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Quantitative three-dimensional local order
analysis of nanomaterials through electron
diffraction

Ella Mara Schmidt 1,2,3 , Paul Benjamin Klar 1,4, Yaşar Krysiak 4,5,
Petr Svora 4, Andrew L. Goodwin 3 & Lukas Palatinus 4

Structure-property relationships in ordered materials have long been a core
principle in materials design. However, the introduction of disorder into
materials provides structural flexibility and thus access to material properties
that are not attainable in conventional, ordered materials. To understand
disorder-property relationships, the disorder – i.e., the local ordering princi-
ples –must be quantified. Local order can be probed experimentally by diffuse
scattering. The analysis is notoriously difficult, especially if only powder
samples are available. Here, we combine the advantages of three-dimensional
electron diffraction – a method that allows single crystal diffraction mea-
surements on sub-micron sized crystals – and three-dimensional difference
pair distribution function analysis (3D-ΔPDF) to address this problem. In this
work, we compare the 3D-ΔPDF from electron diffraction data with those
obtained from neutron and x-ray experiments of yttria-stabilized zirconia
(Zr0.82Y0.18O1.91) and demonstrate the reliability of the proposed approach.

Functional materials design uses structure–property relationships
which focus on structurally ordered systems, where disorder and
defects are generally considered detrimental. However, it is known
that certain types of correlated disorder can lead to phenomena that
are inaccessible to ordered structures1–4. Examples include the com-
positional complexity that drives domain structure in relaxor ferro-
electrics (such as PbMg1/3Nb2/3O3 or Sr0.5Ba0.5Nb2O6)

5,6 and relaxor
ferromagnets (such as LaNi2/3Sb1/3O3)

7 and Jahn-Teller distortions that
give rise to specific electronic and magnetic properties as e.g.,
observed in LaMnO3

8 or PbTe9.
To successfully engineer local order in novel functional materials,

the quantitative characterisation of the local order is essential1,10,11. In a
diffraction experiment, long-range order manifests itself in Bragg
reflections, the analysis of which is well established – sometimes even
automated – in conventional crystallography. Information about local
order is encoded in themuchweaker diffuse scattering, the analysis of
which is notoriously difficult and far from routine. Increasingly,

powder pair distribution function analysis (powder PDF) from x-ray,
neutron and/or electron scattering experiments has become the most
appliedmethod for accessing local orderingmotifs10,12–16 – especially in
nanocrystalline samples that are not suitable for single crystal x-ray or
neutron diffraction experiments. The major drawback of the powder
PDF is the one-dimensional nature of the approach: the powder PDF is
a projection of three-dimensional structural information and essen-
tially provides a histogram of interatomic distances. This may lead to
ambiguities if (1) interatomic-vectors in different directions have
similar lengths or (2) if several (different) disordered phases are pre-
sent, as the inseparable ensemble average of all crystallites in the
powdered samples is taken.

Three-dimensional single-crystal diffuse scattering can be a
remedy to resolve these ambiguities, as this approach (1) preserves
the structural information in 3D space and (2) is performed on single
crystals. There are many different approaches to the analysis of single
crystal diffuse scattering17–19 of which the recently developed analysis

Received: 3 May 2023

Accepted: 22 September 2023

Check for updates

1Faculty of Geosciences and MAPEX Center for Materials and Processes, University of Bremen, Bremen, Germany. 2MARUMCenter for Marine Environmental
Sciences, University of Bremen, Bremen,Germany. 3InorganicChemistry Laboratory, University ofOxford,Oxford, UnitedKingdom. 4Instituteof Physics of the
Czech Academy of Sciences, Prague, Czechia. 5Institute of Inorganic Chemistry, Leibniz University Hannover, Hannover, Germany.

