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In our previous works on molecular dynami@dD) simulations of lithium metasilicate (L85iO3), it has
been shown that the long time behavior of the lithium ions y8BiO; has been characterized by the component
showing the enhanced diffusighévy flight) due to cooperative jumps. It has also been confirmed that the
contribution of such component decreases by interception of the paths in the mixed alkali silicate .IKSIO
Namely, cooperative jumps of like ions are much decreased in number owing to the interception of the path for
unlike alkali-metal ions. In the present work, we have performed a Monte Carlo simulation using a cubic lattice
in order to establish the role of the cooperative jumps in the transport properties in a mixed alkali glass. Fixed
particles(blockage were introduced instead of the interception of the jump paths for unlike alkali-metal ions.
Two types of cooperative motioria pull type and a push typevere taken into account. Low-dimensionality
of the jump path caused by blockage resulted in a decrease of a diffusion coefficient of the particles. The effect
of blockage is enhanced when the cooperative motions were introduced.

PACS numbsgfs): 02.60—x, 66.10.Ed, 66.36-h

[. INTRODUCTION lation time due to the time dependent character of the mean
squared displacement and discontinuity of jump motions
In alkali silicate glasses, transport coefficients, such a$8,11-13, and interconversion of fast dynamics and slow
self-diffusion coefficients, markedly fall when a single dynamics also cause large fluctuations of the mean squared
alkali-metal ion is mixed with other alkali-metal ions; this displacement in the glassy stdt#4]. In the present work,
phenomenon is referred to as the “mixed alkali effect” Monte Carlo(MC) simulation has been used to examine how
[1-3]. In our previous work, a large decrease of meaninterception of the jump path affects the cooperative jump
squared displacements by such mixing of alkali metal iongnotions in some simplified cases.
has been reproducgd] in the simulation of LiKSiQ glass,
Wher_e the interce_ption of the jump path among the unlik_e II. METHOD: MC SIMULATION
alkali-metal ion sites has been shown to occur at least in
several hundreds ps region at 700 K. Examination of the MC simulations were performed at 300 K using a cubic
potential energy surface reveals that a smaller alkali-metdhttice of 10< 10X 10 with a periodic boundary condition.
ion becomes unstable if it enters the site previously occupietiennard-Jones particleGrgonlikg were used instead of
by a larger alkali-metal ion and vice verg&-6]. The jump  alkali-metal ions. A distance between neighboring sites is set
paths and motions of alkali-metal ions has been characteto be 3.9 A. In each elementary step of the simulation, a
ized by an analysis of fractal dimension. In simulatignp  particle 1 was chosen randomly and a direction was also
to the 1 ns regionfor Li,SiO;, we have confirmed that the chosen randomly, to which the ion attempts to jump. In the
dynamics of Li ions have divided into slow and fast dynam-simulation without cooperative jumps, the jump was rejected
ics. Fast dynamics of the lithium ion has been characterized the neighboring site was occupied by another particle
as Levy flight [7,8], since the power law distribution of dis- by the fixed particles mentioned latelf the neighboring site
placement of particles has been obserydistribution of  was vacant, the jump probability was determined by the Me-
characteristic scale for the jump motign€ooperative jump tropolis method. In the simulation with the cooperative
motion is the main mechanism to determine the long timgumps of pull type, the trial was rejected if the second site in
