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1 Introduction

Atomic structure plays an important role in determining the properties of materials, and it is widely
appreciated that a detailed knowledge of structure is needed to better understand or predict the
properties. For crystalline materials, a starting point is the crystal structure, obtained using crys-
tallographic methods that exploit the diffractive nature of crystals to short wavelength radiation.
This is the periodically averaged view of the material structure and, whilst enormously valuable,
is an idealization of the real situation. We are increasingly learning to appreciate the often signif-
icant roles in a material’s functionality played by various imperfections or deviations from these
idealized models, not to mention the countless materials that do not play by the same rules of pe-
riodicity such as nano- and amorphous materials. Thus, further insights are often required, beyond
the perfectly-ordered, model structures (Figure la,b). In this chapter we describe the atomic pair
distribution function (PDF) analysis of total scattering powder diffraction data as an approach to
gain insight into the real structure of materials. What we mean by real structure is the atomic
arrangement taking into account defects, structural relaxations around those defects, morphology,
structural coherence and so on. We can delve deeper by using total scattering methods.

Total scattering measurements are very similar to conventional diffraction measurements. What
makes them ”total” is that they take into account all the information in the scattering pattern,
even the diffuse signals in-between (and underneath) the Bragg peaks. This includes the diffraction
intensities coming from the periodic structure giving rise to Bragg peaks (the global, or average,
structure, Figure 1b), elastic diffuse scattering (the static local structure, Figure 1c¢), and inelastic
diffuse scattering from moving atoms that contain information about dynamics [1] (Figure le).
To harvest the structural information as completely as possible, measurements require as wide a
range of reciprocal space as possible (corresponding to smaller d-spacing resolution), which require
shorter wavelengths and higher fluxes of x-rays, neutrons, or electrons. The techniques have come
into their own with increases in short wavelength flux at neutron spallation sources and x-ray
synchrotrons (Figure la) and improvements in transmission electron microscopes, which allow weak
diffuse signals to be more accurately measured. Finally, with the advent of powerful computers and
advanced software, the somewhat computationally intensive analysis has become straightforward
and user-friendly, leading to a massive growth in the application of these methods [2].

A practical, powerful, and often intuitive way to analyze total scattering data is to Fourier
transform the reciprocal space scattering function S(Q) to real space to obtain the PDF, G(r).
The PDF is basically a histogram of inter-atomic distances, spatially and temporally averaged over
the entire sample (Fig. 1c and g). The peak positions indicate that pairs of atoms are separated by
said distance; the intensity reflects the number of pairs and scattering power of constituent atoms,
and the width represents the variation of a specific pair distance due to thermal motion or disorder.
Processes such as atomic relaxation, displacement, or dynamic correlation affect the PDF peaks
differently, leading to splitting, changes in shape, sharpening and so on. The information found in
the low-r region of the PDF is directly related to the short- and mid-range local arrangements of
atoms, regardless of the long-range order. Assessing this information requires that we approach the
data analysis a bit differently than for crystallographic structure solution from reciprocal space. A
crystallographer’s goal is to determine the periodic arrangement of atomic motifs, which requires
using the highest possible symmetry that fits the diffraction pattern [3]. In a PDF analysis, we
are often interested in determining how the local structure can deviate from these high-symmetry
descriptions, or even determining some details of the local structure in cases where we cannot so
readily determine an ’average’ model [1].

When analysing the PDF, we often start by evaluating the data in a model-independent way.
Our ability to understand intuitively what the PDF peaks mean enables us to learn a lot about
a material by simply looking at the peaks. Using intuition about bonds and structural degrees
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Figure 1: a) Aerial photo of NSLS II at Brookhaven National laboratory on Long Island, NY, as
state-of-the-art x-ray synchrotron facility. b) Sketch of a highly crystalline global structure, the
way one might imagine it looks like with assessment by conventional Bragg diffraction analysis, as
this probes only the periodic component of the structure. ¢) Close up of an excerpt of the structure
sketch above, where the atoms are now randomly displaced out of the high-symmetry positions.
This might not lead to a global lowering of the symmetry, since the displacements cancel out, but
locally, it can have great implications. d) Sketch of the experimental setup showing monochromatic
x-rays with high energy scattering off the sample to form bright rings for angles 26, (2theta), where
the Bragg condition is fulfilled. e) An example of a measured scattering intensity I(Q), here for a
sample of CdSe nanoparticles where the red line highlights the diffuse scattering, f) the corrected
reduced scattering function F(Q) and g) the pair distribution function G(r). The pink arrow
pointing to the circles in panel c¢) illustrates the link between the coordination environment around
each atom and the peaks of the PDF. (e)-(f) where reprinted with permission from ref. [2].



of freedom we can build a structural model to fit the data that goes beyond the global crystal
symmetry. These models can be as small as a single molecule or cluster, a crystallographic unit
cell, or larger depending on how many degrees of freedom one wants to allow. Since local chemical
bonding is imperative for the mechanisms that cause symmetry to break, the inorganic chemist’s
real-space bonding perspective is of great advantage when it comes to PDF analysis. In this chapter
we will explore a number of different situations which serve to exemplify the kind of chemical and
structural scenarios where total scattering and PDF can add significant value, as well as giving
hints at how the PDF analysis was done to extract the information. More details can be obtained
by reading the original papers referenced. A slightly technical reference book for the technique is
[1], and a more gentle introduction to the method can be found in [4]. For visual clarification of
the formalisms of total scattering, see [5]. For more about the implications of using neutrons for
obtaining the PDF, see [6].

Total scattering measurements

Total scattering measurements are typically performed on powder samples, just like in an in-house
powder diffractometer. When doing a total scattering measurement we are obtaining the scattered
intensity in a large portion of the reciprocal space, and we typically need synchrotron x-rays or
spallation neutrons with high enough intensity to achieve that. Anyone can apply for beamtime to
perform specific experiments for free by submitting an application to the facilities’ websites. The
facilities are divided into several beamlines, all with their own specialized expertise, experimental
setups, and sample environments. Reaching out to the beamline scientist in advance of a proposal
will increase the chances of a proposal being accepted, since one is better equipped to tailor the
proposal to the specific beamline’s expertise and interests.

Formal description of the PDF

The coherent signal that is scattered out of the sample is referred to as the scattering intensity
I(Q), derived in 1915 by Pieter Debye [7],

sin(Qrij)
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where f;(Q) and f;(Q) are form factors for the atoms i and j separated by r;; and @ is the reciprocal
space distance. The acquisition of the scattering intensity can be done rapidly using a 2D detector,
where the scattering from the sample forms bright rings where the Bragg condition is fulfilled.

In order to get the pair distribution function G(r) from the data we first need to integrate over
the azimuthal angle (Figure 1d) of the 2D pattern, obtaining the 1D function I(Q), illustrated in
the top panel of Figure 1le). The next step is removing contributions from parasitic scattering,
such as background, Compton scattering, absorption and fluorescence, resulting in the coherent
intensity, I.on(Q), that can be converted to the total scattering structure function S(Q) according
to
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where N is the number of scatterers and f is the atomic form factor. The final step is to Fourier
transform the reduced scattering function F(Q) = Q[S(Q) — 1] (Figure 1f), which gives the pair
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distribution function G(r) (Figure 1g), defined as [1]

G(r) = 4xrp(r) — pol, (3)
where p(r) is the atomic pair density and pg is the average number density.

