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Effect of the configuration of a quantum wire on the electron–phonon interaction
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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 conductor. ©1999 American Institute of
Physics.@S1063-7826~99!01810-4#
n-
va
o
s

ns
s o
ca
th

in
sc
ss
a
tin
n

-
b

re
al

a
is
lid
a
o
th
s
ita
ed

e
s
n

b

d
ca
e-
tio

on
the
n a

of
g

ard

po-

o

ded
One of the high-priority problems in modern semico
ductor physics is to develope structures with prescribed
ues of the electrical parameters, most importantly the c
ductivity. It is known that the conductivity of real structure
is limited by scattering by lattice defects and by phono
Modern technologies make it possible to eliminate defect
the crystal structure, while in order to decrease phonon s
tering it is necessary to develop a method for controlling
electron–phonon interaction. Previous investigations1,2 have
shown that the matrix elements of the electron–phonon
teraction can be substantially decreased and the phonon
tering mechanism can therefore be substantially suppre
by creating artificial crystal structures with prescribed p
rameters of the electron energy spectrum or by manipula
the electron energy spectrum in two- and three-dimensio
systems by means of external perturbations~quantizing mag-
netic field, static deformation of the crystal, and others!.

A qualitatively different~and substantially more effec
tive! method of decreasing scattering by phonons can
implemented in one-dimensional conducting structu
~quantum wires! with a nonlinear configuration. The physic
factor responsible for the effect of the configuration of
quantum wire~QW! on the phonon scattering of electrons
that the potential of any elementary interaction in a so
~electron–electron, electron–photon, electron–phonon,
so on! is three-dimensional, while the translational motion
an electron in a QW is one-dimensional. By prescribing
electron trajectory in three-dimensional space by mean
the configuration of the QW it is possible to change qual
tively the effective interaction potential. This was first not
in Ref. 3. Subsequent investigations4,5 have shown that the
configuration of the wire influences very critically th
electron–electron and electron–photon interaction proces
In this sense, the electron–phonon interaction also should
be ruled out. As will be shown below, electron scattering
acoustic phonons can be greatly weakened by making
appropriate choice of the form of the QW.

Real QWs are conducting channels which are embed
in a three-dimensional crystal. For this reason, phonon s
tering in QWs is due to the interaction with thre
dimensional phonons and the electron–phonon interac
potential at the pointr , in general, has the form
1121063-7826/99/33(10)/3/$15.00
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U~r ,q,t !5Ũ~q!exp~ i q•r !exp@2 i «̃~q!t/\#, ~1!

whereq is the three-dimensional phonon wave vector,«̃(q)
is the phonon energy, and the explicit form of the functi
Ũ(q… depends on the choice of the specific model of
electron–phonon interaction. The electron wave function i
one-dimensional rectilinear conductor is

ck~s,t !5A1/L exp~ i k s!exp@2 i«~k!t/\#, ~2!

wherek is the wave number corresponding to the motion
an electron along the QW,s is the coordinate measured alon
the QW,L is the length of the QW, and«(k)5\2k2/2m is
the electron energy. In accordance with the stand
quantum-mechanical relations, the lifetimet(k) for an elec-
tron in the statek in the presence of the perturbation~1! is
determined by the expression

1

t~k!
5(

q

1

t~k,q!
, ~3!

where

1

t~k,q!
5

2p

\ (
k8

$12 f @«~k8!#%

3$uUk8k
(2)

~q!u2d@«~k8!2«~k!2 «̃~q!#

1uUk8k
(1)

~q!u2d@«~k8!2«~k!1 «̃~q!#% ~4!

determines the electron lifetimet(k,q) in the statek in the
presence of an interaction with the phononq. Here f @«(k)#
is the Fermi–Dirac distribution function

Uk8k
(6)

~q!5
Ũ (6)~q!

L E
2L/2

L/2

exp$ i @qxx~s!1qyy~s!

1qzz~s!#%exp@ i ~k2k8!s#ds ~5!

is the matrix element of the electron–phonon interaction
tential ~1! for a transition of an electron from the statek into
the statek8, the signs6 in the matrix element correspond t
phonon emission and absorption, andx(s), y(s), and z(s)
are the Cartesian coordinates of the points on the one-
dimensional conductor. We shall consider a QW embed
1 © 1999 American Institute of Physics
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in a three-dimensional isotropic elastic continuum, charac
ized by densityr and longitudinal sound velocityv l , such
that the Fermi velocity of the electrons in the QW satisfi
vF@v l . We shall use the deformation potential method
describe the interaction of electrons with acoustic phono
so that the expression~1! assumes the form

U~r ,q,t !5J div u~q!, ~6!

whereJ is the deformation potential constant, andu„q… is
the deformation vector of the elastic medium for a phon
with wave vectorq. For the interaction potential~6! Ũ (2)(q)
is given by

Ũ (2)~q!5F\n~q!q

2Vry l
G1/2

J, ~7!

wheren(q) is the phonon occupation number, described
the Bose–Einstein function, andV is the volume of the three
dimensional elastic continuum. The quantityŨ (1)(q), corre-
sponding to phonon emission, is obtained from Eq.~7! by
formally replacingn(q) with n(q)11. With Eqs.~4!–~7! the
expression~3! becomes

1

t~k!
5

pJ2

ry lL
2V

(
q

(
k8

q$12 f @«~k8!#%uJ~k,k8,qu2

3$n~q!d@«~k8!2«~k!2 «̃~q!#

1@n~q!11#d@«~k8!2«~k!1 «̃~q!#%, ~8!

where

J~k8,k,q!5E
2L/2

L/2

exp$ i @qxx~s!1qyy~s!

