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Abstract. A constant temperature—constant volume molecular dynamics simulation has been
applied to superionic Culof-Cul) with the use of a pairwise interionic potential. Excellent
agreement between the calculated valyg, and experimental valub,,, of the cation diffusion
coefficient is obtained. About 35% of cations are resident in octahedra formed by cage ions
(I'ions) but a small cation occupation at octahedral sites was found. The remaining cations are
distributed among tetrahedra including Bnd T_ sites with different weights, where Tand

T_ denote tetrahedral sites which are occupied by ions and vacant in the zincblende structure,
respectively. The jump frequendy and the correlation factof of mobile ions are evaluated

with the use of the polyhedron analysis method. Quantifieg, I' and f evaluated by the
simulation reproduce well the relatiaB.,; = I'r2f/6 under the assumption of constant

1. Introduction

In the earlier stages of molecular dynamics (MD) simulation being applied to superionic
conductors, Vashishta and Rahman [1] performed the simulation of Cul, which has three
polymorphisms in the solid state: thephase below 658 K, thg-phase between 658 and
680 K and thex-phase between 680 K and the melting point 873 K. Imth@nda-phases,
anions form FCC structures. In the former phase, cations occupy half of the tetrahedral
sites (hereafter referred to as Fites) so as to form a zincblende structure and in the latter
cations are distributed over tetrahedral sites, not onl\bWit also T sites which are vacant
sites in they-phase, and over octahedral sitgsCul has a hexagonal structure described

in [8,19].

They succeeded in reproducing the structure ofytheand «-phases and in obtaining
semiguantitative agreement between the calculated and experimental values of the cation
diffusion coefficient. They also derived roughly the cation distribution indtihase along
various directions of structure and pointed out the probable path of cations in diffusion.

Recently, Trulbset al [2] have performed the MD simulation of-Cul with the use of
the interionic potential used by Vashishta and Rahman. They investigated the effect of the
effective charge on its crystal structure and on the superionic characteristic. However, they
did not obtain good agreement between the calculated and experimental diffusion coefficient
[3,4].

A fairly good agreement between calculated and experimental values of the cation
diffusion coefficient was obtained by Johansstal [5, 6]. They also used the same form of
the interionic potential as used by Vashishta and Rahman, but values of parameters appearing
in the potential were different from those of Vashishta and Rahman. Their calculations were
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carried out for three polymorphisms of Cul and contour maps of the cation distribution and
the characteristic behaviour of the ion in each phase were derived. Although some MD
calculations for Cul were reported, we consider that it is worth examining again the MD
calculation for the present material, since the quantitative agreement between calculated
and experimental values of the cation diffusion coefficients is not yet close enough and
guantitative analysis of the diffusion mechanism has not been given.

In the present work, our interest is concentratedxe@ul, since it shows highly ionic
conduction and its distribution of Cu ions is very disordered. The purposes of the present
study are: (1) to improve the quantitative agreement between the calculated and experimental
values of the cation diffusion coefficient; (2) to analyse the crystal structure in detail,
especially the distribution of cations within the tetrahedron and octahedron formed by the
anion FCC lattice; and (3) to elucidate the microscopic behaviour of mobile ions in diffusion.

As one way to realize the above aims, we adopt the polyhedron analysis method, which
gives a powerful approach for investigating the diffusion phenomenon in partially disordered
systems such as superionic conductors. In section 4, we describe the method in detail and
show the usefulness of the method.

2. Calculation

The effective interionic potentialV;;, used in the calculation is of the form proposed by
Vashishta and Rahman in the simulation for the same material [1],
iq;  Hij Py Wi

r i ré r

with

Hij = A(o; + (Tj)nij and Pij = %(Oliqu + Oqul-z)
whereo;, g; andg; are the ionic radius, the effective charge and the electronic polarizability
of the ith ion, respectively. The effective chargeis expressed ag; = z;e, wherez; is
the effective valence anglthe elementary charge. After some trial calculations, parameters
appearing in equation (1) are determinedzas = 0.70 (= — z1), which is used instead
of 0.60 assumed by Vashishta and Rahman, with the values of other parameters taken to
be the same as those used by Vashishta and Rahman. In table 1, values of parameters are
summarized with those used by Johansebal [5, 6].