While these steps are somewhat advanced, there are several tools available that simplify the
process, such a PDFgetX3 [8], PDFgetN [9], PDFgetN3 [10], GSAS-IT [11], TOPAS [12], GudrunX
and GudrunN [13]. The analysis of G(r) can finally be done using easy-to-use software, such as
PDFgui [14] and TOPAS [12].

2 Structural phase transitions

Many of the materials we use undergo structural phase transitions that bring about the very
properties we use them for. A good example is that of ferroelectric materials: dielectric crystalline
materials that form a switchable spontaneous electric polarization below a critical temperature,
while no polarization can be measured above. These materials have applications in capacitors,
data storage and sensors, among many others.

The changes in the long-range symmetry of the crystal brought about by the phase transition
can be seen crystallographically. The local point of view, however, is often overlooked. In some
cases this has led to incomplete and incoherent descriptions of a material’s properties.

A 7classic” example of this is the ferroelectric BaTiO3, which goes through a series of phase
transitions where the electric polarization changes direction as the symmetry is lowered. At high
temperatures, the structure has cubic symmetry and no electric polarization. On cooling, the
symmetry breaks to tetragonal, then to orthorhombic, and finally to rhombohedral, all three ac-
companied by the emergence of an electric polarization in the direction of the long-axis of the
respective crystal structure. The change in symmetry and polarization direction were originally
believed to be due to a collective displacement of the Ti atoms inside the octahedra in the direction
defined by the distortion of the unit cell. However, PDF analysis revealed that the Ti atoms were
always, in all phases at all temperatures, displaced along the body diagonal of the cell, in the
direction defined by the rhombohedral distortion seen at low temperatures. The crystallographic
symmetry is therefore merely the average over different sets of local rhombohedral displacements
[15, 16, 17]. This was among the first examples showing how understanding of the local structure
can resolve conflicts between the average symmetry and physical properties, which can sometimes
appear to be contradictory. For BaTiOg it meant that one could understand one of the reasons for
its significantly lower polarization compared to its close relative PbTiO3. PDFs have since been
used to study phase transitions in a wide range of different materials. We mention in particular the
confirmation of polar nanodomains in "relaxor” ferroelectrics[18, 19, 20, 21] and other related oxide
perovskites [22, 23], local structural symmetry breaking at metal-insulator transitions[24, 25, 26],
the link between structure and emergence of superconductivity [27, 28], the unusual symmetry
breaking in the softer halide perovskites [29, 30], and the interplay between the magnetic ordering
and incommensurate structural symmetry breaking in a hexagonal manganite [31].

In a recent study, the PDF technique was used to reconcile decades of seemingly anomalous
observations across the structural phase transitions in the scientifically and technologically inter-
esting multiferroic hexagonal manganite, YMnOg3 (Fig. 2a). The high temperature transition at
1250 K was already known to cause a symmetry breaking from the non-polar P63/mmc to the
polar P63scm, although any measurable polarization could not be found until a temperature sev-
eral hundred degrees lower. Attempts at describing the mechanism of the phase transition with
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Figure 2: a) An excerpt of the hexagonal manganite structure in its polar ground state with
P63zcm symmetry. Yttrium in green-blue, oxygen in red and manganese in trigonal bipyramids
in purple. The excerpt emphasizes the connection between the corrugation JY of the Y atoms
along ¢ (distance in the ¢ direction between Y1 and Y2) and the tilting of the Mn-O polyhedra,
defined through the two tilt parameters ay and ap. Green arrows indicate the directions of the
bipyramidal tilts. In the average structure at high temperature Y = a4 = ap = 0. b) Comparison
of experimental (top) and simulated (bottom) PDFs for temperatures bracketing the structural
transition at T¢o. The simulated PDFs are calculated using the average structure information
from previously reported Rietveld refinements [32] across the transition. Corresponding difference
curves are shown underneath. The shaded green and red areas behind the difference curve indicate,
respectively, regions of low and high difference. ¢) Comparison of resulting fitting parameters 0,
a4 and ap from Rietveld analysis of the reciprocal space data (top) and PDF analysis of the real
space data (bottom). The Rietveld fitting was done with the polar ground state model below T¢
(indicated by the gray vertical line at 1223 K), and the high-symmetry non-polar model above, as
inferred from the Bragg reflections. The PDF data was fitted with the polar ground state model
over the entire temperature range. Reproduced from [33].



Bragg diffraction proved inconclusive. The most glaring anomaly was that the atomic positions,
as extracted from Rietveld analysis, seemed to make discontinuous jumps across the transition [32]
- a sign pointing to a first-order transition - even though this was inconsistent with the smoothly
evolving lattice constants [32] and heat capacity measurements [34]. In order to reconcile these ap-
parent anomalies, Skjeerve et al. [33] performed high-temperature neutron PDF measurements on a
powder sample for temperatures ranging from room temperature to above the transition. Neutrons
allowed the signal from the Y and Mn to be distinguished, as Mn has a negative scattering length.
The PDF analysis showed that the structure went through an order-disorder transition, evidenced
by the lack of qualitative changes in the low-r data across the transition (Fig. 2b). Had the local
symmetry breaking been consistent with the long-range order, the PDF would change qualitatively
across the transition, as demonstrated in the lower panel of Fig. 2b. In other words, the local
bonding environment stayed the same across the transition, leading to the conclusion that any loss
in symmetry must be due to disordering. Instead of the discontinuous jumps in atomic positions
observed for the average structure data, the PDF fits gave continuously changing values (Fig. 2¢)
that were far away from those associated with the high-symmetry phase. Interestingly, the study
further suggested that this order-disorder mechanism was of a type not previously known, with the
primary order parameter being able to rotate continuously over all angles upon approaching the
transition from below. The discovery of this mechanism reconciled the anomalous diffraction data
and macroscopic measurements.

3 Battery electrode materials under cycling

The efficiency of an electrochemical device such as a fuel cell or a battery depends heavily on the
atomic composition, structure, and morphology of the materials making up the various components
of the device - anode, cathode, electrolyte, and separators. Optimization relies on our ability to
both understand the materials individually as well as their interaction with the other components as
the device operates. Studies to probe the structure and morphology can be done on the individual
components post-operation (ex situ), under relevant physical conditions in the beam (in situ), or
even studying changes to the material directly in the beam in an operating device such as a cycling
battery (operando).

Electrochemical processes cause dramatic structural changes in materials. To fully understand
these changes we often need several scattering techniques. Conventional diffraction can tell us the
changes in overall symmetry, order, crystallite size and phase composition; small-angle scattering
can tell us about the particle size distribution, morphology, and texture. PDF is the ideal choice if
we want to uncover details of short range effects and how they deviate from the global symmetry
[36]. PDF has been used ez situ for studying Li intercalation in silicon anode materials [37]; atomic
defects in Fe particles [38] and structural robustness of the cathode material [39] in conversion type
cathodes made from Fe fluorides, oxides and oxyfluorides; operando local accommodation of sodium
in phoshorous anodes [40] and of Li in Li-Fe-S cathodes [35]. PDF has also been used to study
operando the local atomic changes in noble metal transition metal nanocatalysts during oxygen
reduction reactions [41]. More recently, the development of 3D §-PDF has proven useful for model
independent studies of local structural changes by subtracting the Bragg signal. Being restricted
to single crystals, the method was successfully applied to understand the ordering of sodium along
the different crystallographic axes of the sodium-intercalated compound V2035 [42].