e-mail: ella.schmidt@uni-bremen.de

Nature Communications |         (2023) 14:6512 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0002-0687-9963
http://orcid.org/0000-0002-0687-9963
http://orcid.org/0000-0002-0687-9963
http://orcid.org/0000-0002-0687-9963
http://orcid.org/0000-0002-0687-9963
http://orcid.org/0000-0002-1625-5353
http://orcid.org/0000-0002-1625-5353
http://orcid.org/0000-0002-1625-5353
http://orcid.org/0000-0002-1625-5353
http://orcid.org/0000-0002-1625-5353
http://orcid.org/0000-0001-9314-8394
http://orcid.org/0000-0001-9314-8394
http://orcid.org/0000-0001-9314-8394
http://orcid.org/0000-0001-9314-8394
http://orcid.org/0000-0001-9314-8394
http://orcid.org/0000-0001-7357-2702
http://orcid.org/0000-0001-7357-2702
http://orcid.org/0000-0001-7357-2702
http://orcid.org/0000-0001-7357-2702
http://orcid.org/0000-0001-7357-2702
http://orcid.org/0000-0001-9231-3749
http://orcid.org/0000-0001-9231-3749
http://orcid.org/0000-0001-9231-3749
http://orcid.org/0000-0001-9231-3749
http://orcid.org/0000-0001-9231-3749
http://orcid.org/0000-0002-8987-8164
http://orcid.org/0000-0002-8987-8164
http://orcid.org/0000-0002-8987-8164
http://orcid.org/0000-0002-8987-8164
http://orcid.org/0000-0002-8987-8164
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-41934-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-41934-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-41934-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-41934-y&domain=pdf
mailto:ella.schmidt@uni-bremen.de


of three-dimensional difference pair distribution function (3D-ΔPDF)
provides the most intuitive and direct interpretation20–22. As the name
suggests, the 3D-ΔPDF quantifies difference pair correlations. It is the
Fourier transform of the diffuse scattering intensity without the Bragg
scattering intensities. The 3D-ΔPDF densities therefore correspond to
local deviations away from the average structure, where positive
3D-ΔPDF densities correspond to interatomic vectors with more
scattering density in the real structure than suggested by the average
structure, while negative 3D-ΔPDFdensities correspond to interatomic
vectors with less scattering density than suggested by the average
structure. An intuitive example would be the correlated thermal
motion of neighbouring atoms: if neighbouring atoms vibrate in-
phase, their interatomic vector is more confined than the average
interatomic vector. In the average structure, the smeared out scatter-
ing density of each individual atom is modelled by the atomic dis-
placement parameters by assuming uncorrelated thermalmotion. The
resulting signature in the 3D-ΔPDF is a sharp positive peak surrounded
by a region of negative density20.

To date, 3D-ΔPDF approaches have been successfully applied to
single crystal x-ray and neutron diffraction measurements on various
material classes22–27. However, these methods in general require
micrometric single crystals (Ø > 5 µm), a requirement that is not always
met for functional and appliedmaterials, especially when properties of
interest depend on the crystal size. In these cases, the analysis of larger
samples from an adapted synthesis is not necessarily representative
for the as-applied nano-sized material. Recent developments in the
field of electron diffraction allow this limitation to be overcome: 3D
electron diffraction (3D ED) experiments are routinely performed on
submicron crystallites28,29.

Historically, single crystal electron diffuse scattering from sub-
micron crystallites has been analysed using oriented zone axis
patterns30–33, which only provide information in selectedprojections of
the three-dimensional structure. Data acquisition using 3D ED meth-
ods can overcome this limitation34–36 and we come to show how the
resulting 3D data sets can be exploited in 3D-ΔPDF analysis, which
requires full reciprocal space coverage.

The sample material that we use in the work presented here is
yttria-stabilised zirconia (Zr0.82Y0.18O1.91, YSZ) – a well-known and
technologically important material. YSZ shows pronounced diffuse
scattering for which a consistent local order model has been estab-
lished in the literature23,37–40. Pure ZrO2 adopts the cubic fluorite
structure at elevated temperatures but is monoclinic at ambient
conditions38. The cubic phase is stabilised at ambient conditions by the
introduction of aliovalent oxides, such as Y2O3. The resulting com-
pound adopts a disordered fluorite structure with a composition-
dependent concentration of vacant oxygen sites as described by the
general formula Zr1-xYxO2-x/2. The presence of oxygen vacancies is of
great technological importance, as they are prerequisite for oxygen
ion conduction41. From a structural point of view, oxygen vacancies
lead to local distortions38 as illustrated in Fig. 1: oxygen ions neigh-
bouring a vacancy shift along the h100i directions towards the
vacancy, whereas metal ions neighbouring a vacancy shift along the
h111i directions away from the vacancy23,38,40. Furthermore, in YSZ
there is a tendency to form 6-fold coordinated metal ions by vacancy
pairs separated by h 1

2
1
2
1
2 i vectors23,38,40. In YSZ the static displacements

due to the introduction of the vacancies are the dominant reason for
the diffuse scattering, while chemical short-range order seems to be
less pronounced and hence only contributes to a minor degree to the
observed diffuse scattering38.

