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Scattering of surface electrons over a superfluid helium film
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We find electron-interface scattering potentials for surface electrons floating over the surface of a helium
film. The Hamiltonian for the electron scattering by the interface roughness of the solid substrate is obtained
for substrates with an arbitrary dielectric constant. Our results for the ripplon-scattering Hamiltonian reproduce
previous results obtained by using the electron-atom polarization model. However, this model gives correct
results only for the electron-roughness scattering for substrates with a small atomic polarizability.
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Surface electron$SES9 floating over liquid helium con- those found in the above described electron-atom polariza-
stitute an important tool to investigate the properties of low-tion model(EAPM). The approach is similar to that used to
dimensional electronic systems in a broad area spanningstimate the relativistic corrections to the image force acting
from classical and quantum phase transitions up to analogver the surface of continuum medix>Our results depend
quantum computers? In particular, when SEs levitate over a €ssentially on the dielectric constant of the substrate, and we
helium film deposited on a solid substrate, intriguing phe-find the same results as in the EAPM when the dielectric
nomena are expected to occur like quantum melting, supegonstants are not so different from the helium dielectric con-
fluidity in a single layer, and the formation of a ripplonic stant. The calculation results for the matrix elements of the
polaron, among othersHowever, in contrast with SEs on SE-interface defects show differences, for instance, in the
bulk helium, now the electron interaction with substrate po-cases of a helium film adsorved on a solid neon and metal
tentials plays a fundamental role in the transport propertie§ubstrate.
of itinerant SEs and of the pinned Wigner crystal as well in  The electrostatic potentig@()(r’,z’) in the case of ideal
the image field which determines the strength of the polarointerfaces of the helium film can be obtained by solving
state due to the coupling of SEs with oscillation modes of thd?oisson’s equation with appropriate boundary conditions.
interfaces. The result is obtained for all three regions: the vapor phase

Anomalies observed in the SE conductivity on thin films (z' >0, approximated as the vacuum witk- 1), the helium
covering a hydrogen substrateere explained successfully film (—d<z'<0), and the substrate/(<—d). In particu-
by the occurrence of a retrapping structural transition in thdar, for the vapor phase, we can write
system of localized chargés.More recently a two- o
component SE model, in which one fraction corresponds to D", 2) =D dr', 2 )+ D1, 2'), D)
the free electron motion and the other one is associated Wit\b]vheredb {r 2') = el \pZH (Z = 2)? with ~|r'—r| and
SE localization at trapped centers due to the roughness of the vact o p p
substrate, was proposed to explain the microwave absorption

of SEs above a thin helium filfh. ®EN(r 2 )= — Qe
It is important to point out that all previous theories are ! ’ Vp2+(Z' +2)?
based on nearly the same original Hamiltonian consisting of .
two parts: the Hamiltonian of free ripplons and a nonlocal 4Q.e(—a)"* 5
polarization attraction depending on the interface displace- = Jp2+(Z +z+ 2dn)2’ @

menté&(r). It is assumed that the polarization interaction of
the SE with the deformed surface is obtained by summing aHere Q=(e—1)/(e+1), Qi=e(es—e)/[(e+1)*(est )]
one-particle electron-helium atom interactions, i.e., the elecand a=(s—1)(es—¢)/[(¢+1)(est&)]. Evaluating the
tron interacts with the induced dipole momantof the he-  image force aF{))=—[eV®{)(r',2')]|,/—; ., we con-
lium atomsV 4 (R) = — a€?/R*, whereR>ag, with Rbeing  clude that only E{%)),= — dU(z)/dz does exist and the po-
the electron-atom distance, the atomic polarizability, and tential energyJ(z) is given by
a, the scattering length’ =12

On the contrary, in the present work we obtain the poten- e ) Z o (—a)"t
tial energy for the surface electron located afz], z>0 , U(2)=- E—Qﬂé “~ “z+nd ©)
over a helium film with a thicknesd and a dielectric con- -
stante deposited on a solid substrate with a dielectric con-The above result can also be obtained by the method of
stante, by a different method, and compare our results withimages® For liquid helium,e —1=0.0572, which allows us
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to discard the terms with>1 in the summation of Eq3)  and
and to write, within excellent accuracy, the simplified expres-

