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The Coulombic effect on microwave-induced electron heating in a 2D electron gas on liquid helium under
quantizing magnetic field is theoretically studied. An extension of the linewidth of the intersubband resonance
which takes into account squeezing of the electron density of states into Landau levels and strong internal elec-
tric fields of fluctuational origin is proposed. This approximation results in two-hump peaks of electron tempera-
ture and power absorption near certain values of the magnetic field. For low electron densities, the asymmetry of
the two-hump peaks of power absorption is shown to be opposite to the asymmetry of electron temperature
peaks, which explains experimental observations. The importance of two-ripplon emission processes for the de-
scription of subband occupancies and the energy relaxation rate was demonstrated.
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1. Introduction

The discovery of microwave-induced resistance oscilla-
tions (MIRO) and zero-resistance states (ZRS) in a high-
mobility two-dimensional (2D) electron gas of semicon-
ductor devices subjected to a perpendicular magnetic field
[1-4] had inspired a large body of experimental and theo-
retical studies in various electron systems [5-7]. The effect
of MIRO is caused by the microwave (MW) electric field
whose polarization vector is directed along the plane of the
2D electron system (intrasubband excitation), though the
actual mechanism responsible for this effect is still under
debate (different theoretical mechanisms are reviewed in
Ref. 8). In this case, resistance oscillations are observed for
a quite arbitrary MW frequency o > o, (here o, is the
cyclotron frequency), and ZRS appear in regions of oscilla-
tory minima if MW power is high enough.

Similar MIRO and ZRS of different origin were observed
in a nondegenerate 2D electron gas formed on the free sur-
face of liquid helium [9, 10] when the two lowest subbands
were tuned to the resonance with the MW frequency:
0,1 =(Ay —A;)/h— o, where Aj (with | =1, 2, ..) is the
position of an energy level of an electron in the 1D poten-
tial well formed near the interface. The period of DC mag-
netoconductivity (o,,) oscillations is controlled only by
the ratio w,, / o, and strong variations of &,, occur in the
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vicinity of magnetic field values B, defined by the condi-
tion ,;/w.(B)=m (here m=1,2,..). The theoretical
explanation of this kind of MIRO is based on nonequilib-
rium electron population of the excited subband [11, 12]
which triggers quasi-elastic intersubband scattering of
electrons at helium vapor atoms and capillary-wave excita-
tions (ripplons). Therefore, the presence of the vertical
(out-of-plane) component of the MW electric field is im-
portant for observation of this effect. A remarkable proper-
ty of the intersubband scattering is that it results in sign-
changing corrections into electron magnetoconductivity o,
and even ZRS if the fractional occupancy of the excited
subband m, exceeds N -exp (-A,;/T,), where ny is the
fractional occupancy of the ground subband, A,; = A, —A,,
and T, is the electron temperature. Therefore, an extra
population of the second subband 1, caused by trivial heat-
ing of an electron gas cannot lead to sign-changing terms
of the DC magnetoconductivity and ZRS. In order to ob-
serve this kind of MIRO in a degenerate electron system,
the displacement from equilibrium should be such that
electron distributions in two subbands can no longer be
described by a single Fermi level [13].

Usually, quasi-elastic electron decay from the excited
subband to the ground subband strongly heats the electron
system because the energy A, is transferred into the ki-
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netic energy of electrons. In the absence of the magnetic
field, the interplay between the MW excitation and the
electron scattering by vapor atoms can heat electrons [14]
up to about 10 K long before the quantum saturation is
reached. If a perpendicular magnetic field is applied, the
in-plane electron density of states is squeezed into a stair-
case of Landau levels which are broadened due to interac-
tion with scatterers. In this case, quasi-elastic decay can be
strongly suppressed if the staircases of Landau levels be-
longing to different subbands are not aligned, and the
quantum saturation n, — 1, can be reached at rather low
excitation rates. In the opposite regime, when the staircases
of Landau levels are aligned (o,; / o, — m) electron sys-
tem is heated due to quasi-elastic decay of electrons excit-
ed to the second subband by the MW. In other words, the
electron temperature should also oscillate when varying
1/B with the period governed by the ratio w,;/w.. The
magnetooscillations of electron temperature were de-
scribed previously [12] by a simple method which neglects
electron-electron correlations and inelastic decay proces-
ses. At the same time, under experimental conditions the
many-electron effect on intersubband MIRO was shown to
be important even at rather low electron densities n, on the
order of 106cm~2,

The many-electron theory of intersubband MIRO had
explained [15, 16] a number of remarkable experimental
observations (for a review, see Ref. 17). In spite of the
good agreement between experimental data for conductivi-
ty extrema [18] and the respective theoretical predictions
[15] formulated under the assumption T, =T, there are
some interesting effects observed which require further
developments of the theory. For example, the first meas-
urements [19] of intersubband absorption of MWSs in sur-
face electrons on liquid helium subjected to perpendicular
magnetic field had revealed an unexpected feature: the
strong suppression of absorption at magnetic fields B,
where the intersubband energy splitting A, is a multiple
number of the cyclotron energy swm,. This effect was not
explained by the existing theories and requires additional
studies. The same is valid for the hysteresis observed [20]
in the dependence o, (B) near the conductivity minimum
which is close to Bg. Electron heating and Coulombic ef-
fects are expected to be responsible for this feature.

There is another important point of the theory describ-
ing magnetooscillations induced by resonant intersubband
excitation in a highly correlated 2D electron system. At
low temperatures (T <0.4 K), the average kinetic energy
of surface electrons T, is much smaller than the average
potential energy due to Coulomb interaction, and the con-
ventional plasma parameter 7, = e /nn, /T, is much
larger than unity even for rather small electron densities
n, >10°cm2. Therefore, in a wide range of this parame-
ter, 10 < 73, <131, surface electrons on liquid helium rep-

resent a highly correlated Coulomb liquid. Under equilib-

rium conditions (T, =T) this problem was successfully
solved employing the concept of quasi-uniform internal
electric field E; of fluctuational origin [21]. The typical

value of the fluctuational electric field E{ ~ 3,/T,n%* de-

pends on electron density and temperature T, . In the pres-
ence of such a field, the dynamic structure factor (DSF) of
the 2D electron liquid acquires an additional broadening

of its maxima [22, 23] proportional to T'; =+/2eE{¥¢,

(here ¢g =+/hc/eB is the magnetic length) which affects
strongly relaxation processes of electrons. The concept of
quasi-uniform fluctuational electric field is valid if the
plasma parameter 7, >10. With an increase of electron

temperature induced by quasi-elastic electron decay pro-
cesses the many-electron effect on relaxation rates increa-

ses (T’ o \/TT; ), but at the same time 7, oc T, decreases

and soon it can become smaller than 10. Actually it can even
reach values on the order of unity, where the model of
noninteracting electrons works quite well. Therefore, the
many-electron theory of magnetooscillations should take
this effect into account.

