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Cyclotron resonance for two-dimensional electrons on thin helium films
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We present a systematic investigation of the microwave absorption for two-dimensional electron layers on
thin helium films and in the presence of a cyclotron resond@y magnetic field. To explain the measured
data, a recently proposed two-fraction structure of the electron system is used and here described in detail.
Hereby the problem of substrate roughness, usually always present for electrons on thin helium films, is taken
into account and it turns out to be an important parameter. Within this model the general structure of the
microwave absorption becomes understandable and the fraction of localized and free electrons can be precisely
determined. The details of the observed asymmetry and shift of the CR line shape are discussed.
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I. INTRODUCTION Here @+b) is the corrugated structure period ard
(>24,) is the distance between the average structure of the
A two-dimensional2D) sheet of electrons on thin helium substrate and the bulk liquid helium surface.
films forms traditionally an interesting field for studying  For simplification we only discuss the limiting case
low-dimensional systems. So there is, e.g., the “dimple”
formation!~* the high level of stability(with respect to the , Ol
bulk situation,®~® the dipole-dipole crystallization® the bf<—", @
: . . P9
layering effect in the electron mobility;*? and so on. All
these phenomena are developed under the assumption that, the width of the structures is assumed to be small com-
the solid substrate is flat. However, in reality solid surfacegpared to the capillary length of the liquid helium,, is the
are not perfect and the typical level of roughness is usuallgurface tensionp the bulk helium density, and the accel-
not small(the roughness amplitude is comparable to the heeration due to gravity. The properties of a neutral helium film
lium film thickness. Under these conditions the question d(x) on a rough substrate can be extracted from
arises of how the 2D electron system on a thin helium film

“feels” the existing random roughness of the substrate. A d”(x) C,
preliminary answer to this question is presented in Ref. 13. P — 3/2—pgd(x)+ 3 =pgh, (3
Using quite general assumptions 2D electron layers on thin [1+(d")7] d°(x)

helium films are represented as a two-fraction system which . . .
leads to various consequences of the understanding of the@’@ere% is the van der Waals constant of the helium-solid

electron layers? In this paper the two-fraction scenario is Substrate boundary.

. In the case of a uniform helium film, whefy— 0, Eq.(3)
FS))r/s:)elénn? tls\r’;lgyegsl\‘/a?:]opheoc\i,vf% et r}fegygfggfgnrﬁf&?ﬁg?d lo-S reduced to the conventional definition of the helium film
calization phenomen’a can coexist in the presence of ra b@ckngssdm(for simplicity the retardation effect for very
domly rough solid substrates under CR conditions. hick films, " whered depends with the fourth power dnis

not considered heye

Il. CORRUGATED HELIUM FILM d3=— (4)
WITHOUT 2D ELECTRONS pgh

To describe the behavior of a helium film adsorbed on a In the presence of a regular corrugatiéix) # 0 the ques-
corrugated substrate we first consider the neutral situationion arises about the properties of the nonuniform thickness
i.e., without electrons on the helium surface. d(x). One can show that then

(1) Let us assume the periodic substrate profi{g) as

diop: 0=x=a,

d(x)= 5
5, 0=x=a, (x) R+dmn— VRZ—(x—c)?, a<x<(a+bh), ©

s(x)=h+ — 6y, a<x<(atb). @ where
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comugation tops thin He-film whereA2=(§%) is the mean-square roughness amplitude in
IHLHI R / . vertical direction.
In terms of Eq.(9) the influence of the roughness is weak,
if

A’<d?. (10)

But, after the discussion of Eq§l)—(10) it becomes clear

o]
thick He-film
/7 # that the limitation(10) is not enough to avoid the problem of
T i j i e . .
bulk liquid helium roughness in the behavior dfx). Even a small amount of

. . 2 2 .
FIG. 1. Shown is a schematical sketch of a corrugated surfacBigh roughness tops with“>A“ can be important for the
where, due to capillary condensation, a suspended thick liquid hedetails of thed(x) dependence.

lium film exists. The symbols are explained in the text. To introduce the Laplace screening effect in the calcula-
tion of d(x) we need some additional basic definitions. One
5 C; 20, b of them is the general expression for the average density of

diop= 2g(ht 6g)° R —PY h, c=a+ > the high enough tops; above the fixed leved>0 (Ref. 17

