
PHYSICAL REVIEW B 69, 104525 ~2004!
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Transport properties of quasi-one-dimensional nondegenerate quantum wires formed on the surface of liquid
helium in the presence of a normal magnetic field are studied using the momentum balance equation method
and the memory function formalism. The interaction with both kinds of scatterers available~vapor atoms and
capillary wave quanta! is considered. We show that unlike classical wires, quantum nondegenerate channels
exhibit strong magnetoresistance which increases with lowering the temperature.
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I. INTRODUCTION

Electrons trapped on the free surface of liquid heliu
form a nondegenerate two-dimensional electron sys
~2DES!1 whose properties are complementary to the prop
ties of the degenerate 2DES created in semiconductor s
tures. Considerable experimental and theoretical research
been performed on the quantum magnetotransport in suc
almost pure and highly correlated 2DES~for a recent review,
see Ref. 2!. In the presence of a strong magnetic field appl
in the normal direction to the system the electron ene
spectrum is squeezed into the set of Landau levels slig
broadened due to the interaction with scatterers, if Coulo
forces are disregarded. The effect of Coulomb forces can
described in terms of the quasiuniform fluctuational elec
field Ef ~Refs. 3–5! which causes fast drift velocities of elec
tron orbit centers. In local reference frames moving alo
with an electron orbit center the broadening of Landau lev
is even reduced because of the fast drift velocities.6 For sur-
face electrons~SE! on liquid helium, the broadening of Lan
dau levels is extremely narrow, usually much smaller th
temperature, which is the origin of the unconventional H
effect observed in this system under different experime
conditions.7–9

The SE can be confined in quasi-1D channels, when
helium surface is curved by capillary forces in the prese
of a specially constructed dielectric substrate.10,11 The con-
ducting channels are formed in the valleys of the heli
relief because of the strong holding electric fieldE' applied
normally to the surface. These channels can be considere
the nondegenerate version of quantum wires created in s
conductor structures. In the presence of a strong normal m
netic field, the electron states in the channels12 resemble the
current-carrying edge states of the quantum Hall eff
0163-1829/2004/69~10!/104525~8!/$22.50 69 1045
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systems.13 There is also an interesting evidence for the se
organized current filaments in the helium microchannels.14

The confining potential affects crucially the energy spe
trum of electrons subject to the magnetic fieldB, because it
removes the degeneracy of Landau levels. For example
the 2DES the Landau spectrum does not depend on the
center coordinateY52 l B

2kx , and it is purely discrete«n,kx

5\vc(n11/2), where\kx is the electron momentum alon
the x direction, n50,1,2, . . . , l B5(\c/eB)1/2 is the mag-
netic length, andvc5eB/mec is the cyclotron frequency de
fined in terms of the free-electron massme . In contrast, for
the parabolic confining potentialU(y)5mev0

2y2/2, the elec-
tron energy spectrum under the magnetic field has a cont
ous term depending on the electron momentum along
channel:12

«n,kx
5

\2kx
2

2mB
1\VS n1

1

2D , ~1!

where

mB5meS 11
vc

2

v0
2D , V5Av0

21vc
2. ~2!

The orbit center coordinateYkx
52(vc /V) l y

2kx ~here l y
2

5\/meV is the typical electron localization length acro
the channel! is determined by the interplay of the magne
field and the confining potential. Thus, the magnetic fie
shifts the electron wave function in the channelwn(y2Ykx

)

to the left or the right depending on the sign ofkx , as shown
in Fig. 1. It increases also the frequency of the discrete p
of the electron spectrum (v0→V) and the effective mass o
charge carries (me→mB}V2). Such an unusual behavior o
©2004 The American Physical Society25-1
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MONARKHA, SOKOLOV, HAI, AND STUDART PHYSICAL REVIEW B 69, 104525 ~2004!
the electron effective mass is very important for chan
magnetotransport, localization effects, and the polaro
transition~for a review on the last two topics, see Ref. 15!.