In this work, we present the theory of magnetooscillations
of temperature and MW absorption of surface electrons on
liquid helium which takes into account changes in the
many-electron effect caused by electron heating as well as
the specific nature of inelastic relaxation processes [24, 25]
in this system. We shall modify the model describing the
linewidth of the intersubband resonance, for it to be appli-
cable for highly correlated electrons under a quantizing
magnetic field. This modification and the internal forces
affect strongly the shape of magnetooscillations. We shall
demonstrate that intersubband MW absorption generally is
not an increasing function of the electron temperature, as it
is in usual intrasubband experiments, and, therefore, the
asymmetry of electron temperature peaks in most cases is
not the same as the asymmetry of power absorption peaks
which explains experimental observations.

2. Intersubband transition rates under magnetic field

Consider a 2D electron gas formed on a flat substrate of
liquid helium. In a 2D system, an electron subjected to a
moderately-strong perpendicular magnetic field has a dis-
crete energy spectrum called the staircase of Landau levels:

&, = ho,(n+1/2),n=0,1,2, ... ()]

Each Landau level is degenerate (e, is independent of the
center coordinate quantum number X); the degeneracy of
a level is given by S, / 2n/%, where S, is the surface area.
Therefore, interaction with scatterers broadens Landau
levels. For short-range scatterers, like helium vapor atoms,
the collision broadening [26]

I =I'=
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is independent of the level number n; here v, is the mo-
mentum relaxation rate for B = 0. This property is very
convenient for studying nonequilibrium phenomena with
T, 2 ho.

In the self-consistent Born approximation [26] (SCBA),
the density of states of Landau levels has the semi-elliptical
shape. The cumulant approach gives the Gaussian shape [27]

\/ﬁh l:_ (S_Sn)Z:I

n r;

n

-ImG,, (&) =

[here G, (¢) is the single-electron Green’s function] which
is more suitable for lower levels, and more convenient for
analytical evaluations. Therefore, it also is often employed
for calculation various relaxation rates caused by scatterers
in the way the semi-elliptical shape is used in the SCBA
theory: effects of scattering are described in the lowest
Born approximation, while the effect of broadening of the
density of states is considered using the Green’s-function
formalism.

When describing properties of a photo-excited 2D elec-
tron gas, the excited subbands should be included in the
consideration. In this case, the electron energy spectrum is
given by &, =A, +g,, and the collision broadening of
Landau levels becomes dependent on the subband number:
I, ,. If electron heating is not too strong (T, < 3K), one
can restrict the consideration by two subbands. the ground
(I =1) and the first excited (I = 2). At stronger heating, the
population of higher subbands should be taken into ac-
count. In this paper, we shall mostly consider the two-
subband model described by fractional occupancies
n, =N, /N, where N, is the total number of surface elec-
trons. The subband occupancies are determined by the rate
equation which includes the stimulated absorption (emis-
sion) rate r,,,,, and the transition rates between the subbands
V|_,; caused by scattering at vapor atoms and ripplons.

The interaction Hamiltonian describing electron scatter-
ing by vapor atoms usually has a very simple form

2
|nt - ZS R R V(a) :271::]—@5, (3)

e

where ¢, is the effective scattering length, R, and R, are
the 3D radius-vectors describing positions of an electron
and a vapor atom respectively. This point together with the
result of Eq. (2) makes it attractive to study electron heat-
ing and the many-electron effect in the vapor atom scatter-
ing regime, when quasi-elastic electron scattering by
ripplons can be neglected. For liquid *He, this condition is
realized at T >0.4K. Then, the pure ripplon scattering
regime (T ~ 0.2 K) can be modeled by choosing the proper
values for I" and r,,,. It should be noted that even in the
vapor atom scattering regime one cannot neglect inelastic
electron scattering by pairs of energetic ripplons caused by
nonlinear terms in the interaction Hamiltonian [24, 25].

For the highly correlated multisubband 2D electron sys-
tem, it is very useful to describe [12, 15] electron scatter-
ing in terms of the dynamic structure factor (DSF) of the
electron liquid S, (g, ) . This allows us to collect correct-
ly contributions from different scattering processes using
the basic property of the DSF as a function of the frequen-
cy argument. In this method, following the ideas of the
SCBA, difficulties of divergence caused by the singular
nature of the density of states in 2D electron systems can
be avoided by the replacement

1
8(e—¢,)—> —EImGLn (€)

which takes into account the broadening of Landau levels
at each subband. In these terms, the intersubband transition
rate can be found as [12, 15]

(a)

. hiv
Vl(i2|' = 0 pl,l’zs|’|'(q,m|'|')| (4)
meSA q
where o = (A; —A) /7,
(3D) s (3)y2 B
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n$P) is the density of vapor atoms, Q =(q,k,) is the mo-
mentum exchange at a collision, and L, is the “box” size in
z-direction. The subscript indexes | and I' in the DSF of
the multisubband 2D electron system (S, ) indicate that
the level broadening depends on I. For vapor atom scatter-
ing described by Eq. (3), we have Ty = \[p;, T, where I,
is given by Eq. (2).

For noninteracting electrons, the DSF of the multi-
subband nondegenerate system is defined as [12]

S (0,Q) > [dee™ 12, (xg)x

| n,n’
x IMG, , (£) MGy (s +7Q), )

where Z = > exp(-¢, /T,),

[min(n,n")]!

n—n’|o—x | yIn-n’| 2
[max(n,n')]lx| e [Lmln(nn)(x):| . (8)

Ir?,n’(x) =

Xq = q%¢% /2, and L"(x) are the associated Laguerre poly-
nomials. The frequency argument of the DSF is denoted here
by the capital letter Q to avoid confusing it with the MW
frequency . The detailed balance of intersubband transition
rates given by Eq. (4), v_,; =exp (-4 /T,)v,_,, follows
directly from the basic property of the equilibrium DSF:

S, (0,-Q) = exp(—?—gjsm (9.9). ©)

e
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For degenerate electron system, the definition of the DSF
and its basic property was given in Ref. 13.

From Egs. (4) and (7) it is quite clear that the decay rate
vga_{l should have sharp maxima when (n'-n)o, — ®,;.
Under usual conditions, the system of surface electrons on
liquid helium is characterized by extremely narrow Landau
levels: ') , < T,%ho,. Therefore, the decay rate caused by
quasi-elastic scattering is exponentially small if Landau
levels of the two subbands are out of alignment (B sub-
stantially differs from B,,).

For highly correlated electrons, the many-electron
theory of intersubband scattering is based on employment
of the DSF of the Coulomb liquid which can be found by
proper averaging over the quasi-uniform fluctuational
electric field E; and comparing the final result with the
DSF of the 2D Wigner solid [23]. The outcome is that in-
stead of Eq. (7) one should use the following many-
electron form of the DSF

—&n/Tg %

e

oJnh 13w (Xg)
e

. [2 2
n,n Fl,n;l’,n’ + erc

2
[ nQ—mhw, - (TF, +X,T2)/ 4T, |

2 2
1—‘I,n;l’,n’ +XqFC

X eXPq— ’ (10)

where m=n'—n, T¢, = (¢, +TF ) /2 is the average
broadening, I'c =T'; =+/2eE{”¢ and we had neglected a

small term T'Z, /8TZ in the argument of the exponential

function. Thus, strong quasi-uniform internal forces can
induce a substantial broadening of the DSF and the peaks

of the decay rate vi®), (B). It should be noted that the cor-
rection qu"% in the Gaussian form of Eq. (10) cannot be

attributed to the broadening of Landau levels, because a
quasi-uniform electric field can be eliminated by a proper
choice of the reference frame [22, 23] and the correction
depends on the momentum exchange at a collision q enter-

ing the dimensionless parameter x,. In the following, we

shall omit the superscript (ME) of the DSF of the multi-

subband 2D Coulomb liquid remembering that the single-
electron form can be obtained by fixing I';; to zero.