dynamics of the pure alkali silicate syste@,9]. On the the forward direction of particle 1 was occupied. When the
other hand, single jumps cannot contribute to the long timesecond neighboring site was vacant, the second neighboring
diffusive motion because of large back-correlation probabil-site in the opposite side was checked. If the site was occu-
ity due to local low-dimensional structure of the jump paths.pied by another mobile particle 2, both 1 and 2 particles can
A change in cooperative motion by mixing is suggested as afry to move simultaneously. For the cooperative jumps of
origin of the extraordinary large mixed alkali effect{4 push type, the first neighboring site of particle 1 in the for-
orders of magnitude[6,10]. However, quantitative assess- ward direction was checked. If the site was occupied by an-
ment of the effect is still insufficient. Therefore, it is impor- other mobile particle 2 the second neighboring site in the
tant to learn much detail about the role of the cooperativessame direction was checked. When the site was occupied by
jumps in the mixed alkali effect. Determination of absolutefixed or mobile particle, the trial was rejected. If the first
value of the diffusion coefficients from molecular dynamics neighboring site was occupied by mobile particteghd the
(MD) data is quite difficult because it requires a long simu-second neighboring site was vacant, both 1 ahga&rticles
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NJ/N FIG. 2. D values for the mobile particles are plotted against
X=N/(N+Ng) for the caseN+Nz=950, where the mobile par-
FIG. 1. MSD for the case® (Pull+S) (N=700,Ng=250) and  icje and block particle play roles of two kinds of alkali-metal ions
® (S) (N=250, Ng=0). in the mixed alkali effect. Types of jumps allowed afe (S), O
(Pull+S), A (Pusht+S), O (Pull+Push, and® (Pull+PushtS).
could try to move simultaneouslyin the present simulation,
pull type motion occurs taking precedence over the single Qur previous molecular dynami¢MD) studies based on
jumps. This rule was introduced only for simplicity of the the visualization and the fractal dimension analysis of the
simulation and is not necessarily realistic. The ratio of singlepath in the mixed alkali-metal (LiKSi§) glass revealed the
jumps to cooperative jumps should depend on the activatiorbnowing feature8-10Q];
energy of these jumps. However, in the present MC simula-
tions, we neglect the distribution of activation energies. 1. Each kind of alkali-metal ion clearly shows an indepen-
The probability of the success of the cooperative jumpdent path at least in the time scale of several tens to hundreds
was also determined by the Metropolis method. That is, iPS, which indicates the interception of the mutual jump
depends on the total potential energy of the system at theaths.
next step. A decrease in fractal dimension of the path was 2. Contribution of the cooperative jumps to the squared
introduced by fixed particles. In some cases, the positions dglisplacements decreases by mixing. The bulk velocity auto-
selected particles were fixed during simulation time. Aftercorrelation function is affected by mixing more significantly
each trial, the time was incremented by, /N, whereN is  than the tracer function is.
the number of the mobile ions. The elementary step was 3. Back-correlation of the jump motion becomes larger in
repeated again and again until thermal equilibrium waghe mixed alkali system. That is, each particle has local mo-
reached. The acceptance ratio of the Metropolis methgd,  bility.
D e oS O WD, TS he g decrease i ynamcs i the mied il
' ) . metal system is mainly caused by the mutual interception of
late the mean squared displacement until the number of th

