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Non-equilibrium atomic dynamics in solids

K. R. Rao

*Gokula’, 29/2, 11th Cross Road, 3rd Main (Margosa) Road, Malleswaram, Bangalore 560 003, India

Atoms, molecules, electrons and impurities in solids
are subjected to short-lived large energy fluctuations
(SLEFs) arising from the background phonon-sea
due to anharmonic interactions. These SLEFs arise
from the 10-100 atoms situated within a few
nanometer size volume surrounding the affected en-
tity and have lifetimes of the order of a few pico-
seconds. The resulting dynamics is not in equilibrium
with the remaining system over these space and time
intervals; it results in unusual and fast atomic/cluster
displacements and electronic transitions. The study
of this ‘fluctuations dynamics’ has led to understand-
ing ‘abnormal’ diffusion, desorption, chemical kinet-
ics, ionic conductivity, etc. in solids especially in
situations when the associated Arrhenius parameters
are beyond the realm of conventional rate theory.
This article reviews (a) advances made by the SLEF
theory with a few examples drawn from literature
and (b) results from computer experiments that re-
veal the microscopic nature of the fluctuations.

CONVENTIONALLY, the subject of ‘lattice dynamics’
deals with atomic and molecular vibrations in solids
within the confines of harmonic approximation'?. Pho-
non spectra derived from theories of lattice dynamics
and measured by experimental techniques of inelastic
scattering of neutrons have played an important role
in understanding the nature of varicus macroscopic
thermodynamical properties of solids like specific heat,
velocity of sound, thermal expansion, elastic moduli,
temperature dependence of elasticity and thermal con-
ductivity, etc. Equation of state of metals and alloys are
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fairly predictable. In order to understand the tempera-
ture dependence of some of these properties one invokes
‘quasi-harmonic approximation’. Phase diagrams of
various systems are foreseen based on evaluation of the
total energy of the systems as functions of temperature
and pressure. However, many phenomena like evapora-
tion, diffusion, viscosity or plastic deformation at high
temperature, etc. cannot be understood within the scope
of conventional lattice dynamics.

Frenkel studied this aspect of the subject by consider-
ing what is referred to as ‘energy fluctuation dynamics’?,
wherein the atoms and molecules in a solid possessing
energy at least an order of magnitude greater than the
average energy, as given by conventional dynamical
approaches, were contemplated upon. His work has later
on led to information concerning the nature of energy
fluctuation of atoms in detail in terms of their temporal
evolution, spatial localization and statistics. Another
area that is influenced considerably is the study of het-
erophase fluctuations related to phase transitions®*,

In recent times Khait®> has provided a nanoscopic sto-
chastic dynamic many-body theory of energy accumula-
tion by an atom in any solid as a result of a directional
flow of energy flux from the immediate causal nanome-
ter environment of the atom during a time of the order of
pico-seconds through correlated motion of the fluctuat-
ing atom and its surroundings consisting of a few tens or
hundreds of atoms and electrons. (The dynamical treat-
ment is in terms of interrelated statistical distribution
functions governed by coupled integro-differential
kinetic equations derived from the Lioville equation;
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this brief review does not detail all the aspects covered
in ref. 5.) It is difficult to investigate the details of this
phenomenon, experimentally. However, computer
simulation/experimental studies via molecular dynamics
have thrown confirmatory light on this subject.

We shall review in this article some aspects of devel-
opment of this subject, which deals with dynamics, es-
sentially non-equilibrium in nature. The following
section deals with the descriptive aspects of kinetic the-
ory of short-lived large energy fluctuations (SLEFs) in
solids. Salient features of the SLEF theory are outlined
in the next section followed by results of a variety of
experimental studies, which need one to go beyond con-
ventional rate theory to the kinetic theory of SLEFs. The
latter approach leads to a new understanding of
‘abnormal’ results. Computer experiments have con-
firmed various aspects of the transitory nature of the
non-equilibrium atom dynamics and these results have
helped in reconciliation of the ‘anomalous’ in terms of
microscopic space—time behaviour of atoms in solids.
The last section deals with a few chosen examples of
these computer experimental studies followed by a
summary.

