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ABSTRACT W * '

We present the formalism of anomalous x-ray scattering as applied to partial structure
analysis of" disordered materials, and give an example of how the technique has been applied,
together with that of neutron diffraction, to investigate short-, intermediate- and extended-range
order in vitreous germania and rubidium germanate.

INTRObuCTION

While short-range order (SRO) in network glasses is generally well understood, usually in
terms of structural units identified thorough comparison with analogous crystalline compounds, the
intermediate-range order (IRO) — the manner in which these units are organized to form a large
random network — remains a controversial issue.1 Further, the modification of such glasses by
the addition of metal oxides produces an extended-range order (ERO) that is also not well
understood.2 Part of the problem stems from the fact that a single diffraction measurement of an n-
component system yields a weighted average structure factor of the n(n+l)/2 separate partial
structure factors:

(1)

where WJQ) is the weighting factor for element a and S^fQ) is the partial structure factor for the
element pair (a,b).3 For a multicomponent system it is therefore difficult to extract reliable
information about a specific atom pair from a single experiment. However, in recent years
improvements in the radiation sources available have led to the exploitation of complementary
techniques which allow a more detailed investigation of the structure. Spallation neutron sources
and instruments dedicated to amorphous and liquid systems make it possible to carry out neutron
diffraction (ND) measurements with sufficient resolution to resolve peaks in the radial distribution
function from different atom pairs; in favorable cases, isotope substitution can also be used to vary
the weighting factors in Eq. (1)/ An especially important advance has been the advent of high-
powered synchrotron x-ray sources which make it possible to obtain reliable difference
measurements near the absorption edge of a particular element with anomalous x-ray scattering
(AXS), varying the weighting factor for that element in Eq. (1) by changing the x-ray energy.5

In this review we present the formalism of AXS as applied to partial structure analysis of
disordered materials, and then give an example of how the technique has been applied, together
with that of neutron diffraction, to the case of vitreous germania and rubidium germanate.
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The scattering cross section in an x-ray diffraction measurement is given by a sum of
products of scattering factors and phase factors over all pairs of atoms of the system:
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where^ (Q) is the form factor of atom i evaluated at the scattering vector Q and r, its instantaneous
position. It is convenient to reformulate Eq. (2) as the sum of three terms which, in the Faber-
Ziman formulation , becomes

where the angular brackets represent averages over all atoms in the sample. The first term in Eq.
(3) is the interference scattering which contains the details of the atomic structure, the second is the
Laue diffuse scattering which varies slowly with Q, and the third is the forward scattering which
is singular in the small-angle limit for a homogeneous system. Clearly the first term is the
important one in the present context In a multicomponent system, it can be expressed as a
weighted sum over element pairs:

(4)

where the partial structure factor (psf^Q) represents the structure associated with a given pair of
elements (a,b) and is given by

N

It is often convenient to define an average structure factor 5(Q):

« © - / ( Q )

. (6)

In the Faber-Ziman formalism used here, both S(Q) and S^iQ) —> 1 as Q -»««.
To obtain real-space information, pair correlation functions are obtained by Fourier

transformation of the appropriate structure factors, e.g.:

-l]exp(-iQ•

where g(r)dr has a direct physical interpretation as the number of atoms in a volume element dc at a
distance r from a reference atom at the origin.

We now treat the case of special case of anomalous scattering. Suppose that the incident
energy is near an absorption edge for element A and we make a small change AE in the incident
energy, which we assume has a significant effect onfA but not on the other/,. From Eq. (4), the
corresponding change in /(Q) is given by



In general, and especially near an absorption edge of element A, the form factor contains
anomalous energy-dependent terms as well as the regular term:

(9)

Substitution of Eq. (9) into Eq.(8) gives, after some rearrangement,

A/(Q) = 2C,A/;XC4(/W(Q)+/;)5;6+/;5^]+2<:AAf:2c6[/;5^ -(/M(Q)+/;)5
b b

(10)

By analogy with Eq. (6), we can define7 a difference structure factor for element A:.

which also -» 1 as Q -> «. Notice that SA(Q) as defined in Eq. (11) implicitly depends on both E
and AE. The AE dependence could be removed by taking the limit of Eq. (11) as AE -» 0.
However, the error in die measured value of 5^(Q) obviously becomes very large as AE is made
small. In practice we try to choose a compromise value for AE that is large enough to reduce this
error and small enough so that we can neglect the changes rnf^b^A. The values of the/6 in Eq.
(11) are then evaluated at E +1/2 AE The choice of the distance of E from the absorption edge of
element A is also a compromise between large values for the anomalous terms in fA versus an
accurate knowledge of AfA.

