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a b s t r a c t

The existence of a disorder-induced metal-insulator transition (MIT) has been proved in cooled silver and
copper nanoparticles by using level spacing statistics. Nanoparticles are obtained by employing molecu-
lar dynamics simulations. Results show that structural disorder is not strong enough to affect their elec-
tronic character, and it remains in the metallic regime. Whereas, electronic properties cross to the
insulating regime after increasing the chemical disorder strength, W=t. Then, based on scaling theory,
we have found that the critical chemical disorder WC=t in which MIT happens for silver and copper
nanoparticles are 24:0� 1:1 and 22:3� 0:9, respectively. Its universality has also been studied.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

The growing interest for the understanding of the remarkable
physical and chemical properties of low-dimensional systems such
as nanoparticles, two-dimensional (2D) materials, nanotubes
(wires), and their evolution under certain conditions arises in part
from the quest for new commercially viable technologies [1,2]. In
particular, metallic nanoparticles, such as copper and silver
nanoparticles, have attracted considerable attention owing to their
potential applications in catalytic, biological, electronic, optical,
and information technological fields [3,4]. Thus, several studies
have been mainly carried out to understand the size dependence
of their properties originated by quantum confinement effects
[5–10]. For instance, Darugar et al.[7] experimentally showed that
the hot electron energy relaxation is faster for small copper
nanoparticles because of the size-dependent electron-surface pho-
non coupling. It has also been proved, by employing several theo-
retical methods, that silver and copper nanoparticles undergo a
structural transition from icosahedral to fcc local structure after
increasing the nanoparticle size [9,5]. Regarding the electronic
properties, it has been reported that nanoparticles with diameter
greater than �3.5 nm (for copper) and �4.1 nm (for silver) present

similar electronic behavior to their corresponding macroscopic
counterpart [9,10]. However, it has been scarcely studied how dif-
ferent types of disorder (e.g., structural, chemical, magnetic, among
others) will affect the electronic character of metallic nanoparti-
cles, which is of crucial importance for the development of
nanoelectronics.

In practice, there exist various inevitable types of disorder in
nanoparticles, which may originate during the preparation of the
sample (doping, deformation, and/or topological defects) [6,1]. As
it is well-known, Anderson-type disorder (chemical disorder) can
induce the localization of the electronic wavefunctions (Anderson
localization) and, hence, lead to a disorder-induced metal-
insulator transition (MIT, also called Anderson transition) [11–
14]. Initially, this transition was only verified to happen for
three-dimensional (3D) materials [15–19]. However, recently, it
has been experimentally found that a defect density of more than
� 1:2% induces to Anderson localization in a single-layer graphene
(2D material) yielding a metal-insulator transition [20]. This is an
experimental proof of the influence of disorder on the electronic
character of graphene layers, as was predicted theoretically [21–
23]. Thereby, it remains an open questions if it is possible to find
a MIT in other novel (not 3D) materials. From a theoretical point
of view, there are several methods to verify the existence of the
Anderson transition but the most used one is to determine the crit-
ical disorder,WC , in which this transition happens by using tools of
the random matrix theory (RMT) combined with the statement
(from scaling theory) that physical properties are size independent
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at the critical point [16,24,25]. In fact, it has been found thatWC for
the 3D Anderson model [16] (simple cubic lattice) and 3D
quasiperiodic lattice [19] are 16:5� 0:5 and 21:2� 0:6, respec-
tively. For nanoparticles (considered as zero-dimensional materi-
als), up to our knowledge, it has been only reported, by analyzing
statistical properties of the energy spectrum, a crossing between
metallic and insulating regime properties after increasing the
chemical disorder strength (our previous works) [26,9].

The purpose of the present paper is to show the existence of the
metal-insulator transition in silver and copper nanoparticles by
using the method explained above. We focus on two different
types of disorder: structural and chemical. Structural disorder is
produced by cooling the nanoparticles at a fast rate avoiding the
system to reach the minimal configuration energy [27–29].
Whereas, chemical disorder is introduced in the (slow cooled)
nanoparticles by randomly modifying the on-site energy of the
tight-binding Hamiltonian employed to describe their electronic
properties [26,16,21]. This study has been done for silver and cop-
per nanoparticles that contain atoms ranging from 561 to 5083
(these numbers belong to the icosahedral magic numbers
sequence) [30]. The solidification process of the nanoparticles
was carried out by MD simulations using a suitable and effective
semi-empirical potential for each element: a tight-binding (TB)
potential for silver [31] and a Johnson potential (based on the
embedded atom method, EAM) for copper [32], which accurately
reproduce the thermodynamic and structural properties of most
transition and noble metals. We found out that only chemical dis-
order changes the electronic character of these nanoparticles, from
metallic to insulating. Subsequently, the critical disorder strength
WC for silver and copper nanoparticles are determined, verifying
the MIT in these nanomaterials. In the next section, we describe
the theoretical model and, then, the results of the influence of dis-
order on the electronic properties of silver and copper nanoparti-
cles are discussed.

