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Plasmon modes in low-dimension@uasi-one- and quasi-twoelectron systems floating over a cryogenic
(liquid helium among othej<ilm covering a solid substrate are calculated. Screening effects on the electron-
electron interaction due to the substrate are taken into account and the plasmon spectrum is evaluated in the
random-phase approximation. The spectrum consists of longitudinal and transverse branches whose frequen-
cies depend on the film thickness and the dielectric constant of the substrate. For a metal substrate the gapless
longitudinal mode has a dispersion quite different from that for the bulk case. The transverse plasma mode is
optical like with the gap close to the spectroscopic intersubband frequency.
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I. INTRODUCTION lium by the substrate is quite strong and stabilizes the
charged liquid surface at higher densifidsSecond, the

Electrons in surface states induced by the image potentisicreening of the Coulomb interaction by the image forces in
form a remarkable system confined to two dimensions thathe substrate reduces the potential energy necessary to crys-
has been used to study a rich variety of physical phenomen#gllize the system and thereby prevents the formation of the
The electronic system floats over a substrate which exhibits ¥igner crystal. In this sense, the quantum regiriie<E)
short-range repulsion and a negative work function. Thecan be achieved on a helium film supported by a substrate
most extensive studies have been made for the case of supdfih large dielectric constant. Densities of the order of
fluid helium, but other interesting insulating media such ast0t-10" cm “ have been _reporteet]‘. N
solid hydrogen and neon have been considered and other The possibility of the existence of an itinerant phase for

substrates with a negative work function are also possibleSES on a helium film at very low temperattfanotivates

There exist several types of image-potential-induced states me study of_the collect|\{e modes of the LDES whose density
the surface of metals but they decay rapidly in bulk states. can be continuously varied to reach both degenerate and non-

Surface electron$SE'S have been mainly investigated degenerate regimes. In the present work we calculate the

b h th surf t bulk liauid heli b ollective behavior of the multisubband LDES over a cryo-
above the smooth surface of bulk fiquid helium because Ogenic film. First we study the plasmon spectra for the quasi-

the quite small density of impuritie/apor atomsat Iow 4 dimensional electron systef@2DES. The longitudinal
temperatures and the weak scattering by surface exc'tat'orﬂﬁasmon mode for the screened interaction when only the
(ripplons. For T>1 K the SE scattering by atoms of the |owest subband is occupied has been calculated in the non-
helium vapor predominates whereas the interaction with ripdegenerate regime within the random-phase approxiniation
plons is responsible for dynamic properties at lower tempera(RPA) and within the Singwi-Tosi-Sjander-Land self-
tures down to 0.1 K where the influence of scatterers beconsistent field approximatiéh (SCFA), and also in both
comes negligible. This circumstance makes SE a unique to@lpproximations in the degenerate regiiné&low, we use the
for studying collective phenomena in the low-dimensionalmany-body formalism for the multisubband itinerant Q2DES
electron system{LDES) nearly decoupled from scatterérs. to evaluate the dispersion laws for both longitudinal and
However, an electrohydrodynamic instability of the surfacetransverse plasmons for arbitrasy. This allows us to reach
restricts the accessible range of electron densitiesidto both strong £€.>1) and weak £.=1) screening limits.
=10°cm 2.3 At these densities, the 2D Fermi enerBy The results obtained are rather general and can be applied
=7h?ng/m=3x10 2K for ns=10° cm 2. Then this to the LDES on a film of one medium at a semi-infinite
LDES behaves like a nondegenerate quasi-two-dimensiongubstrate of another one. However, we emphasize the case of
(Q2D) system down to 107 K.1 superfluid helium mainly because its surface smoothness, the
The situation is quite different when the electrons are depossibility of the LDES reaching both nondegenerate and
posited on a helium film of thicknestlocated over a solid degenerate regimes and different screening limits, and ex-
substrate with dielectric constaat>¢, wheree is the di-  perimental realization.
electric constant of heliumThe reasons are twofold. First, One should say that the study of the properties of SE’s
the range of electron densities attainable can be increasexer a helium film is indeed a difficult experimental task due
significantly because the van der Waals attraction of the heto the influence of substrate inhomogeneities which produce
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other scattering processes due to mterface rougﬁﬁsﬁpc . fo(Ext An) = fol ExaqtAnr)
charges trapped by defects, suppression of the film thickness 11 ,(q,w)= 2 —, (4
due to the electrostatic pressure, and others. Furthermore the ks o+ E+Aq—Egyq—An +iny