1qzz~s!#%exp$ i ~k2k8!s%ds.

Since the Fermi surface in a QW consists of only tw
points, dissipation of the electric current in the QW occurs
a result of the scattering of electrons from one Fermi po
into the other. It is obvious that in a rectilinear QW, su
scattering processes are due to the interaction of elect
with phonons whose wave vectorq>2kF . Since the energy
of such phonons satisfies«̃(q)>«̃(2kF) and is substantially
different from zero for a prescribed value of the Fermi wa
vectorkF , electron scattering by acoustic phonons in a Q
is an inelastic process, in contrast to scattering by acou
phonons in two- and three-dimensional systems. This res
in a qualitatively different picture of current dissipation in
QW at low temperatures

T! «̃~2kF!/KB , ~9!

where «̃(2kF)52\v lkF , and KB is Boltzmann’s constant
The scattering probability due to absorption of a phonon~the
process 1 in Fig. 1! is exponentially small, since at low tem
peratures~9! there are few phonons with energy«̃(q)
>«̃(2kF). The scattering probability due to emission of
phonon~the process 2 in Fig. 1! is exponentially small be-
cause of the Pauli principle, since at temperatures co
sponding to the inequality~9! the region of thermal broaden
ing of the Fermi–Dirac distribution function near the Fer
r-
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level is much smaller than the minimum energy«̃(2kF) of
the emitted phonon. Therefore, when the condition~9! holds,
the probability of phonon scattering of an electron satisfi

W}expS 2
2\y lkF

KBT D . ~10!

It follows from the relation~10! and the preceding qualitativ
arguments that phonon scattering of electrons in a QW is
an activational character, and the activation energy of
phonon mechanism of scattering in a rectilinear QW is

«a052\y lkF . ~11!

Using Eq.~8! to calculate the electron lifetimet(kF) at the
Fermi level in a rectilinear QW for the scattering process
shown in Fig. 1, we obtain the expression

1

t~kF!
5

4J2mKBTkF

pry l
2\3

expS 2
«a0

KBTD , ~12!

if the condition ~9! is satisfied. This expression is in com
plete agreement with the qualitative analysis. The activat
energy of phonon scattering can be substantially increa
by changing the configuration of the QW. This will expan
the temperature range in which the phonon contribution
the resistance is exponentially small. As a specific exam
we shall consider a QW in the form of a helix. Since t
curvature of such a QW is the same at all points, the w
vector of the electron along the helical QW is a conserv
quantity just as the wave vector of an electron along a re
linear QW. Under this circumstance, the relation~8!, written
for a rectilinear QW, remains in force for a helical QW
where

x~s!5R cos~2ps/ l !, y~s!5R sin~2ps/ l !, z~s!5sh/ l ,

R is the radius of the helix,h is the pitch of the helix, and
l 5A4p2R21h2 is the length of the helix. Calculating for
helical QW the electron lifetime at the Fermi level using E
~8!, we find forKBT!«a andKBT!hv l /R

1

t~kF!
5

4J2mKBTkF

pry l
2\3 S l

hD 3

expS 2
«a

KBTD , ~13!

FIG. 1. Electron–phonon scattering processes near the Fermi energy«F in a
rectilinear quantum wire:1—with phonon absorption,2—with phonon
emission.
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where the activation energy of phonon scattering of an e
tron in a helical QW~the energy of a phonon which transfe
an electron from one Fermi point into another on the heli
QW! is

«a5
2\y lkFl

h
. ~14!

Comparing the activation energies~11! and ~14!, we obtain

«a

«a0
5

l

h
. ~15!

It follows from the relations~13!–~15! that to increase the
lifetime t(kF) at the Fermi level and to obtain the associa
increase in conductivity the values of the parametersh/ l and
R of the helical QW must be small. Specifically, at liqui
helium temperatures andkF.106 cm21, v l.106 cm/s, R
.1026 cm, andh/ l .1022 it follows from Eqs. ~12! and
~13! that the phonon-scattering-induced transport electron
laxation time at the Fermi level in a helical QW is tens
orders of magnitude greater than the relaxation time in s
rectilinear QW.

The single-electron approximation was used in the d
vation of the basic relations obtained in this paper. This
proximation is valid if the electronic system can be treated
a Fermi gas. At the same time, it is known that the format
of an electron liquid in a one-dimensional conduc
~Tomonaga–Luttinger liquid! leads to an energy spectrum
elementary excitations of the electronic system that is qu
tatively different from that of a Fermi gas~see, for example
the review in Ref. 6!. Thus, it is necessary to formulate
c-

l
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li-

criterion of applicability of the single-electron approximatio
in the problem solved in the present paper. For the hel
QW considered here, the single-electron approximation c
tainly holds for the electron–phonon processes shown in
1, if the energy~14! of such phonons is much higher than th
characteristic electron–electron interaction energye2/er ,
where e is the dielectric constant of the medium, andr
5p/kF is the distance between the electrons. This criter
can be written explicitly as

e2

2p\y le l

h

l
!1,

and it holds, in particular, for the parameter values used
obtain the previous estimate oft(kF) in a helical QW. The
conclusion that the phonon dissipation of current in a heli
QW is strongly suppressed therefore remains valid when
electron–electron interaction is taken into account.
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