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Emerging materials of scientific and technological interest are generally complex and often

nanostructured: they have atomic orderings that extend on nanometer length-scales. These can be

discrete nanoparticles; bulk crystals with nanoscale chemical or displacive order within them;

mesoporous materials that are bulk materials containing nanoscale holes; and nanocomposites that are

intimate heterogeneous mixtures of nano-sized constituents. As always, a quantitative knowledge of the

atomic structure within these materials is a prerequisite to understanding and engineering their

properties. Traditional crystallographic methods for obtaining this information break down at the

nanoscale, sometimes referred to as ‘‘the nanostructure problem’’. We describe here some emerging

methods for studying nanoscale structure. We present some examples of recent successes. Finally, we

discuss future directions and opportunities and draw attention to limitations and potential problems.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

Richard Feynman’s visionary lecture, ‘‘There is Plenty of Room
at the Bottom’’, given at the American Physical Society meeting at
Caltech on December 29th 1959, is often quoted as giving birth to
the concept of nanotechnology: controlling matter at the
nanometer length-scale. It is a highly readable, but remarkably
prescient account of the promise of nanoscience and technology
and well worth reading [1]. The key point of the talk is that the
nanoscale is small enough for extreme minimization, but large
enough (hence ‘‘there is plenty of room’’) to accommodate
sufficient atoms to produce interesting complexity, if we could
just learn how to control it. Nanotechnology also opens a new
playground for scientists, a terra incognita with enormous
possibilities, and there is plenty of room for multitudes of
scientists to stretch their imaginations.

A significant impediment to the vision is the ‘‘nanostructure
problem’’ [2]: the fact that we do not have robust broadly
applicable quantitative methods for solving structure at the
nanoscale. Crystallography, the foundation of structural science
for almost 100 years, breaks down for structures that extend only
over a few nanometers. We have incredibly powerful tools to
image nanoscale structures (scanning probe microscopies, trans-
mission electron microscopy) but not to yield quantitative 3D
ll rights reserved.
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structures of individual nanoparticles (or ensembles of identical
nanoparticles). In the world of structural science, we have
powerful tools for studying long-range structure (crystallography)
and local structure (EXAFS, NMR), but very little for probing
structure ‘‘in the middle’’ or on the scale of 1–10 nm. This is
emerging as an exciting field.

One very valuable approach, which is gaining popularity for
nanostructure studies, is total scattering and the atomic pair
distribution function (PDF) analysis of X-ray and neutron scatter-
ing data [3,4]. This approach has been around for more than 70
years [5,6] and has been widely applied to liquids and amorphous
materials [7,8]. Now, with the advent of high power X-ray and
neutron facilities and the availability of high power computing,
the PDF is proving to be a valuable and powerful tool for studying
structure on the nanoscale [4]. Total scattering refers to the fact
that all (structure-relevant) scattering from a sample is collected,
including both Bragg and diffuse components, over a wide range
of reciprocal space where coherent scattering exists. The PDF is
obtained when the properly corrected and normalized total
scattering signal is Fourier transformed to real-space. The data
are then modeled quantitatively to obtain the structural informa-
tion. It is one of the only techniques to give quantitative structural
information as a function of length-scale on the nanoscale [9]. In
this paper we will give examples that illustrate the kind of
information that is available from the PDF. We will highlight
recent developments that extend the applicability and power of
the technique. Finally, we will look ahead to some future
directions that the field is headed in and discuss some of the
challenges that lie ahead.
e atomic pair distribution function (PDF): There’s plenty of room
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2. Atomic PDF method

The PDF method can yield precise structure and size informa-
tion, provided that special care is applied to the measurement and
to the method used for analyzing the data. Details of the method
can be found in Egami and Billinge [3] and in Ref. [10]. Here we
give a brief background to the theory.

The atomic PDF, GðrÞ, is defined as

GðrÞ ¼ 4pr½rðrÞ � r0�, (1)

where rðrÞ is the atomic pair-density, r0 is the average atomic
number density and r is the radial distance [6]. The PDF yields the
probability of finding pairs of atoms separated by a distance r. It is
obtained by a sine Fourier transformation of the reciprocal space
total scattering structure function SðQ Þ, according to

GðrÞ ¼
2

p

Z 1
0

Q ½SðQ Þ � 1� sin Qr dQ , (2)

where SðQ Þ is the corrected, normalized, diffracted intensity from
the sample and Q is the magnitude of the scattering vector,
Q ¼ 4p sin y=l. Data corrections are described in detail in [3], but
briefly, extraneous contributions to the scattering (from such
sources as sample mounts, sample fluorescence, Compton scatter-
ing and multiple scattering) are subtracted and multiplicative
aberrations such as detector dead-time and absorption are
corrected. Finally the data are normalized by incident flux and
number of atoms to get the scattering in units of intensity per
atom. In practice, the last normalization is done in an ad hoc way
such that the scattering intensity at high-Q, which is mostly
incoherent, asymptotically approaches the average scattering
cross-section of the sample. In the case of X-rays, this is the
average form-factor squared hf ðQ Þi2.