Kinetic theory of short-lived large energy
fluctuations (SLEFSs) in solids

The energy of atoms in any condensed system does not
deviate much, on an average, from the average kinetic
energy, 3/2 kT, where k is the Boltzmann constant and T
the temperature of the solid. However, occasionally at-
oms do exhibit strong fluctuation in their kinetic energy.
This fluctuation moves very fast, in the sense that the
energy ‘accumulation’ (SLEF formation energy) is
rather flash-like and the ‘release of energy’ (SLEF re-
laxation energy) is almost instantaneous. In a truly har-
monic system, redistribution of energy between different
normal modes is not allowed; hence the energy fluctua-
tion in the system is a result of anharmonicity leading to
interaction amongst various modes of the crystal. The
energy fluctuations which are essentially energy/wave
packets are believed to be of two types: (i) a transitory
packet associated with one atom or (ii) a soliton-
like migrating fluctuation. This model of energy fluc-
tuation in solids has been confirmed by computer
experiments.

The standard equilibrium theory of fluctuation and
statistical physics are inadequate in case of short-lived
large energy fluctuations of single atoms because of
factors described in detail in ref. 5. The standard cqui-
librium statistical thermodynamics, describes mainly the
behaviour of the majority of particles which determines
averaged macroscopic parameters of subsystems con-
taining a large number of atoms N = 10° to 10*. Small
fluctuations of such parameters, say, of thermal energy
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Aug = us — {uyg), considered to be small corrections to the
equilibrium values, are described by the probability
density,

F(Aug) = [ INQ2no ) )exp{-Aui(20,1)). (1
Alternately, this equation can be written in the form,

fi(ae) = (1INQmo M) Jexp{-(3NZI2)(Aeke)), ()
where

0,% = (Au®) = INZKT)” and Ae = ¢ - {&) = Aug/Ny,
and (&) = (u)/Ny= 3kZT. 3)

Here o, is mean square fluctuation energy, Ny the num-
ber of fluctuating paricles involved, 3Z the number of
degrees of freedom per particle, A¢ the energy fluctua-
tion and (&) the mean thermal energy per particle.

This distribution of equilibrium statistical thermody-
namics breaks down when AN;>1 and Ag¢,={¢, -
(€00} >> kT since, under these circumstances, the system
is highly non-stationary. It may also be noted that equi-
librium energy distributions neglect short-lived states of
small minority of particles as they contribute negligibly
to averaged macroscopic parameters. This is justified
when one considers macroscopic parameters and their
small fluctuations near mean values. However, these
short-lived states involving a minority of particles can
cause significant errors in calculated far-tails of such
distributions and therefore in calculation of probability
of occurrence of short-lived large energy fluctuations
and short-lived large energy fluctuation-assisted proc-
esses.

Based on the vast amount of experimental data ob-
tained in many fields, it is seen that behaviour of ob-
served Arrhenius pre-exponential factors K, and
activation energy AE in the Arrhenius equation,

K = K,exp{-AE/kT}, (4

that governs rate processes in solids and on their sur-
faces, cannot be explained by equilibrium rate theorices.
These include, for example,

(1) Self-diffusion of atoms at different temperature in-
tervals along different crystallographic directions in
materials such as Bi, Se, S, white phosphorus, «a-Fe.
y-Fe.

(ii) Impurity diffusion of atoms of Ag, Mo, Sb, ¢tc. in
a-Fe, Ba in BaQ, etc.

K, covers many orders and cven (ens of orders of
magnitude. An empirical relation like

K = Koo exp(gAE Jexp(~AEAT) with y - 1, (5
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has explained such discrepancies by sometimes redefin-
ing K. K, and y are assumed to be temperature inde-
pendent. This cquation is referred to commonly as
‘compensation effect” equation.

Vast litcrature exist that provide a database from
which one can note several other discrepancies similar
to what are given above®. The kinetic many-body theory
of short-lived farge energy fluctuations and associated
rate processes based on quasi-classical physics has pro-
vided the basis through which a new understanding of
the underlying mechanisms that control the rate proc-
esses has emerged. One can now rationalize and parrow
down the differences between theoretical results and
experimental data.

One of the important consequences of appearance of a
short-lived large enecrgy fluctuation in a solid is that it
induces large transient coordinate fluctuations (LTCFs)
of atoms. Some atoms can come close together and form
transient local atomic clusters of pico-second lifetime;
so much so that the inter-atomic distances are substan-
tially smaller than the average distance between the at-
oms. Under these circumstances,

(1) the atoms can participate in reactions impossible
otherwise, or

(ii) local transient point defects of pico-second life-
time can be fermed, and

(ii1) it is also noted that when large amplitude motions
of individual atoms occur as a result of large energy
associated with the SLEF, even electronic transitions
can occur as in SLEF-assisted tunnelling processes
which do not occur in the absence of SLEFs.

