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Conventional refinement strategies used for three-dimensional electron dif-
fraction (3D ED) data disregard the bonding effects between the atoms in a
molecule by assuming a pure spherical model called the Independent Atom
model (JAM) and may lead to an inaccurate or biased structure. Here we show
that it is possible to perform a refinement going beyond the IAM with electron
diffraction data. We perform kappa refinement which models charge transfers
between atoms while assuming a spherical model. We demonstrate the pro-
cedure by analysing five inorganic samples; quartz, natrolite, borane, lutecium

aluminium garnet, and caesium lead bromide. Implementation of kappa
refinement improved the structure model obtained over conventional IAM
refinements and provided information on the ionisation of atoms. The results
were validated against periodic DFT calculations. The work presents an
extension of the conventional refinement of 3D ED data for a more accurate
structure model which enables charge density information to be extracted.

3D ED has garnered quite a bit of interest in the past decade with the
advent of ultrafast data acquisition techniques, and its capabilities to
reveal crystal structures ranging from small unit cells to highly com-
plex systems. Different variants of the method have been continuously
researched and developed, such as automated diffraction tomography
(ADT), precession electron diffraction tomography (PEDT), con-
tinuous rotation electron diffraction (cRED), electron diffraction
tomography (EDT), and microcrystal electron diffraction (MicroED)" .
The 3D ED methods benefit from the strong interaction between
matter and electrons, making it a more suitable data acquisition
technique than single crystal x-ray diffraction, when dealing with very
small crystals">*°,

Several software packages have been developed or adapted for
data reduction, processing, and refinement of the data collected from
3D ED" . The conventional structure refinement strategies often
employ the kinematical approximation, presuming the electrons to be
scattered at most once in the crystal and the diffracted intensity to be

proportional to the structure-factor amplitude. However, this is a
relatively poor approximation as it disregards the multiple scattering
of electrons” %, which leads to worse figures of merit (R-factors). To
correctly describe this phenomenon, the dynamical refinement strat-
egy has been developed**. This refinement strategy uses the dyna-
mical diffraction theory and Bloch-wave formalism to calculate the
diffracted intensities. In the dynamical diffraction theory, the dif-
fracted intensities depend on the crystal thickness (and thus the crystal
shape), its orientation relative to the incident beam, and the crystal
structure. With dynamical refinement, the fit to the data is greatly
improved compared to kinematical refinement, leading to a higher
accuracy in the structure parameters>~,

Most structure models employed in crystal structure analysis
assume the crystal to be a collection of non-interacting isolated atoms
with spherical distribution of electron density. This approximation is
called the Independent Atom Model (IAM)”?. This model allows the
localisation of atoms in the structure, but it does not provide
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information on interatomic interactions and the refined atomic dis-
placement parameters and other structure parameters may be inac-
curate due to the unfitted bonding effects. A more sophisticated
model is needed for two purposes: first, to provide a better insight into
the interatomic interactions, and second, to avoid the bias introduced
by the IAM into the structure model.

The most commonly used aspherical atom model is the multipole
model proposed by Hansen and Coppens and then developed by
Stewart, and others®*®. The multipole formalism takes into con-
sideration the core electrons, and the spherical and aspherical defor-
mations of the valence electrons to model the electron density as
stated in Eq. 1.

Patom(1) = Peore Peore(r) + Pyg K3pual(’(r)

[max [ 1
+ Z K3 R(K'r) Z P Yin(6, @) »
=0

m=—[

The first two terms in the equation express the spherical part of
the electron density, with P, and P, denoting the population of the
core and valence electrons, respectively. The parameter k scales the
radial coordinate r, inducing the expansion or contraction of the
spherical part of the valence shell. The third term represents the
aspherical part of the valence electron density. R; describes the radial-
type dependency of the aspherical electron density represented by a
Slater-type function, and VY, represents density-normalised real
spherical harmonics, with [ corresponding to its order and m an integer
with —{ <m <+ 5. Analogous to the parameter k, the parameter x’
represents the expansion and contraction of the aspherical part. P,
represents the population of electrons in the region described by the
real spherical harmonics, thus introducing the asphericity. Y, inte-
grates to zero over the whole range of 6 and ¢. Thus, the total popu-
lation of valence electrons depend only on P,,.

The charge of an atom g within the multipole formalism can then
be calculated as:

q= Nua[ _Pval (2)

where N, represents the number of valence electrons in the
neutral state.

The multipole model is commonly used in two ways in structure
analysis: (1) multipolar parameters are obtained by fitting them to
electron densities calculated by DFT on the investigated structure or a
chemically similar fragment, and then kept fixed during the structure
refinement?****°, or (2) the multipolar parameters are freely refined
against experimental data. The first approach has been proven to
improve the fit to experimental data, the accuracy of refined para-
meters, and particularly, the X-H bond lengths, but because the mul-
tipole parameters are not fitted to the data, it does not provide
independent information on the charge density distribution, and it is
still mostly restricted to organic molecules. In the second approach,
the charge density parameters are refined along with the structure
parameters against experimental structure factors. This approach has
been used to study the bonding effects in both organic and inorganic
crystals collected by X-ray diffraction in the past*~**, but it has not yet
been applied to 3D ED data, because these data have been generally
regarded as having insufficient quality and accuracy for such a detailed
analysis. The charge density studies performed with electron diffrac-
tion data mostly involved relatively simple, beam-stable materials and
were mostly performed by convergent beam electron diffraction
method***. Due to the intrinsic limitations of this technique, it cannot
be generalised to complete 3D studies of more complex materials.

Here, we present the first step towards charge density studies on
3D ED data. We apply a method called kappa refinement which con-
siders only the spherical part of the multipole model, thus retaining the

spherical symmetry of the atoms, but allowing adjustment of the
valence electron populations and their expansion/contraction as
represented by Eq. 3*5.

patum(r) = Pcore pcore(r) + Pval K3 pval(Kr) (3)

The kappa refinement model is thus a simple yet effective
extension of the IAM model (introducing only two additional para-
meters per atom in the refinement) that allows the extraction of the
information on charge transfer between the atoms. We demonstrate
the general applicability of the method by applying it to a wide range of
inorganic structures that vary in the type of chemical bonding, cen-
trosymmetry, crystal morphology, and the atomic number of the
constituting atoms. To assess the results, the obtained charge density
parameters are compared with refinements performed against theo-
retical structure factors obtained by DFT calculations.

Results

Performing kappa refinement requires high-quality experimental data.
Careful considerations were made to select well-crystallised materials
with a low density of imperfections. We chose the following inorganic
compounds for the current study:

* a-quartz: chemical formula: SiO,; Z=3; space group: P3,21; unit
cell dimensions: a=4.9012A, b=4.9012 A, c=5.4068 A, a=90°,
B=90°, y=120° volume of unit cell: 112.48 A3; referred to as
quartz hereafter.
natrolite: chemical formula: Na,Al,Si;O1,H4; Z=8; space group:
Fdd2; unit cell dimensions: a=18.3885A, b5=18.71834,
€=6.6569 A, a=90°, B=90°, y=90°; volume of unit cell: 2291.31
A3 referred to as natrolite hereafter.
anti-octadecaborane: chemical formula: B;gH,, Z=4; space
group: Pccn; unit cell dimensions: a=10.7707 A, b=11.9899 A,
¢=10.7360 A, a =90°, 8= 90°, y = 90°; volume of unit cell: 1386.87
A% referred to as borane hereafter.
caesium lead bromide: chemical formula: CsPbBr;; Z=4; space
group: Pbnm; unit cell dimensions: a=81189A, h=8.359A,
c=11.7593 A, a=90°, = 90°, y = 90°; volume of unit cell: 798.1 A%,
referred to as Cs-perouskite hereafter.
lutetium aluminium garnet: chemical formula: LusAlsOy; Z=8;
space group: la-3d; unit cell dimensions: a=11.9105A,
b=11.9105 A, c=11.9105 A, &= 90°, S=90°, y = 90°; volume of the
unit cell: 1689.6 A>; referred to as LuAG hereafter.