The experiments to obtain data for PDF analysis are straight-
forward powder diffraction measurements. The sample is made
up of disordered fine crystallites or nanocrystals of the material
under study. In synchrotron X-ray experiments this is often in a
0.5 mm ID capillary or a disk of thickness 0.5–1 mm and diameter
a few millimeters [11]. On laboratory sources the geometry is
often Bragg Brentano [12] with the sample mounted on a flat
plate. In the case of neutrons cylindrical vanadium sample cans
are used, but more sample is needed, typically a few grams to 10 g
at current sources, though trial experiments have been carried out
with samples as small as a few tens of milligrams [13]. The advent
of high flux sources such as the Spallation Neutron Source (SNS) at
Oak Ridge National Laboratory (ORNL) will hopefully allow X-ray
sized samples to be measured routinely with neutrons.

An important aspect of experimental design is that data must
be collected over a wide Q-range. Low real-space resolution, a
consequence of measurements made over a limited Q-range, is
often sufficient in studies of glasses and liquids and many such
studies exist in the literature using laboratory X-rays and reactor
neutron sources [7,8]. However, in more ordered materials such as
crystals and nanocrystals, there are significant advantages of
having the best real-space resolution possible [14,15]. Q-ranges up
to Qmax values of 30–50 A�1 are desirable. This requires short
wavelength X-rays or neutrons. Such measurements were made
possible with the advent of SNSs and hard X-ray synchrotron
sources. Neutrons have a natural advantage in that there is no
decreasing atomic form factor that kills the intensity of coherent
scattering at high-Q. However, it was shown that the high fluxes of
X-rays at modern synchrotrons amply compensate for the
intensity loss and very high quality X-ray measurements whose
real-space resolution is limited by intrinsic properties of the
sample and not the measurement are not only possible, but
straightforward [14–16]. The use of 2D detectors with very hard
(470 keV) X-rays, sometimes known as the rapid acquisition PDF
Please cite this article as: Billinge, Nanoscale structural order from t
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(RAPDF) method, allow quantitatively reliable data-sets to be
determined in a single shot [11], with the current record of
o50 ms [17] though more typically a few seconds or minutes are
needed to get sufficient statistics. This development opens the
door to time-resolved measurements [17], in situ measurements
under different temperature and gas environments [18] and
pressures [19], high throughput measurements of phase diagrams
[20], and so on. When coupled with quantitative data analysis
methods described below, real nanomaterials problems in
chemistry, physics, earth science and engineering can be studied.
The first dedicated X-ray beamline is X11-ID-B at the Advanced
Photon Source (APS) (www.aps.anl.gov) at Argonne National
Laboratory (ANL), with the development of beamlines at other
facilities around the world being planned. A number of neutron
diffractometers are optimized for PDF measurements, notably
NPDF at Los Alamos National Laboratory (LANL) (www.lansce.-
lanl.gov) [21] and the GEM diffractometer at the ISIS facility
(www.isis.rlac.uk) [22]. Time at facilities is given out free but
based on a competitive proposal system. For first time users the
best way to begin is to contact instrument scientists at the above
mentioned beamlines. Contact information can be obtained at the
facility websites.

Raw data are processed to obtain the PDF using freely available
software. The theory is described in detail in Egami and Billinge
[3]. Examples of commonly used programs for data reduction
from 2D to 1D are Fit2D [23] and Powder3D [24]. The most
commonly used data reduction program is PDFgetX2 [25]. Once a
PDF is obtained it can be analyzed directly by considering the
positions widths and intensities of peaks, or by fitting models to
the data. The peak position yields a bond-length, assuming that a
correct assignment of an atom pair can be made to the peak [3,10].
The width is a measure of the thermal motion, and where present,
static disorder, associated with that bond or atom pair. Finally the
intensity measures the multiplicity and type of atoms involved in
pair.

