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On thelocalization of eectrons
in disordered molecular wires
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The aim of this report is to investigate electronic properties of a chain of atoms when its translational
symmetry is broken by a topological disorder. The study uses the inverse participant ratio to obtain in-
formation on the localization of electrons in phase space.
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1. Introduction

It is well established that electronic preses in low-dimensional systems, such as
molecular wires, are determined by the quantum phenomena. One of the most intrigu-
ing problems of modern physics is thedtization of conduction electrons in low-
dimensional topologically disordered systenin the presence of various perturba-
tions, such as magnetic field, temperatuggin-orbit scattering or electron—electron
interaction. Localization in low-dimensiondisordered systems has been subject to
numerous theoretical papers, and we know that all eigenstates in such systems are
localized by an arbitrary weak disordér3] for uncorrelated random potentials [4].

On the other hand, localized states playyarkée in the optical and transport proper-
ties of disordered systems.

In this paper, we use a method basetherphase space representation of quantum
mechanics [5-8] to investigate localizati We applied this method to non-interacting
electrons in a molecular wire usiray one-electron liquid Kronig—Penney model
[9, 10] and the Husimi funain [11, 12]. The inverse participant ratio in phase space
is calculated as a function of the disergharameter for various wire lengths.
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2. Theoretical model

A one-dimensional wire with topologicalisorder is described by the liquid
Kronig—Penney model [9, 10]. We considke time-independent Schrédinger equa-
tion for a system of non-interacting electrons with effective masaoving in a ran-
dom potentialV(x), namely

{_Z_r:g_;W(X)} v (x)=2y (%) @

wheree and# have their usual meanings.

In fact, the potentia¥/(x) represents a collection bfelements, e.g. atoms or much
more complex structures placed in a chain of the lehgthxy— x;. The scattering
potentials are assumed to be well located at random positions

ZF—§X X ) (2)

where F, =mV,b/#?, and the parametéris defined as the width of the square inter-
atomic barriers, witl/y being their height.

In the case of a system originating frosiraple regular lattice (one-dimensional crys-
tal), the locations; of the scattering centres in the chain are determined by the formula

x =(i+nr)a, i=1,2,..N (3)

Equation (3) includes a random numbefrom the range (-1,13 is the average
distance between neighbouring sites, gnd a measure of the strength of disorder.
This choice assures a fully periodic situation for 0 and an internal disorder pro-
portional tor7 when we pass from a perfect lattice to a disordered system.

The limit of Vo — 0 andb — 0 allows us to define a constant strength of the scat-
tering potential, i.eVgb = const. Even in the case of a disordered chain we can con-
struct a wave function for electrons thatisfees equation (1) by using the analytical
expression for the wave functigs(x) inside thd-th square well

% (X)=C cogkx+ @) (4)

whereC; is the amplitudek =+/2me /i, andg is the phase.
Joining the solutions (4) found at the consecutive ranges gives the wave function
w(X) which must satisfy the following conditions:

w(x)=w(X) (5)

)

X
where the finite discontinuity at tls¢ep results from integrating Eq. (1).
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Knowledge of the exact form af(x) allows us to construct the Husimi function as

follows
V2 x-X)*
oy (x,k)z(2 1 j J‘dx’exp{—%ﬁm}y(x’)

o’
3. Results and discussion

(7)

whered” is chosen aka/m?.

In disordered systems, the phase andlitunde of the electronic wave function is
changed by spatial fluctuations of potentials. In consequence, the envelope of the
wave function decays exponentially from a localization cefitfehis means that the

electronic densit;hun(x)|2 will not spread over the entire system, but will remain
localized around. This result can be described by the expression [15]

W, (X) e A(X) exp[-¥] (8)

whereA(x) is a randomly varying function describing the fluctuations in the amplitude
of the wave functiony,(x), and 7 is the localization length, which can be defined as

the asymptotic decay length of the envelope.

