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Abstract: The most difficult issue for the structural characterizations for noncrystalline multi-component materials is to determine partial structures because
𝑛(𝑛 + 1)/2 scattering experiments with different scattering cross-sections are necessary for 𝑛-component materials. More than three decades have already passed
through since anomalous X-ray scattering (AXS) using synchrotron radiation (SR)
was expected as a promising tool for investigating partial structures. Compared
with a related method, X-ray absorption fine structure, however, AXS is still rarely
used owing to difficulties in the experiments and data analyses. We have developed a new detecting system, which can fully utilize intense X-ray fluxes from
third-generation SR facilities. Using this detecting system, we have carried out
many AXS experiments at the beamline BM02 of the ESRF on several semiconducting glasses. The obtained differential structure factors were analyzed using
reverse Monte Carlo modeling to draw three-dimensional atomic configurations.
In this article, we review results of semiconducting glasses, and describe the
structure-property relations in these glasses.
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1 Introduction
X-ray diffraction (XRD) is usually applied for investigating the structures of crystalline materials. The XRD spectra are mainly composed of Bragg peaks generated by coherently and elastically scattered X-rays from the atomic arrays in crystals. Other contributions in the experimental XRD spectra are Compton scattering
and fluorescent X-rays. These appear as backgrounds between the Bragg peaks,
and the intensities are much smaller. Thus, these non-elastic contributions can
be easily subtracted. Even a material is composed of many elements and the
atomic coordinates are very complicated, such as protein crystals with more than
10 000 atoms in the unit cell, the atomic configurations can nowadays be determined using intense synchrotron radiation (SR) sources and Rietveld analysis [1].
For non-crystalline materials, scattering spectra show only weak hallow patterns [2]. Although in principle the structural information can be evaluated, there
are some serious problems that cannot easily be solved:
1. The above mentioned non-elastic contributions are highly mixed with the
elastic signal, and should be removed using a detector with a good energy
resolution.
2. Even if the elastic signals are successfully extracted, they are the mixtures
of the partial structure factors, 𝑆𝑖𝑗 (𝑄), of the constituent elements. For 𝑛component alloys, the number of the partials reaches 𝑛(𝑛 + 1)/2, e.g., binary
gives three partials, ternary six, and quaternary ten, as quoted in Waseda’s
textbooks [2–4] and review articles [5–7].
The total structure factor, 𝑆(𝑄), is expressed as
𝑁 𝑁

𝑆(𝑄) = ∑ ∑ 𝑊𝑖𝑗 (𝑄)𝑆𝑖𝑗 (𝑄).

(1)

𝑖=1 𝑗=1

Here, the weighting factors, 𝑊𝑖𝑗 , can be obtained as

𝑊𝑖𝑗 (𝑄) = 𝑥𝑖 𝑥𝑗 𝑓𝑖 𝑓𝑗 /⟨𝑓⟩2 ,

(2)

where 𝑥𝑖 and 𝑓𝑖 are the concentration and atomic form factor of 𝑖-th element, respectively. Thus, several diffraction data with different scattering processes, i.e.,
different 𝑓𝑖 values, are necessary to obtain 𝑆𝑖𝑗 (𝑄)s. Neutron diffraction (ND) is
helpful, in particular, when using isotope-enriched samples, which give largely
different 𝑊𝑖𝑗 s [6]. Since the properties of glasses often depend on the thermal history, and the isotopes are very costly, however, an alternative method is highly
desired to obtain 𝑆𝑖𝑗 (𝑄)s.
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Anomalous X-ray scattering (AXS) [2–4], or resonant elastic X-ray scattering
utilizes an anomalous variation of 𝑓 near an absorption edge of an element. The
complex 𝑓 is given as

𝑓(𝑄, 𝐸) = 𝑓0 (𝑄) + 𝑓 (𝐸) + 𝑖𝑓 (𝐸),

(3)

where 𝑓0 is the usual energy-independent main term, and 𝑓 and 𝑓 are the real
and imaginary parts of the anomalous term, respectively. When the incident Xray energy approaches an absorption edge 𝑘 of a constituent element, the energydependent 𝑓 and 𝑓 become important, resulting in a decrease in scattering intensity. The contrast between the scattering intensities close to an absorption edge
and a ‘normal’ scan, highly enhances the partial contributions concerning the element, and suppresses the other partials.
The AXS technique was firstly adopted using X-ray tubes with some different target materials to study partial atomic structures in non-crystalline GeO2 in
1974 by Bondot [8]. Several metallic liquid and amorphous alloys were investigated with the same technique by Waseda and Tamaki [9, 10]. A significant improvement of the AXS data was achieved by using SR as the X-ray source on amorphous chalcogenide semiconductors, GeSe and GeSe2 [11], and “AXS using SR”
was viewed as a promising tool.
Since then, more than three decades have passed. Compared to a related
method for structural analysis, X-ray absorption fine structure (XAFS), however,
AXS is still rarely used although in contrast to XAFS, it also provides information
on the intermediate-range order (IRO). The cautious progress of this method is related to the difficulties in correcting the raw data for fluorescence and Compton
contributions, which are complicated and time-consuming procedures. Although
recent developments in third-generation SR sources led to a tremendous increase
of incoming flux, this did not help to solve the problems of the above mentioned
parasitic scattering contributions, and these problems still remain as a challenging task. Also, the experimental determination of the anomalous terms is very
difficult.
We have developed a detecting system effective for intense third-generation
SR [7, 12–15]. In this paper, we report in detail the feasibility of this system by
comparing with the previous systems employed widely, and the most typical AXS
results on prepeaks or first sharp diffraction peaks (FSDP) in Ge–Se [16, 17] and
As–Se [18, 19] chalcogenide glasses, Ag–GeSe room-temperature superionic conducting glass [20, 21], and Ge2 Sb2 Te5 digital versatile disk (DVD) material [22]. We
have introduced this technique in several papers [7, 12, 13, 16]. However, it is worth
reviewing once more with a special regard to the procedure of the development for
the future plan of well-established AXS experiments.
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2 Limitations of previous anomalous X-ray
scattering
The principle of AXS is widely known and given in literatures [3, 7, 16, 23]. The
intensity contrast, Δ 𝑘 𝐼, between two scattering functions can be obtained for the
𝑘 absorption edge of an element if they are measured closely below the absorption
edge (𝐸near , typically some 10 eV) and further below the edge (𝐸far , typically some
100 eV). This contrast can then be expressed as