In a study of Li accommodation in Li-Fe-S cathodes [35], PDF was combined with x-ray ab-
sorption spectroscopy and first-principles calculations to shed light on the formation of phases in
the Li-Fe-S composition space during repeated charge-discharge cycles of the cathode. The study
revealed a complex picture of intermediate phases during both charging and discharging, resembling
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Figure 3: The effect of electrochemical cycling on the local structure during the first 1.5 cycles of
operando electrochemistry.(a) Amount of Li accumulated in the material as a function of voltage.
(b) PDF of the as-prepared FeSs before cycling (see top right for structure). (¢) PDFs showing the
evolution of the local structure. The local structure evolves through partially lithiated phases where
Fe is tetrahedrally coordinated (see bottom right image for example). The tetrahedral coordination
differs significantly from the octahedral coordination in the original FeSy structure, which is never
recovered during the cycling. Reproduced from [35]

mechanisms of intercalation rather than pure conversion, as shown in Fig. 3. Most interestingly,
the initial structure of FeSy with octahedrally coordinated iron was never recovered during the
cycling. Since the gradual evolution through partially lithiated intermediates for the most part do
not lead to any changes in the long-range ordering of the material, the effects would not have been
observable with conventional diffraction, thereby illustrating clearly the need for PDF in describing
the structure.

4 Semiconductor nanoparticles

In recent years the characterisation of atomic structure in nanoparticles has become one of the
main uses of PDF. Quantum dots (QDs), for example, CdSe nanoparticles (CdSe NPs) of a few
nm diameter, are among the most important and the most studied of these. Unlike bulk materials,
small nanoparticles do not give rise to sharp x-ray or neutron Bragg peaks, but instead, only
broad, diffuse scattering features. The PDF method can add significant value in helping us to
interpret these [43, 44]. QDs have unique optoelectronic properties coming from the size and
internal structure of their inorganic cores as well as the nature of the passivating ligand shell and it
is important to understand factors such as defects, surface relaxations and internal strains, as well
as the average internal arrangement of atoms in the core. There are many excellent studies of QD
structures using PDF [45, 46, 47, 48, 49, 50].

Surprising progress can be made by taking simple modeling approaches. This requires some
creativity in designing models and modelling approaches, and the best way of doing this is highly
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Figure 4: Layer stacking sequences of the two closely related zinc blende (a) and wurtzite (b)
structures, with A, B and C denoting the difference in the stacking type. ¢) Measured PDF for
CdSe nanoparticles of various sizes, with small nanoparticles of 13 nm at the top and bulk-sized
particles at the bottom. The fitting residual R,, is given next to the curves. The wurtzite structure
gives consistently better fit than then zinc blende structure, even for the smallest particles, as seen
from the R,, values. Reproduced from [46].

dependent on the system in question. For example, in the case of CdSe quantum dots, there is
particular interest in the relationship between size and structure [45, 46]. Bulk CdSe generally takes
the wurtzite crystal structure. A cutout of the structure is illustrated in Figure 4 along with its
sister structure zinc blende. In the wurtzite structure, the anions sit in a hexagonal closed packed
(hep) structure, while the cations are in the tetrahedral sites in the structure. In the closely related
zinc blende structure, on the other hand, the anions form a cubic closed packed (ccp) structure
with the cations in the tetrahedral sites. The difference between the hcp and ccp structures can
be understood in terms of atom layering: the atomic layers in the wurtzite (hep) structure can be
described as an ABABAB stacking, while the layer stacking in the zinc blende (ccp) structure is
ABCABC. Layered structures like CdSe are prone to stacking faults, where the layering does not
follow either ABABAB or ABCABC though the whole structure, but may have other sequences.
PDF was able to show that stacking faults were important in CdSe NPs and to characterize the
stacking fault density [45, 46]. In this modeling, which used the program PDFgui, a strategy was
used where a bulk crystal structure was used for the starting model which was modified to explain
the finite size of the particles by attenuating the PDF peaks with increasing r using a particular
functional form, called the characteristic function, that encodes the particle size and shape. The
PDF was also able to show that a spontaneous size-dependent compressive strain appeared in the



QDs as they got very small, both a small reduction in the average Cd-Se bond-length, and a small
broadening of the PDF peak associated with that bond indicated a heterogeneous strain (different
bond lengths in different parts of the sample) [46]. To learn more about factors such as defects,
surface relaxations and differences in bond lengths between the center and edge of the nanoparticles,
it is necessary to build explicit cut-out models of the nanoparticles and modify them as desired.
This is not possible with PDFgui but can be done with other programs such as diffpy-CMI [51] and
DISCUS [52, 53].

Beyond QDs, PDF studies are also numerous on metallic nanoparticles [54, 55, 56, 57, 58, 59,
60, 61, 62]. To make the study of such systems easier, Banerjee et al. [60] recently demonstrated
that a high throughput data-mining approach could be used to screen large numbers of models
(thousands) from different families of cluster motifs, which will make PDF studies on metallic
nanoparticles more straightforward in the future. The cluster-mining capability will be deployed
on the PDFitc.com [63] cloud platform in the future.

When clusters are sufficiently small they can have unique (atomically precise) structures and
it makes sense to attempt to solve the structure exactly. This was done on 102 atom gold atom
clusters using the techniques of protein crystallography [64]. However, nanoparticle structures have
also been solved ab initio from PDF [65, 66, 67]. Single particle electron microscopy approaches
also look promising in this regard [68]. We expect PDF studies of discrete nanoparticles to remain
an important area of research for the foreseeable future.

5 Inorganic molecular cluster structures

Materials consisting of even smaller building blocks than the nanoparticles in the previous sec-
tions can exhibit extraordinary electronic properties beyond those found for the bulk version. Such
ultra-small building blocks have been named clusters or superatoms [69, 70]. The cobalt chalco-
genides have been successfully built into diatomic and triatomic superatom molecules [71], which
have attracted considerable attention because of their potential applications in solar cells [72],
electrocatalysis [73], and lithium-ion batteries [74].

In a recent work [75], a new solution-phase chemical approach was developed to dissociate
the capping ligands from the molecular cluster CogSeg(PEt3)s using elemental Se as a phosphine
scavenger. The high surface-to-volume ratio of the resulting Co-Se microspheres (CoSe-MS) make
them promising materials for electrochemical devices, such as Na and Li ion batteries.

The structures of the CoSe-MS clusters are good candidates for study with x-ray PDF. However,
due to the large phase space of possible cobalt selenium structures, manual fitting to a wide range
of models would be a tedious job. To simplify this type of job, Yang et al. [76] recently developed
the structure-mining approach to find the best-fit candidate structures from PDF data in a highly
automated way. This approach (available on PDF in the cloud (PDFITC), https://pdfitc.org, see
Fig. 5 [63]) fetches, from structural databases, all the structures meeting the experimenter’s search
criteria, and performs structure refinements on them without human intervention.