Eq. (11) can be simplified with the help of two approximations. First, a good approximation
below the edge of element A is

A/ / ' «A/ / . (12)

E.g., for Ge at EQ,-17 eV, / c / = -6.169,/G/'= 0.494; at EOe-200 eV , / c / = -3.987,/^"= 0.504.
With this approximation Eq. (11) simplifies to

Second, if the incident energies are far removed from the absorption edges of the elements b *A, a
reasonable approximation is

b0 (14)

In this case, taking account of the fact that SM has to be real, Eq. (13) simplifies finally to

(15)



To obtain the corresponding real-space information, we can use the equivalent of Eq. (7) to obtain
the average real-space environment about an atom of element A.

EXPERIMENTS

We have addressed the issues of the SRO, IRO and ERO in a series of combined AXS and
ND experiments on experiments on germania and rubidium germanate glasses.1 The AXS
measurements were carried out at the X-7A beam line at the National Synchrotron Light Source
(NSLS) at Brookhaven National Laboratory, and the ND measurments at the GLAD facility at the
Intense Pulsed Neutron Source (IPNS) at Argonne National Laboratory.

Germania- rather than silica-based glasses, and rubidium as the modifier element, were
chosen because the energies of the Ge and Rb edges were suitable for AXS at the X-7A beam line.
The glasses were prepared in solid form and polished to give smooth (~5Q\i roughness) flat
surfaces toward the x-ray beam. A series of AXS measurements were carried out at the Ge and Rb
K edges. The Rb edge measurements in the rubidium germanate glass were complicated by the
high level of Ge fluorescence. For the neutron measurments the glasses were crushed and loaded
into thin-walled vanadium tubes.

RESULTS

1. Neutron Diffraction

Neutron structure factors obtained for germania and rubidium germanate glasses are shown
in Fig. 1. The results for the binary are in good agreement with those of Desa et al? The first
feature in the structure factor of GeO, is the peak at Qt - 1.54 A"1, corresponding to a correlation
length L1 = 2TE/QJ - 4.1 A characteristic of IRO in oxide and chalcogenide glasses.1

On the addition of only 10 % of the Rb,O modifier to the GeO2 network, a new peak arises at
Qo - 0.95 A1, implying ERO on a length scale Lo ~ 6.6 A. Qo is unaffected by changes in Rb2O
concentration x, but the peak height increases up to x = 0.2 and then decreases for larger x. This
dependence reflects die behavior of the other physical properties such as Tg and viscosity. In the
modified glass, the FSDP observed in GeO, at 1.54 A'1 is replaced by a second peak at larger Q.
Both the intensity of this peak and its Q value increase with x. Its position corresponds to a length
scale Lt ranging from 3.1 to 3.6 A, slighdy smaller than the characteristic scale of IRO in binary
glasses.

2. X-Rav Diffraction

X-ray structure factors for GeO: and (Rb,O)0 ,(GeO2)0 s are shown in Fig. 2. Comparison of
neutron and x-ray diffraction data makes It possible to infer information about the nature and
origins of these two features, since the appropriate weighting factors are generally quite different
for a given element The same features are observed as in the neutron structure factors; however,
for GeO, me FSDP is stronger in SX(Q) man in ^(Q), indicating that the cation-cation correlations
play.an important role in its existence, as is generally the case in oxide and chalcogenide glasses.10"

For (Rb,O)02(GeO2)QS, the first peak is much weaker, and the second much stronger, than in
SN(Q). Since correlations involving two cations (Ge or Rb) are emphasized in Sx relative to Ss,
while all correlations involving O are de-emphasized, the relative weakness of the first peak in
SX(Q) shows that correlations involving oxygen atoms are important; cation-cation correlations that
make a negative contribution to this peak may also be involved. On the other hand, the dominance
of the second peak in SX(Q) shows that the cation-cation correlations play a crucial role in its
origin, as in that of the FSDP in the binary.