Supplementary Table 1 contains detailed crystallographic infor-
mation and experimental details, and Supplementary Fig. 1 shows the
projections of the structures studied. We focus our study on inorganic
compounds for two reasons. First, inorganic compounds are, in gen-
eral, less prone to radiation damage, making them more suitable for
testing the method, and second, inorganic materials, especially heavy-
atom compounds, are the most challenging subjects for charge density
studies, and their analysis thus puts the method to the ultimate test.
Borane is one exception which suffers from radiation damage to some
extent but was included in this study in order to test the method on a
molecular compound as well. Results on each compound are discussed
in detail in the following subsections. 3D ED data were collected using
precession and continuous rotation modes for natrolite, precession
mode for quartz and borane, and continuous rotation mode for LUAG,
and Cs-perovskite. The data were processed using the software
PETS2. The beam damage level was evaluated by observing subtle
changes in lattice parameters as a function of the total dose*’. Except
for quartz, to prevent beam damage, data for all the other samples
were collected at low temperatures (Supplementary Table 1), and the
fluence rate was adjusted to prevent beam damage while still recording
meaningful intensities at high resolution. The resulting datasets
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yielded the correct unit cells with no trends in frame-by-frame mag-
nification corrections, indicating no or negligible radiation damage.

Performing pure kinematical refinements yielded figures of merit
(wRall) in the range of 15-25% (Supplementary Table 1) and led to a
biased starting model with less accurate structure parameters to per-
form charge density refinements. Thus accounting for dynamical effects
in structural refinements is paramount in obtaining accurate structure
models and performing kappa refinements. Both the IAM refinements
and the kappa refinements were performed in JANA2020" using the
dynamical refinement approach. Accurately calculating intensities for
dynamical refinements from irregularly shaped crystals with varying
thicknesses is difficult®. To this end, two models were introduced to
approximate the effect of irregular crystal shapes: (1) a model for
approximating the shape as a wedge or cylinder* and (2) for correction
of thickness as a function of the tilting of the crystal. The corrections are
explained in detail in the Materials and Methods section. The parameters
of the models used for the different compounds in the study and the
residual factors (R-factors) before and after the introduction of the
thickness models are included in Supplementary Table 2.

The quality of the kappa refinements was evaluated by analysing
the difference Fourier maps, static deformation density maps, and the
R-factors, and by comparing the experimental results with the results
of the refinements against theoretical structure factors obtained from
DFT calculations. The static deformation density maps were calculated
by subtracting the neutral IAM electron density from the atomic
electron density of the kappa model, excluding the smearing effect of
the atomic displacement parameters. These maps show the deforma-
tion of the valence electron density and depict the level of charge
transfer between the atoms. The DFT calculations were performed
using two different ab initio methods (implemented in WIEN2k and
Crystal23 packages), and theoretical x-ray structure factors corre-
sponding to the optimised electron densities were obtained from
these programmes. The Mott-Bethe formula was then used to calculate
the electron structure factors from the x-ray structure factors. Kappa
refinements on these structure factors were performed to obtain
“theoretical” P, and k values for comparison with the experimentally
determined ones. For a more objective comparison between the
datasets, we calculated merged R-factors (MR-factors) by performing
symmetry-averaging of experimental and calculated intensities after
the dynamical refinement®. The results of the qualitative and quanti-
tative assessment of the kappa refinements for each of the compounds
are presented in the following sub-sections.

IAM refinement of quartz

The data was collected from a lab-grown highly crystalline quartz
nanorod essentially devoid of defects using the precession-assisted
3D ED method and had a resolution (sin6/A)max of 1.25 A™.. The quality
of the crystal, the simplicity of the crystal structure, and the atomic
number of less than 20 for both the atoms (Z(Si) =14 and Z(0) = 6)
made it a good reference material to check the feasibility of per-
forming the charge density studies on 3D ED data. The dynamical
refinements were performed at the resolution of 1.25 A™. Quartz has
two enantiomorphic forms belonging to the P3,21 and P3,21 space
groups. To determine the absolute structure, the R-factors between
the two possible enantiomorphs were compared (Supplementary
Table 3). There was a sharp drop in the R-factors when the space group
was changed from P3,21 (MwRall =6.98%) to P3,21 (MwRall =3.63%).
For the subsequent refinements, this absolute structure was used, and
further improvements (MwRall =3.30%) were obtained by using the
cylindric thickness model and the tilt correction parameter of 0.25.

Kappa refinement of quartz and comparison with theoretical
calculations

During the kappa refinement, the P, and k of both Si and O atoms
were refined freely along with other structure parameters. The

improvement in the difference Fourier maps before and after the
kappa refinements is shown in Fig. 1A, B. The improvement in the fit of
the structure model after the kappa refinement is evident from the
reduced noise level in the difference Fourier map in Fig. 1B and the
drop in R-factors from MwRall 3.30% to 2.38%. The results of the
experimental refinements were compared with the refinements
against structure factors obtained from DFT calculations using the
Crystal23 and the WIEN2k programme packages. The P, and k values
of Si and O atoms obtained after the refinements in all three cases were
in good agreement (within two e.s.d) with each other, as shown in
Table 1. The differences between charge density parameters from
refinements on experimental data and the two refinements on theo-
retical data were smaller than the differences between the two theo-
retical data sets. The static deformation maps (Fig. 1C-E) show
expected features with positive density peaks around the O atom and
negative density peaks around the Si atom. This exhibits the accu-
mulation and depletion of charges around the O and Si atoms,
respectively, indicating the charge transfer from the Si atom to the
O atom.

IAM refinement of natrolite

Natrolite is a hydrated zeolite with a noncentrosymmetric structure.
The data was collected using both the precession-assisted 3D ED and
continuous rotation 3D ED on the same crystal to (Sin6/A)max of L1A™
and 1A, respectively. Similar to quartz, the absolute structure was
identified by comparing the R-factors of two possible enantiomorphs
during the dynamical refinements (Supplementary Table 4). The
dynamical refinements were performed at a resolution (sin6/A) .y of
1A%, The 2 hydrogen atoms were identified from the difference Fourier
maps (Supplementary Fig. 2). The hydrogen atoms were then
restrained to have the same ADPs and fixed bond lengths and angles
with the oxygen atom (labelled 03). The subsequent refinements were
performed with the wedge thickness model and the tilt correction
parameter of 0.4. Harmonic displacement parameters were refined for
all the atoms. The atom Sil had non-positive definite ADPs after the
refinement against the precession data.

