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Structural study of superionic conducting 
glasses AgI-AgP03 by X-ray diffraction 
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Atomic structures of (Agl)x(AgPO3)l-x glasses for x=0.0, 0.1, 0.2, 0.3 and 0.5 have been 
investigated by X-ray diffraction. Coordination numbers and atomic distances in the 
near-neighbour region were determined by the least-squares variational method. The 
coordination numbers of P-O, P-P and 0 - 0  pairs are unchanged with x, which suggests no 
modification of the connectivity of the P04 tetrahedral chains by doping with Agl. The 
coordination number of I- around Ag + linearly increases from 0 to 1.94-0.2 with increase in x, 
while the coordination number of 02- around Ag + linearly decreases from 5.1 -I-0.2 to 2.5___0.2. 
This also suggests that the Agl gets into the PO 4 chains while keeping the local environment of 
the Agl itself. 

1. Introduction 
Recently, vitrified superionic conductors have been 
intensively studied by many workers because of 
their unusually high ionic conductivity at temper- 
atures rather close to room temperature. These types 
of glass are usually found in a system composed of 
superionic and glass-forming compounds such as 
(AgI)~(AgPO3)I-~ [1-], (Ag2S)x(AgPO3)I-~ [1] and 
(AgI)x(Ag20 + 2B203)1-x [2, 3]. Several structural 
studies on these glasses have now become available for 
understanding the conduction mechanism. 

Tachez et al. [4] investigated the atomic structures 
of (AgI)0.s(AgPO3)o.5 and AgPO3 glasses by neutron 
diffraction. They concluded that AgPO3 glass consists 
of long chains of POe tetrahedra joined together by 
Ag § ions, and that added AgI does not modify these 
tetrahedral chains but forms microclusters in 
(AgI)o.5(AgPO3)o.5 glass. A pre-peak observed in 
(AgI)~(AgPO3)I-~ glasses of x = 0.3, 0.5 and 0.55 is 
attributed to the AgI clusters. The radial distribution 
function (RDF) obtained by X-ray diffraction by 
Musinu et al. [5], however, could not be explained 
satisfactorily by this AgI cluster model. They maintain 
the view that the pre-peak is rather attributable to the 
relatively distinct correlation between Ag and I ions. 
B6rjesson et al. [6] constructed a structural model of 
AgI-AgP.O3 glass using the reverse Monte Carlo 
simulation method and found that the pre-peak is 
caused by density fluctuation of the PO3 chains. 
Although some other experimental information is re- 
ported from using different methods such as nuclear 
magnetic resonance, infrared and Raman measure- 
ments, no conclusive conclusions about the atomic 
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structure have been reached. A further structural 
study is necessary for a better understanding of the 
mechanism of ionic conductivity in this glass system. 

In the present paper, our systematic X-ray diffrac- 
tion study on the structure of (AgI)~(AgPOa)t-~ 
glasses for x = 0.1, 0.2, 0.3, 0.5 will be described in 
comparison with the result for AgPO3 glass. 

2. Experimental procedure 
Samples of AgPO3 and (AgI)x(AgPO3)l-x glasses for 
x = 0.1, 0.2, 0.3 and 0.5 were prepared from the high- 
grade chemical reagents of AgNO3, NH,H2PO~ and 
AgI. Calculated amounts of the materials were 
weighed, thoroughly mixed and then placed in a Pyrex 
beaker, followed by melting at 650 K until no gas 
evolution was observed. These samples were re-melted 
between 800 and 850 K and cast into a 20 mm wide, 
20 mm high and 2 mm thick window of an A1 sample 
holder for X-ray diffraction measurements. The 
sample surface was smoothly polished by emery 
paper. 

