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Total scattering from nanocrystalline materials recorded on the Australian

Synchrotron powder diffraction beamline has been analysed to produce atomic

pair distribution functions (PDFs) for structural analysis. The capability of this

beamline, which uses the massively parallel Mythen II detector, has been

quantified with respect to PDF structure analysis. Data were recorded to a

wavevector magnitude, Q, of 20.5 Å�1, with successful PDFs obtained for

counting times as short as 10 s for crystalline LaB6 and 180 s for nanocrystalline

(47 Å) anatase. This paper describes the aspects of a PDF experiment that are

crucial to its success, with reference to the outcomes of analysis of data collected

from nanocrystalline TiO2 and microcrystalline LaB6 and IrO2.
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1. Introduction

X-ray powder diffraction is a well established technique for

determining the atomic structure of crystalline materials

(Pecharsky & Zavalij, 2009). The technique makes use of

Bragg peaks which arise from the diffraction of X-rays by the

long-range periodic order of crystalline materials. The precise

lattice parameters and structural characterization of such

crystalline materials are thereby determined using Rietveld

analysis of the Bragg peaks.

It is through understanding the structure–property relations

of materials that it is possible to enhance, modify and develop

new functional materials. However, gaining structural infor-

mation from nanostructured materials has provided an addi-

tional challenge to powder diffraction, which suffers from

limitations owing to crystallite size broadening of Bragg

peaks once crystals are of the nanometre scale. Traditional

powder diffraction relies on sufficient long-range periodic

order to be present, which may not be the case for nanoma-

terials because either the particles are too small or the degree

of disorder within the material is too high. An alternative

approach, which is gradually being more widely adopted

(Petkov, 2008), is to use the total scattering pattern, taking

into account more than just the Bragg peaks. This approach is

called the atomic pair distribution function (PDF) analysis

technique (Egami & Billinge, 2003) or total scattering

analysis.

Pair distribution function analysis enables useful structural

information to be obtained from materials with broad and/or

low-intensity Bragg peaks. It is particularly useful for inves-

tigation of materials with only short-range structural repeat-

ability. The reduced atomic PDF, G(r), provides information

on the number of atoms in a spherical shell at a distance r from

a reference atom. It gives quantitative information on the

spacing of atoms in a structure and the number of atoms with

this spacing. The function G(r) oscillates above and below

zero (when plotted against r) with positive peaks indicating

distances between pairs of atoms and negative troughs indi-

cating distances lacking atoms and therefore below the

average atomic density.

A further advantage of the PDF technique is that actual

bond lengths are obtained directly, compared with Rietveld

analysis of powder diffraction patterns where the bond lengths

that are obtained are from average atomic positions. In many

cases the average and real distances are the same; however,

there are structures where these differ. For example, where an

atom rotates around its average position; in this case the

apparent bond length determined by the average atomic

position is shorter than the actual bond length determined by

PDF (Tucker et al., 2000). There are methods to solve such

structures without using PDF analysis (Busing & Levy, 1964;

Cruickshank, 1961); however, PDF analysis provides a useful

alternative.

Generally, in order to achieve useful total scattering infor-

mation, data need to be collected with a better signal-to-noise

ratio than for Rietveld analysis (Petkov, 2008) and must be

collected to high Q, preferably 20 Å�1 or higher. These

requirements normally dictate the use of a synchrotron X-ray

source or a spallation neutron source, although laboratory

systems with Mo K� sources have been used for PDF analysis

(Brühne et al., 2005). With synchrotron sources, high-energy

X-rays, typically in the range 40–130 keV, are used in order to

achieve high Q (Brühne et al., 2005; Petkov et al., 2000; Chupas

et al., 2003).



Even with bright synchrotron sources, point by point

detectors require long counting times, especially to achieve

sufficient signal to noise at high angles (Brühne et al., 2005).

One way to improve the high Q performance and reduce

counting time is to use a two-dimensional detector. The use of

an image plate detector has been demonstrated to be well

suited to PDF analysis (Chupas et al., 2003). A further advance

on image plate detectors has been the use of an amorphous

silicon-based area detector at Argonne National Laboratory

to achieve very rapid data collection (less than 1 s) for time-

resolved PDF analysis (Chupas et al., 2007a,b).

