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Inelastic Quantum Magnetotransport in a Highly Correlated Two-Dimensional Electron Liquid
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We present new low temperature magnetoconductivityssxxd measurements for the two-dimensional
electron system on a liquid helium surface and the theoretical concept of the inelastic quantum
magnetotransport that explains the data. It is shown that predictions forsxx made in the elastic
approximation are valid only within a limited temperature range which narrows with the magnetic field
increase. The temperature and magnetic field dependencies ofsxx observed can be perfectly described
as the interplay of the inelastic and many-electron effects. [S0031-9007(97)02776-2]

PACS numbers: 73.20.Dx, 73.50.Jt
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At low temperatures,T # 0.5 K, the surface electrons
(SE) on superfluid helium form a unique two-dimension
(2D) electron liquid of which the mean potential energ
is usually a hundred times larger than the mean kine
energy. In the presence of a strong magnetic fie
(h̄vc ¿ kBT , vc is the cyclotron frequency) oriented
normally the system can be used for studying quantu
transport phenomena in highly correlated 2D electr
liquids.

The scattering of SE arises from helium vapor atom
and capillary wave quanta (ripplons). For vapor ato
scattering sT . 1 Kd the magnetoconductivity is well
understood in terms of the extended self-consistent B
approximation (SCBA) [1,2]. The deviations from th
theory observed at weak magnetic fields were explain
as many-electron effects [3]. As for the electron-ripplo
scattering, which is analogous to the electron-phon
scattering in solids, the quantum magnetotransport s
challenges both theory and experiment.

The singular nature of a 2D electron system in
magnetic fieldB makes the usual Born approximatio
for the longitudinal conductivity unsatisfactory: It result
in sxx  ` for the elastic scattering from impurities an
in sxx  0 for the inelastic scattering within the groun
level. The generally accepted way of treating the syste
developed mostly for elastic scattering is the SCBA theo
[4] which makessxx finite by taking into account the
Landau level broadeningG in a self-consistent way.

In semiconductor 2D electron systems, the acous
phonon scattering is usually treated as quasielastic
since the typical phonon energiesh̄vq involved are much
smaller thanG. The single-electron [6] and many-electro
[7] theories of the low temperature (LT) quantum ma
netotransport of SE organized in a different way act
ally treated the electron-ripplon scattering as quasielas
as well sh̄vq ø Gd. In this approximation the wave
vectors q involved are limited by the magnetic length
[q # 1y,, here,  sh̄cyeBd1y2]. If the inelastic effect
becomes important, it additionally restrictsq sh̄vq #

Gd, reducing bothG and sxx . For SE on helium, as
0031-9007y97y78(12)y2445(4)$10.00
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against the semiconductor electron-phonon systems,
inelastic parameterd  h̄vqyG increases with the mag-
netic field due to unusual ripplon dispersionvq ~ q3y2 ~

B3y4 and the quantum magnetotransport becomes of pu
inelastic nature.

The temperature dependence of the longitudinal co
ductivity sxx is the most decisive for the electron-ripplon
scattering. Theories [6,7] givesxx ~ 1y

p
T . We will

show that this behavior changes drastically at LT an
strong magnetic fields due to the inelastic effect.

First, measurements ofsxx [8,9] show that the conduc-
tivity had a minimum atT ø 1 K and increased slowly
with lowering T down to 0.5 K. Still, it was necessary
to reduceG substantially to explain the data. From the
data performed by another experimental group [10], it
clearly seen that the resistivityrxx , and consequentlysxx ,
is decreasing with loweringT , at least down to 0.4 K.
This T dependence isoppositeto the prediction of the
Dykman-Khazan (D-K) theory [7] applied there to explain
the data. Recent data and qualitative analyses of the E
stein relation reported in Ref. [11] were done for fixed
temperaturesT . 0.6 K, where the decrease of the vapo
atom density dominates the dependencesxxsT d, and the
elastic concept is approximately valid.

Previous experimental studies of the quantum magn
totransport of SE on helium were based on measuring t
electron response to the ac voltage. At LT and stron
magnetic fields it is very difficult to avoid the excitation
of low frequency edge magnetoplasmons (EMP), if sma
deviations from axial symmetry are present, which affec
the electron response and spoils the analysis of the da
Since the experimental data [8–10] contradict each oth
we propose an alternative approach for studying the qua
tum magnetotransport.