Kappa refinement of natrolite and comparison with theoretical
calculations

The P, and k parameters of the same atomic species in similar che-
mical environments were restrained from being equal to reduce the
risk of overfitting and to get a chemically reasonable model. To sta-
bilise the initial refinements, only P, were refined while the k para-
meters were fixed to 1. In the subsequent refinements, both P, and x
parameters were refined simultaneously. The distance and angle
restraints applied to the H atoms could also be removed. The R-factors
after kappa refinements compared to the IAM refinements are listed in
Table 2. The atomic displacement parameters also improved after the
kappa refinements for both data sets. The improvement was also evi-
dent in the difference Fourier maps (Fig. 2A-D), with a notable
reduction of the noise level in the maps after the kappa refinement.
The charge density parameters of all the atoms were in good agree-
ment for both the data sets except for the k values of H atoms (Table 2).
The results from the experimental data were then compared with the
refinements on structure factors obtained from WIEN2k and Crystal23.
The refinement results from the two packages showed similar beha-
viour, with the P, of the Na atom approaching O and the k value of the
Na atom being above 2. This was in contrast to the values obtained
from the refinement of the experimental data with the P, of the Na
atom around 0.25 and the k value around 1.3 (Table 2). These subtle
differences were also visible in the static deformation maps
(Fig. 2E-H). The differences in the maps are primarily due to the var-
iations in the k values between the data sets. The negative electron
density is more concentrated in the Na atoms for the two theoretical
data sets because of larger ionisation and larger k values in comparison
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Fig. 1| Evaluation of quality of refinements for quartz. 3D difference Fourier map
of the whole cell after showing improvements in the structure model from the IAM
refinement (A), and after kappa refinement (B) plotted at the same isosurface value
(0.07 e A™). Positive and negative isosurfaces are plotted in yellow and blue,
respectively. The static deformation maps centred around the O atom obtained

after the refinement of experimental structure factors (C), and theoretical structure
factors from WIEN2k (D) and Crystal23 (E) scaled to the same contour level of 0.045
e A, depicting the accumulation and depletion of charges on O atom and from Si
atom respectively. The positive and negative electron density is contoured with full
lines and dashed lines, respectively.
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Table 1| Refinement statistics and refined charge density
parameters against experimental and theoretical data for
Quartz

Sample Experiment Theory

Quartz (SiOy)

Method/Programme - Precession ~ WIEN2k Crystal23

Resolution sinf/A (A7) - 1.25 1.0 1.25

1AM refinement

RSg(max), DSg(max) - 0.70,0.00 - -

No. of reflections - 5364/7491  600/629 1175/1218

(Nobs/Nall)

No. of reflections after - 960/1074 600/629 1175/1218

symmetry averaging

(MNobs/MNall)

No. of parameters - 126 1 1

Robs/MRobs - 3.73/2.52 1.89/1.89 1.271.27

Rall/MRall - 4.61/2.74 1.90/1.90 1.29/1.29

wRall/MwRall - 4.54/3.30 3.42/3.42 3.02/3.02

GoFobs/GoFall - 1.38/1.22 2.02/1.98 3.40/3.34

Kappa Refinement

RSg(max), DSg(max) - 0.70,0.00 - -

No. of reflections - 5364/7491  600/629 1175/1218

(Nobs/Nall)

No. of reflections after - 960/1074 600/629 1175/1218

symmetry averaging

(MNobs/MNall)

No. of parameters - 130 5 5

Robs/MRobs - 3.18/2.06 0.96/0.96 0.57/0.57

Rall/MRall - 4.07/2.29 0.97/0.97 0.59/0.59

wRall/MwRall - 3.64/2.38 1.68/1.68 0.89/0.89

GoFobs/GoFall - 1.09/0.97 1.00/0.98 1.00/0.99

Number of electronsin - 30 30 30

the structural unit

The sum of valence - 16 16 16

electrons fixed in the

refinement

Charge density parameters

Atom label

Sil (Nyar=4) Pual 2.870 (45) 2.952(60) 2.781(26)
K 1.084 (6) 1.097 (7) 1.073 (3)
d=Nyal 1130 (45) 1.048 (60)  1.219 (26)
- Pual

O1 (Nya =6) Pval 6.565 (23) 6.524 (30) 6.609 (13)
K 0.996 (2) 0.999 (4) 0.994 (1)
q=Nya  -0.565(23) -0.524(30) -0.609 (13)
- Pual

to the results from the experimental data sets. The differences in the
charge density parameters between the data can be attributed to the
difficulty of modelling the diffused 3 s electron in the valence shell of
the Na atom. As expected, the maps show negative electron density
around the cations and positive electron density around the anions,
corresponding to the depletion and accumulation of electrons around
cations and anions, respectively.

IAM refinement of borane

Borane is a molecular crystal having two BsHy; subunits connected
by a B-B edge. Each subunit forms a cage-like structure®~2. Borane
has the lightest constituent atoms (with Z(B)=5 and Z(H)=1)
among the compounds studied. The data was collected using the
continuous rotation 3D ED method. The sample diffracted to a
resolution (sinB/A)max = 0.85 A™. The 11 hydrogen atoms in each of

the cages were identified from the difference Fourier maps (Sup-
plementary Fig. 3). The dynamical refinements were performed at a
resolution (sinB/A)max of 0.85A7.. The ADPs of all the atoms were
refined anisotropically. The subsequent refinements were performed
with the wedge thickness model and a tilt correction parameter of
0.25. Two hydrogen atoms (H1b3, and H1b8) had non-positive defi-
nite ADPs after the refinement. The MwRall reached 7.11%.

Kappa refinement of borane and comparison with theoretical
calculations

Similar to the refinements of natrolite, the P,,; and k parameters of the
same atomic species in similar chemical environments were restrained
from being equal in the kappa refinements. The P, of both B and H
atoms refined close to their neutral values except for three H atoms
(bridging hydrogens) that are bonded to two B atoms each. The quality
of the structure model improved considerably after the refinement,
documented by the improvement in R-factors (MwRall=5.21%,
Table 3) and by the notable improvement of the atomic displacement
parameters of all the atoms (Fig. 3A, B). The difference Fourier maps in
Fig. 3C, D also show a dramatic improvement after the kappa refine-
ment. In comparison to other compounds in this study, borane has a
larger ratio of the number of valence electrons to the total number of
electrons in its structural unit. Moreover, the electron density in bor-
ane behaves in a quasi-aromatic manner®>**, Thus, the contribution of
the redistribution of valence electrons to the structural model is larger
in borane in comparison to others and describing it more accurately
improves the structure model considerably. The refinement results
were then compared with the refinement results from the structure
factors obtained from the Crystal23 work package (Table 3). The P,y
and « values of the atoms for the two datasets were in good agreement
with each other. In both the experimental and theoretical results, the
three bridging hydrogens were more positive than the other atoms, as
expected®™™’. The behaviour is in agreement with the literature®®*’.
Most of the improvement from the IAM refinement to kappa refine-
ment is related to the changes in the expansion/contraction parameter
k and not to the redistribution of electrons between atoms, as the P,
refined very close to the neutral values for most of the atoms. The k
parameter for all the atoms of both data sets was more than 1, com-
pensating for the diffused distribution of the valence electrons in
borane. The static deformation maps (Fig. 3E, F) also showed similar
features with negative density inside the two cages of the molecule.
This shows the displacement of electrons from inside the cage to the
nearby B and H atoms creating a region of negative difference electron
density inside the cage.

