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Coulomb Narrowing of the Quantum Cyclotron Resonance in a Nondegenerate
Two-Dimensional Electron Liquid
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We have observed a narrowing of the linear cyclotron resonance linewidth with an increase in th
density of surface electrons on liquid helium in the electron-vapor atom scattering regime. The effec
changes sign at densitiesns . 1.7 3 108 cm22. The data are interpreted as a Coulombic effect on the
Landau level width produced by a strong fluctuating electric field. [S0031-9007(99)08755-4]

PACS numbers: 73.20.Dx, 73.25.+ i, 76.40.+b
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Cyclotron resonance (CR) studies in two-dimension
(2D) electron systems such as inversion layers on se
conductor surfaces and electrons bound at the free s
face of liquid helium have been of great interest for ma
years [1,2]. Cyclotron resonance serves as a powe
probe for the effects of quantization of both out-of-plan
and in-plane (orbital) motions on electron transport ph
nomena [3,4]. Two-dimensional electrons on a liquid h
lium surface are usually under extremely strong coupli
conditions with respect to mutual Coulomb interactio
e2ppnsykBT ¿ 1 (herens is the electron density). At
such conditions a strong influence of electron-electron
teraction on the CR linewidth and line shape is expecte
In the ultraquantum limit for short-ranged scatterers, a
cording to [1] , the linewidth is determined by the Landa
level width itself. Therefore the CR may also serve as
probe for Coulombic effects on the Landau level width.

Experimental studies of the Coulomb effect on the sta
magnetoconductivity of surface electrons (SE) on liqu
helium extensively carried out over the years [5,6] we
shown to be in agreement with the theoretical concept
a quasiuniform many-electron fluctuating fieldEf . How-
ever, the only direct study of the many-electron effect o
the CR of SE [7] showed mysteriously a density depe
dence of the linewidth that is opposite to the theoretic
predictions [8,9], putting in question the applicability o
this concept.

The intriguing decrease of the CR linewidth with th
electron density was predicted nearly two decades ago
This effect caused by the many-electron fluctuating elect
field Ef is expected to be quite universal: From a theore
cal point of view, it does not depend much on a partic
lar scattering mechanism and remains valid for the Wign
solid [9]. The CR data reported by that time [4] showed
slight decrease of the CR linewidth with the increase
the holding electric fieldE' ­ 2pens at low tempera-
turesT , 0.8 K, where electrons are scattered by cap
lary wave quanta (ripplons). Under these conditions t
electron-ripplon coupling is also dependent onE' which
interferes with the many-electron effect. AtT , 1.3 K,
where the main scatterers are helium vapor atoms,
0031-9007y99y82(13)y2772(4)$15.00
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opposite behavior was reported: The linewidth increas
linearly with E' [4]. Later, a more detailed exploration
of the low temperature regime with the electron densit
ns being varied independently of the holding electric field
E' showed no sign of the linewidth narrowing withns

for the Wigner solid phase [7]. Additionally, the onset o
the electron crystallization did not affect the CR data. I
this experiment the linewidth appeared to increase linear
with density which is in conflict with existing theories and
is similar to the behavior previously reported for the vapo
scattering regime [4].

In our study of Coulombic effects on the CR from 2D
electrons, we confine ourselves to the regimeT . 1.3 K,
where the scattering potential is of the most simple form
V ~ U0dsre 2 Rad, independent of the holding electric
field, and the saturation conditionE' ­ 2pens can be
employed for studying the density dependence of the C
We also assume that the effect of narrowing of the C
linewidth is restricted to rather limited density and mag
netic field ranges due to the interplay of parameterseEfl,
GSC, andh̄vc. Herel is the electron magnetic length,vc

is the cyclotron frequency,GSC ­ h̄
p

s2ypdvcn0 is the
collision broadening of Landau levels according to the sel
consistent Born approximation (SCBA) [1], andn0 is the
collision frequency forB ­ 0. This makes it necessary to
conduct measurements at rather low electron densities a
strong magnetic fields, which requires some precautio
with regard to the sensitivity of the experimental devic
when measuring atT . 1.3 K and low input powers. We
pay additional attention to the power dependence of th
experimental data, since we found that, at lower power
the weak power broadening of the linewidth also observe
in [3] turns into power narrowing and the extrapolation to
zero power input cannot be used.