In the study of the Co-Se nanoclusters, the structure-mining searched for all the structures
containing Co and Se with any stoichiometry, returning the nanocrystalline CosSes (NC-CozSey)
as the best fit (Fig. 6(a) inset). A closer inspection of the fit (Fig. 6(a)) suggested that even though
this single-phase model fit the PDF peaks well in the high-r region, additional unfitted signal was
evident in the difference curve in the low-r region. The authors improved the model by invoking
a second phase with a significantly shorter structural coherence, as shown in Fig. 6(b), indicating
that the material consists of short-range-ordered (SRO) and longer-range-ordered (LRO) CozSey
nanoclusters.

10
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Figure 5: The home web page of PDFITC. Reproduced from [63] with permission of the Interna-
tional Union of Crystallography.

6 Soft inorganic structures: halide perovskites

Unlike regular (oxide) perovskites, Halide Perovskites (HaP) are ABX3 structures with X being a
halide, and A and B being mono- and di-valent cations, respectively. In recent years HaP, those with
A as methylammonium, formamidinium or Cs, B being Pb or Sn, and X being Br or I, have caught
the attention of the scientific community due to their outstanding opto-electronic performance
in photovoltaics, LED, and radiation detection applications [77, 78, 79]. Structural imperfections,
which normally inhibit carrier mobilities and introduce recombination pathways for photo-generated
carriers are, surprisingly, found to have only a benign effect on HaPs with a small impact on device
performance. This is in sharp contrast to the detrimental effects of analogous imperfections in
classical semi-conductors, such as Si or GaAs [80, 81]. Evidence for self-healing [82], low formation
energy with respect to their binaries [83] and low mechanical stiffness [84], and thermodynamic
theory and modelling of point defects [85, 86] suggested that the structure is dynamic in nature.
This has indeed been experimentally corroborated by studies using PDF [30, 87, 88], Raman [89]
and IR [90] spectroscopies.

Generally, materials with a soft backbone will have a higher tendency to possess multiple local
distortions, which will tend to average out into a high-symmetry representation due to the same
reason. Because PDF measures the instantaneous structure, it is capable of studying the local
broken symmetries even when they are fluctuating as dynamic disorder [30, 88].

For example, CH3NH3Pbl3 grown from solution was observed in conventional diffraction to have
a perfect cubic perovskite-like structure above 330 K, but with a highly dynamic MA group [91, 92].
A closer look at the total scattering revealed a picture that is much less symmetric at short-
range [30]. Fig. 7 shows that the calculated structural distortions, which are coupled to the CHg,NHgL
motion, result in anharmonic shallow double well-potentials, which are directly observed using PDF.
By fitting different symmetry models to the PDF, over different ranges of r, the local and long-range
structure could be differentiated. The long-range structure is clearly well fit with the cubic model,
while the short/mid-range structure was best fit by tetragonal models with a preference towards
the non-centrosymmetric one [30].

Combining the the real space PDF analysis with a reciprocal space analysis via the Debye
Scattering Equation (DSE) (1), results in an accurate way to study nanoscale structural domains.
The DSE approach extracts nanostructural information by detailed modeling of high Q-resolution
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Figure 6: Measured x-ray PDF from the CoSe-MS (light red curve) with (a) the best-fit calculated
PDF (purple) for the NC-CosSes model. The model was fit over a range of 5 < r < 30 A but the
plot shows the calculated curve extended to low-r. (b) the best-fit calculated PDF (purple) for the
two-phase (SRO 4+ LRO NC-Co3Ses) model. The fit was performed over a range of 2 < r < 30 A.
The difference curves are shown offset below (green). R, is the goodness of fit. The inset in (a)
is the NC-CosSey structure, where Co atoms are in blue, Se atoms are in green and octahedra
are emphasized in shaded blue. Adapted with permission from [75]. Copyright 2019 American
Chemical Society.

diffraction peak line-shapes, which complements the low-Q resolution, high r-resolution, PDF mea-
sures of the local structure. This combined approach was used with great success in the HaP to
reveal nanoscale microstructure [93]. Using CsPbXj3 nanocrystals, Bertolotti et al. used a joint
DSE/PDF approach to show that CsPbX3 nanocrystals form orthorhombic sub-domains (occurring
both in the room and high-temperature phases) hinged through a two-dimensional (2D) or three-
dimensional (3D) network of twin boundaries across which the coherence of the Pb sub-lattice is
preserved throughout the whole nanocrystal as shown in Fig.8. The density of these twin bound-
aries determines the size of the sub-domains and results in an apparent higher-symmetry structure
on average in the high-temperature modification.

7 Metal-organic frameworks and host-guest systems

The term metal-organic framework (MOF) arose in the 1990s for a subclass of coordination com-
pounds, typically considered to require crystallinity and ordered microporosity, although, this defi-
nition overlooks various types of structural disorder that are commonly observed in these materials.
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Figure 7: Local symmetry breaking in CH3NH3PbI; at 350 K. (a,b) Distortions from cubic sym-
metry and coupling to motion of the CH3NH5 ion. (c) DFT-based lattice dynamic calculations
show that the energy minimum at the R point for 350 K is displaced to give a double-well potential
that causes local symmetry breaking. (d) Comparison of the experimental PDF (purple) to cubic
(Pm3m), centrosymmetric (I4/mem), and noncentrosymmetric (I4cm) tetragonal models (blue)
shows a superior fit for the low-symmetry models at low 7 (2-8 A). At high 7 (12-50 A), however,
the models perform oppositely, with the high-symmetry cubic structure giving the best agreement
to the data. The residuals (orange) are scaled for clarity. Reproduced from [30].

The distinct sub-components comprising the frameworks, metal-ion or cluster nodes connected by
organic linkers, result in non-typical structural degrees of freedom that can enable a rich diversity
of defects and disorder in their formation. These can include the orientation and coordination
of inorganic nodes, flexibility of the organic linker conformations, and the possibility for occu-
pancy disorder [94]. Such properties are implicated for example in the phenomenon of breathing
modes [95], interaction with adsorbed chemical species [96], negative thermal expansion [97], and
even amorphization [98, 99].

Local structure studies of amorphous MOFs are difficult, and the number of well-characterized
states is relatively limited. The first detailed structural investigation was presented by [98] on the
structure of amorphized zeolitic imidazolate framework (a-ZIF) obtained by heating ZIF-4 up to
300 °C. The composition of the a-ZIF state could be constrained by the observation that it could
be further transformed into a dense crystalline phase ZIF-zni on heating to 400 °C. While little
information could be gleaned from the amorphous diffraction halo, both neutron and x-ray PDF
measurements showed that the local structures of ZIF-4, a-ZIF, and ZIF-zni were nearly identical
up to approximately 6 A, Fig. 9(a,b), confirming the maintenance of tetrahedral coordination of
Zn and bridging by imidazolate ions. A direct analogy to amorphous silica, where Zn replaces Si
and imidazolate ions replace O, allowed for reverse Monte Carlo (RMC) refinements to be adapted,
showing that a-ZIF forms with a continuous random network topology as shown in Fig. 9(c,d).

