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Coulomb effects on the quantum cyclotron resonance from a two-dimensional electron liquid with
extremely narrow Landau levels
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We report results of experimental and theoretical studies of cyclotron resonance~CR! absorption from a
strongly interacting nondegenerate two-dimensional electron liquid with extremely narrow Landau levels re-
alized on the free surface of liquid helium. We found that the main many-electron effect on the quantum CR
originates from the ultrafast fluctuational motion of electron orbit centers, causing inelastic scattering in the
moving frames. This effect is described by means of the memory function formalism, employing a many-
electron approximation for the electron dynamic structure factor~DSF!. Remarkably, the Coulombic effect
leads to a narrowing of Landau levels and at the same time produces a strong broadening of the electron DSF
and the relaxation kernel of the dynamic conductivity. This explains the observed transformation of the CR line
shape and the successive narrowing and broadening of the CR linewidth with the increase of the electron
density. It is shown that the Coulomb narrowing and broadening of the CR data respond differently to a change
of the resonant frequency in accordance with the concept proposed.
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I. INTRODUCTION

Considerable research has been performed on cyclo
resonance~CR! in two-dimensional~2D! electron systems
created in semiconductor structures, and on the free sur
of superfluid helium. The fundamental interest of CR stud
in such systems is based on the singular nature of a
electron gas in the presence of a strong normal magn
field.1,2 For an ideal 2D electron gas the electron ene
spectrum is discrete,«N5\vc(N11/2), and the effect of
collision broadening of Landau levels must be trea
self-consistently.3 The finite CR linewidthg as well as the
finite dc magnetoconductivitysxx(0) result from electron
scattering within the Landau levels broadened due to in
action with scatterers.4 Additionally, the effects of electron
electron interaction are usually stronger for 2D electro
with narrow Landau levels.

In semiconductor 2D electron systems at low tempe
tures, electrons form a degenerate electron gas. Intere
many-electron effects on the CR from Si inversion lay
were observed in Refs. 5–7, when the lowest Landau lev
partially occupied. At the smallest electron densit
achieved in these studies,ns;53109 cm22, the CR line-
width is much narrower than it could be, according to a
single-electron theory or the semiclassical Drude formu
The linewidth broadens with the increase of electron den
ns , and attains a maximum when the ground Landau leve
completely filled.6,7 A further narrowing of the CR absorp
tion with the increase ofns , observed for filling factors
nfill .1, was explained in Ref. 8 by means of a se
consistent improvement of the random-phase approxima
~RPA!. The origin of the strong narrowing of the CR line
width observed atnfill ,1 was attributed first to charge
PRB 620163-1829/2000/62~4!/2593~12!/$15.00
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density-wave pinning,6 then to a magnetic field-induce
Wigner glass.7 The same effect of CR narrowing with th
decrease ofns observed for the GaAs 2D electron gas h
been presented in Ref. 9 as a manifestation of the str
influence of electron-electron interactions on the CR lin
Qualitative explanations of the unusually narrow CR we
based on the magnetoplasmon interaction model of Ka
and Halperin,10 though it was established for integral valu
of nfill .

A remarkable 2D electron system is formed on the fr
surface of liquid helium.11 This model system is characte
ized by the uniquely strong Coulomb interaction betwe
electrons: the mean Coulomb potential energyUC can be
100 times larger than the mean kinetic energykBT ~here the
Fermi energy is much smaller than the thermal energ!.
Though the filling factor is usually very small in strong ma
netic fields (\vc.kBT) and the electrons form a nondege
erate system, the Landau-level broadening induced by s
terers is extremely weak,GN!kBT. The latter means that, in
spite of the considerable thermal energy, electrons are c
fined to a very narrow energy range near the positions of
unperturbed Landau levels. Extremely narrow Landau lev
cause an interesting inelastic effect on the dc magnetotr
port of surface electrons~SE’s!, when the energy exchange
a collision exceeds the level broadeningGN .12 Under the
conditions GN!kBT!UC , a strong influence of electron
electron interactions on the CR is also expected. Theref
this model system can be used for testing different theor
cal approaches to the quantum CR of highly correlated
electrons.

In degenerate 2D electron systems of semiconductors
single-electron approach is applicable in the high-electr
density regime, and loweringns introduces Coulomb corre
2593 ©2000 The American Physical Society
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lations. As for SE’s on helium, this nondegenerate elect
system is on the other side of the phase diagram, and lo
ing ns makes the single-electron approximation more ap
cable, while an increase of electron density enhances m
electron effects. Thus, contrary to the semiconduc
systems, SE’s on liquid helium allow one to study the a
pearance of Coulomb effects on the CR absorption with
increase ofns , starting from the smallest densitiesns;107

cm22 (nfill !1), where the single-electron approximatio
does not interfere with the effect of completion of the grou
Landau level. Comparing experimental data obtained fr
such a pure system with different theoretical models can
veal the origin of a strong CR narrowing induced
electron-electron interactions.

For SE’s on liquid helium there are two kinds of scatte
ers: vapor atoms of4He above the liquid surface, and cap
lary wave quanta~ripplons!. We confine ourselves to th
electron-vapor atom scattering which dominates atT.1 K.
Vapor atoms are relatively slow, and their interaction w
electrons can be considered like a short-range impurity in
action in solids. In the laboratory frame, the electron-va
atom scattering can be described as an elastic one, sinc
energy exchange\Dv is much smaller thanGN . The density
of these ‘‘impurities’’ n(a) decreases exponentially wit
cooling which is the cause of extremely narrow Landau l
els. The interaction potential has the most simple formVint
5Uad(Re2Ra), which has been frequently employed in d
ferent theoretical models of many-body physics.

CR experiments with SE’s on helium, performed lo
ago,13,14 showed the effect of quantization of both out-o
plane and in-plane motions on electron transport phenom
Regarding many-electron effects on the CR, until recen
the experimental situation~reviewed in Ref. 15! is very com-
plicated, unclear, and challenging.