IAM refinement of Cs-perovskite

CsPbBr; has a perovskite structure with tilted PbBrg octahedra sur-
rounding the Cs atom occupying the high-coordination perovskite-A
site®. This structure is composed of heavy atoms (Z; Cs =55, Pb =82,
Br=235), making it an ideal test material to assess the possibility of
obtaining experimental charge density information on heavy atoms. A
MwR(all) of 4.90% was obtained from the dynamical refinement using
the IAM model, with all atoms refined with anisotropic displacement
parameters and using the wedge thickness model. The resolution was
set to (sinB/A)max = 1.0 A\, Refinements using the tilt correction para-
meter did not yield a notable improvement in the R-factors, suggesting
that the apparent thickness did not change greatly during the tilting.
Refinements were therefore performed with the tilt correction para-
meter of 0.

Kappa refinement of Cs-perovskite and comparison with theo-
retical calculations

Initial kappa refinements showed chemically reasonable charge
density parameters except for the Cs site, whose k could not be
refined. This was due to the P,, being refined very close to zero,
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Table 2 | Refinement statistics and refined charge density parameters against experimental and theoretical data for natrolite

Sample Experiment Theory

Natrolite [NasAl,SizO1oH,]

Method/Programme - Precession Continuous Rotation WIEN2k Crystal23

Resolution sin&/\ (A7) - 1.0 1.0 1.0 1.0

IAM Refinement

RSg(max), DSg(max) - 0.66, 0.00 0.66, 0.0015

No. of reflections (Nobs/Nall) - 10475/25820 10849/11952 4747/4799 A748/A776

No. of reflections after symmetry averaging (MNobs/MNall) - 3224/4565 4395/4516 4747/4799 A748/4776

No. of parameters - 219 157 1 1

Robs/MRobs - 6.48/5.12 5.67/4.51 1.99/1.99 1.99/1.99

Rall/MRall - 10.19/6.27 5.85/4.56 1.99/1.99 1.99/1.99

wRall/MwRall - 7.61/5.75 6.87/5.42 4.32/4.32 4.48/4.48

GoFobs/GoFall - 1.71119 2.68/2.56 4.21/4.19 6.71/6.70

Kappa Refinement

RSg(max), DSg(max) - 0.66, 0.00 0.66, 0.0015

No. of reflections (Nobs/Nall) - 10475/25820 10849/11952 4747/4799 4748/4776

No. of reflections after symmetry averaging (MNobs/MNall) - 3224/4565 4395/4516 4747/4799 A4748/4776

No. of parameters - 235 173 17 17

Robs/MRobs - 5.68/4.27 4.91/3.74 0.55/0.55 0.43/0.43

Rall/MRall - 9.48/5.41 5.11/3.80 0.55/0.55 0.43/0.43

wRall/MwRall - 6.42/4.11 5.83/4.48 1.03/1.03 0.67/0.67

GoFobs/GoFall = 1.38/1.00 2.27/2.17 1.00/1.00 1.00/1.00

Number of electrons in the structural unit - 190 190 190 190

The sum of valence electrons fixed in the refinement - 96 96 96 96

Charge density parameters

Atom label - - - - -

Sil, Si2* (Nyai = 4) Pyal 2.836 (50) 2.824 (68) 2.813 (14) 2.781(10)
K 1.068 (8) 1.061(11) 1.067 (2) 1.029 (2)
g=Nyat - Pual 1164 (50) 1176 (68) 1187 (14) 1.219 (10)

All (Nya1=3) Pyal 1.986 (62) 1.769 (82) 1.836 (18) 1.742 (12)
K 1.062 (14) 1.064 (22) 1.084 (5) 1.074 (4)
g=Nyat - Peal 1.014 (62) 1.231(82) 1164 (18) 1.258 (12)

Nal (Nyai=1) Pyal 0.261(53) 0.254 (68) 0.021(9) 0.020 (6)
K 1.398 (183) 1.269 (220) 2.307 (903) 2.204 (578)
d=Nyal - Pyal 0.739 (53) 0.746 (68) 0.979 (9) 0.98 (6)

01 (Nyar=6) Pual 6.735 (31) 6.660 (41) 6.663 (9) 6.681 (6)
K 0.951 (5) 0.977 (6) 0.968(1) 0.979 (1)
d=Nyal - Pyal -0.735 (31) -0.660 (41) -0.663 (9) -0.681(6)

02 (Nya =6) Pyal 6.714 (28) 6.877 (34) 6.791(8) 6.824 (5)
K 0.959 (5) 0.949 (5) 0.955 (1) 0.964 (1)
d=Nyat - Pval -0.714 (28) -0.877 (34) -0.791(8) -0.824 (5)

O3 (Nya=6) Pyal 6.713 (44) 6.717 (54) 6.986 (13) 6.994 (9)
K 1.040 (7) 1.029 (8) 0.941(2) 0.948 (1)
q=Nyal - Pval -0.713 (41) -0.717 (54) -0.986 (13) -0.994 (9)

05, 04, 06" (Ny, = 6) Pyal 6.749 (28) 6.786 (34) 6.827 (7) 6.859 (5)
K 0.964 (4) 0.962 (4) 0.953 (1) 0.962 (1)
g=Nyat - Pual -0.749 (26) -0.786 (34) -0.827 (7) -0.859 (5)

H2, H1*® (Nya=1) Pyal 0.544 (25) 0.564 (26) 0.501 (5) 0.494 (4)
K 1.167 (82) 1.817 (166) 1.605 (23) 1.549 (15)
d=Nyal - Pyal 0.456 (26) 0.436 (26) 0.499 (5) 0.506 (4)

“The Pval and k parameters of atoms in similar chemical environments were constrained to be equal.

The ADPs were constrained to be equal.

leading to an almost singularity in the refinement of k, as the con-
traction of an empty valence shell is undefined. Refinements con-
straining the k of Cs to different values between 1 and 1.6 showed no
notable changes to the rest of the refined parameters. The k of Cs was
then constrained to 1.2, which corresponds to a reasonable expected
valence-shell contraction of highly ionised atoms. All other

parameters were freely refined. The final charge density parameters
are given in Table 4. The refined parameters show substantial ioni-
sation. The Cs atom, which is in the 12-fold coordinated perovskite
position, shows an ionisation of about + 0.8. This is supported by the
fact that the electronegativity difference between Cs and Br is very
large, 2.17 on the Pauling scale. The two Br sites were refined
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Fig. 2 | Evaluation of quality of refinements for natrolite. 3D difference Fourier
map of a section centred around the Si atom after IAM refinement (A), and after
kappa refinement (B) for precession data and after IAM refinement (C), and after
kappa refinement (D) for continuous rotation data plotted at the same isosurface
value (0.18 e A™). Static deformation maps centred around the Si atom after the

refinement of experimental structure factors for precession data (E) and con-
tinuous rotation data (F), and theoretical structure factors from WIEN2k (G) and
Crystal23 (H) and plotted at the same isosurface value (0.1 e A for positive density
and 0.04 e A for negative density). Positive and negative isosurfaces are plotted in
yellow and blue, respectively.