Products from different amorphization pathways have been further investigated with a focus on
potential applications in sensors or encapsulation, for example, storage of radioactive agents [100]
or even drug delivery [101]. PDF analysis has become a hallmark in the local structure charac-
terization of these states. In cases where no crystalline analogue is formed, the confirmation of
microporosity as well as successful incorporation and immobilization of reactive node species can
be made by combination with theoretical calculations [102]. The survival of the chemical config-
uration, coordination, and porosity into a molten state has also been observed, leading to further
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Figure 8: (a) Atomistic representation of nanotwins within a NC; the twin boundary highlighted in
the circle shows the discontinuity of the halides lattice and the coherence of the Pb sublattice. (b)
and an inset (c) are G(r) fits of RT CsPbBr3 QDs: the black (red) solid lines show the residuals of the
orthorhombic (tetragonal) model(s) in the low and medium r sections. The proposed orthorhombic
structure fits significantly better (R, = 12.9%) than the tetragonal structure (R, = 18.5%). In
the 26-70 A range, however, a tetragonal structure is preferred (R, = 10.9% vs 12.4%). The
assignment of the marked peaks (Pb—Br, Pb - - - Bry,, and Pb - - - Bre,) is sketched in the inset
(Pb, black; Br, brown). Interestingly, inter-octahedral Pb—Pb peaks in (b) are much narrower than
expected, whereas Pb-Br peaks are broader, indicating a more ordered arrangement of the Pb
network and the discontinuity of halide sub-lattice at the twin boundaries. Reproduced from [93].
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Figure 9: (a) Neutron total scattering S(Q) at low @ for the desolvated ZIF-4 framework at 300 °C
(top), amorphized a-ZIF product at 320 °C (middle), and recrystallized ZIF-zni at 400 °C (bottom).
(b) The differential correlation functions D(r), which are related to the G(r), for the three phases.
The inset highlights how the local structure of the three phases is practically identical. (c¢) Overlay
of the D(r) functions for a-ZIF and a-SiOq, where the latter data set has been stretched in r such
that the peaks that represent analogous Zn—Zn and Si—Si distances in the two materials overlap.
(d) Representations of the Zn-im-Zn and Si-O-Si linkages in tetrahedral ZIF and silicate networks
respectively. Reproduced from [98].

investigations into liquid MOFs [103, 104, 105]. On the other hand, the nucleation of ordered
frameworks and intermediate species from solution has also been studied in situ [106, 107] (see
Section 11 for more details on in situ studies on nucleation phenomena).

MOFs can also be susceptible to varying types of static disorder [109, 110]) and diverging
stimulus-response effects occurring independent from the crystallographic symmetry. For example,
octahedral MgOg nodes with M = Zr and Hf have been observed to undergo distortions on heating
by [111]. While no changes in the overall crystallographic nature of the framework could be observed
from the Bragg reflections in Zr- and Hf-based analogues of MOFs NU-1000 and UiO-66, the
distortions could be confirmed in real space, indicated by a splitting of the peak associated with
the M-M pair distances. Similar distortions have been observed due to chemical interactions through
adsorption or bridging of guest species [112]). This indicates that the node structures, like their
linker counterparts, are not immune to external (or internal) stimuli and further suggests the ability
to tune local electronic properties and possibly catalytic performance.
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Figure 10: Schematic representations of the structures and corresponding simulated PDFs for an
isolated DMMP molecule (a, b), bound DMMP (¢, d), monodentate MMPA (e, f), and bidentate
bound MMPA (g, h). Red curves show the difference PDFs (dPDFs) representing DMMP +
DMMP-cluster pair distances with bridging oxygen considered as part of the cluster (black curves
with bridging oxygen as part of DMMP). Models for simulated PDFs were obtained from DFT
relaxation. (i) Experimental dPDFs for all the different steps of the process with the blue curve
representing the start of a given step, and with each step offset for comparison. The simulated
PDF for an isolated molecule of DMMP and the dPDFs of DMMP and MMPA binding states are
plotted for reference at the bottom. Reproduced from [108].

Interactions with guest species are fundamental to the application of MOFs for gas storage and
separations. In particular, various MOFs have been identified as potential catalysts for remedia-
tion and neutralization of toxic gas agents [113]). To optimize and implement these technologies
requires efficient catalytic function and high cyclability, and therefore understanding of the reaction
mechanism and associated structural effects on the framework. Rapid data collection and complex
sample environments available at specialized synchrotron beamlines now allow for holistic investi-
gations of the average and local structure under multivariable conditions. This has recently been
used to study the uptake and neutralization of dimethyl methylphosphonate (DMMP) within the
MOF UiO-67 [Zrg(u3-0)4(p3-OH)4(BPDC)g; BPDC: biphenyl-4,4 -dicarboxylate] [108] (Fig. 10).
DMMP acts as a simulant for the nerve agent sarin, which can be taken up, bound, and detoxified
by the framework. In situ total scattering experiments were performed with controlled tempera-
ture and gas-feed composition to study the guest and host structure during framework activation,
loading, and re-activation. To test the mechanism of adsorption and neutralization, models for
different mechanistic steps were prepared through periodic DFT relaxations of a crystallographic
cell with one BPDC linker replaced by different binding interactions between DMMP or methyl
methylphosphonate (MMPA) and the Zrg cluster. Possible signals could then be predicted through
calculation of dPDFs associated with DMMP-DMMP or DMMP-cluster pairs, Fig. 10(a-h). Signals
corresponding to adsorbed DMMP and its interaction with the framework could be extracted from
experimental dPDF analysis, Fig. 10i). Distinct binding signals arise from P-Zr pair correlations
during gas loading, and the distances agree well with bidentate bound MMPA, confirming the
reaction mechanism.
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8 Layered materials

Many materials form distinct layered motifs, which can succumb to a variety of two-dimensional
defects in their formation. The effects of so-called turbostratic disorder, where the order between
the orientations of separate layers is reduced or lost completely, was described by Warren [114].
Yet, this and other types of disorder involving random distributions of different preferred local
interlayer interactions continue to plague crystal structure investigations today, and can be aided
greatly by local structure information for materials as diverse as water ice [115], covalent—organic
frameworks [116], and honeycomb structures formed by edge sharing M”“'Off/g) octahedra con-
densed into 6-fold rings [117, 118].
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Figure 11: (a) Comparison of a simulated x-ray powder diffraction pattern from predicted structure
(black) and experimental pattern of H3Lilr2Og. (b) Excerpt of the measured PDF highlighting the
constraints chosen for neighbor bond distances. (¢) Examples of two different stacking patterns of
two layers of the structure with stacking vectors used to describe the faulting scenarios. (d) The
final Rietveld refinement obtained by unconstrained simulated annealing, which resulted in stacking
vectors matching closely to that expected from structure considerations. (e) Measured PDF fitted
using a 12-layer stacking supercell model obtained by global optimization. Reproduced from [117].
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PDF analysis has been successful in determining the structure of many layered materials for
which structure solution or refinement by reciprocal-space methods is not feasible. This has been
shown for example in cases with very high stacking fault density, extensive disorder, and for lay-
ered nanomaterials. Examples and applications include CdSe quantum dots [45, 46] (see section 4
for details), vanadium oxide nanosheets for potassium-ion storage [119], carbon nitride [120] and
cobalt-based [121] photocatalysts for hydrogen/oxygen evolution, and nanocrystalline zirconium
phosphonate-phosphate structures as ion exchangers for nuclear fuel remediation [122]. Others in-
clude layered double hydroxide nanosheets [123], exfoliated-restacked metal dichalcogenides [124],
and transition metal-carbide MXenes [125]. Improvements in refinement algorithms and poste-
rior analysis of large models can be expected to aid in the modeling and interpretation of such
systems [126].