electron-ripplon scattering itself is modified considerably in

comparison with the bulk casé One hopes that experimen- SO WAV n
tal progress in sample preparation with smooth surfacegje energy of thmt_h sgbband,n is a infinitesimal positive,
should be made for studying the LDES over helium films. mar:)d s is the spin index. For nondegenerate Q2DES,
this connection theoretical investigations are timely. IT;,(q,®) depends on the Boltzmann distribution function
We also calculate the plasma dispersion relation of thdo(Ex+An)=exd—(Ex+Ap)/T] normalized by the condi-
multisubband Q1DES over a liquid helium film which hastion = s fo(Ex+A,) =N whereN is the particle number.
been realized in channels filled with liquid helidft®The ~ As was showhthe response function can be calculated ex-
Q1DES plasma properties over bulk helium have been invedctly in this case for arbitrary values qf n, andn’. For
tigated in the itinerant phaSeas well in the Wigner solid small g, one can simplify significantly the real part of the
regime?2 As far as we know, the formation of the nondegen-response functions in the range of frequencies satisfying the
erate Q1DES has been observed only on superfluid heliumgondition |wl|,|w= w,y|>#Agke/m+7g?2m  where kr
=y2mT/% is the thermal wave number and,;=(A,
Il. PLASMON SPECTRA FOR THE Q2DES —Al)/ﬁ. Note that the imaginary part of the response func-
tion is exponentially small in comparison with the real part
The many-body approach to the multisubband Q2DES isn that frequency interval.
based on a dielectric function tensor depending on 2D wave The response functiomgn/(q,w) for the quantum

numberq and frequency: Q2DES  with fo(Ex+A,)=[expE+A,— u)/T+1]

where u is the chemical potential, can also be evaluated
€nn'mnr (0,@) = Snmdn’m' = mm (D) e (9, @) (1) exactl;}%mfor n=n’. Fornin’, we find that forq—0 it is

Here I,y (q,) is the screened density-density responsesimpler to calculate the response function directly from Eg.

function with 8,,,, being the Kronecker symbol. The matrix (4) for T<Eg in the limit of |w|,|w* wy|>figks/m

elements of the Fourier-transformed Coulomb potential aver-+#qg?%/2m.?® Now the Fermi wave numbekg= \27ng re-

aged over the electron wave functiogg(z) of subbands placesk;. Note that the imaginary part of the response func-

with indices n, n’, m, and m’ (equal to 1,2,3...) tion should be taken to be zero in this approximation.

Unn'mm () are given bg?*24 From the structure of o(E,+A,) in both nondegenerate
and degenerate regimes one concludes that, due to the expo-

whereE, =#%2k?/2m, k is the 2D electron wave vectak,, is

’ ()= jdedeZ, (Dx(2) nential dependence df(E,+A,) on A,/T, the contribu-
nnvmn (Q) = | A2 | A2 Xn(Z)Xn! tion of fo(Ex+A,) and fo(Esq+An) to Eq.(4) becomes
) ) negligible forn,n’=2, in comparison with that ofi or n’
Xv (@) xm(Z" ) xm (Z"), (2 =1 whenT<A,—A,. Inthe absence of the electric fielid

which pushes the SE’s against the helium surface, one has
ész—AlzG K and the shift increases significantly &,
#0.21" As a result, forT<1 K, the occupation of the

