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The anomalous X-ray scattering (AXS) technique was applied to a structural study of Ge02 glass, 
using synchrotron radiation and a new goniometer system. The environmental radial distribution 
function (RDF) was determined from intensity measurements at the Ge K absorption edge and 
compared with the ordinary RDF curve estimated from the. X-ray scattering intensity by Mo K a 
radiation. By combining the environmental and ordinary RDFs of the Ge02 glass it has been 
confirmed that the fundamental local unit structure is a Ge04 tetrahedron and that these tetrahedra 
are joined at their corners to form a network structure. The capability of the AXS technique has been 
approved as a relatively new tool for the structural characterization of disordered materials.

A n o m a lo u s  X -ra y  S c a tte r in g  S tu d y  o f  G e 0 2 G la ss

Introduction

Germanate (Ge02) glass is believed to have an 
atomic structure similar to silicate (Si02) glass, al­
though there have been rather few structural studies. 
Lorch [1] found in studies of G e02 glass by neutron 
diffraction that the coordination number of oxygen 
around germanium calculated from the area under the 
first peak in the radial distribution function (RDF) is 
3.8 and concluded that G e04 tetrahedra are the fun­
damental local unit structures. This conclusion was 
supported by a time of flight neutron diffraction study 
[2]. Bondot [3] tried to determine the RDFs of the 
Ge-O, Ge-Ge and O -O  pairs from the three inde­
pendent scattering profiles of a G e02 glass obtained 
with Cu K a and Ag K a radiations, and neutrons. 
However, his results suffer from the rather limited 
experimental accuracy at that time (1974).

For these reasons, the anomalous X-ray scattering 
(AXS) technique was applied to G e02 glass at the 
Ge K absorption edge, and then an environmental 
structure around a Ge atom was determined and com­
pared with the conventional X-ray diffraction results 
of Mo K a radiation. The AXS measurements were 
carried out using a goniometer system exclusively 
built for the present purpose using synchrotron radia­
tion in the Photon Factory (PF) of the National Labo­
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ratory for High-Energy Physics, Tsukuba, Japan. The 
main purpose of this paper is to present new structural 
information on G e02 glass, together with a brief de­
scription of our AXS system and the essential points 
of data analysis for the AXS measurements of disor­
dered materials.

Experimental and Data Analysis

The G e02 glass sample was prepared by melting 
germanium dioxide powder (99.999%) in a shallow 
platinum dish in air for about 600 sec at 1773 K, fol­
lowed by furnace-cooling. The obtained sample was 
about 30 mm in diameter and a few mm thick. Scatter­
ing from the Pt dish was not observed because the 
sample was thick enough for the energy region em­
ployed.

A beam line (7C station) in the PF of Tsukuba, 
Japan, where a double Si 111 crystal monochromator 
is provided upstream, was used for the present AXS 
measurements. Any energy of the incident beam from 
4 to 20 keV could be selected with this monochroma­
tor. Its optimum energy resolution is about 7 eV at 
lOkeV. The beam from the monochromator can be 
saggitally focused by bending the second crystal, 
which is a diamond-shape Si crystal cut with stiffening 
ribs to prevent antielastic bending [4] in order to in­
crease the power of the incident beam. The fluxes of 
the incident beam to the sample are of the order of 109
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photons/sec without focusing the beam. A detailed 
documentation about the beam line including this 
monochromator is available in [5].

An co-2 0 double-axis goniometer, originally de­
signed for precision diffractometry and topography by 
Ishikawa et al. [6], was modified so as to mount a 
handy intrinsic pure Ge solid state detector, and 
receiving and scatter slits. Both axes are independent­
ly driven by stepping motors with 0.0002° for the co 
axis and 0.0004c for the 2 0 axis in each step. Since the 
synchrotron radiation is completely polarized in the 
orbital plane of the electrons, the goniometer must be 
placed vertically in order to avoid the polarization 
effect. For this purpose, the goniometer is mounted on 
a translation table along the horizontal and vertical 
directions with 0.002 mm in each step in order to ad­
just the sample position for alignment of the gonio­
meter. By using coil springs attached to the gonio­
meter and the table, the vertical translation can be 
smoothly carried out. Also this stage can be rotated 
around the vertical axis within a range of + 3° in a 
horizontal plane by manually adjusting screws in or­
der to adjust the goniometer surface parallel to the 
incident beam. A general view of the goniometer is 
shown in Figure 1.