To summarize our results, we report the observatio
of strong narrowing of the linear CR linewidth with the
increase of electron density in the range107 , ns ,

108 cm22 for the electron-vapor atom scattering regime
which we ascribe to the Coulombic effect on the collision
broadening of Landau levels. The power narrowing of th
CR observed at certain conditions is also in accordan
© 1999 The American Physical Society
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with the concept of the fluctuating many-electron fiel
Ef ~ n3y4

s

p
Te [8]. At ns . 1.7 3 108 cm22, the many-

electron effect changes sign and an increase of
linewidth with ns is observed in accordance with previou
measurements [4]. We also calculate the Landau le
width by taking into account fast drift velocities of the
cyclotron orbits in a fluctuating electric fieldEf and find
good agreement with our measurements.

For the measurements of CR of SE on liquid helium
we used a microwave (MW) spectrometer working in th
range of 40–60 GHz, originally built for electron spin
resonance measurements [10]. The low-temperature p
consists of a cavity in the form of an upright cylinde
resonating in the TE011 mode, and operated in reflection
In the measurements reported here, the MW frequency w
set at 40 GHz, which corresponds to the cavity havin
the following dimensions: height­ 7 mm and diameter­
10.8 mm. The cavity is mounted in a cell partly filled with
liquid helium, so that the liquid surface inside the cavit
lies about0.6 0.8 mm above the bottom plate. Electron
are produced by pulse firing a small filament and are co
fined at the helium surface by a negative voltage appli
to the walls and the top plate of the cavity, while the bo
tom plate is kept at ground potential. To observe CR,
vertical magnetic field up to2.5 T is produced by a super-
conducting magnet. The spectrometer employs a sup
heterodyne detection system with high sensitivity, whic
enables the power input in the electron system to be k
at an estimated level of below10218 W per electron to al-
low measurements without heating effects.

Typical CR curves of the linear regime are shown
Fig. 1 for two electron densities. The low density curv
has a shape which fits to a Gaussian rather than to
Lorentzian which is in agreement with the theoretic
curves calculated for nondegenerate electrons, accord

FIG. 1. Typical CR absorption curves, showing the Coulom
bic effect for SE. Solid curves represent fitting to Gaussia
(curve 1, ns ­ 0.167 3 108 cm22) and Lorentzian (curve 2,
ns ­ 1.68 3 108 cm22).
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to the Ando CR theory [1]. With the increase of electro
density the fluctuating field affects the line shape which
in qualitative accordance with the theoretical concept [1
In the intermediate case, the line shape is somewha
a mixture of Gaussian and Lorentzian. The high dens
limit curves are of pure Lorentzian shape.

It should be noted that under usual experimental co
ditions the mean potential energy of SE is much larg
than kBT and it is difficult to rely on the results of the
single-electron description. The important insight into th
problem of strongly interacting 2D electrons in a norm
quantizing magnetic field was made by Dykman an
Khazan [8], who proved that the main many-electron effe
arises from the fluctuating electric fieldEf which can be
considered approximately uniform. Acting on a particul
electron, this field makes the electron spectrum continuo
due to the well-known correctioneEfX (here X is the
orbit center coordinate). The final result of Refs. [8,1
for the CR linewidthgCRsEf d of electrons interacting with
short-ranged scatterers can be conveniently represe
as h̄gCRsEf d . aG

2
SCyDf . Here we introduced the typi-

cal electron energy in a fluctuating fieldDf ­ eEfl, and
the proportionality coefficienta ­ 3

8

p
py2. SinceE

s0d
f ;p

kE2
fl ­ 0.84

p
4pkBTen3y2

s
[7], the linewidth should

decrease strongly with electron density andTe as
gCR ~ 1ysn3y4

s

p
Te d.

The result of Ref. [8] should be restricted from both lo
and high density limits:GSC ø Df ø h̄vc. This con-
dition is very difficult to realize for the vapor scatterin
regime. To extend the many-electron theory, taking in
account collision broadening and mixing of Landau le
els, we propose a different approach. We would like
point out that a quasiuniform fluctuating fieldEf does not
produce an additional broadening of Landau levels by
self, since the transcription into the frame moving alon
with the center of electron orbituf ­ cEfyB eliminates
the field sE0

f ­ 0d and restores the purely discrete ele
tron spectruḿ n ­ h̄vcsn 1 1y2d (heren ­ 0, 1, . . . ,).
Rather, it is the fast drift velocity of the electron orbit tha
changes the broadening induced by scatterers.