=2 subband is negligible because the probability of SE’s

wherev(q) is the bare electron-electron interaction anid
along the perpendicular direction to the electron layer. Th
electron motion is restricted ta>0 due to the approxi-

mately infinite potential barrier at the liquid-vapor boundar
atz=)(;. P q P yescaping from then=1 subband is proportional to

The spectrum of collective modes for the multisubband®XH —(8,—Ay)/T]. Furthermore, forE, #0, the difference

system can be found by the condition of the vanishing of the?&tween the subband energrésandn increases by increas-
[n"—n|. Furthermore, film effects do contribute to a

determinant of the dielectric matrix given in E@), i.e., ing _ rmore \
large effective holding field acting on the SE’s. In such a

detenn mm (9, @)| =0, ©) condition one disregardd (¢, ) with n,n"=2 in Eq.(3)
and obtains the following dispersion equation:
which cannot be solved analytically for an arbitrary number

of subbands leading to an intricate equation for coupled intery —;, . (119 (q,0) —v D (g, ) +T19(q, w)
subband and intrasubband plasmon mddés.order to ob- Wl (g 124 DL 0 21(0.0)]

tain an approximate solution of E¢3) one should analyze 01114 DV 12149) — 31249 ]
both the response functiohk,,y (g, ) and matrix elements
TS ; X [§9(q,0) + 115)(q,0) 11 (q,0) =0, (5)

The response functions are evaluated within the RPA,

Even though the RPA works well only for weakly interacting }Ixht?\f Ig]ne E\?vzlvg?éf ?P: tlrmeitrzséponse functions can be written
systems, previous studies for the Q2DES many-body proper- 9 9

ties beyond the RPA have shown that the excitation spectrum

does not change appreciabfyt>?>2% In the RPA, the 0 _ N¢? 3Eq’
X ! . L Rellj1(q,w)= 1+ (6)
screened density-density response function, appearing in Eq. Ma? Maw?
(1), is taken as the noninteracting response function, which
for the multisubband system is given®y and
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REI194(q, )+ 115(q, )] and defining the image force acting on the electron located in
~ the point {r,z} as fi,=—[Vou(r',z")]|; =r2=,. Only
2Nwy; (w3,+3w?)Eq? (fim),=—dV(2)/9z does exist, where the potential energy
= 7w’ — w2, 1+ m(w?— o) V(z) coincides with the first two terms of E¢1L0).%°
21 21

As is known an analytical solution of the ScHinger
equation for the potential given by E(L0) is obtained only
, (7  for E, =Q;=0 orQy=Q;=0.""In the two-subband model,
x1(2) and x»(z) can be determined by the variational
method with variational parametesg and y,. Trial wave
functions were proposed ¥s

(w51 + 0)hg?

2_ 2
2Mwyi(0°— wy)

whereE=T(E) for the nondegeneratelegeneratecase.
The next approximation to Ed5) is based on the struc-

ture of matrix elements1114(0Q), v12149), andv1114q). In o3

a previous work v muy (q) Were evaluated for SE’s over x1(2)=2y1zexp— v12) 1y

bulk helium. For SE’s on a helium film the electron-electron

interaction is much more complicated. To calculate it, weand

solve Poisson’s equation for the electrostatic potential

o{r’,z'} from an electron afr,z} wherez>0 and the he- 2.3v5% Yt vs
lium film is located at —d<z'<0. Using standard  x,(z)=—; > 1/2[ —| —5—|z|exp — v,2).
methods>® we find that (Y1=v172t72) 3
(12)
"oy — 2me —q|z—2'| —qlz+2'| '
¢q(2',2)= S_q{[e +Fi(qd)e 16(z") The variational procedure was described in Ref. 2 for the

bulk case — ). Here we generalize the method for finite
+[Fy(qd)e” 1721+ Fy(qd)elz 7o (-2) d adding the energies

X O(z' +d)+2F,(qd)e” 9= Zlo(—z' —d)1,
t)

AP =—Qeyy[1-2y,d—4(y,d)?