In this work we report the theory of quantum magn
totransport in quasi-1D electron channels under the condi
that the electron-electron collision ratenee is much higher
than the effective collision frequencyn due to available scat
terers. In this regime, usually realized for SE on helium,
memory function formulation for the electron conductivity16

and the momentum balance equation approach leads to
same conductivity equation. The important advantage
these methods is that the electron conductivity along
channel can be quite generally expressed in terms of
electron dynamical structure factor~DSF! S(q,v), which al-
lows us to track the origin of the strong dependence of
electron mobility on the magnetic field. We find that, in co
trast with classical wires, the resistivity of the nondegener
quantum wires formed on the surface of liquid helium
highly affected by the magnetic field. This effect depen
strongly on the temperature. The results obtained here
compared with those found for the pure 2D case.

II. BASIC RELATIONS

A. Electron channel states

In the presence of a strong holding electric fieldE' di-
rected along thez axis the electrons in the channel are ga
ered near the minimum of the channel profile which we
scribe by the semicircular formz(y)5R(12A12y2/R2)
.y2/2R if y!R ~hereR is the curvature radius of the helium
surface which usually ranges from 1023 to 1024 cm). As a
result, the potential energy of an electron across the cha
can be approximated by the parabolic potentialU(y)
5mev0

2y2/2, wherev0
25eE' /meR. As the magnetic fieldB

is applied in the direction parallel to the holding elect
field, we use the Landau gauge for the vector potentiaA
5(2By,0,0) to take the advantage of the translational
variance along the channel (x axis!. The electron motion
along they direction is quantized and the electron ener
spectrum has the form given by Eq.~1!.

FIG. 1. Profiles of the electron wave function across the chan
for B50 ~solid line! and for a characteristicBÞ0 ~dashed lines!.
The confining potentialU(y) is indicated by the dotted line.
10452
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Because the curvature radius is much larger thanl y , we
restrict our study to the model of a 2DES subject to t
oscillatory confining potentialU(y). The electron wave
function in the channel is defined as

cn,kx
~x,y!5

1

ALx

exp~ ikxx!wn@~y2Ykx
!/ l y#, ~3!

where wn(x) is the Hermite functions,Lx is the linear di-
mension of the channel, and, as stated above,Ykx

52(vc /V) l y
2kx .

In general, we have to include the interaction of the el
tron spin with the magnetic field. This leads to the ene
spectrum

«n,kx
5

\2kx
2

2mB
1\VS n1

1

2D1\vcs,

wheres561/2 is the spin projection eigenvalue. In the pu
2DES (V5vc), the inclusion of spin causes an addition
degeneracy of the electron states: the energy levels witn
50, s51/2, andn51, s521/2 coincide. For electrons in
channels, these levels are split becauseV.vc . Because the
interaction with scatterers does not involve the electron s
we shall disregard it when calculating the scattering ma
elements.

The magnetic field does not modify the nature of the el
tron motion along the channel, and the continuous part of
electron spectrum has the usual form«kx

5\2kx
2/2mB . Still,

the magnetic field increases strongly the effective massmB ,
and, for electrons with a fixed density~as it is indeed for SE
on helium!, it reduces the Fermi energy. At low electro
densities we can consider only the lowest level withn50.
Then, in the absence of the magnetic field, the Fermi m
mentumkF5pnch/2 ~herench is the linear electron density!
and the 1D Fermi energy «F[«0, where «0

5p2\2nch
2 /8me . The magnetic field splits the lowest leve

and for a fixed channel density, the 1D Fermi energy and
total energy of an electron at the Fermi level depend stron
on the energy parameter«B5p2\2nch

2 /8mB which decreases
with B because of the mass enhancement. The total energ
the Fermi level can be written as

« total54«B1\~V2vc!/2 if \vc.4«B ,

5«B1\V/21\2vc
2/16«B if \vc,4«B . ~4!