PDF analysis was used to aid the detailed structure solution of the layered double oxide hydrox-
ide H3LilroOg. This material is attracting considerable attention as a potential pH sensor material
and for its topological quantum spin liquid behaviour. The structure was solved by Bette et al. [117]
through a tedious process involving a careful indexing of the observable peaks in the high-resolution
diffraction patterns, assessment of possible stacking transitions from known structure analogues,
calculation of diffraction patterns from those possible stacking patterns, and Rietveld refinement
of the diffraction data with constrained models using a simulated annealing approach that helps
to avoid local minima. Before the Rietveld analysis, PDF analysis was used to decide on the ap-
propriate restraints of specific pair bond distances, and afterward, to check the agreement between
the local structure and the expected stacking sequences, as depicted in Fig. 11.

9 Polycrystalline thin films

Historically, PDF was applied to bulk powders or bulk amorphous materials. In 2015 it was shown
that signals could be extracted from thin films of polycrystalline or nanocrystalline films [127]. The
signal from the film is very small compared to that of the substrate making these measurements
challenging. However, the advent of high flux, high energy synchrotron sources, large area 2D
detectors that are efficient even at these high energies [128], and more advanced data reduction
algorithms [8] allow the extraction of very dilute signals [129]. This opened the door to extracting
PDFs from thin films even in normal incidence, as shown in Figure 12.

Using this approach, it was possible to measure quantitatively reliable PDFs from polycrystalline
and amorphous films of a few hundred nanometer thickness on substrates that were even millimeters
thick [127]. The PDF extracted from a transparent conducting layer of indium tin oxide of 70 nm
on a 4 mm glass slide substrate could even be successfully modeled [130]. Similarly, titania films
synthesized under microwave electromagnetic radiation were shown to vary in amorphous and
crystalline phase content, nanoparticle size, and film thickness as a function of synthesis temperature
and microwave power [131]. This approach is obviously useful if your nano-sample happens to be
in thin film geometry, but it also opens the door to doing spatially resolved measurements where
films are heterogeneous. The ability to study thin films in this spatially resolved manner opens the
door to lab-on-a-chip experiments, such as the case of dots of nanoparticles that can be written
onto a substrate using an ink-jet printing device that writes using nanoparticle inks [132]. This is
illustrated in Fig. 12(e) which shows a pixelation of one such chip. The dots containing nanoparticles
are indicated in blue. However, in each of the pixels in the image we have a full and quantitative
PDF that contains all the structural information about the nanoparticles that are deposited in that
dot.

In cases where the signal from the film is very weak, it may be necessary to carry out a mea-
surement in grazing incidence. This approach increases the signal from the film relative to the
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Figure 12: (a) Setup used for tfPDF measurements. The x-ray beam hits the substrate before
the film. (b) Normalized data collected for sample 1A (black) and the clean substrate (red), and
difference between the two (green), also shown on an expanded scale in (c). (d) Comparison
between the tfPDF for sample 1A and a powder sample of similar composition, where the data
were obtained for a sample measured in a standard capillary. (e) The distribution of nanoparticles
on a chip extracted from tfPDFs. The pixels containing nanoparticles are indicated in blue. [127].

substrate, because the incident beam does not penetrate deeply into the substrate, whilst making
a large footprint on the surface of the film [133]. This was used, for example, to show that thin
Indium Gallium oxide films had distinct structures when compared to bulk material made using
a gel method [134]. Grazing incidence thin film measurements are challenging experimentally, be-
cause the critical angle of high energy x-rays is very small for most films, and very stable and
precise diffractometers are required, coupled with very stable x-ray optics. Such beamlines are be-
coming available, and it is expected that the importance of these grazing incidence thin film PDF
measurements [133, 135, 136] will grow in the future.

A potential drawback for many thin film measurements is that the particles in the (polycrys-
talline) films take on a preferred crystallographic orientation (texture). For example, they may
have more or less fiber texture with a preferred crystallographic direction lying perpendicular to
the surface. This makes quantitative PDF analysis impossible unless steps are taken to mitigate
this. Fortunately, approaches are emerging that will allow the PDF of textured samples to be
studied [137].

10 Amorphous systems

The first applications of the PDF technique was for the structural study of amorphous materials and
liquids for which reciprocal space diffraction techniques are inadequate. Still, the PDF was far from
adequate, since only low-energy x-rays were available back then. The limited ) range reduces the
real-space resolution and increases the effects of termination ripples in the Fourier transformation
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Figure 13: PDF of bulk metallic glass Zrs2 5Cu17.9Ni14.6Al10.0Ti5.0 (at.%) annealed under its glass
transition temperature (630 K): (a) changes in PDF in the range of the second atomic shell after an-
nealing for varying times. (b) Comparison between a sample annealed for 60 min and a crystallized
sample (reproduced from [138]).

of the data, which can affect the the most precious signal at low r. This meant that the only
quantities that could be reliably deduced were the average distance to the nearest neighbors and
the coordination number (from the radial distribution functions, RDF)[139, 140]. With the modern
development of high-energy radiation sources and 2D detectors, the complex structural details in the
signal became accessible, uncovering the details of e.g. anisotropy and the formation of crystalline
clusters. Modern PDF measurements can allow, for example, a more accurate representation of
the shape of the first peak, medium-order structural interpretation using higher order peaks, and
structural contributions from additional phases can be isolated using differential PDF methods

([1)-

The structure of amorphous systems may evolve over time, which is evidenced by observation of
excess specific heat released by the breaking and reforming of bonds [142]. For example, x-ray PDF
was used to explore the relaxation mechanism of metallic glasses during annealing at temperatures
just below the glass transition temperature. Through a series of studies that started in the early 80’s
([143] [144], and more recently and accurately 2007 ([138]), the structural relaxation mechanism
of Zr-Cu-Ni-Al-Ti metallic glasses was probed with PDF. The PDF (see Fig. 13) showed that
the evolution of the amorphous phase into the crystalline form involved the elimination of areas
with both higher- and lower-than-average densities [138], rather than, the previously assumed,
elimination of "free volume” (i.e., higher-than average pair distances) in the structure [142].

When the sample is heterogeneous, it is important to study the spatial (as well as temporal)
changes across the sample. This is possible with x-rays, but also with electron diffraction carried
out in an electron microscope. Electron beams can routinely be focused to resolutions of a few A
allowing for nanometer-scale mapping of local structure in glasses. Although electron-diffraction
based PDF (ePDF) was introduced already in the 60’s ([145]), it has only caught the eye of the
community in the last decade due to recent improvements in the fabrication of very thin samples,
microscopy hardware (e.g., lenses, detectors) and software-analysis tools [1], yielding sufficiently
accurate PDFs that can be used for structural fitting [146]. The advent of faster data acquisition
and analysis methods allows the ePDF measurements to be carried out in a spatially resolved way,
resulting in a full PDF at each location in the thin sample with spatial resolutions at the nanoscale.