It is fairly trivial to calculate the PDF from a known model
[3,26]. A commonly used program for this is PDFgui [27] which
replaces its forerunner PDFfit [26]. This program is applicable to
calculating the structure from crystals and has recently been
extended to nanocrystals where the finite extent is modeled as a
shape function that terminates the signal at higher-r. The
calculation is then included in a regression loop so that structural
parameters are updated automatically by the program in such a
way as to improve the fit to the data: the real-space analog of
Rietveld refinement. An alternative is to do big-box modeling,
where thousands of atoms are placed in a box and moved, usually
using a Monte Carlo simulated annealing approach in such a way
as to give a good fit to the data. This approach is often called
reverse Monte Carlo (RMC) [28,29]. Traditionally this was used for
more disordered systems such as glasses [30], but recent
developments allow it to be used to study nanostructure in
crystals using the program RMCProfile [31]. Another recent
development couples geometric modeling [32] to Monte Carlo
regression allowing fits to be carried out where the local
chemistry is included as a constraint in a very computationally
efficient way [33]. For discrete structures, such as small
nanoparticles, fits can be done by calculating the Debye function
directly and avoiding the Fourier transform altogether [34], and
alternative regression approaches using genetic algorithms are
also under development [35].

All these methods solve the forward problem: given a
structure, what does the PDF look like. A major success of
crystallography is that the inverse problem has been solved. Given
a diffraction pattern, what is the crystal structure that gave rise to
it. One could argue that RMC solves the inverse problem as atoms
may be put randomly into a box and arrange themselves to give a
he atomic pair distribution function (PDF): There’s plenty of room
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good fit. However, this only works in highly disordered systems
where there is a large degeneracy or nearly equivalent solutions.
The Monte Carlo algorithm turns out to be too inefficient to find
the global minimum in problems where there is a unique or nearly
unique solution. However, the first demonstration of an ab initio

nanostructure solution from PDF data was made recently when
the structure of C60 was reconstructed from PDF data alone [36].
This was done both with an adapted genetic algorithm [37] and a
novel cluster build-up algorithm [36], which is named LIGA
because of the similarity of the heuristic with the promotion and
relegation process of European soccer leagues such as La Liga in
Spain. There is still much work to be done to make this approach
useful, and there is a large number of cases which are not
amenable to this kind of structure solution, for example, where
the structure of the cluster is not rigid or is of very low symmetry,
but this will undoubtedly be an active area of research in the
upcoming years.
b
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Fig. 1. (a) PDFs of Mo6S9�xIx . Nanowire data (circles) and model (solid line) are

shown with the difference curve offset below. (b) Schematic of the resulting

Mo6S9�xIx structure. Reproduced from [46] with permission.
3. Recent scientific applications of the PDF

Here by way of illustration we briefly describe a number of
recent successful PDF studies. Because of my greater familiarity I
have picked examples from the work of my group, though many
excellent examples exist in the literature from other groups
[38–42].

3.1. Nanoparticle structure solution by trial and error

As we discussed, ab initio structure solution is still difficult, but
in favorable cases the structure of nano-sized objects can be
determined through a process of trial and error. This is done by
finding a portfolio of structural analogs and trying to refine each
one to the data. Earlier examples include exfoliated MoS2 [43] and
WS2 [44], vanadium oxide xerogel [45], and more recently titania
[41]. Here we describe an example, a study [46] of the recently
discovered novel Mo6S9�xIx nanowires [47,48]. RAPDF data were
collected at beamline 6ID-D at APS on a sample of nanowires
obtained from the group of Dragan Mihailovic in Ljubljana,
Slovenia. The material structure had been studied by EXAFS, but
its nanocrystallinity prevented successful attempts at solving the
structure using crystallographic methods [49]. In Fig. 1(a) we
show the PDF obtained from the X-ray diffraction data (circles)
with the fit of the final model shown as a solid line over the data
with the difference curve offset below. Despite the material being
nanocrystalline and having broad features in reciprocal space, the
features in the real-space are sharp indicating a well defined
structure over short length-scales. This was quantitatively fit
using the PDF refinement program PDFfit [26] to obtain the
agreement shown in the figure. The quantitative refinement
results in a structural solution shown in Fig. 1(b). This is an
example where, in favorable circumstances, a nanoparticle
structure can be solved by a trial and error approach.