It should be noted that the field dependence of« total is non-
monotonous: the total energy defined above increases at
fields (\vc,4«B), and decreases steadily at high fiel
(\vc.4«B). For SE’s on liquid helium the Fermi energy
much smaller than temperature and it is not a topical par
eter. For other possible channel systems with a fixed den
the decrease of the Fermi energy and the total energy wiB
means that for finite temperatures and in the limit of hi
fields even a degenerate electron channel eventually beco
a nondegenerate system, whose transport properties are
cussed in this paper.

el
5-2
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B. Dynamical structure factor

As stated in the Introduction, the equilibrium electro
DSF S(q,v) plays an important role in the quantum tran
port theory of electrons with a short autocorrelation time.
define it as

S~q,v!5
1

Ne
E

2`

`

eivt^nq~ t !n2q~0!&dt, ~5!

wherenq5(eexp(2iq•re) is the density fluctuation opera
tor, q is the 2D wave vector, andre is the 2D position of an
electron. For the energy spectrum given by Eq.~1!, we can
evaluate the averagê•••& straightforwardly to obtain

S~q,v!5
2p

Ne
(

kx ,kx8
(
n,n8

f ~«n,kx
!@12 f ~«n8,k

x8
!#

3u^n,kxue2 iq•run8,kx8&u
2d~«n,kx

2«n8,k
x8
1\v!,

~6!

where f («) is the Fermi distribution function.
The SE on liquid helium form usually a nondegener

system. Therefore we can disregardf («n8,k
x8
) as compared to

1 in Eq. ~6!. Then, introducing the notation

Jn,n8~qx ,qy!5E
2`

`

eiqyl ytwn~t!wn8~t2qxl yvc /V!dt,

~7!

the DSF can be found in the form

S~q,v!5\~12e2\V/T!A p

«qx
T(

n,n8
e2\Vn/TuJn,n8u

2

3expH 2
@«qx

2\v2\V~n2n8!#2

4«qx
T J , ~8!

with

uJn,n8~xq!u25
min~n,n8!!

max~n,n8!!
e2xqxq

un82nu@Lmin(n,n8)
un82nu

~xq!#2

and

xq5S qy
21qx

2
vc

2

V2D l y
2

2
.

HereLn
m(x) are the associated Laguerre polynomials.

The matrix elementsuJn,n8(xq)u2 restrict differently the
wave numbersqx andqy . For the lowest leveln5n850, we
have

uJ0,0~qx ,qy!u25expS 2
qy

2l y
2

2
2

qx
2l y

2

2

vc
2

V2D . ~9!

In the extreme caseB50 this equation restricts only trans
verse wave numbersqy owing to the channel confining po
tential. For high magnetic fieldsV.vc both wave numbers
10452
e

e

qx andqy enter into these matrix elements in the same w
which is usual for the quantum magnetotransport in
2DES. An additional restriction onqx appears because of th
factor exp(2«qx

/4T), but it becomes less important for stron

fields whenmB@me .
The channel DSFS(q,v) exhibit features which are typi

cal for both the free-electron gas under zero magnetic fi
and the 2DES in the presence of a strong perpendicular m
netic field. We first pay attention to the singularityS(q,v)
}1/uqxu and the factor exp(2«qx

/4T) which are inherent for

free electrons. They concern theqx component only, reflect-
ing the free-electron motion along the channel. In the
traquantum limitT!\V, Eq. ~8! can be approximated by
the terms withn50. Then the channel DSF is given as
sum of Gaussian terms broadened by the width param
G* 52A«qx

T, which exhibit the resonant behavior asv

2n8V→0. This result is similar to that obtained for the 2
Coulomb liquid under a normal magnetic field.2 In the lim-
iting caseG* →0, the DSF is a sum ofd functions reflecting
the singular nature of the 2DES under the magnetic fieldB.17

The broadening parameter of the Gaussians in Eq.~8!
G* 52A«qx

T can be estimated combining two exponen

proportional toqx
2 by

qx
2l y

2

2

vc
2

V2
1

«qx

4T
[

qx
2l x

2

2
,

where we have defined

l x
25 l y

2
vc

2

V2
1

\2

4mBT
. ~10!

Then the typical electron wave numbersqx;A2/l x . In gen-
eral l x

2(B) is a nonmonotonous function of the magne
field, as shown in Fig. 2, where we have used the dimens
less parametersT/\v0 and vc /v0. We shall see that this
behavior affects the channel magnetotransport.