. fhe jump paths of unlike ions. This resulted in the decrease in
Is:)uct():essful ]umps'\ff) ber?omtehs 10 Oog' Altr;otu?r; the tV allue b forward-correlated jumps with the cooperative jump motion,
s becomes smaller when the number of total particles Beg -, is the main mechanism of the conduction and/or dif-
comes larger, the error range of thevalue was kept almost £
the same by this procedure. Five cases were examined al

compared with each other:

usion in pure systems. In the mixed alkali system, the com-
nent showing accelerated diffusion was confirmed to be
nearly absent in the MD simulation up to 1 ns at 70014].

This result is quite different from that in the “dynamic
structure model”[15,16, which has been proposed to ex-
plain the “mixed alkali effect,” where the unlike ion can
d-enter the pathway and dynamically interfere the jump of the
respective ions. Therefore, we neglected the change of the
pathway during the simulation time in the present work, al-
though such motion is observed in a longer time s¢a&.

(i) Only single jumps were allowedSj.

(i) Pull type of cooperative motion was allowed in addi-
tion to single jumpgPull+S).

(iii) Push type of cooperative motion was allowed in a
dition to single jumpgPush+S).

(iv) Both pull and push type of cooperative motions were
allowed. Single jumps were not allowéBull+Push.

(v) Both pull and push type cooperative motions were
allowed in addition to single jump@ull+Pusht+S). lll. RESULTS AND DISCUSSION

In Fig. 1, mean squared displacemefiéSDs) of two A. Diffusion Coefficients for fixed density (N+Ng=950) cases

cases were shown as examples. In the present work, apparentin Fig. 2, D’ values for the systems containimg+ Ng
diffusion coefficientsD, were calculated from the slopes in =950 particles are shown, wheXe=N/(N+ Ng). The fixed
the Ng=6000~800N region of MSD andPg values. The particle play a role for the blockage by unlike alkali-metal
MSDs tend to show a time dependent character in som#ns in the mixed alkali cas®’ (whereD’'=D/DyX) was
cases. Such charactdespecially for cases with cooperative used rather thad itself in this section. The factoX can be
motion) will be discussed in the future. The values wereconsidered as a correction of time required for activation of
normalized by usind (for single jumps ofN=250 par- jump motion, since in a real mixed alkali glass, unlike alkali
ticles without blockagk since the back correlation probabil- ions also move in the independent paths. The ordéd ‘ot

ity in this case is almost 1/6 and is quite similar to the caseX=1 (N+ Ng=950) was as follows. Note that the vertical
for the free particle motion. That if)y~lim._¢D(c). axis is in log scale:
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againstN+Ng. The types of jumps ar® (S) without block; @

FIG. 3. D’ values for the mobile particles are plotted against(s) with block (Ng=250); A (PUSh‘l‘S) without block;O (Pusht
back correlation probability®,) of the particles. Types of jumps S) with block (Ng=250).

allowed are the same as in Fig. 2

, , , percolation threshold tends to shift toward to right in Fig. 2,
D'(Pull+Push+§)~D’(Pull+Push>D'(Pusht+S) if cooperative motions exist. This can be explained by the
~D’(Pull+S)>D’(S). 1) geometrical condition Qf the'Jump path, since _the 'crook'ed
path may allow only single jumps. A cooperative jump is
e ffective to increase thB’ values, while the jumps are sen-
The order clearly means that the diffusion is accelerate(gitive to blockage. In the MD simulation of 4$i0s, a
by the ex'gsfencle of coope[)atlve ?(t))tlons_. _Slgmfﬁa&t dke'memory of jump direction of Li ions is held and is one of the
creases oD " values were observed by mixing with block o5 4 cteristics of Ly flight dynamics[8]. In each elemen-
parﬂgles in every case. The _bIockage effect was enhanq ry step of the present MC simulations, a direction of a
considerably when cooperative motions were allowed iy, icie 1, to which the particle attempts to jump was chosen

spite Qf the fact that only two pa_rtlcle r_notlons were belngrandomly. Therefore, the correlation of the jump directions
taken into account. Thus, the rapid fall in conductivity seen

. . ) . . . of successive jumps in MC simulations were caused only by
in the dilute foreign alkali-metal regiof3] of the mixed o geometrical condition of particle positions.

alkali system can be explained by the existence of the coop-
erative jumps. Namely, a blockage of the path at one site can

affect many ions since the cooperative motions were inter- B. Diffusion coefficients in the case¢S) and (Push+S) with
cepted. This explanation is in contrast to that in the “dy- and without block particles (Ng=250)

namic structure model,” where a large limiting slope was ag g typical example of simple cooperative systen,
explained by the assumption that an unlike ion can enter thgy|yes of caséPushtS) were compared with those of case
pathway and dynamically interfere with the jump of the re-(s) in this section.
Spective ions. . _ In Fig. 4, A, values are plotted against+Ng. In the
The behavior of(Pull+S) slightly differed from that of  present MC simulations, the interaction with the block par-
(Pusht-S), although the probability of cooperative jumps of ticje js the same as that with mobile particles. Therefore, the
pull and push types should be the same. The difference i§ value is a function of total number of particles. The result
due to the fact that the pull type motion is allowed when thejs consistent with those in the preceding section, where the
single type motion is also possible. On the other hand, singlgcceptant ratio is almost constant for the case of fixed den-
jump is impossible when the push type motion is allowed.si»[y (N+Ng=950). As shown in Fig. 4A. values have the
Namely, the particle intercepted by other particle cannoty,inima at theN+Ng=500 region and the values for the

