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A dedicated apparatus has been developed for studying structural changes in
amorphous and disordered crystalline materials substantially in real time. The
apparatus, which can be set up on beamlines BL04B2 and BLOSW at SPring-8,
mainly consists of a large two-dimensional flat-panel detector and high-energy
X-rays, enabling total scattering measurements to be carried out for time-
resolved pair distribution function (PDF) analysis in the temperature range
from room temperature to 873 K at pressures of up to 20 bar. For successful
time-resolved analysis, a newly developed program was used that can monitor
and process two-dimensional image data simultaneously with the data
collection. The use of time-resolved hardware and software is of great
importance for obtaining a detailed understanding of the structural changes in
disordered materials, as exemplified by the results of commissioned measure-
ments carried out on both beamlines. Benchmark results obtained using
amorphous silica and demonstration results for the observation of sulfide glass
crystallization upon annealing are introduced.

1. Introduction

Pair distribution function (PDF) analysis of total scattering
data covering a wide range of momentum transfer (Q),
particularly up to a sufficiently large momentum transfer
measured using high-energy X-rays available from synchro-
tron radiation, is widely utilized in the structural study of
amorphous materials and disordered crystalline materials
(Billinge & Levin, 2007; Young & Goodwin, 2011; Keen &
Goodwin, 2015). From total scattering measurements, quan-
titative information on atomic arrangements, namely the
relationship between interatomic distances, r, and atomic pair
densities, ie. the PDF, g(r), can be calculated from the
experimentally accessible function of the reduced PDF, G(r),
as follows:

o0 Ly, )
4mrp

g(r) =

where p is the average number density of atoms. G(r) is
calculated as follows by Fourier transformation of the total
structure factor, F(Q), which is a normalized form of the total
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scattering data and represents the oscillation associated with
the density distribution in a material:

Omax

| F@sinconao

Omin
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_2 / O[S(Q) — 1]sin(Qr) dQ. @
e
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G(r)= %

Because this Fourier transform results in an r spacing of
7/ Qmax, S(Q) data measured up to a higher Q region result in
PDFs with a higher real-space resolution. For example, high-
energy X-rays of over 40 keV (or a shorter photon wavelength
of A <0.31 A) enable us to obtain high momentum transfers,
0 > 20 A™!, which also depend on the scattering angle, 20
(OX = 4msinb).

Because the physical meaning of G(r) might not be
straightforward, a total correlation function, 7(r), is often used
to discuss the structural information (Keen, 2001),

T(r) =G(r) + dmrp
=dmrpg(r). 3)

A peak in T(r) indicates the existence of atoms with a density
exceeding the average number density at a distance r, whereas
a valley suggests the absence of atoms. PDF analysis with high-
energy X-rays has been reviewed in detail by Benmore (2012).

Beamline BL04B2 at SPring-8 was designed for high-energy
X-ray diffraction measurements to perform high-resolution
X-ray PDF analysis (Isshiki et al., 2001; Kohara et al., 2007),
contributing to scientific research on the structural study of
disordered materials (Matsunaga et al, 2011; Ohara et al.,
2012; Akola et al., 2013; Kohara et al., 2014; Liu et al., 2016;
Umeda et al., 2017; Onodera et al., 2017). One measurement
for PDF analysis on BL04B2 takes at least 2-3 h, owing to the
necessity of scanning a point detector with an energy window
such as a Ge-SDD to eliminate the higher harmonic contam-
ination of X-rays. This long measurement due to the use of
scanning point detectors has been typical at SPring-8,
hampering observations of rapid structural changes in dis-
ordered materials. For example, observations of structural
changes upon the growth or ageing of disordered materials,
which may occur within a few minutes, are required to
understand the roles of such processes. Understanding the
structural relaxation mechanism in amorphous materials,
including organic materials such as pharmaceutical molecules
(Tominaka et al., 2017), and the crystallization mechanism
of glasses during annealing treatment are of great interest.
Nowadays, such time-resolved PDF analysis is being utilized at
other synchrotron facilities, such as the APS (Chupas et al.,
2003, 2004, 2007; Kramer, 2007; Jensen et al., 2012), the ESRF
(Abdala et al., 2014; Terban et al., 2015) and the DLS (Keen et
al., 2018), using two-dimensional amorphous silicon (a-Si)
digital X-ray flat-panel detectors (FPDs). This is because
FPDs possess characteristics suitable for time-resolved PDF
analysis, such as high efficiency for the detection of high-

energy X-rays, a high dynamic range and contrast, and a high
throughput with a frame rate of 15 frames s'.

