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The conductivity of carriers in a quasi-one-dimensional electron system over liquid helium is
measured in the temperature interval 0.521.9 K in confining electric fields up to
4 kV/cm at a frequency of 1.1 MHz. Quasi-one-dimensional channels were created by using an
optical diffraction grating covered with a thin helium layer. The carrier conductivity
decreases exponentially with temperatureT, and the activation energy is of the order of a few
degrees, thus pointing towards localization of electrons in a quasi-one-dimensional
electron system. As the thickness of the helium layer covering the grating is increased, a
departure from a mono exponential dependence is observed atT,0.8 K, which indicates that
quantum effects begin to play an active role in electron mobility at these temperatures.
An analysis of the obtained results leads to the assumption that under localization conditions,
quasi-one-dimensional electron systems may contain two branches of the optical mode
of plasma oscillations, viz., a high-frequency branch associated with electron oscillations in
potential wells, and a low-frequency branch associated with the oscillations of the electron-
dimple complex with a large effective mass. ©1997 American Institute of Physics.
@S1063-777X~97!00311-3#

The behavior of charge carriers in quasi-one-emerging in conducting channels under the influence of e
th
al

e
em
as
um
io
s

rd
n
ha
at
at
e
a
a

th
e
rv
th
tu
d
e
lls

i-

of
an-
nts
tron

s is
of

he
on-
of

lec-
e

n-
ng

pro-
the

kage
to

quid
n-

rode
is

7/
dimensional~Q1D! and one-dimensional~1D! electron sys-
tems over liquid helium is very interesting because of
possibility of realization of conducting channels with sm
transverse dimensions, containing one to ten electrons.1 Sur-
face electrons~SE! over liquid helium form an extremely
pure and homogeneous low-dimensional electron syst
and it can be expected that Q1D and 1D electron syst
employing SE will also be homogeneous and perfect. Qu
one-dimensional conducting channels over liquid heli
were created experimentally by using the surface undulat
of liquid helium flowing under the action of capillary force
into the grooves of the profiled substrate.2,3 Under the action
of a confining electric field, electrons are displaced towa
the bottom of the groove and can move freely only in o
direction. A distinguishing feature of such channels is t
the depth of the liquid in the grooves of the profiled substr
reach values;1024 cm and the roughnesses of the substr
have no effect on the behavior of the electron. Transfer m
surements in such quasi-one-dimensional systems h
shown that the mobility of electrons in Q1D channels m
become close to the electron mobility in bulk helium.4–6

However, experimental results obtained by increasing
separationH between the bulk helium surface and the upp
plane of the substrate, i.e. by decreasing the radius of cu
ture of the liquid in the substrate grooves, indicate that
mobility of charge carriers decreases, and its tempera
dependence begins to differ strongly from the analogous
pendence for SE over bulk helium. The obtained results w
attributed to the localization of carriers in potential we
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trons localized over a thin helium film in the immediate v
cinity of the grooves filled with the liquid.2,4

In this research, we have measured the conductivity
electrons over liquid helium in quasi-one-dimensional ch
nels under strong localization conditions. Measureme
were made in the temperature range 0.5-1.9 K in the elec
density of states between 108 and 109 cm22 at a frequency
of 1.1 MHz. The experimental cell used for measurement
shown in Fig. 1a. A high-quality glass optical grating 1
size 24.4319.6 mm and thicknessd50.8 mm~Fig. 1b! was
used to obtain quasi-one-dimensional liquid channels. T
glass used to form the optical grating had a dielectric c
stant«.4, and the number of grooves in one centimeter
the grating was 1670. The grating was mounted over e
trodesA, B, andC which were held at zero potential. Th
size of the electrodesA, B, and C was 15.639.2, 239.2,
and 15.639.2 mm, respectively. A negative voltage confi
ing the electrons to the surface of the liquid helium wetti
the substrate was applied to electrodes2 and 3. In order to
produce an electron spot with a sharper electron density
file at the edge, a negative potential was applied to
shielding electrode4. Two opposite cuts of width;1.2 mm
were made on the electrodes 2 and 3 to ensure a free lea
of helium to the drift space of the experimental cell and
reduce the possible temperature gradient between the li
helium film at the grating surface and bulk helium. The ge
erator voltage was supplied to the electrodeA, while the
signal passing through the cell was recorded at the elect
C. For such a voltage supply, the drift electric field
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directed along the liquid grooves. The electrodeB was
earthed.