At low temperatures (T/\v0,0.255), l x decreases
steadily with B, and when l x' l yvc /V we have G*

FIG. 2. The magnetic-field dependence of normalizedl x
2 which

determines the momentum exchange along the channel in scatt
eventsqx;1/l x .
5-3
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MONARKHA, SOKOLOV, HAI, AND STUDART PHYSICAL REVIEW B 69, 104525 ~2004!
;2AT\Vv0 /vc[A2eEchl y , where eEch

5A2meTVv0 /vc , with Ech being a characteristic electri
field. For strong fieldsV.vc , eEch.v0A2meT is the force
acting on an electron aty5A2T/mev0

2 due to the confining
potential. It is interesting that in this limiting case, the te
perature and field dependencies of the broadening of
channel DSFG* }AT/B are the same as that induced
strong internal forces in the 2D Coulomb liquid.2,3,18 The
conditions under which the fluctuational electric field in t
channel can be disregarded will be discussed in Sec. III.

C. Channel magnetotransport

In this work we primarily consider the dc magnetotran
port, which means that the frequency of the driving elec
field is zero or negligibly low. Therefore, the current acro
the channel is assumed to be zero (Jy50 and the Lorentz
force is balanced by the field of the confining potentia!.
Then for electrons with a short autocorrelation time, the el
trical current along the wireJx can be easily found by bal
ancing the force of the driving electric fieldNeeEx and the
frictional forceFscatacting on the electron system due to t
scatterers.2 In the linear transport regime the absolute va
of the frictional force is proportional to the current or th
average electron velocity in the channeluav, and can be
written asFscat52Nemeneff(B)uav. The proportionality fac-
tor neff(B) is called the effective collision frequency, whic
can be found by evaluating the momentum loss of the e
tron system per unit time. Then the current along the chan
is given by

Jx[eNeuav5NeemEx , m5e/~meneff!, ~11!

wherem is the channel mobility. It is well known that fo
classical thin wiresneff(B) does not depend onB ~it coin-
cides with the conventional collision rate! and the theory
gives zero magnetoresistance. In the following we shall
that there is a strong magnetoresistance for nondegen
quantum wires.

In order to find Fscat we can calculate the momentu
absorbed by scatterers per unit timeFscat52 Ṗ. For SE on
helium, the only scatterers are helium vapor atoms and c
illary wave quanta ~ripplons!. At low temperaturesT
&0.5 K the electrons are scattered predominantly by
plons, because the vapor atom density decreases with co
at an exponential rate. In this case the interaction Ham
tonian is proportional to the electron-density fluctuation o
eratornq and given by

H int5
1

ASA
(

q
Vqjqn2q ,

whereSA is the surface area,Vq is the electron-ripplon cou
pling, and jq is the Fourier component of the surfac
displacement operatorj(r ). In the limit of strong holding
electric fields, the coupling parameterVq does not depend on
the wave numberVq.eE' . In general we have to includ
the polarization termVq5e(E'1Eq), whereEq has a quite
complicated dependence on the 2D wave numberq.19,20
10452
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Following Refs. 2 and 21, the frictional force can be qu
generally expressed in terms of the equilibrium electron
namical structure factor

Fscat5
Ne

\SA
(

q
qxVq

2Qq
2Nq

(r)@12e\qxuav /T#S0~q,vq2qxuav!,

~12!

wherevq5Aa/rq3/2 andNq
(r) are the spectrum and distribu

tion function of ripplons,Qq
25\q/2rvq , a and r are the

surface tension and the liquid-helium mass density, resp
tively. Equation ~12! is strictly valid for electrons with a
short autocorrelation time (nee@neff) which allows us to de-
scribe them by the the equilibrium DSFS0(q,v) in the
center-of-mass reference frame moving along the channe
the laboratory frame the frequency argument acquires
Doppler shift: S(q,v).S0(q,v2qxuav). The frictional
force of Eq. ~12! can also be found employing th
momentum-balance equation method.22,23

According to Eq.~12! the linear transport regime is vali
when the correction\qxuav is much smaller than the tem
perature and the broadening of the electron DSF as a fu
tion of frequency. In the 2DES the latter condition is mo
restrictive because the broadening of the DSF is small.
DSF for channel electrons is much broader. Anyway, un
the conditions of the linear transport regime\qxuav!T and
\qxuav!G* the effective collision frequency of channe
electrons

meneff
(r)~B!5

1

SAT (
q

Vq
2Qq

2qx
2Nq

(r)S0~q,vq! ~13!