Δ 𝑘 𝐼(𝑄, 𝐸far , 𝐸near ) ∝ Δ 𝑘 [⟨𝑓2 ⟩ − ⟨𝑓⟩2 ] + Δ 𝑘 [⟨𝑓⟩2 ]Δ 𝑘 𝑆(𝑄).

(4)

Here, Δ 𝑘 [ ] indicates the difference of values in the bracket at the energies of
𝐸far and 𝐸near , close to the absorption edge 𝑘 of the element, and ⟨⟩ represents
the chemical average. The differential structure factor, Δ 𝑘 𝑆(𝑄), in Equation 4 can
again be expressed by a linear combination of 𝑆𝑖𝑗 (𝑄)s as
𝑁 𝑁

Δ 𝑘 𝑆(𝑄) = ∑ ∑ 𝑊𝑖𝑗 (𝑄, 𝐸far , 𝐸near )𝑆𝑖𝑗 (𝑄),

(5)

𝑖=1 𝑗=1

with different 𝑊𝑖𝑗 s given by

𝑊𝑖𝑗 (𝑄, 𝐸far , 𝐸near ) = 𝑥𝑖 𝑥𝑗

Δ 𝑘 [𝑓𝑖 𝑓𝑗 ]
Δ 𝑘 [⟨𝑓⟩2 ]

.

(6)

It should be noted that compared to 𝑆(𝑄), Δ 𝑘 𝑆(𝑄) highly enhances the partial
contributions from the element with 𝑘 edge, and suppresses the other partials.
From the above principle of AXS, the difficulty of this technique seems to lie
only on the precise determination of the 𝑓 function, which is well-known to be
highly dependent on the chemical environments or electronic conditions such as
the valence number and chemical bonds.
The optical theorem [24] directly relates 𝑓 to the atomic absorption coefficient for an atom, 𝜇a , as

𝑓 =

𝑚𝑒 𝑐𝜀0 𝐸
𝜇a ,
𝑒ℎ

(7)

where 𝐸 is the X-ray energy and others have their usual meanings. The 𝑓 term is
related to the 𝑓 part by a Kramers–Kronig transformation expressed as
∞

2 𝐸 𝑓 (𝐸 ) 
𝑓 (𝐸) = ∫ 2
d𝐸 .
𝜋 𝐸 − 𝐸2


(8)

0
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Figure 1: AXS goniometer with a SSD
detector installed at PF-KEK. After [29].

Thus, it is necessary to measure X-ray absorption spectra in a wide X-ray energy
range and precisely near the absorption edge to obtain reliable values for 𝑓 and
𝑓 .
Theoretical values [25, 26] are usually used for the analyses of AXS data.
However, discrepancies of 𝑓 values are frequently reported near absorption
edges [4, 6, 27]. For example, the theoretical 𝑓 value of Ge in GeSe2 glass at 15 eV
below the 𝐾 edge is about 14% smaller than a corrected value [17] obtained by
a comparison with a result of the neutron diffraction using isotope-enriched samples [28]. This problem can be perfectly solved by an attentive absorption measurement and a subsequent careful data analysis.
However, the real thorny path was not such a straightforward subject. The
crucial problem was that no suitable detector can be prepared for the scattered
X-rays for intense third-generation SR facility. Figure 1 shows a photograph of an
AXS goniometer [29] installed at PF-KEK, which is a typical second-generation
synchrotron source. There, a pure Ge solid-state-detector (SSD) is mounted on
the goniometer. This type of X-ray detector is very sensitive, and can collect
energy-resolved data of scattered X-rays. Thus, it is very suitable for the secondgeneration SR sources. When this detector is used for intense third-generation
SR facilities, however, two essential problems were revealed; a moderate (not
enough) energy resolution and a long dead time.
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Figure 2: Typical SSD signal as
a function of X-ray energy with the
energy resolution of ∼ 200 eV FWHM.
The spectrum was estimated for
GeSe2 glass at the incident energy of
20 eV below the Se 𝐾 absorption
edge at the scattering angle of about
45∘ .