2. Theoretical model

Nanoparticles were obtained by performing molecular dynam-
ics (MD) simulations with different (but the most effective) semi-
empirical potentials for each chemical element. For silver nanopar-
ticles, we use the many-body potential developed by Cleri and
Rosato [31] on the basis of the second-moment approximation to
the tight-binding model (SMA-TB). This potential has been success-
fully used in several studies such as the atomic and electronic
structure transformation of silver nanoparticles under rapid cool-
ing situations [27], a comparative study of freezing of silver clus-
ters and nanowires [33], the structural and dynamics properties
of Cu-Au bimetallic clusters,[34] the thermodynamic stability of
nanometer-sized Cu3Au systems [35], and the influence of chemi-
cal disorder on the electronic states of the Ag5083 nanoparticle [26].
Whereas, the atomic interactions in copper nanoparticles have
been simulated by using the Johnson’s potential [32], which is
based on the Embedded Atom Method (EAM), originally developed
by Daw and Baskes. The accuracy of this potential has been veri-
fied, e.g., in the study of the determination of the threshold of
nanoparticle behavior in nano-sized copper [9], the binding energy
and atomic structure of copper nanoparticles [36] and nanowires
[37], the structural evolution of liquid aluminum [28] and silver
[29] during rapid solidification processes.

The MD simulations of the nanoparticles are carried out for a
cubic box without periodic boundary conditions, so that the
nanoparticle surface is free. The equations of motion are integrated
over time using the predictor-corrector algorithm. The step time
used is 2.5 fs. We have considered silver and copper nanoparticles
of different sizes which contain atom numbers, N, ranging from

561 to 5083. The sizes have been selected so that all belong to geo-
metric magic numbers with icosahedral symmetry, this was real-
ized in order to promote structural stability [5,30]. Before
cooling, we have equilibrated the nanoparticles at their liquid state
for 640 ps. After this, thirteen different configurations have been
saved each 10.0 fs. Then, as it was mentioned before, to generate
structurally disordered nanoparticles, we perform cooling pro-
cesses at a fast cooling rate, kF ¼ 5:0� 1013 K/s. For comparison,
we also generated nanoparticles with a high level of crystallization
(structural order) by using a very slow cooling rate of
kS ¼ 2:0� 1011K/s. On cooling, the temperature was decreased to
room temperature (300 K) in steps of DT ¼ 2:5 K.

To model the electronic properties of nanoparticles, we have
used a tight-binding picture as proposed in previous works
[26,27,9,10]. We consider that the tight-binding electronic Hamil-

tonian, in the atomic orbital basis fj R
!
ig (with an orbital ‘‘s” for

each atomic site), has the following matrix elements

HR;R0 ¼ hR
!
jHjR0!

i ¼
eR if R! ¼ R0!
t if jR! �R0! j 6 rc
0 if jR! �R0! j > rc

8><
>: ; ð1Þ

with eR and t ¼ 1:0 eV as the on-site energy and hopping parameter,
respectively. We define rcðAgÞ ¼ 3:16 Å and rcðCuÞ ¼ 2:77 Å as the
average distance to nearest neighbors (from a given atom). The

atomic positions fR
!
g are known from the molecular dynamics sim-

ulations and fixed to determine the electronic properties. Then, the
eigenvalues, fEig (i ¼ 1;2; . . . ;N), and eigenvectors, fjwðEiÞig, are
obtained from direct diagonalization of the Hamiltonian using
LAPACK library.

Chemical disorder is introduced in the nanoparticles by modify-
ing the on-site energy of the Hamiltonian (see Eq. (1)), which can
be done by employing different disorder distribution [16,17]. In
the present work, we focus on the box-like distribution, which con-
sists in uniformly distributing eR with random numbers gR within
an energy window W (disorder strength), i.e.,

eR ¼ gR=gR 2 �W
2
;
W
2

� �
: ð2Þ

The influence of chemical disorder in nanoparticles have been only
studied for slow cooled nanoparticle in order to neglect the contri-
bution from structural defects. The calculations shown in the pre-
sent work (see Section 4) are the average over 30 random
configurations for fixed disorder strength W.

3. Spectral analysis

3.1. Participation number

To study the localization properties of an eigenvector

jwðEiÞi ¼
PN

q¼1c
ðiÞ
q jR

!
qi of the Hamiltonian, we use the participation

number

P�1ðEiÞ ¼
XN
u¼1

jcðiÞu j4; ð3Þ

which measures the number of sites that significantly contribute to
an electronic state of eigenvalue Ei. The corresponding fraction of all
the states is called the participation ratio, p, which presents two
limit cases: when p ¼ 1 the wave function is fully extended,
whereas for p ¼ 1=N, it is completely localized [38,19]. However,
on averaging the results within a small energy interval, a more
quantitative analysis of the participation number is possible. It is
based on the power ‘‘q” of the size dependence of the participation
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