The EMP waves which were a hindrance in a prev
ously used technique can be a tool for studyingsxx at
LT. Indeed, it can be shown in a rather general wa
[12,13] that damping of the EMP is proportional to the
longitudinal conductivity, if the magnetic field is strong
enough (usually it is valid atB . 0.5 T). In this limit the
© 1997 The American Physical Society 2445
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proportionality constant can be considered as a geom
rical factor independent ofB and T . Therefore at fixed
electron density,n, the EMP-damping data can be use
for determining temperature and magnetic field depend
cies of the SE magnetoconductivity.

In this Letter we report the first magnetoconductivit
data obtained from the damping coefficient of EMP and t
theoretical concept of the inelastic ripplon-induced qua
tum magnetotransport of SE on liquid helium. Followin
the general idea of Fukuyama, Kuramoto, and Platzm
[14], the many-electron effect is taken into account as t
Coulomb correction to the single-electron density of stat
GC, which additionally broadened due to interactions wi
scatterers. In this concept, the results of the Saitoh t
ory [6] are reproduced, ifGC ! 0 andd ! 0. As for the
many-electron D-K theory, we show that in terms of th
Landau level broadening it corresponds to the limiting ca
G ! GC , in which the ripplon-induced broadeningGr is
neglected. SinceGr increases withB while GC ~ 1y

p
B

decreases, the D-K theory cannot be used for describ
the magnetoconductivity of SE in the ultraquantum lim
even if d  0. The new magnetoconductivity data, as
function of T andB without any adjusting parameter, ar
in good agreement with the concept of the inelastic qua
tum magnetotransport presented.

To study EMP damping, we use the convention
experimental technique similar to the one described
Ref. [15]. The electrode assembly consisted of a circu
disk of 20 mm in diameter and four surrounding ar
shaped outer electrodes (see the inset in Fig. 1). T
total diameter of the assembly was 30 mm, which w
immersed in liquid helium (1.0 mm under the surface
The resonance curve was obtained by sweeping
frequency of the ac excitation voltage, which was appli

FIG. 1. The experimental signal from biphase lock-in amp
fier (X: in-phase,Y : out-of-phase) as a function of frequency
T  0.81 K, n  3.5 3 107 cm22, B  1.47 T. The excita-
tion voltage on electrode A (inset) is 10 mV (peak to peak
and the signal is registered on the electrodeD.
2446
et-

d
n-

y
e

n-
g
an
he
s,
h
e-

e
se

ing
t,
a

n-

al
in

lar
-
he
s

).
he
d

i-
:

),

to one of the four surrounding electrodes. The magnet
field and temperature have been kept constant duri
the measurement of each resonance curve. The elect
density was fixed to3.5 3 107 cm22.

The experimental signal of two resonance modes
shown in Fig. 1. The first mode is contaminated with
a low frequency noise. Therefore the second resonan
mode with a higher wave number was chosen to obta
the damping coefficient by fitting to the Lorentzian. It
should be pointed out that this choice does not affect th
conductivity results, since practically the same dampin
coefficient was found for the third and fourth resonanc
modes, in accordance with the basic concept of EM
waves. Above 1 K the magnetic field dependence of th
damping coefficient was found to be the same as theB
dependence of the previously studied longitudinal condu
tivity of SE. Therefore we have determined the geome
rical factor which gives the relation between the dampin
coefficient andsxx at 1.1 K, where the electron-ripplon
scattering can be neglected and the SE magnetocond
tivity is well understood both experimentally and theoreti
cally [3]. This factor was then used in the LT ripplon
scattering regime. We additionally checked this factor b
extrapolating our data to the zero-field limit, according t
the Drude model, and found zero-field mobilities consis
tent with previously established results.

It should be noted that the driving amplitude was kep
low enough to make sure that the electron transport is
the linear regime. The nonlinear distortion of the EMP
line shape appears atVin . 20 mV (peak to peak).

