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Electron transport in a quasi-one-dimensional channel on suspended helium films
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Quasi-one-dimensional electron systems have been created using a suspended helium film on a structured
substrate. The electron mobility along the channel is calculated by taking into account the essential scattering
processes of electrons by helium atoms in the vapor phase, ripplons, and surface defects of the film substrate.
It is shown that the last scattering mechanism may dominate the electron mobility in the low-temperature limit
changing drastically the temperature dependence of the mobility in comparison with that controlled by the
electron-ripplon scattering.
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[. INTRODUCTION tion zy=Yy?/R is rather good and the conditign<R is well
satisfied and allows us to discard curvature effects in the
There has been great interest in the study of the quashydrodynamic properties of the helium surfdée.
one-dimensional electron systei@1DES produced on the Recently it was shown that very stable suspended helium
liquid-helium surfac&® in which the motion of usual quasi- films over a structured substrate can be created with arbitrary
two-dimensional(Q2D) surface electronSE) (Ref. 10 is  thicknessd, as depicted in Fig. 1 Under certain condi-
restricted in one more spatial direction. In most methods tdions (the distance between the elevations must be smaller
realize the Q1D electron system, the charged channels atBan the capillary lengththe helium film does not follow the

formed when parallel strips of a dielectric substrate are fillefuPstrate form but fills the depressions through capillary con-
with liquid helium due to the capillary forces. The curvature 4€nsation. The value afis controlled by the channel width

radiusR of the liquid into the strip can be varied in a wide W and the bulk level heigitti, and can vary in a wide range,

' P from the bulk scale~10"% cm down to small thicknesses
range. The profile of the liquid surface across the chanpel (<10—e om for van der Waals films. The method is useful to
direction can be assumed to have a semicircular fagn '

laterally confine the electrons in a submicrometer case and
= —_ —_ = 2 < = . -
=R[1-V1=(y/R)"]=y"/2R for y<R, whereR=a/pgH  yonerate Q1DES above helium films.

with @ andp are the surface tension and the helium density,” ¢ Q1DES over the helium film can be modelled in a

respectivelyg is the acceleration of the gravity, aktlis the  gmilar form as that over bulk liquid, but an effective holding

bulk helium level below the stripped structure. The electronﬁe|d E* replaces novE, in the confinement frequenay,

conf!nement across the channel is achleved_by the action Of&he to the contribution of the polarization interaction of the

holding electric fieldE, along the normal direction to the electron with the solid substratE* =E, + (A, /e)(1|(z

liquid surface g axis). As a result, the electron near the +d) 2|1)=E, + (27 ,72/€)F(yd) Wheré thel angular
=l 1

channel hottom is subjected to the parabolic poteniy) brackets denote averaging over the electron wave function

=eE, zy=mw3y?/2, where w,=(eE, /mR)Y2M In most o312 C g
k . . z|1)=2y"“zexp(— y2) for the motion in thez direction
previous experimentssubstrate effects can be discarded be—< 1)=2y PC72) v

cause the electron distance from the substrate are much -
larger than typical values dR. In this case, the electron is
trapped in the direction perpendicular to the plane, by the

0

combination of the image potentiat Ag/z, where A, -3
=e?(epe—1)[4(enet 1)] With g the dielectric constant -d L
of the liquid helium, and the field potenti®dE, z. The —

energy spectrum and the wave function for electron in the H —>)

plane are Ej =A%ki/2m+7hiwo(n+1/2) and xn(x.y)
=[expikx)exp—y/212)H,(y/1) 1/ (w*AL,2"n!) 12 respec-
tively, wherel = (A/mwg)*?, L, is the system size along the
channel axis, andH,(x) are the Hermite polynomials. The
parametell gives the scale of electron localization in the
direction ( yields 3.4x 10 ® cm for wy=10" Hz). Typical
values of wy, are in the range #8-10" Hz (for E; FIG. 1. Schematic diagram of a suspended film on a structured
=1-3 kV/cm, andR=5x10"*% cm). Then the approxima- substrate.
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is the localization parametéy, A=€%ch(es—epe/[(eqe  ElECtrON-ripplon interaction was developed by Shikin and
+1)?(es+ ena)] With &4 the dielectric constant of the sub- MonarkhaZ’ Here we generalize Ref. 20 to take into account

strate, respectivelyd is film thickness neay=0, andF(x) the roughness of the substrate surface. The electron potential