This local order in YSZ leads todistinct signatures in the 3D-ΔPDFs
measured using x-ray and neutron diffraction, which can be inter-
preted quantitatively in terms of a local order model23.

In this article, we demonstrate how the 3D-ΔPDF technique can be
applied to single crystal diffuse scattering data obtained from 3D ED
data. YSZ is an ideal reference material to establish and test the

reliability of extracting and interpreting the electron 3D-ΔPDF: For YSZ
large neutron-size single crystals are readily available and by com-
paring the results of the 3D-ΔPDF from x-ray and neutron experiments
with our analysis of the electron diffraction data, we demonstrate the
applicability and reliability of the proposed method.

Results
Reciprocal space
An YSZ single crystalline thin lamella was prepared by ion milling and
electron diffraction patterns were measured with continuous-rotation
3D ED. Selected reciprocal space layers of single crystal diffuse scat-
tering reconstructed from the experimentally obtained diffraction
patterns are shown in Fig. 2 (for reconstruction and data processing
routines see Methods section, Supplementary Methods 1 and Supple-
mentary Note 2). The three probes chosen are sensitive to different
structural aspects: in a diffraction experiment, neutrons probe exclu-
sively the nuclei, x-rays probe almost exclusively the electron density
and electrons probe the electrostatic potential, which depends on the
distribution of both the nuclei and the electrons in the sample. Despite
these differences, the main diffuse scattering features are similar in all
three experiments. In the hk0-layer, for example, a continuously
curved diffuse line connects the 400, 220 and 040 Bragg reflections,
giving a flower-like pattern with higher-order curved features at larger
scattering angles. The hhl-layer shows streaks parallel to the h110i
directions through the 004Bragg reflection and a series of bracket-like
features.

One significant difference that can be observed in reciprocal
space is that the features in the electrondiffraction data are broadened
relative to the corresponding features in the x-ray and neutron data.
This effect is seen also for the Bragg reflections, and we attribute the
broadening to a combination of setup and sample-related effects. As
for the setup-related effects, we attribute the majority of the

O[4]

Y[8]

Zr[7]

Zr[8]

Fig. 1 | Schematic defect model for cubic stabilised zirconia. Grey polyhedra
indicate Zr4+ ions in regular 8-fold coordination. The solid black cube indicates a
vacancy site. Zr4+ ions in 7-fold coordination are displaced away from the vacancy
along the <111> directions, indicated in green. O2–- ions directly next to the vacancy
are displaced towards the vacancy along the <100> directions, indicated in purple.
A possible Y3+ site that is the next-nearest neighbour to the vacancy is indicated by
the blue coordination polyhedron. Figure generated using Vesta62.
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broadening in reciprocal space to inelastic scattering: In the centre of
reciprocal space a broad background due to inelastically scattered
electrons can be observed. This background can be subtracted and is
of little concern. However, inelastically scattered electrons that pro-
pagate in the direction of the Bragg peak or diffuse scattering will
broaden these features, which cannot be easily removed from the
resulting diffraction pattern (see Supplementary Discussion 1).

Another reason for the observed broadening of features in the
electrondiffraction pattern are sample-related effects from the sample
preparation and the nanocrystalline nature of the lamella. A focused
ion beam (FIB) was needed to prepare a sample thin enough to mini-
mise the contribution of Kikuchi lines even at increased exposure
times (see Supplementary Note 1). On the other hand, the FIB may
reduce the crystallinity and increase the mosaicity42. Despite the con-
sequences in reciprocal space and real space, the structural
parameters of interest could be extracted from 3D ED data.

Real space
To develop a local order model from the diffraction data described in
the previous section, we use the 3D-ΔPDFmaps as shown in Fig. 3. The
first and most striking difference between the electron and other
3D-ΔPDFs here is that the signatures in the electron 3D-ΔPDFmaps are
muchmore localised in the centreof the PDF-spaceas compared to the
x-ray and neutron maps. This is a direct consequence of the experi-
mental broadening of the diffuse scattering in reciprocal space: the
sharpness of diffuse scattering is inversely related to the correlation

length of the corresponding local correlations in real space (see Sup-
plementary Discussion 1). Another directly observable difference is
that the features in the electron 3D-ΔPDF map seem broader than for
the x-ray and neutron maps. This fact we attribute to the nature of the
probes: For neutron diffraction the atoms are essentially point scat-
terers. The electrondensity of single atomsprobed by x-ray diffraction
has a significant spatial extent on the length scale observed in the
shown3D-ΔPDFmaps. It is the electrostatic potential of the atoms that
has the greatest spatial extent of the three signals compared here.
Hence, the broadest features are expected in the electron diffraction
3D-ΔPDF maps.