1 n 52
dmin=280— o, (6) Ns=5 _N=2 (O)exp — oaz) (13)
and where
{o=R—R*—Db?/4. 7

2m\2 (=
Z2"(0)=— N f wS(w)dw.
R is the radius of curvature of the capillary condensed thick 0

helium film, see Fig. 1. The structure of helium films of this S(w) is the spectral density function for the roughness dis-
kind has bee_n_ y|sually investigated in Ref. 15. . tribution, Eq.(9), with the correlation function
Using definition(5) we can formulate the conditions for a

weak and strong helium film corrugation; the corrugation is 2
weak, if (6(x)5(x—x’))=A2exp< - —) : (12
2772
dp<d® or {o=d. (8 Here(#?) is the correlation length in horizontal direction.

In the opposite limiting case we have the strong corrugatiO%ndAgezr) calculations, see Ref. 17, one gets from Q<)
situation.

The first case of conditiofB) is evident. It corresponds to 1 52
the perturbative coexistence between the helium film and the ngz_ex;{ - _) . §2=2m, = \/<_,77> (13
corrugation of the solid substrate with zero approximation S7 2A%

for d from Eq. (4). The details and behavior df(x) versus 5 . o
S8(x) in this limit are investigated, e.g., in Ref. 16. HereA® is from Eq.(9) and(7°) is from Eq.(12).

More interesting for the roughness problem below is th To couple the arbitrary leveb>0 [Eq. (13)] with the
. : ; . eLaplace radiug, we assume that for the Laplace lenptive

second case, i.e., when the helium film profile does not fol-have

low the corrugations(x) of the solid substrate. In the limit

R>b, when {y—0, thend,,;;—2&. Therefore in this limit b=n;?. (14)

the definition ofd (4) correlates only wittd,, (6). The be-

havior of d(x) between the tops is controlled mainly by the Figure 2 explains the definition of the geometric sizand

Laplace pressure with the essential screening of the profilBelps to understand the correlation betwbgR, and{y, i.e.,

S(x) below the helium surface. Such a behavior has interest{o=R— JR?—Db?/4, see Eq(7) and also Fig. 1. In addition,

ing consequences for a rough substrate, because a smalé require

amount of the strong random deviations in the distribution .

8(x) together with the effect of the Laplace screening be- ﬂ_ dn,

tween these tops can control all the behavior of the helium dfy dé -

film d(x) along the rough substrate. . . - .
(2) Roughness is a property of most solid substrates. Usu'l_'hls condition couples the characteristics Rf with the
“speed” of the change oh versusé.

ally it is assumed that a one-dimensional random roughness
y It N I I ug The four definitions(7) and (13)—(15), are sufficient to

behaviors(x) can be described by a Gaussian distribution of
the amplitfjd)es y expresss, b, ¢y, andng versusR, n, andA. All these defi-

nitions are labeled by the indexa” to indicate the connec-
1 52 tion of the density of active tops, and the position of the
G(8)= —exp( - _) (9)  active levels, to the problem of a helium film on a rough
(27A?)1? 2A2 substrate with

(15

165428-2



CYCLOTRON RESONANCE FOR TWO-DIMENSIONA. . . PHYSICAL REVIEW B 65 165428

tops is a continuous function d&f (n,—0 if h—0), and it

can be comparable with the total number of the 2D electrons

ns (see Sec. It (c) the helium film thickness on the tops is

practically not sensitive to the distribution aof with &

____________ > §,. Indeed, ifA2<h? (such a requirement is fulfilled with
_____ high accuracy, the local helium film thicknessl,, above

the active roughness tops can be estimated from

. active tops &
T~

C
d—§:pg<h+da>+a.v [drdz]Y2 (20

a

/ / If A2<h? and the local derivatived, above the active tops
- are less or comparable &, then

FIG. 2. Shown is a schematical cross section through a typical
randomly rough substrate. Above the active tops only a thin van der
Waals helium film exists with the localized electror@®)(above the
tops. In between the active tops a suspended thick helium film is
formed with the quasifree electron©] above. The symbols are In this case definitiorf20) is reduced to
explained in the text.