Figure 2 shows a typical SSD output as a function of X-ray energy. The spectrum was estimated for GeSe2 glass at the incident energy of 20 eV below the Se 𝐾
absorption edge (12.658 keV) at the scattering angle of about 45∘ . Incident X-ray
energies were calibrated using the absorption edge of each constituent element
of the samples. The energy resolution is about 200 eV full-width at half-maximum
(FWHM). The long bar shows the elastic energy, and the shoulder on the low energy side of the elastic peak indicates the Se 𝐾𝛽 fluorescent X-rays given by the
short bar. The Compton scattering contribution is located beneath these contributions in a wide energy range. As seen in the figure, it is not easy to evaluate the
elastic intensity from such a complex spectrum.
A usual way to evaluate the pure elastic signal was that using single channel analyzers, the total counts of the spectra including non-elastic contributions
and 𝐾𝛼 signals in the lower energy regions were simultaneously measured, and
the 𝐾𝛽 contributions were subtracted by assuming that the ratio of the 𝐾𝛽 and
𝐾𝛼 signals was unchanged [3, 4]. Also, the Compton scattering contribution becomes negligible by taking a contrast between the two scattering spectra at 𝐸far
and 𝐸near .
However, there is no guarantee that the 𝐾𝛽/𝐾𝛼 intensity ratio is always the
same to make such an estimate. Even if the assumption is correct or the error is
extremely small, such a calculation takes a long time, and it is difficult to complete it during the limited beamtime for AXS experiments. For example, our AXS
analysis on glassy As2 Se3 [30] took three weeks until we obtained Δ 𝑘 𝑆(𝑄) near
the As and Se 𝐾 absorption edges.
The most serious problem of the SSD detector is, however, not so trivial and
is related to the long blind time of the SSD detector. Typical SSD detectors have
a blind time of about 1 μs, and the linear response of the detector is lost over
a count rate of 20 000 cps [31]. Note that this value is not elastic scattering only,
but the total number of incoming X-rays including several fluorescent and Comp-
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ton scattering X-rays. Typically, the fraction of elastic scattering is only 10% (see
Figure 4 of Reference [31]), and thus, the maximum rate for the elastic signal is
only 2000 cps. Since AXS typically needs 1 000 000 counts at the 𝑆(𝑄) maximum,
500 𝑄 points, and 2 scans for each absorption edge, 500 000 s ∼ 140 h ∼ 6 d are
necessary to obtain only one Δ 𝑘 𝑆(𝑄). If the blind time corrections are made, more
scattering intensity (up to 200 000 cps [31]) can, in principle, be measured and
a reduction of the experiment duration down to ∼ 14 h per Δ 𝑘 𝑆(𝑄) is possible,
although the error should be carefully taken into account in the data reduction.
Although such corrections are possible, intense third-generation SR cannot help
to improve the statistical quality of the Δ 𝑘 𝑆(𝑄) data when using a SSD detector.

3 Present detecting system at BM02/ESRF
To overcome the above-mentioned difficulties of the detecting system, in particular, the counting rate and energy resolution, we recall a usual NaI scintillation
counter having a blind time of typically ∼ 10 ns. However, the scintillation counter
has mostly no energy resolved function, and thus, an energy analyzer is necessary
to discriminate the elastic signal from other contributions.
Tests of some different energy analyzer crystals were made at the beamline
BM02 of European Synchrotron Radiation Facility (ESRF) in Grenoble, France,
which is one of the most intense bending magnet beamlines and has an excellent
optics producing a small sized parallel incident X-ray flux. The first candidate was
a Si crystal with a (111) surface. As is well-known, this crystal has a good energy
resolution of some eV. However, the reflection was very small, and it would take
one week to obtain one million counts at the 𝑆(𝑄) maximum of Ge–Se glasses.
The mosaicking or bending tests of the crystal did not help to improve the count
rate drastically.
The second candidate was a graphite crystal having a moderate energy resolution but a high reflection rate. The first trial was made using a usual analyzer attachment with the total arm length of ∼ 60 cm, i.e., the length of sample-analyzer
and analyzer-detector of 30 cm each. Without a slit in front of the detector, the energy resolution was more than 600 eV FWHM, much worse than a SSD detector.
The smallest slit size of 0.5 mm gave ∼ 200 eV FWHM, still similar to SSD.
Then, the arm length was extended to reduce the resolution width but to
keep the count rate sufficiently high for reasonable beamtimes. Finally, we found
that a total arm length of more than 80 cm was the best choice [16]. Figure 3
shows a photograph of our present long detecting system. By optimizing the count
rates and resolution width, a resolution of ∼ 100 eV FWHM and a count rate of
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Figure 3: Photograph of the present
detecting system at BM02/ESRF.
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Figure 4: Typical energy scan curve
using flat graphite crystal analyzer
and the detector arm of ∼ 80 cm with
the energy resolution of ∼ 80 eV
FWHM. The measurement was
performed on GeSe2 glass at the
incident energy of 20 eV below the Se
𝐾 absorption edge at the scattering
angle of about 45∘ . Small circles with
line are the same data multiplied by
5. After [12].

∼ 1 800 000 counts was obtained near the Se 𝐾 edge, and ∼ 600 000 counts near
the Ge 𝐾 edge during a scan of several hours on the Ge–Se glassy alloys [16]. Note
that the previous articles gave better energy resolutions of ∼ 90 eV near the Ge 𝐾
edge, but hereafter, we will refer to the values that are measured near the Se 𝐾
edge.
Later, the resolution was improved to be 80 eV FWHM while keeping the count
rate by optimizing the total arm length of ∼ 80 cm [12, 18]. Figure 4 shows a typical energy curve obtained with this detecting system using a flat graphite crystal
analyzer on As2 Se3 glass at the incident X-ray energy 20 eV below the Se 𝐾 edge
measured by simultaneously changing the 𝜃-2𝜃 angles of the analyzer crystal and
the detector [12].
The small circles with lines are the same data multiplied by 5 to clarify the Se
𝐾𝛽 fluorescence and Compton scattering intensities. Compared with the data of
the a SSD detector shown in Figure 2, the elastic and 𝐾𝛽 fluorescence signals are
well separated. These non-elastic contributions can be estimated to be less than
0.2% at the energy of the elastic scattering indicated by the long bar. Nevertheless,
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Figure 5: Schematic diagram of the optics at BM02/ESRF and the detecting system using a bent
graphite crystal. After [7].