Recently,15 we briefly reported the observation of Co
lomb narrowing of the CR linewidth for the electron-vap
atom scattering regime for low enough electron densit
This behavior was in qualitative agreement with the m
result of the many-electron theory of Dykman and Khaz
~DK!.16 According to this theory, the fluctuational man
electron electric fieldEf acting on each electron can be a
proximately considered as a quasiuniform field causin
continuous correction to the Landau spectrumeEfX ~hereX
is the electron orbit center coordinate along the field!. The
narrowing of the CR linewidthg}1/ns

3/4 ~Refs. 16 and 17! is
the result of the kinetics of 2D electrons with the continuo
spectrum correction. However, the experimental density
pendence of the CR linewidth appeared to be more com
cated than this straight decrease.15 First, in the low-electron-
density range (ns;0.13108 cm22), the Coulomb narrowing
is substantially weaker than the prediction of the DK theo
It achieves the predicted rate only at medium densitiesns
;0.83108 cm22. Then, atns.23108 cm22, the Coulomb
effect changes sign, and a strong increase of the CR l
width with electron density was observed in accordance w
previous measurements.14,18

The presence of the strong many-electron fluctuatio
field Ef results in ultrafast drift velocities of the electro
orbit centersuf5cEf /B. According to the analysis presente
in Refs. 15, it is the fast drift velocities of the electron orb
centers that strongly affect the quantum magnetotranspo
n
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SE’s. For each electron, there is only one reference fra
where it has the discrete Landau spectrum: the frame
moves along with the electron orbit center. In this frame,
energy exchange at a collision between an electron and
impurity is no longer zero, since the impurity hits the ele
tron orbit with the velocity2uf and the energy exchang
attains the well known Doppler shift correction\q•uf . The
appearance of the energy exchange\q•uf produces two
effects:15 ~1! the suppression of electron scattering within t
Landau levels, if\q•uf.GN ; and ~2! the stimulation of
electron scattering between different Landau levels,
\q•uf*\vc . Since\vc@GN , these two effects are quit
separated on thens axis. In the single-electron approach, f
electron scattering within the Landau levels, the CR lin
width is determined by the Landau-level broadening itse4

Therefore, the suppression of electron scattering under
conditions can be also described as a Coulomb narrowin
Landau levels.15 This allows one to explain the narrowing o
the CR linewidth with the increase of electron density o
served. The stimulation of electron scattering between dif
ent Landau levels increases the collision broadening of
Landau levels due to the mixing of levels, though this
crease cannot describe the experimentally observed incr
of the CR linewidth.

In this paper, we present a many-electron theory of qu
tum CR from a nondegenerate 2D electron liquid with e
tremely narrow Landau levels, and the results of a deta
experimental study of the many-electron effects on the
absorption from SE’s on superfluid helium. The CR da
measured for different resonant frequencies, show the
cessive strong narrowing and broadening of the CR li
width with the increase of electron density. We found th
the Coulomb narrowing and broadening of the CR linewid
respond differently to an increase of the resonant frequen
which allows one to check the theoretical concept of
many-electron effect.

Contrary to the semiconductor systems, our studies co
spond to the density range where the theoretical result
Ref. 8 are not applicable. Our theory is based on the gen
result of the memory function formalism,2,19,20which estab-
lishes the relation between the relaxation kernelM (v) @or
the frequency-dependent widthgL(v)52ImM (v) of a
Lorentzian absorption function# and the equilibrium electron
dynamic structure factor~DSF! S0(q,v). Since the RPA can-
not be employed here, to incorporate the many-electron
fect in the electron DSF we propose an approach which ta
into account the ultrafast motion of electron orbit cente
This approximation takes into account that each electron
the free-electron Landau spectrum in its own frame, wh
moves ultrafast\q•uf.GN relative to the electron liquid
center-of-mass frame, due to the fluctuational field. As co
pared to the DK theory,16,17 we avoid the introduction of a
continuous electron spectrum correction, eliminating
fluctuational electric field by means of the transcription in
the local frames, moving ultrafast along with each electr
orbit center. This allows us to describe the interplay of t
many-electron effect and collision broadening disregard
previously, and to extend the many-electron CR theory s
stantially. We found that the same many-electron effect t
narrows Landau levels with the increase of electron den
produces a strong broadening of the electron DSFS0(q,v)
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PRB 62 2595COULOMB EFFECTS ON THE QUANTUM CYCLOTRON . . .
and frequency-dependent width parametergL(v) as func-
tions of v2Nvc . This allows us to describe both man
electron effects~narrowing and broadening of the CR! in-
duced by the energy exchange\q•uf in the same way, and
to explain the observed line-shape transformation from
pure Gaussian of the low-ns regime to the pure Lorentzia
of the high-ns regime. Contrary to the previously use
density-dependent Landau-level width model, our the
gives a proper description of the Coulomb broadening of
CR, which even numerically agrees with the experimen
data. The CR studies performed here may also explain
intriguing narrowing of the CR linewidth reported for sem
conductor 2D electron systems.

II. THEORETICAL CONCEPT

The distribution of the many-electron fluctuational fie
Ef , acting on an electron, was found in Ref. 17. Of cour
for an isotropic liquid, the direction ofEf is randomly dis-
tributed within the electron layer. The distribution of abs
lute valuesEf can be approximately described as a Gauss
function withA^Ef

2&[Ef
(0).0.84A4pkBTens

3/2. The fluctua-
tional electric field can be treated as an uniform field, ifD f

[eEf l ,kBTe ~herel 5A\c/eB is the magnetic length!. We
assume these properties of the many-electron internal fie
well established.

Thus the problem of strongly interacting electrons can
reduced to a description of noninteracting electrons expo
to the fluctuational quasiuniform electric fieldEf

( i ) distributed
accordingly. Each electron orbit drifts in crossed magne
and fluctuational electric fields with the velocityuf

( i ) relative
to the center-of-mass frame of the whole electron liquid
should be emphasized that the quasiuniform fluctuatio
field does not change the singular nature of the 2D elec
system in the normal magnetic field, since this field can
eliminated by a proper choice of the reference frameEf8
5Ef2

1
2 B3u→0. This is the frame where the center of th

electron orbit is at rest and the electron spectrum coinc
with the discrete Landau spectrum. If electron scattering
described in this frame, we still need to introduce t
Landau-level broadening in the self-consistent way, since
strength of the many-electron effect depends strongly on
relation between D f and GN . For the dc magneto
conductivity,21 this transcription allows one to incorpora
naturally the many-electron effect with the self-consist
Born approximation~SCBA!. As for the CR theory, there ar
two approaches which benefit from a transcription into
frames moving along with the electron orbit centers.

A. Density-dependent Landau-level width approach

Regarding electron scattering induced by impurities,
\q•uf;D f.GN , the drift velocity of an electron orbit is
ultrafast, since it strongly affects the probability of scatt
ing. As for electron transitions induced by the microwa
radiation, the velocitiesuf are too slow to be taken into ac
count in a direct way. Therefore, as a first approximation
can consider the CR theory of independent electrons with
Landau-level broadeningGN(uf) affected by the drift veloc-
ity uf .
e

y
e
l

he

,

-
n

as

e
ed

c

t
al
n
e

s
is

e
e

t

e

t

-

e
e

For short-range scattering, the CR theory that disrega
the Coulomb interaction between electrons gives the res4

Re@sxx~v!#5
e2vc

4p2 E dE@ f ~E!2 f ~E1\v!#

3Im G0~E!Im G1~E1\v!, ~1!

where f (E) is the Fermi distribution function, andGN(E) is
the single-electron Green’s function. ImGN(E) represents
the density of states of the Landau levels. The SCBA the
results in a semielliptic Landau-level shape,4 while the cum-
mulant expansion method22 yields a Gaussian level shap
with the same broadening parameterGN :

2Im GN~E!5~A2p/GN!exp@22~E2EN!2/GN
2 #. ~2!