Sion aKyla(z+d)] Qs
QF_ Qe Vig @)=~ Qe = T g akalazr

U(Z)=—E— 7+d (4) (8

However, if we consider the displacemeigtgr’) of the = wheree=(e+1)/2, es=(es+¢)/2e, andK;(Xx) is the modi-
vacuum-film interface and,(r’) of the film-substrate inter- fiedj-order Bessel function. Obtaining Eq5)—(8), we have
face, the situation changes drastically. Now, the electric poemitted the terms which depend @ nd and are propor-
tential should be written as®;(r',z')=®{%(r’,z’)  tional to &. These contributions of the coefficien®y (e
+®M(r’,z') with j=1, 2, and 3 corresponding to the re- —&)/(est+£)]"<Q are negligible in comparison with
gions of the vacuum, film, and substrate respectivelyQ:/(z+d)? which appears inV{(z) coming from
®{Y(r’,z') are the solutions of Poisson’s equation satisfyingdUaq(2). For the very interesting and special case of a metal
the perturbed boundary conditions in the linearized form forsubstrate, we can take,—> and Qs=1 to obtainV,(2)
z'=0 andz’=—d.'® By Fourier transforming both Pois- =—Q,e2q?K,[q(z+d)]/2.
son’s equation and the equations obtained from the boundary Now we compare our results to those obtained in the
conditions we evaluat®{"(r’,z') and the additional image framework of the EAPM. The results for the electron-ripplon
force (F),=—96U(z)/dz [the radial components of the interactiof and the electron-interface  roughness

image force E™)), are still zerd. The final result is interactiort” in this model are
Qe Qlp*—7%] el 1 K 2
SU(Z)=— —| d?r’ &y (r’ - ~Q _aKy(q2)| Qe
(2) 477,[ r'é(r ){[p2+zz]2 [p2+22]3 V':Lq(Z)—T ; Z +(Z+d)2 eE, (9
_ Q1e2 2,1 ’ 1 and
g fd rel ){[p2+<z+d>2]2
Ky a(z+d)
_Qdp*-(z+d)?] - Vi (2)= —Qlez%. (10
[p*+(z+d)*]® )

Equations(7) and(8) are formally different from the corre-
where Qs=(es—e)/(este). In order to calculate the g,qnding Eqs(9) and(10) in the EAPM. Because=1 and
Hamilt.onia.nHer.of the interaction of the electror_l .with Sur- Q<1, Vy4(2) andV/,(z) are almost coincident for arbitrary
face vibrationgripplons we have to add the additional per- yajues of the argument, which justifies the applicability of
turbation which comes from Eq.(4) i.e., 6Ua{z)  the EAPM to obtain the Hamiltonian for the electron-ripplon
=[Qe?/4z°+Q,€’/(z+d)*+eE, ]¢,(r), where we have in-  scattering. However, for the electron interaction with the in-
troduced the holding electric field, which presses the elec- terface roughness of the helium film-solid substrate, the ex-
tron against the helium surface. Furthermore the Spati%ressions forViq(z) and Vf(2) agree only for solid sub-
structure of the interface excitations is quite complicatedgi ates withe ¢ close to 1, such as solid neos&~1.19), and,
However for ripplons with long wavelengthsi,, can be as a consequenc®,<1. For e,>1, the expressions are
obtained by changing the electron coordinatesr, andz  quite different and the explanation is that Ed0) is valid
—z—£&,(r).8 Because the electron does not adiabatically fol-only for small e, when, in the first approximation, the
low the profile of the interface film substrate and thescreening of the electron field in the solid substrate can be
electron-roughness interface scattering potential is indepentisregarded and the induced field above can be represented
dent of the electron wave function we use the same waves a sum of contributions from each polarized atom. At large
function in both scattering mechanisiislo a good approxi- g4, the field acting on a chosen atom in the bulk is screened
mationﬂer(ei) can be expanded i& keeping the first-order by the_ other atoms. _In th_e extreme limit of a meta_l substrfate,
term. This term is linear i1 »(r) == q€1.24€' %" there is no electric field inside the metal and the image field

