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Plasmon excitations in nondegenerate quasi-one-dimensional electron systems
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The many-body dielectric formalism is applied for the laterally confined nondegenerate electron system over
the liquid helium surface. The density-density response function dependent on the wave number and frequency
for the multisubband quasi-one-dimensio@lLD) system is evaluated within the random-phase approxima-
tion for arbitrary values of wave number and subband index. The spectra of both intrasubband and intersub-
band plasmons are obtained in the limit of small wave numbers and low temperatures. The intrasubband
plasmon dispersion is almost soundlike and similar to that of intrasubband plasmons in degenerate Q1D
systems and in the Q1D electron chain. The intersubband mode is optical-like with frequency close to the
one-electron frequency related to the lateral parabolic confinement. Intra- and intersubband magnetoplasmon
frequencies are also derived. Our results are compared with recent spectroscopic experiment.
[S0163-182608)50502-4

A collective excitation spectrum is one of the main fea-with superfluid helium and formed between two polymer
tures of charge systems which depends crucially on the sysheets meeting at sharp aniteDue to the action of a large
tem dimensionality. As is well known, the dispersion law of holding electric fieldE, along thez direction, electrons are
two-dimensional2D) electron systems does not show a gaplocated mainly near the bottom of the channel. The liquid
for a zero wave number in contrast to plasma oscillations irsurface profile has approximately a semicircular form which
3D. Hence the great interest in studying plasma oscillationsan be described as=R(1-\1-y%/R%=y?/2R for y
in quasi-one-dimension&Q1D) electron systems especially <R whereR is the curvature radius for the liquid in the
in view of the great technological progress in the fabricationchannel. If one moves the electron from the bottom of the
of semiconductor structures where motion of carriers is latchannel §=0), it is subjected to the potential(y)
erally restricted and they behave like a degenerate Q1D sys= €E, z(y) =mw3y?/2 leading to its confinement in thg
tem at large densities. Collective oscillations in a degeneratdirection with a characteristic frequenay,= JeE, /ImR
Q1D electron system were investigated rather intensivelfHence the electron motion along thedirection has an os-
during the last years both theoreticdly and cillatorylike behavior and a Q1D multisubband electron sys-
experimentally’® Das Sarma and co-workéré and Hu and  tem is formed on the helium surface with free electron mo-
O’Connell? by using the many-body dielectric formalism, tion along thex direction. In the presence of a magnetic field
derived the dielectric function dependent on frequency and® along thez axis!® the one-electron wave function and the
wave number for the Q1D degenerate electron system anshergy  spectrum can be  written as Pn ik,
employed some approaches for the calculation of the spec- expk,X) o) xi@/NL, and En,|=ﬁ2k)2(/2m* +(n

trum of plasma oscillations in multisubband Q1D systems, 120 +4, . respectively, where, is the 1D electron

Wh'(.:h allowed them to cqnsnder plasma osqllanons not o_nlywave numberL, is the size of the system in thedirection,
in isolated quantum wires but also in quantum-wire

Y . ; . andy,(z) andA, forn=0,1,2, ... ,[=1,2,3, ... indicate
superlattices:” Plasmons have been also investigated withing  “‘alectron wave function and eigenenergy in theirec-

the hydrodynamic model by solving the equation of mOtiontion. The effective electron massiis* =m(Q/w)? and the

and the continuity equation in the case of a lateral paraboli . S o o -
confinemerftand by considering the strip geometry. %yb”d frequency i)' =wot wg, With o.=eB/mc. The

Theoretical and experimental studies of Q1D Systems inean electron distande) from the surface well satisfies the

semiconductors stimulated interest for realizing Q1D elec-cond't'on<Z><R which al!ows treating they, anda, in the
me manner as for SE’s over a flat surfdc&he energy

trons using the well-known nondegenerate surface electron® . .
(SE’s) on the liquid helium surfac Such aclassicalQ1D gap; betv;/eer; the groun(tﬂhzéO)l%nthPe ?]rsltj_excr;.e(il(lj(:l)b
electron system can be used for the understanding of diﬁelsigggc\?/ ever IS hr_nore an c()jr_ 0 'né’ r:e S a_s_\l/_e
ent physical phenomena including collective excitations. cm. For this reason we can disregard the possibility
Very recently, mobility data of SE’s in Q1D arrays over a Of electron escape from. ground level in the temperature
suspended ,thick helium fith and conductivity range belw 1 K and restrict ourselves by the consideration
measurement$, as well the observation of magnetoplasma®f 1€ ground surface state with=0. The wave function
resonance¥ in the system of SE’s on helium in microfab- describing the electron motion along thedirection is

