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Modern computer simulations based 
on molecular dynamics (MD) consist of 
calculating numerically the trajectory of 
motion of a number of atoms, usually 
ranging from a few tens up to a few 
thousands, during a time span of pico
seconds. This allows us to study the sta
tistical mechanical properties of com
plex systems, provided that the relevant 
spatial and temporal correlations are 
contained within the finite size and time 
of the simulation. Numerical experi
ments make accessible microscopic de
tails of the atomic motion that would not 
otherwise be available in real expe
riments. Microscopic models of real 
materials may be studied with MD 
techniques in a wide area of current in
terest that includes crystal growth and 
epitaxy, melting, ion implantation, de
fect motion, laser annealing, amorphous 
structures, surface and interface recon
struction [1],

MD assumes that the adiabatic Born- 
Oppenheimer (BO) approximation holds 
and that atomic motion obeys classical 
mechanics. This works well in most 
cases of interest. In addition, the inter
atomic potential energy surface is usual
ly modelled in terms of simple empirical 
pair potentials. For real materials this is 
often a poor approximation and large 
effort has recently been devoted to the 
atomistic modelling of materials beyond 
pair potentials. In spite of the progress 
made in this direction, the construction 
of reliable and transferable many-body 
potentials remains a very difficult task. 
A more satisfactory and more accurate 
approach would be to derive the inter
atomic potential directly from first prin
ciples, i.e. from the electronic ground- 
state. Accurate techniques for handling 
the electronic problem are available, 
based on density functional (DF) me
thods which exactly recast the quantum 
many-body problem into a set of self- 
consistent single-particle Schrödinger 
equations. These may be solved numeri
cally by adopting a simple local density 
approximation (LDA) for exchange and 
correlation. The resulting energy sur
faces are surprisingly accurate as 
shown by the wide success of such 
methods in predicting the properties of

simple structures [2]. However, DF cal
culations were usually considered to be 
far too demanding for direct application 
to MD simulations.

The situation has changed in the last 
few years with the introduction of a new 
approach that efficiently combines MD 
and DF methods (MD-DF). In this 
scheme one considers a fictitious dyna
mical system whose potential energy 
surface is a functional of both electronic 
and nuclear degrees of freedom. The 
scheme does not require separate self- 
consistent electronic calculations for all 
nuclear configurations. All degrees of 
freedom are relaxed simultaneously. 
Under appropriate conditions, the nu
clear dynamics generated in the ficti
tious parameter space closely repro
duces the BO dynamics of the nuclei, 
making the MD-DF approach an effi
cient scheme for first-principles MD si
mulations [3].

In what follows we briefly outline the 
MD-DF method and review a few of its 
recent applications to disordered bulk 
condensed phases. These applications 
show that the scheme describes quite 
accurately some relatively complex 
phases and processes of materials. We 
do not cover the applications to cluster 
physics, since these will be the object of 
a forthcoming article in Europhys. News

[4]. Similarly, we do not consider appli
cations where the MD-DF scheme, or 
some suitable modification of it, has 
been used to perform efficiently more 
traditional electronic structure calcula
tions for large systems [5],

Molecular Dynamics in the Coupled 
Electron-nucleus Parameter Space

Let us denote by  ((R/}) the classical 
BO potential energy surface of a multi- 
atomic system, whose spatial configu
rations are [R/}. The (standard) MD tra
jectories are solutions of the Newton's 
equations of motion:

M/R/, = - ¶  /¶R/ (1)

According to DF theory,  {R/}) results 
from minimizing the total energy func
tional E[n(r),{R/}] with respect to the 
occupied orthonormal single-particle or
bitals { i} that represent the electronic 
charge density n(r) =  i |  i(r) | 2. The

functional E is a sum of several contribu
tions, namely the electrostatic inter
action energy between the nuclei, the 
single-particle (quantum) kinetic energy 
of the electrons, the Interaction energy 
of the electrons with the external nu
clear potential, the average electrostatic 
interaction energy between the elec
trons, and, finally, the exchange and cor
relation energy of the electrons, where 
all the information on the many-body 
Fermi character of the problem is con
tained. All terms can be explicitly calcu
lated without approximation, with the 
exception of the exchange and correla
tion term Exc, for which the so-called 
LDA is adopted. This consists of assum
ing that Exc = drn(r) xc(n(r)), where 
 xc(n) is the exchange and correlation 
energy per particle of a homogeneous 
electron gas with density n, which is 
known with sufficient accuracy.

In standard electronic structure calcu
lations the minimum problem relating 
  to E results in self-consistent 
Schrödinger equations. We do not fol
low this approach. Instead we treat 
E[n(r),{R/}] as the potential energy sur
face of a fictitious classical dynamical 
system  consisting of the nuclear plus 
the electronic degrees of freedom, i.e. 
{R/} and { i}, respectively. The corres
ponding equations of motion are:

µ  i(r,t) =

-  1/2  E/2  *{r,t) +  Λij j(r,t) (2a)

M,R, = -  E/ R/(t), (2b) 
where p is an adjustable parameter, M/; 
are nuclear masses, and Λij are lagran- 
gian multipliers used to impose the 
orthonormality between the wavefunc- 
tions.

