
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 14 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Molecular Simulation
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713644482

Ionic Dynamics of Alkali Chloride Systems in the Supercooled and Glassy
States: Analyses of Inherent Structures
Kenichi Kinugawaa; Kazuo Kitauraa

a College of Integrated Arts and Sciences, University of Osaka Prefecture, Sakai, Osaka, Japan

To cite this Article Kinugawa, Kenichi and Kitaura, Kazuo(1996) 'Ionic Dynamics of Alkali Chloride Systems in the
Supercooled and Glassy States: Analyses of Inherent Structures', Molecular Simulation, 16: 4, 275 — 289
To link to this Article: DOI: 10.1080/08927029608024080
URL: http://dx.doi.org/10.1080/08927029608024080

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713644482
http://dx.doi.org/10.1080/08927029608024080
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Molecular Simulation, 1996, Vol. 16, pp. 275-289 
Reprints available directly from the publisher 
Photocopying permitted by license only 

0 1996 OPA (Overseas Publishers Association) 
Amsterdam B.V. Published in The Netherlands under 
license by Gordon and Breach Science Publishers SA 

Printed in Malaysia 

IONIC DYNAMICS OF ALKALI CHLORIDE 
SYSTEMS IN THE SUPERCOOLED 
AND GLASSY STATES : ANALYSES 

OF INHERENT STRUCTURES 

KENICHI KINUGAWA and KAZUO KITAURA 

College of Integrated Arts and Sciences, 
University of Osaka Prefecture, 

Gakuen-cho, Sakai, Osaka 593, Japan 

(Received February 1995, accepted May 1995) 

Molecular dynamics simulations have been performed for two alkali chlorides, LiCl and LiCl-KCI, to 
investigate the relation between the finite-temperature real properties and the corresponding configur- 
ations of potential minima (Stillinger’s inherent structures). The thermodynamic properties and the single- 
particle dynamical properties relevant to not vibrational hut diffusive motions have been analyzed on the 
basis of quenched inherent structures. Each system include so large enthalpy gap and so large enthalpy 
fluctuation in their quenched configurations at around the glass transition temperature that both systems 
are found to be fragile liquids in Angell’s scheme. It is found that the mean square displacements in the 
successive inherent structures exhibit Brownian behavior or linear time-dependence from very early time 
t = 0.01 ps, so that interbasin transitions represent the ionic diffusive behavior. The interbasin transitions 
can successfully describe Chemla’s effect and an inverse phenomenon observed in real MD trajectory of 
the low-temperature liquids and glasses. Furthermore, we have revealed that there are three types of 
short-time intermittent interbasin transitions, namely, the jump-type transitions, non-jump-type residual 
motions, and residence in basins, all of which are hidden under vibrational motions at  finite temperatures. 
As for the chemical difference, there are more prominent residual motions which are distinguished from 
the jump-type transitions in the LiCI-KCI glass than in the LiCl glass. 

KEY WORDS: Molecular dynamics, inherent structure, alkali chlorides, fragile liquid, interbasin transi- 
tion, Chemla’s effect. 

1 INTRODUCTION 

For many years it has been unclear how chemical differences between materials 
would influence their glass-forming ability and even how they would affect the 
diffusive dynamics in the low-temperature liquids. In this connection, Angel1 has 
proposed the concept of strong and fragile liquids on the basis of measured viscosity 
and heat capacity of various glass-forming liquids [ 11. Thermodynamically the for- 
mer has small or no heat capacity change at the glass transition, while the latter has 
a large change. It has been believed that the observed general characteristics in 
thermodynamic and transport properties of strong and fragile liquids can possibly 
be understood by considering the relation between the topographical characteristics 
of potential surfaces and the finite-temperature motions excited on them [ 11. 
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276 K. KINUGAWA A N D  K. KITAURA 