ricated channels have been reported. )
In this paper, we investigate from a theoretical point quo (y)= exd — (y-v)

view the collective excitation spectrum of the electron sys-"" 771/4yé/2 J2Mn! zygS

tem confined to a parabolic potential in a Q1D channel on

the liquid-helium surface in the framework of the many-bodywhereyg=yA/mQ, Y= —f ok, /mQ? plays the role of the

dielectric formalism. We consider a solitary channel filled center of the electron orbit, artd,(t) is the Hermite poly-

y—Y
n

YB )1 W)
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nomial. It can be shown that the inequality yn2><R is ful- ,

filled in a wide range of holding fields giving support to the Uij,nn’(qX):J’ dyf dy’¢i(y)e;(y)

use of the parabolic potential approximation for confinement , , ,

in they direction and typical values of(y?) are of the order XVo(@x, Y=Y ) en(y e (y').  (4)

& 11
of 107°~10"° cm even fom~10’. Hu and O’Connefl have shown that the integrals in Ed)

First we consider the case &=0. So,Y=0, 0=wo,  can be calculated analytically f@=0 giving a nonzero

and  yg cclJ;ncides with  the localization  length yegyit wheni+j+n+n’ is even and zero when the sum is
Yo=Vhi/mwo.”" The general expression for the dielectric odqd. In particular,
function in the multisubband Q1D electron system can be

written ag*® e*? azys azyg) e*?
voo,0d Ux) = . 8R4 Ko 4 T L In
Eij,nn’(w:QX):5in5in’_Uij,nn’(qx)Hnn'(wuqx): i) x X

wherell,,, (w,q,) is the density-density response function, in the limit of g,—0. _

dik is the Kronecker symbol, ang; ,, are the matrix ele- The density-density response functidp . (w,dy), which
ments of the Coulomb interaction=e*?/|r—r’| acting be- ~appears in Eq(2), can be taken in the random-phase ap-
tween electrons, with a renormalized chamje=[2e?/(1  Proximation(RPA) as the noninteracting response function
+&)]Y2 wheree=1.0572 is the helium dielectric constant, Of the multisubband system given as

located at coordinates={x,y,z} andr’={x’,y’,z'}. In or-

der to obtain the expression fof; ,, , we need to evaluate 0

the Fourier transform of the electron-electron interactionHpn (@,0x)=
Disregarding small electron displacements alongztiérec-
tion (of order ofy?/R), we easily obtain the expressfon

|axYol ®

fO(Ekx+An)_fO(Ekx+qx+An’)

Koo fiw+Ey +An—Ey yq —Ap+id’

(6)

whereA =% wy(n+1/2), Ex = ﬁ2k§/2m, é is a infinitesimal
positive, andr is the spin index. In degenerate Q1D electron

Vo(aye,Y—Y')=2(e*?/L,) Ko(|adly—y']), (3)  systemsfo(Ey +4;) is simply the Fermi function which is
whereKy(x) is the modified Bessel function. In the bare 1D usually approximated by the step function. However, for the
case §=y'), Vo(a,y—y') diverges logarithmically for all nondggenerate electr_on systégis taken as the Bpltzmann
0x. However, the finite scale of the electron IocalizationfunCtlon _fP(Ekx+A“)_exq_(Ekx+A“)/T]’ normallzed by
along they axis, even in the one-electron approximation,the condition=,  ,fo(Ex +An)=N, whereN is the total
allows us to find a finite value of the matrix elements of thenumber of particles. Making the substitutions, the general
Coulomb interaction by simply averagingy(ay,Yy—Y’) expression of the response function for arbitrggy n, and
over ¢,(y), which come from the confinement potential:  n’ reads as

— 2N[exp( —nhwo /MU )

h—exp—n'hwg /U]

(0) _
Moy (@00 = fige U] 1+ coth(Z wq/2T)] @)
|
Where(+l)JT= V2T/m is the elec_tron thermal velocity 1 (= yexp—y?)dy
and {,./(0x) =Npw £AG/2mup with Ny = (w/guur)[1 W(§)=\/—; L y—i-is
+ (wo/ w) (n—n")]. The functionU(¢) is given by the in-
tegral
~ exp(—y?)d through the following equations:U ()= (1/0) [W({) —1]
=] SE (® and  AU()IIL=-2W(0), where  REW({)]=1
Vil y={=i ~27e” 1§ exp)dt and InfW(z)]= mze &
Note that this function is related to the well-knowv func- In the limit g,<k, (note that in nondegenerate systems,
tion which appears in the plasma thetry k,~kr=+2mT/#), the response function can be written as
|
N[exp(—nfhwg/T)+exp(—n'hwy/T)]
(0)
I—Inn’(qux)z -