342
didi=(d"d")<(8"5"), (3'&)="F. (2D
n

Cs
b b2 b o
?a 1+ é‘zlns—a (16) a
24 n which is not sensitive td, . The definition for 8" §") in Eq.
and (21) follows from the combination of Eq9) and the defini-
tion of the correlation function, Eq12), see Ref. 17.

=pgh+0,(8" "2, (22
R:

& b
2:2:"]5]’ n,t=b,, syn.<l.

Ill. 2D ELECTRONS ON A ROUGH HELIUM FILM,
TWO-FRACTION STATISTICS

The screening effedt.e., decreasing af, versusR) is most

pronounced ifR>A. In this case, and in the reasonable in-

terval of “h”, we have b?>A2. Under these conditions we

In the presence of a substrate with active tops the 2D-
electron system(2DES on a thin helium film above this
substrate is separated in two fractions. One fraction of the

get electron density, corresponds to free electron motion along
b. (b b the helium surface. In Fig. 2 these electrons form the electron
R= —2 (_a) In2=2 (17)  buddle between the active tops. The second fraatiorep-
221 A Sy resents the density of electrons localized to potential wells of
So for the situati f th di ional h the roughness of the solid substrate. These electrons are lo-
Ot grwsl,i' uation of the one-dimensional ToUghNess ONg,jized in the vicinity of the tops above the helium film. It is
getSha~R"% . ) . evident that
In the two-dimensional case we hatié fluctuations are
independent

Ne+ N =ng, (23

n,t~b2. (18  wheren, is the total 2D electron density, which is typically
fixed. But the relationship between these fractions is flexible.

In addition ton, it is reasonable to use; as density of  This follows from the behavior of the equilibrium chemical
active tops. The reason is that all active tops above the levglotentialu,. To defineu, we follow the procedure used for
8, are sensitive to the pressing electric field. Under these semiconductors® i.e.

conditions the highest tops are unstable, and all local elec-

trons will be localized in a narrow interval af<é&, with B Ny
densityn] such that M= Xt (Va— o)/ T]+ 1 Va<0,
T dn 6, T e
T a_  Oa NoeXp(Te/T) mT
n,=———=nN,— —. (19 __'o e e_
© o eR dd FpteR e RS L e SR

The definition ofn; (19) has practically the sami depen-
dence asn, (becaused, is a “weak” function of R). By eE A

summarizing we can see théd) the helium film above a
rough substrate causes a finite density of active mppssee
Egs.(18) or (19), even under conditiofl0); (b) n, of these and
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v A . e’(eg—1) - o . €1
=—— =—, =Ng—.
a da Wi 4(€d+1) ( ) Oxx— Ne m
€4 is the dielectric constant of the solid substrate agds  The thickness dependence @f¢ follows both from the pa-
defined in Eq(22). ng is the free electron density of states, rametersr(d) andng(d).
and the factor exd¢/T) in the definition ofn, reflects the In the ac regime, however, the local fractiopis more
average energy difference between local and free states in tHactive” because the localization does not stop the dynamics
presence oE, #0. So putting definitiong24) and (25) in  of the n, electrons. To introduce the “top” eigenfrequencies
Eq. (23), we can deriveuy versusV,, T, n,, andng. w5, we use the coupling electron energy in the form

In some limiting cases we get fary, from Eq.(24), A

~TIn(ng—ng/ngl, na—0, o8 Va= " 4,00 =
ILL —
0 Vo—TIn[(n,—ng)/ng], nNnz>ng. where
One can see that @like behavior of the chemical poten- V52
tial, with the amplitude of the jump dependent ¥y, has da(x):da(O)( 1+ 24.(0)
developed, see Ref. 19, around a
and an expansion of this expression near the minima
ny=ng. (27
i i Y + ke 31
A more detailed form ofug is a(X)=— m - (31
2engx=[€e(ng—ng)+(Nz—ny)] where
+[e(n8—ng)+ (n,— ng) 12+ 4eng(nE+n,—ny), A . ka
(28) Ka= 4.(0)? and w0a=
where

In the definitions(30) and (31) we assume that the helium

P i surface is practically flatR?>>A?) and so the local distance
x=exp{ - —0), e=exp< —a) . V,<O. d(x) between electron and top profile is only sensitiveSto