The analysis presented in Ref. 1 shows that the Landau-l
shape is close to a Gaussian for the ground Landau level,
transforms to a semielliptic shape forN@1. It should be
noted that for nondegenerate electrons, both Landau l
shapes give numerically close results. We employ the Ga
ian shape, since it allows us to present most of our result
an instructive analytical form.

In the ultraquantum limit, Eq.~1! yields

Re@sxx~v!#5
Ape2ns\

4mG0,1
expF2

\2~v2vc!
2

G0,1
2 G , ~3!

where we introduced the averaged broadeningGN,N8
5A(GN

2 1GN8
2 )/2. In the original SCBA theory, for short

range interaction, the Landau-level broadening does not
pend onN; still we keep the subscriptN, since the many-
electron reduction ofGN strongly depends onN. The width
of the CR absorption line at half-height, that follows fro
Eq. ~3!, can be written asgG.A2G0,1/(0.849\).

To find the Landau-level broadening as a function of t
drift velocity of the electron orbit, we use the convention
perturbation procedure which employs the Green’s funct
of scatterersD(q,t2t8). In our case, the scatterers are h
lium vapor atoms described by the many-body operatorsaK

†

and aK ~hereKÄ$q,k% is the 3D wave vector!. Therefore,
D(q,t2t8) has the following form

D~q,t2t8!52 i ^T@Aq~ t !A2q~ t8!#&,

where

Aq5(
k

hk(
K8

aK8ÀK
† aK8 , hk5^1ueikzu1&,

T is the time-ordering operator, andu1& is the ground state o
the SE’s. OperatorsAq depend on the electron state of th
normal motion, since they represent a sort of projection
the 3D vapor atom system onto the plane of the 2D elect
system. The form ofAq introduced above comes from th
structure of the interaction Hamiltonian.

The perturbation procedure establishes the relation
tween the electron self-energySN(E) and GN(E) in the
frame, where the electron spectrum is discrete~for details
see, for example, Ref. 23!. In this frame, impurities move a
a whole with the velocity2uf and their Green’s function is
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affected by the Doppler shiftD(q,v1q•uf)}2 in (a)d(v
1q•uf). After the integration overv, the necessary relatio
can be written as

SN~E!5
1

4
Gse

2 (
N8

E
0

2pdw

2pE0

`

dxqJN,N8~xq!

3GN8~E1\q•uf !. ~4!

Here we use the following notations:Gse is the single-
electron Landau level broadening,xq5q2l 2/2, and
JN,N8(xq)5u^N,Xuexp(2iq•r )uN8,X2qyl

2&u2.
Equation~4! differs from the conventional SCBA resu

by the Doppler shift in the argument of the electron Gree
function. If the energy exchange\q•uf;D f is much less
thanGN , then we can disregard it, as well as the mixing
different Landau levels. In this limit, Eq.~4!, together with
the Dyson’s equation forGN(E), yields the result of the
SCBA: ImGN(E) has a semielliptic shape with the Landa
level broadeningGse5\A(2/p)vcn0, wheren0 is the colli-
sion frequency atB50.

In the general case, Eq.~4! is an integral equation and th
level shape differs from the simple semi-elliptical functio
Following Ref. 23, we simplify the problem by fixing th
Landau-level shape to a Gaussian function~for example! and
defineGN}ImSN(EN). This gives us the following equation

GN5Gse
2 (

N8

1

GN8
E

0

2pdw

2pE0

`

dxqJN,N8~xq!

3exp$22@\vc~N82N!2A2xqD f cos~w!#2/GN8
2 %. ~5!

In Sec. II B, we will show that a more rigorous approach is
accordance with this result, proving the assumptions u
here to be correct.

There are three important parameters appearing in Eq.~5!:

l5
D f

Gse
, b5

Gse

\vc
, d5

A2D f

\vc
. ~6!

The parameterl is responsible for the suppression of ele
tron scattering within a Landau level~term N85N), when
l*1. The second parameterb describes the mixing of dif-
ferent Landau levels when Coulomb effects are disregard
At D f50, the mixing of sharp levels is very small due
b!1. This parameter does not depend on the fluctuatio
electric field, though there is a weak dependenceb(ns), due
to the holding field dependence of the electron wave func
andn0. The parameterd ~a combination of the parametersl
andb) is a measure of the stimulation of electron scatter
between different Landau levels and mixing of Landau lev
caused by the many-electron effect. For the mixing ter
(N8ÞN), we can neglectGN as compared to\vc . In this
limit, the equation for the normalized Landau level broade
ing gN5GN /Gse can be presented in the form

gN
2 5xN~l/gN!1

gN

2l
CN~A2lb!, ~7!

where
s

f

.

d

-

d.

al

n

g
s
s

-

xN~y!5E
0

`

dx@LN~x!#2e2(112y2)xI 0~2y2x!, ~8!

I 0(z) is the Bessel function, andLN(z) is the Laguerre poly-
nomial. In the most important casesN50 andN51, we can
find

x0~y!5
1

A114y2
, x1~y!5

114y2112y4

~114y2!5/2
. ~9!

The general expression forCN(d) is rather complicated;
therefore, we present equations forC0 andC1 only:

C0~d!5 (
n51

`
e2(n/d)2

n! (
m50

n
~2m21!!!

2m S n

d D 2(n2m)

cn,m ,

~10!

C1~d!5e1/d2S 1

d2
1

1

2D 1 (
n51

`
e2(n/d)2

~n11!! (
m50

n
~2m21!!!

2m

3S n

d D 2(n2m)F S n112
n2

d2
2m2

1

2D 2

1m1
1

2Gcn,m .

Herecn,m stands for the binomial coefficients (cn,051). An
analytical interpolation forC0(d) can be written asC0(d)
.(3d/Ap20.611/d2)exp(21/d2), which is valid for 0.4
,d,5 with an accuracy of 2%. It is clear thatC0(d) is
small for l;1, sinced!1 at b!1. Still, it increases fast
with l and becomes important atd*1.

For the ground Landau level, the solution of Eq.~7! can
be found in an analytical form, if we take into account th
at d;1, the parameterl@1:

g0
2~l!5A@11C0~A2lb!#214l422l2. ~11!

