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ABSTRACT 

The fundamentals of the anomalous X-ray scattering 
(AXS) method for materials characterization have been 
described by focusing our attention on the structure of 
non-crystalline oxide systems. This relatively new 
method makes it possible to provide the environmental 
structure around a specific element, which is not 
obtained from the conventional X-ray diffraction 
results, in multi-component non-crystalline systems. 
The validity and usefulness of the AXS method were 
demonstrated by obtaining the fine structure of Ge0 2 

glass, Zr0 2 amorphous, the Sr-La-Mn-B-0 type 
ferromagnetic glass and the Cu-I-Mo-0 type super-ionic 
conducting glass. 

1. INTRODUCTION 

There is a vast amount of research on new materials 
and a better understanding of the physical and chemical 
properties of these new materials is known to depend 
heavily upon their structural characterization at a 
microscopic level. The development of non-crystalline 
oxides, such as ferromagnetic glasses /1/ and super-
ionic conducting glasses 121 stimulates current interest 
in this rapidly growing field, because some of these 

relatively new oxide materials indicate various 
interesting chemical, electronic and magnetic properties. 
In contrast to crystalline materials as described by the 
long range atomic periodicity, the atomic arrangement 
in non-crystalline materials is not periodic and the 
novelty of their properties should be attributed to this 
particular non-periodicity. 

The near neighbor atomic correlation of the 
individual chemical constituents or the local chemical 
environments around a specific element is required for 
describing the quantitative structure in non-crystalline 
oxides containing more than two elements. For this 
purpose, one can use the radial distribution function 
(RDF) that gives the probability of finding another atom 
from an origin atom as a function of radial distance 
obtained by averaging spherically /3,4/. However, the 
environment of each atom in non-crystalline systems 
generally differs from those of other atoms. This makes 
the interpretation of their RDFs not so easy, because the 
determination of the full set of the partial RDFs for the 
individual chemical constituents is not a trivial task ever 
for a binary case /4-6/. 

In this regard, the anomalous X-ray scattering 
(hereafter referred to as AXS) method appears to 
provide answers without any assumption for many more 
elements in the periodic table 111. The availability of the 
intense white X-rays from the synchrotron radiation 

103 



Vol. 22, No. 2, 2003 Structural Characterization of Non-Crystalline Oxides by the Anomalous 
X-ray Scattering (AXS) Method 

source has greatly improved both acquisition and 
quality of the AXS data by enabling the use of an 
energy in which the anomalous dispersion effect is the 
greatest. It may safely be said that the AXS method is 
quite useful by providing information about the local 
chemical environment around a specific element in 
multi-component non-crystalline oxides, without 
complete separation of the full set of the partial RDFs. 

The main purpose of this paper is to describe an 
extended introductory treatise on the novel application 
of the AXS method to structural characterization of non-
crystalline oxides with some selected examples. 

2. FUNDAMENTALS FOR THE AXS METHOD 

The method for analyzing the measured AXS 
intensity data for non-crystalline systems has been 
described in detail /7,8/ and therefore, only some 
essential points and additional details are given below. 

Most oxide systems of interest from various aspects 
are usually not simple and they contain more than two 
kinds of elements. Thus a single diffraction experiment 
gives only a weighted sum of the atomic pair correlation 
for individual constituents. For example, the reduced 
interference function, i(Q,E), of a binary non-crystalline 
system can be described as follows, using the coherent 
X-ray scattering intensity I(Q,E), corresponding to the 
structurally sensitive part of the total scattering 
intensity: 

i(Q,E)^I(Q,E)-YcJt\Q,E) 

2 2 ' (1) 

i=l j=\ 

where c, is the atomic fraction, f,(Q,E) is the atomic 
scattering factor of the /-component, β and Ε are the 
value of wave vector and the incident X-ray energy, 
respectively. Here, the Faber-Ziman's type partial 
structure factor of the i-j pair, a^Q) , is connected with 
the partial pair distribution function g,,(r) by the 
following simple Fourier transform /9/: 

e » ( 0 = 1 + ~~~~°\r{Sij ( r ) ~ 1] sin(ßr)a!r, (2) 
y ο 

where p0 is the average number density in the system. 
The coefficients of {<?,,( β)-1} in eq.( l ) depend on 

the atomic scattering factors and concentrations. Then, 
the individual partial structure factors, α,/Q), can be 
estimated from three independent scattering 
experiments in which the coefficients are altered. The 
use of anomalous dispersion effect is one way to change 
the atomic scattering factors in these coefficients, 
because a distinct energy dependence due to the 
anomalous dispersion effect is clearly detected in the 
close vicinity of the absorption edge relevant to K- or L-
shell electrons of a constituent /10/. 

When the energy of incident X-rays is close to an 
absorption edge of one of the constituent elements in a 
sample, a distinct energy dependence appears in the 
measured intensity due to the anomalous dispersion 
effect. This is interpreted by the resonance effect in 
which the oscillations of the corresponding Κ or L shell 
electrons are strongly disturbed. In such energy region, 
the atomic scattering factor should be described by, 

X ß £ ) = / ( ß ) + / ' ( £ ) + « / " (£ ) , (3) 

where / ° ( ß ) corresponds to the scattering factor of the 
constituent atom at the energy, sufficiently away from 
the absorption edge. / ' ( £ ) and f"(E) are the real and 
imaginary components of the anomalous dispersion. 

Figure 1 shows the energy dependence of anomalous 
dispersion terms of Zn together with those of Fe and Co 
as a function of energy. The real part o f / ' ( £ ) indicates a 
sharp negative peak at the absorption edge and its full 
width at half-maximum is typically 50 eV. It may also 
be noted that only the monotonic energy dependence of 
/ ' ( £ ) is detected at the lower energy side of the absorp-
tion edge and in its energy region, the experimental 
results / 11/ o f / ' ( £ ) show reasonable agreement with the 
theoretical values 111 calculated by the relativistic 
Cromer-Liberman scheme I Ml. At the higher energy 
side of the absorption edge, the theoretical values of 
/ ' ( £ ) do not coincide with the experimental data 
determined from the absorption coefficient 
measurement for crystalline ZnFe 20 4 / l l / , because of 
the presence of the fine structures such as EXAFS and 
XANES. Furthermore, in such energy region, small 
intensity difference due to the anomalous dispersion 
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Fig. I: Energy variation of anomalous dispersion 
terms of Fe, Co and Zn in the close vicinity of 
their respective /^-absorption edges, as 
computed by the relativistic Cromer-Liberman 
method. The experimental data for Zn are also 
aiven /11/. 

binary non-crystalline system, the energy variation 
detected in the measured intensities, /HA(Q,EL,E2), 
should be attributed to a variation in the real part of 
anomalous dispersion terms for the element A. This also 
means that the quantity of AIA(Q,EUE2) contains the 
environmental structure around A by describing two 
partial structure factors, ö a a ( 0 and aAB(Q). 

