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LETTER TO THE EDITOR

On the dynamic localization in 1p tight-binding systems
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Brasilia, Brazil

Received 17 August 1992, in final form 14 October 1992

Abstract. The dynamic localization of electrons jnduced simultaneously by pc and Ac
electric fields in the classical limit is investigated. Scattering processes are taken into
account. It is shown that the localization induced by one field can be suppressed by
another one when 12 = w (w is the Stark frequency and 1 is the Ac field frequency).
The localization is also effectively destroyed by scattering processes.

It is well known that, in the uniform electric field E, the electron motion in a
periodic potential undergoes Bloch oscillations with the Stark frequency w = eEa
{where o is the period of the potential and A = 1). In the quantum limit, when
w > A (A is the allowed band width), the Bloch oscillations manifest themselves in
the form of discrete eigenstates in the electron energy spectrum (Stark ladder). The
wavefunction of the Stark-ladder states is found to be localized (see for example [1,2]
and references therein). This phenomenon is called dynamic localization.

In the classical limit, when w <« A, these discrete eigenstates do not manifest
themselves; however, electron motion remains finite. Their trajectories are confined
to some region with the characteristic size L ~ A /e E. In this sense this phenomenon
is also called dynamic localization [3,4]. A similar situation can arise in the AC electric
field. For this localization the ratio between the field amplitude F and field frequency
 has to satisfy the additional condition [3]

Jwp/Q)=0  (wp=eFa<A) 0

where J, (z) is the Bessel function of nth order. The behaviour of clectrons in the
classical limit can be treated semiclassically, i.e. described by the classical equation
of motion, by the classical kinetic equation, etc. Note that in [3,4] the dynamic
localization was considered in the coliisionless limit, where the collision frequency
v = 771 — 0 (r is the scattering time).

In this paper we consider the dynamic localization of electrons induced
simultaneously by DC E and Ac F(t) = Fsin(Qt + ) electric fields (¢ is the
initial phase of ficld). We will consider the one-dimensional tight-binding systems,
where the electron energy spectrum has the form

g,(t) = Acosk(t)a (2)
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As is well known, this model appropriately describes the electron behaviour in
quantum wires or in one-dimensional superlattices. As in the [3,4] we restrict
our investigation to the classical limit, when w and wp <« A and the electron
behaviour can be described by the classical equation of motion. The scattering
processes will be taken into account. It will be shown that, even in the collisionless
limit, the localization induced by one field can be suppressed by another one when
w.= nfl (Stark resonance). The localization can be also cffectively destroyed by
scattering processes. Note that similar effects are well known in the theory of statistics
localization [5].

To be specific we start with a well localized state at a particular site in the system
at t = 0 and obtain the time evolution of the wavefunction or probability propagator
(). We say that localization takes place if, for large times, the probability
propagator at this site remains finite. In contrast, if this amplitude goes to zero we
conclude that diffusion takes place in the system. Similarly, the localization will take
place if, for large time, the mean square displacement {m?) = 3> 1, (t) remains
finite. If the mean square displacement increases without bound the localization is
destroyed. Following the method proposed in [4] we start from the equation for the
expansion coefficients C,.(t) of the wavefunction

C,(t) = Cr(0)exp [— i/tek(t’)dt’]. 3
(]
The electron behaviour is described by the classical equation of motion:
dk k—k
=B+ e Fsin(Qt + ) — - L ®

where ky = k(¢ = 0). The solution of equation (4) has the form

F . —tf7
k=ky+eEr(1—e )+ I—:F{ﬁi(sm(m + ) —e™7 sing)
FrQ
16+ :292 [e=*/7 cos @ — cos(Qt + )] &)

Substituting equations (2) and (5) into (3) and performing the relevant calculations
as in [4] we obtain the resulting expression for the probability propagator ,,(t) and
mean square displacement {m?) as follows:

vl = 22 (8y/(0) + (0) ©®)

(m?) = LA uX() + vA(1)) )
where

wt= [ " cos(b(t')) ¢ @®)

v(t):fut sin(b(t')) d#’ ©
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and
(1) =wr(l—e )+ W(sm(ﬁt + @)~ e 7 sin )
WFQT —tfr _
+ o (™47 cos p — cos(2E + ). (10)

First let us consider the collisionless regime (v = 7=1 = 0). In this limit the function
b(t) assumes the form

b(t) = wit — w—s{'-cos(ﬂt-}—so). (11)
By using the following identities:
o
cos(a + boos z) = cos(a) Jy(b) + 23 J, (b) cos (a + 552—’1) 008 1z (12)
n=1
sin(a + beos z) = sin(a) Jy(b) +2 Y J, () sin (a + %) cosnz (13)
n=l

we get the following expressions for the functions u(t) and v(t):

u(t)_lsm(wt)Jo( )+2ZJ ( )