The recently built Australian Synchrotron has a powder

diffraction beamline which uses a massively parallel Mythen II

detector (Schmitt et al., 2003; Bergamaschi et al., 2009). The

X-ray beam source is a bending magnet, and the beamline

utilizes vertically collimating and vertically focusing mirrors

in addition to a Si(111) double-crystal monochromator to

condition the beam (Wallwork et al., 2007).

The purpose of this paper is to demonstrate the experi-

mental set-up required to produce satisfactory PDF results

and demonstrate the sensitivity of the technique to a number

of experimental variables. In addition, the suitability of the

Australian Synchrotron powder diffraction beamline for

collection of data for PDF analysis has been shown. Some

experimental aspects which are quite specific to the type of

detector in use at the beamline have also been examined.

It is intended that the work discussed here will provide a

useful guide to researchers new to the field of PDF analysis,

alerting them to the practical considerations of PDF analysis,

through demonstration of the outcomes of total scattering

analysis of data from nanostructured titanium dioxide,

microcrystalline lanthanum hexaboride and nanocrystalline

iridium dioxide.

2. Experimental

The Mythen II detector is a silicon microstrip detector; the

Australian Synchrotron installation of the detector consists of

16 modules each having 1280 channels, totalling 20480 chan-

nels. The intrinsic angular resolution of the detector is 0.004�

(with a strip pitch of 50 mm) and the detector covers a solid

angle of 80� in 2�. As the detector is modular there is a small

gap between adjacent modules of around 0.2�; this is

accounted for by a data collection strategy which moves the

detector by�0.5� such that data are recorded where there was

previously a gap. The readout time of the Mythen is 250 ms

enabling very fast acquisition of scattering data (Schmitt et al.,

2003; Wallwork et al., 2007). In order to achieve data collection

over an angular spread greater than 80� the detector is moved

accordingly; on this beamline the maximum achievable angle

is approximately 160� 2�. In the work reported here data were

recorded at four nominal detector positions for each sample

and set-up variable. This allowed data to be collected over the

angle range 0.2� to 149� in 2�. The upper 2� limit for this

experiment was dictated by shadowing of the diffracted beam

by mechanical beamline components. In most cases, analysis of

the data was carried out following merging of these histograms

into one pattern with a uniform step size in 2� (but therefore

varying in Q).

An X-ray wavelength, �, of 0.59074 (1) Å (21 keV), which is

the maximum operable energy for this monochromator set-up,

was used throughout the experiment. The wavelength was

determined accurately through Rietveld analysis of the

diffraction pattern from LaB6. A short wavelength, in

combination with recording data to a large diffraction angle,

2�, was necessary to obtain data to high Q-space.

TiO2 samples were prepared by hydrothermal precipitation

of titanium iron chloride solutions prepared by hydrochloric

digestion of NZ ilmenite, details of which will be the subject of

a separate paper. IrO2 samples were prepared by hydro-

thermal precipitation from IrCl3 solutions at high pH

(Marshall et al., 2007). The LaB6 sample was NIST standard

660a.

Samples were packed in 0.3 mm boron-rich glass capillaries,

with 0.01 mm wall thickness (W. Müller, Schönwalde). Packing

densities were carefully measured for all samples and ranged

from 25% to 35% based on the expected solid density of

crystalline forms of the materials.

In addition to scattering patterns being measured from the

samples, data from the empty capillary were recorded, as were

data from the vacant beam X-ray path (background). Acqui-

sition times were varied from 10 s to 3600 s. Data were

normalized to the incoming beam intensity by using the

integrated ion chamber counts divided by the acquisition time.

Owing to the decaying synchrotron beam the X-ray intensity

variation between electron beam injections was �25%.

Data processing to obtain the PDF information utilized the

freely available program PDFGetX2 (Qiu et al., 2004). The

observed PDFs were modelled using the program PDFgui

(Farrow et al., 2007), also freely available. The book by Egami

& Billinge (2003) also proved very helpful as a general tutorial

in the technique and in performing the analysis.

3. Results and discussion

3.1. Processing of total scattering data

This section provides a brief review of the stages involved in

data processing, particularly using data from the Australian

Synchrotron powder diffraction beamline. For a detailed

presentation of the procedure for PDF analysis of X-ray

scattering data, refer to Egami & Billinge (2003).