The calculations are carried out using the standard constant volume (NVE) algorithm
with a constant temperature method. In order to maintain the system (MD cell) at a
settled temperature during the calculation, we solved the following simultaneous differential
equations in each time step [7],

dr; Di

L 2

dr m; ( )

dp; aV;;

E__Zar,--_gp" 3
J#i 1

d¢ 1/ p?

- = — =t — 3NkgT 4

dt Q( =1 m; £ ) ( )

where m;, r; and p; are the mass, position vector and momentum of e particle,

respectively.¢ is a ‘friction’ constant to prevent the temperature of the system deviating
from the settled temperature and Q is a parameter relating to the heat bath, having the
dimension of mass. The value ¢f used in the present calculation is also given in table 1.
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Table 1. Values of the parameters appearing in the effective interionic potential (those in
parentheses are used by Johansstoal [5, 6]).

qcu 0.70(0.81) ¢ NCuCu 7(7.3)
q1 -0.70(-0.81) e ncul 7 (7.3)
nil 7(7.3)
ocu 0.53 (0.450)A Hewcu  0.01196 (0.006 060)
o 2.10 (2.188)A Heur 12.982 (51.657)
Hir 39957 (2078.182)
acu 0.00(0.00) A® Weucn 0.00 (2.25)
o 6.52(7.00) A® Weur 0.00 (2.25)

Wi 99.79 (2.25) (eVA®)

0 6.24 (kJ mat?! ps?)

2 Given in units ofe? A~ (=14.39 eV).

The MD cell is formed in a cube of side with 4 x 4 x 4 FCC unit cells, where 512
particles with 256 | and 256 Cu ions are included. The valut of set at 24.6@\ at 760 K
and a small correction according to the thermal dilatatiof £710~°°C~1) [8] is made for
other temperatures. | ions are put on the FCC lattice points and Cu ions are initially put on
T, sites so as to form the zincblende structure.

Simulations are carried out for three temperatures, 700, 760 and 840 K. At each
temperature, calculations are performed for 20000 time steps, where one time step is
5.0 x 1071 s. The periodic boundary condition is applied and the Ewald sum method
is also used for calculating the Coulomb interaction. The calculation for the initial 4000
time steps is considered for stabilizing the system and data after 4000 time steps are used
for deriving physical quantities of interest.

3. Results

3.1. Mean square displacements

The mean square displacements (MSD) of anions and cations as functions of time for three
temperatures are shown in figure 1, which shows that anions form a lattice stably while
cations migrate far from the region of interionic distane@(7 A), resulting in the diffusion

of cations. The diffusion coefficientd), are evaluated from the inclination of the linear
relation between the MSD and timg (o ) by the relation

D = ([r(t2) — r(11)]?)/6(t2 — 11) (5)

where r(¢) means the position vector of a cation at time Values of D evaluated by
equation (5) are shown by full circles in figure 2, in which experimental values obtained
by a tracer method [3, 4] and calculated values of Vashishta and Rahman are given by open
circles and full squares, respectively. Calculated values of Johaessdrare also given

in figure 2 by open squares. The agreement between the calculated and the experimental
values is excellent.
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Figure 1. Mean square displacements of Cu ions and | ions at 700, 760 and 840 K. Bold and
thin lines are for Cu and | ions, respectively.