Recent studies used ePDF in a 4D-STEM mode scan to create local-structure maps that clas-
sified differences in local-structure in metallic glasses [147, 148] and organic polymer composite
materials [149]. A more recent study by Rakita et al. [141] showed a generic concept for mapping
structural heterogeneity in complex material systems, using structural features from ePDF in the
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Figure 14: An overview summary of SNEM experimental data collection, data reduction, extraction
of a quantity of interest (Qol), and visualization. (a) Schema of the electron-microscopy and the
recording of diffraction patterns: patterns were collected using an external fast camera that recorded
the diffraction data on a fluorescent screen detector. (b) An example of a recorded diffraction
pattern gained from the amorphous part of the BMG. (¢) Extraction of the virtual dark field using
combined manual annular manual mask for the direct beam and an auto-masked damaged pixels
(dark spot in b). (d) Derived PDF from the diffraction pattern. (e) Example of an extraction of
a Qol - here a Gaussian + first order polynomial, where blue curve is data, red is fit, and green
is the difference between fit and data curved. (f) Maps of the Qol 7,4,, Which is the maximum
of the first peak, and o, which is the peak width. The maps in (f) show structural heterogeneity
in the BMG, where .., reflects the average pair-distances and o reflects the distribution of the
existing pairs within the first coordination shell. The scale bars in (f) maps refer to 100 nm. (g) a
3D representation of a Qol map that summarizes the concept behind SNEM; this specific example
shows a 3D 7,4, Qol SNEM map shown in (f)).[141]

form of scalar quantities of interest (Qol). From a focused ion beam (FIB) lift-out of a hot-rolled
amorphous ZrgsCuy7 5NijgAly 5 bulk metallic glass (BMG) capped with a crystalline Ni composite,
electron diffraction images were collected with a 3 nm spatial resolution and reduced to 1-D PDF’s.
The reduced 1-D PDF plots, were then used to extract local-order structural quantities of interest
(Qol), such as the average inter-atomic pair distance using the first PDF peak-maximum position,
and the atomic-number weighted distribution of inter-atomic bond lengths at the first coordination
by extracting the PDF peak width. Recording the value of each Qol as a function of position
resulted in a structure-oriented microscopy, and with a positional resolution of just a few nm, scan-
ning nano-structure electron microscopy (SNEM) maps, as shown in Fig. 14, could be generated.
After the BMG was distinguished from the surrounding Ni, the 2D Qol-based SNEM maps (panel
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f) reflect, with ~ 5 nm spatial accuracy, variations in local-order, composition, and local-structure.
The r,,ax map, which represents the average pair-distance, yields information about the Zr contri-
bution, as also evident from an EELS map from the same region [141]. From the map of the width,
o, of the first PDF peak, sharper and narrower peaks were observed coincident with Zr-rich areas
(brighter yellow in r,,ax map), suggesting variations in the number of different chemical species
in the two regions. However, the PDF contains more than just chemical information, allowing in
principle differentiation between random solid solution, segregated, relaxed, or intermatallic regions
[150]). These examples emphasize the potential of PDF for investigating the spatial or temporal
heterogeneity of the local structure in materials at a nanometer length scale.

11 Nucleation of crystallites

Crystal growth can happen via self-assembly of smaller units referred to as crystallization centers,
such as monomers, molecular clusters, or nanocrystals [151]. The crystallization centers can appear
spontaneously in a medium (primary nucleation) - often in a super-saturated medium at a given
temperature or pressure [152], for instance when ice crystals nucleate in water below the freezing
temperature. They can also be introduced intentionally or accidentally to a system (secondary
nucleation). The key goal of any synthesis is to have control of the morphology, composition,
and structure of the product. Controlling nucleation can guide the consequently grown phase, and
therefore the nucleation processes are not only interesting in and of themselves. They are widely
utilized in controlling the synthesis of new and better materials, for a wide range of applications
where functional materials are used, e.g. batteries, fuel cells, solar cells, electronics, sensors, cata-
lysts, and for medical imaging. Examples of synthesis processes that utilize nucleation are sol-gel,
molten-salt, precipitation, and solvo-/hydrothermal synthesis.

Nuclei are clustered species in a bulk medium that posses a unique structural order that is
different from the surrounding bulk. These clusters do not span over long distances, which infers
that understanding nucleation requires a probe that can follow the evolution at the short- to mid- to
long-range order. Knowing already that PDF is a probe for local order, it has been widely used for
tracing and reconstructing the structures of nuclei. PDF has been used to study nucleation during
the sol-gel synthesis of SiO2-TiOq aerogels [154], during the reduction-precipitation synthesis of
Pt nanoparticles [155] and during the molten-salt synthesis of MgO in NaNOj [156]. But the
vast majority of scattering measurements on nucleation processes have examined the particularly
promising process of hydrothermal or solvothermal synthesis. The development of in situ setups has
enabled studies of solvo-/hydrothermal synthesis, a very widely used method to synthesize materials
at both elevated pressures and temperatures inside thick-walled closed containers. The in situ setups
bypassed the use of a container, whose walls cannot be penetrated by x-rays, by using capillaries
with pressure supplied at each end. PDF has been used to determine the evolution of the structure
from precursor to product for a wide range of materials, including SnOy [157] and CeOsy [158]
nanoparticles, yttria-stabilized zirconia [159], Li-Fe-Mn-phosphate cathode materials [160, 161],
nanoparticles of maghemite [162], WO3 [163, 153], ZnWO, [164] and MnO4 [165], lepidocrocite-type
layered titanates [166], Pd-Pt core-shell nanoparticles [167], ZIF-8 [106] and UiO-66 metal-organic
framework materials [107], zeolites [168], hierarchical and microporous aluminophosphate [169],
Sr-Ba niobates [170] and ZnAl,O4 nanocrystals [171].

In the study by Juelsholt et al. [153], for example, the mechanisms for the formation of tungsten
oxide nanoparticles from the initial precursor to the final crystalline particles were elucidated.
Monitoring the nucleation process both in water and in the solvent oleylamine, the authors could
deconstruct the nucleation mechanisms of the WOg particles. Despite the formation of the same
Keggin-cluster in both precursor solutions, and its similarity to the end product, they found that
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Figure 15: Time-resolved PDFs obtained during the synthesis of the hexagonal tungsten
bronze(NHy)g 25 WO3 nanoparticles in water (a) and in oleylamine (b). The insets show the re-
gion just before crystallization. ¢) The suggested formation pathway of nucleation in water and
oleylamine, based on the time-resolved PDFs. In both solutions, the process starts with the initial
dissolution of the crystalline metatungstate precursor. In water, the pathway goes via the formation
of a-Keggin-structured clusters, which upon heating enter an equilibrium with a Tungstate Y clus-
ter W1¢Oss, from which the tungsten bronze crystallize into 70 nm nanoparticles with a disordered
WOj3; structure. In oleylamine, the metatungstate also dissolves to form a-Keggin-structured clus-
ters, which then quickly transform into an amorphous phase similar to the paratungstate cluster.
Then, moments before crystallization, the amorphous phase breaks up and another a-Keggin-like
structure is observed. Crystallization happens in two steps; first nanoparticles with a cubic py-
rochlore structure WO3 - 0.5H5O form, secondly they undergo a phase change into the hexagonal
tungsten oxide bronze structure, as seen in the synthesis in water, however with no clear structural
disorder on the tungsten sites. Reproduced from [153].

the reaction route in water went through less steps leading to a disordered WO3 structure, while
the oleylamine route went through more steps but gave a well ordered WOj3 structure. More
details about the results can be found in Chapter X [note to editor: crossref to chapter on ”In situ
scattering studies of material formation in wet-chemical synthesis” by Kirsten Jensen].
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Figure 16: Schematic illustration of how the mPDF can be obtained for a typical neutron PDF
experiment. After fitting a structural model to the PDF, which contains both the structural and
magnetic signal, the magnetic part of the signal cannot be adequately fitted and will be left in the
difference curve.