The data are first normalized for incoming beam intensity,

as mentioned previously, and then four diffraction patterns are

merged to generate one continuous pattern over the angular

range under investigation. These data are then processed to

subtract the background and are plotted in reciprocal space.

Representative raw and background-corrected data are shown

in Fig. 1 for nanocrystalline TiO2, where Q = 4�sin�/�.

The total scattering function, S(Q), which is the normalized

total scattering intensity plotted in Q space, is then calculated

(Fig. 2a). While the signal-to-noise ratio looks poor at high Q,

the information content is high owing partly to the large
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number of points at which the data are collected. A multi-

point moving average could be used to reduce the noise in

S(Q). However, such an approach would be merely cosmetic

and there is no advantage in processing the data in this way as

the determination of the PDF involves a Fourier transform of

these data, effectively dealing with this noise. The reduced

structure function Q[S(Q)�1] or F(Q) is then plotted

(Fig. 2b), and this is a useful representation to visually diag-

nose problems with the data or processing.

The atomic PDF, or the reduced PDF, G(r), which is used

here, is the Fourier transform of the total scattering intensity

(Fig. 2c). This Fourier transform of a directly measurable

quantity has a fundamental physical significance, since it is a

representation of the atomic pair density. This relationship

allows direct measurement of the relative positions of atoms in

a solid (Egami & Billinge, 2003).

Any peaks in G(r) which occur at r below the shortest

interatomic distance possible for the compound analysed have

no physical significance. This region is diagnostic of systematic

errors in data collection or processing. Dramatic spikes in this

region can be observed if, for example, capillary absorption or

background are not catered for appropriately, or an incorrect

sample attenuation is used in the calculation. In our plots

there are often small peaks below r = 1.5 Å with a larger peak

at r ’ 0.25 Å.

3.2. The importance of recording data to high Q

As the process of obtaining the atomic PDF depends on a

Fourier transform, data must be collected to high Q in order to

provide sufficient information to give detailed structure at any

range of r. Data collected over a small range of Q can result in

ripples in G(r) owing to termination errors in the Fourier

transform. An inadequate Q range may result from data

collection over a limited angular range, or through the use of

insufficiently high X-ray beam energy. This is demonstrated by

the data shown in Fig. 3; here the plot of G(r) has been

generated from data collected from nanocrystalline TiO2

recorded to 20 Å�1, 13.7 Å�1 and 10 Å�1. These are equiva-

lent to data collected over (a) the full range of the instrument

(140�, 21 keV), (b) the solid angle of the detector (80�,

21 keV), and (c) the solid angle of the detector but at a lower

X-ray energy (80�, 15.4 keV).

It is clear that the PDF is not accurate when the data are

recorded to low Q. The data from the nanocrystalline TiO2

sample show spurious peaks at r < 2 Å, which have no physical

reality, and are exacerbated when the high-Q region is not

recorded, while the structure of the PDF loses detail across the

whole range of r (Fig. 3).
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Figure 2
For nanocrystalline TiO2 hydrate, (a) total scattering function, S(Q), (b)
reduced structure function Q[S(Q) � 1] and (c) reduced PDF, G(r).

Figure 1
(a) Raw diffraction data for nanocrystalline TiO2 hydrate with capillary
and background (no sample) histograms shown underneath. (b) Back-
ground-corrected data plotted in Q-space. Count time 3600 s for TiO2 .



If the beam energy were increased to 30 keV, then

measurement to 80� provides a Q of 20 Å�1 without the need

to move the detector significantly.

3.3. Q resolution and detection gaps in the Mythen

The Mythen II detector has an extremely good angular

resolution of 0.004�. At the 21 keV energy used in these

experiments, this translates to a Q resolution ranging from

0.00074 Å�1 at 3� to 0.00020 Å�1 at 149�. This excellent

resolution in Q enables longer distances (several nanometres)

to be probed in the PDFs of crystalline materials.

The Mythen II detector consists of 16 modules, each

covering approximately 4.8� in 2�; these are arranged such

that a gap of about 0.2� occurs between each module.