For amaterial with unknown local order, the goal is to identify the
short-range deviations from the average structure and to model the
very local interactions. The suppression of higher-order correlations
does not hinder this goal. We compare the correlations at the shortest
interatomic vectors in our 3D-ΔPDF maps with those determined
elsewhere using x-ray and neutron 3D-ΔPDFs23,38 (Fig. 1).
Three-dimensional renderings of the 3D-ΔPDF regions that govern the
local order model are shown in Fig. 4 (detailed two-dimensional sec-
tions are provided in the Supplementary Note 3). In 3D-ΔPDF maps,
regionswith exclusively positive or negative density are indications for
predominant chemical local ordering, while regions with alternating
positive and negative density are indications for predominant dis-
placement disorder20. Our study was performed at room temperature
and we attribute the observed and evaluated displacive signatures
primarily to static displacements. This is in line with previous studies

Fig. 2 | Comparison of reciprocal space sections. Diffuse scattering in reciprocal space reconstructions after data treatment for x-ray, neutron and electron diffraction
experiments. a hk0-section, b hhl-section.

Fig. 3 | Comparison of 3D-ΔPDF sections. 3D-ΔPDF sections generated from electron diffraction data compared to the corresponding sections from neutron and x-ray
data. a ab0-plane, b aac-plane. Positive correlations are in red, and negative correlations are in blue.
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that showed, that oxygen ion diffusion only becomes relevant at ele-
vated temperatures43,44.

The h 1
2 00i interatomic vectors are the shortest interatomic vec-

tors that correspond exclusively to difference vectors between oxygen
positions. Here and in the following, we use Δ ±

XY to describe the shift
amplitude of the position of a maximum/minimum in the 3D-ΔPDF
away from the average interatomic vector between an X and a Y site.
The signaturesweobserve in the electron, neutron and x-ray 3D-ΔPDFs
(see Fig. 4 and Supplementary Note 4) all show a minimum shifted by
Δ�
OO along 100½ � towards the centre of PDF-space and a maximum

shifted by Δ +
OO along 100½ � away from the centre of PDF-space. This is

consistent with a local relaxation of oxygen ions towards a neigh-
bouring vacancy20,23.

The h 1
4
1
4
1
4 i interatomic vectors are the shortest interatomic vec-

tors that correspond to difference vectors between oxygen and metal
ion positions. In analogy to the h 1

2 00i interatomic vectors, the sig-
natures we observe from the three radiation types are consistent (see
Fig. 4). All signatures show aminimum shifted by Δ�

OM along 111½ � away
from the centre of PDF-space and a maximum shifted by Δ+

OM along
111½ � towards the centre of PDF-space. This is consistent with a local
contraction of the oxygen metal bond, indicating that metal ions
adjacent to a vacancy shift away from that vacancy along the body
diagonal23.

The h 1
2
1
2 0i interatomic vectors are the shortest interatomic vec-

tors that correspond to difference vectors between metal ion posi-
tions, but they also occur as difference vectors in the oxygen
substructure. Thus, we observe a superposition of densities resulting
from metal-metal interactions and densities resulting from oxygen-
vacancy interactions23. This superposition is most pronounced in the
neutron 3D-ΔPDF, since the neutron scattering length of oxygen is
comparable to that of the metals, whereas in x-ray and electron dif-
fraction the metals dominate the scattering process and consequently
the densities in the 3D-ΔPDFs (Supplementary Discussion 2 for the
quantitative comparison of the scattering factors). This furthermore
complicates a potential disentanglement of chemical short-range

order of the metal ions: The difference in scattering length of Y3+ and
Zr4+ is marginal for electron and x-ray diffraction experiments – pro-
hibiting a disentanglement of chemical short-range order with the
extent of displacement disorder present in YSZ. The neutron scatter-
ing lengths of Zr and Y show a small but significant difference but are
on the same order as the scattering of O. Hence, also from the neutron
3D-ΔPDF a clear disentanglement of potential chemical metal order is
not possible. However, the previously derived local relaxations in the
present case allow us to assign the maximum observed at
1
2 +Δ

+
MM,

1
2 +Δ

+
MM, 0

� �
in the x-ray and electron 3D-ΔPDF to an elon-

gated metal-metal vector resulting from two metal ions that are
bridged by one oxygen ion and one vacancy, with both metal ions
shifting away from this vacancy23.