Scattering intensity was measured with monochro- 
matic MoK~ radiation obtained with a pyrolytic 
graphite monochromator in the diffracted beam. 
A diffraction profile was observed from 5 to 120 nm- l 
in Q, where Q = 4~sin0/X, 0 is half the scattering angle 
between incident and diffracted beams and k the X-ray 
wavelength. After corrections for air scattering, ab- 
sorption and polarization, the coherent scattering 
intensity Ieu in electron units per atom is estimated 
from the measured intensity using the Krogh-Moe- 
Norman method [7] with X-ray atomic scattering 
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factors [8] including the anomalous dispersion terms 
[9] and the Compton scattering intensity [10, 11] 
corrected for Breit-Dirac recoil factors. The interfer- 
ence function Q~(Q) is obtained from 

I~u(Q)- ( f 2 )  
Qi(Q) = <f)2  (1) 

N N 

<fz )  = ~ cjfjz < f )  = ~ cjJ) (2) 
j = l  j = l  

where cj and fj are the atomic concentration atomic 
scattering factor of the j th element. N is the total 
number of elements. The  Fourier transformation of 
the interference function gives the reduced radial dis- 
tribution function (RDF) 

2/~2rp(r) = 2n2rpo + f:Qi(Q) sin(Qr)dQ (3) 

where p(r) is the radial number-density function and 
Po the average number density. 

3. Results and discuss ion 
The coherent scattering intensity profiles of AgPO3 
and (AgI)x(AgPO3)l-x glasses of x = 0.1, 0.2, 0.3 and 
0.5 are shown in Fig. 1 in the lower-Q region for better 
illustrating the variation with x. The pre-peaks in- 
dicated with arrows are observed in all samples. 
Tachez et al. [4] also observed the pre-peaks in 
AgI-AgPO3 glasses and stressed their interpretation 
of the AgI cluster formation in this glass system. The 
distinct pre-peak is, however, observed even in the 
AgPO3 glass as shown in Fig. 1. At this position, 
Tachez et al. 1-4] observed a shoulder of the first peak 
in the intensity profile of AgPOa glass which was 
measured by neutron diffraction, although they said 
nothing about this shoulder. The positions of these 
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peaks gradually increase and their intensities slightly 
decrease with decrease in the AgI concentration x. As 
far as the pre-peak profiles in Fig. 1 are concerned, this 
tendency seems to be extended even to the AgPO3 
glass of x = 0. In general, the presence of a pre-peak is 
attributed to a certain chemical short-range order in 
a sample [12-14]. 

The atomic distances and coordination numbers of 
the glasses were determined using the least-squares 
variational method originally proposed by Narten 
and Levy 1-15] on the basis of its successful application 
to determining the local unit structure in SiO2 and 
BeF2 glasses. According to Narten and Levy, the 
interference function Qi(Q) may be given by 

N fjfk Njk 
Qi(Q) = j=~=,~k Cj ~f)2  rig exp(-- b,kQ 2) sin(Qr]k) 

+ ~ ~ c~caf=f~ 4rtpoexp(_b~Q2) 
~=1~=1 <f>2 

x QR~cos (QR~) - sin(QR~) (4) 
Q2 

where Njk is the number of type-k atoms around any 
type-j atom at the average distance of rjk and the value 
of bjk is the mean square variation. The quantities 
R,s and b~ correspond respectively to the mean and 
variance of the boundary region which need not be 
sharp [15, 16]. In practice, the distances and coordin- 
ation numbers of near-neighbour correlations are 
obtained by the least-squares calculation of Equation 
4 so as to reproduce the experimental interference 
function. The non-linear least-squares program de- 
veloped by Levy et al. [17] was slightly modified and 
used in the present analysis. 

The basic structural units for several binary phos- 
phate glasses including NaPO3 glass have been suc- 
cessfully determined by this least-squares variational 
method [18] using starting parameters computed 
from the appropriate crystalline phase. Thus, the 
AgPOa glass was first analysed by this method with 
starting parameters estimated from the crystalline 
structure [19]. In Fig. 2 the experimental interference 
function for the AgPO3 glass is compared with that 
obtained by the least-squares variational method. The 
final result and starting parameters for the AgPO3 
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Figure 1 Scattering intensity profiles of the low-Q region in 
(AgI)x(AgPO3)l-x glasses for x = 0.0, 0.1, 0.2, 0.3 and 0.5. 