For a simple regular lattice, the electmstates can be extended over the whole
system. As the disorder becomes largee, lttcalized states get more compressed.
More information on the compression of tlvave function can be extracted from the
inverse participation ratio. This quantity is defined as the second moment of the elec-
tronic density and is given in real space by the formula

P.(E,)= [dx

|4

v, (X) (9)

and in momentum space by

R.(E,) = [oklg, (k) (10)

where the functiog(k) is the Fourier transform af,(x).

The inverse participant ratio is inverselpportional to the volume of the part of the
system that contributes effectively tgenfunction normalizatiof16]. Our calculations
indicate that this quantity has a monotoniareicter and strongly depends on the realiza-
tion of disorder. In real space, the invepseticipant number increases with increasing
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disorder strength. Simultaneously, in martaen space, the inverse participant ratio
decreases as the strength of disordereas®s and we observe a delocalisation of the
wave function [17]. One of the possible phaspace representations of the quantum

statesg,) is given by the Husimi function, defined as in [11, 12]

Py (X’k) =|<X01ko|¢n>

where(xo, k0| corresponds to a state whose uncertainty is minimal anguarttik, in
real and momentum space [7], respectivélye implicit form of the Husimi function
when the Gaussian form [8] f@x,, k,| is used is given by formula (7).

2

(11)
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Fig. 1. The Husimi function for a disorder parameter0, 0.05, 0.4
and wire lengthi = 50, 100, 150kma = 27/a

Figure 1 presents the Husimi functioosrresponding to the ground state wave
functions for some arbitrarily chosen valugsdisorder and for different numbers of
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atoms:N = 50, 100, and 150. In all cases, the average distance between neighbouring
atoms is equal and taken as the unit lefigthmolecular wires. Therefore, the results
presented in Fig. 1 correspond to the lengths50, 100 and 150.

We can see that for a medium strengtidisbrder the Husimi function in phase
space has the most localized form. Quatniainformation on the degree of localiza-
tion of the Husimi function in phase space can be extracted from the phase space in-
verse participant number, which is given by the formula

1
Pu=or [bxdkpf (x,k) (12)

This quantity represents the effective voki occupied by the Husimi function in
phase space, in analogy with the invers¢igipant ratio in real or momentum space.
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Fig. 2. The inverse participant raf in phase space
scaled with the chain length far= 50, 100, and 150

The dependence of the inverse participatip in phase space on the disorder pa-
rameter, as a function of lendthis presented in Fig. 2. For the shortest wites B0),
we observe a plateau for moderate and strong disorder. In the remaining cases,
a broad maximum is formed in the limit weak disorder. The electronic wave func-
tion for such systems is non-vanishing ofdy a finite number of atoms. All these
results suggest that we should get a pmakesponding to the most squeezed quantum
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state in the limit of very long wires. Wepmect that this hypothesis can be confirmed
by numerical calculations based on high performance computing.

4. Numerical procedure

Each wave function of the ground stat®(x) is calculated from the Schrédinger
equation for the ground state energy, which has to be determined using the shooting
method and assuming the boundary conditions

Wo(x=0)=yp,(x=L)=0 (13)

The relations between the median valaéthe inverse participant ratio anda-
rameters presented in Fig. 2 have been calculated for sets of 200 chains by repeating
this procedure for each chain in our inputaddrom the numerical point of view, we
find the P, parameters and Husimi functions this way mainly by performing simple
one- and two-dimensional integrations.

All results included in this paper halkeen computed for chains consisting\Nof
50, 100, or 150 sites, with an average inter-atomic distaree df in all wires.

5. Conclusion

In conclusion, we have used a onmensional version of the liquid Kronig
—Penney model to investigate the processlettron localization in molecular wires
when the strength of disorderand wire length_ are increased. We calculated the
inverse participant ratio in phase spaceoas of the possible measures of particle
localization in disordered media. Additidlyawe demonstrate the influence of disor-
der on the ground state of the system, whiatesesented by the Husimi function in
phase space.
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