Salient features of SLEF theory

Some atoms in 2 solid at any temperature and at any
instant of time come to possess SLEFs as is confirmed
now by molecular dynamics studies. Referring to Figure
I, these energy fluctuations &,, >> kT and the SLEF
lifetime Ar =1, + 72. 7y is the SLEF formation time and
73, the SLEF relaxation time. #;, the mean time between
two successive SLEFs is >> Ar. 71 and 1, are typically of
order of 107" s. During 7,, the strongly fluctuating atom
receives thermal energy g, >> kT from its immediate
neighbourhood in nanometer vicinity of volume
given by, Q,=4xn/3{(p,+ n -pf} and radius
Ry = p, + I which contains AN, = (,/€),) >> 1 atoms. p,
is the radius of volume V,=4xp,/3 occupied by the
strongly fluctuating atom and £2,, the average volume
per atom. Here [ = ¢.T; is the maximum distance from
which thermal energy €., can be delivered to the fluc-
tuating atom during the time z,; ¢, is the energy transfer
velocity in the atomic system typically of the order of
sound velocity say, 6 X 10° cm/sec. The times 7, and 1,
are given by,
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Figure 1. Schematic diagram of energy €, versus time for two su.
cessive SLEFs of lifetimes Ar and Ar'. At =1 + 13, 7} Is the SLE
formation time and 3, the SLEF relaxation time. # is the mean tim
between the two successive SLEFs. {ev) is the average thermal en
ergy. £, and £qp are the peak SLEF energies of the two SLEFs.

T4

Ty = 13 =B{hi{kk®) }N (/(k®)}, (6,

where k is the effective nearest number of neighbours, }
a parameter = 1 when the mass of the fluctuating particlc
(atom) is approximately equal to the mass of the neigh
bouring atoms. The SLEF probability per unit time anc
per atom is of the form,

We= (1/1) = (1/AT)exp{—&,,/(kT)}, (7)

where { is the mean time between two successive SLEFs
of peak thermal energy €., of the same atom. SLEFs of
peak energy so,,(”') occur m times amongst v atoms in a

time g if eop(”‘) satisfies the relation,

eop™ = kT In {(vr)/(mAT)}, 3)
withm=1,2,...and7 =1, 2,...

The rate coefficient of SLEF induced thermally acti-
vated processes is given by,

K = K, exp(-EI(kT)}, %

where K, = 1/At and &, > E>kT. This equation is
similar to that in canventional rate theory.

It should be noted that eqs (8) and (9) are obtained on
the basis that only aromic vibrations are responsible
for SLEF formation. However SLEF formation or re-
laxation may be associated with local atomic and elec-
tronic rearrangements. Under these circumstances, the
local SLEF time inversion symmetry can be broken and
SL_,EF probability can change considerably and is given
by’,

W' = exp(0Sklexp{—(eop + OEN/(KT)}, (10)
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where 85 is the change in local configurational entropy
and O, is the energy change associated with the atomic
and electronic rearrangements.

The rate coefficient {probability per sec.) is now given
by,

K = K, exp{0S/k}exp{—(E + 0ED/(XkT)}, (11)

for energy barriers of height E >>kT. The effective
measured activation energy and pre-exponential factors
are AE=F + 0E; and

Ko = Koo exp{0S/k}. (12)

Here K,, = 1/AT.

Equations (11) and (12) enable one to explain a wide
range of experimental data in thermally activated rate
processes associated with observed compensation effect
and abnormally large and small Arrhenius activation
energies and pre-exponential factors found in several
experimental studies of diffusion in solids, desorption,
ionic conductivity, etc, Electronic effects are associated
in this formalism, since OE, are related to electronic
transition energies. Equations (10) and (11) show how
SLEF based theory is an improvement over conventional
rate theories that lead to results with large discrepancies
in comparison with experimental data. The SLEF theory
as given by eqs (10) to (12) give results in agreement
with experimental data containing large compensation
effects satisfactorily.

SLEF based analysis of experimental data

The initia} observations of anomalous diffusion parame-
ters referred to carlier in this article, led to development
of SLEF theory based only on atomic vibrations. Subse-
guent studies, based on atomic vibrations and associated
transient non-adiabatic electronic transitions, have satis-
factorily explained observed abnormally small to ab-
normally large diffusion of atoms in several systems
determined through a variety of experimental tech-
niques, in different temperature intervals and under
doping conditions. In this section we summarize results
of a few of these studies.