Quantitative comparison
To evaluate the quantitative reliability of the 3D-ΔPDF, we quantify the
shifts of the maxima and minima described qualitatively in the pre-
vious section (Δ +

OO, Δ
�
OO, Δ

+
OM, Δ

�
OM, and Δ+

MM, a detailed description of
the fit procedure and its applicability are given in the Supplementary
Note 4). We approximate the intensity distributions at the shortest
inter-atomic vectors with three-dimensional Gaussian distributions23.
The refined shift magnitudes are visualised in Fig. 5; a complete list of
the parameters including the variances is given in Supplementary
Tables 1–3. What is immediately clear is that the refined quantities are
similar for all three types of radiation used. This is a key result of our
study and demonstrates the viability of electron 3D-ΔPDF approaches.

We do not expect the refined shift magnitudes to be identical for
all three radiation types used, as different probes are sensitive to dif-
ferent structural aspects. In particular, for the 1

4 ,
1
4 ,

1
4

� �
and 1

2 ,
1
2 ,0

� �

vectors in PDF space, the shift magnitude corresponds to an average
over the two metal ions. Because the different radiation types have
different contrasts in the scattering length of Zr4+ and Y3+, differences
in the quantified correlation vectors are therefore to be expected (see
Supplementary Discussion 3 for a more detailed discussion of the
variations due to the differences in scattering lengths). For the 1

2 ,0,0
� �

Fig. 4 | Three-dimensional renderings of the3D-ΔPDFsignaturesat the shortest
interatomic vectors generated from electron (m–p), neutron (i–j) and x-ray
(e–h) diffraction experiments compared to the calculated signatures (q–t).The
leftmost column (a–d) highlights the respective interatomic vectors as links in the
average fluorite structure model. Metal sites are green and oxygen (and vacancy)
sites are purple. The rightmost column (q–t) shows the signature generated from
the calculated diffraction pattern of a simplified model23 using the kinematic

approximation. Black lines in the renderings are along the 〈100〉-directions and the
crossing indicates the average interatomic vector. Rendering volume in the range
−0.15 ≤ Δa, Δb, Δc ≤0.15 around the average interatomic vector. Positive correla-
tions are in red, and negative correlations are in blue. Isosurfaces are shown relative
to the minimum observed density in the respective 3D-ΔPDF with the lowest iso-
surface at 5 % (1 % for the 1

2 ,
1
2 ,

1
2

� �
interatomic vector).
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vectors on the other hand we expect the neutron value to be the most
accurate estimate due to the greater relative scattering power of
oxygen compared to the metals (see ref. 23).

Increased relative sensitivity to lighter elements
The 3D-ΔPDF analysis shows that the most pronounced local oxygen-
oxygen interaction at the h 1

2 00i interatomic vectors can be quantified
using the x-ray 3D-ΔPDF. The relative scattering strength of oxygen
with respect to the metal ions is greater in electron diffraction than in
x-ray diffraction (see Supplementary Figure 16 for a graphical visuali-
sation). It is well known fromconventional Bragg data analysis that this
difference in scattering power enhances the detectability of the
lightest elements in electron diffraction experiments compared to
x-ray diffraction experiments45,46. An excellent example of this relative
sensitivity are the 3D-ΔPDF signatures in the vicinity of the h 1

2
1
2
1
2 i

interatomic vectors where the tendency of YSZ to form 6-fold coor-
dinatemetals can be observed (compare Fig. 4): The h 1

2
1
2
1
2 i interatomic

vector exclusively occurs on the oxygen sublattice. In the neutron
diffraction experiment we observe a weak but clear maximum at this
interatomic vector – an indication for positively correlated chemical
short-range order20, i.e. a preference of vacancy pairs along this
interatomic vector23. In the x-ray data, this signature is unresolved and
indistinguishable from residual noise. But in the electron diffraction
3D-ΔPDF, the same signature seen in the neutron data is now clearly
identifiable. This observation highlights the increased sensitivity of the
electron diffraction experiment to the lighter elements, which can be
exploited not only in the analysis of Bragg data analysis but also in the
analysis of diffuse scattering.

