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We have addressed the problem of dynamical localization in a one-dimensional system with a
periodic potential incommensurate with the crystal lattice under the action of a dc electric Beld.
For the chosen potential there exists a mobility edge, that is, a critical value of the ratio between
the strength of potential to the half bandwidth, rl = es/2V, which classifies the nature of the wave
functions. We show that the effect of the Beld is to shift the mobility edge towards the delocalized
region. We show that the field inQuence on localization is much stronger than that due to the
disorder. It is also shown that when a resonance condition is reached the wave packet oscillates
with a characteristic frequency in the terahertz range for superlattices; such an effect can be used
to generate electromagnetic radiation of this frequency range.

I. INTRODUCTION

In a previous work we have addressed the problem
of the dynamical localization of carriers in a superlattice
(SL) with an impurity under the action of a dc electric
Geld. We have discussed the interplay between the im-
purity potential and the electric field intensity. For this
particular case of disorder we have shown that under cer-
tain circumstances a resonance condition that results in
strong oscillations of the wave packet can be reached.
In fact when the Beld intensity E and impurity e sat-
isfy the relation eEd = e the oscillation takes place be-
tween the impurity site and one of its nearest neighbors
with a period r = h/2V where 2V is the half-bandwidth.
This would indicate a very interesting application to SI 's,
since by varying the Geld intensity we can satisfy the res-
onance condition which would in turn give the value of
the impurity potential.

In the present work we have undertaken the problem
of a diferent case of disorder, namely, a quasiperiodic
potential whose Hamiltonian along the single-band tight-
binding model is

Hp = ) ep cos (27rcrn) + V ) ct c„+q,

(v~+i) .
where 0. = '

z
' is the golden mean.

Since o is irrational, the Hamiltonian Ho is incom-
mensurate with the underlying crystal lattice becoming
quasiperiodic at large Fibonacci numbers.

We have taken the size of the lattice such as to make
the potential as periodic as possible. The nature of the
eigenfunctions of Ho can be characterized by a single pa-
rameter rl = ep/2V. It is well know that the Hamilto-
nian of Eq. (1) has a spectrum that develops many gaps
which become wider and wider as eo increases, showing
a highly &agmented band structure. At the same time it
presents a mobility edge; that is, for g ( 1 all the eigen-
functions are extended (nondecaying), while for rl ) 1 the

eigenfunctions are localized. This has to be contrasted to
a random one-dimensional (1D) system for which almost
all states are localized. As the mobility edge g = 1 is
approached from below the eigenfunctions show strong
fluctuations characterized by a length (, beyond which
the eigenfunctions look uniform. In the localized regime,
on the other hand, we can deGne an average decay length
l&. Both lengths blow up at the mobility edge.

II. FIELD-DRIVEN DIFFUSION

As was previously said our interest is the description
of the diffusion of carriers via the time evolution of the
propagators when an electric Geld is acting upon the sys-
tem. In this case the total Hamiltonian is

H = Hp+) eEdn ctc„.

d
ih, —f„=V (f„g + f„+~) + (e„—eEd n) f„,dt

where the on-site energies e„are

e„=ep cos (2non) .

For the case of a Bnite lattice of size N, the Schrodinger
equation (3) can be put in matricial form:

ih —f =Mf,d

dt (5)

where M is the N x N dynamical matrix and the vector
f is formed &om the on-site Wannier amplitudes. We
have developed a scheme to solve Eq. (5) based on the
stationary character of the Hamiltonian. Starting with

The Wannier propagator amplitudes satisfy the following
equation:
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the initial condition f (t = 0), we put the solution as

f (t) = R' exp (—iDt/5) R f (0), (6)

where D is the diagonal form of the dynamical matrix
M = R DR. We have checked the normalization of
the wave function after every time step. After obtain-
ing the amplitude f (t), we can evaluate the mean-square
displacement

which allows us to have a clear view of the localization
problem.