Work at Brookhaven was carried out under contract No. DE-AC02-98CH10886, Division of
Materials Science, U.S. Department of Energy.
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Fig. 1. Neutron structure factor S*(Q) of (Rb,O)x(GeO:)l.x glasses; successive curves are
displaced upward by one unit for clarity.



3. Anomalous X-Rav Diffraction

Further information about the origin of the IRO and ERO is obtained from the results of AXS
measurements made near the Ge and Rb K-shell absorption edges. Sx

Ct is shown for GeO2 and
(RbjOWGeO^a, »n Fig. 3, and SXgb for (Rb2O)0,(GeO2)0g in Fig. 4. For Gep, , 5 X ^ has the
same features as SX(Q), the main difference being that the peak at Q2 = 2.8 A*r, attributed to
chemical SRO of Ge and O, is considerably enhanced. In the molecular dynamics (MD)
i l i f SiO l S d S k i i i b i hi k hil S k

y y ( )
simulations of SiO, glass, SSiSi and Sop make positive contributions to this peak while SSiO makes a
negative contribution of almost identical magnitude.1013 In all three partials, the peak arises from
Coulomb oscillations in the partial pair correlation function gj/r) with period L2 - 2.2 A, in phase
with swfQf) for g^. and g00 but out of phase for gS!O By analogy with SiO2 and taking into
account differences in the appropriate weighing factors, this peak should be scarcely visible in
S"(Q), stronger in SX(Q) and considerably enhanced in Sx

ae, exactly the behavior observed.
For (Rb2O)0,(GeO,)08, the intensity of the first peak is positively correlated with the

scattering amplitude of G'e "(Fig. 3), but negatively correlated with that of Rb (Fig. 4). This
behavior can be explained in terms of a chemical ordering of Rb and Ge with a period Lo ~ 6.6 A,
^nbRb a n ^ S<jt<u being positive and 5WCe negative at Qv The second peak has a strong positive
correlation with both Rb and Ge scattering amplitudes, consistent with the crucial role of the
cation-cation correlations discussed above. In molecular dynamics simulations14 on the analogous
silicate system (Rb2O)0J(SiO2)0J, die Rb-Rb partial structure factor shows positive peaks at 1.1
and 1.9 A"1, in agreement with this interpretation.

0 1

Fig. 2. X-ray structure factor SX(Q) of GeO, and (Rb:O)0 ,(GeO2)0 s glasses.
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Fig. 3. Germanium difference structure factor S*CJQ) of GeO, and ^ 8 glasses.

Q (A"1)

Fig. 4. Rb difference structure factor Sx
Rb(Q) of (Rb2O)0.,(GeO3)0.g glass.



A FULL PARTIAL STRUCTURE ANALYSIS OF GeO,

Writing the ND, XRD and AXS data presented above as a vector F(Q) = [S"(Q),
Sx

tJ(Q),Sx
2JQ)] and the required psf s as a vector S(Q) = {S&JQ), S00(Q), SOtO(Q)], the two

vectors have a linear relationship

F = AS (16)

where the elements of A are the weighting factors in Eqs. (6) and (15). Inserting the appropriate
values for the nuclear and atomic parameters, it is found mat degree of conditioning of A*1 is
comparable to that obtained in many ND experiments with isotope substitution, so mat reliable
structure factors should be derived, provided the systematic and statistical errors are small.

The results for the psf s are shown as points in Fig. 5. The FSDP shows up as a positive
peak in SCtCt and SGt0 and a shallow negative peak in Soo, supporting the assertion that cation
correlations dominate the IRO. The peak at 2.6 A'1 is strong and positive, with almost the same
height, in SGeGt and Soo, and strong and negative, with almost the same magnitude, in S<.g,
confirming the chemical SRO nature of this peak. The topological SRO peak occurs at 4.4 A ,
predominantly in SGeCt.

We are not aware of any published Molecular Dynamics (MD) computer simulations of
GeO,, but SiO, has been studied with classical MD by Vasbishta et aL and with ab initio MD by
Sarnthein etatP The ab initio MD results,1345 plotted as solid lines in Fig. 5 for comparison, ate
generally similar to the present ones for GeO2 but displaced to higher Q due to the smaller length
scale in silica. The main qualitative difference is that the FSDP and topological SRO peaks show
up as weak positive features in S0O.