3.2. Partial pair distribution functions

Three partial pair distribution functiong,;(r), g;c.(r) and gc.c.(r) are calculated and
those at 760 K are shown in figure 3. The form gf (r) corresponds to that of the
FCC structure. The curve cg‘,Cu(r) shows that Cu ions are strongly localized near the
I ion in a small region 0.8 A) Its first peak position (2. 30\) is shorter than both
(o7 + ocy) = 263 A and the distance between a FCC lattice point and its neighbouring
tetrahedral site (2. 6&) It is seen fromgc,c.(r) that the distribution of the Cu ion is
quite liquid-like. The first peak posmon @fcucu(r) is 4. 1A which is close to the distance
between neighbouring Tsites (4. 35A) Thus, it might be said that the structure @fCul
fundamentally remains in the zincblende structure.

The coordination numbersig, the average number af ions around g8 ion, are
evaluated by the equation

Fonin
neg = AT pocy / rzgaﬁ (r)dr
0

where pg is the number density of iong, the ratio of the number ok ions to the total
number of ions and,,;, the first minimum position of the distribution function. In table 2,

Table 2. Value of the first minimum ofg.g(r) and coodination numberg,s (a, 8 = Cu, I).

Temperature (K)

Fonin (A) 700 760 840

nr 540+£0.10 1203+0.20 1204+0.20 1204+0.20
ncul 350+ 0.10 355+0.10 353+0.11 351+0.11
ncucy  545+£0.15 1157+0.64 1128+0.70 1106+0.77
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Figure 2. Arrhenius plots of diffusion coefficients evaluated from MSDs represented by full
circles and those obtained by the tracer measurement by open circles. Full and open square
marks are diffusion coefficients obtained by Vashishta and Rahman [1] and Johatsson

[5, 6], respectively.

values ofn.g andr,;, are given, where a single value of;, at 760 K is cited since the
temperature dependence mf;, was negligible. The value of;; remains at 12 for the
three temperatures, which means that iodines form a stable FCC structure. The value of
nycy is a little smaller than four and decreases with temperature, which shows that smaller
numbers of Cu ions leave from the tetrahedral site towards the octahedral one. Values of
ncucy also decrease slightly with temperature and the temperature dependenge,oand
n;c, Mmeans that the population of Cu ions at tetrahedral sites decreases with temperature.
In figure 4, the density distribution of Cu ions on the (110) plane at 760 K is shown
by a bird’s-eye view picture. From the figure it can be seen that Cu ions distribute not
only on T, sites but also T sites. We also find that there are no peaks at octahedral sites.
The figure suggests that cations stay for the majority of the time at tetrahedral sites with
asymmetric and anharmonic thermal vibrations but sometimes penetrate forward octahedral
sites overcoming the barrier formed by the anion triangle. This situation will be analysed
in detail by the polyhedron analysis method later.

3.3. Velocity autocorrelation functions

The normalized velocity autocorrelation function (VAB), (), of an«-ion species defined
as

Zo(t) = (04(1) - v4(0)) /{(v2(0)). (6)
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Figure 3. Partial pair distribution functiongs (r) (o, 8 =1, Cu) at 760 K.

is evaluated, where, () shows the velocity of am-ion at times and ( ) denotes the
average taken fak-ions included in the MD cell. The vibrational density of statg,(w),
is given by the Fourier transformation &, (¢)

Gy(w) = /Oo Z, (1) coswt dt. ©)
0

In figures 5¢) and 5¢), Z, () and G, (w) at 760 K are shown, respectively. The diffusion
coefficient of the Cu ion may also be evaluated from equation (7) by the relation
kgT
Dey = ——Geulw =0). 8)

mcy
Those derived from equation (8) are 1.77 (1.56), 2.74 (2.45) and 3.78 (3.55) in units of
1075 cn? s1 at 700, 760 and 840 K, respectively, where values in the parentheses are
those obtained from the MSD. Diffusion coefficients evaluated ftam(w = 0) are a little
larger than those from MSD, and we use the latter as the self-diffusion coefficients, since
the latter are more reliable than the former because of the truncation in the integration of
Z(1).