Instead of introducing the continuous spectrum, w
describe the electron kinetics in local frames moving alo
with the center of each orbit, where the electron spectrum
discrete. The final result will be found by proper averagin
over Ef . In this treatment, the main difference from th
conventional SCBA is that the vapor atoms (impuritie
are moving as a whole with the velocity2uf with regard
to an electron orbit. In the nonrelativistic theory, th
transcription into a moving frame does not affect th
momentum exchanged at a collisionh̄q. But the important
point is that, in the moving frames, the electron ener
is not preserved at a collision, since the impurity hi
the electron orbit with the velocity2uf . The additional
energy exchange is usually described by the Doppler s
correctionh̄q ? uf , which is estimated asDf (we useq ,
1yl for the electron-atom scattering). When the ener
2773
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exchangeDf becomes larger than the Landau level widt
the scattering processes within a Landau level and th
contribution to the imaginary part of the electron sel
energy are reduced, since electrons have to scatter
an energy range with fewer or next-to-no states. Th
is the cause for the Coulomb reduction of the collisio
broadening. At higherns or at weakB, Df can become of
the order ofh̄vc or even larger, which gives rise to electro
transitions between different levels and causes the mix
of Landau levels. The latter eventually changes the si
of the many-electron effect.

The general procedure of finding the Landau lev
broadening for a spectrum which is discrete in a fram
moving with a constant drift velocity was described in [12
As usual, the broadening of thenth Landau level is defined
as Gn ­ 22 Im Sns´nd, but now the electron self-energy
Sns´d is affected by the motion of scatterers (the frequen
argument of the Green’s function of scatterers contains
Doppler shiftq ? uf). Following [12], the self-consistent
equation for the normalized broadeninggn ­ GnyGSC can
be written as

gn ­
1

gn
xnslfygnd 1

1
2lf

Cnsxfd ,

lf ­ DfyGSC, xf ­
1
2

sh̄vcyDfd2.

(1)

Herexns yd results from the imaginary part of the electro
Green’s function ImGns´n 1 h̄q ? ufd affected by the en-
ergy exchange, averaged overq, and normalized. Assum-
ing a Gaussian level shape, we findx0s yd ­ 1y

p
1 1 4y2.

The second term of Eq. (1) (usually neglected in th
SCBA) represents the effect of the mixing of Landau leve
originating from ImGn0s´n 1 h̄q ? ufd with all possible
n0 fi n. This term becomes important ifDf * h̄vc sxf &

1d. In the most important range0.2 , x , 2.5, C0sxd can
be interpolated asC0sxd . e2xsx 2 0.6 1 3y

p
px d with

an accuracy of 2%.
When the mixing of Landau levels becomes impo

tant sxf & 1d, the parameterlf ¿ 1, due toh̄vc ¿ G0.
Therefore, in the general case, the solution of Eq. (1) f
the ground Landau level can be analytically written as

g2
0 ­

q
f1 1 C0sxfdg2 1 4l

4
f 2 2l2

f . (2)

For both extreme limiting cases with regard tolf , Eq. (2)
is consistent with existing theories. Atlf ø 1, we have
the SCBA resultg0 ­ 1 (or G0 ­ GSC) while, in the oppo-
site limiting caself ¿ 1 atC0sxfd ø 1, the Landau level
broadeningG0 . G

2
SCys2Dfd, which is in accordance with

the CR widthgCR found in [8]. Under real experimen-
tal conditions the density dependence ofGn results from
the interplay of parameterslf andxf . For the averaged

valueEf ­ E
s0d
f , typical density dependencies of the Lan

dau level broadening are shown in the inset of Fig. 2 f
two magnetic fields. According to the curve calculated f
2774
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FIG. 2. CR linewidth vsns: Data was obtained by fitting to
Gaussians (circles) and Lorentzians (triangles); the theory
(dotted line); our new theory forwsEs0d

f d without any fitting
(dashed line) and withGSC adjusted to the data atns ! 0
(solid line). The inset showsG0yGSC vs ns at Ef ­ E

s0d
f and

T ­ 1.36 K.