Figure 2 ( ) Experimental and ( - - - )  calculated interference 
functions of AgP03 glass. 
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With AgI doping, the intensity of the shoulder 
indicated by the arrows in Fig. 3 increases. Simul- 
taneously, the oscillations present in the AgPO3 glass 
are gradually reduced and finally taken over by new 
oscillations with a different period observed in 
the (AgI)0.5(AgPO3)0.5 glass. It is worth noting that 
the position of the peak at about 30 nm-  ~ in the 
(AgI)o.5(AgPO3)o.5 glass coincides with that of the 
first peak of molten AgI [20]. Furthermore, the peak 
positions of the new oscillations at about 50, 70 n m -  ~ 
etc. also give good coincidence with those of molten 
AgI. This suggests that the local atomic order of the 
added AgI is similar to that of molten AgI. In the 
molten AgI, about 4 I -  ions are tetrahedrally coor- 
dinated around Ag § ions with an average distance of 
about 0.290 nm at 933 K [20]. 

Fig. 4 shows the RDFs obtained from the experi- 
mental and calculated interference functions in Figs 2 
and 3 using the Fourier transformation of Equation 3. 
The atomic distances given in Table I determined by 
the least-squares variational method are also in- 
dicated in Fig. 4. With increase in x, the height of the 
peak for the nearest neighbouring Ag-O pair at about 
0.24 nm decreases and contrarily that for the Ag-I 
pair at about 0.28 nm increases. This is more clearly 
seen in the coordination numbers for the correspond- 
ing pairs in Table I. The coordination numbers of 0 2 - 
ions around Ag § ions almost linearly decrease from 
5.1 _+ 0.2 for x = 0.0 to 2.5 ___ 0.2 for x = 0.5 and the 
coordination numbers of I -  ions around Ag § ions 
almost linearly increase from 0.6 _ 0.1 for x = 0.1 to 
1.9 + 0.2 for x = 0.5. Taking account of the local 
structures for Ag + ions in the AgPO3 glass and in the 
molten AgI discussed above, the linear variations in 
the coordination numbers for the nearest neighbour- 
ing Ag-O and Ag-I pairs with x strongly suggest that 
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Figure 4 ( ) Experimental and ( . . . )  calculated reduced radial 
distribution functions (RDFs) of the (AgI)x(AgPO3h-x glasses for 
x = 0.0, 0.1, 0.2, 0.3 and 0.5. 

AgI does not modify the connectivity of the PO4 
tetrahedral chains and simply gets into the PO4 net- 
work while keeping the local structure similar to that 
in the molten AgI. 

Pre-peaks are observed in all glasses including the 
AgPO3 glass as clearly seen in Fig. 1. These pre-peaks 
are usually ascribed to a particular correlation of the 
short-range ordering in disordered system. An empir- 
ical relation between the correlation length r in real 
space and the peak position Q in an intensity profile, 
Qr = 2.5~t, is noted in various liquid alloys [12]. Based 
upon the fact that the general structural features of the 
glassy state are similar to those of the liquid state, it is 
plausible that the above relation still holds even in the 
glass. The pre-peak positions of Q in Fig. 1 are 10.0, 
8.8, 8.2, 7.9 and 7.9 n m -  ~ for the glasses o fx  = 0.0, 0.1, 
0.2, 0.3 and 0.5, respectively. The corresponding cor- 
relation distance r is calculated to be 0.785, 0.893, 
0.958 and 0.994 and 0.994 nm. The pre-peak at 1.0 nm 
observed in the AgPO3 glass is also observed in 
NaPO3 and LiPO3 glasses [18]. It is found in the 
atomic structure of the AgPO3 crystal that the 
correlation distance of 0.785 nrn corresponds to P - P  
distances along the spiral PO4 tetrahedral chain and 
between the next neighbouring PO4 tetrahedral 
chains, and also to the distances between Ag § ions 
across the chains. As discussed above in relation to 
Fig. 2, the local atomic structure of the AgPO3 glass 
appears to be similar to that of the crystal, and the 
pre-peaks for AgPO3 glass may then be explained by 
the density fluctuation of atoms located along the P O  4 

tetrahedral chains. It therefore appears that an in- 
crease in the correlation distance with x may indicate 
expansion of the PO4 chains. Although there remains 
much work to be done in understanding all aspects of 
ionic conductivity of AgI-AgPO3 glasses, the present 
result may support the model proposed by B6rjesson 
et al. [6] rather than the cluster model [4]: namely, the 
added AgI contributes to the expansion of PO4 chains 
while keeping its connectivity and the large volume 
introduced by this expansion is filled with the salt. 
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