where® (z) is the step function anflis the area occupied by X exp2yd)BI(=27,0)] (19
electrons. The functionB;(qd) which appear in Eq8) are 5
Fi(x)=[es—s°—e(ss—1)coth®)Vf(¥), F(x)=g(x)(es
+e)e*, Fz(X)=—9g(X)(es—e)e ¥ 7292 and Fy(x)
=eg(x)e* with f(Xx)=est+e?+e(es+1)cothx and g(x) (d_ Qe’y, 2 , 2
=[f(x)sinhx]~*. The Fourier transform of the Coulomb po- Ay'=- 22— y17o+ 72} 717271727375 §(7Zd)
tential is obviously written as Lo 2
2me? : : ><(71+72)2+E7§[3+(71+72)d]2

v(@)= g le = Figde == (@ 3
for z'>0. Note that foz=z'=0, the Eq.(9) reproduces the X[1—27y,d—4(y,d)%exp(2y,d)Ei(— 27y,d)]
expressions for the Fourier-transformed potential for the
electron pair located ar=0.%"1 For d—, F;(x)=(1 (14)

—¢&)/(1+¢) and Eq.(9) coincides with the well-known ex-

pression v(q) =2me* 26”92 ~2/Sq where e* 2=2e?/(1  to the energies\; and A, given by Egs.(8c) and (8d) of

+¢), for SE’s over bulk helium if we take into account that Ref. 2. Here Ei) is the integral exponentiah{® and A

e=1.057=1.223 are due to the SE polarization coming from the solid sub-
In order to calculate ., mmv (Q) using Eq.(2) we need the strate. Obtaining the subband energies for fidiene deter-

subband wave functiong (z) of the potential in the direc- mines the variational parameters in a straightforward

tion given by’ way 3233
Using the trial wave functions given by Eq41) and(12)
Qé? 5 St one can calculate the matrix elements exactly for arbitrary
V(z)=- 4z Q.e “ z+nd +ek,z, 10 values ofg. The calculation is, however, rather cumbersome.

For this reason we restrict ourselves to the long-wavelength
where Q=(e—1)/(e+1), Q;=e(es—e)/[(1+€)%(es limit g<71,72,d" 1 where the subband matrix elements of
+e)], A=(e—1)(es—¢&)/[(e+1)(este)], and the third the Coulomb potential are given by
term appears in Eq.0) for E, #0. The solid substrate is

located atz<—d. The first and second terms of E@LO) o2 30 212] 9 902
correspond to the image potential felt by the electrorz at v1114(Q) = ame d(qd)| 1— _q+ ll + 2929 ,
>0 in the vapor phase. Equatiddi0) can be derived by Sq Y1 492 8y1 442
calculating the inverse Fourier transfoer(r’,z’) of Eq. (9) (15)
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) )_27762 al, 32 . 16392
121297 "gg “anzy S(y1+ 72 B(y+y,)?
32 q q )
+ —d(gd — , 16
5 (qd) Y1t Y2 Y1t Y2 (16)
and
_ 2me? af, 36 36% & 6°
UlllZ(Q)_S_qamzy_o t Tt 10 10 80
3
Y2
x| 14+ — [1—q’(qd)]}, (17
Y1
where ®(x)=[e+e& coth @), vo=MAo/h2 aio1

=60y Y33l [(v1+ ¥2) "(¥i— y1v2+ ¥3)],

@111~ 1280V3723 2yl [ (V3= y1v2+ YD) YA y1+ 72)

X (3y1+v2)°%],

and 6=1+2vy./(y1+7y,). For realistic values ofd and
E,, aprag~10 1 One estimates
v11119)v12140)>v3,,{q) in the long wavelength limit.
This allows us to disregard;;1Aq) in Eq. (5). In such a
condition, Eq.(5) splits into two independent equations

1-vy5()P(0,0) =0, (18

1= 01 [ 1(q,0) + 11 (q,0)]=0, (19

which give the plasma oscillations over helium films, by

considering only virtual transitions from thme=1 subband to
the first excitech=2 subband. Equatio(iL8) describes lon-
gitudinal intrasubbandplasma oscillations whereas Ed.9)
determines the spectrum of transvenstersubbandoscilla-
tions.