Atomic diffusion in Si and Ge

Self-diffusion in Si, in the temperature range 1100-
1600 K and that of Ge in the temperature range 950-
1200 K have been studied by Borg and Dienes® and that
of Ge in Si in the temperature range 1400-1650 K by
Handjicontis er al.’ and McVay and Ducharme'. The
diffusion coefficient in the conventional diffusion theory
is given by,

D = D,exp{— AE/(kT)}, (13)
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where D, is temperature independent pre-exponential
factor and AE the diffusion activation energy. AE®® and
D,°" for self-diffusion in Si and Ge cover a broad range.

AE®g =4.1105.13 eV, AE®;.=2.6 t0 3.8 eV,
D, = 8 cm?/s to 9 x 10° cm¥/s;
D,°" ge = 0.18 cm?/s to 2.5 x 10* cm?s.

The change in D, is as much as 10° when experimental
conditions (temperature, sample and doping) change.
The correlation between the activation energy and pre-
exponential factor is empirically given by,

In D, = aAE + c. (14)
This linear dependence is refereed to as compensation
effect. The origin of the observed large variation in D,
and AE as well that of the compensation effect is not
clear within the framework of conventional theories.

The experimentally observed diffusion is modelied'' in
terms of a large number of SLEF-induced electron af-
fected microscopic diffusion events. During the lifetime
of the SLEFs, the fluctuating atom may receive enough
energy to hop to neighbouring sites and initiate the dif-
fusion process. In addition, electronic transitions in the
nanometer vicinity of the SLEF-affected atom can take
place in the valence and mobile electrons/holes. One can
even consider local pico-second fluctuations in the tem-
perature of the medium in the immediate vicinity. When
these latter phenomena coincide with the SLEF-induced
diffusion event, they can influence AE and D, consid-
erably.

The diffusion coefficient for this kinetic SLEF-based
and electron-assisted process is given by'',

D = (p*/6At)exp{— AG/(kT)}. (15)
Here p is the diffusion jump distance nearly equal to the
interatomic distance, AG the effective activation energy
E + 0E - T4S, with E the energy of the SLEF-affected
atom, O energy change due to the electronic transitions
and 05 the change in the local configurational entropy.
The pre-exponential factor is now given by,

D, = (pY6A)exp{-0S/k}. (16)
Without going into further details, it may be stated that
the modified pre-exponential factor and the activation
energy are reconcilable with observed D,°* and AE™™.

The theory'' has also established experimentally veri-
fiable relation between AE and D, on the on¢ hand and
the independently measured melting point 7, and melt-
ing entropy AS,, on the other, Cocfficients ¢ and ¢ oc-
curring in compensation effect are expressible in erms
of T, and AS, in good agreement with experimental
data,
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Desorption of hyvdrogen from amorphous silicon
{a-Si)

Hydrogenated amorphous silicon, denoted as a-Si:H
possesses uscful technelogically important properties
that are not found in pure a-Si, because of the high con-
centration of unsaturated dangling bonds in the latter, At
a high temperature, hydrogen can get desorbed leading to
deleterious effects in a-Si:H used in devices. The desorption
process is controlled by the rate coefficient X given by,

K = Kexp{- AE/(kD}, (17)

where A, is the Arrhenius pre-exponential factor and AE
the activation energy. Doping of a-Si:H also influences
the rate of cvolution of hydrogen. Khait et al.'? have
studied experimentally hydrogen cffusion of doped and
undoped a-Si:H at low substrate temperatures and ob-
tained AE™ and K, for hydrogen desorption. These
vary over a very wide range,

AE™ =03eVio2.1eVand
Koobs =1s'to 10's S—l’

whereas one expects ‘normal’ K wom to be nearly equal
to 10" to 1057 for desorption and a ‘normal’
AF, porm = 2 €V for breaking a Si-H bond. The values
AE™ and K, can be related to each other by the com-
pensation effect given by the empirical relation

In K, = ¢ + aAE™, (18)

Khait er al.'* have taken into account SLEF-related ki-
netic atomic and electronic processes and obtained the
rate coefficient K given by,

K = (I/r)exp(8S/k)exp{— AE/(kT)), (19)

without invoking equilibrium rate theory, but still for-
mally similar to the rate coefficient K given by the equi-
librium rate theory.