we performed such energy scans to correctly estimate these contributions for the
data correction.
Then, we directly derived the Δ 𝑘 𝑆(𝑄) spectrum by taking the difference between two diffraction data sets around each absorption edge using the procedure
given elsewhere [7, 16]. Remaining small Compton scattering contributions near
the elastic energies were nearly removed in subtracting the two scattering functions at near- and far-edge incident energies. In fact, this reduced the spurious
Compton scattering contribution even at high 𝑄 values down to less than 0.005%
of the elastic signal.
The next trial was the use of bent graphite crystal for the analyzer [7]. Figure 5 shows the schematic diagram of the optics at BM02/ESRF and the detecting system using a bent graphite crystal. The bent crystal was manufactured by
Panasonic C. Ltd. with some different curvatures of the radius 90 mm for low Xray energies of 9 – 13 keV (typically Ge, As, and Se 𝐾 edges), 60 mm for medium
energies of 15 – 25 keV (typically Ag 𝐾 edge), and 21 mm for high energies of
30 – 35 keV (typically Sb, Te, and I 𝐾 edges). The bending was performed in the
direction perpendicular to the scattering X-rays, which focuses the vertically scattered X-rays to the detector and allows the energy changes of several keV. Owing
to the focusing geometry, the intensities of the scattered X-rays did increase by
a factor of 3–4, which allows us to make the detector arm longer to be ∼ 1 m with
improving the resolution width of ∼ 70 eV near the Se 𝐾 edge.
Figure 6 shows a typical energy curve obtained from this detecting system using a bent graphite crystal analyzer on Ag0.15 (GeSe3 )0.85 glass at the incident X-ray
energy 20 eV below the Se 𝐾 edge measured by simultaneously changing the 𝜃2𝜃 angles of the analyzer crystal and the detector. The shape of the energy scan is
slightly trapezoid-like rather than that using the flat crystal shown in Figure 4.
This spectral feature provides a good advantage concerning mis-alignments of
the sample position and/or detecting system. Such mis-alignments usually cause
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Figure 6: Typical energy scan curve
using a bent graphite crystal
analyzer and the detector arm of
∼ 1 m with the energy resolution of
∼ 70 eV FWHM. The measurement
was performed on Ag0.15 (GeSe3 )0.85
glass at the incident energy of 20 eV
below the Se 𝐾 absorption edge at
the scattering angle of about 45∘ .

a shift of the energy in the detecting system with varying the scattering angle or
𝑄. Namely, remarkable drops of the scattering intensities frequently happen with
changing 𝑄 when using the flat graphite analyzer exhibiting a comparably sharp
peak as a function of the scanned energy. The use of the bent analyzer having
a relatively flat top in the energy scan spectrum significantly reduced such intensity drops in the intensity data.
Regarding the counting rate, more than four million counts could be collected
at the 𝑆(𝑄) maximum, which typically took 3 – 5 h per scan. Thus, bending the
analyzer crystal further improves the statistics in the Δ 𝑘 𝑆(𝑄) spectrum.
Since the obtained data are mostly elastic signals, the data analysis becomes
much easier than that using a SSD detector. The typical duration of the data analysis is about 1 h until obtaining a preliminary Δ 𝑘 𝑆(𝑄) result, and we can immediately judge if the experiment is successful just after the experiment during a limited beamtime.
It should be emphasized that due to the extremely short blind time a NaI scintillation counter having a blind time of typically ∼ 10 ns compared with a SSD detector with about 1 μs, this detecting system can easily be utilized for undulator
beamlines to improve the statistic quality further. Such an application was already
started by Kohara et al. [32] at BL13XU of the SPring-8, one of the strongest undulator beamlines.

4 Reverse Monte Carlo modeling
Reverse Monte Carlo (RMC) modeling [33–35] is a useful tool to construct threedimensional (3D) structural models of disordered materials using experimental
diffraction data. Many applications of the RMC modeling to network glasses were
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reviewed by McGreevy and Zetterström [36]. Typical examples are for vitreous silica SiO2 by Keen and McGreevy [37], ion conducting glasses by Wicks et al. [38],
silicates by Cormier et al. [39], and phosphates by Hoppe et al. [40].
In the RMC simulation technique, atoms of initial configuration are moved so
as to minimize the deviation from the data, e.g., 𝑆(𝑄) and Δ 𝑘 𝑆(𝑄)s, by a standard Metropolis Monte Carlo algorithm [41]. A help of neutron diffraction data is
also useful to improve the validity of RMC modeling [6, 7, 42–44], in particular,
when light elements are included in disordered alloys, for which AXS studies are
inapplicable.
A result of a hard-sphere Monte Carlo simulation containing typically
5000 – 10 000 atoms was used as a starting configuration. Some constraints were
applied to the RMC simulation to avoid any physically unreliable structures. Shortest atomic distances were applied for all samples to avoid unreasonable spikes
in partial pair distribution functions, 𝑔𝑖𝑗 (𝑟), in the low 𝑟 region. Weak bond angle constraints were applied for semiconducting glasses, which were based on
other diffraction data. Homopolar wrong bond fractions were also constrained for
chalcogenide glasses, for which results of ab initio molecular (MD) dynamics simulation were utilized.
RMC simulations were then performed using the RMC++ program package
coded by Gereben et al. [35] with differently weighted structure factors and pair
distribution functions. A simulating box size was chosen to match the number
densities of the samples.

