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SEPARATION OF THE PARTIAL 
STRUCTURE FACTORS IN MOLTEN 

COPPER HALIDES AND DERIVATION 
OF DIELECTRIC CONSTANTS 

YOSHIYUKI SHIRAKAWA", MASATOSHI S A I T O ~ ,  
YASUTOMO ARAI", MASANOBU KUSAKABE" 

and SHIGERU TAMAKId 

The partial structure [actors of molten copper haildcs (CuCI,CiiBr and Cul) havc been 
derived from the observed total structure factors by means of' the Reverse Monte Carlo 
simulation techniquc. The static dielectric functions arc also obtained using these partial 
structure hctors  and it is found that these experimcntnl dielectric flinctions satisfy either 
the inequality form ~ ( i / ) >  I or ~ ( q )  < 0. 

Kc!w~)r t / . v :  Reverse Monte Carlo; dielectric l'iiticlions 

1. INTRODUCTION 

Some time ago. we have reported the total structure factors of molten 
copper halides by neutron diffraction measurements [l]. I t  was 
emphasized that the peak positions of the number- number density 
fluctuation S N N  and of the charge- charge density fluctuation S,, 
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2 Y .  SHIRAKAWA et ul. 

denoted by llN and yp, respectively, were within 0.56 to 0.60 which are 
much lower than those of molten alkali chlorides. By using the 
obtained total radial distribution functions and the Davidon-Fletcher- 
Powell [2 ]  (hereafter referred to as DFP) method, an information for 
the partial configuration was also obtained. In particular, the peak 
position of Cu-Cu, Cu-CI and CI-CI in molten CuCl are almost agreed 
with those obtained by the isotope-enrich method [3]. 

Another interesting fact for molten copper halides is that there has 
seen a prepeak in their structure factors which were modelized by a 
formation of the tetrahedral coordination due to the existence of a 
partially covalent bonding nature in them. 

On the other hand, McGreevy et al. [4] have developed a new 
technique deriving the structural configuration of liquid and amor- 
phous materials, based on a standard Monte Carlo simulation method 
with Markov chain sampling so as to fit the experimental structure 
factor, which gives three dimensional particle configuration. This 
method is called as Reverse Monte Carlo(RMC) simulation. These 
situations encourage us to separate the partial structure factors of 
molten copper halides. 

1Jsing the experimental data for structure factors, RMC simulation 
can reproduce a particle configuration without any interatomic or  
interionic potentials. Therefore RMC allows us to be useful for 
modelling the structures of non-crystalline materials and has many 
advantages in multicomponent systems as an experimental tool for 
analyzing the data. 

In  order to support a usefulness of RMC simulation, Pustai and 
Toth [5] carried out the comparison of the two independent particle 
configurations derived from a standard Monte Carlo and a Reverse 
Monte Carlo method. The obtained results from these two simulation 
techniques closely agree to each other for the distribution functions of 
molten alkali halides. 

Several attempts of RMC simulation have previously been applied 
to molten alkali halides [6], to glasses [7], and to aqueous solution [8]. 

In this paper, we apply this method to molten cuprous halides 
whose structural data were obtained before as mentioned above, and 
discuss the local configuration of these system. 
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MOLTEN COPPER HALIDES 3 

2. METHOD OF CALCULATION 

The RMC method for studying the structure of atomic or ionic liquid 
has been described in detail by McGreevy and Pusztai [4]. 

The algorithm for this method is essentially simple. The conven- 
tional procedure can be summarized as follows: 

1.  We start with an initial configuration arrayed N particle in a cubic 
box of length L.  The total number of the particles is 4096 in the 
present simulation. L is determined by taking into account the 
experimental density [9]. 

2. Norinal periodic boundary conditions are applied, and the pair 
distribution function g,,,] ( r )  is calculated, where the maximum 
value of r is taken as r,,,‘,, = l O A .  

3 .  A new configuration is generated by a random motion of one 
particle. Then the new pair distribution function g;‘\,(r) with the 
interval distance Ar = 0.1 A is calculated. 

4. These two pair distribution functions are compared with the 
experimental data gexp ( r ) .  Each differcnce between the calculated 
values and experimental ones for the pair distribution function 
normalized by gCxp is then written as 

I no 

where o,,,, is the experimental error [lo], which are estimated as 3% 
for the averaged value over the entire range of the distance r .  