To achieve such time-resolved PDF analysis at SPring-8, we
have developed a new apparatus for total scattering
measurements with a variable camera length using a 16-inch
two-dimensional FPD (XRD1621 CN3), which we tested on
beamlines BL04B2 and BLOSW. The sample environment is
controlled using a variety of sample stages. For example,
(i) solvothermal/hydrothermal conditions are realized using a
microwave reactor (Initiator from Biotage) in the temperature
range from room temperature to 573 K at a pressure of less
than 20 bar (1 bar = 100 000 Pa; Tominaka et al., 2018), and
(ii) high-temperature conditions up to 873 K are realized by
a heating cell. In addition to being designed for in situ
measurements, the apparatus used for time-resolved PDF
analysis is compatible with the existing facilities on BL04B2,
such as an aerodynamic levitation furnace, an acoustic levi-
tation furnace and a diamond anvil cell. In this paper, we
present the design and experimental verification of the new
apparatus for time-resolved PDF analysis.

2. PDF analysis on high-energy X-ray total scattering
beamlines at SPring-8

Beamlines BL04B2 and BLOSW have been widely used in
structural studies of disordered materials over the past
20 years (Ohno et al., 2001; Kohara et al., 2004, 2014; Inui et al.,
2007; Matsunaga et al., 2011; Li et al., 2018). Total scattering
measurement (or PDF analysis) using high-energy X-rays is
useful for quantitatively determining the local structure of
disordered materials at low scattering angles with a wide Q
range. BL04B2 is equipped with two Si crystals as a mono-
chromator, which provides fixed-energy X-rays of 37.7 keV
from Si(111), 61.4 keV from Si(220) and 113.1 keV from
Si(111) (third-harmonic generation). The energy of 61.4 keV
is mainly used in the PDF analysis. On the other hand, BLOSW
can provide fixed-energy X-rays of 115 keV using Si(440).
The energy resolutions AE/E of BL0O4B2 and BLOSW are
approximately 5 x 107 and 1 x 1077, respectively. The beam
dimensions at the sample position are 1.0 mm (vertical) x
1.0 mm (horizontal). The photon flux on BLOSW is approxi-
mately 100 times higher than that on BLO04B2, at 1.0 x
10" photons s™'. Further details of these beamlines are
available in the literature (Kohara et al., 2007; Marechal et al.,
1998). On BL04B2, a total scattering apparatus consisting of
point detectors installed along the flight path to eliminate the
harmonic contamination of X-rays is continuously available.
This system is mainly used for ex situ study of disordered
materials. On the other hand, on BLOSW, a temporary appa-
ratus has been installed to enable the use of X-rays with higher
energy or flux to obtain total scattering data from samples
containing a heavy element (Yoneda et al., 2013; Kohara et al.,
2014) or from samples in an unstable environment subjected
to aerodynamic (Kohara et al., 2014) or acoustic levitation.
We have installed a large flat-panel area detector on both
beamlines, as illustrated in Fig. 1. The X-ray diffraction
measurements on these beamlines have different features,

1628

Koji Ohara et al.

+ Time-resolved pair distribution function analysis

J. Synchrotron Rad. (2018). 25, 1627-1633



research papers

particularly for the photon energy and flux as described above,
which in turn result in different resolutions in real/reciprocal
space, as summarized in Table 1. For example, the camera
length can be changed from 372 mm up to 866 mm on BLO8W,
which corresponds to Q = 50-25 A~! (dQ = 0.04-0.02 A’l).
This difference in the specifications does not result in an
obvious difference in the PDF data, at least in the standard
data for amorphous silica, as shown in Fig. 2. The figure shows
that the oscillations in F(Q) do not decay up to the high-Q
region, as is always the case with Si—O covalent bonds. Thus,
it is suitable for verifying measurements. Regarding F(Q),
compared with the data obtained using six point detectors on
BLO04B2, the total scattering data collected using the FPD are
identical, at least in the observed range of Q (up to 25 A™").

The total correlation functions, 7(r), for the amorphous
silica were obtained from F(Q) at intervals of 0.05 A~'in the
O range up to 25 A~! and are shown in Fig. 2(b). The data
obtained using the FPD are similar, have a sufficient real-
space resolution and exhibit very small unphysical peaks in the

a-Si flat panel area detector

(a)
Beam stop
| Detector rail
(b)
a-Si flat panel
(©) area detector
X-ray beam
B =
4D slitl ] Saffpld =3
| i, fumace, m—
22 l S '
Figure 1

Photographs and an illustration of the experimental setups of the flat-
panel area-detector apparatus for the analysis of disordered materials.
(a) High-resolution mode on BL04B2 with an acoustic levitator. (b) High-
O measurement mode on BLOS8W with a furnace. (¢) A schematic
drawing of the apparatus used for in situ PDF analysis.

Table 1
Comparison of two beamlines for high-energy X-ray diffraction at
SPring-8.