In strong magnetic fields, the charge density oscilla
tions of the EMP wave are smoothed within the den
sity profile strip at the edge. It might be concluded tha
the many-electron effect, which is important for weak
magnetic fields, would be reduced or averaged over t
density profile. Still, the conductivity data, which will
be discussed later, show the many-electron effect of th
“bulk” area. We assume that the maximum of the dis
sipation is rather in the bulk area, since the perpendic
lar current is zero at the edgef jxsx ! 0d  0g, and the
whole current penetrates much deeper into the electr
liquid than density perturbations. The last statement fo
lows from the fact that the current is mixed with the in-
compressible motion of the liquid [the general solution o
the equation divsjd  0] to satisfy boundary conditions.

For a highly correlated system such as SE on liq
uid helium, the conventional theoretical approache
developed for electrons with weak mutual interactio
cannot be used. At the same time, the substantial sim
plification of the mathematical formalism appear to b
possible, since the conductivity of such a system can b
expressed in terms of the equilibrium dynamic structur
factor S0sk, vd  N21

e

R
eivtknkstdn2ks0dldt [1,2],

wherenk 
P

e exps2ik ? red; Ne is the total number of
SE. In this case, the quantum magnetotransport can
described by elementary expressions for the conductivi



VOLUME 78, NUMBER 12 P H Y S I C A L R E V I E W L E T T E R S 24 MARCH 1997

o

o

l

t

c

T
n

n

s a
ec-

on
-

we
tor

in
ng

on
m
ure

e 2
-K
t,

ta

ay
n

o

he
s),

ron
ry
tensor components with the field-dependent effective c
lision frequencynsBd. Contributions from all scattering
mechanisms should be added to getnsBd. The ripplon
contribution can be written as

nrsBd 
1

8pma

Z `

0
dqqV 2

q S0sq, vqd , (1)

where a is the surface tension andVq is the electron-
ripplon interaction.

The evaluation ofS0sk, vd mathematically is equivalent
to the evaluation of the imaginary part of the density
density correlation function widely used in semiconduct
systems [5,16]. The level broadening is defined asGN 
22 ImSN sEp

N d, where Ep
N is the central position of the

Landau level andSN sEd is the electron self-energy. In
the elastic approximationsv ø Ed, the self-consistent
equation forG ; G0 can be solved in the way of Ref. [4].
In this case, the imaginary part of the electron Green
function ImGN sEd has a semielliptic shape, with the leve
broadeningG 

p
G2

a 1 G2
r ; here Ga and Gr are the

Landau level broadening, induced by the interaction wi
vapor atoms and ripplons separately (Gr is twice as much
as the result of the qualitative analysis of Ref. [17]).

The situation is much more complicated ifv , E.
Still, ImGN sEd is assumed to be of a sharp semiellipti
shape. In the ultra quantum limitsN  0d the final
equation for determining the level broadeningG can be
written as

G2  G2
a 1 G2

p

Z sGy h̄v0d4y3

0
U2sxde2x

3

s
1 2

≥ h̄v0

G

¥2
x3y2 x21dx . (2)

Here we introduced the notations,

Usxd  xw

µ
x

2g2,2

∂
1

eE',2

L0
, L0 

e2se 2 1d
4se 1 1d

,

ws yd  2
1

1 2 y
1

0.5
s1 2 yd3y2

ln
s1 1

p
1 2 yd2

y
,

(3)

v2
0  as

p
2y,d3yr , G2

p  L2
0kBTypa,4 ,

where r is the liquid helium mass density,e is the
dielectric constant, andg is the parameter of the SE wave
function k1 j zl ~ z exps2gzd which depends slightly on
the holding electric fieldE'.

In Eq. (2), the term proportional toE2
' has a loga-

rithmic divergency for smallq which should be cutoff
at wave vectorsq .

p
n, where many-electron effects

screen the electron-ripplon interaction. Still, in the L
limit that we are considering, only the small electron de
sities are important and this term is negligible atB $ 1 T.

In the many-electron theory, the Coulomb-induce
broadeningGC squared should be added to the right-han
side of Eq. (2). According to [14], in this treatment a
l-

-
r

’s

h

-

d
d

electron feels the fluctuation field of other electrons a
random potential, since the density fluctuation has sp
tral intensities at very low frequencies. The fluctuati
field, Ep . 0.84s4pkBTn3y2yed1y2, entered the broaden
ing GC  eEp, calculated in Refs. [7,18].