independently, but similar charge density parameters were obtained.
Compared to the IAM refinement, there was an improvement of 0.1%
in the R-factors (Table 4). Unlike the compounds described pre-
viously, the improvement in the structure model, atomic displace-
ment parameters, and difference Fourier map (Fig. 4A, B) after the
refinement was small. This is expected, as the proportion of valence
electrons to the total number of electrons in the structural unit for

heavy atom compounds is considerably smaller compared to quartz,
natrolite or borane. The distribution of charges in the kappa model is
visualised in the static deformation maps (Fig. 4C, D). As expected,
the maps show electron density accumulation around the anions and
depletion around the cations. The maps and ionisation parameters
obtained from the refinements on theoretical structure factors
obtained from the WIEN2k programme package show good
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Table 3 | Refinement statistics and refined charge density
parameters against experimental and theoretical data

for borane

Sample Experiment Theory

Borane (BigH>2)

Method/Programme Continuous Crystal23

Rotation

Resolution sinB/A (A7) 0.85 1.25

IAM Refinement

RSg(max), DSg(max) 0.66, 0.00

No. of reflections (Nobs/Nall) 4779 /13809 3873/4775

No. of reflections after symmetry 1906 /3179 3873/4775

averaging (MNobs/MNall)

No. of parameters 233 1

Robs/MRobs 7.56/6.51 6.63/6.63

Rall/MRall 12.99/8.46 6.69/6.69

wRall/MwRall 8.45/7.1 8.66/8.66

GoFobs/GoFall 2.271.44 4.30/3.88

Kappa Refinement

RSg(max), DSg(max) 0.66, 0.00

No. of reflections (Nobs/Nall) 4779 /13809 3873/4775

No. of reflections after symmetry 1906/3179 3873/4775

averaging (MNobs/MNall)

No. of parameters 249 17

Robs/MRobs 6.04/4.89 1.78/1.78

Rall/MRall 11.44/6.82 1.86/1.86

wRall/MwRall 7.08/5.21 2.23/2.23

GoFobs/GoFall 1.85/1.20 1.10/1.00

Number of electrons in the struc- 56 56

tural unit

The sum of valence electrons 38 38

fixed in the refinement

Charge density parameters

Atom labels

B3 (Nya =3) Pyal 3.231(44) 3.119 (1)
K 1.054 (9) 117 (3)
q=Nyal- P —0.231(44) -0.119 (11)

B5, B4, B6, B2* (Nyq =3) Pyat 3.153 (16) 3.002 (5)
K 1.063 (6) 1.145 (2)
q=Nyai-Pyat  —0.153 (16) -0.002 (5)

B8, B7, B1* (Nya =3) [Reet 3.06 (19) 3.065 (7)
K 1.081(6) 1.116 (2)
d=Nyai-Pyar  —0.06 (19) -0.065 (7)

B9 (Nyy( =3) Pyal 3.037 (25) 3.039 (7)
K 1.067 (9) 1.116 (3)
q=Nya-Pyar  —0.037 (25) -0.039 (7)

H1b3 (Nya =1) Pyal 0.957 (24) 0.970 (6)
K 1.249 (45) 1.317 (12)
d=Nyai-Pvar  0.043 (24) 0.030 (6)

H1b3b7, H1b1b9, H1b3b8? (Nya =1)  Pyal 0.772 (14) 0.847 (4)
K 1.46 (4) 1.323(8)
q=Nyai-Pya  0.228 (14) 0.153 (4)

H1b5, H1b4, H1b6, H1b2° (Nya =1)  Pyal 0.923 (10) 1.023 (3)
K 1.394 (23) 1.272 (5)
d=Nya-Pya 0.077 (10) -0.023 (3)

H1b7, H1b8, H1b1? (Ny4( =1) Pual 0.992 (8) 1.012 (3)
K 1.28 (2) 1.268 (5)
q=Nya-Pya  0.008 (8) -0.012 (3)

“The Pval and k parameters of atoms in similar chemical environments were constrained to

be equal.

agreement with those obtained from the experiments (Fig. 4E, F)
(Table 4). It was possible to refine the k value of Cs (k =1.65) from the
theoretical data, which indicates a very strong contraction as
expected. Experimental data also show a strong Pb ionisation,
despite a smaller electronegativity difference with Br (1.09). The
theoretical data, however, show a weaker ionisation with a smaller
contraction. Further tests showed that refining the experimental data
with k of Pb being constrained to the value obtained from the theo-
retical data, a weaker Pb ionisation is refined (+ 0.64), which matches
its theoretical counterpart. In contrast to k of Cs, the x of Pb had a
notable impact on the refined parameters. This is attributed to the
lower ionisation of Pb in comparison to Cs and the effect of k to
accurately define the remaining population of electrons in Pb. The
ionisation of Br sites is slightly stronger in the experimental data
compared to the theoretical data. Despite the notable differences
between the experimental and theoretical charge density para-
meters, this result shows that it is possible to extract information
about atomic ionisation from experimental data that is at least in a
semiquantitative agreement with the DFT calculations. It should also
be noted that the parameters obtained by DFT cannot be taken as a
ground truth without reservation.

IAM refinement of LUAG

In LUAG the Lu atom is coordinated to 8 O atoms, and the Al atom is
in two distinct octahedral and tetragonal coordination states®. The
presence of a heavy atom (Z; Lu=71) and two distinct Al sites
represent an ideal case for testing the validity of kappa refinement on
inorganic compounds. Initial IAM refinement with a resolution of
(5iNB/N)max=1.3 A resulted in an MwR(all) of 5.91%, and switching
from isotropic to harmonic displacement parameters had a small
impact (MwRall=5.91% to 5.68%), consistent with an isotropic char-
acter of the displacements. The improvement gained from using the
wedge thickness model was comparable to CsPbBr; (MwRall =5.68% to
4.27%). As with Cs-Perovskite, attempts at thickness correction using
the tilt correction parameter did not improve the statistics, so the
refinements were carried out with the wedge thickness model and the
tilt correction parameter of 0.