is similar to that obtained previously for an isotropic 2
electron liquid.2,21 Thus the anisotropy of the channel syste
is hidden in its DSF: in contrast with the isotropic 2D cas
the DSF of the electron channelS0(q,vq) depends strongly
on the direction of the wave vectorq, as discussed in Sec
II B. It is worthy to remark that the effective mass of ele
trons in the channelmB enters into the frictional force only
by means of the channel DSF@the free-electron massme in
the left-hand part of Eq.~13! is chosen as a convenient pro
portionality factor#.

The same expression for the effective collision frequen
could be obtained by means of the memory function form
ism introduced by Go¨tze and Wo¨lfle.24 In this approach the
quantum conductivity equation looks like an extension of
classical Drude formula, in which the imaginary part of t
conductivity relaxation kernel@the memory functionM (v)]
plays the role of the effective collision frequency. It shou
be noted that the approximation for the memory functi
frequently used in quantum transport equations is actual
high-frequency approximation (v@n), even though it usu-
ally gives correct results in the whole frequency range. Pla
man et al.25 were the first to apply this approach for th
analysis of the effect of electron correlations. The import
point is that the high-frequency approximation for the co
ductivity relaxation kernel and the dc approach based on
5-4
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MAGNETORESISTANCE OF NONDEGENERATE QUANTUM . . . PHYSICAL REVIEW B69, 104525 ~2004!
conditionnee@n employed here yield the same equations
the effective collision frequency as it is in the semiclassi
kinetic equation method.

If the temperature is relatively high (T*0.7 K), we have
to consider the possibility of electron scattering by heliu
vapor atoms. Even though the helium vapor atoms repre
a sort of impuritylike scatterers, we can disregard quant
localization effects because the electron-electron collis
rate is extremely high (nee@n). For the interaction Hamil-
tonian, given in Ref. 26, in the quasielastic approximat
the above described treatment leads to the following cor
tion to the effective collision frequency induced by vap
atoms:

meneff
(a)~B!5

3naVa
2g

16TSA
(

q
qx

2S0~q,0!, ~14!

where na is the density of vapor atoms,g is the para-
meter describing the wave function of SE statesc1(z)
}z exp(2gz), andVa describes the interaction of a free ele
tron with a single helium atomV(R2Ra)5Vad(R2Ra).
Even though the interaction parameter is usually written
the form Va52p\2s0 /me containing the scattering lengt
s0 andme , the effective mass of electrons in the channelmB
appears only in the channel DSF.

III. RESULTS AND DISCUSSION

It is instructive to consider the ultraquantum limit\V
@T. In this case, the electron DSF can be approximated
the term withn5n850:

S~q,0!.\A p

«qx
T

expS 2
qy

2l y
2

2
2

qx
2l x

2

2 D , ~15!

where the parameterl x was defined in Eq.~10!. We consider
only the dc case, and disregard the frequency argumen
cause \vq /T is quite small and the relevant parame
\vq /G* is small if B is not too high. In this approximation
Eq. ~13! turns out to be

meneff
(r)5

2mB
1/2

~2p!3/2aT1/2E0

`

dqxqxe
2qx

2l x
2/2E

0

`

dqy

3@Vq
2/~qx

21qy
2!#e2qy

2l y
2/2. ~16!

We point out that, in contrast with the pure 2D case wh
neff andsxx are proportional to 1/AT, the channel effective
collision frequency@Eq. ~16!# behaves differently becausel x

2

contains the temperature-dependent term according to
~10!. For a pure 2DES (l x5 l y5 l B), Eq. ~16! also results in
neff

(r)}1/AT. For the electron channel, this behavior is limit
to the temperature range where the temperature-depen
term of l x

2 is small.
In generalVq is a very complicated function of the 2D

wave numberq, and Eq.~16! should be evaluated numer
cally for given channel parameters. If the electron channe
formed by applying a strong holding electric fieldE' , i.e.,
10452
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E'@Eq we can use the approximationVq.eE' . Then, the
effective collision frequency of the electron channel can
found analytically as

meneff~B!5
2men

(0)~B!

pA124T/\V

3arctan@~\v0
2/4VT!1/2A124T/\V#, ~17!

where

men
(0)~B!5S mB

me
D 1/2 ~eE'!2

2a l y
2v0

. ~18!