With modern supercomputers Eqs. 2 
can be integrated numerically even for 
relatively complex systems. In general, 
the nuclear trajectories so obtained and 
those generated with Eq. 1 do not coin
cide, but one can choose the parameter 
p so as to make the electronic dynamics 
sufficiently faster than the nuclear. As a 
consequence, there is little mixing bet
ween slow nuclear and fast electronic 
degrees of freedom. Thermal equilibra
tion requires a very long time and 
nuclear trajectories, initially lying on the 
BO surface, deviate only very slowly
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Fig. 1 — Theoretical (full line) and experi
mental (dotted and dash-dotted line) struc
ture factor of liquid Si and GaAs. The noise in 
the theoretical results reflects the finite sta
tistics in the computed averages. Data from 
two different experiments are reported for 
Si.

from it. This dynamics may be called 
classical adiabatic dynamics. It allows 
simulation of the motion of the nuclei 
without the need for a separate self- 
consistent electronic minimization at 
every time step.

As usual in classical MD simulations, 
one can relate the average value of the 
kinetic energy (K) to the temperature of 
the system. Under the conditions of 
classical adiabatic dynamics in the MD- 
DF scheme one can define two tempera
tures: an electronic temperature T c 
related to the average (classical) kinetic 
energy of the electrons

< K C>  =  <  i  d r µ \  i( r ) \ 2 > ,  
and a nuclear temperature T/' related to 
the average nuclear kinetic energy 

< K / >  =  <  1/ 2  / M/R /2> .
When Tc < T/' the electronic degrees 

of freedom simply oscillate around the 
minimum of E[n(r),{R/}], while continual
ly readjusting to the new minimum as 
the nuclei evolve. Then the temperature 
T/ corresponds to the physical tempe
ratures of the system. Thermal treat
ments, such as annealing and quen
ching, can be simulated by varying the 
particle velocities.

A distinctive feature of the MD-DF 
scheme is that one generates at the 
same time the nuclear trajectories and 
the corresponding ground-state electro
nic charge densities and potentials. One 
can therefore follow directly the evolu
tion of the chemical bonds resulting 
from atomic motion. In addition, one can 
compute consistently electronic proper
ties, like single-particle densities of 
states, conductivities etc., that were 
usually considered outside the scope of 
MD simulations.

Liquids with Directional Bonds

Elemental covalent semiconductors, 
like Si, undergo remarkable structural 
changes upon melting. The coordination 
number, which is 4 in the crystalline 
phase, increases to an average value 
exceeding 6, indicating a collapse of the 
tetrahedral network. At the same time 
they lose their semiconducting charac
ter, becoming metals. They are, how
ever, quite different from more tradi
tional close packed liquid metals, sug
gesting that directional covalent bonds 
may be present also in the liquid. Com
pound semiconductors, like GaAs, show 
a similar behaviour, i.e. increase in the 
coordination and strong increase in the 
electrical conductivity upon melting.

Generally speaking, our knowledge of 
the microscopic properties of molten 
semiconductors is very poor. Basically, 
one does not know much more than the 
structure factor S(k) obtained in diffrac
tion experiments. Simple theories of the 
liquid structure do not apply, and molten 
semiconductors have long been a great 
challenge for MD simulations, in view of 
the complete failure of a simple descrip
tion in terms of pair potentials. While 
very accurate DF calculations existed 
for different crystalline phases of ele
mental and compound semiconductors, 
no such calculations were available for 
the liquid phases, where one could only 
speculate on the basis of assumed simi
larities with crystalline metallic phases 
that may exist under pressure, like the
3-Sn, the simple cubic or the simple 
hexagonal structure, which have coor
dination numbers between 6 and 8.

Molten semiconductors constitute 
therefore an ideal test case for the MD- 
DF scheme and very recently simula
tions have been performed for liquid Si
[6] and GaAs [7]. Both calculations used

Fig. 3 — RDF t(r) of amorphous Si. t(r) = 
4 r g(r), where p is the average density and 
g(r) is the pair correlation function. The 
theoretical curve has been convoluted with 
the experimental resolution function. The 
arrows indicate peak positions in the perfect 
crystalline structure.

periodically repeated MD cells contain
ing 64 atoms in a volume fixed by the ex
perimental density at the melting point. 
The resulting structure factors S(k) are 
compared with experimental diffraction 
data in Fig. 1. The agreement is very 
good, particularly in view of the fact that 
the only empirical parameter of the cal
culations was the atomic density, while 
all other information was derived from 
the atomic numbers of the constituent 
atoms.