Equationg6), (7) and(18), (19) constitute the set of equa-
tions which allows us to evaluate the plasmon spectrum in
both the nondegenerate and degenerate Q2DES’s on a he- (%)2:

lium film.

A. Longitudinal intrasubband modes

Writing the plasmon frequency as= wq—iky we first

evaluate the real pazt;'q of the longitudinal branch. In the

limit of qd>1, which is attained fod—« at fixed g, we

that

PHYSICAL REVIEW B568, 195403 (2003

(e2—e?)qd

P(ad)= e(egtl)

(es+1)

(e5+e?)(e5—2?)(qd)?
e?(est+1)?

In this limit, the longitudinal plasmon frequency can be writ-
ten as

(20

2_¢)qd
1+—(ss—— a, (esme)ad
8 3/ y1  e(egtl)

[w}]?=wi(q)

3(e+1)E
+ (85 )q

(21)
47rnge?

where we keep, in the brackets, the terms lineag.iiNote
that the overall structure aa‘»'q, given by Eq.(21), is similar
to that of the longitudinal plasma branch for the Q2DES over
bulk helium? However, now the frequencywé(q)
=4mn.e?q/[ (es+1)m] instead of 2rn.e?q/m and the third
term corresponds to a finite thickness effect. The additional
term 9(—5/3)(q/8y,) is positive fore,>5/3 whereas it is
negative in the case of bulk liquid. The terms in brackets are
very small compared with 1 and{q is nearly given byw.

For e,qd/e>1, long-wavelength limit d<1), and
strong screening effectg 1) one obtains

(e5-2%)qd
g(egt1)?

ss(ss+82)qd

8(85_82)

d(qd)=

(est1)

ss(ss—i-sz)2 1
el(est1)(ei—2e?) 3

(qd)z] : (22)
For a metal substratgg| =), Eq. (22) reads as

qd

—+ ) (23
€

d 1 1
cb(qd)zq;{l— ;—g)mdﬁ

The longitudinal mode dispersion for strong screening ef-
fects reads as

eglegt 82)qd

Be(ei—&?)

a

B Y1)’

where ui=4mB(e2—e?)e’nd/me(ss+1)? and B=1
+3s(es+1)(3es—5)/8(e2—£2) y,d.

, 3E
U0+F

q2+w3(q)H 1-

3 e(egt1)(3es—4)

4(e2—e?)yd

(24)

reproduce the results for the nondegenerate Q2DES over As one can see from E¢24) the spectrum is given es-
bulk helium? The results, however, are quite different in the sentially by two terms. First, an acoustic like moete and

opposite limitqd<<1 for thin films and smalt;. The plasmon
spectrum depends, in a crucial way, on the functiofqd)
which appears in Eq9415) and (16). In this limit ®(qd)

depends on the relation betwegnande. When both dielec-

tric constants are comparable, even thougk e, the con-
dition e,qd/e<1 is fulfilled and®(qd) behaves as

the second one is the usual behavieq'/2. By increasing
the last term decreases and vanishes|égr=. Then for
the metal substrate one obtains an acoustic dispersion