In this idea, Stillinger and Weber’s concept of inherent structures is a useful tool 
to elucidate the particle dynamics on the configurational-space potential surfaces 
of the physical systems [2]. Inherent structures are spatial configurations of par- 
ticles in local potential minima hidden under real molecular dynamics trajectory. 
Indeed, the concept of inherent structures has been utilized in molecular dynamics 
studies to investigate the thermodynamic properties and short-time dynamics of 
various condensed matter [3]. The thermodynamic functions of liquids can be 
evaluated in terms of normal modes in inherent structures or quenched configur- 
ations [4]. In fact, for collective dynamics, one of us successfully represented the 
dynamical structure factors S (k,w) of alkali chloride glasses in terms of the normal 
modes [5]. This shows that the collective vibrations of ions in glassy state are 
constructed in terms of intrabasin vibrations in the inherent structures. In this 
analysis, however, it was found that there were not normal modes less than o <2- 
3 cm-’[6]. It is therefore impossible to represent any lower frequency modes or 
ionic diffusive motions (w = 0 cm- ’) in terms of the normal modes (vibrations in 
potential basins). Certainly it  has been reported that there is a correlation between 
the direction of spatial transition of particles and the lowest-frequency normal 
mode vector [7]. Nevertheless, our present policy is to examine whether self- 
diffusion of particles can be represented in terms of interbasin transitions between 
successive inherent structures without using the concept of intrabasin vibrations or 
normal modes [S, 91. This requires the analysis of a succession of multi-step inter- 
basin transitions, not a one-step interbasin transition for short time interval. To 
the authors’ knowledge, no one has attempted to examine such a possibility in 
molecular dynamics simulations probably because of heavy computational 
demands. Before challenging an ultimate problem of glass-formation, an essential 
subject at the present stage is to clarify how the real particle-motions can be 
related to the potential surfaces of the systems in this way. The present study has 
been devoted to this subject. 

Two Coulomb systems, LiCl and 50(mol%)LiC1-50 KCl, are examined by means 
of the MD simulations and relevant analyses of Stillinger’s inherent structures, 
because it is known that they exhibit the following contrasting properties in experi- 
ments. First, no pure alkali halides such as LiCl and KCI can be cooled into the 
glassy state in experiments, whereas mixing of several components strengthens the 
glass-forming ability; for example, mixture 55 LiC1-32 KC1-8 CsC1-5 BaCl, (simply 
modeled as 50 LiC1-50 KCl in the present work) can be cooled into the glass [lo]. 
Secondly, the mixed salts such as LiCl-KC1 do exhibit the lowering of the cation 
diffusion relative to LiCl, as is known as Chemla’s effect [ll]. 

We emphasize that the present study is a first attempt to clarify the relationship 
between the real diffusive dynamics and the relevant potential minima. In particular, 
it is of importance to choose typical Coulomb systems as the research target, be- 
cause most of the real glass-forming materials are Coulomb or ionic substances. 
Actually, Rose et al., have already studied inherent structures of (KCl),, cluster [l2]. 
However, there has so far been no exploration of inherent structures of ionic glass- 
forming bulk materials. 

Section 2 describes the finite-temperature trajectory calculations based on MD 
simulations and the method of exploration of inherent structures. The results of 
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IONIC DYNAMICS OF ALKALI CHLORIDES 211 

thermodynamic and various dynamical properties are given and discussed in Sec. 3. 
Finally the conclusions are summarized in Sec. 4. 

2 METHODS 

2.1 Finite-temperature MD Calculation 

The interionic potential function used in the M D  simulations is of the following 
Born-Huggins-Mayer type: 

+ij(r) = z i z j e 2 r - l  + bijexp((oij - r ) p , j l )  - d j j r P 6  - hj jr -* ,  (1) 
where the parameters zi and z j  are the ionic formal charges, f 1. This potential 
function represents the typically ionic interaction in terms of a sum of Coulombic, 
Born-type repulsion, and dispersion forces. Most of the parameters in the potential 
function were cited from Tosi and Fumi's ones [13] which have been extensively used 
in the previous simulation studies [5, 14,151. The used parameter values are given in 
Table 1 of Ref. 5, but some of them were replaced by pcl-cl = 0.340 A, = 
117.6 x 10-l9J A6, and hC,-, =236.1 x lo-'' J A8 in the present calculations. 