The Arrhenius activation energy AE and pre-
exponential factor K, =(1/r)) exp (85/k) are expressed
in terms of local parameters that characterize atomic and
electronic processes induced by SLEFs of surface atoms.
These processes occur in the vicinity of a desorbed Hj
molecule during the desorption event. Thereby these
authors were able to explain the ‘abnormally’ large ob-
served variations in the pre-exponential factors KX,
{nearly 15 orders of magnitude) and in the activation
energy AE (by a factor of 7) caused by dopant variation
but at low substrate temperatures. The kinetic compen-
sation effect follows as a natural corollary.

Stability of a-Si and related materials

Khait and Weil"? have investigated the problem of crys-
tallization kinctics in a-Si related materials and the
deleterious effects of amorphous to crystalline transfor-
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mation in devices based on amorphous materials. Effects
of metal-contacts on material stability are of technologi-
cal interest. Another related problem is crystatlization of
Si and Ge layers in Si,Ge, superlattices disordered by
ion implantation which was studied by Freiman et al't.

One of the important experimental observations is that
the temperature dependence of the ‘incubation time’ (the
delay in nucleation of crystallization) ty and the rate
coefficient for this process Ky are described by Ar-
rhenius equations,

ty = toyexp{+ AE/(kT)} and

Ky = 1/1y = Koy exp{— AE/(kT)}. (20)

The activation energy AE and the pre-exponential factor
K, found from experimental data cover a wide range

ty=143x10"s107.2x107%
and AE=04t03¢eV.

Normally the pre-exponential factor 1, yorm = 107" to
1072 s and AE,norm = 2.5 to 2.7 eV. Once again, as in
earlier cases given above, Koy and AE can be expressed
by a compensation effect relation namely,

In Koy=aAE + ¢, (2n

where a and ¢ are empirical fitting parameters assumed
to be independent of temperature. The conventional rate
theory has failed to explain the wide range of experi-
mental pre-exponential factors and activation energics
as well as the compensation effect equation.

The dynamical semi-phenomenclogical approach,
based on kinetic many body electron related theory of
SLEFs and corresponding theory of SLEF-induced
thermally activated rate processes in solids, has enabled
Khait and Weil'® to calculate 1.y, AE and coefficients a
and ¢ (expressed in terms of material characteristics,
namely bulk modulus and melting point) in agreement
with experimental data. In formulating this approach,
the authors have assumed that the formation of crystalli-
zation nuclei in a meta-stable disordered material,
namely the amorphous material, is associated with a
small number v, =1 of SLEF-induced ‘diffusion’ like
jumps of Si atoms within At over energy barriers to oc-
cupy more ordered positions. In addition to these atomic
jumps, they considered rotation-like jumps of some 5 to
10 atoms around sites to more ordered states. These
jumps are accompanied by electronic transitions in the
vicinity of hopping atoms. The metal contacts with
metals that do not form silicides can enhance the number
of mobile carriers at the metal/semiconductor interface
which in turn decrease AE and increase K, in agreement
with experimental data. Metals that form silicides de-
crease the rate of crystallization. By detailed analysis,
the authors have shown how to calculate Arrhenius pa-
rameters in the environment of local non-equilibrium
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fluctuations in terms of material parameters and were
able to find good agreement with experimental data. The
compensation effect equations are given by,

Inton" = 9.17AE (eV) - 1.03,
for nucleation time and

In D, =9.17AE (eV) - 35.55, (22)

for diffusion coefficients in agreement with experimen-
tal observations.

In addition, the theory has also led to some experimen-
tally verifiable predictions.

Anomalous impurity atom dynamics observed in
Méssbauer spectroscopy and X-ray absorption
fluorescence spectroscopy (XAFS)

XAFS experiments on Hg in Pb, and Mdssbauer experi-
ments of solid solutions of Sn in Pb, Ag and Au'® have
revealed abnormal temperature dependence of XAFS
spectra and of Mdssbauer spectra at a certain tempera-
ture T, substantially lower than the melting point of the
host metal. The Mdossbauer intensity varies logarthmi-
cally linearly with T at low temperatures as expected for
harmonic vibrations. As the temperature increases the
alloys show spectacular concentration and temperature
dependence of intensity, the intensity falling rather pre-
cipitously. The spectral intensity falls below the ex-
pected Debye—Waller factor behaviour, namely,

fM = exp{_ QyzoAz}’

where Qy is thc wave-vector of the y-photon and o,, the
root mean square displacement of the impurity atom. At
the T, s, impurity atoms are not expected to show any
anomalous diffusion or unusual anharmonic behaviour.
The intensity drop-off rate increases substantially be-
yond Ty,