4. Polyhedron analysis

4.1. Polyhedron analysis

The polyhedron analysis [9-11] is one useful method for analysing the microscopic
behaviour of mobile ions (atoms) in highly disordered solids such as superionic conductors,
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Figure 4. Bird's-eye view of the Cu ion density distribution in the (110) plane at 760 K. Small
circles indicate the position of anions. The crystal direction [111] runs from point A to point B.
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Figure 5. (a) Velocity autocorrelation functionZ(¢) and p) frequency spectr& (w) at 760 K.
Full and broken lines are for anion and cation, respectively.

where immobile ions form a lattice while mobile ions do not have their own stable sites
and go around in space constructed by the lattice ions. For the diffusion phenomenon in
such materials the ordinary diffusion theory of solids is not applicable, since the theory is
based on the idea that the diffusion results from a number of ion jumps between stable sites
for ions, in which the jump frequency and the jump distance are clearly defined.

In this method, the space available for the ion migration is divided into a few kinds of
polyhedron constructed by connecting neighbouring cage ions. When we regard a movement
of a mobile ion from a polyhedron to another polyhedron as a ‘jump’ of the ion, we can
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deal with the ion migration in superionic conductors by means of the ordinary diffusion
theory of solids.

For the case o&-Cul, cage ions form a FCC structure and the space for mobile ions
is decomposed into two kinds of polyhedron, tetrahedron and octahedron, as shown in
figure 6. For the zincblende structure, the tetrahedra are divided into two kindad &
tetrahedra, which include Tand T_ sites, respectively. Each FCC unit cell includes eight
tetrahedra and four octahedra. A tetrahedron is connected with an octahedron through a
regular triangle and with other tetrahedra through an edge. An octahedron is linked with
a neighbouring octahedron through an edge or through a point which is one of the FCC
lattice points. Thus, three paths are probable for the ion migration: (1) from tetrahedron to
octahedron through the common triangle aiek versa(2) from tetrahedron to tetrahedron
through their common edge; and (3) from octahedron to octahedron through their common
edge. We found by analysing trajectories of mobile ions in detail that the path (1) is most
probable. The migration through the common edge-sharing tetrahedra or octahedra (paths
(2) and (3)) was observed infrequently. Thus, it is enough to consider only the ion migration
between tetrahedron and octahedron.

Figure 6. Lattice points in a FCC unit cell and two kinds of polyhedron (tetrahedra and
octahedra) formed by connecting neighbouring lattice points.

4.2. Distribution of cations among polyhedra

As described in section 2, the calculation begins with the situation that Cu ions are initially
put on T, sites. Hereafter, we describe the position of each Cu ion by a tetrahedron or
octahedron including the respective ion instead of the position vector. After the calculation
starts, some of the Cu ions soon move to octahedra from their respective initial tetrahedra,
and an equilibrium distribution of Cu ions in tetrahedra and octahedra is realized after about
4000 time steps (20 ps). When the numbers of tetrahedra and octahedra including Cu ions
are denoted by and Ny, respectively, the time variation éf; and Ny between 60 and

120 ps at 760 K is shown in figure 7. Their mean values averaged over time (60—120 ps),
Ny and Ny, are 697 + 5.5 and 383 & 5.5, respectively. The results show that 35% of

Cu ions are distributed among octahedra. Bogtal [12] performed EXAFS experiments

on copper halides to investigate their structures and reported that the fraction of Cu ions
found in the octahedral sites,, is 30% at 743 K forw-Cul and increases with increasing
temperature. The present result that 35% of Cu ions are found in octahedra is in good
agreement with their result.
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Figure 7. Time dependence oNy and No, which are the numbers of Cu ions inside the
tetrahedron and the octahedron, respectively. Horizontal lines represent the respective mean
values of Ny andNg.
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Figure 8. Time dependence d¥g and Ng, which represent the numbers of Cu ions insile
and o tetrahedra, respectively, wheMg; + Ng = Nrt.
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Figure 9. Temperature dependenceMf (full squares) Figure 10. Temperature dependence & (H), N
and Ny (full circles). (8) and Ny (W), whereNg + Ng = Nr.