As noted in the Introduction, the concept of quasi-
uniform fluctuational electric field and the relationship
I'c =T'; are valid only for large values of the plasma pa-
rameter 73, =10, and they fail if electron heating makes
Py smaller than 10. At present, there are no a many-
electron theory describing the electron system in the range
1< R, <10, therefore we shall construct a simple interpo-
lation model. First, we note that in ordinary metals, where
the average Coulomb interaction energy and quantum kinet-
ic energy are on the same order of magnitude, the model of
free quasiparticles well describes major transport properties.

Therefore, it is reasonable to assume that the Coulomb
broadening I'c should vanish at 73, —1 which would
transform the DSF of Eq. (10) into the result of the single-
electron theory. Then, we can assume that the effect of the
Coulomb broadening as a function of 7, gradually reduces
in the region 1< 7, <10 and approximate this reduction
by a simple interpolation form

Pl
P =Ty tanh| —5— 0By -1), (11)

where 6(x) =1 if x>0 and 6(x) = 0 otherwise (the Heavi-
side step function). For this approximation, T'¢ is only 5 %
smaller than I'¢ at 7, =10, and, as a function of T, it

smoothly vanishes when 7, (T,) —1. We expect that at

low electron densities n, ~10%cm™ the approximation of
Eq. (11) will describe the effect of electron heating much
better than the assumption I'c =T'; and a rough step-
function approximation: I'c ~T"¢ x0(, —10).

Beyond the regions of Vgﬂl peaks, the decay rate
caused by inelastic two—ripflon (2R) scattering processes
[25] becomes larger than V;‘_))l. Therefore, these processes
should be included into the rate equation for fractional oc-
cupancies n,. The 2R scattering originates from nonlinear
terms in the electron-ripplon interaction Hamiltonian

(2R)

HE = 23 Wy o (2)2geq exp[i(a+a)- ], (12)
Sa aa

here &g = Qq (b +b1q), Qq = 0/ 2p0 , 0 = ol pg*?
is the spectrum of capillary waves, a and p are the surface
tension and mass density of liquid helium, respectively, qu
and by, are the creation and destruction operators of ripplons.
The coupling function W,, . (z) generally has a very compli-
cated form. It can be simplified by taking into account that
the matrix elements of (n, X [exp[i(q+q’)-r]|n’,X") are
proportional to the factor exp[—(q +q’)? /2 / 4] which means
that inelastic 2R scattering by short-wavelength excitations
(> ¢g) is possible only if g’ ~—q. In this case, one can
replace W, (z) with a new function W, (z) depending only
on the absolute value q and on the parameters of the 1D po-
tential well near the interface: U,(z) =V, +v(z), where
v(z) =—A/z+eE, z, the potential barrier at the liquid sur-

face V, =1eV, the parameter of the image potential A de-

pends on the dielectric constant of liquid helium in the usual
way, and E is the pressing electric field.

The matrix elements (W), were found only for two
limiting cases q>gq, and q<gq,, where q, ~ 2\/70}/z
~1.5-10"cm™?, the parameter y~* ~100 A describes elec-
tron localization length in the 1D potential well above the
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surface, and ;' =r/,/2mV, ~2 A is the penetration
length of the electron wavefunction into the liquid phase.
In the intermediate case, an interpolation based on the sim-
ple joining of the asymptotes was used [25]. In this work,
we shall use a smooth interpolation which does not use the
parameter q,:

2 2
(Wy ), =W tanh| 2 [ P j . @)
LI WIS h) 2m, Ly

where p, is the electron momentum, and Wl(’f,h) is the
short-wavelength asymptote independent of q:

LG

The interpolation of Eq. (13) as a function of q is shown
in Fig. 1 by solid lines. The previously used interpolation
[25] is shown by dashed lines. Obviously, the smooth form
of Eqg. (13) will reduce a little bit the contribution of 2R
scattering into the decay rate and energy relaxation rate as
compared to the simple combined form based on joining of
the asymptotes. In our numerical evaluations, here and
below we consider liquid *He as a substrate for surface
electrons.

The 2R scattering is substantially inelastic. Therefore,
the broadening of Landau levels is unimportant for calcula-
tion of scattering probabilities. The many-electron effect
can also be neglected if I'c < 7, . Assuming that the
capillary wave spectrum o, o q%? remains to be valid in
the short-wavelength range as well, and using the lowest
Born approximation, one can find the decay rate caused by
2R emission processes

i = (14)

1.0} (-mmnoa

—I=Lr=1()

—=2,7=1()

—1=2,=2(3)

2 4 6
q/107, cm !

=
\S]
T

Fig. 1. (Color online) Illustration of two interpolations used for
describing matrix elements of the two-ripplon coupling function
(Wg)y,-+ the smooth form of Eq. (13) (solid lines), the simple join-
ing of the asymptotes used previously [25] (dashed lines).
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where m=n’'-n, /\/q is the distribution function of

ripplons, and

U3
(em) :(%j (31 ~mog ) 0y ~ma, ). (16)
In the sum of Eq. (15), the actual number m is restricted by
the condition m < w,, / . As compared to the previously
found result [25], here we include higher Landau levels of
the excited subband because of electron heating. Accord-
ing to Egs. (15) and (16), the decay rate v&%™™ oscillates
with 1/ B, but in contrast with elastic decay it has small
minima at the level alignment condition ®,; —mem, = 0.

The more important point is that v&25e™

between the characteristic values B,, remaining to be about

slowly varies in

1.6-10% s71. It should be noted that recent experimental
studies [28] of electron decay are in good (even numerical)
agreement with the result of the theory based on 2R emis-
sion processes [25].

Electron scattering down to the ground subband can be al-
so caused by absorption 2R processes. In this case, the energy
conservation yields the following wave-vectors of ripplons

13
) =( 2] (-0, (-], )

where m = n" —n should be positive and large enough. The
corresponding contribution into the decay rate is found as

—&n /T,
_ 1 g n'le
S(2Rab) _ o

Vool 12n0c3’2p1’2€2 ZH

(18)

(NVy)?
Z{(Wq)zl E } :
4=

n

Since the lowest value of m in q'® is independent of n,
the contribution V&5 is independent of T,. The full de-
cay rate v%) = yRem | @R js shown in Fig. 2 by the
solid line calculated for the fixed electron temperature

T. =T =0.4 K. The dashed line indicates the contribution

from emission processes only v&Re™.