=[1+ 2x+4x(1+x)exp(X)Ei(—2x)], with Ei(x) being the ~can be written asV/(r,z)=V(z)+6V(r,z) whereV(z) is

integral exponential function. According to our estimates,diven by the first terms of Eq1) and

polarization effects become dominant fd=10° cm, es-

pecially for substrates with large,. In such a condition the 1 , &(rr) dz'

effective holding fieldE? reaches values10 kVv/cm and oV(r.z)=- Ef dr AOL (r=r1'2+|z—2'|2)?

the energy gap between the lowest and first excited levels in

thez direction corresponds to a few tens-kyhich allows to ffmgz(r,) dz'
1

N 4]

restrict to the ground-level contribution.
For wide enough rectangular strips, the curvature effects

can be discarded especially for smdlland high electron Here £,(r) and &(r) are the displacements of the free

densities which lead to a flat profile in the center of theheIium surface and the profile of the substrate, respectively.
channel. However, charged electrodes may be arranged B\ Fourier transformin £(1)=S"Y25 ¢ exp(q-r) and
such a way that the applied gate voltage produces an effec 98 aéjq €XPUY

tive lateral electrostatic confineméiit The electrostatic po- e2x panding Eq(2) up to first-order terms, one can rewrite Eq.

tential should be calculated using the Poisson equation WitFl ) as

appropriate boundary conditions. However, fgf<W, ghe SV(r,2)= 8V4(r,2)+ 6Vy(r,2), (3a)

same model can be used, Hufy) now depends omwg,

= w3+ w2, Wherew, is the characteristic electrostatic fre- where

quency. Very recently, the experimental study of transport

properties of the Wigner SE crystal confined in the conduct- Ao Ki(qz) .

ing channel with effective widthW=10 xm was reported® oVi(r,z)=- 75 % G—, &gexpiq-r) (3D
In this paper, we study the transport properties of the

Q1DES over a helium film}! Despite different possible ways and

to create the system, the electron states inside the channel

can be modelled for a flat helium surface by the potential

o (rer P2

A K +d
SVy(r,2)=— T; % q%d)]gzq explig-r).

) (39

here the characteristics of the channel geometry are gi eHere S'is the area of the liquid surface ait(z) is the
w e ISHCS | annet g y are givel, . jified Bessel functiondV,(r,z) comes from the devia-
by wcons Within the harmonic approximation. As we will see,

the electron multisubband spectrum leads to rather interesgon of the helilum-solid boundary from the equilibrium po-

ing transport properties along the channel. In Sec. Il, we ftion atz=—d and should be omitted when we consider
g transport prop '9 ' s nly the electron-ripplon scattering. The potené&l(r,z) is
describe the electron scattering processes, and calculate the . . o
. X ) . a small perturbation ofV(z) if the conditions|&;(r)|<
scattering potentials. In Sec. I, we obtain explicit formulas X TN
- : . <(z) and |§;(r)|<<d are fulfilled, where(z)=(3/2)y
for the collision frequencies and discuss the results for the /¢ J . .
. ~10"° cm is the mean electron distance from the helium
electron mobility. . ;
surface. HowevebV(r,z) cannot be simply considered as
the electron-ripplon scattering potential. Indeed, only long-