We can see that only the increase of the effective mass
scribed by mB5meV

2/v0
2 cannot explain the whole

magnetic-field dependence of the electron mobility. The fi
dependence of the effective collision frequency is det
mined by the interplay of the mass enhancement and the
dependencies ofl x(B) andl y(B). For example, an additiona
increase of the channel magnetoresistance appears be
of the factor 1/l y

2}V, which comes from the scattering ma
trix elements. Recalling the definitions ofmB and l y

2 given
above we can find that the low-temperature limitn (0)(B) of
the effective collision frequencyneff(B) increases withB as

n (0)~B!5S 11
vc

2

v0
2D ~eE'!2

2a\
. ~19!

For zero magnetic field,n (0)(B) tends ton05(eE')2/2a\.
Under the condition 4TV/\v0

2!1, Eq.~17! gives the fol-
lowing asymptote for the channel mobility

m.
2a\

meeE'
2 S v0

V D 2F11
4

p S TV

\v0
2D 1/2G . ~20!

For B50, this equation reproduces the result found pre
ously in Ref. 27. It is remarkable that the zero-temperat
term of Eq.~20!, as a function ofB, agrees with the forma
mass replacementme→mB5meV

2/v0
2 in the mobility equa-

tion m52a\/meeE'
2 obtained for electron in the channel

B50. We also note that the temperature correction increa
with B and affects strongly the magnetoresistivity of t
electron channel.

At high magnetic fields the condition 4TV/\v0
2!1

breaks down and we have to use the more general expres
given by Eq.~17!. For different temperatures the magneti
field dependence of this expression is shown in Fig. 3 us
the normalized unitsT/\v0 and vc /v0. We can see tha
even at relatively low temperatures (T/\v050.1),
neff(B)/n0 deviates strongly from the zero-temperature
ymptote. It is remarkable that, forT/\v0.0.84, electrons
on the lowest channel level (n50) show a negative magne
toresistance in the region of low fields. The origin of th
unusual behavior is the nonmonotonous field dependenc
l x
2(B) discussed above and shown in Fig. 2. Still, later

shall show that at such high temperatures the average co
bution from all terms withn,n8>0 compensates this effec
and channel electrons show only positive magnetoresista
5-5
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Figure 4 shows how the magnetic field affects the te
perature dependence of the resistivity of the electrons in
channel. For zero magnetic field~line 0!, the temperature
dependence is relatively weak. The magnetic field makes
temperature dependence sharper in the low-tempera
range ~lines representingvc /v051, 2, and 3), which is
consistent with the singular nature of the 2DES subject to
normal magnetic field because at high fields (l y→ l B) the
channel becomes effectively a quasi-2DES. Physically,
effective collision frequency increases due to the multi
electron scattering. The number of multiple scattering eve
is limited by the electron velocity which decreases stron
with B.

At high fields and low temperatures the effective broa
ening of the channel DSFG* 'A2eEchl B decreases asG*
}AT/B. In this regime the electron channel becomes sim
to the 2DES in which the broadening parameter of the D
Gn,n8 is determined by the interaction with scatterers. In
self-consistent Born approximationGn,n85A(Gn

21Gn8
2 )/2,2

whereGn is the collision broadening of the Landau leve

FIG. 3. Magnetic-field dependence of the effective collision f
quency of electrons on the lowest channel level due to rippl
given in Eq.~17! for different temperatures.

FIG. 4. Temperature dependence of the electron effective c
sion frequency due to ripplons given in Eq.~17! for different mag-
netic fields.
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The collision broadening usually increases withB. There-
fore, the above results are valid under the condit
A2eEchl B.G0. For the electron-ripplon interaction, the co
lision broadening has the same temperature depend
(G0}AT), and the breakdown of the channel magnetotra
port equations occurs when the magnetic field is increa
beyond the value given by the above condition.