jump without push type motion. case Q) is slightly larger than the cag@ush+S). Observed
The rapid change dD’ in the caséPull+Push began at  p yajues were modified by the, values. Except for this)

lower conce_ntratlon/ of blockage compared with the other,)es are determined mainly by geometrical correlation fac-
cases. In this cas®’ values are sensitive to the concentra-iq,g gg already been discussed.

tion of block particles.
In Fig. 3,D’ values were plotted against back correlation

probabilities P,,). As shown in Fig. 3D’ values decreased 18

with increasingP,. Namely,D' is a function of the geo-

metrical correlation factorf(c). In general,D(c)=Dg(1 o 1T

—c)f(c) and f(c) is directly related withP,. The small Q

deviation from this relation is due to the changes in an ac- Q0_5 L

ceptance ratio A.) of the Metropolis method, which de-

pends on the character of the potential functions. The ratios 0 . . . )

for the N+Nzg=950 cases were found to be between 0.86
~0.91. In highPy regions,D’ values were fairly smaller 0 200 400 600 800 1000

than the expected values, when both types of cooperative N

motions were considered. In these cases, the systems are near|G. 5. D/D, values are plotted again®. O, (S) without
the percolation threshold, since some particles were trappeslock; ®, (S) with block (Ng=250); A, (PushtS) without block;
within a unit cell even afteNs=1000N runs. Namely, a O, (Push+S) with block (Ng=250).



PRE 62 MONTE CARLO SIMULATION OF THE MIXED ALKALI ... 8793

0 L 1 L 1 0

0 200 400 600 800 1000 0 200 400 600 800 1000
N+Ng N+Ng

FIG. 6. D/D, values are plotted againbi+Ng. Symbols are FIG. 7. D/D, values are multiplied by the number of mobile
the same as in Fig. 5. particles (). Symbols are the same as in Fig. 5.

In Figs. 5 and 6D values were plotted against andN sity, the conductivity rapidly falls at higher density region.
+Ng, respectively. As clearly shown in the figures, the effectThus, the existence of the maximum gives us a guiding prin-
of block particles Ng=250) was larger in the cagPush+  CiPle to obtain high conductivity materials.

S) than in the caseS). In the lowest concentration, the mo-
tion of (Push+S) was not so much disturbed by the block- IV. CONCLUSION
age.D/Dg values converged to 0 in every caseNat Ng

L . is, in dense materials, the cooperative jumps increas®the
for the cases with fixed block particles are larger than thaf , .« "1 the blockage effect becomes remarkable in such
VJ\r"tNhOUt If'XEdT?]I.OCk pamclr(]as 'ﬂ thg dF?SQ ?fhth? S?jm:)? region. Some characteristics of \neflight, such as power

s values. This means that the addition of the fixe ockaw distribution of numbers of cooperative particles, were
particles decreasP but such effect is smaller than that of neglected here. However, effects of simple two particle mo-

mobile'particles. o tions are large enough to explain the large mixed alkali effect
In Fig. 7, theD/D values are multiplied by the number caused by the interception of the jump paths.
of mobile particles N). The value for the single jumps tends

to decrease with increasing density. On the other hand, the
curve for the cas€Pusht+S) shows maximum at aboul
+Ng=500. This result can be explained as follows. With  Part of the calculations in this work were performed with
increasing density, the cooperative motion becomes domithe NEC SX3/34R computer at the Institute for Molecular
nant and is effective to cause high conductivity. However Science at Okazaki. The CPU time is gratefully acknowl-
due to high sensitivity of the cooperative motion to the den-edged for its availability.
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