We have studied the influence on the solutions of (i) the
initial condition, (ii) the potential strength eo, and (iii)
the field intensity E. Energies were measured in units of
the bandwidth 4V. To be specific we have chosen a lat-
tice parameter d = 100 A and the total minibandwidth to
be 50 meV. We have considered the way a carrier difFuses
when injected in an otherwise empty band, and have fol-
lowed along the lines presented in Anderson's classical
work. 3 We say that if we start with a well-localized state
we can conclude that difFusion has occurred if at t ~ oo
the Wannier amplitude on the given site goes to zero. If,
on the contrary, the amplitude at the site remains Gnite

while decreasing rapidly with distance, we say we have a
localized state. Since we are dealing with a finite lattice
the amplitude for large times goes as 1/N (that is, the
limit N —+ oo goes to zero). The difFerence between unity
and this Gnite value is a measure of the spreading of the
wave packet to neighboring sites.

We have considered lattices of difFerent sizes in order to
analyze the influence of the boundary. The eKect of the
electric field is to produce oscillations around the start-
ing point so that for even moderate fields (10s V/cm) the
carrier never gets a chance to reach the sample bound-
aries. The stronger the field is the more pronounced
the localization becomes. In conclusion we have consid-
ered lattices of 111 sites for which the solutions of the
Schrodinger equation are size independent.

III. RESULTS AND DISCUSSION

A. Zero Beld

As a test we have taken the field-&ee case imposing
periodic boundary conditions

l 1) =l N+1). In this case
we have considered the time evolution of the propagators
for two extreme initial conditions, namely, the perfectly
localized state on site M, f„(0) = h„M, and the com-
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FIG. 1. We show the propagator probability as a function of time and lattice sites for the field-free case and potential
strength eo = 0.2

l
4V l. The initial condition was f {0)= b,o. We show also the mean-square displacement and the on-site

energy levels of Eq. {4). We notice the diffusion of the particle since we are below the mobility edge.
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FIG. 6. The same as Fig. 4 for E = 10 kV jcm and eo = 0.115
~

4V ~. We notice that even for this small potential strength
the localization is severely enhanced with respect to the case shown in Fig. 3. The reason for that is the increasing of the field
intensity.

ticular value, the on-site energies corresponding to the
origin and site -2 are almost degenerate which results
in a strong localization, the particle is almost oscillating
between sites 0 and -2.

8. High fields

Most interesting to discuss for its applications is the
case of strong fields. Taking into account the on-site en-
ergies given by Eq. (4) the resonance condition between
sites 0 and n can be written

[eo/eEd] = n/ [1 —cos (2vron)),

agators for sites 0 and -1 for eo ——1.15
~

4V ~. In Fig.
7(b) we notice the almost complete degeneracy between
these sites. It is worth noticing that, for strong fields,
the barriers between sites are big; consequently hopping
to sites other than the degenerate ones is severely inhib-
ited. In Fig. 7(c) we present the corresponding MSD
which shows an almost perfect periodic motion of period
t = 2vr (h/2V).

We can compare this case with the one shown in Fig.
5 where we also have an oscillatory motion but with a
larger period at the same time the MSD never vanishes.
The importance of considering high field values is due to
the fact that the oscillatory motion having the shortest
period makes its detection simpler.

which for the particular case of site -1 can be written as

[eo/eEd] i = 1/ [cos (2Iro) —1) . (9)

For strong fields we can satisfy the resonance condition
[Eq. (9)]between the nearest neighbors (N1V) in the lat-
tice thus given place to strong oscillations with the short-
est period: r = 2vr (h/2V). This can be seen from Eq.
(3) for the Wannier amplitudes. In fact, by neglecting the
amplitudes other than fo and fi (approximation valid for
strong fields) we obtain a pair of equations that couples
both amplitudes with a perfectly periodic solution of pre-
cisely that period. Such oscillation between NN sites is
clearly seen in Fig. 7(a) where we have plotted the prop-

IV. CONCLUSIONS

A very interesting effect occurs when, by varying the
field, we make a particular on-site energy become degen-
erate with the initial site energy. If the corresponding
sites are close to each other (strong field case) we have
a resonance effect which causes oscillations of the wave
packet. The closer the sites corresponding to the degen-
erate level the stronger the oscillation and the shorter its
quasiperiod, a picture that tells us that the response of
the system to the external field is controlled by the short
range configuration. In the case of NN resonance, the
system behaves as a double quantum well as if ignoring
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