It would be very interesting and useful to extend this 
concept of the environmental structure around A to the 
multi-component non-crystalline systems, containing 
more than three elements. This is because the partial 
structure functions are frequently found to be difficult to 
estimate from measured intensity data even for a binary 
case /4-6/. It is worth mentioning that the basic concept 
of the partial structure is perfectly unchanged in the 
environmental structure function analysis. For example, 
there are six possible atomic pairs, A-A, Α-B, A-C, B-
B, B-C and C-C in an A-B-C ternary system. Then the 
ordinary structure function is reflected on these six 
partial structures. Whereas, the environmental structure 
function around A obtained by the AXS method using 
energies near the absorption edge of A contains only 
three partials of A-A, Α-B and A-C, as demonstrated in 
Fig. 2. Thus, the relatively easy interpretation of the 
results can be allowed in the environmental structure 
function. 

terms is hardly detected because of large background by 
the fluorescent radiation. 

It may be worth noting that the values o f / ' ( £ ) give a 
drastic change at the lower energy side of the absorption 
edge and the absolute values o f / " ( £ ) and their energy-
variation are quite small. For these reasons, a large 
variation o f / ' ( £ ) at the lower energy side of the absorp-
tion edge is convenient to the AXS measurement. In 
addition, the following point is also cited as one of the 
advantages of the AXS method. As easily seen in the Fe 
and Co cases in Fig. l , the characteristic absorption edge 
of any element is separated, at least by several hundred 
eV, so that a sufficient atomic sensitivity could be 
obtained even in a system containing near neighboring 
elements of the periodic table. 

When the incident X-ray energies of E, and E2, 
where £ , < E2< EAHX, are tuned in the lower energy side 
of the absorption edge EAHS of an element of A in an A-B 

A-B-C Ternary System 

Fig. 2: Advantage of the AXS method for reducing the 
number of atomic pairs using the A-B-C 
ternary system as an example. 
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In eq.(4), AiA(Q,E],E2) corresponds to the 
environmental interference function that presents the 
contribution of the structure related only to the 
component A. Since the variation of the imaginary term 

/ " ( £ ) is known to be quite small for X-rays jn the lower 
energy side of the absorption edge, the following useful 
relation can be readily obtained for multi-component 
disordered systems /8,131: 

Δ/α ( 0 = {l{Q,E2)-(f2 (Q, E2)} - {/ (ρ, ) •- </2 (Q, £, >} 
Elements 

Clements 

W{Q)= Σ cJRe[fJ(Q,El) + fj(Q,E2)] 
Η 

(6) 

fj(Q,EMP«(r)-Poj)S-^dr 
(4) 

where "Re" indicates the real part of the scattering 
factors in the parentheses and p A / r ) corresponds to the 
radial density function of the y'-element around element 
A at a radial distance of r. Here, ρ o j is the average 
number density of the y'-element in a system. Then, the 
quantity of pA(r) indicating the environmental structure 
around element A, can be estimated by Fourier 
transformation of the quantity of QA i^(Q) /8,13/. 

W p A ( r ) = 

4 r r 2 p o + ^ J QMa (Q)sin(Qr) 
<IQ (5) 

The following merit may be stressed with respect to 
the AXS method, especially for analyzing the structure 
of solution contained in a cell and amorphous thin film 
grown on a substrate. A solution sample is usually 
contained in a cell with windows transparent for X-rays. 
For quantitative structural analyses, the intensity from 
the solution sample alone should be obtained by 
accurately correcting the scattering intensity from the 
window materials. This is usually estimated from the 
total intensity data using the intensity only from the 
window materials corrected for absorption by the 
solution sample 111. 

In the AXS measurements at the incident energies of 
Ε ι and E2 near the absorption edge of the element A 
involved in the solution sample, each scattering 
intensity profile, of course, contains the contribution 
from the window materials as well as from the solution 
sample. However, when taking a difference between the 
two profiles at E\ and E2, the contribution from the 
window materials as well as that from the none A 
atomic pairs is automatically eliminated, as given in the 
schematic diagram of Fig. 3. In this way, we are released 
from the tedious correction procedure for the window 
materials. This method was developed by analogy of the 
AXS measurement in an amorphous thin film grown on 
a substrate /14/. 
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A film grown on a substrate 
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Solution contained in a cell 
/(Et) l(E2) solution (for A) 

I 
X-ray Energy Environmental structure around 

element A in a film or solution 

Fig. 3 : Advantage of the AXS method for measuring the X-ray intensity of a solution sample in a cell or a thin film 

sample grown on a substrate. 
I 
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3. FUNDAMENTALS FOR THE 
A X S A P P A R A T U S 

Figure 4 shows an ω-2θ double-axes vertical-type 
spectrometer for the AXS measurement set in the 
Photon Factory, Institute of Materials Structure Science 
(IMSS), High-Energy Accelerator Organization, 
Tsukuba Japan. The white radiation from a synchrotron 
radiation source is monochromatized by double Si (111) 
crystals covering the energy range between 4 and 21 
keV and X-rays at the vicinity of an interesting 
absorption edge are tuned /15/. The incident X-ray is 
monitored by a nitrogen gas flow type ion chamber, so 
as to keep constant the number of photons incident on 
the sample. The fluorescent radiation from the sample 
mainly arising from the tail of the band pass and higher 
harmonic diffraction of the crystal monochromator is 

Fig. 4: Overall view of a ω-2θ spectrometer with a 
portable SSD at the Photon Factory, Institute of 
Materials Structure Science (IMSS), 
Tsukuba/Japan for the AXS measurements. 

frequently not negligible at energies very close to the 
absorption edge and separation of such fluorescent 
radiation from the scattering intensity is the crucial 
point in obtaining the sufficient reliability of the AXS 
measurements. Therefore, the energy sensitive solid 
state detector (SSD) with intrinsic germanium coupled 
with a pulse height analyzer is recommended to use in 
the AXS measurements. 