Beamline BL04B2 BLOSW
Energy (keV) 61.4 115.6
Energy resolution 5%x107° 1.5 x 107
Photon flux (photons s™' mm™?) 9.1 x 10" 1.0 x 10"
Ormax, dO (é’l) (camera length 300 mm) 25, 0.02 50, 0.04
Omax» d0 (A™) (camera length 800 mm) 12, 0.01 25, 0.02
4 O Point detectors at BLO4B2 (3h)
—— FPD at BLO4B2 (1min)
—— FPD at BLO8W (30s)

FQ)

12 O Point detectors at BLO4B2 (3h)
— FPD at BL04B2 (1min)
—— FPD at BLO8w (30s)
ol == A fit to the first Si-O peak
sk Si-O
g 6
41
2
0
| | | | |
0 3 4 5 6
rlA
_ ®)
Figure 2

(a) Total structure factors F(Q) and (b) total correlation function 7(r) of
amorphous silica obtained on BL04B2 and BLOSW using the FPD
(1 min), compared with those obtained on BL04B2 using point detectors
(3 h). Fourier transforms were carried out for the data for a constant
Ormax = 26 A using the Lorch function (Lorch, 1969). A fit to the first
Si—O peak in the X-ray correlation function (Mozzi & Warren, 1969) is
also shown by the red dashed line.
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Total structure factors F(Q) of amorphous silica on BL04B2. The data
were collected with integration periods of 0.5, 10, 30 and 300 s.

range r < 1 A. Moreover, they are in good agreement with the
data obtained on BL04B2 using point detectors, for which a
180 times longer exposure time is required to obtain sufficient
statistics. A fit to the first peak in the amorphous silica (Mozzi
& Warren, 1969) is shown by the dashed line in Fig. 2(b). The
fit parameter is an Si—O distance of 1.62 & 0.01 A with a
coordination number of 3.89 4 0.02, which is consistent with
the earlier result (Wright, 1990). Thus, we have confirmed that
an FPD with a short exposure time of 1 min provides sufficient
data for PDF analysis. Furthermore, an exposure time of 10 s
still provides sufficient data for the PDF analysis of amorphous
bulk silica, as shown in Fig. 3. Thus, in situ PDF analysis within
10 s is expected to extend the study of structural changes in
disordered materials at SPring-8 by reducing the measurement
time from hours to seconds.

3. Processing of two-dimensional diffraction data
(PIXIA)

Because time-resolved PDF measurements provide many two-
dimensional diffraction images, rapid and accurate processing
of this huge quantity of information is necessary to extract
information on structural changes. Thus, we use the PIXIA
program for data conversion from two-dimensional images
into one-dimensional total scattering patterns. PIXIA stands
for pixel-based image analyser, and it is dedicated to such data
conversion for total scattering data. Similar to other programs
such as Fir2D (Hammersley, 1997) used for diffractometry,
PIXIA uses equations applicable over a wide Q range suitable
for PDF studies, and moreover adopts noise filtering based on
an image-processing algorithm. Roughly speaking, PIXIA
deals with all the pixels of a two-dimensional detector as an
array of point detectors to determine a total scattering pattern
that corresponds to millions of point detectors (cf. 2000 x

2000 pixels). In contrast with conventional programs that
perform simple integrations to increase the signal-to-noise
ratio, PIXIA adopts a mathematical noise-filtration algorithm
in different data dimensions.

The PIXIA program was written in Python and uses the
SciPy and NumPy packages, in which all the mathematical
treatments are dealt with in matrix calculations. This program
is a part of the Orochi program suite, which is an ensemble of
Python-based programs for X-ray diffraction studies including
image processing, PDF conversion and data fitting. In this
study, we used PIXIA (B version 2.x), but the latest version,
B version 3.x, can work with the MaterialsPDF PDF conver-
sion program in the Orochi suite, and can monitor PDFs
in real time during experiments. Such a demonstration will
be reported in the future. The program will be available free
of charge and is currently under testing as a S version
available from the website of the National Institute for
Materials Science (Tominaka, https://samurai.nims.go.jp/
profiles/tominaka_satoshi).

The Orochi program suite has a graphical user interface
written in wxPython and data are illustrated using Matplotlib.
Examples of plots of data treated using PIXIA are shown in
Fig. 4: panel (a) illustrates the raw two-dimensional image
data; panel (b) illustrates the time dependence of the total
scattering data as an 1(6, t) plot; panel (c) compares initial and
latest total scattering patterns; panel (d) illustrates the latest
relative PDF calculated based on the initial PDF; and panel
(e) illustrates the time dependence of the relative PDFs. These
data were analysed and plotted within a short time simulta-
neously with the measurements, i.e. substantially in real time.
This enables us to discuss the data in real time and optimize
the measurements taken in a period of beam time.