Comparison to a computational model
In an earlier study23, we constructed a local order model based on the
x-ray and neutrondiffraction data. Thismodelwas used as the basis for
Monte Carlo simulations that generated an ensemble of 10× 10 × 10
supercells that captured the experimentally determined local corre-
lations in a simplistic atomistic model. With access to this model, we
were able to calculate the expected electron diffuse scattering (by
applying the kinematic approximation), and hence the corresponding
3D-ΔPDF18. Three-dimensional renderings of the calculated 3D-ΔPDF
around the shortest interatomic vectors are shown in Fig. 4 (q–t);
further two-dimensional sections that directly compare the calculated
and experimentally obtained 3D-ΔPDF are provided in Supplementary
Note 5. The computational model reproduces the main features that

we analyse using the 3D-ΔPDF from the electron diffraction experi-
ment as well as those from the x-ray and neutron experiments
(compare23).

Discussion
We have established that electron diffraction can yield useful 3D-
ΔPDF maps from submicron grains, overcoming the single-crystal
limitations of x-ray and neutron techniques. The observed broad-
ening of the diffuse scattering in the electron diffraction data does
not prevent a quantitative and reliable analysis. This is because the
nature of local order is encoded in the position and shape of diffuse
scattering, whereas the width of diffuse scattering features relates
mainly to correlation length17,18. Thus, as we show here for the case of
YSZ, it is possible to derive a local order model despite the experi-
mentally observed broadening of the scattered intensities in the
electron diffraction experiment. Determining such a local order
model is usually the step considered most difficult in the analysis of
diffuse scattering. The analysis of the extent of the correlations,
which can be derived from the width of the observed features in
reciprocal space, is straightforward and can in turn be solved by
determining an instrumental resolution function in reciprocal space
and hence the maximum observable correlation length43 (see Sup-
plementary Discussion 1).

A major challenge is the limited reciprocal space coverage avail-
able in electron diffraction experiments. The generation of the 3D-
ΔPDF from experimentally collected diffuse scattering data requires
the application of a three-dimensional Fourier transform20,22. There-
fore, full reciprocal space coverage is essential in the diffraction
experiment. Modern single-crystal x-ray and neutron diffractometers
are designed so that this coverage is routinely achieved by measuring
only one crystal. Electron diffraction experiments are mostly per-
formed in conventional TEM setups with limited tilt angles47. In our
case the data were collected from one crystal and a goniometer tilt
range of ± 50�. If the symmetry in reciprocal space is high, then the
missingwedge in reciprocal space canbe filled by symmetry averaging
as demonstrated for this study for a structure with cubic symmetry.
However, if the symmetry is lower, this option in general does not
result in full reciprocal space coverage. In these cases, we suggest
combining data from several crystals, which is the typical approach
used to increase completeness in 3D ED48.

Another challenge is the stability of the samplewith respect to the
electron-beam-induced radiation damage. Thismaybe an issue even in

Fig. 5 | Shifts of the observed maxima (red) and minima (blue) away from the
average interatomic distance. Shifts are estimated by fitting a three-dimensional
Gaussian distribution to the data displayed in Fig. 4. Positive shift magnitudes

correspond to shifts away from the centre of real space, i.e., elongated interatomic
distances. Error bars indicate the 3σ level of the fit uncertainty. For details see
Supplemental Tables 1–3.
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x-ray diffraction experiments49,50, but samples in electron diffraction
experiments are in general more susceptible to radiation damage due
to their small volume. If thematerial is beam-sensitive, theduration the
crystal is stable under exposure additionally limits the amount of data
that can be collected froma single crystal. The problem ismitigated by
cooling the sample during data collection or working with a cryo-
transfer28,51. The latter is essential if the vacuum conditions destabilise
the sample. In all cases, the combination of data from several crystals
makes it possible to achieve full coverage even if individual measure-
ments cover only a fraction of reciprocal space.