65% of Cu ions are distributed among tetrahedra, compose®l ahd © tetrahedra.
We examine the numbers of Cu ions foundgnand & tetrahedraNg and Ng, in every
time step, wheréVg + Ng = Nr. Figure 8 shows the time variations 8, and Ng from
the initial time to 120 ps at 760 K. During the initial ten time steps, decreases rapidly
to about 160 from the initial value 256, and then gradually decreases to about 110 within
20 ps. After 20 psNg and Ng fluctuate around their respective mean valdgsand Ng.
The temperature dependencesh\af, Ny, Ng and Ng are shown in figures 9 and 10.

The probability of finding a cation inside a tetrahedron, which changes from 70.3 to
60.5% with increasing temperature, is lower than the occupation probability of a cation at
a tetrahedral site~<86—90%) obtained by Johanssenal [6]. This discrepancy stems from
the difference in the method of estimation of the probability, that is, in the present work the
number of cations inside the tetrahedron is counted while, in their work, each ion is assigned
to its closest site. The triangle-sharing tetrahedron and octahedron is situated at one third
of the distance from tetrahedral site on the line connecting tetrahedral and octahedral sites.
Therefore, an ion which is situated between the triangle and the midpoint of the line is
counted as if it belongs to a tetrahedral site, although it is situated inside an octahedron.

4.3. Jump frequency

As described in section 4.1, each Cu ion makes the jump series as follows
o> T—->0->T—->0— - 0]

where T and O stand for tetrahedron and octahedron, respectively.

We evaluate the number of jumps (number of arrows in (1)) in a unit time (jump
frequency)I” for each ion and the distribution @f is shown in figure 11. The temperature
dependence of the mean valuelfT, is given in figure 12, where error bars represent the
standard deviation of. The diffusion coefficient is related to the jump frequency by the
following equation if the diffusion takes place by random walks [13],

D =Tr%/6 9)
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Figure 11. Distribution of the jump frequency of Cu ions at three temperatures. Full, dotted
and broken lines are for 700, 760 and 840 K, respectively.
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Figure 12. Temperature dependence of the jump frequency of Cu ions. Error bars denote the
standard deviations for the distributions shown in figure 11.

wherer is the jump distance in each jump. In ordinary solids the temperature dependence
of D depends on that df, sincer is constant.
If there exists a correlation effect between successive ion jumps, equation (9) is modified

as follows,

D=Tr?f/6 (10)
where f is called the correlation factor and evaluated by the equation [13, 14]

f =1+ (cost))/(1— (cosd)) (11)

in which 6 is the angle formed by two successive jump vectdcast) is evaluated from
the formula

(cost) = ) pa COSHy (12)
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if we know p,, which is the probability with which a jump takes place with an argjléo
the preceding jump.

For evaluating/cosf), we have to distinguish two types of successive jump in the jump
series denoted in (I); one is the jumps>0O—T and the other is ©-T— 0. From the cation
distribution shown in figure 4, we expect that there is a strong correlation between the jump
O—T and the preceding jump ¥ O but no correlation in the jump O after the
jump O — T, since cations in tetrahedra make vibrational motions around the tetrahedral
site and the cation distribution in octahedra is denser when close to the interface between
the octahedron and tetrahedron. The situation stated above is approximately reatized in
Ag,Te [15], whose crystal structure is essentially the same-@sil. Therefore, we consider
the jumps >0O—T (hereafter abbreviated as a TT jump) in detail.

There are three possibilities for the directions of the TT jumps, hamely the [100], [110]
and [111] directions. Probabilities that these jumps occur were 89.7, 7.8 and 2.5% at 760 K,
respectively. It is known that most of the TT jumps take place in the [100] direction, so
we consider only the [100] jump for the evaluation(absf).

The series of TT jumps is classified into two kinds as shown in the following as an
example; one is non-diffusive (backward) and the other diffusive,

diffusive
-
o> Ty ->0->Ty>0->Tg>0—>Tg— --- ()
N e’ —
backward backward
where labelsA, B, ... are used for distinguishing tetrahedra. Probabilities of backward

and diffusive jumps,peace and pgirr (=1 — ppack), Were examined and their values and
temperature dependences were obtained as shown in figure 13. We see that most of the TT
jumps are backward jumps.