d/e+3qg/v,+9eq/yd
o P 2 1_q a/ y1+9eq/ 3 |
a 1+9¢/8y,d

(25
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T T T T T g T g where wgp=2mn€%a,1,/%y,. Because the term in the
| — = -neon ] brackets depending og is quite small compared to 1, the
metal dispersion of this mode is negligible. Then screening effects
from the substrate slightly modify the transverse plasmon
- spectrum in contrast with the longitudinal one given by Egs.
-z (24) and (25). We observe that the transverse mode has the
_- . optical gap w3,+ 2w,,wsn] Y2 atq=0 manifesting the effect
- ] of depolarization shift relatively to the one-electron spectro-
- scopic frequencyw,,. For large enoughg, wg, can be
P . comparable tav,;. As an example, for a metal substrate and
. ] d=10"%cm, wy=wsy=10"0s1 for ng=3x10" cm 2.
s On the contrary, for smalleng, the depolarization shift can
1F, . be discarded.
’ ] Concerning the plasmon damping, the imaginary pgrt
A in the degenerate regime is zero within the accuracy of the
0 . L . L . L . L . calculation of the response functions. For the nondegenerate
0.00 0.02 0.04 0.06 0.08 0.10 . . .
system,«y decays exponentially and can be estimated as it
was done in Ref. 2.

Frequency (GHz)
\

Wave number (cm'l)

FIG. 1. Longitudinal intrasubband mode frequency for the de-
generate Q2DES for a helium film with thickneds=10"% cm Ill. PLASMON SPECTRA FOR THE Q1DES
(lower solid ling and d=5x10"°% cm (upper solid ling over a For the many-body Q1DES laterally confined by a para-
metal substrate and neon substrédeshed ling The frequency . . _ 2 o
. . . : qbo||c potential  V(y)=mwg,,y/2, where  wgons
scale in the case of a metal is MHz. No marked difference is found” e 12 ; . con *
in the mode spectrum in the case of neon for these film thicknessesT(e T /mR)“* s the confinement frequencl] is the ef-

The relevant parameters dg=3 K, n,= 10 cm™2. fective holding field, ancR is the curvature radius, the di-
electric matrix €, mm (dx,®) is similar to that of the
with Q2DES given by Eq(1), but nowq, is the 1D wave number

along the channel axisx].? The labels correspond to the
3E electron subbands in thedirection. The plasmon spectra are
o (26)  still defined by Eq.(5 and are reduced, fofiwy,>T
(A weon=0.8 K for E* =3 kV/cm andR=5x10"* cm), to
which reproduces precisely the results for the longitudinaEgs. (18) and (19) for longitudinal (along the channgland
plasmon in the Q2DES over a metal substrate obtained itransversgacross the channeplasmons.
both the RPA® (except by the effects of the finite width of ~ The exact response functions for the nondegenerate
the electron layer manifested by the term 9e/8y,d) and  Q1DES were calculated, within the RPA, for arbitrary sub-
in the SCFAM415 band index andj,.? However, when we consider film ef-
The spectrum for the longitudinal modes of the Q2DESfects, one cannot exclude the possibility that the quantum
for solid neon and metal substrates is depicted in Fig. 1. Weegime can be achieved at high linear densities For in-
can see that the acoustical behavior is typical for a metadtance, the 1D Fermi enerdst'®) = 722n2/8m=10"1* K,
substrate while the usugl’?> dependence is observed for the for n;=10 cm 1. Note thatn, is the inverse of the mean
neon substrate. The dependence on the film thickness is weHterparticle distance along the channel—i.enflza. The
pronounced in the case of the metal but is negligible for the:a|culation of the response functions is rather simpleTor
neon substrate, because in the latter case the screening efg. The results afé
fects are not strong.

9¢

4mnge’d
= +
8’)/ld

em

U2

ReI1® (. @)= —N—In ?— (Ve —higx/2m)*
i !w = 1
B. Transverse intersubband modes 11\Ux 2h0 0y wz—(v,:qx+ﬁq>2(/2m)2
We consider now the transverse mode whose dispersion (28)
relation is defined by Eq.19). Using Egs.(7) and (16) one
writes the dispersion equation in the long-wavelength limit Rngz(qX,w)Jngl(qx,w)]
as
N | wz—(wo—quX+hq§/2m)2
= n
3240 2fiveq 2_ (wo+ +hg22m)2 |’
0 %= 02+ 2wwep 1— S Fx | 0= (wot+vedyt+7qgs/2m)
Lol =zt 2oa0s 1750 04
(29
32(s2-¢?)q%d (14 3wg2w,1) EQ? where v =7fin,/(2m) is the 1D Fermi velocity. The
+ So(ot 1) (7ot 72)+ mo?, ; imaginary part of the response functions is zero.
S S