For other Landau levels, Eq.~7! is solved numerically. The
density dependence of the collision broadening of two L
dau levels (N50 and N51) is shown in Fig. 1 for three
values ofB. The broadening decreases fast withns at low
densities (ns,108 cm22) and increases slowly~for B,0.5
T!, or becomes nearly independent ofns ~for B>0.5 T! in
the high-density range.

Thus the linewidth of the CR of SE’s determined b
^Resxx(v)& f decreases withns in the low-density range, due

FIG. 1. The collision broadening of Landau levels@N50 ~solid
curve! andN51 ~dashed curve!# vs ns for three values of the mag
netic field.
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to the suppression of electron scattering within a Land
level ~here ^ & f means the average over the fluctuation
field!. The averaging overEf makes the CR curve narrowe
in the vicinity of the peak and broader at the tails, with a r
depending on the strength of the many-electron eff
D f

(0)/Gse, as if the Gaussian curve transforms into a Lore
zian one. It should be noted that in the low-density regim
the DK theory17 predicts a shape that is noticeably differe
from a Lorentzian; still it also differs from a Gaussian, sin
this theory disregards the collision broadening of Land
levels.

Though the averaging overEf changes the CR shape, th
linewidth at the half height can be approximately describ
as

\gG~ns!.AG0
2~ns!1G1

2~ns!/0.849. ~12!

According to this equation and Fig. 1, the CR linewidth h
a finite value in the limitD f!Gse, and decreases fast in th
low-density range, ifD f*Gse. In the high-density range, th
dependencegG(ns) is a weak increase, due to mixing o
different Landau levels. It should be noted that Eq.~3! can-
not describe the effect of electron scattering between dif
ent Landau levels on the CR linewidth in the full extent. T
strictest way to take into account these scattering process
to consider the memory function approach.

B. Memory function formalism

Here we consider the memory function approach wh
allows one to incorporate the correlation effects in a m
rigorous way. According to Refs. 2, 19, and 20, the cond
tivity tensor of 2D electrons can be expressed as

sxx6 isxy5
ine2/m

v7vc1M ~v!
, ~13!

whereM (v) is the relaxation kernel. The real part ofM (v)
determines the shift of the CR, while the imaginary part
M (v) describes the CR linewidth. In our case, the shift
the CR is very small and, therefore, we confine our atten
to ImM (v) which can be expressed in terms of the elect
DSF,

Im M ~v!5~12e2\v/kBTe!
\2n0

4m2v
(

q
q2S~q,v!, ~14!

where

n05
3Ua

2n(a)gzm

8\3
.

gz is the parameter of the electron wave function^1uz&
}zexp(2gzz). Regarding the static conductivitysxx(v50),
the expression for ImM (0) coincides with the expression fo
the effective collision frequencyneff(B) of the extended
SCBA,24 which replacesn0 in the Drude conductivity equa
tions. For the CR absorption, Eq.~13! results in a Lorentzian
function with a frequency-dependent width parame
gL(v)52ImM (v). In the ultraquantum limit, this param
eter can be written as
u
l

e
t
-
,

t

u

d

s

r-

s is

h
e
-

f
f
n
n

r

gL~v!5
Gse

2 vc

4\2v
E

0

`

dxqxqS~q,v!. ~15!

The most important thing is to find a proper approximati
for the DSFS(q,v)5Ne

21*eivt^nq(t)n2q(0)&dt, wherenq
5(eexp(2iq•re).

Let us first consider thesingle-electronapproximation,
which gives

Sse~q,v!5
2\

p2nsl
2E dE f~E!@12 f ~E1\v!#

3 (
N,N8

JN,N8~xq!Im GN~E!Im GN8~E1\v!.

Assuming\vc@kBT@Gse, andf !1, for the Gaussian leve
shape, one can find

Sse~q,v!52Ap\ (
N50

` xq
N

N!G0,N

3exp@2xq2\2~v2Nvc!
2/G0,N

2 #. ~16!

At v;vc , the resonant term withN51 dominates in Eq.
~16!, due to GN!\vc . Then, according to Eq.~15!, the
frequency-dependent absorption width parameter of f
electrons can be written as

gL~v!.
ApGse

2 vc

G0,1\v
expF2

\2~v2vc!
2

G0,1
2 G . ~17!

Here Gse
2 originates fromn0 or from the electron-impurity

interaction, while G0,1 originates from the Landau-leve
broadening. For short-range scatterers,GN5Gse and G0,1
5Gse. It is interesting that according to Eq.~17!, the fre-
quency dependent width of the Lorentzian CR absorpt
function exhibits the resonant behavior itself which mak
the CR line narrower in the region of tails@\(v2vc)
;Gse#. For degenerate electrons, this effect was discusse
Ref. 19.

Physically, the frequency dependence ofgL(v) in Eq.
~17! executes the transformation of the initial Lorentzian d
termined by Eq.~13! into the Gaussian CR curve of Eq.~3!
which appears in the pure single-electron theory of And4

This transformation is shown in Fig. 2. The pure Gauss
function ~solid curve! of the dimensionless variablex with
the width parameterwG50.08 ~the width at the half height
gG.wG/0.849) and the pure Lorentzian function~dash-
dotted curve! with the width at the half heightgL

(0)

5Ap/2wG5const give substantially different absorptio
curves, though their widths at the half-height are nearly
same. Conversely, the Lorentzian function with t
frequency-dependent width defined according to Eq.~17!,
gL(x)5gL

(0)exp@22(x21)2/wG
2 # ~dashed curve!, is quite close

to the proper Gaussian function. We attribute the differen
between the solid and dashed curves to the accuracy o
approximations used. For example, the frequency-depen
width model withgL(x)5gL

(0)exp@22(x21)2/(gL
(0))2# leads to

a CR curve~dotted curve! which practically coincides with
the Gaussian curve~solid curve!. From Fig. 2 one can se
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that both approaches@the Ando theory~solid curve! and the
memory function formalism~dashed curve!# give nearly the
same CR absorption curves, if the Coulomb interaction
tween electrons is neglected.

From Eq. ~17! and the density dependence ofG0,1(ns)
established in Sec. II A, it might be concluded that the C
lomb effect should start with a broadening of the CR lin
width @gL(vc)}1/G0,1(ns)#, which would be opposite to the
result of Eq.~12!. The explanation of this paradox is bas
on the fact that the single-electron approximation for
DSF of Eq.~16! is not appropriate for electrons with ultrafa
orbit centers.