> k2,  i t  is 
accepted with ii small probability exp[()c”- x’)/Cl where C being a 
constant. 

6. When the new configuration is accepted, i t  becomes as the starting 
procedure. Otherwise the old configuration is retained. Then we 
repeat the process from step 3. 

7. This procedure is repeated until the gJr)  approaches to gcxp(r) as 
far as difference is negligibly small. 

5. If x’> < x2, the new configuration g’(r) is accepted. If  
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4 Y. SHIRAKAWA rf ul. 

In  a RMC simulation loop, i t  is favorable to compare the 
experimental results with the calculation ones for the S(y) rather than 
the g ( r )  [lo]. To do so, however, it is necessary to obtain S(q),,, by the 
Fourier transformation from g,,l ( r ) .  Therefore, the truncation effect is 
inevitable except for the case of simulation with a very large amount of 
particles. Hence, we adopt the method of the comparison for g ( r )  in 
present work. 

RMC simulation is not easy to obtain a plausible configuration for 
the materials starting from a random configuration if we ignore the 
condition being suitable for the systems. As a matter of fact, Pusztai 
and Toth [5] checked the dependence of final particle configuration on 
the starting condition for various cases. 

In this work, we have used our experimental data of neutron 
diffraction [ 11. For convenience, the observed total S(y)’s are shown 
in Figure I .  Then to perform RMC simulation of molten cuprous 
halides, we have kept the several conditions. The first condition was a 

0 10 

FIGURE 1 The observed toial structure factor S(y) [ I ]  
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M O L T E N  COPPER HALIDES 5 

restriction for the nearest neighbour distance d,, between ions given by, 

The ~l~~~~ is rather well determined by the sum of ionic radii of copper 
and halogen ions. However the distances of like ion pairs, dcucu and 
i f x X ,  were not well established. In concerning to this ambiguity, we 
have used the second condition that the ratio o f  the penetration of Cu 
ions to the first coordination shell is 25% or less otherwise a large 
amount of the first peak in g ( r )  is governed by the Cu-Cu pair 
distribution [I ] .  Under these condition, R M C  simulation has been 
performed, and we have obtained the rcsults that the difference 
between the calculation g,.,,l(r) and the experimental gexp(r) is quite 
small as shown in Figure 2. 

. . . . .  

CuCl505e 

0 10 

FIGURE 2 
rcx,,(r)  and dotted linc is the calculated ,q,.,,(r). 

The total pair distribution Function ~ ( r ) ,  solid line is the experimental 
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6 Y. SHIRAKAWA ct LII. 

3. RESULTS 

The partial pair distribution functions of molten CuCl in the 
Faber-Ziman type are shown in Figure 3. Results of molten CuCl in 
the present simulation agreed qualitatively and quantitatively well 
with those derived by the isotope enriched method [3] and by the 
theoretical calculation using HNC approximation [l  I ]  as shown in 
Figure 4. Cu-Cu distributions of RMC simulation for molten Cu 
halides also indicate a gas-like pattern. The correlations for unlike ion 
pairs molten CuBr and CuI are stronger than that of molten CuCI, 
because of more sharp first peaks in gcuRr(r) and gCL,](r). This 
behaviour is in accordance with those obtained by the isotope enriched 
method [12] and HNC calculation [ I  11. Another characteristic feature 
in Figure 3 is a broader distribution of the 1-1 pair in molten Cur. 

0 10 
@I 

FIGURE 3 Partial structurc Factor g,,(r)  at 7=505"C for molten CuCI, 5XO"C for 
molten CuBr and 665°C for molten Cul derived by means of RMC, solid line, molten 
CuCI, dotted line, molten CuBr, broken line, molten Cul, (X = CI, Br, I ) .  
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MOLTEN COPPER HALIDES I 

n 
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0 10 
r[Al 

FIGURE 4 
dotted line; by isotope enrichcd mcthod. broken line: by H N C  approximation. 

Partial structure factor of molten CuCI at 7'=505'C, solid line; by RMC, 

As is reported before, we have measured the total structure factors 
of molten copper halides and analyzed by using Davidon-Fletcher- 
Powell(DFP) method to extract some information on the partial 
structure factors [ I ] .  The peak positions of Cu obtained by the present 
method agreed well with those by DFP one. All other peaks obtained 
by both methods are qualitatively and semiquantitatively agreed. 