Kappa refinement of LUAG and comparison with theoretical
calculations

Initial kappa refinements were unstable due to the k value of Lu being
refined to unreasonably large values, with the indication of notable
ionisation. Since it was challenging to refine the k value of Lu in a stable
manner, the k was scanned in the range from 1 to 2 with a step size of
0.05, which covers the range of expected values. At each step, the
value of Lu was constrained, and all other parameters were refined. The
evolution of the weighted R-factors calculated for high- and low-
resolution reflections is given in Supplementary Fig. 4. The separation
point of (sin6/A)max Of 0.22 A was chosen as the estimated limit of
charge sensitivity by comparing the electron scattering factors of
charged and neutral atoms. It can be seen that the high-resolution
reflections are insensitive to the variation, while R-factors of the low-
resolution reflections go down steadily until reaching a plateau at the
value of Lu = 1.75. In this range, the P, of Lu varies from 1.48 to 0.69 as
k increases (Supplementary Fig. 5). Given that the two Al positions
show comparable but weaker ionisation compared to Lu, along with x
values close to 1.1, a k(Lu) value of 1.30 was chosen to correspond to a
stronger ionisation and contraction of the electron density, taking into
account the larger difference in electronegativity between Lu-O com-
pared to Al-O. The charge density parameters obtained after the
refinement with k(Lu) fixed to 1.3 are given in Table 5. Similarly to the
Cs-perovskite, there was only a small improvement in the difference
Fourier map (Fig. 5A, B) and the R-factors after the kappa refinement.
Lu, which is in an 8-fold coordination state with O with a high elec-
tronegativity difference (2.17), shows strong ionisation. The Al sites
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Fig. 3 | Evaluation of quality of refinements for borane. Structure model of the
compound after IAM refinement (A) where green boxes indicate non-positive

definite displacement parameters of the boron atoms, which gets better after the
kappa refinement (B). The 3D difference Fourier map after IAM refinement (C), and
after kappa refinement (D) is plotted at the same isosurface value (0.15 e A™). Static

deformation maps of the molecule after the refinement of experimental structure
factors (E) and theoretical structure factors from Crystal23 (F) plotted at the same
isosurface value (0.045 e A). Positive and negative isosurfaces are plotted in yel-
low and blue, respectively.

show a less strong but notable ionisation, per a relatively high Al-O
electronegativity difference (1.83). Furthermore, Al2, which is in octa-
hedral coordination, shows a stronger ionisation compared to All in
tetrahedral coordination (Fig. 5C, D), which is expected because of the
larger distance from the oxygen atoms in the octahedral coordination.
Kappa refinement was also performed on theoretical electron struc-
ture factors obtained using linearised augmented plane wave method
(LAPW) with GGA functional as implemented in the WIEN2k pro-
gramme package, and the maps and charge parameters obtained are
given in Fig. SE, F and Table 5 respectively. Both the maps and the

charge parameters show good agreement with the experiment. It was
possible to refine x(Lu) from the theoretical data to a value of 1.336,
which is in good agreement with the value constrained for the
experimental data. A comparison of ionisation values shows a good
agreement, with the DFT showing slightly less strong ionisation over-
all. The only noticeable difference is seen for the k(Al2), which refined
to 1.245 compared to 1.030 obtained from the experimental data.
Given the strong ionisation observed for Al2 which is in an octahedral
coordination, it is possible that the contraction was underestimated
for the experimental data.
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Table 4 | Refinement statistics and refined charge density
parameters against experimental and theoretical data for
Cs-perovskite

Sample Experiment Theory
Caesium lead bromide (CsPbBr3)
Method/Programme - Continuous WIEN2k
Rotation
Resolution sinB/A (A-1) - 1.0 1.0
IAM Refinement
RSg(max), DSg(max) - 0.66, 0.0015
No. of reflections (Nobs/Nall) - 2709/16345 3271/3366
No. of reflections after sym- - 1086/3314 3271/3366
metry averaging
(MNobs/MNall)
No. of parameters - 87 1
Robs/MRobs - 5.48/4.64 0.23/0.23
Rall/MRall - 16.10/9.00 0.24/0.24
wRall/MwRall - 6.79/4.90 17197
GoFobs/GoFall - 1.45/0.70 9.59/9.45
Kappa Refinement
RSg(max), DSg(max) - 0.66, 0.0015 0.7, 0.0015
No. of reflections (Nobs/Nall) - 2709/16345 3271/3366
No. of reflections after sym- - 1086/3314 3271/3366
metry averaging
(MNobs/MNall)
No. of parameters - 94 9
Robs/MRobs - 5.40/4.57 0.08/0.08
Rall/MRall - 16.03/8.92 0.09/0.09
wRall/MwRall - 6.58/4.61 0.12/0.12
GoFobs/GoFall - 1.39/0.68 1.01/1.00
Number of electrons in the - 242 242
structural unit
The sum of valence electrons - 26 26
fixed in the refinement
Charge density parameters
Atom labels
Cs (Nyar =1) Pyat 0.163 (75) 0.220 (4)
K 1.2 1.647(17)
a=Nyal 0.837 (75) 0.780 (4)
- Pyal
Pb (Nyat = 4) Pual 2584 (69) 3.243(4)
K 1.290 (28) 1.084 (1)
g=Nyal 1.416 (69) 0.757 (4)
- Pyal
Br1 (Nya(=7) Pual 7.750 (44) 7.512 (3)
K 0.941(4) 0.976 (3)
q=Nyal -0.750 (44) -0.512 (3)
- Pual
Br2 (Nya=7) Pual 7.753 (54) 7.512 (3)
K 0.938(6) 0.976 (3)
q=Nyal -0.753 (54) -0.512 (3)
- Pyal

“The k parameter was fixed for the refinement

Discussion

The current work focused on the kappa refinement strategy to model
3D ED data. The refinement strategy improves on the conventional
dynamical structure refinements and extracts information about
charge transfer between the atoms. We studied the scope of the
refinements on five known inorganic materials with different structural
motifs collected by 3D ED. Among the studied compounds, borane

exhibited the largest improvement of the structure model after the
kappa refinement (Table 3 and Fig. 3A, B) because of the strong
influence of the valence electrons in the structure model and the quasi-
aromatic behaviour of borane. In contrast, for structures with heavy
elements, like Cs-perovskite and LUAG, the expected improvement in
the figures of merit and the quality of the structure model is minimal
because the large shielding effect from the core electrons in these
atoms reduces the effect of valence electrons on the total atomic
density.

Charge density studies give insight into atomic interactions in
organic and inorganic materials. These studies can be extended to a
wide variety of applications, studying macromolecular systems, pro-
teins, magnetic molecular compounds, porous materials, etc'. Elec-
trons are scattered by both negatively charged electron cloud and
positively charged nucleus, whereas X-ray is scattered only by the
negatively charged electron cloud®’. The strong interaction of elec-
trons with matter in comparison to X-rays enables users to analyse very
small crystals of the size of a few nanometres'. Our results show that
the kappa refinement (and, by extension, other models of charge
density redistribution) may be an important part of the refinement
procedure for structures with light atoms, even in cases where the
actual charge density information is not explicitly needed. The results
from kappa refinements against X-ray data from natrolite (Supple-
mentary Table 5) and borane (Supplementary Table 6) show difficulties
in refining the H atom with improbable values for the kappa parameter.
Meanwhile, charge density studies on heavy atoms are rare and diffi-
cult, but the higher sensitivity of electrons to the bonding effects than
X-rays®® allows us to study the finer details of the electron densities
even in these cases, where X-ray data is extremely difficult or impos-
sible. The usefulness of the kappa model against 3D ED data can also be
gauged by the improved atomic displacement parameters and the
distances of the hydrogen atoms, as shown in the case of natrolite and
borane.

The results of the kappa refinement were validated qualitatively
by comparing the refined values to the general trends expected from
the basic chemical considerations. Inspection of Tables 1-5 shows that
all atoms with expected positive ionisation (cations) exhibited a
decrease in the valence shell population, while anions (O, Br) had,
without exception, an increase in the valence shell population.
Hydrogen atoms were positively ionised when bonded to oxygen, but
almost neutral when bonded to boron. Thus, the results of the kappa
refinement show a remarkable qualitative agreement with the expec-
ted behaviour. Note that this chemical information is not forced on the
structure model in any way, and these are genuinely independent
experimental observations.