In order to examine these observations theoretically,
the kinetic theory based on SLEFs associated with the
impurity atoms and assoctated electronic transitions
have been taken into account'®, The SLEFs cause tran-
sient atomic displacements much larger than average
atomic displacements but insufficient to cause impurity
diffusive jumps within nanometer surroundings. The
temperature dependcnce of Mossbauer spectral intensity
is given by a new expression,

M(AE,, T) =1 = (k + Dexp{- AG/KkT))
exp{- 0,%0,1)1,

(23)

(24)

which sets a lower limit to the SLEF-induced reduction
of the Mdssbauer spectral intensity. Here, AE is the
electron-affected activation energy, a sum of SLEF en-
ergy and local energy change due to electronic transi-
tions and « the number of nearest neighbours of the
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impurity atom. AG = AE — TAS.s, with AS being the
electron-affected entropy change. Secondly, the SLEF-
based theory is able to predict the critical temperature
and concentration of impurities around which the
anomalous intensity variation in Mossbauer spectra are
observed. A notable feature of the related discussion
pertains to the reversible nature of SLEFs involved and
how they take part in percolation-like process in initiat-
ing the macroscopic observation of Méssbauer spectral
intensity variation around T,.

Reduction of radiation damage in the presence of
weak magnetic fields

Ion-implantation techniques have been used to effect
changes in the material characteristics of semiconduc-
tors and high-temperature superconductors in recent
times. Some efforts are directed to examine the nature of
radiation damage that may occur during this process.
Khait and Richter'” have considered the effects of weak
static magnetic fields of strength 0.7 to 2 kOe on the
semiconductor Hg—Cd-Te and in Sb bombarded by ions
of moderate energy (200-400 keV) and ion dosage
(10'"'-10" cm™). The post-irradiation radiation damage
decreases by a factor of nearly 2 in these materials, in
the presence of the magnetic field as confirmed by Ru-
therford back-scattering and X-ray diffraction studies.
These experimental results are examined in the light of
SLEF theory modified to take into account perturbations
to local electron transport due to the weak magnetic
field. The local electron transitions in the nanometer
vicinity of fluctuating atoms reduce exponentially point
defect formation and migration rates and this decreases
the radiation damage. On the other hand, the post-
irradiation damage in superconducting ceramics irradi-
ated at room temperature can increase and change mate-
rial properties.

Computer experiments (molecular dynamics)

Computer experiments relating to molecular dynamics
are a very standard and powerful tool to study atomic or
molecular dynamics in solids and liquids. A few such
computer experimental studics have been undertaken to
investigate the predictions of kinetic theory based on the
concept of SLEF of individual atoms outlined in earlier
sections. In other studies carried out without any knowl-
edge of SLEF phenomena, one has observed closely
similar results. Without going into the methodology, we
summarize some results of both types of studies,

Studies of a-Si

In a detailed study by Silverman er «l.", an amorphous
silicon (a-Si) system containing 256 Si atoms along with
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a single fluorine atom was investigated using two-body
and threc-hody F-F inler-atomic potential'’ and the Si-F
inter-atumic potential”® hoth proposed by Stillinger and
Weber. This sample was studied over a time equivalent
to physical time of 2 x 107" s and the molecular dynam-
ics integration time was 107" s << 107" s, the character-
1stic atomic vibrational period. The objective of the
study was to monitor the time evolution of coordinates
of F and Si atoms to elucidate details of diffusion and
ultimately the desorption of F from the a-Si surfuce. In
these studies. the (first reported) short-lived fluctuations
of spatial coordinates LTCFs of both F and of some Si at-
oms were observed. Two types of LTCFs were seen, one
associated with an trreversible diffusion like disptacement
of F atoms over distances of the order of [ A. In some cases
these were found to result in diffusion and as per SLEF
theory could lead to re-crystallization of a-Si. In the second
type of LTCFs. the displaced atom returns to its initial po-
sition after SLEF-induced LTCF of duration Ar; these re-
versible displacements can induce a transient noniinear
motion of the fluctuating atom and ‘mixing’ of different
tvpes of vibrational modes. Figure 2 (from ref. 21) shows
typical results observed. Both these types of LTCFs have
been related to predictions based on the SLEF theory.