Il. SCATTERING POTENTIALS wavelength ripplons with wave numbgk 2k do contribute
The main scattering mechanisms are the electron intera¢0 the electron-ripplon scattering and the characteristic scale
tion with atoms in the vapor phase predominatingTat Of €lectron wave numbek is its thermal valugr=VmT/%
>1 K, the electron-ripplon interaction at lower tempera-=3.4X10° cm *for T=1 K. In such a condition the elec-
tures, and the electron scattering by surface defects at tHeon follows adiabatically the shape of the liquid surface and
helium-substrate interfacez —d). Quite recently it was its wave function is close t6;[z— ¢;(r)].%° To calculate the
shown that the latter scattering can dominate the 2DSE mdcattering matrix elements one should replad® the vari-
bility over a helium film in the low-temperature regirffe. ~ able{=z—&(r). After eliminating the¢ dependence in the
The electron-atom interaction can be calculated by avave equation and redefining as the original transverse
contact-type  pseudopotentialU,8(r—R,) with U2 coordinate we arrive at
=mwh*A/m?, where A=4.676<10 6 cm 2 is the cross

Ao Ar Molyy?
V(y,Z)—eELZ—T—m T,

section for the electron-atom scatteringand R, are two- V(r,2)=V(2)+ 8Velr,2) + 8VedT,2), (48)
dimensional (2D)-electron and 3D-atom positions,
. 9 where
respectively:
The electron-ripplon interaction is related to the variation 1
of the potential energy for the electronzt0 due to oscil- ST 7)) = — V. (Z)exn(ia.r 4b
lations of the vapor-liquid interface. The adiabatic theory of e 12) Js % $1qVra(Z)eXI0.T) (4
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and 6Vedr,z) = 6V,(r,z) are now the electron-ripplon and can be discarded foF <% wq,ns. Here we limit ourselves to
electron-defect scattering potentials, respectively. Hage  this regime and neglect quantum-statistical effétte Fermi
=[Aqtanh@d)/2pwq]¥A(cqt+c’,) wherecy(cl,) are rip-  energy is much smaller thaR).
plon annihilation(creation operators. In Eq(4b), we take The electron mobility along the channel in the limit
V,q(z)=€eEl neglecting the contribution of the polarization 7w,/ T>1 is given a¥
interaction of SE with helium which is proportional 1o,
and is quite small for thin films£10"° cm) and highg, . 2 e [hweont
Indeed, taking the solid neors {=1.19) as the substrate, one m= \/_; m T
estimates that the contribution B due to the polarization
of the substrate is approximately 600 V/cm fal  where x=ﬁk)2(/(2mwconf). The collision frequencies
=108 cm. This contribution, which is proportional th, vg(X), v (X), and vy4(x) denote the electron collisions with
is essentially larger for substrates with higher dielectric convapor atoms, ripplons, and defects, respectively.
stant. Correspondingly, the contribution coming from the he- The collision frequency with helium atoms is given by
lium polarization to the electron-ripplon scattering is equiva—yg(x)=3ﬁngyA/8m\/§, whereng is the volume concentra-
lent to that for a holding field of 200 V/crttand hence can tion of helium atomg?® Note that the contribution obg4(X)
be discarded foE, =1 kV/cm. becomes negligible fof <1 K becausey decays exponen-

The Fourier-transformed potentisy,(2) is written as tially with T. The electron mobility is dominated by contri-

butions ofv,(x) and vy(x) in that temperature range.
,dKa[q(z+d)] In order to calculate,(x), we use the expressith
z+d

3/2foc \/;eXF(_ﬁwcoan/T) (5)

0 [Vg(x) + v (X) +rg(x)]’