The reverse transition rate vl(f*zab) caused by 2R absorp-
tion processes depends strongly on the electron tempera-
ture. It has the form given in the right side of Eq. (18)
where q{®) should be substituted with q®™ which take
into account that absorption 2R scattering occurs from a
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2.0

In r e [=2,1I'=1, emission

w)
- —1=2,I'=1,full
= 1.0- i
S /=1, [' =2, absorption
‘S | SR 1= 1,1’212, emisson
0.5F

Fig. 2. (Color online) Two-ripplon scattering transition rates versus
the ratio ©,, / m (B): the decay rate 2 >1at T, =T = 0.4 K (blue
lines: emission — dashed, full contribution — solid), the rate of
reverse scattering 1 — 2 at T, = 3K (red lines: absorption — dash-
dotted line, emission — dash-dot-dotted line).

state (I =1, n) to a state (I' =2, n") and in Eq. (16) the sign
of m should be changed to the opposite. In this case, the
lowest value of m depends on n and can be negative. It is
quite obvious that at equilibrium, when T, =T, the contribu-
tions v2X®) and vZRe™ satisfy the detail balance condi-
tion. For heated electrons, this relationship is not valid.

In a similar way, one can consider reverse transitions
caused by 2R emission foz'em) which become substantial
only at strong electron heating T, ~3 K. Obviously,
V{#Rem has the form given in the right side of Eq. (15)
where g™ should be substituted with q®@) which take
into account that emission 2R scattering occurs from a
state (I =1, n) to a state (I' =2,n’) and in Eq. (17) the sign
of m should be changed to the opposite. At equilibrium
(T, =T), the contributions v*%*™ and V@™ satisfy the
detail balance condition which fails if T, >T . The contri-
butions V%™ and vRe™ calculated for T, =3K are
shown in Fig. 2 by the red dash-dotted and dash-dot-dotted
line respectively. The full rate of the reverse scattering
VIR) = yERaD) | 5ERem) will be included in the rate equa-
tion for fractional occupancies of two lowest subbands.

It should be emphasized that for numerical calculations
the sums over n and n’ entering Egs. (15) and (18) can be
changed into more convenient sums over n and m which
greatly reduces the evaluation time in spite of their cum-

bersome analytical expressions.

3. Subband occupancies

In this work, we shall assume that the MW stimulated
absorption (emission) rate r,,, and the electron temperature
are not too high (T, < 3K), so that we can neglect electron
population of higher subbands with | > 2. In this case, the
two-subband model can be considered as a good approxima-

tion for obtaining fractional occupancies n, and n,. Using
definitions given in the previous Section, the rate equation
can be written as

mw (ﬁl - ﬁZ ) = Vgﬂl (ﬁZ - e_Az'l/Te ﬁ1) +
—(2R)# —2R)»
+ Vgﬂfnz - VLZ) Ny, (19)
and the relative occupancy
— ﬁ2 — rmw +Vgi)>leiA2'1/Te +V£i‘?2) (20)
=q " @ L S@R)

=

fmw T Va1 Vo1

saturates (n—1, T, ) when r., > vt +v@R). At
small excitation rates, when r,,,, can be neglected in Eq. (20),
n is equal to the usual Boltzmann factor. The fractional occu-
pancies are found as m, = (L+n)*and i, =1-1,.

A very important point concerns the dependence of r,,
on the magnetic field. The MW excitation rate has the usu-
al resonant form

QzRYopt

— (21)
((0_ (92,1)2 + Y(zth

mw

1
r.. =—
2

where v, is the linewidth, Qg is the Rabi frequency given
by #Qg = eE, (2|z|1), and E,,, is the MW field. Scatte-
rers and the inhomogeneous pressing electric field contri-
bute into y,y. In experiments [10], the inhomogeneous
broadening v, ~9.4-108s. The contribution of vapor
atom scattering into the linewidth yg%{ was calculated pre-
viously [29] only for the case of zero magnetic field. Under
these conditions, v, is substantially larger than y() in the
low temperature regime (T < 0.4 K). In the presence of a
quantizing magnetic filed, an enhancement factor
ho, /\/EI"Ln should increase the contribution of electron
scattering into the linewidth [12]. It should be noted that
we can neglect the contribution of 2R scattering into v
because v;,, and yg?,{ (at T =2 0.4 K) are about three orders
of magnitude larger. At the same time, one should keep
V&%) in the rate equation and in Eq. (20) because v~ can
be on the same order of magnitude as r,, .

The effect of a perpendicular magnetic field and the in-
ternal fluctuational electric field on yf;';‘){ can be taken into
account is a quite simple way because it consists of intra-
subband and intersubband terms which have clear physical
meanings [29]

Yg%z = Yintra T Yinter» (22)

where Yinter = Vo1 /

Yintra

N, N

(V1<—>l +V2<»2)_V§?§h)' (23)

Vi and v, ., represent usual intrasubband relaxation
rates, and v,_,; is the intersubband relaxation rate. The last
term in Eq. (23), vi%", has an unusual structure [29]
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2n
Vfgh) = 72 <(Hint)2,s;25'(Hint)l,s';l,s>8(ss _ss') (24)

S
which guarantees the physical requirement that intra-
subband linewidth contribution v, should vanish in the

case that the effective potentials of scatterers are the same
for the both subbands | =2 and | =1 (the coherence of the
initial superposition of two states is not perturbed by inter-

action with a scatterer [30]). Here () means averaging
over scatterers and e, represents the in-plane energy spec-
trum; in Ref. 29 the multi-component index s is just the
2D wave-vector k. It should be noted that v{%" has no

relation to intersubband scattering because the energy con-
servation &-function does not contain the intersubband
excitation energy A,;, and the matrix elements
(Hinisas = =(1,s|H;|I',s") of different subbands enter
Eg. (24) inan unusual Way

In order to find yop for a quantizing magnetic field, we

shall set s = (n, X) and evaluate quantities v, ,; and v,_.,
(averaged using the Boltzmann distribution) in the way
used above for finding V(a)l. of Eq. (4). Then, the proper

expression for v{cgm will be found from the condition of

vanishing yiy, if Py, = P11 = Pay- This procedure yields

v = (25)

We use the superscript (a) for quantities induced by vapor
atoms. Equation (25) can also be found formally from Eq. (4)
by fixing I’ = 1. The averaged value of v{?)  coincides ob-
viously with v{*), defined by Eq. (4).

The averaged value of the specific term v{%™ can be
represented as

Av@
—(coh) _ 0
Vg =

s P122.521(0.0) (26)
e A q

Then, yiny, Vanishes if p, , = p,, = py,. It should be noted
that for B = 0 and short-range scatterers, the unusual term

v{S" remarkably coincides with v$%,, and, therefore, it is

partly compensated by Vi = vzﬁl /2. In the presence of

the magnetic field, v{cgm and v{®, are completely diffe-

—(coh)

rent. The negative term —v; 5" has smooth dependence on

B, while vga_{l has sharp maxima at B = B, due to the
presence of w,; in the frequency argument of the DSF
entering Eq. (4).

For highly correlated 2D electron liquid, one should
keep the Coulomb broadening of the DSF, as described in
Egs. (10) and (11). This yields

_(a) h(l)c

Viel = ﬁvga) p|,|z

n

—en/Te % 12 (x

€ | i (%) b, (27)
2 gy TE+x,T2

In the limiting case T — 0, we can use the relationship

le ,f’n (Xq)dx, =1 and find that under a quantizing magnet-

ic field 7, is increased by 7w, /~/nT", as compared to the

Il
result found for B = 0. In a similar way, we can represent

—(coh) _ ho
Vg’ ) :_C 122

n

n/Te 2

12, (%)
dx,, (28)
Z| I

o T3, +x, T2
where T') |, = /(T2 +T)/2. It is quite obvious that Egs.