In light of the shortcomings of X-ray diffraction, an objective
quantitative evaluation with X-ray data as the reference cannot be
made, especially since the charge density parameters of hydrogen
atoms were unreliable. Quantitative evaluation was thus performed by
comparison of the k and P, parameters refined against noise-free,
simulated data from electron densities calculated by DFT approaches
using two different ab initio methods (implemented in Crystal23 and
WIEN2K). Interestingly, where both programmes were used, the dif-
ference between them was of a similar magnitude to the difference
between the experimental and DFT parameters. In general, the
agreement between the experimental parameters and the DFT-derived
ones was good, with an average absolute error between the experi-
mental charges and the DFT-derived ones for light atoms and heavy
atoms (excluding Pb) being less than 0.1 and 0.2 electrons, respec-
tively. The worst disagreement was obtained for the ionisation of Pb,
with the difference of 0.66(7) electrons, i.e., 9.40. Pb is the heaviest
atom in our study, and the disagreement with the DFT may indicate
that we hit the limits of the achievable accuracy with the present data.
Difficulties were also encountered when modelling the diffuse s elec-
trons in the valence shell of atoms Na, Cs, and Lu. Refining their precise
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Fig. 4 | Evaluation of quality of refinements for Cs-perovskite. 3D difference theoretical structure factors from WIEN2k (E, F) with the contour level 0.01 e A3,
Fourier map of the molecule after IAM refinement (A), and after kappa refinement  The positive and negative electron density is contoured with full lines and dashed
(B) plotted at the same isosurface value (0.33 e A™). The positive and negative lines, respectively. Letters X, y and z denote the fractional coordinates in the

isosurfaces are plotted in yellow and blue, respectively. 2D Static deformation maps  sections.
were obtained after the refinement of experimental structure factors (C, D), and
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Table 5 | Refinement statistics and refined charge density
parameters against experimental and theoretical data
for LUAG

Sample Experiment Theory

Lutetium Aluminium Garnet (LuzAlsO1y)

Method/Programme - Continuous WIEN2k

Rotation

Resolution sinB/A (A™) - 1.3 1.0

IAM Refinement

RSg(max), DSg(max) - 0.66, 0.0015

No. of reflections (Nobs/Nall) - 7493/21544 434/599

No. of reflections after sym- - 1016/1302 434/599

metry averaging

(MNobs/MNall)

No. of parameters - 66 1

Robs/MRobs - 7.25/4.42 1.05/1.05

Rall/MRall - 11.94/5.16 1.13/1.13

wRall/MwRall - 8.20/4.87 3.90/3.90

GoFobs/GoFall - 1.73/1.14 1.30/1.18

Kappa Refinement

RSg(max), DSg(max) - 0.66, 0.0015 0.7, 0.0015

No. of reflections (Nobs/Nall) - 7493/21544 434/599

No. of reflections after sym- - 1016/1302 434/599

metry averaging

(MNobs/MNall)

No. of parameters - 73 9

Robs/MRobs - 7.15/4.27 0.72/0.73

Rall/MRall - 11.77/5.01 0.73/0.73

wRall/MwRall - 8.09/4.73 3.30/3.30

GoFobs/GoFall - 1.70/1.12 1.18/1.00

Number of electrons in the - 374 374

structural unit

The sum of valence electrons - 96 96

fixed in the refinement

Charge density parameters

Atom labels

Lu (Nya =3) Pyat 1136 (73) 1.302 (291)
K 1.3° 1.336(291)
a=Nyal 1.864 (73) 1.698 (291)
- Pyal

All (Nya = 3) Pual 1.660 (108) 1.732 (227)
K 1103 (34) 1.131 (70)
g=Nyal 1.340 (108) 1.268 (227)
- Pyal

A2 (Nyar=3) Pual 1.224 (288) 1.340 (344)
K 1.030 (93) 1.245 (146)
q=Nyal 1.776 (288) 1.660 (344)
- Pyal

O (Nys1=6) Pual 7.097 (80) 7.018 (165)
K 0.903(8) 0.933 (17)
q=Nyal -1.097 (80) -1.018 (165)
- Pyal

“The k parameter was fixed for the refinement

population and contraction parameters is difficult, as their contribu-
tion to the scattering factors lies in a few lower-order reflections*** 5,
This observation is not unique to the present work; examples in the
literature show that the k of these atoms often needs to be constrained
to unity® "2

The kappa refinement and other refinement strategies for
extracting charge density information do not explicitly define the

chemical charge of an atom. They give an insight into the redistribu-
tion of the population of electrons within the atomic electron density
and provide an estimation of the atomic ionisation. The other limita-
tion and an important requirement to perform these refinements is the
need for good quality data from good quality crystals with very few
crystal imperfections (single-phase, single-domain non-deformed
crystal with low mosaicity), high completeness (more than 85%), and
good resolution ((sinB/A)max of 0.75A™).

Although kappa refinement does not take into consideration the
aspherical part of the Hassens-Coppens multipolar model, the cap-
ability to extract reasonable charge density parameters and improve
the fit of the structure model while still assuming a simple spherical
approximation is beneficial for more accurate structure refinements.

The current work is the backbone of our ongoing efforts to
develop workflows for accurate structure refinements and charge
density analysis from 3D ED data.

Methods

Sample preparation

Quartz and borane samples were provided by the authors of ref. 50 and
ref. 54 respectively, in which the syntheses are mentioned. The
natrolite sample was of natural origin, found at Marianska Skala, Usti
nad Labem, Czech Republic. The quartz sample was transferred to the
Cu holey grid by gently pressing the grid against the nanocrystalline
powder, and the borane and natrolite samples were crushed in a
mortar before transferring to the TEM grid. The sample of Cs-
perovskite was synthesised as described in ref. 73. It was available as a
suspension in toluene with a concentration of 0.8 mg/ml. The mother
solution was diluted 20 times to achieve a reasonable concentration of
crystals for TEM analysis. The diluted solution was ultrasonicated for
15 mins. A drop was then introduced onto a Cu holey carbon TEM grid,
and the toluene was removed by evaporation. LUAG samples were
obtained as a pellet with the synthesis technique described in ref. 74.
The pellet was cut with scissors and crushed very gently to obtain a
nanocrystalline powder, which was then spread over a Cu holey carbon
TEM grid.

Data collection & processing
All electron diffraction measurements were performed on an FEI
Tecnai G2 20 (LaBé6 filament, 200 kV) microscope equipped with a
hybrid pixel detector (Medipix 3 ASI Cheetah). Samples were depos-
ited on Cu holey-carbon TEM grids. These were mounted on a single
tilt holder and inserted into the TEM sample stage. 3D ED data for
quartz was collected using the hybrid pixel detector in precession
mode, with the help of the Nanomegas DigiSTAR precession unit. Data
on samples borane, LUAG, and Cs-perovskite were collected using the
hybrid pixel detector in continuous rotation mode. Two datasets from
the natrolite sample were collected by hybrid pixel detector in pre-
cession and continuous rotation modes from the same crystal. The
microscope and the detector were piloted by in-house scripts within
the software iTEM. Crystal tracking during the tilting of the goni-
ometer was performed using the Fast-ADT routine'. Parameters rele-
vant to the data collection are given in Supplementary Table 1. Except
for quartz, the data were collected at low temperatures to reduce
thermal displacements, which could potentially correlate with the
distribution of the electron density. Adjustment of the beam intensity
also played a crucial role in the data quality. The irradiation has to be
sufficiently strong to record the weaker high-resolution reflections
reliably, but a too-strong irradiation leads to some strong low-
resolution reflection intensities saturating the dynamic range of the
detectors. Depending on how strongly each crystal diffracted, an
intermediate level of irradiation was chosen, and saturated reflections
detected by PETS2 were discarded.