The AXS analysis for structural. characterization 
using this spectrometer has been made on various 
glasses /8, 14, 16/ and aqueous solutions /17„ 18/ as well 
as crystalline materials /19, 20/. Recently, a successful 
AXS measurement for determining the partjal structure 
functions of molten CuBr, which has relatively small 
mass absorption coefficient, has been made in 
transmission geometry with a S i0 2 glass cell /21/. On 
the other hand, the reflection geometry from the free 
surface of the melt sample is strongly preferred in cases 
of molten oxides and metals with a larger mass 
absorption coefficient. For this purpose, a new triple-
axes spectrometer suitable for the AXS measurement of 
high temperature melts in the reflection mode has been 
designed as illustrated in Fig. 5. The capability of this 
new apparatus was demonstrated by obtaining the 
partial structure functions of molten Bi30Ga70 alloy 1221. 
In order to maintain the free surface of a molten sample, 
the spectrometer requires an asymmetrical reflection 
optics where the incident beam produced from the 
synchrotron radiation source should irradiate the 
horizontal surface with a fixed small glancing angle a . 
A monochromatic and horizontal X-ray beam tuned by 
double Si (111) crystals is first bent downwards by an 
angle 2φ(Ε) with a W/Si multilayer mirror. Then, the 
bent beam is totally reflected by an angle | 2φ(£) -
α I with a Pt-coated fused quartz mirror, which is 
equipped on the center of the triple-axes spectrometer, 
so as to keep the constant glancing angle against the 
sample free surface. It may be noted here that a left part 
of this facility with a high temperature chamber is the 
ω -2Θ double-axes spectrometer described in Fig. 4. 
This new facility promises a powerful tool for 
determining the environmental RDFs around a specific 
element of molten oxides and ·: such experimental 
challenges are now going, although a number of the 
AXS results for multi-component oxide glasses have 
been available. 
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Fig. 5: The experimental setting and its overview of the AXS measurements for a melt in the asymmetrical reflection 
mode with a synchrotron radiation source. Left part is a ω-2θ spectrometer with a high temperature chamber. 
Right part is a facility which bends the incident X-rays so as to keep the constant glancing angle α against the 
melt samples. X-ray optics for the asymmetrical reflection mode is also given. 

4.. SELECTED EXAMPLES O F THE 
STRUCTURAL DETERMINATION 

FOR OXIDE GLASSES 

4.1 Ge0 2 glass 

The coherent X-ray intensity profiles of a G e 0 2 

glass were measured with energies of 10.805 and 11.080 

keV, which correspond to 300 and 25 eV below the Ge 

K'-absorption edge (11.103 keV), respectively /8/. 

Figure 6 indicates the obtained intensity profiles 

together with their differential intensity profile, 

providing the environmental structure around Ge in 

G e 0 2 glass. Intensities of the second and third peaks 

relative to the first peak are found to increase in the 

differential profile. This implies that the atomic 

conelations related to the second and third peaks are 

more closely attributed to the local atomic configuration 

around Ge than the first peak case in G e 0 2 glass. The 

environmental RDF for Ge is given in Fig. 7 together 

O / n m - 1 

Fig. 6: Differential intensity profile of G e 0 2 glass 
/ (ß,10.805keV) and /(£>,11.080keV) (top) 
obtained from the intensity data set (bottom) 
measured by AXS at energies of 10.805 (solid) 
and 11.080 (dotted) keV /8/. 
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with the ordinary RDF data. Comparing these two RDF 
data, it is readily found that the peak caused by the O-O 
pairs disappears in the environmental RDF around Ge. 
This clearly supports that the AXS measurements are 
successfully carried out. It may also be worthy of note 
that the absolute values of the ordinary and 
environmental RDFs provide the different physical 
meaning because of the different weighting factors and 
then only the direct comparison for the peak position is 
significant. 

The Ge0 4 tetrahedron is recognized as a 
fundamental local ordering unit structure in Ge0 2 glass 
by finding that each Ge is surrounded by four oxygen 
atoms with a Ge-0 distance of 0.175 nm from these two 
RDF data. The six coordination of O-O pairs is also 
obtained from the ordinary RDF data. Then, each 
oxygen atom located at the corner of the tetrahedron is 
likely to link two germanium atoms, so that the network 
structure of the tetrahedral units joined at their corners 
is quite feasible. Using the distances of Ge-O and Ge-
Ge pairs, the Ge-O-Ge bond angle can be estimated 
about 132°. Incidentally the bond angle in the α-quartz 

8 0 0 
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4 0 0 -

2 0 0 -

I f ) 
c 
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D Μ— 
c 
ο "-«—' 

-Ω 
' l . 
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£ 200 
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- 2 0 0 

Environmental 
RDF around Ge 

0.0 0.2 0.6 0.8 

Fig. 7: Ordinary RDF (top) and environmental RDF 
around Ge (bottom) of Ge0 2 glass /8/. 

type Ge0 2 crystal is 130°. Thus, it may safely be said 
that packing of the Ge0 4 tetrahedral unit in the Ge0 2 

glass might be very similar to that detected in a -Ge0 2 

as seen in the structural discussion for the Si02 glass 
1221. 

The structural parameters for some pairs in the near 
neighbor region are strongly required, because 
information of the nearest neighbor correlation is 
frequently not enough for discussing structure/ 
properties relationships of non-crystalline oxide 
systems. A disadvantage arising from the restriction in 
the limited wave vector region available, ( 0 = 1 0 nm"1 

for Ge0 2 glass) also frequently prevents us from 
obtaining the sufficiently reliable environmental RDF 
due to the finite termination of the Fourier 
transformation, so that a careful interpretation is needed. 
In this subject, the least-squares refining method 
proposed by Narten et al. /24/ enables us to provide one 
way to reduce such inconvenience when applying to 
both the ordinary interference function Qi(Q) and the 
environmental interference function QAi(Q) for a 
specific element instead of RDFs. 

The essential idea of this approach is based on the 
characteristic structural features of non-crystalline 
systems expressed by the contrast between the narrow 
distribution of local ordering unit in the shorter distance 
region and a complete loss of positional correlation in 
the longer distance one. Schematic structural description 
for this case is given in Fig. 8. In other words, the 
average number of type-Α atom around any type-y atom, 
Njk, is separated by an average at the distance rjk and its 
distribution may be described by a discrete Gaussian 
like distribution with a mean-square variation of 2bß,. 
On the other hand, the distribution for higher order 
correlation is approximately described by a continuous 
distribution with an average number density, p0, of a 
given system. These concepts can be given by the 
following equation with respect to the interference 
function /24/. 

0<0=ΣΣ>, t 4 — e x )sin Qrjk) Μ k 

477/7, expf/)„,£/) 

(7) 
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mathematical procedure, but the structural parameters in 

the near neighbor region can be quantified with much 

higher reliability. 

GeC>2 glass 
Continuous region 

4πρ0Γ 

(Λ 

Ο 0 
Ο c 
=3 
CD 2 0 
Ο 
c 
0) 
λ -
ω 

t 
ω ο 

Environmental Q&iße(Q) 

Ordinary Oi(O) 

r 
Fig. 8: Schematic diagram for a model of a non-

crystalline oxide. 