Normally the detector is moved by a small amount, around

0.5�, and a second histogram recorded so that the small gaps

in the data are covered. However, this

strategy more than doubles the collec-

tion time for a solid angle range. The

effect on the PDF of retaining the gaps

in the data, through collection of only

one data set per solid angle, has been

investigated.

A plot of G(r) has been generated

using data from two histograms (no

gaps), and that from one histogram

(with gaps) and is shown in Fig. 4. It is

immediately apparent that the gaps do

contribute strongly to the form of the

PDF, with significant changes from 7 Å

and above. Therefore, it is essential that

sufficient histograms are recorded and

combined to remove the periodic 0.2�

gaps.

3.4. Data collection time

PDF analysis normally requires

longer recording times than for Rietveld

analysis. This is due to the requirement

that all scattering from the sample is

measured to a high signal-to-noise ratio, as it is the total

scattering data that are being used, not just the relatively

intense Bragg peaks. In addition, the data at high Q space (i.e.

>10 Å�1), where the scattered intensity is very low, are critical

for obtaining a good PDF. However, this requirement can be

prohibitive for some experiments, such as in situ PDF

measurements, e.g. studies of phase crystallization. Thus, a

study has been made of the significance of acquisition time to

data quality, with respect to the ‘crystallinity’ or long-range

order of the material under investigation.

For the nanocrystalline TiO2 sample, a significant difference

in signal to noise is apparent in the total scattering function,

S(Q), generated from data acquired for 180 s versus 3600 s

(Fig. 5). However, the corresponding PDF shows no discern-

ible difference in the quality of the data (Fig. 6). For the highly

crystalline LaB6 , counting times as low as 10 s produced

remarkably good PDF data (Figs. 7 and 8).
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Figure 4
Reduced PDF, G(r), for nanocrystalline TiO2 (a) without gaps in the data,
(b) with gaps in the data; (c) a plot of the difference between these.
Curves (b) and (c) have been offset for ease of viewing.

Figure 3
G(r) versus r for Q up to (a) 20.5 Å�1 (149� at 21 keV), (b) 13.7 Å�1 (80�

at 21 keV), (c) 10 Å�1 for nanocrystalline TiO2 hydrate (99 Å crystallite
size); (d) difference plot for (a)–(b); (e) difference plot for (a)–(c). The
curves (b)–(e) have been offset for ease of viewing.

Figure 5
Total scattering function, S(Q), and reduced structure function Q[S(Q) � 1] for nanocrystalline
anatase, where the counting times are 3600 s [(a) and (b)] and 180 s [(c) and (d)].



In order to obtain data to high Q space on this beamline it

is necessary to move the detector over a large angular range

which takes approximately 180 s. Thus the total minimum

collection time, including data acquisition at four detector

positions and the time taken to move between positions, is

around 900 s and 250 s for the nanocrystalline and crystalline

materials, respectively. These times may be shortened further

through use of higher energy (�30 keV) and/or use of a

detector covering a larger solid angle.

3.5. Detector energy discrimination

The Mythen detector has the advantage over some other

systems commonly used for data collection for PDF analysis,

such as image plate detectors (Chupas et al., 2003), in that it

has some energy resolution and therefore the ability to

achieve fluorescence discrimination. This reduces the need to

correct for fluorescence signal in the collected data and

therefore should improve the quality of the PDF.

The Mythen detector is ideally operated with the threshold

energy set at a value of half of the beam energy, according to

the manufacturer’s instructions (Schmitt & Bergamaschi,

2008). Thus, in this experiment the threshold would be

expected to be set at 10500 eV, as the X-ray energy was

21000 eV. However, owing to the presence of fluorescence

from Ir the setting of the threshold energy required further

consideration. Iridium has fluorescent lines at L�1 12512 eV,

L�2 12841 eV, L�3 12923 eV, and L� lines in the range 10510–

10903 eV. Thus, according to additional instructions from the

manufacturer, the threshold energy should be �3000 eV

higher than any fluorescence line, and should be �3000 eV

lower than the beam energy in order to avoid sacrificing too

many counts. To satisfy these requirements a sample

containing Ir requires a threshold energy in the range 16000–

18000 eV for this X-ray energy.