(27) and (28) satisfy the condition of vanishing vy;,,, for
the same scattering amplitudes at the two subbands. Alter-

natively, in Eq. (28) instead of /'S, +x,I"¢ one can use a

harmonic mean of /T +x, T and /T’ + x,I"g . Numeri-

cal calculations indicate that this change induces a reduc-
tion in ¥, Which is less than 1 %.

The dependence of MW excitation rate r,, on the ratio
;1 / o, (B) at the resonance (o = w,,) is shown in Fig. 3
near B = B; for different conditions. The result of the sin-
gle-electron (SE) theory which takes into account the in-
homogeneous broadening (yyp: = Yinn +7§gt)) is shown by
the blue solid line. It has a minimum at B = By caused by
the intersubband component v, = V,_,; /2. In the many-
electron (ME) treatment with T, =T (blue dashed line),
correlations move the whole line r,,, up because the Cou-

1 1 1 1 1 1 1

1 |
4.6 4.8 5.0 52 5.4

Fig. 3. (Color online) The excitation rate r,, versus the ratio
o,,/ w,(B) calculated for n, =2-10°cm™, Qg =10%", and
three fixed T,: the single-electron theory (SE, blue solid), the
many-electron theory (ME): T, =T (blue dashed), T, =1K (olive
dash-doted), T, =3 K (orange dash-dot-doted). The red dotted
line was calculated for n, =3-10°cm™ and the solution T,(B)

found below.
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lomb broadening ' reduces v(%),, V{3 and ¥, entering
the denominator of Eqg. (21). Medium heating up to
T, =1K increases the ME effect (E{” o [T, ) as indicated
by the olive dash-dotted line. Still, substantially stronger
heating up to T, =3 K (orange dash-dot-doted) moves the
line down closer to the result of the SE theory because of
the reduction in T’ described by Eq. (11) when the plasma
parameter 73, becomes close to unity. In Fig. 3, we consi-
dered electron heating independent of B. In a real case, T,
is substantially higher at the vicinity of B, than in regions
where the staircases of Landau levels are out of alignment.
This effect will be discussed in more details below, when
considering resonant MW absorption. For other values of
m, the MW excitation rate, as the function of w,, / @ (B),
has similar shapes.

4. Energy relaxation

Energy dissipation in the multi-subband 2D electron
system on liquid helium was described previously [12]
only for noninteracting electrons. This method can be ap-
plied also to highly correlated electrons if we replace
Si1(9,€2) with the ME form given in Eq. (10), and take
into account some additional terms which become im-
portant for heated electrons. Therefore, for electron scatter-
ing by vapor atoms, we can find the normal contribution
into energy dissipation of an electron per unit time propor-
tionalto T, - T:

P = —(1,-T)9\?, (29)

where

heg
= np S 0
N mTSAZZ'B””q

heg = = ATy
stAZZ(n e

is the normal energy relaxation rate of an electron caused
by intrasubband (the first term) and intersubband (the
second term) scattering, e; = m,A?/2h? is the typical
energy parameter of Rydberg states on liquid helium,
Biy = vEhy (OM, /M,

)l3||3|| (9, 0) (30)

i
My (X)=upy - Pry (31)
€R

zzk

vt =h?/m,A is the localization length of an electron in
the ground Rydberg state, and M is the mass of a vapor
atom. As expected, the energy relaxation rate \7(Na) is re-
duces as compared to the momentum relaxation rate by the
mass ratio m, / M which enters the parameter 3, ..

According to Eq. (30), v{¥) is the sum of contributions

from intrasubband and intersubband scattering: V(l\?)mtra and

Using the ME form of the DSF, one can find

N |nter

9 e = v e 10680 e Lo e ) - (33)

Yo m JrrT, 4T
where we introduced the dimensionless function
—s /T
Y (8)=Y jdlm AL NEE

Obviously, ™) (B) is a smooth function. It should be noted
here the presence of the enhancement factor A, /+/nl;
mentioned above.

In a similar way, the contribution ¥, .., can be found as

- m, ho.e . —AyqIT,
T e = V) YN 1j;l(n2+nle 21 e),:z(le), (35)
where
o —£ /Te o |
F(N)(B): e ’n n! y
21 nz=0 Z rT%:l(n+m)'
2
* I, xMe™ [L?] (X):|
x| dXA, 4 (X)— G (X), (36)
J‘ 2,1( \/1_‘;1-'—7)(1_‘(2: m( )
and
A, —mho, — (T2 +x12) /4T, |
G (x) = exp [ A5y ~mho, (05 +x12) /4T, | -

I3q+X0¢

is the Gaussian factor entering the DSF. Thus, the normal
contribution from intersubband scattering as a function of B
represents rather sharp peaks placed at B =B, whose
broadening is affected by the Coulombic effect due to xI"2 .

In addition to the normal terms (P{®)) which vanish at
T, —» T, the average energy dissipated by an electron per
unit time has the anomalous terms P{®) which originate
from the expansion of S, .(q, @y —xk k') IN %k k» Where
Ty ko 1s the energy exchange at a collision. The anoma-
lous terms can be represented as

B a ZTSRZZ(nI_ﬁI

m SAI>I

—Ap 1T
M )BII'X

{S”(qa)”) TSII(q(’)II):| (38)

e

where the prime superscript of S/, means the derivative
with respect to the frequency argument. Using the ME
form of the DSF one can find
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R R L e
21

where we introduced a new dimensionless function

o L —gn/Ty ©

A=Y & " T, () xTe % x
2,1 ,; ZH %(n-ﬁ-m)!‘! 2,1( )
x [Lg“(x)]zr2 (hmz'l_mth)gm(x)- (40)

21 2 21312
(F3q +XC¢)

In the round brackets of the integrand of Eq. (40) we have
neglected the quantity (I'Z —T'3)/8T, which is more than
two orders of magnitude smaller than T';.

As compared to the normal contribution from
intersubband scattering, F",ﬁa) contains an additional large
parameter 4T /I",, which compensates a possible small-

—A211/Te

ness of n, —ne . The anomalous function Fz(’f)(B)

has a sign-changing shape which resembles the derivative
of series of maxima. Its difference from Fz("l")(B) is illus-

trated in Fig. 4. Under certain conditions the energy dissi-
pation caused by electron interaction with medium can be
negative which leads to additional heating of electrons. In
contrast to the momentum relaxation rate [12, 15], the min-

ima of P, occur at the opposite side with respect to the
points B = B, where w,, / o is a bit less than m.

At low temperatures T < 0.4 K, one cannot disregard en-
ergy relaxation caused by 2R processes because the energy
exchange 27w, can be rather high for short-wavelength
ripplons. The contribution of these processes into the energy
dissipation per unit time can be calculated in a direct way
using the lowest Born approximation for the interaction Ham-
iltonian given in Eq. (12). For example, 2R emission leads to

1.0
0.8} P30
) —me
0.6+
8 0.4
<02
0
0.2 2
—0.4 . 1
4 5
(02,1/0)0

Fig. 4. (Color online) Two functions F{}) and F%) describing
energy relaxation for intersubband scattering versus the ratio
0,4/ o (B) .