) {cos[i(w +nQ)t + n(p— 3)]sin[l(w + nQ)]

w+ nfd
+ cos[3{w — nQ)t — ?;((f :le'—)] sin[3(w - nﬂ)t]} 14)
v(t)-—(cos:»t-—l)J ( )+22J (wF)
sin[1(w + nQ)t + n(w — 3)Isin[H{w + nQ)]
{ w + nfl
—nQ w—nf)t —
+ sm[ (w—mn )t]sm[ Engn t—nl{e+ % )]} (15)

Equations (6), (7), (14) and (15) recover the results of [3] and [4] in the limit E =0
and F = 0 respectively. Equations (14) and (15) show that, generally, (%) and v(t)
are bounded oscillatory functions of time with all frequencies wnf) (n =0,1,2...).
However, when w = n€} (n = 1,2,3...) these functions contain terms which are
linearly proportional to the time t. For large time (f 3> Q~!) these terms give the
main contributions to u(¢) and v(t) and they make v, () — 0 and {m?} — co. The
dynamic localization in this case is completely destroyed. For example, for w = Q
and t >» 2! one gets

u(t) = Jy(wp /2)tsing (16)
v(t) = —J(wp/Q)tcos e %))
Um (1) = JL [ (wp/Q)AY = 0 (18)

(m?) = AL (wp /) — co. (19)
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Note that, though u(t) and v(t) are dependent on the initial phase ¢, the probability
,,(t) and mean square displacement {m?) do not depend on it. In figure 1 the
mean square displacement as a function of the dimensionless time ¢ for several
values of ;= w/Q is depicted. We can see that for u = v/1,V/3, the mean square
displacement remains a bounded function while for » = 1,2, these curves rise to
infinity. For computational calculations the ratio wp /Q was set equal 2.405 as is
required for the usual localization [3], and for simplicity  was set equal to zero.
This remarkable effect of suppressing the localization produced by a DC field by the
superposition of an AC field can be understood by taking into account the fact that
both harmonic motions come to resonance when w = n{). Naturally for higher
harmonics this effect is weaker as can be seen in figure 1.
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Figure 1. The mean square
displacement for the follow-
ing parameters: A = 443,
wrfQl = 2405, ¢ = G

curve 1, p = 1; curve 2,
. yzﬁ;cuwc?},,u:\/g;
5 1 s curve 4, p =2,

Taking account of scattering processes (v 7 0) the analytical solution can be
obtained in the case of DC electric field (F = 0). In this case we have

b(t) = wr(l—e"/7) (20)
w2 () + v2(t) = TH{[Si(wre™*/ ") - Si(wT)]? + Ci(wre=*/") — Ci(wT)]?} (21)
where Si(z) and Ci(z) are the sine and cosine integrals. In the strong-scattering limit:
wr < 1 from equations (6), (7) and (21) we have (1> 1)
(1) = J1,(1A) (22)
(m?) = 1A%, (23)
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These results show that in the strong-scattering limit the probability propagator v, (t}
goes to zero and the mean square displacement {m?) goes to infinity. The localization
is suppressed. These results coincide with the results for the field-free case (E = 0)
[3,4]). This fact shows that in the strong-scattering regime, as in the field-free case,
electric current cannot fiow through the sample. In figure 2 we show the mean
square displacement as a function of the dimensionless time ¢w for several values of
£ = wr. We can s¢e that on decreasing £ (increasing the scattering) the localization
is suppressed.
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72N e // ing pammelers: A = 4w,
\ o R, curve 1, ¢ = 100; curve 2,
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5 10 13 wt

A simijlar situation arises in the case of an AC electric field (£ = 0). The mean
square displacement as a function of €2t for several values { = Qr is depicted in
figure 3. As in figure 1, the ratio w /2 is set equal to 2.405 and ¢ = 0.

To conclude the present work we note that ID systems such as quantum wires
and superlattices of very high quality can be grown, so theoretical models like the
one presented here can be applied for real systems. At the same time non-lincar
phenomena like Bloch oscillations and negative differential conductivity [6] would
be observed experimentally. In this work we have considered the general case of
superposition of DC and AC electric fields as well as allowing for scattering to take
place. As far as we know this is the first time that such a complete treatment of
dynamic localization in 1D has been presented. Finally we would like to point out
that there is a revival in interest in this subject, which can be measured by the number
of papers coming out recently [7-9].
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Figure 3. The mean squarc
displacement for the follow-
ing parameters: curve 1, { =
100; curve 2, ¢ = 10, curve
3, { =1 curve 4, (=10.1L
Other parameters are as in
figure 1.
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