is created by inducing interface charges. In the long wave-

o iqrg length limit (qz<1), where K{(q2)=1/gz and K,(q2)
Hercen 2q €208 Virna: © ~2/(q2)?, Vig(z) andV{)(2), are the same. However, for
. the calculation of the surface electron mobility one cannot
with ; o .
restrict oneself to this limit because wave numbers wjth
Qe’[ 1 gKy(q2) 92K ,(q2) ~1 make an essential contribution, especially in the nonlin-
VgD = | 5 - ——=—~ > ear regimé.
z €z The matrix elements of the scattering potential which con-
2 tribute to the collision frequency are written as
+ Qe +eE, 7 (UVig(2)|1)=—Q:6°a%pci(a/2y1)/2, where yy(d,E,) is
(z+d)? the localization length of the electron wave function in the
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FIG. 1. Matrix elements for the electron-interface defects inter- FIG. 2. Same as Fig. 1 for a metal substrate.

action calculated in this worksolid line) and in the EAPM for a
solid neon substrate. The values of the ordinate axis, shown in thbe treated perturbatively in the framework of the Born ap-
inset, are 18 higher than the corresponding values in the mainproximation. In this case, the approach developed here can
figure. explain reasonably the experimental data of the SE mobility
on helium films covering solid neon and gld8<® because
direction!? For the sake of comparison we evaluate the exacthe quality of the substrate-film interface is rather good.
@ei( k) and ¢X(x), wherex=q/2y,, in the EAPM. The re- Howe\_/er,_the character_istic roughness parameters obtained
sults are by adjustln% the experimental data of Ref. 19 to EAPM
calculation$® should be revised. Unfortunately, as far as we
o dt know, there are no mobility data available for substrates with
f (t—27y,d)%e *K (kt)— (11) larger dielectric constants. On the other hand, for lager
2y,d t trapped charges can strongly contribute to the electron
scattering® and other possible mechanisms are necessary to
explain the dependence of the mobility on the temperature
L) O and film thickness, as for instance, discussed in Ref. 6.
_ PiglK s oyd|” 2 x In conclusion, we have determined scattering potentials
Pia(K) = . +toem f (t=27d)%e "Ky(xt)dt. for surface electrons localized over a helium film. We calcu-
S (12) lated the perturbed electron potential energy due to the pro-
file of the interphase boundaries. Due to the small polariz-
for the solid neon, and in Fig. 2 for the metal substrate. Ong}bIIIty of the I_|qU|d hel_lum the Ham|lton|§m fqr electron-
ég)plon scattering coincides with that obtained in the largely

can see no sensible differences for the solid neon where . . . .
only a qualitative agreement is achieved for a metal sypUsed EAPM. For solid substrates with a large dielectric con-

strate. Then one can apply either function for calculating an&tant the r_esul_t for the electron—ir)terfa_ce roughness scatter-

adjusting the experimental data to the surface electron mg™9 potential differs from that obtained in the EAPM.

bility over a helium film adsorbed on substrates with weak

polarizability*? However,¢;4(x) should be used in the case It is a pleasure to thank Yury Monarkha for calling our

of substrates where screening effects are appreciable. attention to the screening effects of a substrate with a large
One should emphasize that the results obtained in thidielectric constant. We are grateful to Marcelo Gamba for the

work are valid for substrates where the roughness amplitudassistance with numerical calculations. The authors acknowl-

&5 is much smaller than, such that the defect scattering can edge financial support from FAPESP and CNPq.

eZyld

ely(k)= »

and

2y.d

The functionse;q(«) and ¢fi(x) are depicted in Fig. 1
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