5 Examples
Our new detecting system for AXS measurements was firstly applied to Ge–Se
chalcogenide glasses [16, 45–47]. We analyzed the Δ 𝑘 𝑆(𝑄) data and the corresponding differential pair distribution function, Δ 𝑘 𝑔(𝑟), without the use of RMC
modeling. The choice of this glassy system was on the basis of previous investigations, i.e., the local- and intermediate-range structure of GeSe2 glass was the
first target of “AXS using SR” by Fuoss et al. [11]. Later, this system was carefully
investigated by Petri et al. [28] using neutron diffraction employing isotope substitution (NDIS) technique.
Glassy As2 Se3 was the second target [48] for the new detecting system, which
revealed a remarkable improvement of the statistical quality of the data as compared with our previous AXS measurements on the same sample using a SSD detector [49, 50]. Subsequent to these traditional chalcogenide glasses, some Ag or
Cu salts-As2 Se3 mixtures of room-temperature superionic conducting glasses [51–
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53] were measured to confirm the feasibility of the detecting system, and pseudobinary alloys of salts and As2 Se3 glass were analyzed from the differential data.
With the help of RMC modeling, at least two important advancements were
made in the AXS results.
1. 𝑆𝑖𝑗 (𝑄) and 𝑔𝑖𝑗 (𝑟) functions as well as 3D atomic configurations can be obtained as a typical model for non-crystalline materials, which enabled us to
compare with NDIS data [13] and ab initio MD simulation results [18] for confirming the reliability of the AXS experiments and RMC model.
2. Since RMC modeling is based on atomic configurations in real space, some
corrections can be automatically made in Δ 𝑘 𝑆(𝑄) data, such as the centering
of the oscillations without using Krogh-Moe [54] and Norman [55] corrections
and the optimizing of the amplitude of oscillations caused by, e.g., errors in
theoretical 𝑓 values [17, 18].
These corrections surely helped to make the present AXS technique a highly reliable method for investigating local- and intermediate-range structures of noncrystalline materials.
The most typical results obtained from AXS with RMC modeling is the
intermediate-range structures which appears as a prepeak or first sharp diffraction peak (FSDP). It usually appears in 𝑆(𝑄)s of chalcogenide glasses, indicating
the existence of intermediate-range correlations therein. In the past, the prepeak
was considered to reflect the existence of layer structures analogous to the corresponding crystals, or a formation of clusters with a size of 2𝜋/𝑄p , where 𝑄p is
the 𝑄 position of prepeak. Petri et al. [28] discussed using their NDIS data that
the prepeak in GeSe2 glass at 𝑄 ∼ 10 nm−1 originates from the Ge–Ge correlation because only 𝑆GeGe (𝑄) has a large prepeak and other partials have no such
indications.
RMC modeling on basis of single total scattering experiment on GeSe2 glass,
however, gave unreliable 𝑆GeGe (𝑄) results concernig the prepeak [56–58] although
the short-range correlations were in good agreement with the NDIS results. For
example, Moharram and Abdel-Baset [56] measured X-ray diffraction using a conventional X-ray spectrometer, and the RMC modeling using the 𝑆(𝑄) data indicated the prepeak in 𝑆SeSe (𝑄) partial and the shape of 𝑆GeGe (𝑄) was completely
different from the NDIS result. Another RMC modeling with high-energy synchrotron X-ray diffraction by Petkov and Le Messurier [57] could not reproduce
a prepeak in 𝑆GeGe (𝑄) and only a shoulder was realized at the prepeak position.
Murakami et al. [58] tried a combination of X-ray and neutron diffraction data
for the RMC modeling. Although a prepeak could be reproduced in 𝑆GeGe (𝑄), its
height was much smaller than that evaluated from the NDIS measurement.
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On the other hand, the result of our RMC modeling based on the AXS data [7,
13] revealed a remarkable prepeak in 𝑆GeGe (𝑄), which mostly coincides with the
NDIS result. Thus, it can be concluded that the RMC modeling seems to tend to
avoid characteristic features of, e.g., a sharp prepeak, and the presence of the
element-related information is crucial for reproducing the prepeaks or FSDPs.
Therefore, the AXS method is a strong tool to investigate the intermediate-range
structure.
In the next subsections, we will review the features of prepeaks or FSDPs in
Ge–Se [16, 17] and As–Se [18, 19] chalcogenide glasses, and in Ge2 Sb2 Te5 digital
versatile disk (DVD) material [22].

5.1 Ge–Se glasses
Ge–Se glassy alloys are the most typical chalcogenide glasses, and have intensively been investigated as a prototype of covalent glasses. It was believed that the
coordination numbers around the Ge and Se atoms (4 and 2, respectively) strictly
follows the 8-𝑁 bonding rule, where 𝑁 is the total number of 𝑠 and 𝑝 electrons
in the outmost electron shells of the atoms. This rule was proposed by Mott [59],
who emphasized that according to this rule, all electrons are situated in filled electronic bands so that in contrast to crystalline semiconductors, large changes in the
electrical conductivity do not occur in covalent glasses when the composition is
only slightly changed [60].
In the past, it was also believed that there are no homopolar bonds called
also wrong bonds at the stoichiometric composition of GeSe2 . Such a framework
of chemically ordered random network model was broken experimentally by Petri
et al. [28] using a NDIS technique, where 25 ± 5% of Ge–Ge and 20 ± 5% of Se–Se
wrong bonds were observed in GeSe2 glass.
Another topic for Ge–Se glasses is the “rigidity percolation theory”, the
“mean-field constraint theory”, or the “stiffness transition theory”, which was
proposed by Phillips [61] and Thorpe [62]. This theory is a powerful tool for explaining numerous experimentally observed anomalies around the critical composition of the rigidity percolation threshold occurring at an average coordination
number ⟨𝑟𝐶 ⟩ = 2.40. There, the number of constraints per atom is equal to the degree of freedom. In the case of Gex Se1−x glasses, this corresponds to 𝑥 = 0.20. The
character of the network glasses undergoes a steep first-order-like transition from
easily deformable (floppy) at ⟨𝑟𝐶 ⟩ < 2.40 to rigid at ⟨𝑟𝐶 ⟩ > 2.40.
Boolchand and coworkers [63, 64] demonstrated that results of Raman scattering, modulated scanning calorimetry, and Mössbauer spectroscopy measured
in fine concentration steps provide evidence for a multiplicity of stiffness transi-
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Figure 7: The 𝑥 dependence of (a) Δ Ge 𝑆(𝑄), (b) Δ Se 𝑆(𝑄), and (c) 𝑆(𝑄). Circles: AXS data, Solid
curves: RMC results. After [17].