Data acquisition was optimised to obtain datasets suitable for the
refinement of the charges. The crystal quality of individual particles
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was assessed by observing their diffraction contrast in TEM
image mode. Diffracting particles with well-defined morphology
(Supplementary Fig. 1) were checked under the TEM alpha-wobbler to
see whether the diffraction contrast evolves in a uniform manner,
which is an indicator of a single-phase, single-domain non-deformed
crystal.

PETS2 software was used for data reduction and processing. Data
from every crystal was processed separately. This included creating a
list of peak coordinates by peak-searching on raw diffraction images,
which is then used in the determination of the orientation matrix and
the lattice parameters of the unit cell. The optical distortions were then
refined*, and the frame orientations were optimised”. For kinematical
refinements, integrated intensities were obtained, and symmetry-
equivalent reflections were averaged. For dynamical refinement from
precession 3D ED data, the intensities were integrated frame-by-
frame’, while for the continuous rotation data, the data for the
refinement were generated using the concept of overlapping virtual
frames®.

IAM refinement

All structures presented in this study were solved and refined using the
JANA2020 software'®. For structure solutions, the charge-flipping
algorithm implemented in Superflip"” was used for all the compounds.
The validity of the structure solutions was confirmed by comparing
them to the previously solved structures. The structures were then
initially refined within the kinematical approximation. This was then
followed by dynamic refinements. These were performed using the in-
house developed Dyngo software integrated into JANA2020. For each
dataset, one scale factor per frame and one thickness parameter (¢,)
per dataset were refined in an initial refinement cycle with all other
parameters fixed, before letting all parameters refine in parallel. In
further refinement cycles, anisotropic displacement parameters and
thickness models were gradually introduced to increase the accuracy
of the models. The quality of the refinements was assessed by ana-
lysing the R-factors and the amplitude of features in the difference
electrostatic potential maps.

Handling of crystal thickness in dynamical refinement

Exact calculations for the diffracted intensities of a crystal with an
irregular shape are difficult. However, assuming the validity of the
column approximation, the need for the exact description of the
crystal shape can be reduced to the need to know the probability
distribution function of thickness across the crystal®*. A wedge, a
cylinder, or a lens are examples of some basic geometric shapes that
can be used to approximate the shape of the crystal and further sim-
plify the problem. For these shapes, the cumulative distribution
function corresponding to the thickness probability distribution
function can be obtained analytically**. A command thick model fol-
lowed by the name of the geometric shape can be passed to Dyngo
commands in the ‘Edit parameters for electron diffraction’ form in
JANA2020, and the calculations of dynamical diffraction intensities in
Dyngo then perform the calculations taking the selected model of the
crystal shape into account.

The second important problem is the issue of the changes in the
thickness with the crystal tilt. When the crystal is tilted in 3D ED, the
thickness along the incoming beam changes as a function of the tilt
angle. For an ideal, infinitely large plate with constant thickness and
oriented perpendicular to the beam at zero tilt, the thickness for a
given tilt angle 0 is given by “t(0) = t,/cos8”, where t, is the thickness at
6=0°. This is one extreme case. The other extreme case occurs when
the crystal is isometric, and its thickness distribution measured along
the beam does not change with the tilt. In this case, “t(6) = ¢,”. The real
situation is likely to be somewhere in between these two extreme
cases. An empirical correction can thus be introduced by mixing
the two extreme cases. Using an adjustable “tilt correction parameter”

C (0 < C<1). The thickness as a function of the tilt angle 0 is calculated
as

t0)=C

thJ +(1—-O)ty )

cosf

To use this model, the ‘Apply correction for crystal tilt’ option in
the ‘Edit parameters for electron diffraction’ form of JANA2020 needs
to be checked, and the command thickcorr followed by a value
between O and 1 is written in the text box ‘Dyngo commands’. For
example, the entire command defining the crystal shape model cylin-
der and tilt correction parameter of 0.25 that was used for the
refinements of quartz was thick model cylinder thickcorr 0.25.

It is very difficult to determine the real thickness of crystals from
TEM imaging. We estimated the crystal dimensions (Supplementary
Table 1) by studying the crystal images obtained at different tilt angles
during the data collection. It was difficult to estimate the thickness of
the borane crystal because it was not possible to calculate from the
crystal projections due to the size of the crystal and the presence of
other crystals nearby. The thickness obtained after the refinements is
the best available representation of the actual thickness of the crystal.

Kappa refinement

JANA2020 was used to perform the kappa refinements The Mott-Bethe
formula was used to convert the X-ray structure factors to electron
structure factors. The refinements used form factors from STO wave
functions implemented in JANA2020. For the kappa refinements, the
structures obtained from the IAM refinements were used as starting
models. As with the IAM refinements, the intensities were calculated
according to the theory of dynamical diffraction, and the refinements
were performed using the same settings as the IAM refinements. The
initial values of P, were taken as the number of valence electrons in
the neutral state, and all k values were initially set to unity.

Charge densities calculated with the kappa model were visualised
using static deformation maps. These maps are obtained by sub-
tracting the IAM model charge density from the one obtained from the
kappa model without the atomic displacement parameters, allowing
us to visualise the accumulation or depletion of the electron density.

DFT calculations and refinements

Periodic DFT calculations were performed on the structures of the
studied compounds by considering different functionals and wave-
functions (Supplementary Tables 7-11). DFT calculations for quartz,
natrolite, and borane were performed using Crystal23 software’, and
the wavefunction was obtained with B3LYP””® functional and pob-
TZVP” basis set. For quartz, natrolite, Cs-perovskite and LuAG, the
electron density and corresponding structure factors were also cal-
culated using WIEN2k software®® using linearised augmented plane
wave method (LAPW) with GGA functional. No optimisation of lattice
parameters or atomic positions was performed.

X-ray structure factors obtained from the theoretical electron
densities were converted into electron structure factors using the
Mott-Bethe formula®. The electron scattering factors were then
imported into JANA2020, and kinematical refinements were per-
formed against these data using both IAM and the kappa formalism. In
these refinements, all displacement parameters were constrained to O,
and the coordinates of the atoms were constrained to the values used
in the DFT calculation. Thus, only the scale factors and the charge
density parameters were refined.

Data availability

All data needed to evaluate the conclusions in the paper are present in
the paper and/or the Supplementary Materials. The data reduction and
processing files (PETS2 files), the dynamical refinement files
(JANA2020 files), the refinement files for theoretical structure factors
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(JANA2020 files), and the CIF files of all the compounds used in the
study are available at https://doi.org/10.5281/zenodo.13359514 a
repository hosted by Zenodo. Source data are provided in this paper.
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