T T To describe the properties of we have to use the same
The second term in Eq28) is always positive. The first definition as in Eqs(20) and(22)
term, however, changes sigm the limit e—0) whenn,
crosses the values. Before this point there is a strong com-
pensation between the two terms. Such a compensation cor-
responds to the first asymptote in the definitionugf (26).
Just after condition(27) the compensation stops, and we The corresponding Gaussian distributiéhof the curva-
have the second asymptote in the definitionugf(26). tures is

From Egs.(24) and (26) we can write the useful asymp-

tote ofn; in the limit nj<<n,

3A2
<5"5">=/3’2=7- (32

2

1 0% ,
D(”:<2wﬁz>l’zexp(_2_ﬁz>’ e 9

All w, modes (31) are split in a magnetic fieldo,
—w, . The existence of this splitting is included in the cal-

n= e (29)
(ng/ng)exd (Va+Te)/T]+1

with culation of dissipation in the low frequency limit; <o,
né>n, and V,<O. where w is th_e external fre_que_zncy. For the eigen_mod@,s

o . ' _ > w the possible soft contribution of these modes in the gen-

The situationn;<<n, is possible, if eral dissipation(50) is neglected due to numerical reasons

(such a statement has been formulated in Ref.&@ the
possibility to simplify the algorithm of the fitsee below.

We now make some remarks regarding the well known
dimple effect in the ac-free electron behavior: On one hand,
there is an experimental indicatfdnwith respect to the CR-
dimple shift on the bulk helium surface. There is also the
“dimple” interpretation of a quasi-dc-electron mobility on a

The two-fraction structure of a 2DES is important both inthin helium film?> On the other hand, theoretical
the dc and the ac regime. In the first case the fractiois  estimation show a small probability for the existence of the
practically immobile and the conductivity,, can be de- single electron dimple under the typical helium conditions.
scribed(in the Drude approximatioras™® Precise dimple effect measureméhtsithin the crystalliza-

ng V,+T
—Oex;{ 2__°>1
Ng T

IV. TWO-FRACTION ELECTRON SYSTEM
IN THE AC REGIME

165428-4



CYCLOTRON RESONANCE FOR TWO-DIMENSIONA. . . PHYSICAL REVIEW B 65 165428
tion problem show a complete correlation between the exis- filament (electron source)
tence of dimples and the Coulomb crystallization in the
2DES. Our search for the dimple effect in the CR data for
electrons on thin helium films on Hostapftead to a nega-
tive answer. The same negative result can be extracted fror
the CR measurements in Ref. 24 for electrons on a heliur ' =
film with solid hydrogen as a substrate. And finally there is Ll
no indication of a CR-dimple shift in the most recent CR !
measurementd with electrons on bulk helium. FIG. 3. 9 Experimental setup(b) schematical sketch of the
So the conclusion with respect to the CR-dimple shift iscavity with the dielectric substrate of thickness @ the center. On
mainly negative. To understand the positive conclugibffs  the right a typical profile of the electric fiel is shown.
we believe that the data of Ref. 22 can be explained by an

z

b)

alternative scenario, see Ref. 4, where a sharp decrease of »? »? A
mobility versus helium film thickness without a self-trapping k2=—2, q’= €a—, 0=——ocogkd)sin(qd).
effect is proposed. The same motivation is applicable to the c c c

interpretation of Ref. 26 for the data of Ref. 27. The data of

zation. Besides, also the contribution of the resonator effeglesonator is B, ando,, is from Eq.(34).
(see belowis possible. From Eq.(38) the role of the coupling constant is shown

by the combination
V. CR-MEASUREMENTS IN RESONATORS

CR for electrons on helium is typically investigated by 4770)%( o ne’r
using a resonator. In this case the conventional way to fix the o= O : (39
resonance is reduced to measurements and calculations of the
resonator reflectior{transmissiop versus electron density, - ) _ o )
magnetic field, helium film thickness, etc. The experimentsl he critical scale for this parameterdg~1. This is suitable
usually follow these ways. For the calculations, however, thdor €lectrons on bulk helium under the conditions
existing ways are quite limited. One uses either the transmis= 10° cm 2 and 7<10"" s (these conditions are presented
sion line modét! or the simple possibility following from the in Refs. 21 and 2P In this caseo,<1. However, for thin
classical(quantum motion equations without any indication helium films with the electron density from above and typi-