12 Magnetic crystals

PDF can also be applied to studies of magnetic structure using magnetic PDF (mPDF) analysis [172,
173]. Just like the atomic PDF, the mPDF provides a real-space map of pairwise correlations
between magnetic moments, although it is more complex than the atomic PDF because it involves
orientational correlations (e.g. ferromagnetic versus antiferromagnetic alignment) as well as spatial
correlations between moments. mPDF analysis must be done using neutrons, which scatter from
magnetic moments relatively strongly, whereas the magnetic scattering cross section for x-rays is
too small to make mPDF analysis possible with current methodologies. Here, we briefly introduce
mPDF analysis of neutron data and provide an example of its application to the antiferromagnetic
oxide NaMnQOs,.

The most common way to obtain the mPDF is to measure it simultaneously with the atomic
PDF in a standard neutron PDF experiment on a magnetic material. The total PDF pattern
obtained from the usual data reduction protocols is the sum of the atomic PDF and the mPDF.
The mPDF is typically isolated either by (1) modeling the atomic PDF and subtracting it from the
total PDF signal; or (2) collecting a PDF pattern at a temperature where the magnetic correlations
are negligible and subtracting it from the PDF patterns with non-negligible magnetic contributions.
The general approach to obtaining the mPDF is outlined schematically in Fig. 16. Whether the
magnetic structure is of primary interest or merely a curiosity (or annoyance!) in the data, the
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ability to recognize and model the mPDF is valuable for performing a complete and reliable PDF
analysis of any system of interest.

The inorganic material a-NaMnOs provides a useful example of combined atomic and magnetic
PDF analysis [174]. This compound is the end member for the Na,MnOy system, which has
been investigated as a potential battery electrode material. NaMnOs is also magnetic, with the
spins on the Mn3* ions exhibiting long-range antiferromagnetic order below Ty = 45 K, and short-
range antiferromagnetic correlations persisting to significantly higher temperatures. The interesting
aspect of this material from a magnetic point of view is that the Mn3* spins form networks of
isosceles triangles in the crystallographic structure, making NaMnOs a geometrically frustrated
antiferromagnet. As illustrated in Fig. 17(c), one side of the triangle (r;) is shorter than the other
two, so the strong antiferromagnetic interactions lead to oppositely aligned spins on either end of 7.
However, the two isosceles legs (19 and r3) are equal in length. Consequently, whether the spin on

a NaMnO, 5K b NaMnO, 50K
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Figure 17: Joint atomic and magnetic PDF analysis of NaMnOz at 5 K (a) and 50 K (b). Black and
red curves are the total PDF data and the total PDF fit, respectively. The mPDF data (gray curves)
reveal long-range antiferromagnetic correlations at 5 K and short-range correlations at 50 K, and
they are well described by the fits (blue curves). (c) Triangular motif of Mn3* spins in NaMnOs.
The triangles are isosceles in the average structure (left), resulting in magnetic frustration. The
PDF analysis shows that a short-range structural distortion lifts this degeneracy locally, relieving
the magnetic frustration and allowing a unique magnetic ground state to be selected.

the lower vertex is up or down, the spin alignment along one leg will be antiferromagnetic (favored)
while the other will be ferromagnetic (disfavored), thus frustrating the system. How the system
selects a unique, long-range ordered magnetic ground state below 45 K despite the degeneracy
between the two isosceles legs remained a mystery for a long time.

This mystery was resolved through a combined atomic and magnetic PDF analysis of NaMnOg,
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which revealed that a short-range structural distortion breaks the isosceles symmetry locally and
promotes short-range antiferromagnetic correlations along the shorter isosceles leg [see Fig. 17(c)].
The magnetic correlations grow in magnitude and spatial extent as the temperature is lowered and
eventually transition to genuine long-range magnetic order, even while the structural distortion
exists only on short length scales. Representative PDF patterns collected at 5 K (with long-range
magnetic order) and 50 K (with short-range magnetic order) are shown in Fig. 17(a, b). The black
curve is the experimental total PDF, with the best-fit total PDF overlaid as the red curve. The
gray and blue curves (offset vertically and multiplied by two for clarity) represent the mPDF data
and fit, respectively. The small overall fit residual (lower green curve) indicates a good fit to the
total PDF. At 50 K, the mPDF pattern is strongly damped at high r, indicating a finite magnetic
correlation length, and the overall magnitude is smaller due to increased thermal fluctuations of
the magnetization.

By tracking the behavior of the local structural distortion and the magnetic correlations as
a function of temperature across the magnetic transition, this work established a novel coupling
between magnetism and a short-range structural distortion to relieve the magnetic frustration.
More generally, this example highlights the power of combined atomic and magnetic PDF analysis
in magnetic materials. Such an approach will be valuable for numerous other systems with coupling
between the magnetic and structural properties.

13 Future development

Here, we point out some promising directions in PDF analysis that address emerging challenges in
materials science.

One reason why the conventional powder diffraction and PDF techniques have become popular
in the scientific community is that reliable, trustworthy, and easy-to-use data analysis and modeling
programs have become available. For example, in the PDF context, GUI (graphical user interface)
programs such as xPDFsuite [175] and PDFgui [14], have been very popular [2]. In the future,
especially in view of ”big-data” and cloud-computing, we would expect more web-based PDF anal-
ysis platforms, such as ‘PDF in the cloud’ (PDFitc) [63], to help users analyze and interpret their
PDF data in a more convenient manner, and to build knowledge of materials. In principle, these
platforms can become single-button analyzers for PDF making materials characterization more
straightforward by sharing community expertise.

In the wake of the implementation of new data tools such as materials databases, machine
learning, and high-throughput methods, [176] new approaches to PDF analysis have recently been
created, such as automated structure-mining based conventional modeling approaches [76, 60] and
machine learning to suggest the space group of novel nanomaterials [177].

Most PDF work is performed using synchrotron x-rays or spallation neutrons, with only some
using electrons. Better utilization of these precious resources is made possible by greater automation
of experiments, with the community further pushing in the direction of autonomation, meaning that
an in situ experiment is evolving in time with input parameters being determined by a mathemati-
cal decision algorithm based on results from previous measurements. This is particularly important
when we seek to explore an input parameter space that is high dimensional (many control parame-
ters) in a smart way [178, 179]. At the time of writing these efforts are yet to be demonstrated for
PDF, but with improvements in infrastructure for automation and automated data reduction in a
streaming context [180, 181, 182], this is just around the corner.

With the growth of in situ PDF experimentation [183, 184, 185, 108], the coupling of computed
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tomography with PDF [186, 187] and spatial resolution that can get down to 10-100 um with x-
rays [187, 186] and 10-100 nm with electrons [147, 148, 149], advances in reaction evolution and
phase transition evolution studies with high spatial resolution will start to have significant impacts
in our understanding of material processing. Integration with automation can unlock the capability
to trace boundaries in structural evolution at the nanoscale, especially at early stages where long-
range order is absent. Also, introducing floating liquid phase cells in a TEM [188] and integrating
it with electron-PDF analysis can unlock the possibility to investigate nucleation reactions at the
nanoscale.
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