The drive of the goniometer and X-ray detec­
tion system were controlled by a mini-computer 
(NEC PC-9801E). The program developed by No­
mura [5] in MS-Fortran and Macro Assembler lan­
guages was modified for the present AXS measure­
ments. The incident beam was monitored by an N2 
gas ion chamber placed in front of the sample, and the 
scattering intensity from the sample was measured at 
each angle for certain preset counts of this ion cham­
ber in order to keep constant the total number of 
photons hitting the sample. The fluorescent radiation 
from the sample, mainly arising from the tail of the 
band pass, and the higher harmonic diffraction of the 
monochromator crystal is not negligible, particu­
larly at higher angles, even if an energy below the 
absorption edge is used for the measurements like in 
the present case. Thus, the separation of this fluores­
cent component from the scattered intensity is a cru­
cial point in obtaining sufficient reliability of the AXS 
measurement [7], The energy resolution of the Ge 
solid state detector is good enough to clearly separate 
the K a component from the elastic scattering contain­
ing the structural information, but insufficient to ob­
tain the K ß component separately. However, since 
the intensity ratio K ß/K a is determined with relative-

Fig. 1. A general view of a goniometer system newly built at 
the 7C beam line in the Photon Factory of the National 
Laboratory for High-Energy Physics, Tsukuba, Japan for 
exclusive use for the anomalous X-ray scattering (AXS) mea­
surements. 1. beam line; 2. divergent slits; 3. ion chamber; 
4. sample; 5. double-axis goniometer; 6. goniometer support 
table; 7. receiving and scatter slits; 8. pure germanium solid 
state detector.

ly high accuracy both through the experiment [8, 9] 
and the theoretical evaluation [10], the intensity of the 
K ß component can be numerically subtracted in the 
data reduction process by monitoring the K a compo­
nent. With these careful examinations in mind, the 
elastic scattering intensity containing the Ge K ß fluo­
rescent component, and Ge K a fluorescent radiation 
were monitored during the present AXS measure­
ments below the Ge K absorption edge.

By using the AXS facility shown in Fig. 1, the inten­
sity profiles of the sample were measured at two ener­
gies of incidence, i.e. 10.8047 and 11.0795 keV, which 
respectively correspond to 300 and 25 eV below the 
Ge K absorption edge (11.103 keV). The total intensi­
ty measured at the first peak of the scattering profile
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of the GeO, glass was about 110,000 counts, and at 
least 50,000 counts were collected even at the angle of 
minimum intensity. The difference in the intensities at 
these two energies was about 10% of the intensity at 
the first peak. The intensity at 11.0795 keV was cor­
rected for the K ß component and the escape peak 
intensity. On the other hand, no Ge fluorescent radia­
tion and escape peak were observed in the measure­
ment at 10.8047 keV. Then, these two intensities were 
corrected for the absorption by the sample and air in 
the beam path, and converted to the absolute intensi­
ties with the generalized Krogh-Moe-Norman meth­
od [11], followed by a correction of the Compton 
scattering intensity theoretically estimated [12]. Since 
the energy of the incident beam was selected below the 
absorption edge in this study, the variation of intensi­
ty mainly results from the change of the real part of 
the anomalous dispersion terms of Ge, fGe [13]. Thus, 
the intensity difference in the sample may be given by 
the equation

MQ) = hoo(Q )-hs(Q )
= CGe(/Ge, 300 ~ /üe. 25)

• J 4 n r2 £  Re[/},3oo(ß) + /j.25(ß)]0 j= 1
sin (Q r)

■ (eGtj(r) -  80j) ---- dr, (!)Qr
where cGe is the atomic fraction of Ge, fj the X-ray 
atomic scattering factor of the j  th element [14], gGej 
the number density function of the j th atom around 
a Ge atom, and gOJ the average number density for 
y'th element. "Re" indicates the real part of the value 
in the parentheses. The subscripts 300 and 25 repre­
sent the quantities at the energies 10.8047 and 
11.0795 keV, respectively. The summation in the 
above equation indicates the sum over the two con­
stituents in the present sample, that is, germanium and 
oxygen. The environmental RDF for Ge, which repre­
sents the local atomic distribution around a Ge atom, 
was obtained by the Fourier transformation of the 
quantity QAi(Q):

4 n r2 gGe (r) = 4 n r2 g0 (2)
2r |  QAi(Q) sin (Qr)
71 0 Ĝe (/Ge, 300 —

where

W(Q)= £  Cj(fh300(Q) + fjt25(Q)). (3)
j= i

Qo in (2) is the average number density of the sample.