The many-electronDSF of electrons with ultrafast orbi
centers can be found in the following way. Since the ma
electron fluctuational field can be considered as a quasi
form one, the problem of strongly interacting electrons
duces to the problem of independent electrons with ultra
drift velocities uf distributed accordingly. We can describ
the system as an ensemble of independent electrons; ea
them has its own drift velocityuf

( i )with regard to the electron
liquid center-of-mass frame. The time averaging is sub
tuted by the averaging over the ensemble. The contribu
of one electron to the electron liquid DSF has the form of E
~16! in the local frame, moving along with the electron orb
center. When changing the reference frame, the DSF has
transcription ruleS8(q,v)5S(q,v2q•u). Therefore, in the
electron-liquid center-of-mass frame, the DSF of an elect
can be written asSse(q,v2q•uf), and the proper many
electron approximation for the DSF of the ensemble of in
pendent electrons exposed to the fluctuational field can
found asSme(q,v)5^Sse(q,v2q•uf)& f . For the Gaussian
distribution ofEf , we have

Sme~q,v!5E
0

`

dye2yE
0

2pdw

2p

3Sse@q,v2A2xqy cos~w!D f
(0)/\#, ~18!

wherey represents the ratio (Ef /Ef
(0))2, andw is the angle

between the drift velocityuf and the momentum exchang
\q. We use the superscript~0! for the parametersD f , l, and
d taken atEf5Ef

(0) .

FIG. 2. Typical CR absorption curves: Gaussian~solid!, Lorent-
zian ~dash-dotted!, frequency-dependent width models~dashed and
dotted! presented according to the memory function formalism
described in the text.
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It is very instructive to analyze the case when the dep
denceGN(Ef) is weak enough to be disregarded in the in
gral of Eq.~18! with Sse from Eq.~16!. Strictly, this assump-
tion is valid for rather high electron densities, according
Fig. 1. Still it is possible to prove that the integral of Eq.~18!
is organized in such a way that the final result depe
weakly on the real behavior ofGN(Ef) in the whole density
range. In this case, replacingGN(Ef) by GN(Ef

(0)), and aver-
aging over the fluctuational field, Eq.~18! can be trans-
formed as

Sme~q,v!52Ap\ (
N50

` xq
N

N!AG0,N
2 12xq~D f

(0)!2

3expF2xq2
\2~v2Nvc!

2

G0,N
2 12xq~D f

(0)!2G . ~19!

Like the DSF of noninteracting electrons@Eq. ~16!#, the
many-electron DSF of Eq.~19! is a sum of Gaussian term
exhibiting resonant behavior with regard tov2Nvc ~with
N50,1,2, . . . ). Theimportant difference is thatG0,N is re-
placed by G0,N

(* )(q)5AG0,N
2 (Ef

(0))12xq(D f
(0))2. Thus the

many-electron effect, that narrows Landau levels in
frame moving along with the electron orbit center, broade
the electron DSF in the electron liquid center-of-mass fram
Moreover, the rule of combining the collision broadenin
and the many-electron effect resembles the rule of com
ing the contributions of two different scattering mech
nisms.23

One can see thatG0,1
(* )(q) increases withns in spite of the

decrease ofG0,1(ns), which is the solution of the above
mentioned paradox: the most important resonant termN
51) of Eq.~19! decreases withns , causing the a decrease o
the CR linewidthgL(vc)}1/G0,1

(* )(q). The many-electron ef-
fect broadens all terms of Eq.~19!, and at high enough den
sities the contribution of nonresonant terms (NÞ1) become
important, if A2D f

(0)*\vc . This is the origin of the Cou-
lomb broadening of the CR at high electron densities.

Before proceeding with the CR absorption, we perfo
some checks. It is obvious that, in the limiting caseD f→0,
Eq. ~19! reproduces the result of the SCBA for the electr
DSF. In the opposite limiting caseG0,N!2D f

(0)and v→0,
Eq. ~19! reproduces the results of the DK theory for the DS
and for the static magnetoconductivity.16 The dc magneto-
conductivity of electronssxx(0) is described by the firs
term of Eq.~19! with N50. In this case, the many-electro
effect acts on the electron DSF of the center-of-mass fra
as an effective increase of the Landau-level broadeningG0

→G0
(* )(q)5AG0

212xq(D f
(0))2, though the real broadenin

G0 determined in the frame moving along with the electr
orbit center decreases withD f

(0) .21

For microwave radiation frequenciesv;vc used in CR
studies, at low electron densities, the main contribution
Eq. ~19! comes from the resonant term (N51), due toGN
!\vc . The nonresonant terms (NÞ1) become important
only at d (0)*1. When describing the nonresonant terms,
can putv5vc , since their contribution togL(v) is practi-
cally independent of smallv2vc . Thus we can write the
frequency-dependent width as a sum of resonant (N51) and
nonresonant terms:

s
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gL~v!5gL
(R)~v!1gL

(NR) , ~20!

where

gL
(R)~v!5

ApGse
2 vc

2\v E
0

` x2exp~2x!

AG0,1
2 12x~D f

(0)!2

3expF2
\2~v2vc!

2

G0,1
2 12x~D f

(0)!2Gdx, ~21!

gL
(NR)5

ApGse

2\

Gse

\vc
A~d (0)!, ~22!

A~d!52 (
N(Þ1)

uN21uN13/2

N!dN15/2
KN13/2~2uN21u/d!.

Kn(z) is the Bessel function, andd (0)5A2D f
(0)/\vc . For

simple estimations of the effect of stimulation of electr
scattering between Landau levels, one can use the interp
tion formula A(d).3.2d0.94exp@2(0.3/d)3#, which is ap-
proximately valid atd<1.1.

According to Eqs.~20!–~22!, the CR line shape change
in the following way. The resonant termgL

(R)(v), which
makes a Gaussian from the initial Lorentzian function in
single-electron theory, as shown in Fig. 2, becomes more
more broadened with the electron-density increase due to
Coulomb correctionA2xqD f

(0) . Qualitatively, this effect can
be described by Eq.~17!, whereG0,1 should be replaced by
AG0,1

2 12(D f
(0))2, according to Eq.~21! and the estimation

xq;1. This additional broadening of the resonant termgL
(R)

reduces its amplitudegL
(R)(vc) and narrows the CR line

width. WhenA2D f
(0) increases aboveG0,1, the width func-

tion gL(v) becomes less and less dependent ofv within the
CR resonance frequency rangev2vc&G0,1, which trans-
forms the Gaussian absorption curve of noninteracting e
trons into a Lorentzian curve of electrons with ultrafast or
centers. In the limiting caseA2D f

(0)@G0,1, the CR line shape
becomes a pure Lorentzian function.