The bond angle distributions in Cu-X and X-X(X=Cl, Br , I )  are 
shown in Figures 5 and 6. Their maximuni angles in molten CuCI, 
CuBr and Cul are located at about 110" and 60" as seen in Figure 5 
and Figure 6. These values indicate that molten CuCI, CuBr and CuI 
dominate a formation of the tetrahedral coordination. The peaks 
around about 110" due to the unlike ion pairs in molten CuBr and Cul 
are slightly sharper than that in molten CuCI. This corresponds to the 
results of the gcux(r)(X = CI, Br and I ) .  
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0 100 
Bond angle 

FIGURE 5 The bond angle distribution of unlike ion pair 

Br-Br 7 
0 100 

Bond angle 
FIGURE 6 The bond angle distribution 01' anion pair. 
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MOLTEN COPPER HALII1E.S 9 

In  order to visualize the formation of tetrahedral coordination, 
some examples of RMC in the three dimensional configuration are 
shown in Figure 7 .  

As is shown in Figure 6, the bond angle distribution becomes less 
clear from CI-CI to 1-1. On the other hand, the pre-peak at the low 4 
region in the total structure factors (y) of molten CuCI, CuBr and 
CuI increase by the order from CuCl to CuI [ I ] .  These results may 
indicate that molten Cul behaves a s  molecular-like liquid, to some 
extent, and the intermolecule configuration may be more random 
compared to that of the intramolecule one. 

By the Fourier transformation of the partial pair distribution 
runclion in  molten copper halides, we have obtained the Ashcroft- 
Langreth type partial structure factors of molten CuCI, CuBr and CuI. 
In Figure 8. the curves of g ~ ~ ( r )  = +[g+,-(r)  +,?--(r)  ~ 2g+-] are 
shown, which are the measure of the probability finding a charge of 
the same sign a t  it distance r from a given charge. I f  in the case that the 
effective charge of ions is equal to uni ty ,  then the Fourier transform of 
those curves gives the charge ~ charge correlation function which will 
be discussed in the following section. 

/ 

/ /” 

0 :cu 
0 : I  

,/’ 

i 

,/’ 

FIGURE 7 
CLII. 

Examples of three dimensional configuration o f  tetrahedrons i i i  molten 
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10 Y. SHIRAKAWA et al. 

0 

I I 

10 

FIGURE 8 
molten CuBr and 665°C for molten Cul. 

The distribution function gyp(') at  T =  S0S"C for molten CuCI, 580°C for 

4. STATIC DlELECTRlC FUNCTION OF MOLTEN 
Cu HALIDES 

As mentioned in the preceding section, the results for molten CuCl are 
agreed with those obtained by the isotope enrich methods. These facts 
encourage us to discuss the microscopic response functions in relation 
to the partial structure factors. 

The charge - charge correlation function SPp(q) for a binary system 
is defined as follows [ 131, 

where z ,  is the effective charge of the ion constituent v and S,,,(q) is the 
Ashcroft-Langreth type partial structure between the constituents v 
and p. 
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MOLTEN COPPER H A L I D E S  I I  

Under the assumption that the electron-shell deformation is not 
taken into account, the static dielectric response function, xQQ and 
therefore the static dielectric screening function, E ( 4 )  are expressed as 
~ 3 1  

and 

where / J ~ )  is the averaged number density, k s  the Boltzniann constant 
and T the absolute temperature of the system. 

By using the partial structure factors of molten CuCI, CuBr and CuI 
in the present investigation the charge ~ charge correlations SQQ’s are 
obtained as shown in Figure 9. The small hump at an intermediate 
region between the first and the second peaks in these figures may 
be caused by the tetrahedral configurations in these molten salts, 
although a more definite relation is not clear. 

Until the present time, i t  is often reported that the effective charges 
in these monovalent molten salts are not equal to the exact 
monovalent values becausc of the existence of some covalent bonding 
nature [14]. 

Taking into account this fact, we have tried to derive the two type of 
dielectric functions for 1:1= 0.6 and I:I = 1 .O. The obtained E (4)’s are 
shown in Figures 10 and 1 1 .  These rcsult are, of course, only valid for 
the strictly rigid ion model and we have to add some additional terms 
based on the electron-shell deforomation of the constituent ions for 
deriving exact dielectric functions. 

As shown in Figure 12, ~ ( q )  for jzl=0.6 exhibits a fine structure, 
which becomes clearer in the order from molten CuCl to CuI. In the 
case of molten Cul, a distinct structure can be seen for only (:I -0.6 
when /:I varies from 0.5 to 1. 