Study of I-dimensional chain of atoms

Slustsker et al.”* have studied a 1-dimensional chain of
atoms using a Morse type of potential of interaction
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between atoms to examine various aspects of
‘fluctuation dynamics’. They have investigated maxi-
mum cnergy of a fluctuation (separately, kinetic, poten-
tial and their sum), lifetimes of the fluctuation state
of atoms, size of the fluctuation region. migration of
fluctuations, ctc. Since the studies are related to a
I-dimensional system, some of the resuits may be
arch-typical. Special attention has been paid to
the mechanism of formation of energy fluctuation. An
interesting aspect of results of these studies is the
space~time diagram of the atoms in the chain in the
presence of a SLEF. Figure 3 (from ref. 22) shows the
magnitude of the fluctuations of the total energy of at-
oms in the presence of one of the SLEFs as a function of
time.

Nature of energy fluctuations (SLEFs) and
coordinate fluctuations (LTCFs) in Pd—D

Rao and Chaplot* have reported investigation of SLEFs
and LTCFs in a Pd-D lattice. The inter-atomic potential
considered has Coulombic and short-range repulsive
interactions, the parameters of which were obtained by
relating calculated phonon dispersion relation of the
system to neutron inelastic scattering data. In their com-
puter experiments in a Pd-D lattice containing about
800 atoms at 300 K, Rao and Chaplot observed sponta-
neous, frequent but irregular occurrence of SLEFs of
different energies, the largest of them being 20 times
c

D
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X

TR SR 1 | I B

5x10° % '1?‘" 1.5x10
t(s)

0

Figure 2. Space-time behaviour of (@) a silicon atom under ‘normal’ equilibrium fluctuation condi-
tion; (b) a silicon atom exhibiting LTCF at 3.5 psec as a consequence of occurrence of a SLEF; (¢)
another silicon atom exhibiting LTCF at 1.1 psec as a consequence of occurrence of a SLEF: (d) two
different types of LTCFs are exhibited by a fluorine atom at 1.5 and 11 x 107*% s (from ref. 2).
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Figure 3. Space-time diagram of the total energy of atoms in a one-
dimensional model with 100 atoms. E, denotes the magnitude of the
fluctuation of the total energy of an atom. Blank: E; < 1.5 kT (e): E,
=(1.5t0 2.0) kT, |, Ex=(2.0 to 2.5)kT; 2, E, = (2.5 to 3.0) kT; 3,
En=(3.01t0 3.5) kT; 4. Eg=(3.510 4.0) kT, S, En= 4.0 to 4.5) kT:
6, Ep=(4.5 to 50)kT; 7, E,=(5.0 to 5.5)kT; 8, E.=(55 to
6.0)kT; 9, E, = (6.0 to 6.5) kT; o, £, > 7.0 kT (from ref. 22).

as large as the average kinetic energy of atoms.
Anomalously close encounters of atoms wherein inter-
atomic distances decrease by as much as 1 to 1.5 A were
also observed. Typical energy fluctuations above
400 meV and representative pattern of coordinate fluc-
tuations from this study are shown in Figure 4.

Simulation studies of glasses

(i) Sanyal and Sood™ have carried out Brownian dynam-
ics simulation experiments on binary colloidal mixture
of particles containing 512 particles of two different
diameters interacting via a repulsive DLVO potential.
These studies are somewhat different from other studies
since the space and time scales are quite different. The
particle sizes are 545 A and 1100 A and the time step
for integration is (3 to 7) 10 s. One of the results re-
ported in this work is that of individual particle motions
as a function of time. They noted four types of particle
motions: vibrations of particles around local potential
minima; hopping of particles by about inter-atomic dis-
tances to one of the neighbouring positions and persist-
ing there till the end of simulation run; hopping of some
particles to new positions and staying there for a short

CURRENT SCIENCE, VOL. 75, NO. 12, 25§ DECEMBER 1998

while before hopping back to its original position,
and motion similar to that in the third case but resi-
dence time in the hopped position being high. Figure 5
(from refl. 24) is a typical example of results from
this study. These motions observed by Sanyal and
Sood* are remarkably similar to the two types of mo-
tions observed by Khait ef al.?', However, Sanyal and
Sood have not examined the nature of the energy fluc-
tuations. On the other hand, they have noted that a few
particles have executed jump motions cooperatively at
the same time and the particles persist in their new posi-
tion for nearly 0.5 s before they hop back to their initial
positions.