Following Andersen and NOSPS technique [ 171, first isobaric-isothermal M D  
simulations have been carried out for the two alkali chlorides, LiCl and 50 LiCI-50 
KCl, to obtain the trajectories at some finite temperatures. The procedure of the 
simulation is the same as that in our previous works [ S ,  141. In the present study, 
the total number of ions was set to N = 64 for both systems (LiCI : NLi+ = 32 and 
Nc,-  = 32; LiCl-KCI: NLi+ = 16, N K+ = 16, and Ncl-  = 32). The external pressure was 
set at 1.013 x 10' Pa throughout the simulations. The Coulombic potentials were 
evaluated by using Ewald's method. The glassy state is achieved by cooling the 
liquids at the rate 5 x l O I 3  Ks-l. The M D  trajectory was obtained for three million 
steps (6 ns) each for 1200,900,600, and 300 K, and 50 000 steps (100 ps) for other 
temperatures. Relatively small number of ions ( N  = 64) is for the purpose to save the 
computational time necessary for the steepest-descent quenching described in the 
next section. We have also carried out the simulation of the N = 512 systems under 
the same external condition to confirm that there are no differences between the 
thermodynamic properties of N = 512 and 64 systems. 

2.2. Exploration of Inherent Structures 

Stillinger's inherent structures of each temperature were explored by quenching each 
M D  configuration (each ionic coordinate and the system volume) of the N = 64 
systems into the local potential minima [2]. For this purpose we solved the follow- 
ing equations representing the steepest-descezt path: 
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278 K. KINUGAWA AND K. KITAURA 

where mi and ri are the mass and the position of i-th ion, @ is potential energy of the 
system, W is the mass of Andersen's piston, and V is volume of the system [18]. The 
second equation is needed for the isobaric system where the quenching of the system 
volume must be also performed. The time step for the integration of this set of 
equations was 2 x lo-'%, and 50 000 steps were computed to obtain one quenched 
configuration Q(rl(Q), r2(Q), . . ., T i Q ) ,  VQ); t )  which corresponds to a starting MD con- 
figuration R(rl ,  r2, . . ., rN, V ;  t ) .  Ewald's sum was also evaluated during the quenching 
procedure. Totally 3 800 MD configurations at ten temperatures of the two systems 
were quenched into the inherent structures. This required to compute 1.9 billion 
steps which amount to CPU time as long as 140 days in Hewlett-Packard Model 
715 work station. 

3 RESULTS AND DISCUSSIONS 

3.1 Thermodynamic Pro perties 

Figure 1 shows the plot of calculated enthalpy as a function of temperature. As was 
mentioned the previous papers [5 ,  141, the liquid-glass transition of both systems is 

I / -  Y 
_ _  _ _ _  -.--. --.--*- -380 

-400 

-* - * -4- -*- -I- 
YO00 

t 

Figure 1 Plot of enthalpy as function of temperature. (-): H of real MD trajectory: (---): E f Q I  of inherent 
structures. (A): crystalline LiCI; (0): liquid and glassy LiCI; (0): LiC1-KC1. The melting point of LiCl is 
found to be about 1100 K. Each H'Q1 is an average of 50-300 quenched configurations. The standard 
deviations are shown as error bars except for the LiCl crystal. The arrows denote large fluctuation of He) 
at 700 K. 
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IONIC DYNAMICS OF ALKALI CHLORIDES 219 

recognized as a change of the H-T slopes or specific heat C, at T,  = 500-700 K. The 
changes of C, at Tg are 5.0 and 4.4 JK-'  mol-' for the LiCl and LiCl-KCl systems, 
respectively. These are apparently much larger than experimental values of strong 
liquids such as GeO,(O.l JK-' mol-l) and BeF,(O.O JK- '  mol-') [19]. 