tions with an onset point near ⟨𝑟𝐶 ⟩ = 2.40 (𝑥 = 0.20) and a completion point near
⟨𝑟𝐶 ⟩ = 2.52 (𝑥 = 0.26). Of particular interest is the Raman scattering result that
showed a shift of the corner-sharing mode frequency for the Ge(Se1/2 )4 tetrahedral units with varying 𝑥. The interpretation of the Raman scattering result should
correlate with the intermediate-range atomic structure of glassy Gex Se1−x around
these stiffness threshold compositions.
The AXS measurements of the Gex Se1−x glasses were carried out in a wide
concentration range of 𝑥 = 0.333–0.15 [17]. Circles in Figure 7 show the 𝑥 dependence of (a) Δ Ge 𝑆(𝑄), (b) Δ Se 𝑆(𝑄), and (c) 𝑆(𝑄). For all 𝑥 values, the features
of Δ Ge 𝑆(𝑄) are very different from those of the corresponding 𝑆(𝑄): They have
large prepeaks at ∼ 10 nm−1 . Moreover, there are distinct minima at ∼ 20.5 nm−1 ,
where the first peaks are located in total 𝑆(𝑄)s. In addition, the second peaks at
∼ 35 nm−1 have shoulders at ∼ 25 nm−1 , which locate between the first and second peaks in the 𝑆(𝑄)s.
On the other hand, Δ Se 𝑆(𝑄)s show mostly no indications at the prepeak positions in the 𝑆(𝑄)s and Δ Ge 𝑆(𝑄)s, and the first peaks are much higher than those
in the 𝑆(𝑄)s. At higher 𝑄 > 30 nm−1 , the spectral shapes of Δ Se 𝑆(𝑄)s closely resemble those of the corresponding 𝑆(𝑄)s. An interesting feature was observed
from a detailed inspection of the Δ Se 𝑆(𝑄) spectra: There are weak shoulders at
∼ 15 nm−1 . Taking the weighting factors into account, these shoulders can be interpreted as the preference of Se–Se intermediate-range correlations.
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Figure 8: (a) 𝑆GeGe (𝑄), (b) 𝑆GeSe (𝑄), and (c) 𝑆SeSe (𝑄) in the 𝑄 region around the pre- and first peak
positions in 𝑆(𝑄), obtained from the RMC modeling for Gex Se1−x glasses.