The transformation of the CR line shape caused by
many-electron effect is shown in Fig. 3 for three electr

FIG. 3. The CR line-shape transformation caused by the ma
electron effect: the memory function formalism, according to E
~20!–~22! ~solid curves!, and the density-dependent Landau lev
width approach described in Sec. II A~dashed curves!. Electron
densityns50.33108 cm22 ~1!, 1.03108 cm22 ~2!, and 5.03108

cm22 ~3!.
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densities. At two lowest densities the curves calculated
cording to Eqs.~20!–~22! ~solid curve! and according to the
density-dependent Landau-level width model described
Sec. II A ~dashed curve! are quite close. The small asymm
try of the first solid curve is probably caused by the brea
down of the approximationGN!kBT. For the highest density
of Fig. 3, the difference between these two approaches
come large, due to the effect of stimulation of electron sc
tering between different Landau levels.

According to Fig. 2, the width at the half-height of th
Lorentzian function with the frequency-dependent width p
rameterg5gL(v) is practically the same as the width of th
conventional Lorentzian withg5gL(vc). The latter quantity
can be evaluated without the assumptionGN.GN(Ef

(0)) in
the resonant term (N51). Direct evaluation of the resonan
term gL

(R)(vc) based on Eqs.~14! and ~18! gives

gL
(R)~vc!5

ApGse

2\ E
0

`

e2yW0,1~l (0)Ay!dy, ~23!

where

W0,1~l!5
3~g0,1

2 1l2!2

~g0,1
2 12l2!5/2

2
g0,1

2

~g0,1
2 12l2!3/2

;

and g0,15G0,1/Gse[A(g0
21g1

2)/2 is the function ofl, ac-
cording to Eq.~7!. The nonresonant termgL

(NR) remains the
same as in Eq.~22!.

In the extreme many-electron limit (D f
(0)@Gse), neglect-

ing gL
(NR)(vc), Eq. ~23! reproduces the result of the DK

theory which, we represent as

gL~vc!'
3p

8A2

Gse
2

\D f
(0)

}
1

ns
3/4

. ~24!

The approximation of the ultrafast electron orbit centers
troduced here restricts this result from both low- and hig
electron-density ranges. In the low-density limit (D f

(0)

!Gse), gL(vc);Gse/\ is practically independent ofns . In
the high-density range (D f

(0)*\vc), the nonresonant term
gL

(NR) becomes important, increasinggL(vc) and changing
the sign of the many-electron effect, due to electron scat
ing between different Landau levels.

In the general case, we evaluated Eqs.~22! and ~23! nu-
merically. The results forgL(vc) are shown in Fig. 4 as solid
curves found for three values ofB. The corresponding result
of the previously described density-dependent Landau-le
width model@gG of Eq. ~12!# are shown as dashed curve
Though the curves of the weakest magnetic field (B50.2 T!
do not correspond the conditions of the quantum CR of
electron-vapor atom-scattering regime, we will show th
they explain qualitatively the experimental results of Ref.
found for the electron-ripplon scattering regime. The ele
tron density range which corresponds to the range of par
eterl of Fig. 4 is different for each solid curve, due to th
field dependence ofGse(B)}AB and D f(B)}1/AB @or
l(B)}1/B]. Thus, forB50.2 T, the rangel,5 is realized
for ns,0.723108 cm22, while for B53 T the correspond-
ing density range is substantially wider:ns,373108 cm22.

y-
.
l
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It is instructive to compare the resonant term of Eq.~23!
~the lowest solid curve of Fig. 4!, describing the effect of
suppression of electron scattering, with Eq.~12! of the alter-
native approach forgG ~the lowest dashed curve!, neglecting
the effect of mixing of Landau levels. These curves cor
spond to the limiting case\vc@D f

(0) . One can see that th
approach based on the memory function formalism and
density-dependent Landau-level width approach give
markably very close curves. The small relative increase
the solid curve in the limitl f

(0)→0 reflects the shaping ef
fect: in this range the CR shape of the memory funct
approach is not a Lorentzian function, but a function wh
is close to a Gaussian with the width at half-height eq
A2/pgL/0.849.0.94gL . There is no doubt that both theore
ical approaches result in the same Coulomb narrowing ef
on the CR linewidth.

Contrary to the Coulomb narrowing, the broadening
the CR induced by the many-electron effect is described
ferently by each of the two approaches introduced abo
The increase of the CR linewidth withns is substantially
stronger for the memory function formalism, as shown
Fig. 4 for three values of the magnetic fields (B50.2 T, 1 T,
and 3 T! ~solid curves 1, 2, and 3!. One can see that the wea
increase of the broadening of Landau levels due to the m
ing effect~dashed curves! cannot be a measure of the man
electron broadening of the CR. This is reasonable, beca
the probability of electron scattering between different La
dau levels induced by the high-energy exchangeD f

(0)*\vc

does not actually depend on the Landau-level broadening
GN!\vc . Additionally, the presentation of Fig. 4 show
that the magnetic-field dependence of the Coulomb narr
ing can be normalized byGse}AB, while the Coulomb
broadening still decreases withB, approaching the lowes
solid curve, since the Landau-level separation\vc}B in-
creases faster withB thanGse.

Figure 4 shows also that the many-electron effect chan
its sign at a rather small value of the parameterD f

(0)/ \vc

due to the fast decrease of the resonant termgL
(R) with l (0).

This means that the CR narrowing and most of the
broadening of Fig. 4 occurs at conditions where the fluct

FIG. 4. The CR linewidth vs the many-electron parameterl (0)

5D f
(0)/Gse at T51.36 K for three typical resonant magnetic field

the memory function formalism~solid curves! and the density-
dependent Landau-level width approach~dashed curves!. The low-
est curves~solid and dashed! are plotted for the limiting case\vc

@D f
(0) .
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tional electric field can be considered as quasiuniform. B
yond this regime, our approach takes into account only
uniform part of the fluctuational field which induces dri
velocities uf

( i ) . Since the main effect described here orig
nates from the ultrafast fluctuational motion of electron or
centers, we may assume that our approach will be qua
tively valid even for nonuniform fluctuational fields.

III. EXPERIMENT

The main experimental difficulty in observing Coulom
narrowing of the CR linewidth for SE’s on the free surface
liquid helium, as can be seen from Figs. 1 and 4, lies in
fact that it requires a combination of a strong resonant m
netic field @or a high frequency of the microwave~MW! ra-
diation# together with the possibility of measuring down
very low electron densities. This implies a high sensitivity
the detection system used.