The quantities of /?„p and 6„(s are the mean and the 

variance, respectively, of the boundary region which 

need not be sharp. The first and second terms on the 

right hand side of eq. (7) provide a discrete Gaussian-

like distribution and a continuous distribution with an 

average number density at long distance, respectively. In 

practice, the structural parameters can be determined by 

comparing the interference function using the least-

squares calculation of eq.(7) so as to reproduce the 

experimental interference function. The environmental 

interference function can also be readily calculated by 

taking the difference of the calculated ordinary coherent 

scattering intensity similarly estimated at the two 

energies in the AXS measurements and compared with 

the experimental AXS data. It would be worthy of note 

that the resolution of the structural parameters could be 

determined with a much higher reliability by this least-

squares refining method, when applying to not only 

Qi(Q) but also £>Δ i(Q) for a specific element. It should 

also be kept in mind that this method is not a unique 

Fig. 9: Comparison of the calculated interference 

functions with the experimental data for G e 0 2 

glass using the least-squares refining method. 

Figure 9 shows a comparison of the calculated 

interference functions with the experimental data of 

G e 0 2 glass and the resultant structural parameters are 

summarized in Table 1, together with those of a-quartz-

type G e 0 2 crystal /25,26/. The typical uncertainties are 

suggested to be ±0.002 nm for rjk and ±0.4 for Nik 

estimated from the variance-covariance matrix in the 

least-squares analysis /27/. The structural parameters 

listed in Table 1 reproduce two independent interference 

functions of Qi(Q) and QAiCe(Q) for Ge and this 

agreement supports that the present approach basically 

works well although the resultant structural parameters 

are considered to be in a sense of the necessary 

condition at best. 
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Table 1 
Structural parameters of the near neighbor correlation 

for G e 0 2 glass and a-quartz-type G e 0 2 crystal 

Glassy GeC>2 α-quartz-type Ge0 2 

Density (Mg/mJ) 3.64 4.21 
Pairs r(nm) N(atom) /•(nm) N( atom) 

Ge-0 0.173 4,1 0 174 4.0 
Ge-0 0.365 4.1 0.348 6.0 
G e - 0 0.411 9.8 0.428 14.0 
Ge-0 0 4 8 8 3.4* 0.479 4.0 
G e - 0 0.541 6.0* 0.540 7.0 
Ge-Ge 0.317 4.1 0 315 4.0 
Ge-Ge 0.453 3.9 0.447 6.0 
Ge-Ge 0.497 4 0 0.499 6.0 
Ge-Ge 0.535 5.1* 0.539 6 0 
0 - 0 0.277 6.4 0.284 6.0 
0 - 0 0.330 5.1* 0.337 6.0 
0 - 0 0.434 3.4* 0.412 4.0 
0 - 0 0.495 13.6* 0.507 16.0 

* : fixed 

4.2 Amorphous Zr0 2 prepared by hydrolytic 
condensation 

A number of interesting oxide materials have been 

produced from metal alkoxides or salts by the so-called 

sol-gel method /28/ and zirconium oxide is included in 

this category. Monoclinic Z r 0 2 phase (hereafter referred 

to as 111-Zr02) is known to be stable at temperatures 

lower than 1273 K. On the other hand, thermal 

decomposition of amorphous Z r 0 2 prepared from 

zirconium alkoxides or from zirconium salts produces a 

metastable tetragonal Z r 0 2 (hereafter referred to as t-

Zr0 2 ) phase /29,30/. However, the formation of /-Zr02 

at low temperature is still not clearly understood. For 

example, the stabilization of Z r 0 2 is suggested to be 

affected by anionic impurities such as OH" /31/. This is 

inconsistent with the comments /29,30/ suggesting that 

the stabilization of /-Zr02 may be attributed to the 

particle size effect. On the other hand, there are 

similarities in the local ordering structure between 

amorphous and crystalline tetragonal Z r 0 2 and it should 

be related to the stabilization of Ζ ιΌ 2 /32/. In these 

contexts, the structure of amorphous Z r 0 2 holds a key to 

provide an answer with respect to the particular 

crystallization behavior of zirconium oxide during low 

temperature heating. 

Two scattering intensity profiles were measured at 

17.973 and 17.698 keV, which correspond to 25 and 300 

eV below the Zr K-absorption edge (17.998 keV) /33/ 

and Fig. 10 shows the resultant environmental 

interference function QAiZr(Q) of hydrolytic condensed 

zirconium oxide. The ordinary interference function 

Qi(Q) estimated from the diffraction data of single 

energy of 17.698 keV is also given for comparison. 

These interference function profiles consist of the first 

peak at about 22 nm"' followed by a number of peaks, 

which clearly indicate that a distinct fraction of local 

ordering unit structures exists in the amorphous Z r 0 2 

although their distribution shows no long range 

ordering. These features contrast with the case o f 

metallic glasses, where the rapid damping of 

interference function is clearly observed /4,6/. 

Q / n m " 1 

Fig. 10: Ordinary interference function Qi(Q) (top) of 

amorphous Z r 0 2 obtained from the intensity 

data. Environmental interference function 

QAiz,{Q) of amorphous Z r 0 2 obtained from 

the A X S measurements at the Zr K-

absorption edge /33/. 

Figure 11 shows the environmental and ordinary 

R D F s calculated from the interference functions. It may 

be noted that the contribution from O - O pairs is 

111 



Vol. 22, No. 2, 2003 Structural Characterization of Non-Crystalline Oxides, by the Anomalous 
X-ray Scattering (AXS) Method 

7 0 0 

6 0 0 

ω 5 0 0 
c 
ο 

4 0 0 Ο 4 0 0 
c 
3 

3 0 0 
c 
ο 
3 2 0 0 

X2 
λ— 
o5 1 0 0 

T3 
"cö 0 

CO 
oc 1 0 0 

0 

1 0 0 

1 1 1 1 1 1 Γ 

amorphous ZrC>2 

Environmental RDF 
a round Zr 

0.0 0.2 0.4 

r / nm 
0.6 0.8 

Fig. 11: Ordinary and environmental RDFs of 

amorphous Z r 0 2 calculated from the 

interference functions of Fig. 10 /33/. 

excluded in the environmental R D F around Zr. For 

convenience, the arrows indicate some inter-atomic 

distances expected in this system. From the information 

of ionic radii of the constituent elements, the first peak 

around 0.22 nm and 0.34 nm can be allocated to be Zr-

O and Zr-Zr pairs, respectively. The Zr-Zr pair around 

0.34 nm observed in the ordinary RDF is well 

coincident with the atomic pairs characterized by the m-

Z r 0 2 structure. These results imply that the fundamental 

local ordering structure of Z r 0 2 glass is closer to that of 

;« -Zr0 2 than in the case of i -Zr0 2 . However, a definite 

comment on the local atomic arrangements in 

amorphous Z r 0 2 cannot be given from the ordinary 

RDF data alone, because more than two kinds of atomic 

pairs usually overlap at longer distances. 