P
0.8 .
i P ]
: T
0.2 f Pyg .
{ L H i
700 800 T (K)

Figure 13. Temperature dependence of probabilities of the backward (non-diffusive) jumps,
Pback, and diffusive jumpspy;rr, where pyack + pairy = 1. Triangles and circles represent
Phack @nd pgisr, respectively.
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When we consider the [100] jump, the probable angles,oin equation (12) are O,
/2 andmw, since tetrahedra are arranged in a single cubic form. The case #herer
corresponds to the backward jump and the other cases to diffusive jumps. By assuming
that the diffusive jumps witt, = 0 andx/2 occur with equal probability, we evaluated
(cos ) and results are tabulated in table 3.

Table 3. Correlation factors.

T (K)

700 760 840

(cosd) —0.802 —0.736 —0.682
f 0.110 0.152 0.189

In ordinary ionic crystals, the diffusion takes place mainly by the vacancy mechanism
or by the interstitial mechanism. Thefi is definitely determined both by the diffusion
mechanism and by the crystal structure and is independent of temperature.

In superionic conductors, however, the crystal structure is so disordered that the diffusion
mechanism cannot be simply described by the vacancy or interstitial mechanisny. So,
might not be a constant and it is natural to have a temperature dependence, as shown in
table 3.

As is shown above, by using the polyhedron analysis method we are able to evaluate the
jump frequency and the correlation factor for the diffusion of Cu ions. Using these values,
we now examine equation (10). Instead of examining equation (10) directly, we take the
logarithm of equation (10):

logD = logT f + log(r2/6).

The relation between loB and logl' f should be expressed by a straight line with an
inclination of 45, if r is a constant. In figure 14, the relation is shown by the full line
almost parallel to the broken line, which is drawn with the inclination of d4§ainst the
abscissa.

5. Discussion

Phillips [16] pointed out that the superionic characters of ionic crystals appear when the
ionicity of constituent ions,f;, is not over 0.785 for MX type compounds. Wheh s

larger than 0.785, the Coulomb attraction between opposite charged ions is stronger, so that
the ion is constrained near opposite charged ions, resulting in no diffusion. However, when
fi is smaller than 0.785, the attractive force between opposite charged ions is weaker and
one species of compound becomes movable. In practice, the crystal prefers to have NaCl
structure with six coordinations rather than zincblende structure with four coordinations to
gain effective electrostatic energy whehnis over 0.785 [17]. Thus, when the interaction

is assumed as in equation (1) the evaluation of the effective valence of constituent,ions,

is important in the MD simulation of superionic conductors.

In earlier work on the MD simulation of Cul, Vashishta and Rahman used.60 and
obtained diffusion coefficients larger than experimental ones. In the present calculation, we
usedz = 0.70 and obtained excellent agreement between the calculated and experimental
diffusion coefficients. In investigating the simulation, we found the paper of Heretiah
[18] in which they report that the phonon dispersion curves for Cul derived from the inelastic
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Figure 14. The relation of logD to log fT.

neutron scattering experiment are well reproduced in terms of a rigid ion model when the
effective charge of the Cu iom,, is taken agjc, = 0.6%. The valuez = 0.70 was very
close to their derived value.

On the problem of the structure @fCul, it seems that how Cu ions are distributed is not
yet determined definitely because of the high diffusivity and highly disordered distribution
of Cu ions, especially on the distribution inside octahedra. B@&tad [12] analysed their
EXAFS data in detail by using several structure models such as the anharmonic model,
the displaced site model, the excluded volume model and so on, and showed that the best
fit to their data is obtained by adjusting a few parameters in the excluded volume model.
As described in section 4.2, they concluded that 30% of Cu ions are resident at octahedral
sites.