The effect of setting the threshold too

close to the fluorescence emission is

apparent in a comparison of data

recorded from IrO2 using X-rays of

energy 21000 eV, where the threshold

has been set at 14000 eV and 17000 eV

(Fig. 9). It can be seen in this figure that

regions of the diffraction pattern are

affected by fluorescence, with large,

seemingly random, fluctuations in

counts, usually covering an entire chip

of the detector module (i.e. 128 chan-

nels, or �0.5�). These fluctuations

probably arise because the energy

discrimination of each chip in the

detection module is not precisely the

same as in neighbouring chips. Such

fluctuations will certainly affect the

quality of the PDF. Traditional Rietveld

analysis of X-ray diffraction data may

not be as susceptible to these imper-

fections, as they are small compared

with the major Bragg peaks; however, it

is not necessary to use such data as it is
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Figure 6
Reduced PDF for counting times of (a) 3600 s and (b) 180 s for
nanocrystalline TiO2 , with (c) difference curve. The curves (b) and (c)
have been offset for ease of viewing.

Figure 7
Total scattering function, S(Q), and reduced structure function Q[S(Q) � 1] for LaB6 recorded at
(a) and (b) 120 s and (c) and (d) 10 s.

Figure 8
PDF for LaB6 from data recorded at (a) 120 s and (b) 10 s with (c)
difference plot also shown. The curves (b) and (c) have been offset for
ease of viewing.



a simple matter to adjust the threshold appropriately.

Compton scattering (CS) contributes to the measured total

scattering profile. The amount of CS increases at higher Q,

resulting in poor signal to noise. However, the energy of the

CS decreases at higher Q, enabling this CS at high Q to be

excluded by an appropriate selection of the detector threshold

energy. A largely empirical Ruland function is applied to

manage the transition from CS included at low Q to CS

excluded at high Q (Egami & Billinge, 2003). A threshold

energy set close to the beam energy is therefore preferable to

improve the signal to noise at high Q. In this work we have

used a threshold of 17000 eV for IrO2 and 14000 eV for TiO2

and LaB6. However, there may be merit in increasing these

thresholds to be closer to the 21000 eV beam energy to

remove more of the high-Q CS, even though there would be

some sacrifice in total signal intensity.

3.6. Corrections for sample container and background

Total scattering analysis, as the name implies, is analysis of

the scattering from all material in the beam path. This includes

contributions to the scattering pattern from air, the sample

container, such as a capillary, and the sample. Therefore, care

needs to be taken to remove that portion of the scattering

which is due to the sample container (capillary) and scattering

from the sample environment. These reference data are used

during data processing. As a result, it is critical to measure

scattering from the sample container and the background

(sample free) under exactly the same conditions as that in

which data from the sample of interest are measured. To

achieve this it is necessary to avoid moving any beamline

component, including the beam-stop, between these different

measurements. In addition, the background-correction errors

can be minimized by using containers which have a low X-ray

absorption coefficient, such as capillaries of high boron

content glass, kapton (polyimide) or PET (polyethylene

terephthalate) (von Dreele, 2006; Reibenspies & Bhuvanesh,

2006).

During this study, data were collected from samples

contained in polyimide (0.34 mm internal diameter, wall

thickness 0.025 mm, Cole-Palmer, Vernon Hills, IL, USA) and

compared with those collected from samples contained in

borosilicate glass. There was no appreciable improvement in

the quality of the PDF analysis using polyimide over boro-

silicate glass. Only a small difference between the intensity of

the scattering pattern of the polyimide capillaries and the

boron-rich glass was observed (Fig. 10). The glass capillaries

gave rise to slightly less scattering than the thicker polyimide

capillaries at higher Q (the region over 9 Å�1).

Corrections are also required for absorption and multiple

scattering. These effects are more pronounced at the relatively

low-energy X-rays used (21 keV) compared with beamlines

using, for example, an 80 keV source (Petkov et al., 2000).

Using the PDFGetX2 software (Qiu et al., 2004), corrections

can be adequately achieved for absorption and multiple

scattering.

3.7. Simulation of PDF from crystal structure and fitting data
to crystal lattice

Using the software PDFgui (Farrow et al., 2007) it is possible

to generate simulated PDF data for materials with known

lattice structures. The simulated data may then be fit to the

PDF generated from the data and allow modelling of the

lattice and other parameters. This is demonstrated for the

nanocrystalline TiO2 (Fig. 11) which has the anatase structure.

