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The dissipation of the electric current on acoustic phonons in a one-dimensional conductor is of
an activational character. The activation energy of phonon scattering of an electron depends

on the spatial configuration of the conductor. For this reason, electron scattering by phonons can
be substantially weakened and the phonon contribution to the resistance thereby can be
decreased by choosing an appropriate form of the conductorl9€9 American Institute of
Physics[S1063-7829)01810-4

One of the high-priority problems in modern semicon- U(r,q,t)=0(q)expli q-r)exd —is(q)t/4], (1)
ductor physics is to develope structures with prescribed val- B
ues of the electrical parameters, most importantly the conwhereq is the three-dimensional phonon wave vect()
ductivity. It is known that the conductivity of real structures is the phonon energy, and the explicit form of the function

is limited by scattering by lattice defects and by phonons{(q) depends on the choice of the specific model of the
Modern technologies make it possible to eliminate defects oélectron—phonon interaction. The electron wave function in a
the crystal structure, while in order to decrease phonon scabne-dimensional rectilinear conductor is

tering it is necessary to develop a method for controlling the ) )

electron—phonon interaction. Previous investigafidrizave Yi(s,)= VL expli k s)ex] —ie(K)t/h], 2

shown that the matrix elements of the electron—phonon ingherek is the wave number corresponding to the motion of
teraction can be substantially decreased and the phonon scah electron along the QVg,is the coordinate measured along
tering mechanism can therefore be substantially suppressege Qw, L is the length of the QW, ane(k)=7%2k?/2m is

by creating artificial crystal structures with prescribed pa-the electron energy. In accordance with the standard
rameters of the electron energy spectrum or by manipulatingyantum-mechanical relations, the lifetimgk) for an elec-

the electron energy spectrum in two- and three-dimensiongton in the statek in the presence of the perturbatio) is

systems by means of external perturbatiGnsantizing mag-  getermined by the expression
netic field, static deformation of the crystal, and others

A qualitatively different(and substantially more effec- 1 _s 1 3
tive) method of decreasing scattering by phonons can be (k) < 7(k,q)’
implemented in one-dimensional conducting structures
(quantum wireswith a nonlinear configuration. The physical where
factor responsible for the effect of the configuration of a 1 2
quantum wire(QW) on the phonon scattering of electrons is a -k E {1-fle(k)]}
that the potential of any elementary interaction in a solid ' K
(electron—electron, electron—photon, electron—phonon, and ><{|Uf<7k)(q)|25[s(k’)—s(k)—E(q)]
so on is three-dimensional, while the translational motion of
an electron in a QW is one-dimensional. By prescribing the +|U(k,+k)(q)|2§[8(k')_8(k)+£(q)]} (4)

electron trajectory in three-dimensional space by means of

the configuration of the QW it is possible to change qualita-determines the electron lifetime(k,q) in the statek in the

tively the effective interaction potential. This was first notedPresence of an interaction with the phonpnHere f[ £ (k) ]

in Ref. 3. Subsequent investigatiérichave shown that the is the Fermi—Dirac distribution function

configuration of the wire influences very critically the U(i)(q) L

elect_ron—electron and electron—ph(_)ton interaction processes. Uffk)(Q)= i f expli[ a,x(s)+a,Y(s)

In this sense, the electron—phonon interaction also should not —L2

be ruled out. As will be shown below, electron scattering by . ,

acoustic phonons can be greatly weakened by making an Ta2(s) liexili(k—k’)s]ds ®)

appropriate choice of the form of the QW. is the matrix element of the electron—phonon interaction po-
Real QWs are conducting channels which are embeddei@ntial (1) for a transition of an electron from the staénto

in a three-dimensional crystal. For this reason, phonon scathe statek’, the signst in the matrix element correspond to

tering in QWs is due to the interaction with three- phonon emission and absorption, ax@), y(s), andz(s)

dimensional phonons and the electron—phonon interactioare the Cartesian coordinates of the paognbn the one-

potential at the point, in general, has the form dimensional conductor. We shall consider a QW embedded
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in a three-dimensional isotropic elastic continuum, character-
ized by densityp and longitudinal sound velocity,, such 3
that the Fermi velocity of the electrons in the QW satisfies
ve>v,. We shall use the deformation potential method to
describe the interaction of electrons with acoustic phonons, L7
so that the expressiail) assumes the form

U(r,g,t)=E divu(q), (6)

where E is the deformation potential constant, ang) is
the deformation vector of the elastic medium for a phonon
with wave vector. For the interaction potenti&6) U(~)(q)

is given by

1/2 X

: ()

I

[j(*)(q):

an(q)q
FIG. 1. Electron—phonon scattering processes near the Fermi eneigwa

2Vpy
. . . rectilinear quantum wiredl—with phonon absorption2—with phonon
wheren(q) is the phonon occupation number, described byemission.