An alternative formulation of the partial structure factors was derived by Bhatia and
Thornton16 in terms of number density {N) and concentration (Q fluctuations, shown in Fig. 6 for
the present data and the MD results for SiO, . A matter of some interest is the behavior of Scc in
the region of the FSDP, in view of the speculation of Elliott that the FSDP arises from
concentration fluctuations in oxide and chalcogenide glasses.17 In the present results for GeO2, 5CC
is in fact slightly negative in this region, so this explanation does not seem to apply here. As
expected, the CSRO peak shows up most strongly in Sc c and the TSRO peak in 5^,. The MD
results for SiO, are again qualitatively similar with a general shift to higher Q. For these, Scc is
close to zero hi the region of the FSDP, again at variance with Ref. 17. A similar behavior was
found was found in the classical MD result for SiO2.

10

DISCUSSION

This work provides results for the SRO and IRO of vitreous GeO, in terms of the
contributions of correlations involving the three element pairs. The results are consistent with the
identification of the first three peaks In the average neutron and x-ray structure factors with IRO,
chemical SRO and topological SRO, respectively. Results for the FSDP indicate that in this glass
IRO is associated with cation correlations as opposed to concentration-concentration correlations
as has been suggested.

In the rubidium -modified glass, the strong oxygen correlations implied by the large weight
of the first peak in the neutron diffraction pattern support the picture of Wright et aLli for network
glasses modified with heavy aTVali ions. In the binary, the FSDP reflects the periodicity arising
from the succession of network cages;19 in the modified glasses, the Rb* ions enter the larger cages
and displace the oxygen atoms on their boundaries. This makes the boundaries of the large cages
more spherical and leads to a strong diffraction peak at low Q. Clearly, this peak will be associated
with strong oxygen correlations and with a chemical order due to the alternation of Ge and Rb
ions. The cages without the Rb* ions will be correspondingly contracted, causing a shift of die
second diffraction peak to Q values higher than the FSDP of the GeO,.

BEYOND AXS?

The AXS technique makes use of the changes in the real part of fJQ) on going through an
absorption edge of element A. The question arises as to whether, if the high absorption for x-ray
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Fig. 5. Measured partial structure factors (Faber-Ziman definition) for the three atom pairs in
vitreous GeO: (M = Ge, points), together with corresponding results from ab initio MD

computer simulation1315 of vitreous silica (M = Si, lines).
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Rg. 6. Measured partial structure factors (Bhatia-Thomton definition16) in vitreous GeO, (points),
together with corresponding results from ab initio MD computer simulationI315of vitreous

silica (lines).
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.̂  energies above the edge can be tolerated, changes in the imaginary part offJQ) can be exploited as
# welL Inserting Eq. (9) into Eq. (6), the result can be written

if

r
7(Q) = A(Q) + 2/^(£)5(Q)+[/jJ(£)2+/^(£)2]C(Q) (17)

where
~ ' (18a)

B(Q) = ̂ 2 cJb0Q)S'Ab(Q) (18b)
ab

C(Q) = cA
2SM(Q) . (18c)

Since the coefficients in Eq. (17) are linearly independent functions of E, A(Q), B(Q), C(Q) can in
principle be determined independently, allowing a full partial analysis on the basis of the x-ray data
alone. Furthermore,^' and^"are also determined in the process for the sample under study, and
will be quite different for a condensed sample compared with a free atom, a fact that has of course
been exploited for many years in structural studies with absorption spectroscopy. In a diffraction
context this leads to the "diffraction anomalous fine-structure" (DAFS) technique which has been
widely used in the analysis of mixed or mixed-valence crystalline materials.20 In the context of
glass structure, this approach would yield information about structural irregularities in the glass as
long as the scale for these is large compared with the range of the photoelectron. Such may well be
the case for intermediate or extended range order in inorganic glasses.

CONCLUSION

This example makes it clear that AXS is a powerful technique for obtaining partial structure
information in complex disordered materials, and in particular can probe the structure of minority
species in a majority host. With the more powerful sources now available, and a corresponding
development in experimental methods and analysis techniques, we can expect that before too long
full partial structure analysis, with complete derivation of all partial structure factors, will become
routine. Further, we may expect that DAFS type information may become available as a probe of
structural inhomogeneities in glasses and other disordered materials.
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