3.2. Nanointercalates

An important area of study is that of mesoporous materials
where a host matrix contains pores that have nanometer
dimensions [50]. These have uses as molecular sieves, sponges
and catalyst supports. Even when the host is crystalline, as in
zeolites [51], and can be studied using crystallographic methods,
the important local environment of intercalants cannot be studied
in this way in general. PDF yields important additional informa-
tion in this case, and is not restricted to cases where the host is
crystalline. For example, the use of a disordered silica host as a
Please cite this article as: Billinge, Nanoscale structural order from th
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sponge for sequestering mercury has been demonstrated in the
laboratory [52]. PDF was able to show the local environment of
the mercury in the disordered pores [53]. The silica host material
is amorphous and has disordered ‘‘wormhole-like’’ pores running
through it. These can be functionalized with an organic,
mercaptan, which contains a thiol group that binds to the
mercury. However, the local bonding and environment of the Hg
in the pores is not known and could yield information to help
understand the very high loadings that are possible. PDFs from a
series of samples with different loadings were measured at 6ID-D
at APS [53]. These are shown in Fig. 2. A number of features
appear with increasing Hg loading and are clearly Hg correlations.
Comparison with crystalline analogs, cinnabar (HgS) and HgO
clearly show what these features are and tell us that the sulphur
atom on the mercaptan thiol group binds two Hg ions forming a
triangle with the Hg–Hg second neighbor distance being clearly
present. There is no evidence for any HgO which could come
about if oxygen in the silica host were closely coordinating the Hg.

Other similar studies on clusters intercalated inside mesopor-
ous hosts include the passivation of reactive reducing agents [54]
and the detection of the local environment of hydrogen inter-
calated in a cyanide host [40].

3.3. Nanoparticle crystallography

Obtaining the internal atomic arrangement in nanoparticles is
a challenge. In general they cannot be made into an orientation-
ally ordered array and solved crystallographically as is done for
proteins (and, to-date, one case for inorganic nanoparticles [55]).
Still, using the PDF method, a significant amount of quantitative
information can be extracted from data collected from an
e atomic pair distribution function (PDF): There’s plenty of room
.046

dx.doi.org/10.1016/j.jssc.2008.06.046


ARTICLE IN PRESS

Fig. 2. PDFs of various mercaptan functionalized mesoporous silica hosts

(denoted MP-HMS and MP-MSU and described in more detail in Ref. [53]) with

various loadings of Hg from unloaded at the bottom through moderate and high

loadings at the top. Samples with different loadings are offset from each other.

Different data-sets with the same Hg loadings are plotted on top of each other.

The vertical dotted lines indicate the positions of Hg–S and Hg–Hg peaks in the

PDFs of crystalline HgS (cinnabar). The vertical dashed line is the position where a

Hg–O peak would be expected if it were present (it is not). Reproduced from [53]

with permission. Fig. 3. Illustrating how strain information as a function of nanoparticle size can

be extracted from PDFs of CdSe nanoparticles. (a) Cadmium to selenium bond PDF

peak from (�) bulk CdSe, (�) 3.7 nm CdSe nanoparticles, (&) 3.1 nm CdSe

nanoparticles and (n) 2.7 nm CdSe nanoparticles fitted with one Gaussian (—).

The dashed line represents the position of first PDF peak in the bulk data. (b) (m)

The first PDF peak width vs. nanoparticle size, obtained from a single Gaussian fit.

The dashed line represents the width of first PDF peak in the bulk data. (c) Strain

in Cd–Se bond (Dr=rÞ ð%Þ vs. nanoparticle size. (’) Strain values obtained from

PDFgui fit and (�) from single Gaussian fits, respectively, to the first PDF peak.

Dotted curves are guides for the eye. Reproduced from [58] with permission.
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ensemble of nanoparticles [35,36,38,39,56,57]. This is illustrated
here with a study of CdSe nanoparticles where the data were
quantitatively modeled to extract the internal structure, including
a quantification of the stacking-fault density, the size, and the
internal strain of the particle [58]. The measurement of the strain
is shown in Fig. 3. The precision of the PDF measurement was
sufficient to allow a small bond-strain of o0:5% to be measured,
where the bond-strain is defined as dr=r and r is the Cd–Se bond
length. Panel (b) also shows that the PDF can be used to measure
the inhomogeneous strain, or the distribution of Cd–Se bond-
lengths in the sample. This shows a small variation in this
particular case. This kind of study can be applied broadly to study
the strain state of nanoparticles down to the sub-nanometer
length-scale.
3.4. Nanostructure in bulk crystals