A normal X-ray diffraction profile from the sample 
was also measured using a molybdenum X-ray tube 
with a singly-bent pyrolytic graphite monochromator 
in the diffracted beam. A scintillation counter with a 
pulse-height analyzer was used as a detector. The scat­
tering intensity was collected from at least 20,000 
counts for each angle. After the corrections for the 
absorption and polarization effects along the way sim­
ilar to the previous works of non-crystalline materials 
[15, 16], the measured intensity was converted to ab­
solute units, i.e. electron units per atom by the same 
method used above. Then, from this intensity /  (Q), the 
reduced interference function i(Q) can be obtained,

'■(Q) = ( / ( ö ) - < / 2» /< /> 2, (4)

where </> is the average atomic scattering factor and 
< /2> the mean square of the atomic scattering factors. 
By Fourier transformation of the function Q i (Q), the 
ordinary RDF curve is estimated:

4 k r2 q (r) = 4 n r2 g0 
2 r 00

+ — I Qi(Q) sin(Qr)dQ, (5)71 o

where g(r) is the so-called average number density 
distribution function.

Results and Discussion

The scattering profile from G e02 glass by Mo K a 
radiation is shown in Figure 2. The experiment was 
also made on S i02 glass for comparison, and the re­
sultant profile given in Fig. 2 is found to agree well with 
the result of Mozzi and Warren [17]. The profile of the 
G e02 glass shows the typical diffraction pattern of a 
glass structure. However, the appearance of the profile 
is quite different from that of the S i02 glass. For ex­
ample, the second and third diffuse peaks at about 26 
and 44 nm "1 are more distinct in the G e02 glass 
although these peaks in the Si02 glass are only ob­
served as a small shoulder and a hump, respectively. 
Figure 3 shows the interference function Qi(Q) of the 
G e02 glass and makes the difference more conspicu­
ous. This may be explained by the fact that the X-ray 
atomic scattering factor of a Ge atom is more than 
two times that of Si. The profile of Q i{Q) is composed 
of the first peak at about 15 nm "1 followed by a num­
ber of peaks, which contrasts to the case of metallic
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Fig. 2. Diffraction profiles of Ge02 and Si02 glasses with 
Mo K öl radiation.

Fig. 3. Interference function Qi(Q) of Ge02 glass.

glasses, where the damping of Q i (Q) is rapid. If species 
having definite bond lengths and angles exist in the 
sample, the oscillations in Q i(Q) persist in the high Q 
region [16, 17]. Therefore, the oscillations observed in 
the G e02 glass indicate that a considerable fraction of 
local ordered unit structures exists although their dis­
tribution appears to be as random as that of the Si04 
tetrahedra observed in SiO, glass.

et al. ■ Anomalous X-ray Scattering Study of Ge02 Glass

Q /  nm 1
Fig. 4. Differential intensity profile of Ge02 glass (top) ob­
tained from the intensity data (bottom) measured at inci­
dence energies of 10.8047 and 11.0795 keV, which corre­
spond to energies 25 and 300 eV below the Ge K absorption 
edge.

The two scattering intensity profiles at the two ener­
gies close to the Ge K absorption edge are shown in 
Fig. 4, where at the top the differential intensity profile 
given by (1) is also shown. From this differential curve 
it is readily found that the intensities of the second and 
third peaks relatively increase as compared with the 
intensity of the first peak. Since the atomic correla­
tions around the Ge atoms are emphasized by taking 
a differential curve at the Ge K edge, we can imagine 
that the second and third peaks are more strongly 
attributable to the local atomic configuration around 
the Ge atoms than the first peak. This may be con­
sistent with the fact that the intensities of the second 
and third peaks in G e02 glass are much stronger than 
in S i02 glass.

The environmental interference function QAi(Q) 
computed from the differential curve is shown in 
Fig. 5, and the environmental RDF curve obtained by 
Fourier transformation of (2) and the ordinary RDF 
curve calculated from the interference function Q i(Q) 
in Fig. 3 are shown in Fig. 6. Comparing the latter two 
profiles, it is seen that the peak caused by the correla­
tions of O —O pairs is completely lost in the environ­
mental RDF. This is strong evidence that the present 
AXS measurement was successfully carried out.