For inherent structures, we plotted in this figure potential enthalpy [18] 

(3) H (Q)  = @Q) + p(Q) ~ ( 0 )  

where cD(Q),P(Q), and VcQ) are the potential energy, system pressure, and volume 
averaged over 50-300 quenched inherent structures Q s .  As for H ( Q ) ,  the contribu- 
tion of PcQ)VcQ)is always negative (- 1.4 - - 1.9 kJmol-') because of negative press- 
ure for inherent structures. For both systems, there exists so significant enthalpic 
change at T = 600-800 K that the glassy and supercooled liquid states are well 
distinguished, as was expected previously [ 11. Actually, the H ( Q )  gap between 
T = 300 K (glass) and 1200 K (liquid) is 3.9 and 4.5 kJmol-' in LiCl and LiCl-KCl, 
respectively. The large energy-gap at T, is characteristic of two-level systems accom- 
panied with Schottky type specific heat [l]. In fact, the fluctuation or standard 
deviation of H ( Q )  is especially large at  700 K (1.3 and 0.7 kJmol-I in LiCl and 
LiCl-KC1). Since the enthalpy of quenched systems essentially does not include 
thermal excitation on potential surfaces, this certainly implies the distribution of 
distinct configurations Q's at this temperature. Therefore, the number of configur- 
ations contributing to configurational entropy is remarkably excited at this tem- 
perature with heating. Further, these large energy gaps are also the evidences that 
both systems are classified into fragile liquids. 

3.2 Dynamical Properties 

Figure 2 shows the mean square displacements (MSD's) of the Li+ ions. We show 
two types of MSDs which were calculated from real MD trajectory, 

and from inherent structures, 
I N. 

As for real dynamics M ( t )  (Fig.2(a)), we can recognize regular diffusion ( M  ( t )  - t )  for 
t > 0.1 ps at 1200 and 900 K and for t > 100 ps at 600 K. For 300 K (glass), however, 
there is not regular Brownian diffusion but so-called anomalous diffusion 
( -  t",O < CI < 1) [20] for all t .  As for the difference between the two systems, at 1200 
and 900 K (> T,) faster diffusion of the Li+ ions in LiCl is recognized clearly than in 
LiCl-KCl. This manifests Chemla's effect that the diffusion of the Li+ ions is slowed 
down by mixing cation species [ll]. It should be, however, mentioned that an 
inversion phenomenon is observed for 600 K ( - T,) and 300 K (glass), at which the 
Li+ ions in LiC1-KCl diffuse faster than in LiCl. It is emphasized that this fact has 
never been reported so far. We confirmed that these features in Figure 2(a) still hold 
in the N = 512 systems. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
1
9
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



B 

Figure 2 Mean square displacements of the Li 'ions. (a) For real MD trajectory; (-): LiCI; (----): LiCI- 
KCI. (b) For inherent structures; (---): LiCl in real MD trajectory plotted for comparison; (--): LiCl in 
inherent structures: (-): LiCl-KCI in inherent structures. Each M@'(t) is an average of 200-299 quenched 
configurations. 
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In Figure 2(b), the inherent structure MSD M(Q)( t )  coincides well with M ( t )  for 
t > 0.1 ps. Moreover, it is noteworthy that M Q ) ( t )  is almost Brownian ( -  t )  even at 
very early time t = 0.01 ps, at  1200 and 900 K in LiCl. This clearly denotes that the 
interbasin transition process is completely free from vibrational motions and can 
represent the real diffusive motions at these temperatures. Moreover, we can see that 
Chemla's effect and the inversion phenomenon are almost conserved in M(Q)( t )  at 
these temperatures. At lower temperatures (600 and 300 K), it is observed that 
M'Q)(t)  fairly deviates from M ( t ) .  However, this should be attributed to statistical 
errors caused by decrease of large interbasin transitions at low temperatures. Thus, 
we can conclude that the interbasin transitions M("(t) can realize the essential 
features observed in the real M D  trajectory at least qualitatively. 