For our measurements, we use a MW spectrometer w
ing at frequencies of 40–60 GHz. Figure 5 shows a sc
matic view of the low-temperature part of the setup. It co
sists essentially of a metallic cavity in the form of an uprig
cylinder, acting as a resonator for microwaves in the TE011
mode. The bottom plate of the cavity is mounted on a m
able plunger to enable the height of the resonator to
changed, and thus to tune its resonance frequencyin situ.
The cavity has a diameter of 10.8 mm and a height betw
7 mm ~at 40 GHz! and 3 mm~at 60 GHz!. The resonator is
operated in reflection mode through a single rectangu
waveguide, ending above a coupling hole in the top pla
For signal detection, a phase-sensitive heterodyne sys
with high sensitivity is employed. To avoid possible lin
shape distortions due to a heating of the electron system
MW input power is kept at an estimated level of below 10218

W per electron. At this level the line shape is in the equil
rium regime, as we verified in a former study of the pow
dependence of the CR.15 For further details of the microwave
part of the setup, we refer to Ref. 25.

Top and bottom plates as well as the sidewall of the c
ity are electrically isolated from each other, and can be pu
different potentials. Furthermore, the bottom plate consist
an array of four concentric electrodes in Corbino configu
tion. Of these, the central one and the third are used to m
sure the complex conductance of the electron layer at

FIG. 5. Schematic diagram of the experimental cell.
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frequencies between 3 and 30 kHz in order to check whe
we have conventional results for the Coulomb effect on
static magnetoconductivitysxx(0),26 as described in Ref. 21
while the second electrode is put at ground to reduce
direct cross-talk between the measuring electrodes.
fourth and most outward electrode is usually put on the sa
negative potentialVG as the side wall of the cavity and th
two act together as guard electrodes.

In the experiment, the cavity is partly filled with liqui
helium to a height of typically 0.6 mm above the botto
plate. Electrons are produced by heating a small filam
placed in a hole in the top plate, and confined to the heli
surface by negative potentials applied to the top plate
guard electrodes, while the Corbino electrodes correspon
the ground potential.

Most of the CR measurements presented here were
formed with varying electron densitiesns under the satura
tion condition 2pens5E' , when the electric field of the
electron layer screens completely the external electric fi
E' above the layer. In these measurements, the voltages
plied to the top plate and guard electrodes were kept
sameVT5VG , and, after the procedure described in Ref.
we used the capacitance measured across the Corbino
trodes to ensure that the electron density always co
sponded to saturation. Since the electron-vapor atom inte
tion is nearly independent of the holding fieldE' , especially
at low electron densities, the density dependence of the l
width observed in our experiments reflects the many-elec
effect produced by the fluctuational electric fieldEf .

The raw CR absorption data are shown in Fig. 6 for
typical electron densities. The absorption line of the low
density is substantially broader than the others, and its sh
can be nicely fitted with a Gaussian function. On the ot
hand, the absorption lines of high enough densitiesns
>1.73108 cm22) have pure Lorentzian shapes. The CR li
shape of the intermediate densities is a sort of mixture
Gaussian and Lorentzian. Figure 6 shows the successive
rowing and broadening of the CR linewidth with the increa
of electron density.

To check that the observed phenomena are caused s
by many-electron effects, we performed some measurem
at a fixed electron density, varying only the holding elect
field E' ~i.e., at nonsaturated conditions!. In this case, also
according to the procedure described in Ref. 27, the top p

FIG. 6. The CR absorption data atT51.36 K for six electron
densities shown in units 108 cm22.
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voltageVT determined the value of the pressing electric fie
while the voltage applied to the guard electrodesVG was
adjusted accordingly to keep the electron density always
constant value. We chose two distinctive densities: one in
low density regime (ns.0.373108 cm22), and another one
in the vicinity of the minimum of the CR linewidth (ns
.2.53108 cm22). The corresponding data are shown in F
7, together with theoretical curves calculated according
Eqs. ~22! and ~23!. The most important conclusion whic
follows from this figure is that the holding field dependen
is much weaker than the density dependence~solid curve! of
the CR linewidth, even for the Coulomb broadening regim
Another important point is that an increase ofE' may cause
only an increase of the CR linewidth due to the field dep
dence of the electron localization lengthgz

21(E') in the per-
pendicular direction. This weak dependence is in accorda
with the theoretical curves~dashed! shown in Fig. 7. An
increase ofE' even qualitatively cannot be an origin for th
Coulomb narrowing of the CR, and the latter represent
pure many-electron effect.

IV. EXPERIMENT-THEORY COMPARISON
AND DISCUSSIONS

Before proceeding with the analysis of our data, we co
sider the conditions of the experiment,18 where there was no
sign of the Coulomb narrowing of the CR linewidth ob
served, in contradiction with the DK theory.16 In that paper,
the linewidth data had shown a linear increase withns in the
range: 0.23108 cm22&ns,4.53108 cm22. The tempera-
ture of the system was quite low (T50.062 K!, which means
that the electron-ripplon scattering dominated the elect
transport and the electron system was mostly in the Wig
solid state~though the onset of electron crystallization w
not observed with CR!. The important point is that the mag
netic field used in Ref. 18 was very weak~less than 0.1 T!.
Under these conditions, the additional energy excha
caused by the ultrafast orbit centersD f

(0) is larger than the
Landau-level separation\vc in the whole range of electron
densities used there. This correction does not depend on
kind of scatterers present, and is surely applicable
electron-ripplon scattering in the moving frames. This mea

FIG. 7. The CR linewidth data vsE' for fixed electron densi-
ties: ns.0.373108 cm22 ~circles! and ns.2.53108 cm22 ~tri-
angles!; solid symbols represent the saturation conditionE'

52pens . The CR linewidth is given by the memory function fo
malism @Eqs.~20!–~22!#. The saturation condition is shown by th
solid curve, and the fixed electron density conditions by the das
curves.
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2602 PRB 62YU. P. MONARKHA, E. TESKE, AND P. WYDER
that electron scattering between different Landau lev
dominated the CR linewidth. In this case, the main contri
tion to gL(vc) comes from the nonresonant terms@gL

(NR)

@gL
(R)(vc)# increasing withns . Qualitatively this effect is

seen in Fig. 4, where the highest curve is plotted forB
50.2 T. The reduction of the CR linewidth is very small a
occurs at very low electron densitiesns&53106 cm22,
which is far beyond the density range used in Ref. 18. Mo
over, in the density range used in this experiment, the the
based on the memory function formalism presented h
gives approximately linear increase of the CR linewidth w
ns, which is in accordance with the data reported.