-, /T, 2
F')(em) - h? i e n'e W 2 q_
T pUES, |Z|: '% Z) ;( o oy
% (Ng+1)° 8(ey —6n —Ayp +20h0g ). (4)

The contribution from 2R absorption P& has a similar
form: one have to replace NV, +1 with V;, change +2h0,
to —2h0, and change the sign of the whole expression.

By interchanging the summation indexes, the full con-
tribution of 2R processes Pyg = PSS™ + P{&”) can be repre-
sented as

. B e—en/Te
Pr = " anp2e2 2 Z, Z{Ylyl’(q)}q:q,(r']"')  (42)

B n,n’ 1Ll

where m=n'—n,

e

= = A |'/Te (Te _T)
n—n.e =" exp| —2hw, —— | ¢, 44
X{ 1= P{ oF TT (44)

and oy is the derivative of the ripplon spectrum. In con-

trast to the decay rate, Eq. (42) contains also the contribu-
tion from intrasubband scattering (I =1'). In the limiting
case T, —» T, it is proportional to T, - T . At medium heat-
ing, the parameter entering the exponential function of Eq.
(44) is not small and the dependence on T, complicates.

From Eq. (44) one can see that at equilibrium (T, =T, and

m = me 1'%y the dissipation P, = 0. It should be noted

also that for nonequilibrium population of the excited

21T 50, the contribution Py #0

subband n, -ne

evenifT, =T.
Electron temperature is obtained by balancing the power

taken from the field P, = (", —M,)A, I, and the power

transferred to vapor atoms and ripplons

P +P +P® 1B, =0. (45)

Solutions of Eq. (45) are shown in Fig. 5 as functions of B
near the point Bg for different physical models. The single-
electron (SE) approximation for T,(B) which does not in-
clude 2R processes (dotted black line 1) represents an
asymmetric two-hump peak. The local minimum is placed
very close to Bg. In regions B <0.77 T and B >0.81T the
electron temperature practically coincides with T. For the
SE theory which takes into account the 2R processes, the
two-hump peak is substantially lower and there is electron
heating in regions where B differs strongly from B;. In
spite of a rather low electron density chosen for these cal-
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Fig. 5. (Color online) The electron temperature versus B in the
vicinity of B; calculated using different approximations: the SE
theory disregarding 2R scattering [black doted (1)], the SE theory
taking into account 2R scattering [blue dashed (2)], the ME theo-
ry for n, =2-10°cm™ [red (3)]. The Rabi frequency Q is given
in units of 108572,

culations (n, = 2-10°cm~2), the ME treatment given in this
work changes the two-hump peak of T,(B) strongly, as
indicated by the solid red line. The peak becomes broader
especially in regions of tails, and the asymmetry of two
humps is reduced.

The dependence of the electron temperature peak on n,
caused by the ME effect with I' . defined by Eq. (11) is il-
lustrated in Fig. 6. The lowest line [black (1)] represents the
result of the SE theory. Other lines were calculated using the
ME theory with electron density gradually increased from
n, =2-10°cm2 [blue line (2)] up to n, =5-10°cm~2 [red

I | —SE())
20 - n,= 2 (2)
n,=3(3)
r n,=4(4)
1.5F
v s n,=5(3)
g

1.0

0.5 i

L L L L L |
5.0 55
BT

Fig. 6. (Color online) Electron temperature versus the ratio
,, / o (B) for different n, shown in the figure legend in units of
10°cm™2. The Rabi frequency Qg =10%s™  and T=0.4 K.

04— .
0.70 0.75 0.80

E

Fig. 7. (Color online) Electron temperature versus B for diffe-
rent models of the ME effect in the region where the B peak
mixes with the Bg peak: the approximation I'c =T'; (dashed
lines), the interpolation of Eq. (11) (solid lines). Calculations
are performed for different densities (given in units of 10%cm):
n, =5 [black lines (1) and (1")], 6 [blue lines (2) and (2], 7 [olive
(3)], 7.5 [purple (4)], 8 [orange (5)] and 10 [red (6)].

line (5)]. One can see that the ME effect increases electron
temperature because main relaxation rates are reduced by
the Coulomb broadening I'. while the MW excitation rate
Fmw 1/ vop; Fises. Another important point is that electron
Coulomb interaction changes the asymmetry of the two-hump
peak of T,(B) to the opposite [red (5) and orange (4)] as
compared to the result of the SE theory [12]. The right
maximum with o, /o, >5 becomes higher that the left
maximum (w,, / o, <5). Thus, the asymmetry of the T,
peaks becomes the same as the asymmetry of power ab-
sorption [19]. The difference in asymmetries of electron
temperature peaks in the SE theory [12] and MW absorp-
tion peaks observed was stated [19] to be an important
point in discussions about the origin of the effect. Actually,
as we shall see below, the correct asymmetry of the MW
absorption (P,,,) peaks appears already in the SE treat-
ment and it does not correlate with the asymmetry of the
electron temperature peaks.

It is interesting to compare the results of the new ME
electron treatment given above with the approximation
I'c =T'; which does not take into account the reduction of
the Coulomb broadening at 7, <10 described by Eq. (11).
The qualitative differences appear in regions of peak tails
especially when temperature peaks of different B, start
overlapping. This situation is illustrated in Fig. 7 where
the ME effect on electron heating near B; mixes with the
same effect near B;. The results of the theory based on
the approximation I'c =T"; are shown by dashed lines
calculated for medium excitation (Qz =6.25-10"s™) and
two electron densities: n, =5-106cm™2 [black (1')] and
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n, =6-10°cm= [blue (2')]. One can see that the blue
dashed line has two regions of temperature bistability
which would lead to specific hysteresis phenomena. For
example, at higher densities (not shown in this figure) the
high-temperature branches touch each other and merge be-
coming a single branch, while the low temperature branch
remains and it becomes a non-reentrant branch: the system
can jump vertically to the high-temperature branch, but can-
not return back to the low-temperature branch. The theory
which takes into account the reduction of I, caused by elec-
tron heating (solid lines) eliminates this puzzling effect: the
overlapping of two temperature peaks is continuous, and the
non-reentrant branch does not appear.

5. MW absorption

Experimental study [19] of intersubband absorption in
electrons on liquid helium under quantizing magnetic
fields revealed an unexpected feature: the strong suppres-
sion of absorption at magnetic fields where B — B,,,. It is
tempting to attribute this effect to electron temperature
minima caused by the correction ;. :vgﬂl/z to the
linewidth v, Still, as noted in Ref. 19, the asymmetry of
the two-hump peaks of intersubband absorption observed
was opposite to the asymmetry of electron temperature
peaks obtained in the SE theory [12]. This seeming dis-
crepancy between the theory and experiment is caused by
the assumption that MW power absorption is an increasing
function of electron temperature, as it is for usual
intrasubband absorption, and a higher electron temperature
should correspond to higher MW absorption. We would
like to emphasize here that for intersubband excitation this
is not true because intersubband MW absorption mostly
increases the potential energy of electrons and have no
direct relation to an increase in the in-plane Kinetic energy.
The kinetic energy of electrons increases due to decay scat-
tering process, and, therefore, the relationship between T,
and intersubband MW absorption can be even opposite. In
order to eliminate this seeming discrepancy consider MW
absorption per an electron P, in more details.