Since diffusive processes can be described in terms of the interbasin transition at 
very short time t = 0.01 ps, as is seen in Figure 2, we can consider each interbasin 
transition during 0.01 pa as an elementary process of overall ionic diffusive motions. 
In Figure 3 are shown together the self-part of van Hove functions G,(r, t )  at t = 0.01 
ps calculated from real M D  trajectory, 

and from inherent structures, 

(Q) G, (r, t = 0.01 ps) = 6 ( r  - l(Q)(t = 0.01 ps) - riQ)(O)])). (5.2) 

Van Hove function for real trajectory G, simply denotes an amplitude of thermal 
vibration < 0.58, for such a short time, while G!Q) for inherent structures has a wide 
distribution at larger Y. For example, there is a distribution even at r = 3 8, at 1200 
IS, because ions which were moving in saddle region of potential surface during 0.01 
ps are quenched separately in the two neighboring local minima. It is surprising that 
there is such a displacement as large as interionic spacing [14]. This means that 
potential minima visited by the ions are occasionally so much separated spatially. 

To see the details of this short-time transitions, we show in Figure 4 the average 
displacements of the Li+ ions during 0.01 ps, defined as 

I N.. 

Similarly the average displacements AR(Q)(t)  for inherent structures are defined in 
terms of ria). In Figure 4(a) and 4(b),AR(t) for real trajectory keeps almost a con- 
stant value because it only represents the vibrational amplitude for 0.01 ps. We have 
confirmed that this is also the case of the other temperatures, including glassy state. 
On the other hand, AR(Q)(t) representing the interbasin transitions in inherent struc- 
tures exhibits the occurrence of intermittent transitions whose displacements are 
sometimes larger than the vibrational amplitude. Of course, these findings in AR(t )  
and ARtQ)(t) also correspond to those in van Hove functions G5(r, t )  and GdQ)(r, t )  in 
Figure 3. We emphasize that the interbasin transitions are intermittent events even 
at 900 K at which continuous regular diffusion occurs in real M D  trajectory. 
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Figure 3 The self-part of van Hove functions of the Li’ions for t =0.01 ps. (---): GJr,  t) for real MD 
trajectory; (-): G,’Q’(r, t )  for inherent structues. 
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(a) LiCl T= 900 K 

283 
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(b) LiCI-KCI T =  900 K 
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Figure 4 
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0.01 

0.00 
0 

(c) LiCl T =  300 K 

0 1 2 3 
t (PS) 

Figure 4 The average displacements of the Li+ions during 0.01 ps. (---): AR ( t )  for real MD trajectory; 
(-): AR'Q)(t) for inherent structures. Note that the ordinate scale in (c) and (d) are extended from (a) and (b). 
The arrows in (a) denote the example of the spatial transitions shown in Figure 6. 
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t =1.54-1.55 PS t =1.55-1.56 PS t ~1.56-1.57 PS 
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Figure 6 Patterns of the ionic transition between the successive inherent structures of LiCl at 900 K for 
t = 1.54 - 1.57 PS. 
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Figure 7 Total and some individual potential energies in inherent structures of LiCl at  300 K. (a) total 
potential energy @@’; (b) individual potential energy @;@(i = 20 (Li’), 50(C1-), and 57 (Cl-)). is also 
calculated by means of Ewald’s method, of course. 
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LiCl-KC1, the transition patterns are rather diffusive passing through various basin 
sites. These are in agreement with the findings in Figure 4. 