For electron scattering by vapor atoms in the ultraqu
tum conditions, Eq.~14! can be evaluated analytically

meneff
(a)~B!5

3naVa
2gmB

1/2

16pT3/2l yl x
2

. ~21!

Using the dimensionless unitsDc5vc /v0 and t5T/\v0,
the corresponding mobility of the electrons on the low
channel level (n50) can be written as

ma~B!

ma~0!
5

114tDc
2/A11Dc

2

~11Dc
2!7/4

. ~22!

In this case the negative magnetoresistance originating f
the field dependence ofl x

2(B) becomes more prominent fo
such short-range impuritylike scatterers, as shown in Fig
It should be noted that the negative magnetoresistance o
electrons occupying the lowest level (n50) resembles tha
observed for quantum localization effects in nondegene
2DES28,29 under the conditionnee!n, although in the trans-
port regimenee@n considered here quantum localization e
fects can be disregarded. However, under conditionst
[T/\v0.0.44 the contributions from other terms of th
DSF (n,n8.0) are important and the system behaves l
the 2DES exhibiting positive magnetoresistance atnee*n.
In this case we have to perform numerical calculations.

Typical field dependencies of the channel mobility eva
ated numerically using Eqs.~13! and ~14! for different nmax

5nmax8 which restrict the sums overn andn8 are depicted in
Fig. 6. For \v0 /T50.46, the electrons predominantly o
cupy the high-energy levels. We observe clearly the nega
magnetoresistance only whennmax50 andnmax51. The in-

-
s

li-

FIG. 5. The inverse mobility of electrons on the lowest chan
level (n50) vs magnetic field for different temperatures under t
condition that electrons are predominantly scattered by short-ra
impuritylike scatterers~vapor atoms!.
5-6



es

s
ua

r
al

ot

fro
F
. I
t

a-
g

re-
ear-

or
nt

ase
f

e-
as

g-
-
e
in-
isre-

rate
g-
ld
-

ob-
nal

lec-

i-
bit
ing
ce
on

sed
is

s-

re-
aves
ults

a-
-
e
ide

e

n

e-

ld

lu
-

ur
fe
le

MAGNETORESISTANCE OF NONDEGENERATE QUANTUM . . . PHYSICAL REVIEW B69, 104525 ~2004!
clusion of high levels suppresses the negative magnetor
tance of the electrons in the channel, and in the limitnmax
@1 the electron channel shows only a positive magnetore
tance because, as expected, it becomes effectively a q
2DES.

For fixed values of the magnetic field, typical temperatu
dependencies of the channel mobility evaluated numeric
including high levels (n,n8@1) are shown in Fig. 7. The
solid lines of the figure represent the contributions from b
scattering mechanisms which interplay atT'1 K, while the
dotted and dashed lines show the separate contributions
scattering by vapor atoms and ripplons correspondingly.
T,1 K electrons are predominantly scattered by ripplons
this regime at high magnetic fields, there is a range where
electron mobility m}AT. Nevertheless, at lower temper
turesm approaches a finite value which decreases stron
with B.

FIG. 6. Mobility of electrons in the channel vs magnetic fie
under the condition that channel levels withn.0 are occupied
(T/\v0.2.2). The succession of solid curves show how the inc
sion of higher channel levels withn,n8<nmax diminishes the nega
tive magnetoresistance in the region of weak fields.

FIG. 7. The mobility of electrons in the channel vs temperat
evaluated including all channel levels: solid curves show the ef
of both scattering mechanisms, while other curves represent e
tron scattering by ripplons~dashed curves! and vapor atoms~dotted
curves! solely.
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It should be noted that in the limit of highB, the inelastic
effect of the electron-ripplon interaction cannot be dis
garded. In this case the expression in the integrand app
ing in Eq. ~16! contains an additional exponential fact
exp@2(\vq /G* )2# because of the finite frequency argume
of the electron DSFS0(q,vq). Typical ripplon wave num-
bers and frequencies involved in scattering events incre
strongly withB, while the effective broadening of the DSF o
the electron channelG* 52A«qx

T decreases~it decreases

also by loweringT). Eventually, the energy exchange\vq at
a collision becomes comparable withG* and the effective
collision frequency decreases with cooling the system.