B ­ 0.1 T, which corresponds approximately to the MW
frequencies (2 GHz) used in [7], the narrowing ofG0 is
small and is shifted into the range of extremely low de
sitiesns , 107 cm22. At ns andB employed in [7],Gn

increases withns due to, at the least, the effect of mixin
of Landau levels, which can be considered as a qualita
explanation of the unexpected results of this experime
The decrease ofG0 with ns becomes pronounced only a
strong magnetic fields.

The linewidth data versusns are shown in Fig. 2. The
dotted line shows the result of the Dykman and Khaz
theory [8] for gCRsEs0d

f d. The dashed curve represen

the conventional Gaussian width parameterw0sEs0d
f d ­

GSC

p
g2

0 1 g2
1yh̄, according to Eq. (1). The decreas

of the observed CR linewidth is in accordance (ev
quantitative) with the theoretical model. Still, there is a
additional contribution toGSC of the order of 10%–13%
which is not described by the theoretical model. Sin
this quantity is found in the simplest approximation, w
can adjust empiricallyGSC to fit the data at the lowes
ns (solid curve). This improves the agreement in t
rangens , 1.7 3 108 cm22, while beyond this density,
additional effects have to be taken into account.

The contribution from the electron-ripplon interactio
which is negligible (less than 2%) forns # 108 cm22,
was taken into account in Fig. 2 for the dashed and so
curves. To investigate the origin of the deviations at hi
densities, we increasedE' at a fixed density and found
no substantial change in the linewidth. This proves t
these data depend onns and represent a many-electro
effect. We attribute these deviations to the breakdo
of the assumption of a quasiuniform fieldEf . Indeed,
according to [8], the fluctuating field can be considered
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FIG. 3. CR linewidth data vs absorbed power for threens
shown in units of108 cm22. Lines connect data points for
magnetic field sweeps up and down, respectively.

uniform only if Df ø kBT . For the conditions of Fig. 2
at ns . 2 3 108 cm22, the parameterDfykBT * 0.4 and
Ef cannot be treated as uniform any more.

The fluctuating field increases not only withns but also
with the electron temperature, due toE

s0d
f ~

p
Te. At

certain conditions, this can lead to a power narrowing of t
linewidth, as is shown in Fig. 3. We observed the pow
narrowing at low electron densitiesns , 1.7 3 108 cm22,
while at higherns, there is only the power broadening
This behavior is consistent with the density dependence
the CR linewidth presented in Fig. 2. It is quite convincin
that Figs. 2 and 3 represent the same effect observed
to varyingEf by changingne andTe, respectively.

In conclusion, the observation of Coulomb narrowin
of the CR linewidth reported here completes the set of b
sic many-body effects on quantum magnetotransport in
nondegenerate 2D electron liquid which follow from th
concept of a quasiuniform fluctuating electric field. Tw
other effects (Coulomb reduction of the static magnetoco
ductivity and the sharp increase ofsxx, restoring the Drude
conductivity behavior) were reported in [5]. The transcrip
tion into frames moving along with the electron orbit cente
proposed here appears to be very fruitful for the descripti
of the Coulombic effects at an arbitrary relation betwee
Df andGSC. According to it, all of these effects represen
a sort of inelastic effect caused by the fast motion of ele
tron orbits in a fluctuating field. Coulomb narrowing o
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the Landau level width reflects the suppression of electr
scattering within a Landau level, also reducingsxx, when
the energy exchangeDf * GSC. The same link exists be-
tween the effect of the mixing of Landau levels, increa
ing Gn, and the stimulation of electron scattering betwe
different Landau levels, restoring the Drude conductivi
behavior, whenDf * h̄vc. It should be noted that the
many-electron decrease of the dc magnetoresistivityrsmed

xx
exists, remarkably, even for the unchanged Landau le
width sG0 ­ GSCd, and has a very weak dependence on t
real behavior ofG0 in a fluctuating field:rsmed

xx yrsSCBAd
xx ­

kGSCsG2
0 1 D

2
fdysG2

0 1 2D
2
fd3y2lf [13] (herek lf means an

average overEf ). However, the CR linewidth study con
ducted here proves to be an excellent probe for the Lan
level width affected by the internal forces of a 2D electro
liquid.

*Present address: SIMEC GmbH, P.O.B. 100940, 010
Dresden, Germany.
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