It is interesting to see what changes in 
the chemical bonds and in the electronic 
structure accompany the disruption of 
the tetrahedral network. The microsco
pic electronic charge density of liquid 
systems is at present inaccessible from 
experiments but can be readily obtained 
from MD-DF simulations. Plots of the 
valence charge density of an instan
taneous liquid configuration in Si are 
compared with the corresponding quan
tity in the crystal in Fig. 2. This provides

Fig. 2 — Contour plots of the valence charge density of crystalline (left hand side) and liquid 
Si (right hand side). Atoms are indicated by the black circles. In the crystalline case one can 
clearly see a chain of covalent bonds, corresponding to the maxima of the valence charge 
density between pairs of adjacent atoms. Somewhat weaker covalent bonds are also appa
rent in the liquid configuration represented on the right hand side.
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direct evidence for the persistence of 
directional covalent bonds in molten se 
miconductors.

Covalent Amorphous Systems

For both fundamental and technologi
cal reasons, there is great interest in 
understanding the local order in amor
phous semiconductors and how it 
affects their mechanical and electrical 
properties. In MD-DF simulations amor
phous structures can be generated by 
quenching from the melt. This is not the 
common experimental technique for 
preparing amorphous semiconductors, 
essentially because achievable cooling 
rates are too slow and result in (re-)crys- 
tallization. Laser annealing experiments 
have shown, however, that amorphous 
Si can be generated by very fast cooling 
of the liquid. Even in this case the cool
ing rates are orders of magnitude smaller 
than in computer experiments. As a

Fig. 4 — Electronic density of states for 
liquid (upper panel) and amorphous (lower 
panel) Si. The finite energy resolution re
flects the finite size of the simulation box. 
The averages have been calculated over 12 
and 32 different configurations for liquid 
and amorphous Si respectively.

consequence the computer generated 
structures usually contain a large 
amount of defects. They are nonethe
less remarkably similar to real materials 
in many respects.

An amorphous Si structure has been 
generated using the MD-DF method 
with a periodically repeated 54-atom 
cell, whose volume has been adjusted to 
the appropriate density [8], The calcula
ted radial distribution function (RDF) is 
compared with the experimental data in 
Fig. 3. The RDF, which is simply related 
to S(k), measures the average atomic 
density as a function of the radial dis
tance from a tagged atom. Remarkably, 
the integrated area under the first peak 
of the RDF, which gives the local coor
dination, is very close to 4, indicating 
that the tetrahedral network has been

recovered. This process is certainly 
favoured by the presence of directional 
bonds in the liquid. The recovering of 
fourfold coordination is accompanied by 
the formation of a gap in the electronic 
density of states, signalling a transition

from metal to semiconductor. This is 
shown in Fig. 4.

Amorphous carbon is another exam
ple of a covalent amorphous system that 
has been recently simulated with the 
MD-DF method [9], From a technologi-
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Fig. 5 — Theoretical (full line) and experi
mental (dotted line) RDF J(r) of amorphous 
C. J(r) = 47r2pg(r), where p is the average 
density and g (r) is the pair correlation func
tion. The theoretical J(r) has been convolu
ted with the experimental resolution func
tion.

Fig. 6 — Microscopic structure of the com
puter-generated amorphous C network: the 
entire set of atoms belonging to the MD cell
(a) and several 5-, 6-, and 7-fold ring struc
tures of which the system is composed
(b) . Black and grey spheres indicate 3- and
4-fold coordinated atoms, respectively.
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cal point of view  -C is very attractive, 
since it combines semiconducting pro
perties, in some way similar to graphite, 
with a much higher hardness. Disorde
red forms of carbon are thought to con
sist of a mixture of threefold and fourfold 
coordinated atoms, as in graphite and 
diamond, respectively. The simulta
neous presence of two coordinations 
depends on a delicate balance of diffe
rent electronic binding forces and makes 
the simulation of  -C particularly chal
lenging.

The RDF obtained with a 54-atom MD 
cell is reported in Fig. 5. The correspon
ding microscopic structure is shown in 
Fig. 6a, which displays the entire set of 
atoms belonging to one MD cell. Several
5-, 6- and 7-fold ring structures are 
shown in Fig. 6b. One sees that disorder 
introduces 5- and 7-fold rings, in addi
tion to the 6-fold graphitic ones. Five and 
7-fold rings are usually coupled as in car
bon azulene molecules. Although the 
structure is truly three dimensional, the 
atoms are arranged into several thick 
planes, two of which, labelled (a) and (b) 
in Fig. 6a, are roughly parallel to each 
other. Four-fold coordinated atoms, in
dicated by the grey spheres, show a 
tendency to clustering and bind together 
the locally planar structures. Thus they 
contribute significantly to the hardness 
of the system.
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In conclusion, we have presented only 
a few applications of the MD-DF ap
proach to liquid and amorphous semi
conductors, but they are sufficient to 
demonstrate the power of the method.
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