Since the contribution or υ - υ pairs to the ordinary 

RDF is not so significant, the essential profile of the 

environmental RDF around Zr is similar to that of 

ordinary RDF of the amorphous Z r 0 2 , as shown in Fig. 

11. Nevertheless, it is rather stressed that the correlation 

of Zr-Zr pairs in the environmental RDF around Zr is 

distinct at the distance of 0.34 nm. The effective use of 

such different nature detected in the AXS measurements 

is expected to improve the resolution and reliability in 

the determination of the structural parameters for Z r - 0 

and Zr-Zr pairs even in the higher order correlation 

when using the least-squares refining method, similar to 

the case of G e 0 2 . 

In the first step for the least-squares analysis, the 

22 % random vacancy model of m-Zr02 structure with 

bulk density was used for explaining the experimental 

RDF data. However, the converged structural 

parameters could not reproduce the experimental RDFs 

well, particularly the correlation at the distance of 0.37 

nm, which corresponds to the first Zr-Zr pairs of the t-

Z r 0 2 structure. Then, the random vacancy model 

coupled with both / -Z r0 2 and m-Zr02 structures was 

employed at the second step, while keeping in mind that 

the atomic configurations of the amorphous Z r 0 2 are 

not exactly identical to those of m-Zr02. After several 

iterations, we obtain the converged interference 

functions denoted by dotted lines in Fig. 10. The 

resultant structural parameters are summarized in Table 

2 together with the crystalline zirconium oxides /34, 35/. 

In this calculation, the parameters of the 0 - 0 pair 

correlation were fixed as suggested from m-Zr02 with 

22% random vacancy model, because of their 

insignificant contributions as described above. Since the 

variation of Njk and rJk depends upon the initial 

structural model, the parameters listed in Table 2 should 

Table 2 
Structural parameters of the near neighbor correlation 

for amorphous Z r 0 2 and two crystal structures 

Amorphous 
Density (Mg/m3) 4 47 
Pairs ζ·(ηπι) Anatom) 

Monoclinic 
5.74 

r(nm) Anatom) 

Tetragonal 
5.86 

r(nm) Anatom) 

Zr-0 0.214 5 8 0.216 7.0 0.226 8.0 
Zr-0 0.395 2.3 0.385 8.0 
Zr-0 0.427 5.4 0.444 12.0 0.413 12.0 
Zr-0 0.465 6.3 0.448 12.0 
Zr-0 0.495 4.1 0.490 8.0 
Zr-Zr 0.341 4.4 0.347 7.0 
Zr-Zr 0.371 1.6 0.366 12.0 
Zr-Zr 0.398 2.5 0.415 3.0 
Zr-Zr 0.449 1.4 0.456 1.0 
Zr-Zr 0.509 2.1 0.524 6.0 0.519 6.0 
0 - 0 0.265 6,0 
0 - 0 0.296 7.4* 0.285 9.5 
0 - 0 0.344 8.0 
0 - 0 0.398 7.4* 0.394 9.5 
0 - 0 0.439 12.0 
0 - 0 0.486 4,3* 0 474 5.5 

: fixed 
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be considered as not mathematically unique but as a 

possible solution for explaining the structure of the 

amorphous Z r 0 2 . 

The present A X S results quantitatively confirm that 

the fundamental local ordering unit of the amorphous 

Z r 0 2 is octahedrally coordinated zirconium and its 

distance is 0.214 nm. Zirconium atom is surrounded by 

four zirconium atoms at the distance of 0.34 nm in the 

first neighboring Zr-Zr pairs, forming a particular 

structural unit. With these facts in mind, a three-

dimensional structural model illustrated in Fig. 12 is 

proposed as one of the possible structures of the present 

amorphous ZrC>2 sample by considering the simple 

geometrical factors. This model suggests that the 

zirconium octahedral units link each other with sharing 

four edges of coordination polyhedra. The other Zr-Zr 

pairs ranging from 0.39 to 0.45 nm are consistent with 

this model structure, although the Zr-Zr pairs at 0.37 nm 

cannot be clearly elucidated. These results also indicate 

that the progress of the hydrolysis condensation process 

makes the structure of monomeric alkoxide more dense, 

in order to increase the shared edge number of 

coordination polyhedra. The shared edge length 

estimated in the model structure of about 0.26 nm is 

rather shorter than the edge length estimated from a 

regular zirconium octahedron. This strongly suggests 

the distorted feature of zirconium octahedra in the 

amorphous Z r 0 2 structure. Crystallization behavior of 

Z r 0 2 glass is known to depend strongly upon the 

conditions of sample preparation /36/. Therefore, it is 

Fig. 12: Schematic diagram for a model structure of 

amorphous Z r 0 2 /33/. 

difficult to determine which mechanism is actually 

significant in the formation of t-Zr02 f rom the 

amorphous Z r 0 2 . Nevertheless, the present A X S results, 

at least, prove that it is quite unrealistic to identify only 

the local ordering structure of the amorphous Z r 0 2 as 

being responsible for the formation of t-ZrO? as 

frequently discussed. 

4 . 3 F e r r o m a g n e t i c g l a s s o f 0 . 5 L a 0 7 S r o . 3 M n 0 3 -

0 . 5 B 2 0 3 

An oxide glass sample (ribbon shape: 10 -30 mm 

length and 10-30 μηι thickness) of the La-Sr-Mn-B-O 

system was prepared by rapid quenching from the melt 

using a twin-roll method. The ferromagnet ic property 

was found and its Curie temperature was above room 

temperature l \ l . It is also quite interesting to find 

ferromagnetic behavior in this glass without any ferric 

ion. With respect to a ferromagnetic Curie temperature 

above room temperature found in the crystalline 

Lai_ ISr^Mn03 system with the Perovskite structure /37/, 

Jonker and Van Santen /38/ proposed that particular 

ferromagnetic property may be attributed to the result of 

a strong positive Mn3 +-Mn4 + exchange interaction 

coupled with a weak Mn 3 + -Mn 3 + interaction and a 

negative Mn4 +-Mn4 + interaction. Then, a particular 

magnetic property of ferromagnet ic glass of 

0 .5La i . x Sr x Mn0 3 -0 .5B 2 0 3 might be explained by a 

similar mechanism, although its Curie temperature 

shows a completely different dependence on the Sr 

concentration in the crystalline case, as shown in 

Fig. 13. 