Vag(2)=—A€ (40)
2 )

and does not depend on the form of the electron wave func- ¥r(kd =75 > [(0lexp(iayy)|0)/?|

tion since we obtain the same result for bdtfiz— &1(r)] g

and f(z). Indeed, we can show tha@V,(r,z) is not influ-

enced by the variable chande=z—&,(r) if we consider X(1|Uq(2)|1)|2(2Ng+ 1)k_X5(EkX7qX_EkX)a
first-order terms in the integral expansion of E2). Because X

the electron-defect scattering potential is independent of the (6)
specific choice to the electron wave function and the de Bro, , . E, =#2%k&2m and U,q(2)=V,q(2)[qtanh@d)/

glie electron wavelength is of the same order or larger than 2 > 3. . .
the characteristic defect width, we uBgz) to calculate the 2P@ql™" Herewg=[(al/p)q”+g q]tanrl(qd) is the ripplon
matrix elements of the electron-defect interaction. We emdispersion law withg’=g+3ny,B/(pd") where g is the
phasize that the electron does not follow adiabatically the/an der Waals constant of the substratg, is the liquid-
form of the interface helium-substrate resulting in differenth€lium volume concentration. Long-wavelength ripplons do
scattering potentialsVyy(z) and V,4(2). The situation Mainly contribute to the scattering witlNg=2T/fiwq.
changes if we consider the electron motion over a solid surStraightforward calculation of Eq6) leads to
face without the helium blanket. In such a condition the elec-
tron follows the form of the surface with defects in the long- _E(EDT exg4(x+x)] o
wavelength sgzale and the structure \¢f,(2) is similar to V(%)= 4ah2wconf' m [1-erf(2yx+xc)],
that of V,4(2). 7

It must be stressed that the last term of E). was ob-
tained summing over the polarization potential for all atomswherex.=ipg’/8aMwcons. In the limit d—o and taking
of the substrate for nonzerg(r). The result is valid quan- 9=0 one obtains
titatively when the dielectric constant of the substrate is
small such as in solid hydrogen or solid neon, because we e?(EY)?T exp(4x)
can discard, as a first approximation, the screening of the ve(X)= Aatile X [1—erf(2\/§)]. ®
electric field inside the solid substrate. For substrates with 0
larger €5, screening effects must be considered and onlywhich reproduces the result of Ref. 11.
atoms near the surface are polarized. In this situation, a more The general expression fag(k,) can be written as
detailed analysis of surface atoms contributions to the inter-
action potential is necessary.

2
va(k) = 75 2 |(0lexp(ia,y)|0)[?|
q
Ill. COLLISION FREQUENCIES AND THE ELECTRON
MOBILITY X (VgD DIl 8(Ery g, Ex). (O

The electron mobility in the Q1D channel over bulk he- )
lium was calculated in Ref. 12 taking into account the popu-To calculate the electron-defect contribution, we use the
lation of the excited subbands in the direction when well-known Gaussian two-parameter model for surface de-
hoen=T (note thatfwe,=0.8 K for wen=10' Hz). fects in which the correlation function(&,(r)éx(r’))
However, the contribution of n>1  subbands =§§exp[—|r—r’|2/a2] depends oné, and a playing the

075424-3



SVIATOSLAV S. SOKOLOV AND NELSON STUDART PHYSICAL REVIEW B56, 075424 (2002

roles of characteristic defect height and width, respecti¥ely.  The results for mobility, given by Eq$11)—(13), are ob-

This model leads t@|&,,|%) = m&5a® exp(—?a®/4) and was  tained in the single-electron approximatitBEA). However,
used to explain the SE transport properties over a thin heliurby increasing the electron density, the effects of electron-
film*® and over solid hydrogeff. The final expression for electron collisions may be pronounced and change transport
vy(X) is properties. Usually, these effects are included through many-
body approaches beyond the Hartree-Fock approximation for

32mz\§§ga2exp(—2a2x/|2) degenerate electron systems. For nondegenerate systems,

va(X)= ENET P4(x), (10 like semiconductor plasmas, electron-electron collisions ef-
h71x fects can be taken into account in the so-called complete

where control approach (CCA) or the Boltzmann shifted-

distribution approximation, which consists of solving the
=d 2a? V2(x+ equationS,_{fo(k)}=0, whereS,_, is the collision inte-
(I)d(X)= —y(x+y)2ex —la+ =y ( y) q e e{ O( )} e—e
0y 12 04

gral for electron-electron scattering in the kinetic Boltzmann
equation. In this case, scattering process is dominated by the
and electron momentum distribution because it is assumed that
the electron-electron scattering frequency is much larger than
GXFIZYd)j‘” ds the frequency for other scattering processes>(>v, , v,

