by the function I, . Introducing
qgo=m"" fooo dq.l, (for infinitely deep rectangular well

_ Ams,pr

V= (A10)

(A11)
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qo = 3/2a), one obtains

2n 2
oy = — 20 [(—1)%,19212,,(@)
Pt
1 (el
F D) T a(e) | (A12)
8PF
2nm? D?
Iy, = — 40 [(—1)%;—12”_1(@)
Pu €
a1 (eh )?
+ DT D) | (AL3)
8[7F€t
5 211 2 h 2
Fop = DT i ), (ALY
16 pg pu
B 211 2 h 2
= ACATE iz, e, (ALS)
16 p% pue;
where
dkJ
() = L) (A16)
dxk

is the kth-order derivative of the Bessel function Jy(x). Such
derivatives can be expressed through the other Bessel functions
Ji(x).Inthe special case of Iy, there is a term with the function
Z_1(¢;), which should be treated as the antiderivative of Jy(¢,).
This term is expressed through the Bessel functions and Struve
functions H;:

I.(x)= /x dx' Jo(x") = x Jo(x)
0
+%x[fl<x>Ho<x> — BMH ). (A17)

In the regime of validity of Eqs. (A12)-(A15) the function I'
is given by
m2qo
Pu

Ty =

(A18)

h 2
|:t,D2+t, (eh14) j|

4p3

For large arguments ¢,, the functions (A12)-(Al5) are
reduced to combinations of oscillating factors sin €, and cos €,
similarly to the case described by Egs. (A2)—(A9), and are
small in comparison to I';. If ¢; =~ 1, these functions become
comparable to I'j. Actually, the wide-well limit a > 7 /pF
is hardly attainable for single-subband occupation in the
quantum well. The expressions (A12)—(A15) are nevertheless
useful for estimates of the maximal possible values of the
quantities I'; and [
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