We point out that in the long-wavelength limit the real
(27 part of the response functions is given by similar expressions
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05

for both nondegenerate and degenerate regimes and are tl

same as Eq$6) and(7), butq, replacesy, wy1= wconi, and | = = —neon )’
E=(2/3)E in the degenerate limit. As for the Q2DES, the metal 4
imaginary part of the response functions is nonzero only for 04r /' ]
the nondegenerate Q1DES and is exponentially small in the I ’

long wavelength limit.

The Q1D Coulomb potential is calculated from Poisson’s

equation and given by

* 2

e
L—[Ko(|Qx||Y'—y|)
X

—oKo(a V(Y —y)?+4d?)],

where L, is the system size in thg direction, o=2¢(eq
—&)l[(1+&)(este)], and Ky(x) is the modified Bessel

v(0y) =

(30

function. To calculate the matrix element we employ the

usual harmonic oscillator functioris>® It is not possible to

=4
»

]
~
1

Frequency (MHz)
o
[ ]
1
N
]

ol ’ 4

00 L 1 . 1 . 1 . 1
0.00 0.04 0.06 0.08

0.10

‘Wave number (cmfl)

evaluate the matrix elements for arbitrary subband indices. FIG. 2. Longitudinal mode frequency for the degenerate Q1DES
However, in the two-subband model, we can use the explicifor d=5x10"°% cm over a metal substraisolid line) and neon

form of wave functions for the lowesin& 1) and first ex-
cited (n=2) subbands to calculaig 111(0y) anduv214{0y)-
One can easily show that the matrix elemept;q,) =0 in
Q1DES not only for bulk heliurif but also for a helium film.

A. Longitudinal intrasubband modes
The diagonal matrix element is

*
-x?/2
v1111(0x) = 7 L, e

2 80.2 1/2
eqxl /4K0(q2|2/4) ( ) f
™ 0

X Ko(|aul | vx2+4d?/1%)dx|,

(31

wherel = (A/Mweon) Y2 and we restrict ourselves to=1 in
the series of Eq(10).

In the most interesting limitg,l| <1, the asymptotic ex-
pressions depend strongly on the relation betwleand d.
Note thatl decreases slowly as a function Bf and is=3
X 10 8<R~10*-10"2 cm for E, =3 kV/cm.

1. Thick films
If d>1 (relatively thick filmg, one has

* 2
° T exXH A1) Ko(al1%4) - 20K o210,
(32

v1111(0y) =

and two limiting cases can be analyzed.

(i) For |g,d|>1, Ko(2|g,d])—0 and we reproduce the
result for the Q1DES over bulk heliuffi

2e* 2

v1111(05) = I In (33

lau |

From Eq.(33) the following dispersion law for the longitu-
dinal plasmon, calculated using E@.8), is given by

substratddashed ling The frequency scale in the case of a metal is
kHz andEr=0.1 K anda=n,; }=10"% cm

* 2 1 3Eq?
2 X
In +
a Mg

m
The first term of Eq (34) is the well-known result for the
longitudinal modé&' and the second term is a small correc-
tion.

(i) However, in the more interesting limits),/|<1 and
|axd| <1 we obtain

of () = — (34)

|axdl”
v =—In—" 35
1111(0x) L, o] (35
and thereby the plasmon spectrum
|a,d|”  3Ea;
z + : 36
o (gy) = qx |qx| | m (36)

The contribution of the second term is small in compar-
ison with the first term for any reasonable parameters. For
a metal substrate e(=c, and o=1), v1111(0x)
=(2€*?/L,) In(d/l), and the dispersion relation is purely
acoustical (qy)=Cjq0y, With C|q (2e* 2/ma) In (d/l)
+3E/m. A typical value |sc| =2.4x10° cm/s ford/I=3
(hereafter we taka=10"* cm) which is nearly 3—4 times
smaII%r than the sound velocity in Edq34) for |qg,l|
=10"".