To complete the quantum magnetotransport theory
should write the equation for the dynamic structure fac
in the ultra quantum limit

S0sq, vd 
32h̄
3pG

exp

µ
2

q2,2

2

∂
x

µ
h̄v

G

∂
, (4)

where

xs yd 
3
4

Z 12y

21

p
1 2 x2

q
1 2 sx 1 yd2 dx .

The field dependence ofsxx , which follows from
Eq. (2) and equations for the conductivity, is shown
Fig. 2. The experimental data found from the dampi
of EMP, which are nearly field independent atT 
0.3 K, behave in accordance with the many-electr
curve (solid). This curve describes the transition fro
the dashed curve 2, represented in the case of p
Coulomb broadening (G  GC ; the analog of the D-K
theory), to the single-electron curve 1sG  Grd, with
the increase of the magnetic field. The dashed curv
is approximately 2.6 times higher than the result of D
theory (dotted). This numerical factor is very importan
since it is impossible to fit the D-K theory to the da

just by replacingGC by G 
q

G
2
r ,0 1 G

2
C in the final

conductivity equation (it would reducesxx ~ 1yGC away
from the data). Therefore we conclude that the w
of treating the conductivity of highly correlated electro
liquids proposed here is more adequate.

The temperature dependence ofsxx which is crucial for
the electron-ripplon scattering is shown in Fig. 3 for tw

FIG. 2. The magnetoconductivity of SE as a function of t
magnetic field for a fixed temperature: data (solid square
many-electron theory presented (solid line), single-elect
approximation (dashed line, 1), D-K many-electron theo
(dotted line), and approximationG  GC (dashed line, 2).
2447
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FIG. 3. Temperature dependence of the SE magnetocond
tivity for two values of the magnetic field:B  1.84 T [line 1
and data (open circles)];B  6.4 T [solid line 2—the many-
electron theory, dashed line20 —the elastic many-electron the-
ory, dashed line200 —the single-electron approximation, an
data (solid diamonds)]. The many-electron theory presen
(solid lines) has no fitting parameters.

values ofB. In the LT regime, the many-electron curve
(solid, 1, and 2) behave in different ways. The weak-fie
curve (1) is approximately linear in accordance with th
elastic concept. The curve (solid, 2) plotted for the stro
magnetic fieldsB  6.4 Td is far away from the result
of the elastic approximation (dashed curve,20), showing
different T dependence. The decrease ofsxx is due
to the narrowing ofGsT d beyond the quasielastic limit.
The Coulomb correction to the level broadening,GC , is
still important, since it reduces the huge inelastic effe
that is seen for the single-electron theory (dashed cur
200). It should be noted that the contribution from th
higher order two-ripplon scattering processes independ
of level broadening decreases with loweringT ; therefore
it can be neglected here untilsxxsTd becomes much
smaller than the minimum value atT . 0.65 K.

The result shown in Fig. 3 proves that, at stron
fields, the elastic many-electron theory cannot be used
the whole temperature range, where the electron-ripp
scattering dominatessT , 0.7 Kd. The T dependencies
of the experimental data found from the damping of th
EMP follow amazingly our many-electron curves. Th
Wigner solid transition, which slightly touched our dat
at T  0.13, does not affect both sets of datasB 
1.84 T, 6.4 Td, and therefore cannot be a cause of th
deviations from the straight line started atT  0.7 K for
the strong-field data.

In conclusion, we have shown that the EMP-dampin
method can be used for determining the SE magnetoc
ductivity in the LT range, where the conventional metho
2448
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based on the capacitive coupling techniques fails. Th
theoretical concept of the inelastic quantum magnetotran
port presented allows one to examine the validity of th
previously used approaches, and to describe the intrigui
temperature and field dependencies of the magnetoco
ductivity observed. Perfect agreement achieved betwe
theory and experiment in the wide range of temperatur
and magnetic fields provides important clues about the b
havior of highly correlated 2D electron liquids in a quan
tizing magnetic field.
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