For the pure 2DES realized on the surface of liquid h
lium such an inelastic effect was discussed in Ref. 30. It w
shown that forT.0.1 K, the decrease ofneff

(r) due to inelastic
effects becomes important only ifB.2 T ~actually it was
observed atB56.4 T). In this paper we consider lower ma
netic fields to keepvc comparable with the confinement fre
quencyv0. Additionally, G* is assumed to be larger than th
collision broadening of the Landau levels. In this range
elastic effects on the channel magnetotransport can be d
garded.

The quantum magnetotransport of a 2D nondegene
electron liquid in the regime of weak and intermediate ma
netic fields is strongly affected by the internal electric fie
Ef of fluctuational origin.3 Therefore it is necessary to dis
cuss how this Coulombic effect can affect the results
tained here for channel electrons. The average fluctuatio
field Ef'3ATns

3/2 depends on temperature and the areal e
tron densityns . Under the conditionGC5A2eEf

0l B!T the
fluctuational electric fieldEf can be considered as quasiun
form. Such fields cause fast drift velocities of electron or
centers which reduce the number of multiple-scatter
events in the field. At the same time, in local referen
frames moving along with orbit centers the single-electr
wave functions remain the same.6 Obviously, this kind of
Coulombic effect is a purely 2D feature and it is suppres
in 1DES’s. There are two important points supporting th
conclusion.

We note first that the confining electric field of a 1D sy
tem ~which is assumed to be the strongest! itself plays the
same role as the fluctuational electric field in 2DES’s. The
fore at high temperatures, when the channel system beh
similar to a 2D nondegenerate electron system, the res
obtained here are limited by the conditionEf!Ech

.v0A2meT/e. Since the both fieldsEf and Ech have the
same dependence onT ~the corresponding broadening p
rameters of the electron DSFGC andG* have the same de
pendence onB), the above given condition restricts only th
electron density, which is quite obvious. From the other s
our treatment is limited by the conditionneff!nee. The elec-
tron autocorrelation frequencynee is usually estimated as th
characteristic plasma frequency in zero magnetic fieldvp

;A2pe2/mea
3, wherea is the electron spacing. One ca

see that even for such low areal electron densitiesns

;107 cm22 such that the Coulombic effect can be disr

-

e
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garded in the 2DES, the electron autocorrelation freque
nee;73109 sec21 is much higher than the collision fre
quency due to ripplons.

At low temperatures, when the channel width^y& is much
shorter than the average distance between electrona
51/nch, the fluctuational electric field is mostly directe
along the channel and cannot cause any fast drift velocit
an electron in the perpendicular direction because of the c
fining potential. In this case the quasiuniform electric fie
can only affect the electron population of the channel m
mentum stateskx which obviously can be described by th
equilibrium distribution function. Therefore at low temper
tures the validity range of the results obtained here is limi
by the condition that the electron DSF is only weakly a
fected by internal forces. We expect that this condition
approximately the same as in 2D:3 the frequency of electron
vibrations vp is lower thanT/\. According to estimations
given above, for typical densitiesns;107 cm22 and T
.0.1 K this condition is fulfilled.

In conclusion, we have shown that nondegenerate qu
tum wires may constitute a remarkable laboratory for test
u
-

et

e

.

y

.

s

G
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the quantum transport theory. In contrast with classical wir
they exhibit strong magnetoresistance~the channel mobility
decreases with the field intensity! which is a result of the
interplay between the mass enhancement of channel car
mB and the magnetic-field-induced increase of the mome
exchange (\qx and \qy) in scattering events. For the elec
tron gas with a short autocorrelation time (nee@n), we have
obtained the general relation between the channel mob
and the dynamical structure factor of such an anisotro
electron system. Evaluations performed for particular ca
indicate that the effect of a normal magnetic field on t
channel mobility is very strong for conducting channe
formed on the surface of liquid helium under usual expe
mental conditions.
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