It is instructive to plot P, = (M —M,)A,ry, Versus
the electron temperature, as shown in Fig. 8. Calculations
were performed using the ME theory (solid lines) and the
SE approximation (dashed lines) for three characteristic
values of the magnetic field: B; =0.79T, B, =0.78T,

and B, =0.802T, where B, and By correspond to the
local maxima of T,(B). In the SE theory, the decay rate
(Vo-1), linewidth (y,y) and MW excitation rate (r,,,) are
independent of the electron temperature. Therefore, the
dependence P, (T.) is caused only by the respective de-
pendence of m —n,. In the vicinity of B, 2R decay pro-

cesses can be disregarded even in the expression for the
relative occupancy m =1, /n, defined by Eq. (20). As a
result, the electron temperature enters n and the difference

2.0
—— ME, B, ())
—— ME, B, (2)
1.8- —— ME, B; (3)
R ....... SE, B; (1)
2Ler . DN\ SE, B, (2')
“g VAN A\ SE, B, (3)
214f
A
Q,=1
12F  F
1.0% ; >
3 4

1
2
T,K

e

Fig. 8. (Color online) MW power absorbtion P, versus T, calcu-
lated for three characteristic values of the magnetic field:
B; =0.79T [red lines (1) and (1')], B, =0.78 T [blue lines (2)
and (2], and Bg =0.802 T [olive lines (3) and (3')]. The single-
electron approximation is shown by dashed lines, the ME theory
(n, =2-10°cm?) — solid lines. Q is given in units of 108s™.

n—n, only by means of the reverse scattering term

v e 21 At low T,, it is exponentially small, and,
therefore, P, is practically independent of the electron

temperature, as illustrated in Fig. 8. Even in this regime,
where P, (T,) = const, MW absorption is proportional to
I Which has a sharp dip at B =B, shown in Fig. 3.
Therefore, the two-hump shape of P, (B) appears inde-
pendently of T,: according to Fig. 8, intersubband absorp-
tion at By (red dashed) is substantially lower than at B,
and By. Moreover, the higher dashed line corresponds to
the lower field B, which is in contrast with the two-hump
line of T,(B), and in accordance with the experimental
observations [19].

Further increase in T, (above 1 K) obviously depletes
the population of the ground subband (the relative
ocupancy n increases) and reduces P,,. Numerical calcu-
lations shown in Fig. 8 confirm this conclusion. Thus, in
the SE theory the intersubband absorption decreases with
T. which is in contrast with the usual picture of
intrasubband absorption. The solid lines calculated using
the ME theory show a small maximum at T, ~0.73K,
nevertheless, this effect does not change the vertical order
of these lines: it remains the same as for the dashed lines.

The dependence P, (0y1 / ®) near the point m =5 is
illustrates in Fig. 9 for five densities: the lowest solid line
represents the SE theory (n, — 0), and for other lines elec-
tron density shown in units of 108 cm~2 gradually changes
from n, =2 [olive line (3)] to n, =5 [red line (5)]. Even
though the positions of Py, (1 /®;) maxima and
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Fig. 9. (Color online) MW power absorbtion P, versus the ratio
,, / o calculated for different n, shown in the figure legend in
units of 106cm™2. The black dotted line represents the SE theory
which disregards the 2R scattering.

Te (0, / ;) maxima are remarkably very close, the asym-
metry of the two-hump line P, (0,7 / ;) calculated for
n, — 0 (SE) is opposite to the asymmetry of the respective
line of T,(w,;/w;) shown in Fig. 6. It should be noted
also that the ME effect does not change the asymmetry of
power absorption peaks which is in contrast with electron
temperature peaks.

The suppression of P, at ,,/w,=m becomes
stronger for lower excitation rates (or lower Q), as illus-
trated in Fig. 10 and in its insert. Here, the solid lines rep-
resent the SE theory and the dotted line represents the ME
theory for n, =3-105cm=2. Remarkably, at low Qg the

17
7+
L6t
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7 6F
= 1.4F
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g L L
gl 48 49 50 S0
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Fig. 10. (Color online) The MW absorption two-hump peak cal-
culated for two Rabi frequencies Qg shown in units of 10872,
Solid lines represent the single-electron theory. The dashed line is
calculated for n, =3-10°cm™ using the ME theory described in
the text.

minimum of the SE line can be even deeper than the tails
of me (0)2,1/('00)'

The factor (M, —n,) entering the definition of
Prw (0,1 / ;) has a form of a single maximum positioned
at w,; /o, =m. Therefore, the two-hump structure of
Pow(®,; /@) originates from the  dependence
M (021 / @) illustrated in Fig. 3. In this figure, the result
of the ME theory evaluated for n, =3-10°cm= and for
actual dependence T,(B) is shown by the red dotted line.
Besides the minimum caused by ¥y = vgfgl/z, this line
has also two-hump maxima originated from 7;.. (T.)
which has a non-monotonic dependence on electron tem-
perature. It decreases strongly at first due to the Coulomb
broadening T’ (T,), then attains a minimum at T, 1K,
and then starts increasing because electron heating reduces
the plasma parameter 7, entering Eq. (11) and increases
population of higher Landau levels.

6. Discussion and conclusion

The theoretical analysis presented here indicates that in
a nonequilibrium multisubband 2D electron system under a
guantizing magnetic field, even without a well defined
Fermi level (nondegenerate gas), nearly all its basis quanti-
ties should have 1/B-periodic oscillations caused by
squeezing of the density of states into sharp Landau levels.
We have shown that, besides the DC magnetoconductivity,
such oscillatory features are present in the energy relaxa-
tion rate, the intersubband-resonance linewidth, electron
temperature, subband occupancies, and MW power absorp-
tion. These kind of oscillations obtain an unusual shape
when the displacement from equilibrium distribution can-
not be reduced to trivial heating. Such a condition is real-
ized when the electron system is tuned into the resonance
with the MW field whose polarization vector has a perpen-
dicular component. For example, in this case the energy
relaxation rate as a function of B has asymmetrical sign-
changing corrections which leads to a distinctive asym-
metry of electron temperature peaks with respect to special
points B, where the staircases of Landau levels of the
ground subband and an excited subband become aligned.

Strong heating of surface electrons on liquid helium oc-
curs in the vicinity of the special points B,, because of the
interplay of MW resonance absorption (w=A,; /%) and
the quasi-elastic electron decay to the ground subband.
This kind of scattering cannot transfer the intersubband
excitation energy A,; directly to a vapor atom or to a
ripplon because of momentum conservation, but it can
transfer it to the kinetic energy of electrons which heats the
system. At the same time, inelastic emission of a par of
energetic ripplons with a small total momentum which
occurs at any magnetic field leads to small or medium
heating of electrons even if the staircases of Landau levels
are out of alinement. The two-hump shape of the electron
peak near B, appears because of magnetooscillations of

the linewidth of the intersubband resonance y&. The
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linewidth has sharp maxima at the points B = B, which is
the reason for deep minima of the MW excitation rate
Mow ocl/yg?){ under the resonant condition.