The signal passing through the experimental cell w
amplified by a wide-band preamplifier1! and detected by a
phase-sensitive detector. In the experiments, we meas
the phase shiftDw and the signal amplitude variationDU
produced during charging of the measuring cell by electro
Using the measured values ofDw and DU, we determined
the realGr and imaginaryGi components of the conductanc
of the cell. According to the computations made in Refs.
the values ofGr and Gi are defined by the real and imag
nary componentsr r andr i of the electron layer resistance, a
well as the frequency of plasma oscillationsvp in the two-
dimensional electron system.

Estimates reveal that, under the conditions of such m
surements, we can disregard terms containingr i in the ex-
pressions forGr andGi . In this case, the expressions forGr

andGi assume the form

Gr52nse
2(

qn

Lqn

nse
2v2r r

m2ṽp
41~nse

2vr r !
2 ; ~1!

Gi52nse
2(

qn

Lqn

mv2vp

m2ṽp
41~nse

2vr r !
2 1g0 . ~2!

Here, e and m are the electron charge and mass,ns is the
average density of electrons in the conducting channelsv
the cyclic frequency,ṽp the plasma frequency in conductin
channels,qn the wave vector of plasma oscillations, andq0

the conductance of the cell in the absence of electrons. S
the plasma wave in a quasi-one-dimensional system
propagate only in one direction, summation in Eqs.~1! and
~2! is carried out over wave vectors of oscillations direct
along the conducting channels. The quantitiesqn are deter-

FIG. 1. ~a! Schematic diagram of the measuring cell: optical grating1,
confining electrodes~2, 3!, shielding electrode~4!, foliated textolite glass
~5!, copper supports~6!, incandescent filament~7!, and measuring electrode
(A,B,C), ~b! Optical grating profile.
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geometry and quasi-one-dimensional channels, the co
cient Lqn

was taken from Ref. 6.
The estimates obtained from an analysis of the exp

mental data show that for the values ofH used in this work,
the total resistance of all channels was quite large, and he
the conditionmṽp

2!nse
2vr r is satisfied. Moreover, experi

ments reveal that, during charging of the cell by electro
the signal amplitude varies by just a few percent, while
phase shift turned out to be of the order of a few degre
This means that we can disregard the contribution from e
trons to Gi , and we can writeGi'g0 . In this case, the
quantity tanDw, which is defined by the ratio of the quant
ties Gr andGi , can be presented in the form

tan Dw'Dw52
1

g0
(
qn

Lqn
s, ~3!

where the quantitys51/r r corresponds to the conductivit
of the channels over an area of 1 cm2.

The electron density at the surface of liquid helium w
ting the substrate was determined from the condition of co
plete charge saturation. Note that the signal from SE appe
as a rule, starting from a certain valueV' , thus pointing
towards a slight initial charging of the substrate. The elect
density in each experiment was determined by plotting
dependence ofDw on V' . While recording this dependence
the liquid surface was charged each time at a new value
V' at which the quantityDw was measured. The dependen
of Dw on V' was practically linear. Upon a decrease in vo
age, the curveDw(V') was displaced, i.e., a slight hysteres
was observed. Unfortunately, a spread of about 30%
observed in the value ofDw in different experiments for the
same values ofH, V' , and T. Such a spread is probabl
caused by the presence of a small number of impurities
solidified gases on the substrate, which could vary from
periment to experiment, by uncontrollable charging of t
substrate, as well as by an uncertainty in determining
value ofH. However, the results showed a very good rep
ducibility in the course of a single experiment. The to
number of electrons over 1 cm2 of the liquid surface was
determined from the condition

n05
V'2V'

k

eC
,

whereC5«/4pd.
Figure 2 shows typical temperature dependences ofDw

and s for values ofH equal to 1.8~curve 1! and 0.8 mm
~curve2!. It can be seen that the smaller the value ofH, the
larger the value ofs, the dependence ofs on T being the
steeper, the larger the value ofH. An analysis of the experi-
mental data shows that curve1 can be described by the de
pendence

s5
a

T
exp~2E/T!, ~4!