Finally, we mention that jump-type transitions are, in principle, collective to 
which most of ions in the system participate. For example, the inherent structure 
transitions in LiCl at 900 K for t = 1.54-1.57 ps are shown in Figure 6. In this figure 
a succession of “residence +collective jump --+ residence” is clearly recognized; the 
jump occurs suddenly and the ions transit to the next basins collectively at the same 
moment. With such jump-type transitions, the individual potential energy of each 
ion, 

I N  

actually changes as much as (40 kJmol-’. For example, the time evolution of 
@iQ)(t) in LiCl at 300 K is plotted in Figure 7(b). Each Qi changes discontinuously at 
the moment of interbasin jump-type transitions. However, the total potential energy 

does not alter so much as individual potential energy @iQ) with time because the 
changes of each is as 
small as the standard deviation shown in Figure 1 (e.g., 0.02 kJmol-’ in LiCl at 300 
K). This canceling out of @iQ) is considered as a feature of Coulomb systems, where 
unbalanced local charge should be always neutralized by the displacements of dis- 
tant ions through long-range Coulomb forces. 

cancels out mutually (Fig. 7(a)). The fluctuation of 

4 CONCLUSIONS 

Stillinger’s inherent structures, namely, the configurations of the quenched potential 
minima were explored for two Coulomb systems LiCl and LiCl-KCI. We have 
discussed the thermodynamic and single-particle dynamical properties especially on 
the basis of quenched inherent structures. As for the thermodynamic properties, we 
have found that there is an energy gap between the inherent structure enthalpies of 
the supercooled liquid and of glassy states. Furthermore, the fluctuation of the 
inherent structure enthalpy is fairly larger around the glass transition temperature. 
We have thus obtained a concrete evidence that LiCl and LiCI-KCl should be 
classified into fragile liquids in Angell’s scheme. 

For dynamical properties of real MD, Chemla’s effect was observed for the tem- 
peratures at which regular diffusion is predominant, while an inverse phenomenon 
was observed for low temperatures at which anomalous diffusion is observed. On 
the other hand, the single-particle diffusion represented in MSDs proportional to 
t was successfully described as the successive interbasin transitions between inherent 
structures. In particular, the Brownian behavior in inherent structure dynamics is 
observed from very short time scale such as 0.01 ps though vibrational motions 
( -  t 2 )  are predominant for such short time at finite temperatures. The interbasin 
transitions at every 0.01 ps are, however, intermittent even at high temperatures. The 
interbasin transitions are classified into three patterns; jump motions, residual 
motions, and residence in basins. All of them are hidden under vibrational motions 
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in real M D  trajectory. The mixture system LiC1-KCl include more prominent resid- 
ual motions in the glassy state than LiCl. 

We have concretely clarified the relationship between the finite-temperature ionic 
dynamics in real M D  trajectory and the interbasin transitions in Stillinger’s inherent 
structures. Although the coincidence of the real diffusion with the interbasin transi- 
tion would have partly been predicted, we emphasize the significance that the 
present numerical results are the concrete evidences for this. Moreover, it has been 
shown some differences of dynamical properties between LiCl and LiC1-KCl at low 
temperature. They are, for example, an inverse Chemla’s phenomenon and the 
prominent residual motions distinguished from jump-type transitions. Although the 
statistics is not necessarily good because of the limitation of computational ability, 
we believe that the essential conclusions of the present study are invariant qualitat- 
ively. A future subject on this line is certainly to investigate the long-time self- 
diffusion processes in inherent structures at low temperature. To explore numerous 
inherent configurations sufficient for such a study requires much more computa- 
tional time than that of the present work. If this is possible, the jump probability can 
be accurately estimated from such numerical data with better statistics. In this case, 
it seems that a generalization of the dynamical lattice model [21] or the trapping 
diffusion model [22] based on the master equation is necessary to include a distribu- 
tion of jump distances. This generalized model accompanied with accurate jump 
probability will describe the self-diffusion dynamics on potential surfaces more real- 
istically; this is a future subject. 
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