As noted above, a two-hump peak of electron tempera-
ture have the distinctive asymmetry with respect to the
point B, shown in Fig. 5: at low electron densities, the
maximum which is placed at B > B, is higher than another
one placed at B < B,,,. Previously, it was assumed [19] that
the asymmetry of the power absorption peaks should be the
same as the asymmetry of electron temperature peaks, and
the different asymmetry observed for intersubband absorp-
tion was a main reason for the conclusion that the
linewidth maxima are not responsible for this effect. In this
work, we have demonstrated that MW power absorption
has a complicated and nontrivial dependence on electron
temperature indicated in Fig. 8, which differs qualitatively
from the respective dependence of intrasubband absorp-
tion. For example, at low n, and T, intersubband absorp-
tion is nearly independent of T, while at higher electron
temperatures T, > 1K it even decreases. Nevertheless, as a
function of B it has two-hump peaks with an asymmetry
which is opposite to the asymmetry of electron temperature
peaks which agrees with experimental observations. The
depth of the power absorption dip at B = B,, depends on
the Rabi frequency Q. As indicated in Fig. 10, a moder-
ate reduction in Qp can make the minimum deeper with
regard to the region of tails.

The many-electron effect is shown to play an important
role in a 2D electron system subjected to a perpendicular
magnetic field. It increases the Coulomb broadening T' of
the DSF of the electron liquid and, therefore, reduces elec-
tron relaxation rates. This leads to heating of the electron
system. In turn, heating influences the ME effect in a non-
trivial way. First, it increases the ME effect because the
internal electric field E; of fluctuational origin is propor-
tional to TY2. Then, at higher T, and a fixed electron den-
sity, the kinetic energy of electrons increases and the sys-
tem approaches the regime where it can be described as
noninteracting particles. In present work, this influence is
taken into account by employing an interpolation form for
' as a function of the plasma parameter. Remarkably, the
Coulombic effect is shown to invert eventually the asym-
metry of electron temperature peaks, but it does not affect
the asymmetry of power absorption peaks. An increase in
electron density n, broadens the P,,, peaks due to the ME
effect and reduces the dips at B = B,, which also agrees
with observations [19].

At high enough electron densities, the model based on
the approximation T'c =T'; « T¥2 leads to existence of
bistability regions placed at tails of a temperature peak. In
this case, overlapping of electron temperature peaks which
belong to nearest B,, becomes discontinuous and can cause
puzzling non-reentrant states. The new model taking into
account the reduction of I' induced by strong heating of
electrons eliminates the bistability regions at least for the

vapor atom scattering regime. For the ripplon scattering
regime which is not considered in this work, the ambient
temperature is substantially lower T <0.2K and the ap-
proximation T'c =T'; «« T¥2 can be valid in a broader
range of T,. Therefore, there is a chance that the hysteresis
observed [20] for o, (B) is caused by the electron temper-
ature bistability.

In this work, we had restricted our consideration mostly
to the vapor atom scattering regime, though electron scat-
tering with pairs of energetic ripplons was also taken into
account. The numerical calculations were performed for
liquid *He with the fixed temperature T =0.4 K which
was quite close to the temperature used in the ripplon dom-
inated experiment (T = 0.2 K). Since the electron interac-
tion with long-wavelength ripplons is not that simple as the
electron-atom interaction, and it leads to certain complica-
tions in numerical evaluations, the theory presented here
can be considered also as a model for qualitative under-
standing of the effects observed in the ripplon dominated
regime.

The most important difference which appears at
T =0.2 K is that the inhomogeneous broadening v;,, in the
experiments [10, 19] is about one order of magnitude larg-
er than vy, defined by one-ripplon scattering and five
times larger than the maximum value of y;,.,. It was as-
sumed [19] that such a large value of y;,, was caused by
inhomogeneity of E, along the surface, and only a small
part of electrons (about 10 %) was under condition of real
intersubband resonance with vy, defined by electron-
ripplon scattering. If this picture is true, then only a small
part of electrons is strongly excited by the MW, but a large
fraction of detuned electrons (about 90 %) contributes to
energy relaxation because of electron correlations. This
explains why electron temperature is not very high in these
experiments (it is estimated to be about 1 K) in spite of
strong excitation. On the other hand, the contribution into
power absorbtion, which is proportional to I, oc1/ vy,
from electrons with small v, ~ Vi, Can obviously be
comparable or even larger than contribution from other
electrons. Therefore, the reduction of r,,, caused by the
sharp increase in Vi = Vga_{l /2 can be the reason for the
dips observed at B = B,, when the staircases of Landau
levels belonging to the ground subband and the excited
subband become aligned. The detailed analysis of the
ripplon dominated regime will be given elsewhere.
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MarHeToocumnauii TemnepaTypy Ta NOrMMHAHHSA
MiKPOXBUITbOBOIO BUMPOMIHIOBAHHSA B CUMNBHO
KopenboBaHOMY ABOBUMIPHOMY €MEeKTPOHHOMY raasi
Hapg, piokum reniem

Yu. P. Monarkha

TeopeTHyHO NOCIIIKY€ETHCS BIUIMB KYJIOHIBCBKOT B3aEMOIi y
JBOBHMIPHOMY €JIEKTPOHHOMY Tra3i HaJ PiJKUM rejlieM Ha po3ir-
piBaHHS €JIEKTPOHIB, IO IHIYKYETHCS MIKPOXBHIBOBHM BHIIPO-
MIHIOBaHHSIM 32 HasSBHOCTI KBaHTYIOHOr0 MarHiTHOro mousisi. 3a-
MPONOHOBAHO Yy3arajbHEHHS TEOpii LIMPUHU MDKIIZA30HHOTO
pe30HaHCY, SIKE BPAaXxOBYe SK CTHCKYBAaHHS LIUIBHOCTI CTaHIB
eJISKTPOHIB y piBHsAX Jlanmay, Tak i HasSBHICTH CHIIBHOTO BHYTpi-
IIHBOTO EIEKTPHYHOTO Houis uryKTyauiitnoi npupoau. Ls Teopis
OIIMCY€E MOSBY ABOTOPOHMX MIKiB €JIEKTPOHHOI TEMIIepaTypH Ta
HOTJIMHAHHSA MIKPOXBWJIb IIPH HEBHUX 3HAUCHHSAX HANpPY>KEHOCTI
MarHiTHOro nouist. IToka3aHo, IO MPH HU3BKUX KOHIEHTpALisLX
CJICKTPOHIB aCUMETPisi JBOrOpOMX MiKiB MiKPOXBHIIBOBOTO IIOT-
JIMHAHHS MPOTHICKHA O acHMETpil TemreparypHuX MiKiB, 110
HOSICHIOE PE3yJbTaTH SKCHEPUMEHTAIBHUX CIOCTepexeHb. [Ipo-
JEMOHCTPOBaHa BAXKIIMBICTh MPOLECIB BHIPOMIHIOBAaHHS Iap
KOPOTKOXBHJIBOBUX DPIIUIOHOB JUISl OIIUCY 3aCEIEHOCTI eeKTPOH-
HUX I1JI30H Ta MIBHIKOCTI CHEPTeTUYHOI peaKcarrii.

KirouoBi cioBa: ABOBUMIPHHI €IEKTPOHHUH Ta3, MarHeTOOCIH-
JSIi{, SBUINA HEPIBHOBArW, MIiXKITiIJIiania30HHE
MiKPOXBHIJILOBE TTOTJIMHAHHSL.
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