where the coefficientsa and E do not depend on tempera
ture. For curve1, these quantities have the following value
a5(460.1)•104V21

•K, E5(660.2)K. It can be seen tha
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curve2 displays a departure from the mono exponential
pendence. An analysis of the data reveals that this curve
be described satisfactorily by the expression

s5
a

T
exp~2E/T!1

b

T
exp~2E1 /T! ~5!

with coefficients a5(7.860.9)•1026V21
•K, E5(5.4

60.2)K, b5(460.5)•10210V21
•K, andE1.0.05 K.

The experimental dependences ofs on T indicate that
carriers are localized inQ1D channels. In the case of clas
sical thermally activated motion of localized carriers, t
conductivity is described by the following expression:

s5
nse

2n0a0
2

kBT
exp~2E/T!, ~6!

wherekB is the Boltzmann constant,a0 is the mean separa
tion between potential wells in which the electrons are loc
ized,n0 the electron vibrational frequency in potential wel
andE the height of the potential barrier.

The obtained results allow us to estimate the value
n0 . For this purpose, we must know the values ofns anda0 .
During charging of the surface of helium covering the su
strate, plane segments of the helium film are charged as
as the liquid channels. Our earlier calculations show4 that,
for a given value ofH, the number density of electrons ov
a thin helium film is about double the value of electron de
sity over the grooves with a thick helium layer. Knowing th
total number of electrons over a unit area of helium surf
and the relative areas of the thin helium film and liquid cha

FIG. 2. Temperature dependences of the phase shiftDw of the signal trans-
mitted through the experimental cell and electron conductivitys in Q1D
channels forns56.7•108 cm22, H51.8 ~d! and 0.8 mm~j!. The dotted
and dashed curves correspond to the dependences5(a/T)exp(2E/T)V21

with a5(460.1)•1024V21
•K, E5(660.2)K; and a5(7.860.9)

31026V21
•K, E5(5.460.2)K; respectively, while the solid cuve de

scribes the dependences5(a/T)exp(2E/T)1(b/T)exp(2E1 /T)V21, E
5(5.460.2)K, E120.05 K. a5(7.860.9)•1026V21

•K, b5(460.5)
310210V21

•K.
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calculations were made by using the condition of const
potential over the charged helium surface. Since the width
channels exceeds the mean separation between electron
significantly, this condition is not satisfied exactly, and t
computation ofns is approximate. The quantitya0 defining
the characteristic scale of variation of the potential relief in
liquid channel is determined by the mean separation betw
electrons localized over a thin helium film. Thus, knowingns

and a0 and using~6! with the corresponding activation en
ergyE, we can determine the mean frequencyn0 of electron
oscillations in potential wells. For curves1 and2, these fre-
quencies are found to be;1.0•1011 s21 and ;5•1010 s21,
respectively.

At temperaturesT below 0.8 K, curve2 exhibits a de-
viation from the monoexponential dependence. Two poss
explanations can be given for this effect. The first one
associated with the assumption that two types of poten
wells of different depths exist in Q1D channels. The numb
of carriers in deeper potential wells is larger than in sh
lower wells. At relatively high temperatures, carriers in de
potential wells play the main role in transport phenome
while at low temperatures, when the mobility of such carrie
becomes small, the main contribution to the conductiv
comes from the electrons in shallower potential wells. A
other possible reason behind the observed effect may be
emergence of quantum effects of electron tunneling from
potential well to another in the electron mobility a
T,0.8 K.