4. Observation of crystallization of sulfide glass during
annealing

The sulfide glass Li,P3S;; is a very important material for all-
solid-state Li-ion batteries, in which it is used as a solid elec-
trolyte. Its Li ionic conductivity increases upon thermal
crystallization (Mizuno et al, 2005) and, intriguingly, the
conductivity depends on the annealing conditions such as the
annealing rate. Thus, we investigated its structural changes
upon thermal crystallization at two different annealing rates
(2 and 10 K min™"). The time-dependent data obtained at the
annealing rate of 2 K min~' are shown in Fig. 4. As can be
seen in Fig. 4(e), the relative PDF indicates a clear structural
change after 6000 s, which corresponds to a sample tempera-
ture of 523 K (Fig. S1 in the supporting information). This is
the typical crystallization temperature of the sulfide.

To determine the effect of such annealing on the structure
of the sulfide glass at the atomic and molecular levels, time-
resolved PDFs, collected in the temperature range from 473 to
573 K at 5 K intervals as shown in Fig. 5, were analysed. The
first peak around 2.0 Ais assigned to the P—S bonds in the
PS, tetrahedral anions. This peak does not depend on the
annealing treatment, meaning that the PS, tetrahedral anions
remain in the structure regardless of the crystallization
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Figure 5
Reduced PDFs G(r) of Li;P;S;; used to investigate its thermal
crystallization. The data were collected in the temperature range from
473 to 573 K at annealing rates of 2 and 10 K min™".

temperature. On the other hand, the relative intensities of the
peaks found at longer r (3.4, 4.0, 6.8, 9.6, 10.6, 12.5, 15.5, 16.2
and 19.6 A) gradually change upon crystallization, as shown
by dashed lines in Fig. 5.

Although different structural changes were expected in the
samples annealed at different rates, no clear difference was
observed, except for the crystallization temperature: the
structural changes commenced at a lower temperature in the
sulfide annealed at 2 K min~" than in the sample annealed at
10 K min~". This difference is clear in PDFs obtained at longer
r, as can be seen from the peaks at r = 15.5, 16.2 and 19.6 A.
Moreover, a peak around 6A, which is attributed to the
formation of LiyP,S¢ (Sadowski et al, 2018), is observed at
546 K only in the case of annealing at 2 Kmin~'. Such
decomposition of Li;P3S;; into Li,P,Ss was also reported by
Busche et al. (2016) and Minami et al. (2010). AG(r, At) was
calculated as the difference from G(r) at 373 K in the r range
of 15-17 A (Fig. 6a). To discuss the kinetics, we plot the
relationship between dG/dt and temperature in Fig. 6(b).
dG/dr was calculated by differentiating AG(r, Af). As can be
seen in this figure, the crystallization of Li;P5S,; was facilitated
at around 546 K in the 10 K min~' case. This suggests that
crystallization proceeds through the formation of sulfur-
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calculated as the difference from G(r) at 373 K in the r range of 15-17 A. (b) dG/dt was calculated by differentiating AG(r, At).

deficient fragments of P,S¢ anions as an intermediate between
the amorphous phase and the crystalline phase, both of which
consist of PS, tetrahedral anions. Further detailed investiga-
tions will be reported in the future.

These results demonstrate that the new apparatus for time-
resolved PDF analysis on BLOS8W and BL04B2 can collect
PDF data for amorphous and disordered crystalline materials
in real time. The acquisition times of 10-60 s per frame enable
the investigation of structural changes in disordered materials
in real time with high accuracy.

5. Conclusions

The dedicated setups on beamlines BL04B2 and BLO8W, in
which a large two-dimensional flat-panel detector is used for
time-resolved PDF analysis, have been described in this paper.
The data for amorphous silica collected on the two-
dimensional detector in a few seconds were consistent with the
data collected on a point detector scanned for 2-3 h in the
existing PDF apparatus on BL04B2. In addition, the apparatus
used for time-resolved PDF analysis is compatible with
existing instruments for different sample environments, such
as an aerodynamic levitation furnace, an acoustic levitation
furnace and a diamond anvil cell. To obtain a better under-
standing of the annealing behaviour of Li,P3S;; sulfide glass,
time-resolved PDFs were observed at intervals of 5 K. The
sulfide glass annealed at 10 K min~" crystallized faster than
that annealed at 2 K min~". This might be associated with the
formation of sulfur defects, which were observed only in the

crystallization at 2 K min~'. Further detailed investigations
will be reported in the future.

It has been demonstrated that the new apparatus for time-
resolved PDF analysis on BLOSW and BL04B2 can collect
PDF data for amorphous and disordered crystalline materials
in real time. We believe that many structural studies on
disordered materials by time-resolved PDF analysis will be
performed at SPring-8 using the new apparatus.
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