The obtained 44) ’ s  have characteristic features as that ~ ( q )  has a 
negative value in the low q region ; IS shown either in Figure 1 1  or 
Figure 12 and suddenly their values tend to be positive approaching to 
unity. At this point, the inverse dielectric energy loss becomes zero, 
that is, 1/11 E (q ,  0) = 0, as will be discussed in the following section. 
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FIGURE 9 
Ihr mollen Cu-halides. 

Structure Pdctor SI,Q(9) of effective charge (:I = 0.6 and S Q U ( q )  of lzl= 1 .O 

0 5 10 

&-lI 

FIGURE 10 Static dielectric function of effective chdrge Izl = O  6. 
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MOLTEN COPPER HALIDES 13 

40 

h 

W 
m 
0 

0 

-40 

0 

I I I I I I I 

\ :, 

I :  
I I I I I I1 i 

5 
0 

10 

FIGURE I I Static dielectric I'unction o f  effective charge I:[ = 1.0 

The curve of ~ ( y )  has a fine structure at around y = 2 A - '  either in 
the case of I:I = 0.6 or in the case of jz l= 1 .O. This fact may be related 
to the first peak of S,, because the first peak of S,, is located at 
around y = 2A I .  The behavior of E (4) at high q region is quite similar 
to the full screening by the conduction electrons for ions in metals. The 
drastic change of E (y) in the sign from negative to positive value may 
also resemble the dielectric function of conduction electric in metals, 
although it is hard to understand visually its singularity in the present 
scale range. 

At the present stage, we can not determine which case either 121 = 0.6 
or 121 = 1 .O is suitable for explaining the real situation because the 
present results are insufficient due to taking into account only the 
strictly rigid ions. However these treatments may be a step to develop 
the theory of molten salts. 
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14 Y .  SHIRAKAWA ef (11. 

0 

-2 
2 4 

FIGURE 12 
region. 

Static dielectric function ~ ( q )  of 1 ~ 1  = 1.0 a n d  ~ ( q )  of‘ 1 - 1  = 1.6 a t  a small I/ 

5. DISCUSSION AND CONCLUSION 

According to the causality condition expressed in terms of Kramers- 
Kronig relation, the inverse dielectric function 4 4 ,  w) - I  is given by the 
following form [ 131 

In the static limit, 

O n  the other hand, the inverse dielectric function is converted to the 
following form under the scheme of the fluctuation - dissipation 
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MOLTEN COPPER HALIDES 15 

theorem, 

and 

where x ( q , w )  is the density response function, p the number density 
and S(4, w) the so-called dynamic structure factor. Taking into 
account S(4, w) > 0, we have 

Putting this into Equation ( 7 ) ,  we finally obtain either 

or 

This is a general conclusion for the ionic static dielectric function and 
the present results satisfy these conditions. The values of momentum 
yo at the boarder either the dielectric function obeys Equation ( I  1 )  or 
(12) may correspond to the points ending of the fine structure of 
S,, ( y ) ,  that is, the value of S,, ( 4 )  becomes nearly flat for the higher 
momentum than the value 40. As is shown in Figure 12, the fine 
structure in ~ ( 4 )  for molten Cu-halides can be seen around the value 
4 = 2 A - ' .  This feature is quite similar to the cases of molten AgI and 
superionic phase of AgI [ 151. 

From the present results, i t  can be seen that the Cu ~ Cu correlation 
becomes broader with changing the anion size from CI- to I - ,  while 
the formation of tetrahedron is more appropriate on going from CI ~ 

to I . Therefore molten Cul may be coniposed of a distinct 
tetrahedron of four iodine ions surrounded by four copper ions 
disorderly. 
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16 Y .  SHIRAKAWA el trl 

These different behaviours between cation -cation and anion - 
anion correlation are caused by a large values for the ratio of anion 
size to cation one, and the gas-like correlation for cation -cation pairs 
is ascribed to an incomplete charge transfer which is recognized by 
molecular dynamics simulation study [ 161. The configurations are 
determined by the ratio of ion size and the degree of charge transfer. 

In conclusion, RMC simulation is very useful for analyzing X-ray 
and neutron diffraction data. But we pay attention of the initial 
condition of RMC, because ionic sizes noticeably determined can only 
reproduce plausible results. 
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