As electrons are charged particles, the interaction with matter is
much stronger in comparisonwith the interaction strength of x-rays or
neutrons. The probability that a single electron passing through the
sample is scatteredmore thanonce is significant. The effectofmultiple
scattering leads to a non-linear dependence of diffracted intensities
on, e.g., the crystal thickness and orientation, which is quantitatively
described by the dynamical theory of diffraction. It has been shown
that taking multiple scattering into account significantly improves the
refinements of average structure models against reflection intensities
from 3D ED data45,46,52. The kinematical approximation assumes that
each electron is only scattered once and is routinely applied for more
than a decade to solve and refine average structure models53,54. To the
best of our knowledge, diffuse scattering analysis of 3D ED data –

including this work – has always assumed kinematical diffraction the-
ory. Our quantitative analysis, the comparison to the x-ray andneutron
experiments, and the agreement with a simple computational model,
collectively demonstrate that the kinematic approximation gives rea-
sonable and useful results. We nevertheless expect that based on
dynamical diffraction theory the accuracy of diffuse scattering analysis
can be improved, which remains to be analysed in future studies.

We further neglect any inelastic scattering, which is partly
responsible for the strong background close to the centre of the dif-
fraction patterns. In thicker samples, inelastic scattering gives rise to
Kikuchi lines. This must be avoided because the Kikuchi lines would
occlude the diffuse scattering features and make the analysis in terms
of 3D-ΔPDF unnecessarily challenging or even impossible. The ana-
lysed sample of YSZwith a thickness of around60nmdidnot showany
signs of Kikuchi lines, and the background was removed during data
processing. The effect of inelastic scattering on the resulting models
remains to be analysed, either by modelling the inelastic scattering or
by working with energy-filtered data. Energy-filtered data were not
available for this study.

Another point to consider is the method of detecting the diffuse
scattering. As the diffuse scattering intensities are typically 103 to 104

times weaker than the Bragg scattering intensity, the dynamic range of
the detector is of paramount importance17. In neutron diffraction
experiments the neutron flux is the limiting factor in obtaining reliable
diffuse scattering data17. In x-ray diffraction, large area single photon-
counting hybrid pixel detectors are standard in modern synchrotron
and laboratory diffractometers17 and allow fast and almost noise-free
data collection. In electron diffraction, it is essential that the detector
dynamic range is sufficient to collect reliable diffuse scattering data in
the presence of strong Bragg reflections. For this purpose, hybrid pixel
detectors like the one used in this study are very useful.

Another point to consider is the validations of the local order
model derived from the 3D-ΔPDF analysis – especially in cases where
no single crystal x-ray or neutron diffraction experiment is available as
was the casedemonstrated here. A standardvalidation approach that–
in the opinion of the authors – should always be applied is the rea-
lisation of the derived local correlations in a computational model and
the subsequent calculation of the diffuse scattering and the 3D-ΔPDF
of this model. However, if further information from high-resolution
transmission electron microscopy experiments, nuclear magnetic
resonance, various spectroscopic methods, x-ray or neutron powder
pair distribution function analysis is available this information should

always be included in the modelling process; with the limitation that
for the latter techniques the bulk material needs to be phase pure or a
multiphase composition needs to be modelled explicitly.

Electron diffraction experiments are routinely performed on
submicron crystallites, as these are often synthesis products, whereas
large single crystals suitable for x-ray or neutron diffraction experi-
ments often need to be grown by especially adapted synthesis
methods55. Such a synthesis could potentially alter the local order
properties. Theuseof 3D-ΔPDFs fromelectrondiffraction experiments
will allow the characterisation and quantification of local order phe-
nomena in novel functional disordered materials, without the need to
adapt the synthesis for the diffraction experiment. Furthermore, the
use of electrons as a probe in the diffraction experiments improves the
simultaneous detectability of light and heavy elements as compared to
x-ray diffraction45,46. This is crucial for functional oxide materials, such
as our reference material YSZ, where both metal and oxygen ions are
disordered. In these cases, the use of electrons as a probe allows the
detection of weaker correlations of lighter elements.

Powder PDF is and will remain an important characterisation
method, but its reduced information content can lead to difficulties
and ambiguities of interpretation that are avoided with 3Dmethods. A
key advantage of powder PDF, however, is that it easily allows in-situ,
in-operando and variable pressure experiments, which currently can
only be implemented to a very limited extent in a 3D ED setup. We
envisage that many studies will now benefit from combining both
approaches. For example, a three-dimensional local order model from
3D ED in conditions accessible to electron diffraction can provide a
starting point for the adaption of the model that then describes the
PDF data measured at the conditions of interest. We consider this
combination to be the optimal useof the proposedmethod andwe see
great potential in its application to solving complex disorder
problems.