(ii) Miyazawa et al.*® have investigated the dynamical
aspects of glass transition by molecular dynamics (MD)
simulations of equi-molecular soft-sphere mixtures with
500 atoms interacting through purely repulsive soft
sphere potential,

Vap(r) = e\(ag/r), (25)
where 0= (0, + 0p)/2 with @, 8=1,2. 0, and o, are
diameters of the two spheres of atoms. They could ob-
serve three types of jump motions of atoms: certain at-
oms jump to near neighbour local minima, remain there
for nearly 20 MD time-steps and then return to their
original positions; some atoms leave their positions
without returning during the time scale of the MD
simulation; and strongly correlated coordinated jump of
several atoms jumping at successive times by permuting
their positions, These are also the types of LTCFs noted
by Khait et al.?' and Sanyal and Sood®, However,
Miyazawa et al.®® have ‘averaged’ out all short time
fluctuations calling them ‘thermal noises’. In my opinion,
they have missed the fundamental SLEF aspects in this
process.

(iii) Wahnstrom®® has also obtained similar results in
his MD study of a supercooled two-component Lennard-
Jones glassy system.

In this paper we have reviewed some of the features
related to ‘fluctuation dynamics’, a concept aired for the
first time by Frenkel in 1930s but followed extensively
recently by several other studies. Notably, Khait and his
coworkers have formulated the Kkinetic theory of rate
processes based on SLEF dynamics of atoms and clec-
trons in a variety of solids. The fluctuations are confined
to nanometer vicinity of very few fluctuating atoms that
can trigger electronic transitions up or down in a very
short time scale of order of 107210 107" s. These non-
equilibrium dynamics of atoms and clectrons can affect
various processes like diffusion, effusion, crystalliza-
tion, conductivity, compensation effect, etc. The theo-
retical analysis has helped in  explaining many
anomalous experimental observations in a varicty of
fields in physics and chemistry quantitatively.
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Figure 4. a, Temporal seyuence of various SLEFs observea 1n a Pd-D system at 350 K in psec for
encrgies > 390 meV: b, Three random SLEFs observed in a Pd-D system at 350 K. The upper row
shows SLEF relaxation parts only as a function of A. the number of time steps in the computer ex-
periment; the Jower row shows corresponding LTCFs of atoms neighbouring the one associated with

the SLEFs (from ref. 23).

This brief review could not go into detailed theoreti-
cal aspects given especially in ref. 5. It is important to
comprehend that one of the key ideas of SLEF theory is
that the study or application of individual SLEF's of
even a single atom requires taking into account the
transient correlated many-body behaviour of the causal
nanometer environment of the fluctuating atom that in-
cludes tens or hundreds of atoms and electrons. The
reader, who is interested in applications of the theory to
particular materials and processes, may note that the
final relations for SLEF-generated rate proccsses are
simple and easy for applications; they are Arrehenius-
like equations used along with some phenomenological
parameters describing the dynamic behaviour of multi-
atomic clusters of particles. There are many examples of
such applications available in literature (see refs 5 and
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11-17). We hope that this review will encourage readers
for new investigations.

Computer simulation (molecular dynamics) studies, in
a variety of materials like semiconductors, alloys and
glassy systems, have not only revealed the presence of
SLEFs and LTCFs in these systems — and such is the
nature in any condensed matter system — but also led to
the study of details of space—time bahaviour of these
exotic fluctuations.

Although the topic of ‘fluctuation dynamics’ dates
back to about a century — for it is stated, that the
initial suggestion 1s due to Boltzmann - it appears
that not enough attention is paid to look at systems
close enough, on truly microscopic space-time scales
where and when the participants have not equilibrated.
Further scope exists for making use of some of
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Figure 5. Individual particle motions studied by noting

8ri(1) = n(r) — r(0) for a few representative particles in a simulation
run. Maximum &r™** decreases from top to bottom. Curves are
shifted vertically by some multiple of the average inter-particle dis-
tance. Panels marked 2 are heavier particles and the rest are lighter
particles. Note the particles A to G have executed jump motions
cooperatively. Other types of motions described in the text can also
be noted (from ref, 24).

these ideas in relating to and understanding many phe-
nomena that seem to be ‘anomalous’ or depart from the
ordinary.
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