Regarding our data, we apply substantially stronger m
netic fields, which places the minimum of the theoretic
curves in the middle of the electron-density range us
Comparing the data with the theoretical concept, we ch
first whether the presented theory can describe the tran
mation of the CR line shape observed with the increase
electron density. As we already mentioned, the qualita
accordance with the theory is obvious: it follows from Fig.
The lowest density data can be nicely fitted by a Gauss
while the medium- and high-density data follow a Lorentzi
absorption curve. The shape transformation starts as a
rowing of the absorption curve in the vicinity of the res
nancev;vc , leaving the tails unchanged, which is also
accordance with the theoretical curves of Fig. 3. To comp
the data and the theory quantitatively, in Fig. 8 we show t
typical data plots and corresponding theoretical curves
culated according to Eqs.~20!–~22!. For a comparison, we
also show the result of the density-dependent Landau-l
width model ~dashed curves!. For the lowest electron den
sity, the data plot has a slightly wider linewidth than t
theoretical curve, while for the higher density the solid th
oretical curve perfectly fits the CR data with no adjusti
parameter.

The CR linewidth at half height of the experimental da
is found here by fitting the absorption data to the conv
tional Gaussian or Lorentzian functions. As the CR abso
tion line is generally a sort of mixture of Lorentzian an
Gaussian, there is a small difference between these two
ting sets of data. Since at low electron densities, the
shape is mostly a Gaussian and at higher densities (ns>1.7
3108 cm22) it is a Lorentzian, we present the Gaussi
fitting linewidth data~circles! for low and mediumns and the

FIG. 8. The CR absorption for two electron densities~circles
and squares!. The memory function formalism is shown by the sol
curves, and the density-dependent Landau-level width approac
the dashed curves.
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Lorentzian fitting data~triangles! for medium and highns .
These two sets of data overlap in the range of medium e
tron densities, as shown in Fig. 9 for two values of the re
nant magnetic field. In this figure, the theory presented h
~solid curves 1 and 2! contains no adjusting parameter. Th
possible contribution from the electron-ripplon interaction
very small in the density range shown in the figure. F
Landau-level broadening it varies from 0.7%~lowest den-
sity! to 12% ~highest density!. In Fig. 9, we took it into
account as an appropriate increase ofGse calculated accord-
ing to the results of Refs. 12 and 23 for electron-rippl
scattering.

According to Fig. 9, the increase of the resonant f
quencyv as compared to the condition of Ref. 15 shifts t
Coulomb narrowing into the range of higher electron den
ties. This is caused by an increase of the Landau-level bro
ening with the magnetic fieldGse}AB. This is also valid for
the results of the DK theory shown in this figure as dott
curves. The theory presented here~solid curves! and the
density-dependent Landau-level width model~dashed
curves! both deviate from the DK theory in the range of lo
electron densities in the same way, and describe the CR
width data much better. In the range of high electron den
ties the experimental data and the solid curves also dev
strongly from the dotted curves, and the increase of the
linewidth with ns is nicely described by our theory. Both th
two solid theoretical curves and the two data plots of diff
ent resonant frequencies cross at highns practically in the
same point. This means that the increase of the magn
field suppresses the broadening of the CR, making the ef
of Coulomb narrowing stronger in accordance with the th
oretical concept of stimulation of electron scattering betwe
different Landau levels.

It is very instructive to use the presentation of Fig.
normalizing the CR linewidth byGse, for the experimental
data as well. In this case, we use values ofGse calculated for
each experimental density and magnetic field according
the SCBA theory for the electron-vapor atom interactio
The result of this normalization is shown in Fig. 10. Contra

by FIG. 9. The CR linewidth vsns for two resonant values ofB:
B51.43 T ~symbols of open style! andB52.0 T ~symbols of solid
style!. Also given are the Gaussian fitting data~circles!, the Lorent-
zian fitting data~triangles!, the memory function formalism accord
ing to Eqs. ~22! and ~23! ~solid curves!, the density-dependen
Landau-level width approach~dashed curves!, and the theory of
Dykman and Khazan~dotted curves!.
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to Fig. 9, here we disregard electron-ripplon interaction, a
to adjust the theory to the data all the theoretical curves
shifted slightly up by 11%. One can see that the effect of
magnetic field on the Coulomb narrowing of the CR is p
fectly normalized byGse}AB. Conversely, the Coulomb
broadening of the CR withns cannot be normalized in suc
way, since this effect is described by the parameterd (0)

5A2D f
(0)/\vc rather than byl (0)5D f

(0)/Gse. For the ex-
perimental data (B51.43 T! of Fig. 10, the paramete
D f

(0)/\vc varies in the range 0.04,D f
(0)/\vc,0.7. It should

be noted that the accuracy of determination of the CR li
width from the absorption data increases with electron d
sity because for higher densities we have a stronger sig

V. CONCLUSIONS

We have investigated the influence of strong inter
forces on the CR absorption from a 2D electron system w
extremely narrow Landau levels. In the presence of a str
magnetic field, the fluctuational internal electric fields a
quasiuniform, and the system can be considered as an
semble of nearly independent electrons whose orbit cen
are moving ultrafast with the drift velocity distributed a
cording to the distribution of the fluctuational field. The tra
scription into local frames moving along with each orbit ce

FIG. 10. The normalized CR linewidth data and the theory
l (0)5D f

(0)/Gse for two resonant frequencies. Notations are the sa
as in Fig. 9.
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ter eliminates the fluctuational field, restores the Land
spectrum, and makes electron scattering substantially ine
tic due to the Doppler shift\q•uf . Two theoretical models
have been analyzed:~1! the model of independent electron
based on the Ando CR theory4 and on the inelastic SCBA
with the Landau-level broadeningGN affected by the ul-
trafast drift velocity uf ;

15 and ~2! the memory function
formalism19,20 with our approximation for the electron dy
namic structure factor, taking into account the ultrafast m
tion of electron orbit centers. For low and medium electr
densities, both theoretical models result in practically
same Coulomb narrowing of the CR linewidth due to t
inelastic suppression of electron scattering within the grou
Landau level. For high electron densities, when the ultra
drift velocities of electron orbits stimulate electron scatteri
between different Landau levels, the memory function f
malism results in the Coulomb broadening of the CR wh
is much stronger than the increase of the collision broad
ing of Landau levels.

Experimental studies of the CR absorption from the
electron system formed on the free surface of superfluid
lium reported here have shown this strong successive
rowing and broadening of the CR linewidth with the increa
of electron density. All the tests performed in studying the
many-electron effects appeared to be in accordance~even
numerical! with the theoretical concept presented. The de
sity dependence of the CR linewidth found for two reson
frequencies and the transformation of the line shape cau
by the many-electron effect are nicely described by
memory function approach reported above. Even the dif
ent response of the Coulomb narrowing and broadening to
increase of the resonant frequency observed is in accord
with the theoretical model, describing the many-electron
fects as suppression and stimulation of electron scatte
caused by the ultrafast motion of electron orbit centers. O
studies eliminate the conflict between experiment and the
reported in Ref. 18 and might give a new explanation for
many-electron narrowing of the CR reported long ago
semiconductor 2D electron systems.
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