Recently, Keen and Hull [19] performed a neutron diffraction study for Cul powder, in
order to refine the crystal structure into its three polymorphisms. They showed that no Cu
ions are found to occupy octahedral sites and that the highly disordered distribution appears
at a temperature just below the melting temperature. They also pointed out that Cu ions at
tetrahedral sites vibrate with a sufficiently large amplitude to penetrate into the octahedra
and move to neighbouring tetrahedral sites.

Figure 15 shows the Cu ion density distribution along the [111] direction at 760 K
obtained by the present calculation. The figure is figure 4 redrawn along a line from the
left-hand end to the right-hand end. Vertical arrows with letters T_ and O denote the
positions of T., T_ and octahedral sites, respectively. Dotted arrows denote the positions
of the interface triangle between tetrahedra and octahedra. Results obtained by the present
calculation are in good agreement with those of Keen and Hull, that is: (i) there are no Cu
ions at octahedral sites; (ii) the Cu ion distributions aroundahd T_ sites penetrate into
the octahedra; and (iii) the Cu ion distributions at and T_ sites are almost equal to each
other at 840 K just below the melting temperature, as presumed from figure 8.
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Figure 15. The Cu ion density distribution along the [111] direction at 760 K. Arrows marked

by T4, T_ and O represent positions of the.;TT_ and octahedral sites, respectively. Dotted
arrows denote the positions of the interface between the tetrahedra and octahedra. Letters A and
B indicate positions marked in figure 4.

On the other hand, it might be possible to consider that the present results on the Cu
ion distribution are in coincidence with those of Boyateal by the following consideration.
The Cu ion distribution in an octahedron becomes denser closer to its surface and it is
symmetric around an octahedral site. The centre of mass of Cu ions distributed in octahedra
must coincide with the octahedral site. Then we might say that Cu ions in octahedra are
resident at an octahedral site.

We showed in section 4.3 that equation (10) holds well. However, the relation between
log D and logl f in figure 14 is not perfectly parallel to the broken line, suggesting that
r is dependent slightly on temperature. From equation (10) and calculated valied of
and f, we can evaluate and it is obtained as 2.16, 2.21 and 2/8@t 700, 760 and 840 K,
respectively. The tendency that the penetration distance toward the octahedral site becomes
slightly greater with temperature is reasonable. However, these values are fairly small
compared to the distance between tetrahedral and octahedral sites,. ZT6& means, as
pointed out by Keen and Hull [19], that cations in tetrahedra penetrate toward octahedral
sites and go into tetrahedra before reaching octahedral sites.

6. Summary

(1) A constant temperature—constant volume molecular dynamics simulation has been
applied to«-Cul with the use of a pairwise interionic potential proposed by Vashishta
and Rahman for the same material. The diffusion coefficient of the cation evaluated from
the relation between the mean square displacement and time is excellently coincident with
the experimental value obtained by a tracer method, by assuming the effective charge of
the Cu ion to be 0e instead of 060¢, which is used by Vashishta and Rahman.
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(2) The migration behaviour of cations is analysed by the polyhedron analysis method,
which describes the position of a mobile ion by a polyhedron including the mobile ion.
In «-Cul, about 35% of cations are found in octahedra, which is consistent with the result
obtained by EXAFS experiments, where 30% of cations are distributed in octahedral sites.
However, in our calculations only a few per cent of cations were found at octahedral sites.

(3) Cations are distributed in tetrahedra and octahedra with probabilities of 70.3 and
29.7% at 700 K, respectively, and the probability of finding a cation in a tetrahedron
decreases from 70.3 to 60.5% (840 K) with increasing temperature. Cations in tetrahedra
are distributed in® and & tetrahedra with the probability of about 7684 pg) and 24%
(=pe) at 700 K, respectively. It is realized that, is almost equal tgg at 840 K, which
is close to the melting point of Cul.

(4) QuantitiesD, T and f derived from the calculating data satisfy consistently the
relation D = I'r? /6, which is realized in ordinary ionic solids.
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