In Fig. 2, we show the longitudinal modes of the Q1DES
for metal and neon substrates obtained from &6). The
acoustical mode behavior is seen in the case of both sub-
strates.

2. Thin films

Whend<| and for asymptotic limits ofq,l|<1, |g,d|
<1, we obtain

* 2 1
U110 = —— | (1— 0’)|n| |+(27T)l/20'(d/|)

(37
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Values ofo depend strongly on the substrate dielectric con- If |g,l|<1 and|q,d|<1, the transverse mode is still de-
stant ando=1.03 at|es|—. It means that, for a metal scribed by Eq.(39), but now wlf =[1— ol%/4d?|e* ?/%.a,
substrate, the second term in E§7) should be larger than shifting slightly to lower frequencies in comparison with the
the first term. In this case one can disregard the logarithmigulk case.

term whend/1=0.2 for |q,l|~107°. In such a condition,

v1111(0) = (2%271%e* 2)(d/L,l). The longitudinal mode is 2. Thin films
still acoustical, but trle sound velocity is nowj, For d<I and|q,l|<1, |g,d|<1 the transverse mode is
=(2%27Y2de* 2)/mal+ 3E/m=2.1x 10° cm/s. written as

B. T intersubband mod e 2q2

. lransverse Intersubband modes X
o wf(qx):wg—(l—a) | ||+2w0w§E
In contrast to the Q2DES, both longitudinal and trans- O

verse plasmqns of the Q1DES are copnected with the quan- (1+3w;5/2w0)~E (1+ wéﬁ/wo)ﬁ ,
tization requirement along thg direction. Therefore one %! 1+ azt,
should expect strong screening effects from the substrate not m(wip)? 2moip

only onvq414(0y) but also onvq514q,). Indeed the general

expression fow1,14{q,) can be written as (40

WherewlD—(e* 2lha){1—o[1— ﬂ(dn)]} For a metal,

e’ o21%/4 22 Sh P=(2m)Yqe* 2d/hal]. We estimate wlP=1.8x 10"
V12146 = ) € T Kol ol ™/4) 1 for d/I=1/3, which should be compared with g
11
~101 s
12
T 2] W1 o a1 %/2) IV. CONCLUDING REMARKS
X
82\ 112 . We have studied the collective modes of Q2DES and
_<i % f e7x2/2(1_X2) Q1DES floating over a cryogenic film deposited on a solid
™ 0 substrate. We have shown that screening effects from the

substrate lead to essential modification of the plasmon spec-
5o trum in comparison with the bulk results. Special attention
X Ko(lad | Vx*+4d?/! )dx], (38) was given to the case of large, where the liquid-phase
) ) . region in the planer(,T) of the Q2DES is considerably
whereW, ,(X) is the Whittaker function. enhanced for small.*? The dispersion relations for longitu-
o dinal intrasubband and transverse intersubband plasmons
1. Thick films were calculated in both the nondegenerate and degenerate
Evaluating the asymptotic expression tbr | in Eq.(38),  regimes. The Q1DES itinerant phase was also considered for
when|q,d|>1 and|qg,l|<1, we arrive at the result for the thick and thin films in the limit of long wavelength. We
QIDES over bulk helium, vy{a)=(e*?/L)[1 found in both ES’s a Goldstone mode spectrum for longitu-
—(9212/2) In|ql| %], which leads to the transverse plasmadinal plasmons and an optical transverse mode with negli-
spectrum branch gible dispersion. The value of the mode gap is nearly given
by the spectroscopic transition frequency between the ground

) ) * 2 2 . and first excited subbands. The mode frequency dependence
wi(Ox) = wg— “ma “In— To.| T 2wowsyy on the electron density was also estimated for a certain range
o of electron densities.
[ (1+30iP2w0)E
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