The Curie temperature of crystalline L a ^ S r ^ M n O j 

system clearly decreases with the Sr concentration 

above χ = 0.5. This is explained by the increase in 

the negative exchange interaction of the Mn 4 + -Mn 4 ' 

pairs. On the other hand, the Curie temperature of 

0.5 La ι S r v M nOj-0.5 Β 2 Oj glass shows almost a constant 

vale above χ = 0.5 although it increases with the Sr 

concentration up to χ = 0.5 in a similar manner as that in 

the crystalline case. Such characteristic behavior may 

result from oxygen deficiencies, which is introduced in 

the glass production process by rapid quenching from 

the melt / I / . The AXS study for this relatively new Mn-

based oxide glass has been made using the synchroton 

radiation source /39/. 
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x(Sr) 
Fig. 13: Curie temperature of O.SLai.rSr^MnOj-

0.5B2C>3 glass as a function of Sr 
concentration together with the crystalline 
La,,xSr rMn03 / ! / . 

The solid line in Fig. 14 provides the ordinary 
interference function of the 0.5La03Sro7IVIn03-0.5B203 

glass. It may be noticed that a small shoulder is detected 
at the vicinity of 18 nm"', on the low-ζ? side of the 
first peak. This position corresponds to the first peak of 
B 2 0 3 glass /23.40/ and it is qualitatively interpreted that 
the structural features found in the 0.5La0.3Sr0.7Mn03-
0 .5B 20 3 glass are quite similar to the B 2 0 3 glass case. 
The ordinary radial distribution function (RDF) is given 
at the top of Fig. 15. A small peak detected at 0.137 nm 
in the ordinary RDF indicates the B-O correlation and 
its coordination number around boron estimated from 
the area under the peak is 3.0 ± 0.4. This value is in 
good agreement with that (3.1) of the B 2 0 3 glass /23, 
40/, which is another proof of the existence of B 2 0 3 

glass-like regions in this glass sample. 

The positions of some near-neighbor correlations 
found in the perovskite structure of SrMn0 3 /41/ and 
LaMn0 3 742/ are given in Fig. 15. From these structural 

Fig. 14: 
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Interference functions Qi{Q) (solid line) and 
QAis<(Q) for Sr (dotted line) of 
0.5La,.xSr,Mn03-0.5B203 glass /39/. 
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Fig. 15: Ordinary (top) and environmental RDF 
around Sr (bottom) of 0.5La,. tSr tMn03-
0.5B203 glass /39/. 

data in the crystalline state, the second peak detected at 
0.186 nm in the ordinary RDF can be allocated to the 
correlation of Mn 3 +-0 and Mn4 +-0. Similarly, some 
pairs Sr-O, La-O and O-O may contribute to the third 
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peak at 0 .245 nm. The coordination number of oxygen 

around manganese is estimated to be 5.7 ± 0.5. Taking 

account of the experimental uncertainty /39/, this value 

is considered to be consistent with the octahedral 

coordination observed in the perovskite structure. 

The A X S measurements were carried out with the 

incident energies o f 15.106 and 16.081 keV below the 

Sr ^ -absorp t ion edge (16 .106 keV). The results are 

given in Fig. 16. Their differential intensity profi le, 

providing the environmental structure around Sr in this 

glass, is also given at the top of this f igure. This 

particular glass sample contains f ive elements , so that 

the measured intensity data cor responds to the average 

structural information of 15 partial funct ions. On the 

other hand, the A X S data for Sr is due to the variation 

of the real part of the anomalous dispersion terms of Sr 

and involve only 5 partial funct ions; Sr-O, Sr-B, Sr-Mn, 

Sr-La and Sr-Sr pairs. Thus, the relatively easy 

interpretation of the results is possible. 

A/Sr(0)x 3 

( S r o . 3 L a o . 7 ) M n 0 3 - B 2 0 3 g l a s s 

15.106 keV 

T6.081 keV 

60 80 
Q / n m - 1 

Fig. 16: Intensities of 0 . 5 L a 1 . r S r i M n 0 3 - 0 . 5 B 2 0 3 glass 

measured at the incident energies of 15.106 

(solid line) and 16.081 keV (dotted line) 

below the Sr /^-absorption edge. The 

dif ference in two intensity data 

/ (0 ,15 .1O6keV) and /(£>, 16.08 I k e V ) is given 

at the top /39/. 

The A X S profile for Sr shows a typical glass 

structure except for the small shoulder at the low Q side 

of the first peak. This shoulder, as has already been 

mentioned with Fig. 14, is attributed to the first peak of 

the B 2 0 3 glass. It may be worth ment ioning that the 

oscil lat ions in the differential intensity coincide with 

those in the original intensities. This is particularly 

prominent in the first three broad peaks. This implies 

that these oscillations are mainly due to the contribution 

f rom Sr. General ly , the oscillations, which are distinct 

in the high Q region of the intensity prof i le , result f rom 

the fact that species with defini te bond lengths and 

angular relations are present /43/. The differential 

intensity at Q less than 16 nm"1 has been smoothly 

extrapolated to Q = 0 for fur ther data process ing. The 

effect o f this extrapolat ion is known to give no critical 

contribution in the calculation of the R D F by the 

Fourier t ransformation /6,44/ . The resultant 

environmental interference function QAISr(Q) for Sr 

calculated is drawn by a dotted line in Fig. 14. Since the 

content of Sr is only 3 at % in this glass sample, the 

d i f ference obtained by the anomalous dispersion effect 

of Sr is estimated to be less than a few percent of the 

detected intensity in the high Q region. Although the 

error due to count ing statistics is about 2 % before taking 

the d i f ference in the two A X S intensity data, the 

experimental uncertainty in the environmental funct ion 

increases by about 5 0 % in the high Q region. 

The environmental R D F for Sr in the 

0 .5La 0 .3Sr 0 7 Mn0 3 -0 .5B203 glass is given at the bot tom 

of Fig. 1 5 . Since the experimental uncertainty in the 

environmental interference function for Sr increases by 

about 5 0 % in the high Q region and induces some 

oscillations, this may cause the relatively large 

oscillations on the lower r side of the first peak in the 

environmental RDF. Nevertheless , the present authors 

maintain the view that essential structural features can 

be obtained from these R D F data. For example, the first 

peak detected at 0 .259 nm in the environmental R D F for 

Sr is quite likely to be allocated to Sr -O pairs. The 

coordination number of oxygen around Sr calculated 

from the area under the peak is 13.5 ± 1.4, which is 

comparable to that in perovskite S r M n 0 3 , i.e. 12 at the 

distance of 0 .269 nm. Consequent ly , the present A X S 

results conf i rm that the modulated regions observed in 

the transmission electron microscope /1 / point to 

harmony between non-crystall ine region consist ing of 

the random network structure of the B O j triangles and a 

highly ordered perovskite-l ike region, as illustrated in 

the schematic diagram of Fig. 13. The ferromagnetic 
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property of this oxide glass may be attributed to the 
highly ordered region. Since the magnetization in the 
amorphous and crystalline states is known to be similar 
/45/, the present environmental structural information 
obtained by the AXS method supports the conclusion by 
Inomata et al. / I / . That is, the ferromagnetism of this 
particular oxide glass is due to double-exchange 
interactions of Mn3 +-02-Mn4 + ions. Similar AXS 
analysis has been made for some oxide glasses, such as 
the (Fe2C)3)o6(Bi2C)3)o.25(CaO)o.i5 glass thin film grown 
on a silicon wafer substrate /46/ and ferrite thin films of 
ZnFe 20 4 /14/ and CoFe 2 0 4 /47/ grown on a silica glass 
substrate. 