how the resonator background becomes importafft?® cal valuesr=10"19s, oy<1 and so the resonator effect is
The dissipation of the free electroi@, * is defined as notimportant.
(see, e.g., Ref. 28 Under the conditionsp<1 we can therefore use the con-
ventional perturbation theory. Indeed in this case
Qe " =ReE|j} (w,00), (34)
) L, k=ko+ ok, oJk=06k'+idk", ok<kg, (40)
ix(@,0c)= (o t+ioy)E| (35 0 0
, ne?r (1+ 0?72+ ngz) wherek, corresponds to the cavity eigenmode without elec-
Oxx= 2.2 2_2\2 2.2 (36) trons
M (1- w7t o:m) + 40T
n.e?r (1+ w22 — w272 cot(kgh) —tarf d(qe—Kkq)]=0. (41
op=—(0T) (37

m (1_w272+w572)2+4w272' _ N
If in addition d<h then Egs.(38), (40), and (41) are

Here E| is the effective electric field along the helium film, reduced to
ng is the electron density; is the elastic time relaxationy
the external frequency, and, the cyclotron frequency. 4

In reality the electron motion in a resonator is not free. hék" = — —Wcos(kod)sin(qod)o)’(x(wowc), (42)
There is a coupling between the electron motion and the c
resonator mode. The level of this coupling is the essential
characteristic of the system 2D electrons in a resonator.

To estimate such a coupling we have to solve the corre- hok! = — 4—7Tcos(kod)sin(qod)a” (wowo). (43
sponding eigenproblem. In the case of the resonator in Fig. 3 c > ¢
the lowest eigenmode isee details in Ref. 30

S The structurg4?2) of the damping of the eigenmode is the
cottkhy{cogd(g—k)]—iotantkd)} same as the absorptizﬁ@e_1 (34), (36). Therefore definition
—sinNd(q—k)]+ioc=0, (38 (34) is reasonable for a 2DES in a resonatoryif<1.
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above calculations have two fit parametédrsand » which
have to be extracted from the experimental data.

In reality this program is too complicatédspecially with
the introduction ofr,). So some simplifications are neces-
sary. First we cut the integration in E@L6) by the valuew
(the reasons for such a simplification have been discussed
earliep and assume that within the interval between 0 agd
all w, are equally probable. Due to the probability distribu-
tion of all w, that is true if

(0D =w}. (48)
The additional assumption
T~ T (49

frequency(right y axis) as function of the magnetic field are shown. cannot be directly proven. But when taking E49), we can
The minimum in the transmission, around 0.4 T, determines thecalculate the integral in E446) in explicit form. In addition

cyclotron resonancew.. The change in frequency, arounad,
gives the evidence of the perturbation of the eigenméaiefurther
explanation, see text

In addition to Eqs(38)—(43) predict the perturbation of
the eigenmod€43). This perturbation is shown by our ex-
perimental datdsee Fig. 4 and also corresponds to the situ-

ation og<<1.

Now we go back to the two-fraction problem. After dis-
cussion of Eqs(34)—(43) we can present the free electron

absorption in the two-fraction model as
Q;lmnep(wo vvaC)a (44)

1+ w(2)7'2+ ngz

P(wo, 7 wc) = (49)

(1- wSTZ-I— w§72)2+ 4w§7‘2 ,
wherew, is the frequency from Eq41), andn, is the free
electron fraction from Eq(24).

The corresponding absorptid@,‘l(wo,wc) due tolocal
statesis

er(wo,waocn.f D() (22,0272, 0272) dog

(46)
and
(z—t)2—z—2zx
f(z,x,t)=
[(z—t)2—z—zX]?+4z(z—1)?
with
z= wérz, X= szz t=w§72

where n; is from Eq. (24), the functionw,(y) from Egs.
(31), (33), andD(y) from Eqg.(33). The total absorption

Q'=Q. Q! (47)

contains six external parametetsng, 7,75, A, and#. Itis

the fit shown below demonstrates that for the absorption data
condition (49) is valid.