X ZYd?(s—Zyd)ZKl(xs)exp(—s). and vg). As a consequence, we obtaifig(k)~exp

2
d

Pd(X)=
[—#2Z/2mT+#ik,u/T] and the electrons have equal drift ve-

For a ideal substrate interfadery(x)=0] the electron locity u calculated from balance equatithThis approach
mobility is determined by, (x) and is given by has been successfully used in calculations of the electron

mobility in the Q2DES over bulk helium which should be

T |12 the unique low-dimensionality charge system where the
1ot complete control regime was realized at experimental
conditions?® In particular, for the Q2DES over bulk helium,
for large enoughd and x. so small that the conditiom  the results of CCA mobilities are in excellent agreement with
S>hwenXc 1S fulfilled, even thoughT<fiwgy,s. Here u, experimental data and becomes twice smaller than the values
=ah/[em(E¥)?]. In the case of thin films withT  predicted by SEA as the SE density increases. For larger
<hwenX., the asymptotic expression for the ripplon- electron densities, the highly correlated Q2DES must be de-

32

1+§

Mr=6pu, 11

limited mobility is scribed by transport theories in which the conductivity is
obtained in terms of many-body quantities like the dynamic
8, [hweoniXc| Y2 exp(—4x,) structure factor of the electron liqfior the fluctuating
M= = ( T ) 1—erf(2yx) (12 electric field driven to the electron due to thermal fluctua-
™ erf(2vxc) tions of the density’

The method of calculation of the Q1DSE mobility in the
CA is described in detail in Ref. 12. The final expression
or the ripplon-limited mobility in the CCA is

4 T 1/2
1+;( ) } (14

i @ cony

By comparing Egs(11) and (12), one can see the drastic
change in the temperature dependence of the mobility from
thick to a thin film. One estimates this transition dt
~10"® cm for actual substrate materials.

The situation becomes rather interesting when one in-
cludes the defect contributions of solid substrates. Indeed, wlCA=2,
for realistic values o=10"¢ cm, din the same range, and
£,=10"7 cm, v4(x) is near two orders of magnitude larger

than v, (x) for x=xr=T/hwon and gives the major contri- tor thick enough films wherd>#% wqyn%.. In the opposite

bution to the integral of Eq(5). In such a condition, the i, (cca_ . a for T<# where w. is given
defect-limited mobility is given as M (/A @eonPlc pr 15 9

by Eq. (12). Comparing with Egs(11) and (12), one con-
12 cludes that CCA gives the same qualitatively dependences of
e T . .. - .
hg= ( ) (13) the rlpplpn-l|m|ted mobility on temperature and effective
muv{ \ A wcont holding field as SEA. However, the absolute values of mo-
bility are smaller in the CCA demonstrating the influence of
which is valid for the above-mentioned values@&fanda  electron-electron collisions on transport in Q1DES. The
and T=0.1 K. Here v{¥=mmA2£2a2y*F2(yd)/#%. One  defect-limited mobility in CCA isu{¥= u4/4 whereu is
should emphasize that the approach used to describe tlggven by Eq.(13).
electron scattering by surface defects is valid for smooth In conclusion, we have investigated theoretically the
roughness with height significantly smaller than the heliumproperties of Q1DES over suspended helium films. We have
film thickness. Furthermore trapped charges in the substraerived the interaction potential for the electron scattering by
may affect the electron transport and a comparison of thinterface defects. Film effects modify the confinement poten-
result given by Eq(13) with experimental ones may be un- tial across the channel and the electron mobility at low tem-
reliable in such a condition. peratures is limited by ripplon scattering and mainly by sur-
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