4.4 Super-ionic conducting 
(CuI)o.3(Cu20)„.35(Mo03)o.35 glass 

Super-ionic conducting (often termed fast ion 
conductor) glasses, such as AgBr-Ag 2 0-Ge0 2 and Cul-
Cu 2 0-Mo03, produced by rapid quenching from the 
melt, have been extensively studied by different 
techniques to delineate the relation between structure 
and high ionic conductivity / 2 , 4 8 , 4 9 / . However, it is still 
difficult to obtain conclusive evidence for structural 
origin in these particular glasses from infrared, Raman 
and NMR spectroscopy results and X-ray diffraction 
data. This is mainly due to their complex multi-
component systems. Such questions unsolved by 
conventional techniques can be answered by obtaining 
accurate information about the environmental structure 
around a specific element using the AXS method. For 
this reason, the identification of local atomic structure in 
multi-component super-ionic conducting glass is given 
below, using the results of the glass 
(CuI)o3(Cu20)o.35(Mo03)o.35 /50/ as an example. It may 
be added that the CuI-Cu20-MoC>3 glass, first 
synthesized by Machida et al. / 5 1 , 5 2 / , shows high ionic 
conductivity of the order of 1 Ω'ιη"1 at room 
temperature, superior to the cases containing Ag+ ion. 
Speculations on the structure of this particular oxide 
glass are based on data from infrared spectroscopy, 
invoking models consisting of Cu+, Γ and M o 0 4 ions. 
However, poly-molybdate complex structure formed by 
the M O 0 6 unit is also suggested / 5 3 , 5 4 / . This means the 
structural features of the Cu! -Cu 2 0-Mo0 3 glass have 
not yet been established. 

Figure 17 shows the intensity profiles of the 
(CUI)o.3(CU20)o.35(MO03)o.35 glass measured at incident 
energies of 19.702 and 19.977 below the Mo K-
absorption edge (20.002 keV) /50/. The differential 
profile, corresponding to the environmental structure 
around Mo in this glass, is also illustrated at the bottom 
of this figure. Similar AXS measurements were also 
carried out at incident energies of 8.680 and 8.955 keV, 
below the Cu ^-absorption edge (8.980 keV). As shown 
in Fig. 17, the intensity profiles essentially show typical 
glass structure having a broad first peak at about 20 
nra'1. A pre-peak shoulder denoted by an arrow is also 
recognized in these intensity profiles. It may be worth 
mentioning that such pre-peak shoulders have already 
been reported in some other super-ionic conducting 
glasses such as AgI -Ag 2 0-Mo0 3 1551 and Agl-Ag 2 0-
P 2 0 5 156,511 and they are attributed to density 
fluctuation in the chain structure formed by M o 0 4 or 
P 0 4 units /55,58/. 

Q / nrrf1 

Fig. 17: Scattering intensity profiles of 
( C U I ) O . 3 ( C U 2 0 ) O . 3 5 ( M O 0 3 ) O . 3 5 glass measured 
at incident energies of 19.702 (solid line) and 
19.977 (dotted line) keV below the Mo K-
absorption edge. The difference in two 
intensity data /(£>,19.702keV) and 
/(£,19.977keV)is given at the top 1501. 

The environmental RDFs of the 
(Cul)o.3(Cu20)o.35(Mo03)o35 glass computed from the 
environmental interference functions for Mo or for Cu, 
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QAiMo(Q) and QhicJQ) by Fourier transformation, are 
given in Fig. 18. The ordinary RDF estimated from the 
scattering profile at the single energy of 19.702 keV is 
also illustrated in this figure for comparison. A direct 
comparison among these three curves is only possible 
for the distance values on the abscissa, because different 
weighting factors are used on the ordinate. 

(a) Octahedral M o 0 6 (b) Tetrahedral M0O4 

Fig. 18: Ordinary and environmental RDFs around 
Mo and Cu. Vertical lines indicate the peak 
positions determined by the least-squares 
refining method /50/. 

In crystalline Cu 2 0 and a number of oxo-cuprites 
/59,60/, the Cu atom is typically found linearly 
coordinated by oxygen with a distance of 0.184 nm. On 
the other hand, the Mo atoms are known to exhibit 
octahedral coordination or tetrahedral coordination, as 
illustrated in Fig. 19 with the Mo-0 distance ranging 
from 0.17 to 0.22 nm /61/. For these reasons, it is 
difficult to identify the first peak in the ordinary RDF at 
around 0.19 nm with Cu-0 and or Mo-O pairs. In this 
subject, the AXS results enable us to provide the answer 
by making available the scattering contrast of a desired 
element. For example, it is readily found that the 

Fig. 19: Schematic diagram of (a) Mo0 6 octahedral 
unit and (b) M o 0 4 tetrahedral unit /50/. 

correlation at a distance o f0 .18 nm is completely lost in 
the environmental RDF around Cu, as shown in Fig. 19. 
Then, by comparing two environmental RDFs with the 
ordinary RDF, one can safely assign the first peak in the 
ordinary RDF to the Mo-O pair. The coordination 
number of the nearest neighbor oxygen around Mo is 
estimated as 5.8 with conventional Gaussian fitting. 