T[1+ coth i wg/2T)]

X W(Nyp)+

exp(—nﬁwO/T)—exp(—n’hwo/T)) muy

U(Annr) |- 9
exp(—Nfiwg/T)+exp(—n'fwy/T) | hox ( )} ©
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The plasmon spectrum of the multisubband system is deteitinerant phase coincides with the longitudinal branch of the

mined by the roots of the equation spectrum of the 2D Wigner crystal.
The intersubband plasmon spectrum in the limit of small
det €jj, o | =0. (10 gy, which follows from Egq. (11b and taking vgyo;

~a*x2 5 ;
At temperature§ <1 K, the energy gaji w, between sub- e"*/Ly,” can be written as

bands with differenn is of the order ofT (Ref. 11 and the >3
occupation of all subbands have to be taken in account. In _ /|, 1+ \/1+ 14 2aT\|hqgy 14
such conditions, Eq10) can be solved, in the general case, ' = ° fhwg ex2 | mT ||’

only by numerical methods. Analytical solutions become,

however, possible at low temperatuf&#w, where only  The frequency of this mode starts from the frequengyof

the ground subband=0 is occupied by the electrons. the confinement potential gt.=0 and is slightly shifted, as
We here restrict ourselves to a two-subband model andy increases, by the small quantityr 2t wq. This is a mani-

considern, n’=0, 1. In this case Eq(10) splits into two festation of the effect of depolarization shift in Q1D

independent equations systems. For a sake of comparison, one could remember that
the dispersion of transverse oscillations, calculated in the
1-vg0,0d 153 (@,0,) =0, (118  quasicrystalline approximation, starts from the frequengy

atq,=0 and decreases with increasinpg 1?°Equation(14)
1-vorof 1Y (0,00 + 1% (w,q,0]=0 (11  exhibits similar behavior ofvi(q,) in the itinerant phase.
_ _ Note also that the Landau damping is sm@l}< wq, for the
and the coupling between collective modes appears only ifnodes described by Eq&l2) and(14).
one takes into account higher subbands. Equdfids gives Now, we use the same approach to study the influence of
the intrasubband longitudinal plasma excitations with a magnetic field on the dielectric response of the nondegen-
charge-density oscillations in thedirection(along the chan-  erate Q1D electron system. In the presence of a magnetic
nel axig and Eq.(11b) determines the frequency oftersub-  field applied in thez direction, the matrix elements of the
band excitations in they direction. Puttingm=wq—iyq We  Coulomb interaction will also depend &5 becausep,(y) is
obtain, from Eq.(11a and through Egs(5) and (9), the  dependent ork, throughY. Hence the calculation of the
following expression for the dispersion law of intrasubbandspectrum of collective modes becomes intractable. To over-

plasmons in the limit otvq /[q,ur[>1 and|dyyo|<1: come this difficulty, Li and Das Sarfigroposed a pertur-
* 22 bation scheme which allows expandigg(y) in a series of
wz_ze Ox 1 (12) Y, and a general method of expansion was developed later
2=~

ma layYol by Wendler and Grigoryah.Here we use the perturbation

approach which, according to the results of Ref. 4, allows

wherea=L,/N is the average distance between electrongjescribing the influence of the magnetic field on the dielec-

along thex direction. Note that the conditiom, /q,Ur>1,8S ¢ function of Q1D electron systems for intermedide
can be easily shown, is equivalent to the condiffore?/a. satisfying the conditiono.< wg.