After the simplifications given above the integral in Eq.
(46) is transformed into the form

Q= ma(wo, 7,w0), (50)
q(wo, 7, wc)
arctaﬁ—+arcta \/E +c¢(z,X)
1+x+ xz (1+x)\/2—z\/§ ’
- %
(51)

and

6(20) = 5 {1=sg (1+%)2—2X]}.

The functionc(z,x) is only used to switch to another branch
of the arctan() function. The total absorption has now two fit
parameters- andng/ng. To extract these numbers from the
experimental data it is convenient to fit the combination

QM (@g™) _ve P(wo,7,0™)+ na(wo,7,0¢™)
Q Yw.=0) veP(wo,7,0)+ 11q(wo, 7,0) ’
(52)
where
r]e n,
ve=1 M= and vty =1, (53
S S
together with the definition of (™).
sQ~ 1!
5—wc|maxzo- (54)

Under these conditions there is no guarantee for a good

reasonable to assume tlthandng are well defined indepen- enough reproduction of the absorption line shape. Neverthe-
dently. The scale of can be estimated using known mobility less the fit shows a reasonable solution of this problem, see
calculations for 2D electrons on helium. As a result theFig. 5.
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1.6 g oo 1100, o= — FIG. 6. Dependence of free electron fractiopas function of
o 14t O free e~ part — - distance of bulk helium level below the substratq®) and ©)
= 1ol loc. e” part — are from fitting to all measured data. Both (@ and (b) the solid
_§ ; lines present the best fit with the same parametessasidT,. The
g- 1 dashed and dotted lines {g) show fits with differentT, but keep-
2 o8 ing a fixed, and in(b) with fixed T, but varyinga. This shows the
§ good agreement with one set of parameters to describe the mea-
N 06 sured data. The®), labeled(1) to (3), correspond to the same data
g 04} . . points as shown in Figs. 5 and 7.
& o2} .
'0 """" T T The fit procedure can be split into two parts: first we fit
. . . . . . X 1 .
0 01 02 03 04 05 06 07 08 the shr;pe of t?Q f ﬁ.at:? using Eqsi44), (47), (50), (52),
©) magnetic field [T] (54). The details of this fitting are presented in Fig. 5. One

can see a quite good reproduction of the feature®of in a

FIG. 5. Shown is the absorptio ! as function of magnetic wide range of the helium film thicknesses. In addition, one
field for up (A) and down {/) sweeps. The dashed and dotted can extract information about the electron fractions and the
lines represent the free and localized electron fraction, the full linecorresponding time relaxation as function of the helium film
is the sum of both fitted to the data. Fraq—(3) the helium film  thickness, see Figs. 6 and 7. The data are, at least qualita-
thickness decreases. (@) n.~67%, in (2) n,~60%, and in(3) tively, understandable), monotonically grows and+ goes
n.~49%. These three data sets correspond to the same labeled datewn.
points in Figs. 6 and 7. Secondly we try to explain the data shown in Fig. 6 and 7.

V1. FITTING THE EXPERIMENTAL DATA FOI’. the progress in the interpretation w_fr, our |n!t|al de-
scription is too crud€gsee, e.g., the simplificatiof49)].

To investigate the influence of the roughness of the underfherefore we cannot explain the details of the behavior of
lying substrate on the CR absorption we have set the heliunw7, Fig. 7. However, within the framework of the fractional
film thickness by adjusting the bulk helium level below the structure of the 2DES this problem can be, at least qualita-
Si substrate. So varying the distanicdrom small to large tively, described.
values changes the thickness of the helium filfinom thick We start from the simplificatio48), which looks reason-
to thin values. The typicaQ ? lines for the different film able considering the excellent fit in Fig. 5, using E(8),
thicknesses are shown in Fig. 5. It is evident that the CR44), (50). In explicit form the inequality(48) is reduced
quality decreases and the asymmetry of the absorption lint® the estimation of ”8"). Using definitionw? (31) with
increases as the helium film gets thinner. d,<10 % cm, e4~10, and the experimental value
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eter, just after crossing the poiht=0, is inevitable thinner
481 o (?) * 1 than on the main silicon area. And this should cause local-
ization of the edge electrons while the electrons above the
a4 | ° 1 substrate are still free. This, we expect, causes a sharp drop
in the free electron fraction which may well be around 30%.
8 @ Exact measurements in this range, however, still have to be
4r ] done.
Finally from the above numbers fdr, anda, using defi-
36 | * . 4 . nitions (56), (32), and(24), andng=10° cm 2 we get
[©)
3.2 e 2T,
1 2 3 4 5 8 7 8 9 10 11 A=——=8 nm,
bulk level below substrate (h) [mm] TENg

FIG. 7. Shown is the dependencewf on the level of the bulk
helium below the substrate surfade,The (O), labeled(1) to (3),
correspond to the same data points as shown in Figs. 5 and 6.