The literature lattice parameters for anatase, which crystallizes

in the space group I41/amd, are a = 3.784, c = 9.515 Å (Horn et

al., 1972). Fitting the model to G(r) over r from 1.6–10.5 Å

shows the lattice parameters for the material studied to be a =

3.783 (2), c = 9.512 (3) Å, Rw = 26%, in close agreement with

the literature. For comparison, Rietveld analysis of the pattern

gives a = 3.79 (1), c = 9.51 (1) Å with Rwp = 4.0%. The crys-

tallite size estimated by fitting the model to the data up to G(r)

of 20 Å was found to be about 47 Å. Line broadening is largely

the result of small crystallite size and lattice distortions and an

estimate from Scherrer line broadening of the (100) Bragg

peak gives a crystallite size of about 99 Å if no broadening is

attributed to lattice distortions. This crystallite size is larger

than the value obtained from the PDF, although it is now well
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Figure 9
Raw X-ray scattering data from IrO2 where the detector threshold was
set at (a) 14000 eV and (b) 17000 eV. The incomplete discrimination of
fluorescent emission, when the threshold energy is too close to the
fluorescence energy, is highlighted.

Figure 10
Scattering data from boron-rich glass capillary, 0.3 mm diameter, 0.01 mm
wall thickness (top grey line); polyimide, 0.34 mm diameter, 0.025 mm
wall thickness (top black line); background with no capillary (blue line or
middle grey line in black and white); glass minus background (bottom
grey line); polyimide minus background (bottom black line).



recognized that the Scherrer method gives an overestimate

(Le Bail, 2008).

Similarly, for crystalline LaB6 the simulated G(r) can be fit

to the experimental data, and this standard material can be

useful in identifying instrumental parameters needed in the

fitting procedure. From this, the damping factor, Qdamp,

which is a parameter which accounts for finite resolution in Q,

is found to be very low (<0.001 Å) such that zero is a good

approximation. This is a result of the very good 2� resolution

of 0.004� of the Mythen detector (which has a Q resolution of

0.00074–0.00020 Å�1 at the energy used here).

The quality of the fit may be used to give an indication of

the data acquisition time required to obtain sufficiently good

data (Chupas et al., 2007b). For nanocrystalline TiO2 ,

improved fits were obtained with longer exposure time (180 s,

Rw = 27.5%; 600 s, Rw = 26.9%; 3600 s, Rw = 26.2%). That the

gains are only slight demonstrates that short acquisition times

are sufficient and perhaps even shorter times than examined

here may be used. Similarly, for LaB6 the fits with increasing

exposure time show that a relatively good agreement can be

achieved in 10 s (10 s, Rw = 11.9%; 30 s, Rw = 12.1%; 60 s, Rw =

11.7%; 120 s, Rw = 11.5%), thus this is a sufficient acquisition

time for such highly crystalline materials. By comparison,

Rietveld analysis of LaB6 results in Rwp = 6.4%. As observed

by other researchers (Chupas et al., 2007b), Rietveld refine-

ment generally reports better agreement factors than those

obtained by PDF analysis.

4. Conclusions

It has been possible to demonstrate the use of the Australian

Synchrotron powder diffraction beamline, using the Mythen

detector for data acquisition, for pair distribution function

analysis of the total scattering pattern. The data can be

collected to sufficiently high Q to obtain high-quality PDF

data. It has been shown that the 0.2� gaps in the data resulting

from the Mythen detector need to be filled by using over-

lapping detector positions, as is the standard procedure on this

beamline. Reasonably fast data collection is possible with no

smoothing of the data required. Care must be taken to elim-

inate the effects of fluorescence emission, owing to the limited

inherent energy discrimination of the detector. The beamline

has been shown to be very well suited to PDF analysis, opening

the way for studies of poorly crystalline materials and complex

structural studies of materials.
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Figure 11
Reduced PDF data for (a) anatase showing the calculated fit (line) to the
experimental data (circles) over the range 1.5–20 Å giving Rw = 26%,
where the acquisition time was 3600 s; and (b) LaB6 showing the
calculated fit (line) and experimental data (circles), where the acquisition
time was 120 s, giving Rw = 11%. Difference plots, offset for ease of
viewing, are shown below each of the data curves.
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