As is seen from Eq(12), Q1D intrasubband plasmons have  Tha wave-function expansion is valid|¥ (k)| <y, and

agproxin;ately a soundlike dispersion with sound veloCity,ne considers Q1D degenerate electrons with the Fermi mo-
~ * i . .
cp,=2e"*/ma.Furthermore, thg/, dependence of the dis- mentum playing the role of the effectivg. For nondegen-
persion law appears only in the logarithmic factor and henc@rate electrons, the thermal wave numttgr, which de-

cannot affect significantly the plasma spectrum. This resulhengs, in the presence of a magnetic field, on the effective
enforces the use of the one-electron wave function, given iRjectron massn* . is the characteristic value &, . So we

Eq. (1), for the evaluation of the matrix elements of the Cou-spiain, from the conditionY (k;)|<ysg, that the inequality
lomb potential in interacting systems.
We point out that a similar structure of the plasma disper- 215 2
sion has also been obtained for intrasubband plasmons in T<hfloy2o; 19
degenerate Q1D systems, even when another kind of electranust hold in order that the expansion method be valid in the
confinement for the motion alongdirection was employe8. nondegenerate regime. As was shown by Sokolov, Hai, and
This allows us to state that the dispersion law, given by EqStudart®! this criterion arises from the use of standard nor-
(12), is quite general. Also remarkable is the fact that themalization of both the electron wave function and the Bolt-
spectrum of longitudinal plasma oscillations in the Q1Dzmann distribution function in the presence Bf Observe
electron chain in the quasicrystalline approximation, ob-that for w.<wg, the inequality provides a lower bound for
tained from the condition of compatibility of the equations of the temperature insteafi<# (), which gives the limit of full
motion*#is given in the limit of|q,a|<1 by the expres- occupation of the lowest subband. Assuming that the latter
sion condition is fulfilled, we conclude that the intrasubband plas-
mons, in the lowest-order approximation and in the limit of

2e*2q; 1 smallq,, are described by the relation
of=——— In——, (13
ma " |g,al
0= wwyl, (16)
which is almost the same as the dispersion law in an itinerant
electron system, but now replacesy, in the logarithmic ~ wherew, is given by Eq(12) with the localization lengtlyg

factor. We observe also that the plasma dispersion in thinstead ofy,. As can be seen from EL6), the increase of
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the magnetic field leads to a decrease of the plasma frestarts from the hybrid frequendy in the limit of g,—0 and
guency in comparison with the case ®&0. This behavior the other one is described by Ed6) but with w, given by

of the frequency is qualitatively similar to the magnetic field Eq. (13).

dependence of the mode observed in the edge- In conclusion, we have used the dielectric formalism for
magnetoplasmon spectrum of 2D systems. This result is als@escribing many-body properties of the multisubband Q1D
in agreement with a recent experiment of Valkering and varflassical electron system localized in a single parabolic chan-
der Heijden'® who observed that the resonance frequencyel on the liquid-helium surface. A general expression was
has a linear dependence oiB1However, the dependence of obtained for the density-density response fgnctlon in the
the resonance frequency on the holding electric figle- RPA for arbitrary wave numbers. The dlspersm_)n law for the
creasing of the resonance magnetic field for an increasinjondegenerate Q1D electron system was derived, when the
electric field is different from our result, since increasing the ‘.NEStt slubbantq IS opcup;)edtﬁy the eIect][c;Es,éfolm tth.e ?eter-
holding field could reduce the effective localization Iength,[.mn"’m,[""I equta lon g|\{en yThe zgr:;es %b ed |e'te%'r|c unc-
and hence, as shown in E@L6), the resonance will be lon at low temperatures. The intrasubbafidngitudina)

shifted to higher magnetic fields, contrary to what was ob_plasmon has a soundlike dispersion apart from a logarithmic

served. This unexpected result was attributed to profile e factor and is similar for both intrasubband plasmons in de-

fects which obviously depend on the holding field. We mustgenerate Q1D systems and in the quasicrystalline phase. By

emphasize that the electron profile in the experiment is mucﬁontraSt’ the intersubbarittansverseplasmon has an opti-

: ; cal branch and starts from a threshold frequency which is
more complicated than the one considered here and ths ightly shifted from the confinement frequency. The influ-

population of higher subbands must be taken into account fornce of maanetic field on the dispersion law was analvzed
reliable comparisons since the experiments were performe mag . P y
or both intra- and intersubband plasmons.

at 0.6 K2

The intersubband mode, when the same condition is sat- The work was supported by the Fundaade Amparo a
isfied, is described by an expression similar to Bg) but  Pesquisa do Estado de &®aulo(FAPESPH and the Con-
with Q replacingwg. It is also interesting to observe that the selho Nacional de Desenvolvimento Cientifico e Tecno-
dispersion law in the presence of magnetic field resemble®gico (CNPg. One of us(N.S) is grateful to A. M. Valk-
that one in the quasicrystaline chain. In this ering and R. W. van der Heijden for discussions on their
approximatiorf’ one of the branches of the plasma spectrumexperiments prior to publication.
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