7*=3A%a%=(6 nm*.

These values, being in the nm regime, are reasonable and

=2710 s we estimate from{w,)= o the value typical for a real surface.

A2 B VII. CONCLUSIONS
<5'5">=3—4>1013 cm 2. (55)

n The consideration above is related to a quite general prob-
lem of the behavior of a 2DES on a liquid helium film in the
presence of a substrate with the usual surface roughness. The
se of a thin helium film is desirable to increase the values of
e critical electron density. However, simultaneously the in-
uence of the surface roughness grows and becomes an im-
ortant factor. The interaction of the 2DES with the substrate
oughness is not direct. Rather it is modified by the nonuni-
form profile of the helium film. Such a “screening” effect is

This estimation shows that a smooth approximati®®
for V, is not realistic enough. It has to be reduced, using
e.g., the potential energy between the pointlike charge an
the spherical dielectric instead of the semi-infinite dielectric.fI
Unfortunately the spherical image problem has no analyti
solution, see Ref. 31. To obtain an analogy to the problem OCF
the cylindrical image potential, we use gy, the expression

oA 2 especially strong if the roughness amplitudgx) exceeds
Vs — a , (56)  the equilibrium helium film thicknesst: 5(x)>d. Under
(data) [(d,+a)2—a?] these conditions the conventional perturbation theory does

not work, and the question arises, how to describe such a
quite typical situation.
a2=(5"8") "1, We here propose the two-fraction model to be suitable to
o ) ) describe the behavior of a 2DES whélix)>d. We have
In the limit a>d, expressior(56) is reduced td/, from Eq.  defined the density of the active tops, which is dependent
(25). o ) on the characteristics of the random rough substrate. The
If so, we go to the definition ofie (24) with n, from Eq.  definition of the localizedh, and free electron fraction, as
(18), E, =2mens andV, from Eq.(56). Using T, from Eq. 3 function ofn,, ng, T, andd, as well as the description of
(24) anda from Eq. (56) as a fit parameter we can explain the dynamics of the localized electrons is given. All this
the data in Fig. 6 with information has been used to interpret the CR data for 2D
_ _ 7 electrons on thin helium films. The most prominent feature
Te=3.19K and a=2.25<10""cm. of these data is the unusual asymmetry of the absorption line
The fitting lines, Fig. 6, are very sensitive to variations bothshape and its growing as the helium film thickness decreases.
in T, [Fig. 6@] and a [Fig. 60)]. Therefore the level of The two-fraction picture explains this asymmetry quite well,
accuracy for the above numbers is not realistic, but the scalgee Fig. 5. The developed fit program helps to extract impor-
of these numbers is reliable. tant information aboun; andn, from the experimental data.
It is necessary to note that the scenario presented in Fig. i addition, we can explain, at least qualitatively, the behav-
has some artificial correction. The “beginning” of all these ior of ng(h), see Fig. 6.
lines corresponds to the free electron behavior of the 2DES In the scenario presented here several approximations and
when regimen,;<n, takes place. But in this case the “pla- assumptions are made: we take the substrate roughness to be
teau” (i.e., the first three data points from the left side of Fig. Gaussian-like and one dimensional, we use the simple ac-
7) should be around 100% instead of the measured 70%. TOhm’s law instead of the self-consistent resonator response,
explain such a shift, which is not sensitive to the thickness ofve neglect a possible distribution in the time relaxatign
the helium film, we have to remember the geometry of oumpropose a quite naive modificatids6) of the potentialV,,
setup. The silicon substrate has a finite area with a shargnd introduce the influence of possible localized states along
perimeter. The equilibrium helium film around this perim- the perimeter of the substrate. Within these approximations

where
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