There is an increasing realization that crystalline materials
often support nanoscale structures beyond the average structure.
These nanoscale structures can have significant implications for
the materials properties. This was shown, for example, in the
manganites where charge localization and polaron formation was
seen in PDF measurements [59] and short-range charge (or
polaron) ordering observed in single-crystal diffuse scattering
measurements [60]. Here we show an extension of the PDF work
where the local correlations of short-range ordered Jahn–Teller
(JT) distortions in LaMnO3 were studied as a function of
temperature through the ‘‘quadrupole melting’’ transition [9,33].
To model these data a new modeling approach was developed
[33] that combined geometric modeling [32] and simulated
annealing. The idea is that the structure is made up of JT distorted
corner-shared octahedra which arrange themselves in space to
minimize the free energy. At low temperature they arrange in an
ordered checkerboard pattern, but at high temperature the JT
distortion persists locally [9,61] but the quadrupole moments
(the elongations of the octahedra) become disordered [9] and no
JT distortion is measured in the crystallographic structure.
Information about the short-range order of the quadrupole
moments is contained in the PDF and could be extracted by
Please cite this article as: Billinge, Nanoscale structural order from t
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the geometric modeling approach mentioned above. The fit to the
data is shown in Fig. 4(a) and projections of the resulting models
for low and high temperature are shown in Fig. 4(b). The
measured PDFs were from neutron diffraction data collected at
the NPDF diffractometer at LANL.

The advent of accessible PDF measurements is allowing the
short-range order to be studied in crystalline materials in a
routine way. We expect that, in the future, many crystalline
systems will be revisited in this way with potentially fruitful
results.
4. Future directions

The PDF method is developing rapidly and growing in
popularity. This is in part due to improvements in the methodol-
ogy, but also demand fueled by our need to study complex and
nanostructured materials. Future developments are expected to
increase the impact of PDF style studies. There is an increasing
desire to study materials not only in situ, but in operando. In
the case of in situ studies materials are studied under non-
ambient conditions of temperature, pressure, gas environment,
electric or magnetic field. This is the domain where functional
materials really function. For example, there is a big difference
between studying a catalyst structure under ambient conditions,
and under operational conditions [62]. The use of high flux
pulsed neutron sources and high energy X-ray studies make this
kind of study particularly amenable and a big push in the future
will be to match special environments to facility beamlines.
Taking this idea to its logical conclusion is the idea to look at
real operating devices, for example, to study the local structure of
an electrode in an operating fuel cell or a discharging battery. In
he atomic pair distribution function (PDF): There’s plenty of room
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Fig. 4. (a) PDFs from LaMnO3 at 300 K (circles) and the fitted model (line).

Difference curve is shown offset. (b) Projections of the models for 300 K (left) and

1050 K (right) showing MnO6 octahedra in purple, oxygen atoms in red and La

atoms in cyan. At 300 K—the JT distortions and octahedral rotations are ordered

resulting in a zig-zag pattern of the octahedra with La atoms relatively ordered in

the channels. At 1050 K the octahedral rotations are disordered, which results in a

cubic appearance in the projection and the La ions are more disordered in the

channels. Reproduced from [33] with permission.
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such studies materials are being measured in operando. They have
very much the same characteristics as in situ studies except
that the ‘‘samples’’ under study are inherently heterogeneous
and small beams need to be positioned accurately to get the
required information, and the measurements are inherently
time-sensitive. The special challenges that will flow from
operando studies will be addressed with the next generation of
X-ray sources. Just as in biology where studies can be in vitro and
in vivo, we see a shift over the next 10 years or so from Materials
Science v1.0 (in vitro), where materials are studied in glass
capillaries under ambient conditions, through Materials Science
v2.0 (in situ), to Materials Science v3.0 (in operando). In vitro

studies will never lose their value, but a powerful development is
to have a suite of tools allowing all three types of studies to be
carried out together.

A significant bottleneck in PDF studies currently is the
limitation brought by inadequate data analysis software
tools. We very much hope that this issue will also be addressed
in a systematic way in the upcoming years. New algorithms
are needed [36] to address unsolved problems such as the
nanostructure problem [2], and also to handle the demands of
enormously high (and growing) data-rates from high-throughput
studies. A fundamental issue is the robustness and uniqueness
of structural solutions which will, in general, require data from
more than one source to constrain a structure solution, some-
thing that has been called ‘‘Complex Modeling’’ [2]. A start
Please cite this article as: Billinge, Nanoscale structural order from th
in the middle, J. Solid State Chem. (2008), doi:10.1016/j.jssc.2008.06
has already been made but significant investment is needed in
software, which can be expected to pay big dividends.
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[46] G. Paglia, E.S. Božin, D. Vengust, D. Mihailovic, S.J.L. Billinge, Chem. Mater. 18

(2006) 100.
[47] M. Remskar, A. Mrzel, Z. Skraba, A. Jesih, M. Ceh, J. Demsar, P. Stadelmann,

F. Levy, D. Mihailovic, Science 292 (2001) 479.
Please cite this article as: Billinge, Nanoscale structural order from t
in the middle, J. Solid State Chem. (2008), doi:10.1016/j.jssc.2008.0
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