The second peak found at 0.26 nm in the ordinary 
RDF almost completely disappears in the environmental 
RDF around Mo. This suggests that the corresponding 
second peak is probably ascribed to the correlation of 
Cu-I pairs, in view of the distance of the nearest 
neighbor copper and iodine observed in both crystalline 
and molten Cul /62,63/. The coordination number of I" 
around Cu+ estimated from this peak is estimated to be 
1.2, although the reservation should be noted regarding 
the reliability of the absolute values of coordination 
number for Cu in this glass. This is because the present 
AXS data for Cu are restricted to the wave vector Q 
range up to about 80 nm'1, arising from the relatively 
low energy absorption edge of Cu. The use of the least-
squares refining method, so as to reproduce three 
independent three experimental data by the AXS 
method for Cu and Mo and the ordinary diffraction, 
provides one way to minimize such problem using the 
interference functions instead of RDFs. The resultant 
structural parameters are summarized in Table 3. The 
structural parameters listed in this table can reproduce 
well three independent interference functions of 
QMMO(&, Q&CJQ) and (Ji(Q), as shown in Fig. 20. 
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Table 3 

Structural parameters of the near neighbor correlation 

for the (CUI)O.3(CU20)O.35(MO03)O.35 glass (density: 5.14 

Mg/m3)) determined by the least-squares refining 

technique 

Pairs /•(nm) M a t o m ) 

M o - 0 0 .187+0.002 6.1+0.4 
M o - M o 0.350+0.004 3.8+0.5 
M o - M o 0.394+0.002 2.5+0.2 
C u - 0 0 .186+0.006 0.5+0.4 
Cu-I 0 .261+0.004 1.3+0.4 
Cu-Cu 0.341+0.002 7.7+0.3 
Mo-Cu 0.449+0.002 1.3+0.6 

Q / n m " 1 

Fig. 20: The ordinary interference function Qi(Q) and 

the environmental interference functions 

QMMo(Q) and QMCu(Q) of 
(CuI)o.3(Cu20)o35(Mo03)o35 glass. Solid lines 

correspond to the experimental data. Dotted 

lines denote values calculated by the least-

squares refining method /50/. 

However, it should be kept in mind that this method is 

not a unique mathematical procedure and the structural 

parameters can be quantified with a much higher 

reliability, satisfying the necessary conditions at best. 

It is found in Table 3 that the coordination number of 

oxygen around Mo is six at the distance of 0.187 nm. In 

other words, the AXS results clearly lead to the 

conclusion that M o 0 6 octahedral unit as shown in Fig. 

19(a) is more likely to be present in the 

(CUI)O.3(CU20)O.35(MO03)O35 glass. This is no closer to 

the infrared spectroscopy data suggesting the presence 

of isolated M o 0 4 tetrahedral unit in the Ag l -Ag 2 0-

M o 0 3 glass /52,55/ than the results proposing the M o 0 6 

octahedral unit /53/. Distorted M o 0 6 octahedral units 

are known to be predominant in most isopoly- and 

heteropoly- molybdates /54/. Nevertheless, the present 

authors rather maintain the view that this conclusion is 

not valid for all super-ionic conduction glasses 

containing M o 0 3 component, because the A X S results 

for the (AgI)o6(Ag20)o4(Mo03)o.4 glass /55/ clearly 

identify that the most probable structural entity in this 

glass is the M o O 4 tetrahedral unit and this is consistent 

with the conclusion drown from infrared spectroscopy 

/52/. 

The distance observed at 0.350 nm in the 

environmental RDF around M o is allocated to the 

correlation of Mo-Mo pair, suggesting a corner sharing 

linkage between the M o 0 6 octahedral units with a slight 

twist. The edge shared or face shared M o 0 6 octahedral 

units are ruled out because these cases will contribute to 

much shorter Mo-Mo distance at about 0.25 nm. The 

coordination number of the nearest M o - M o pairs is 3.9, 

suggesting that one M o 0 6 octahedron is connected to 

four other octahedral units on the average with the 

corner-sharing linkage. The pre-peak shoulder detected 

at Q = 10 nm"' in the intensity profiles may be 

represented by density fluctuation due to such randomly 

connected M o 0 6 units, where the correlation length is 

about 0.8 nm. 

It is found in Table 3 that the average coordination 

number of the nearest neighboring Cu-I is 1.3 at the 

distance of 0.261 nm. This coordination number is 

distinctly smaller than the coordination number of Cu-I 

pair in both crystalline and molten Cul /62,63/ where 

four Γ ions are coordinated around a Cu+ ion. However, 

the value of 1.3 could be reduced to 
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4.3 {=1.3X1 ,0(CU 20+CUI ) /0 .3(CUI )} per a C u + ion 

which is generated from the Cul component. Any 
information on the origin of Cu+ ions, whether from Cul 
or Cu20, cannot be identified from the present X-ray 
scattering data alone. Nevertheless, considering the 
experimental results on different mobilities for Cu+ ions 
152/, the present authors suggest a view that some Cu+ 

ions are surrounded by four Γ ions. As shown in Table 
3, the first nearest neighbor distance of Cu-Cu pair is 
estimated to be 0.341 nm. This correlation is not 
recognized in crystalline Cul, but is found in molten 
Cul. Consequently, the local ordering structure of the 
added Cul gets into the glassy oxide matrix, keeping the 
local environment similar to that in molten Cul. 

It may be noted that similar AXS analysis has been 
applied to the super-ionic conducting glass system of 
GeSe2-Ag2Se /64/, (AgI)-(Ag20)-(Mo03) 1551 and 
AgBr-Ag20-Ge021651. 

5 . S U M M A R Y 

Most of the interesting materials consist of more 
than two components and the partial functions of 
individual chemical constituents are essentially required 
for discussion about the structure/properties 
relationships. This includes multi-component non-
crystalline oxide materials. The number of partial 
functions increases, when increasing the number of 
components and it follows that there are n{n+1)/2 
possible pairs in a system containing «-components. The 
principle for the separation of partial functions is 
simple, but it is not so easy even for a binary case. In 
this subject, the environmental structural analysis 
around a specific element in a system of interest is quite 
helpful and useful for materials characterization without 
carrying out the complete separation procedure for 
partial functions. The validity and usefulness of the 
AXS method have been given in this article with some 
selected examples. 

The environmental structural data obtained from the 
AXS measurements is similar to the results of the so-
called Extended X-ray Absorption Fine Structure 
(EXAFS or simply called XAFS) measurement. 
However, the present authors rather stressed here that 

High Temperature Materials and Processes 

the AXS method is much more straightforward, at least 
theoretically, and provides the environmental structural 
information including so-called middle range ordering, 
as a function of radial distance, with much higher 
reliability than the EXAFS method. Of course, the AXS 
data could supplement the interpretation of the EXAFS 
data or vice versa. It should be noted that the resolution 
of environmental RDF obtained from the AXS method 
is still limited and its careful interpretation is strongly 
required when the measurable wave vector region of the 
interference function is restricted mainly due to a 
relatively low energy absorption edge of the desired 
element. Nevertheless, the examples given in this article 
are enough to shed light upon the local chemical 
environmental structure around a specific element in 
multi-component systems. For most of the elements, the 
change in the real part of the anomalous dispersion 
terms is typically 15-25% of the normal atomic 
scattering factor at the /^-absorption edge and it appears 
to be substantially larger (over 50%) at the Ζ,-absorption 
edge. Thus, the AXS method coupled with the intense 
white X-ray source is believed to be no longer a novel 
technique and it would be recognized as a powerful tool 
for determining the fine structure in multi-component 
non-crystalline systems. 
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