The solid curves in Figure 7 indicate the best fits of the RMC modeling. All of
the fit curves coincide well with the corresponding experimental data.
Figure 8 shows (a) 𝑆GeGe (𝑄), (b) 𝑆GeSe (𝑄), and (c) 𝑆SeSe (𝑄) in the 𝑄 region
around the pre- and first peak positions in 𝑆(𝑄), obtained from the RMC modeling.
At 𝑥 = 0.333, a sharp peak is seen in 𝑆GeGe (𝑄) at 𝑄 ∼ 10 nm−1 with a height of
∼ 2.5, which is much larger than that in 𝑆(𝑄). The present result is very similar
to the NDIS finding by Petri et al. [28], which was discussed elsewhere [13]. The
prepeak height decreases with decreasing 𝑥. Even at 𝑥 = 0.15, however, it is ∼ 2,
still higher than the height of the first peak at ∼ 20 nm−1 . Moreover, the prepeak
position and width do not vary largely with 𝑥.
The prepeak features in 𝑆GeGe (𝑄) are very different from those in 𝑆(𝑄), where
with decreasing 𝑥, the prepeak rapidly decreases in height and shifts towards
higher 𝑄 values [65, 66]. Thus, it is concluded that the origin of the prepeak in
𝑆(𝑄) is not limited to the Ge–Ge correlations, but may include other contributions from the Ge–Se and Se–Se correlations as was already assumed earlier [65].
In the 𝑆GeSe (𝑄) spectrum at 𝑥 = 0.333, there is also a peak observed at the
prepeak position of ∼ 10 nm−1 . Its 𝑄 position remains almost unchanged with de-
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creasing 𝑥. Thus, the contribution of the Ge–Se correlation must be taken into account to understand the origin of the prepeak in 𝑆(𝑄). A steep hump is observed
at the first peak position in 𝑆(𝑄), which becomes shallower and broader with decreasing 𝑥.
In the 𝑆SeSe (𝑄) spectrum at 𝑥 = 0.333, there is no indication of a peak at the
prepeak positions as in the other 𝑆𝑖𝑗 (𝑄)s. However, a small shoulder at the low 𝑄
side of the first peak at ∼ 15 nm−1 grows up with decreasing 𝑥. To exhibit this preshoulder in detail, the spectra were fitted using two pseudo-Voigt functions, i.e.,
a linear combination of Gaussian and Lorentzian curves, and the obtained preshoulders are shown by the dashed curves in Figure 8. It can be seen that with
decreasing 𝑥, the pre-shoulder position shifts toward smaller 𝑄 values.
Figure 9 shows the 𝑥 dependence of the prepeak or pre-shoulder positions
𝑄p observed in 𝑆GeGe (𝑄), 𝑆GeSe (𝑄), and 𝑆SeSe(𝑄), given as circles, squares, and
triangles, respectively [17] together with those in 𝑆(𝑄) [65] indicated by the solid
curve. The 𝑄p position in 𝑆GeGe (𝑄) shifts very slightly and linearly toward higher
𝑄 values with decreasing 𝑥 as shown by the dashed line. No anomalies are found
in the stiffness transition composition range of Boolchand’s criterion, 𝑥 = 0.26–
0.20 [63, 64]. A slightly larger shift is observed in the 𝑄p position in 𝑆GeSe (𝑄), and
again it seems to show no effect related to the stiffness transition. On the other
hand, a clear decrease is found from ∼ 16 to 14 nm−1 in 𝑆SeSe (𝑄) with decreasing
𝑥, where the largest shift occurs in the intermediate-phase composition range.
Thus, the structural change related to the stiffness transition occurs in the Se–Se
intermediate-range structure.
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5.2 As–Se glasses
As–Se glassy alloys are also the typical chalcogenide glasses. As regards the 8-𝑁
bonding rule in relation to the stiffness transition, Boolchand and coworkers [67]
only expressed their opposition to the 8-𝑁 bonding rule based on the stiffness
transition. Their work was carried out using 𝑇-modulated differential calorimetry.
It was found that non-reserving heat flow almost vanishes in the 0.29 < 𝑥 < 0.37
composition range. Since the ideal stiffness transition boundary for the Asx Se1−x
glasses should be 𝑥 = 0.40 if the 8-𝑁 bonding rule was strictly valid, they proposed a breakdown of this rule and suggested that 28.6% of Se=As(Se1/2 )3 quasi
tetrahedral units should exist in addition to the normal As(Se1/2 )3 pyramidal
units around the As atoms. This idea motivated diffraction and spectroscopic investigations of the local structures in these glasses. However, no experimental evidence could be achieved over the last 15 years owing to experimental difficulties
in determining local structures of glassy systems.
On the relation between the prepeaks and the stiffness transition, Bauchy
et al. [68] carried out ab initio MD simulations on the Asx Se1−x glasses, and found
the structural signature for the intermediate phase of Boolchand’s criterion in the
prepeak or FSDP of the 𝑆AsSe (𝑄) in reciprocal space, and the fraction of the As–
As wrong bonds in real space. In their paper, they requested experimentalists to
find the partial structural signatures for the intermediate phase in the Asx Se1−x
glasses.
The AXS experiments of Asx Se1−x glasses were performed at 𝑥 = 0.40 [18],
0.33, and 0.29 [19], including the above intermediate phase composition. Circles
in Figure 10 show the 𝑥 dependence of (a) Δ As 𝑆(𝑄), (b) Δ Se 𝑆(𝑄), and (c) 𝑆(𝑄).
For all 𝑥 values, the features of Δ As 𝑆(𝑄) are very different from those of the corresponding 𝑆(𝑄): They have distinct and sharp prepeaks at ∼ 12 nm−1 . Moreover,
the first peaks at ∼ 22 nm−1 are small compared with those in 𝑆(𝑄)s. On the other
hand, Δ Se 𝑆(𝑄)s show no indications of the prepeak at ∼ 12 nm−1 , but have shoulders at ∼ 14.5 nm−1 .
Solid curves in Figure 10 indicate the best fits of the RMC modeling, which
mostly coincide with each of the experimental data.
Figure 11 shows (a) 𝑆AsAs (𝑄), (b) 𝑆AsSe (𝑄), and (c) 𝑆SeSe (𝑄) in the 𝑄 region
around the pre- and first peak positions in 𝑆(𝑄), obtained from the RMC modeling. At 𝑥 = 0.40, a sharp peak is seen in 𝑆AsAs (𝑄) at 𝑄 ∼ 12 nm−1 with a height of
∼ 0.8, which is much larger than that in 𝑆(𝑄). Thus it is suggested that the As–As
correlations dominate the intermediate-range order in this glass. With decreasing
𝑥, the prepeak gradually decreases in height and shifts slightly toward lower 𝑄
values.
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In the 𝑆AsSe (𝑄) spectrum at 𝑥 = 0.40, there is also a peak [18] observed near the
prepeak position in 𝑆(𝑄) of 12 nm−1 . Its 𝑄 position remains almost unchanged
with decreasing 𝑥. Thus, the As–Se contribution should also be taken into account to understand the origin of the prepeak in 𝑆(𝑄) of Asx Se1−x glasses. A steep
hump is observed at ∼ 18 nm−1 , slightly lower than the 𝑄 position of the first peak
in 𝑆(𝑄), and seems to remain unchanged with decreasing 𝑥.
In the 𝑆SeSe (𝑄) spectrum at 𝑥 = 0.40, there is no indication of a peak at the
prepeak positions as in the other 𝑆𝑖𝑗 (𝑄)s. However, there is a small shoulder at
the low 𝑄 side of the first peak of ∼ 14.5 nm−1 , which gradually grows up with decreasing 𝑥. The first peak at 𝑥 = 0.40 has a height of ∼ 2.2, which rapidly decreases
with decreasing 𝑥.
Concerning the relation of 𝑆𝑖𝑗 (𝑄)s to the stiffness transition, Bauchy et al. [68]
concluded from the ab initio MD simulation that at 𝑥 ∼ 0.30, the characteristic parameters of the prepeak in 𝑆AsSe (𝑄) shows a threshold for the prepeak position,
𝑄p , and a minimum for the prepeak width, Δ𝑄p . Figure 12 shows the 𝑥 dependence of (a) 𝑄p and (b) Δ𝑄p obtained from the AXS measurement (marks) and
their ab initio MD simulation (lines). The figure is taken from [19].
At a glance, the AXS values are not in agreement with the ab initio MD results,
in the 𝑥 dependence of both the experimental prepeak position and width, i.e., the
position of the 𝑆AsSe (𝑄) functions mostly keeps the same values of ∼ 12.3 nm−1 in
the whole concentration range measured and the width becomes even broadened
at 𝑥 ∼ 0.29, which are completely different features from the theoretical ones. For
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further discussion, AXS measurements in the lower 𝑥 region of the floppy glasses
should be performed, which are now in progress.