the Bose—Einstein function, anis the volume of the three-

dimensional elastic continuum. The quaniity*)(q), corre- 5
sponding to phonon emission, is obtained from EQ.by level is much smaller than the minimum energf2kg) of
formally replacingn(q) with n(q) +1. With Eqs.(4)—(7) the  the emitted phonon. Therefore, when the condit@rholds,

expression3) becomes the probability of phonon scattering of an electron satisfies
1 7E2 Sy ) Woce p< 2huke (10)
—_—= 1-fle(k")]}HI(k,K, “exg — :
K ity & & 4Ll Ik Kl KeT
, - It follows from the relation10) and the preceding qualitative
x{n(q)dle(k’)—e(k)—e(q)] arguments that phonon scattering of electrons in a QW is of
, ~ an activational character, and the activation energy of the
+n(a)+1]ole(k) —e(k)+e(a)]}, ®) phonon mechanism of scattering in a rectilinear QW is
where £a0=2f K. (11)
L/2 . . .
J(k’,k,q)=f exp(i[ AuX(s) +ayY(S) Using Eq.(8) to calculate the electron lifetime(kg) at the
~L/2 Fermi level in a rectilinear QW for the scattering processes

+q,2(s) hexpli (k—K')s}ds. shown in Fig. 1, we obtain the expression

=2

Since the Fermi surface in a QW consists of only two 1 _ 4= mKBTkFe F{‘ 8aO) (12)
points, dissipation of the electric current in the QW occurs as  7(Kg) mpvih® KgT)’

a result of the scattering of electrons from one Fermi pointf th dition (9) | tisfied. Thi L
into the other. It is obvious that in a rectilinear QW, such! the con ition (9) is satisfied. This expression is in com-

scattering processes are due to the interaction of electror'%ete agr(;,\er;:ent with t:}e qualltatlvs anag/ St'S' tT h“e a}ctlvatlon d
with phonons whose wave vectqe 2ke . Since the energy energy of phonon scattering can be substantially increase

~ ~ hanging th fi ti f the QW. This will
of such phonons satisfiegq) =¢(2kg) and is substantially by changing the configuration of the Q s will expand

the temperature range in which the phonon contribution to

different from zero for a prescribed value of the Fermi wavey . ocistance is exponentially small. As a specific example,

yector_kF, el_ectron scatt_erlng by acoustic pho_nons ina QW_we shall consider a QW in the form of a helix. Since the

is an inelastic process, in contrast to scattering by acoustig . ~+ure of such a QW is the same at all points, the wave
phonons_ln .tWO' af_‘d three-pllmensmnal syste_ms_. Th's r_eSUIR§ector of the electron along the helical QW is a conserved
in a qualitatively different picture of current dissipation in a quantity just as the wave vector of an electron along a recti-
QW at low temperatures linear QW. Under this circumstance, the relati@ written

T<z(2kp)/Kg, (99 for a rectilinear QW, remains in force for a helical QW,

where
where ¢(2kg) =2hv kg, and Kg is Boltzmann’s constant. .
The scaEteriFr:g problatiility due ?o absorption of a photthe ~ X(8)=Rcog27s/l), y(s)=Rsin2as/l),  z(s)=shl,
process 1 in Fig. Jlis exponentially small, since at low tem- R is the radius of the helixh is the pitch of the helix, and
peratures(9) there are few phonons with energy(q) | = /47?R%?+h? is the length of the helix. Calculating for a
=%(2kg). The scattering probability due to emission of aNelical QW the electron lifetime at the Fermi level using Eq.
phononi(the process 2 in Fig.)lis exponentially small be- (8), we find forKgT<e, andKgT<hv, /R
cause_of the Pguli principle, sinc.e at temperatures corre- 1 452mKgTke |)3 [{ . )
sponding to the inequalit§9) the region of thermal broaden- = —| exg — ——|, (13
ing of the Fermi—Dirac distribution function near the Fermi 7(Ke) valzﬁs h KgT
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where the activation energy of phonon scattering of an eleceriterion of applicability of the single-electron approximation
tron in a helical QWthe energy of a phonon which transfers in the problem solved in the present paper. For the helical
an electron from one Fermi point into another on the helicaQW considered here, the single-electron approximation cer-
QW) is tainly holds for the electron—phonon processes shown in Fig.
1, if the energy(14) of such phonons is much higher than the

2h v kg . ; .
Sazﬁ_ (14)  characteristic electron—electron interaction enegfyer,
h where € is the dielectric constant of the medium, and
Comparing the activation energi€kl) and (14), we obtain =m/ke is the distance between the electrons. This criterion
| can be written explicitly as
&
o 15 ¢ n_
al — <

2mhuel | '

It follows from the relationg13)—(15) that to increase the
lifetime 7(kg) at the Fermi level and to obtain the associatedand it holds, in particular, for the parameter values used to
increase in conductivity the values of the paramelérsand ~ obtain the previous estimate a{kg) in a helical QW. The
R of the helical QW must be small. Specifically, at liquid- conclusion that the phonon dissipation of current in a helical
helium temperatures ank-=10° cm !, v,=10° cm/s, R QW is strongly suppressed therefore remains valid when the
=10"% cm, andh/I=10"2 it follows from Egs.(12) and €lectron—electron interaction is taken into account.
(13) that the phonon-scattering-induced transport electron re-
laxation time at the Fermi level in a helical QW is tens of *~'E-Mail: Oleg.Kibis@nstu.ru; Fax: 7-3832-460209
orders of magnitude greater than the relaxation time in such———
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