Methods
Sample material and preparation
The zirconia samples have a composition of Zr0.82Y0.18O1.91, grown by
the skull melting method, delivered by Djevahirdjan S. A., Monthey,
Switzerland. The composition was confirmed by energy-dispersive X-
ray spectroscopy (EDX)23. For neutron measurements, the large, clear
single crystals were cut with a diamond saw to cubes with an edge
length of approximately 5mm. For X-ray diffractionmeasurements the
larger crystals were mechanically ground to a diameter of about
150 µm and polished. For electron diffraction measurements a small
grain of the crystal was attached to a lift-out grid (SPI Supplies
Omniprobe) and an area of about 8.6 µm by 3.9 µm was thinned to a
final thickness of about 40 nm to 60 nm using a focused beam of Ga
ions (FEI Quanta 3D FEG). More information is provided in Supple-
mentary Note 1.

X-ray diffraction measurements
X-ray experiments were performed on a Rigaku Synergy S dif-
fractometer equipped with an Eiger 1M detector using Mo radiation,
(sin θmax

� �
=λ= 1:28 Å–1). To avoid possible fluorescence a threshold of

17.4 keV was used on the detector. Simple ω-scans with 0.5° step
widths and 120 s exposure time were taken. The crystal was kept at
ambient conditions. 3D diffuse scattering data was reconstructed on a
501 × 501 × 501 voxel reciprocal space grid (�10≤h, k, l ≤ 10) using the
orientation matrix provided by CrysAlis Pro56 and custom Python
scripts using Meerkat57.

Neutron diffraction measurements
Neutron diffraction experiments were carried out at D19 instrument
(λ =0.95 Å, 0.1° steps, 80 s exposure per frame, sin θmax

� �
=λ=0:94 Å–1),

Institut Laue-Langevin (ILL), Grenoble utilising a 180° ϕ-scan. 3D dif-
fuse scattering data reconstruction utilised the orientation matrix as
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provided by Int3d58 and a custom Python script. The data was recon-
structed on a 501 × 501 × 501 voxel reciprocal space
grid (�10 ≤h, k, l ≤ 10).

Electron diffraction measurements
Electron diffraction experiments were carried out with an FEI Tecnai
G2 microscope using 200 keV electrons (λ =0.02508Å,
sin θmax

� �
=λ= 1:24 Å–1) equipped with a hybrid-pixel detector (512 × 512

pixels, Cheetah from Amsterdam Scientific Instruments ASI). A con-
denser aperture with a diameter of 10 µm and spot size 9 was used to
optimise the electron beam for data collection of a small area
(microbeamdiffractionmodewith abeamdiameter of about 1.5μm). A
selected area aperture was not used. Diffraction patterns were taken
with 1.512 s exposure time and the crystal was rotated by 0.4° during
each exposure. The goniometer was tilted from −50° to +50° and 200
patterns were recorded. PETS259 was used to refine the orientation and
centre of the frames, and to export the 3D diffuse scattering reciprocal
space map. The data was reconstructed on a 201 × 201 × 201 voxel
reciprocal space grid (�10≤h, k, l ≤ 10). Due to the lower detector
resolution and the observed broadening of the diffracted features this
smaller grid was chosen for the electron diffraction experiment as
compared to the neutron and x-ray experiments. The effect of the
binning size of the data reconstruction is discussed in more detail in
Supplementary Note 4.

Data treatment procedures
The reflection conditions for the F-centringwere fulfilled in all cases and
after careful inspection, the data were symmetry-averaged in the m3m
Laue symmetry. The general data processing procedure to obtain 3D-
ΔPDF fromexperimental data isdescribed in ref. 60. Theexperimentally
obtained datawere treatedwith the KARENoutlier rejection algorithm61

and additionally a custom punch-and-fill approach that interpolates the
intensity in punched voxels was used to eliminate residual Bragg
intensities. To avoid Fourier ripples the data were multiplied with a
Gaussian falloff that smooths the edges of the measured reciprocal
space sections (see61). The fast Fourier transform algorithm as imple-
mented in Meerkat57 was used to obtain 3D-ΔPDF maps.

Data availability
The experimental raw data, reciprocal space reconstructions and 3D
ΔPDFs are deposited and available at https://doi.org/10.5281/zenodo.
8207506 (and https://doi.org/10.5291/ILL-DATA.5-13-277 for neutron
diffraction raw data).

Code availability
All custom code used in this study was developed using widely avail-
able algorithms. Copies of the code used can be obtained upon rea-
sonable request.
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