5.3 Amorphous Ge2 Sb2 Te5
Rewritable optical storage devices like DVD or blu-ray have meanwhile become
common media for data storage and are used in all areas of daily life. The
writing/erasing process on these devices is attained by a reversible laser-induced
crystalline-amorphous transition of the so-called phase change materials, such
as Ge2 Sb2 Te5 (GST). The transition occurs on a time scale of a several ten ns [69],
and is accompanied by a significant change of the optical and electrical properties. On the other hand, both the phases should be sufficiently stable for more than
ten years at ambient conditions. The important step toward an understanding of
the phase change mechanism is a detailed knowledge of the atomic structure participating in the phase transition.
The structure of crystalline GST film is relatively well understood by a powder
XRD experiment [70]; it does not exhibit the stable hexagonal crystal structure in
ambient conditions, but a metastable rocksalt structure, with Te atoms occupying
sites on one fcc sublattice and with Ge, Sb, and 20% of vacancies forming another
fcc sublattice. Convincing evidence for pronounced lattice distortions was found
in an XAFS experiment by Kolobov et al. [71]; six Ge–Te neighboring bonds of the
octahedral symmetry sites of the rocksalt structure separate into three shorter and
three longer bonds, as in GeTe crystal [72].
The amorphous phase was also explored with XAFS by Kolobov et al. [71],
who found remarkable decreases of Ge–Te and Sb–Te covalent bond lengths from
those in the crystal. The XAFS data also indicated a change in the coordination
number around Ge from six in the crystal to four in the amorphous phase. Kohara
et al. [73] measured total 𝑆(𝑄) of the amorphous phase using high-energy XRD
and analyzed the data using RMC calculation. By combining X-ray and neutron
diffraction with XAFS, Jóvári et al. [74] performed a RMC analysis. Although the
reliability of the RMC output may be improved, XAFS data do not help for investigating intermediate-range structures of amorphous GST.
To investigate the local- and intermediate-range order in amorphous GST, AXS
experiments were carried out at energies close to the Ge, Sb, and Te 𝐾 edges [22].
Figure 13(a) shows Δ 𝑘 𝑆(𝑄)s obtained from AXS measurements close to the Ge
(red circles), Sb (purple circles), and Te (blue circles) 𝐾 edges, together with 𝑆(𝑄)
given by black circles. Solid curves in the figure show the best fits of the RMC
modeling, which coincide well with the experimental data.
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These functions already indicate some interesting features. A small prepeak
is observed in 𝑆(𝑄) at ∼ 10 nm−1 , indicating the existence of an intermediaterange atomic correlation. At this 𝑄 position, Δ Ge 𝑆(𝑄) has a prominent peak, while
Δ Sb 𝑆(𝑄) and Δ Te 𝑆(𝑄) show only small peaks similar in 𝑆(𝑄). Also, Δ Ge 𝑆(𝑄) provides only a small contribution to the distinct first maximum in 𝑆(𝑄) at ∼ 20 nm−1 .
On the other hand, this feature is hardly seen in Δ Sb 𝑆(𝑄) and Δ Te 𝑆(𝑄), which are
very similar to 𝑆(𝑄). Thus, there is no doubt that the atomic arrangements around
the Ge atoms are considerably different from the sites of the other constituents in
the amorphous phase.
Figure 13(b) shows 𝑆𝑖𝑗 (𝑄)s in the 𝑄 region around the pre- and first peak positions in 𝑆(𝑄), obtained from the RMC modeling for the AXS data. The features of
Sb–Te related partials are basically similar to each other with slight differences in
the positions and heights of the first peaks, indicating similar local environments
around the Sb and Te atoms, as in the metastable rocksalt crystal. On the other
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hand, the Ge–Te related partials, 𝑆GeGe (𝑄), 𝑆GeTe (𝑄), and𝑆TeTe (𝑄) show their own
characteristic features.
It is interesting that these Ge –Te related partials resemble well those of GeSe2
glass shown in Figure 8, i.e., 1) the Ge–Ge correlation shows a prominent prepeak
indicating the existence of intermediate-range order, and 2) the Ge -chalcogen partial structure has a minimum at the first peak position in 𝑆(𝑄). GeSe2 is a typical
chalcogenide glass, in which the coordination number around Ge follows the 8-𝑁
bonding rule of four. Thus the amorphous structure of GST around the Ge atoms
is expected to be very different from the three- or six-fold coordinated crystal.
Ohara et al. [75] performed another AXS experiment on GST close to the Sb
and Te 𝐾 edges at BL02B1/SPring-8 using a traditional Ge SSD detector. Compared with their differential data, the statistical quality of our data shown in
Figure 12(a) is excellent, probably due to our new detecting system. For the further discussion on the intermediate-range order in GST, comparison of the 𝑆𝑖𝑗 (𝑄)
data is necessary, which are, however, not displayed in their article. Moreover,
papers of ab initio MD simulations by Akola and Jones [76, 77], Hegedüs and Elliott [78], or Micoulaut et al. [79], as well as of diffraction and XAFS experiments
by Jóvári et al. [74] only discussed the local- and intermediate-range structures in
real space. At present, thus, there is no way to examine the validity of the characteristic features of the prepeak in the Ge–Ge correlations.

6 Concluding remarks and perspective
We have developed a new detecting system, which could fully utilize intense X-ray
fluxes from third-generation SR facilities, and solved several difficult issues for the
structural characterizations of non-crystalline multi-component materials, such
as good energy resolution, sufficient count rates during a limited beamtime of the
SR facilities, and time-consuming data analysis. Using this detecting system, we
have carried out many AXS experiments at the beamline BM02 of the ESRF on
several semiconducting glasses. The obtained differential structure factors were
analyzed using reverse Monte Carlo modeling to draw three-dimensional atomic
configurations.
In this article, we review results of semiconducting glasses, and describe the
structure-property relations in these glasses. In particular, the origin of the prepeaks or FSDPs, appearing as a benchmark of intermediate-range order in most of
the chalcogenide glasses, could be experimentally examined in detail. The actual
origin of the prepeaks can be discussed by the features of 𝑆𝑖𝑗 (𝑄)s obtained from
the AXS + RMC works.
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We hope that the AXS experiments in combination with RMC modeling is
capable to become a standard method for investigating local- and intermediaterange atomic structures in multi-component non-crystalline materials. Moreover,
time-resolved AXS measurements for e.g., phase change materials can be realized
in the near future using more intense flux from undulator insertion device and
a faster X-ray detector.
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