The distances and coordination numbers of the 
Ge —O, O —O, and Ge —Ge pairs in the ordinary 
RDF curve were determined by reproducing the ex­
perimental RDF curve using the pair correlation func-
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Fig. 5. Differential interference function Q Ai(Q) of Ge02 for 
the Ge K absorption edge.

-20

Ordinary RDF
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Fig. 6. Environmental radial distribution function (RDF) 
and ordinary RDF of GeOz glass.

Table 1. Comparison of distances rtj in nm and coordination 
numbers Ntj of the Ge-O, O-O, and Ge-Ge pairs of Ge02 
glass in the present work with those determined by Lorch [1] 
with neutrons, by Bondot [3] with Cu K. a, Ag K a, and neu­
trons, and by Sayers et al. [20] with EXAFS.

Ge-O O-O Ge-Ge

ru NU ru "u r AT., i j ij
Present Work 
Mo Kx

0.173 3.95 0.275 6.4 0.316 4.4

Present Work 
AXSGe

0.175 4.09 
(0.42)

0.320 4.33 
(0.20)

Neutrons [1] 0.172 3.8 0.285 - 0.345 -
CuKa + AgKa 
+ Neutrons [3]

0.16 - 0.28 - 0.31 -

EXAFSGe [20] 0.174 4 0.315 -

tion method [17, 18]. The peak positions of the Ge — O 
and Ge —Ge correlations in the environmental RDF 
were also determined by referring to the ionic radii of 
germanium and oxygen [19]. The coordination num­
bers of oxygen and germanium around a germanium 
were estimated from the area under the corresponding 
peaks by the following procedure with the assumption 
that the peak shape is Gaussian: From (2),

4tzr2QGe(r) (6)
= 47rr2 Re[/Ge.3OO( 0  + / Ge,25(0 ]e GeGe [r)IW{Q) 

+ Anr2 Re [/o.3Oo (0  + /o,25(0] 0Geo(r)/W(Q),

where QGeGe{r) and gGe0(f") are the coordination num­
bers of Ge and O around Ge. Consequently, the 
coordination number of Ge or O around Ge is deter­
mined by dividing the area by the weighting factor
Re[/Ge,3oo(0 + /Ge,25(0]WÖ) or R e [/0>300(Ö) 
+ /o.2s(Q)]/W(ö)- Since these weighting factors show 
a weak Q dependence, the value averaged over the 
measured Q region from 7 to 100 nm-1 was used for 
estimating the coordination number in the environ­
mental RDF curve. In Table 1 the resultant coordi­
nation numbers with their errors due to the variation 
of this weighting factor are shown together with the 
distances in both measurements of the present work 
and those determined by other workers [1, 3], Sayer 
et al. [20] applied the EXAFS method to a structural 
study of G e02 glass and a-quartz-type G e02 crystals 
as a reference sample. Table 1 includes their EXAFS 
results for comparison, although it should be remem­
bered that the theoretical difficulties prevent us to 
obtain reliable information from the EXAFS signal 
alone at the present time, particularly for disordered 
systems with unknown structure as already men­
tioned by Lee et al. [21].

Good agreement is, in the present authors' view, 
obtained for all distances and coordination numbers 
of the three pairs in this table, although they were 
independently determined by completely experimen­
tal techniques. The present results clearly indicate that 
each Ge is surrounded by four oxygens with a Ge-O 
distance 0.175 nm. Thus it can be concluded that the 
G e04 tetrahedron is quantitatively confirmed as a 
fundamental local unit structure in the G e02 glass. 
The distance O -O  is nearly equal to the edge length 
of the tetrahedron. Since the number of germanium 
atoms around a germanium atom is about 4 and the 
number of O's around O is about 6, each oxygen 
located at the corner of a tetrahedron is likely to be
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bonded with two Ge, so that a network structure 
formed by the tetrahedra joined at their corners is 
quite feasible, although a detailed model structure of 
G e02 glass has not yet been established. From the 
distances Ge-Ge and Ge-O obtained in the present 
work, the G e-O -G e bond angle is also evaluated to 
be about 132°. Incidentally the bond angle in the 
a-quartz type G e02 crystal is 130°. Therefore the 
packing of the G e02 tetrahedra might be very similar

to that found in the crystalline modification of Ge02 
as seen in the structural model of Si02 glass [17],
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