A characteristic feature of the system under consid
ation is that there is a certain spread in the values of poten
well parameters inQ1D channels. This spread is probab
not significant since at relatively high temperatures the d
are described quite well by a single activation energy ex
nential. However, even a slight variation of the potential w
parameters or a nonuniformity in their distribution along
channel can considerably affect the behavior of carrier c
ductivity in Q1D channels. In particular, displacement
energy levels in potential wells may lead to tunneling if e
ergy levels in adjacent potential wells coincide as a resul
fluctuations. It should be borne in mind that electrons loc
ized in Q1D channels will form dimples~ripplon polarons!
at the surface of liquid helium. The picture is further com
plicated due to the fact that the potential well may cont
several potential levels.

Analyzing the diffusionD of 3He impurities in crystals
of solid helium, Kagan8 showed that as the temperature
lowered, the emerging quantum effects make the depend
of D on T weaker than the dependence corresponding to
classical activation motion of particles. The effects observ
by us in this work are similar to a certain extent to tho
observed in Ref. 8, with the only stipulation that the spre
of potential well parameters in the present case may fur
complicate the picture. Finally, we observe that the transit
of a particle from one potential well to another may invol
absorption or emission of ripplons. Unfortunately, a theo
of this effect does not exist at present, and a quantita
comparison of the experimental and theoretical data is
possible.
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2

2 l-

e
st
h
it

in
,

s

n
on

e
a

-
it

ha

n
r

le
o

th
-

fi-
pe
ite
c

Thus, we have shown in the present work that, in quasi-
the
ses
ing

the
n
ing
ri-

illa-
ng
le
re-
on-

r-
lts.

the

,

J.

.

p.
!nse vr r is satisfied in our experiments. This relation a
lows us to estimate the upper limit of the quantityṽp which
turns out to be below;1 GHz in the present case. This valu
one or two order of magnitude lower than the characteri
oscillation frequencyn0 of electrons in a potential well. Suc
an estimate does not contradict the data of Ref. 6 where
shown that the maximum value ofṽp for the grating used by
the authors does not exceed;900 MHz. The fact thatṽp is
much smaller thann0 indicates that the electrons localized
potential wells form dimples at the surface of liquid helium9

and the effective massm* of an electron-dimple complex i
much larger than the free electron mass.

It was shown by Chaplik10 that one-dimensional electro
systems contain a longitudinal branch of plasma oscillati
with an energy-momentum relation

v i'
2e2k

ma
ln

1

ka
,

wherek is the wave vector of oscillations, anda is the mean
separation between electrons. According to what has b
stated above, two optical modes of plasma oscillations m
exist on the helium surface inQ1D channels under localiza
tion conditions. The high-frequency mode is associated w
electron oscillations, and its energy-momentum relation
the form

vp
25~2pn0!21v i

2. ~7!

The low-frequency mode is associated with the oscillatio
of electron-dimple complexes, and its energy-momentum
lation has the form

ṽp
2~k!5va

21
2e2k

m* a
ln

1

ka
, ~8!

where va is the oscillation frequency of electron-dimp
complexes in potential wells. In view of a spread in the p
tential well parameters, the plasma oscillation spectra~7! and
~8! obviously have a certain dispersion. However, since
experimental data on conductivity inQ1D channels are de
scribed correctly by an exponential relation~at least atT
.0.8 K!, the potential well parameters do not differ signi
cantly from one another, and it can be expected that dis
sion in the spectra will not be significant. It should be qu
interesting to carry out experimental observation of su
plasma oscillation modes.
881 Low Temp. Phys. 23 (11), November 1997
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one-dimensional electron systems over liquid helium,
electron conductivity under localization conditions decrea
exponentially with temperature, the activation energy be
of the order of several degrees. AtT,0.8 K, thes(T) de-
pendence corresponding to small values ofH shows a depar-
ture from the exponential law. This is apparently due to
existence of two types of carriers with different activatio
energies, or to the tunneling of electrons to the neighbor
potential wells. It is predicted from an analysis of the expe
mental data that, under localization conditions, theQ1D
channels may contain two optical modes of plasma osc
tions. One of these is a high-frequency mode with limiti
frequency of electron oscillations in potential wells, whi
the second is the low-frequency mode whose limiting f
quency is determined by oscillations of massive electr
dimple complexes in potential wells.
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