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The maximum entropy method and charge flipping,

a powerful combination to visualize the true nature of structural
disorder from in situ X-ray powder diffraction data

A. Samy, R E. Dinnebier, S. van Smaalen! and M. Jansen

Introduction

Rietveld refinement is considered to recover the
maximum amount of information that is con-
tained in powder diffraction data. Nevertheless,
this amount is smaller than that contained in a
complete set of observed structure factor am-
plitudes. The correlations between the different
crystallographic parameters as well as the appli-
cation of constraints and restraints can often not
be avoided in Rietveld refinement. In case of an
ordered crystal structure, the refinement process
is able to reconstruct the phases of structure fac-
tors with reasonable accuracy even if the struc-
ture model is not perfect. However, if the crys-
tal is disordered, (except for simple cases) the
refinement process is not easy, typically requir-
ing the introduction of rigid bodies, constraints,
restraints and anharmonic ADPs to reach con-
vergence. In such cases the structural model ob-
tained from Rietveld refinement needs to be ver-
ified and improved. This can be achieved by
the Maximum Entropy Method (MEM), which
can be used as a complementary method for de-
riving the most probable electron density from
limited information by maximizing the entropy.
Recent progress in synchrotron powder X-ray
diffraction techniques, including third genera-
tion synchrotron sources, low-noise image plate
detectors (IP), new optical systems, and analyt-
ical methods enables the extraction of structure
factor amplitudes with high accuracy. These de-
velopments not only increase the success rate
of crystal structure determination from powder
diffraction data, but also (by determining the
charge density distribution using the MEM) al-
low for the investigation of advanced structural
features such as disorder, diffusion pathways in
ionic conductors, electron density due to chem-
ical bonds and nano-applications.
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However, the reconstruction of the accurate
electron density from the experimental data suf-
fers from model biasing effects in addition to
the artifacts caused by the incompleteness of
the data set. The MEM electron densities de-
pend on the lack of completeness of the under-
lying data set. Efforts have been undertaken to
overcome these limitations, by introducing al-
ternative weighting factors that force the dis-
tribution of the residuals of the final structure
factors towards the required Gaussian distribu-
tion. In particular for powder diffraction data,
heavily overlapping reflections (where only the
sum of the individual intensities of the overlap-
ping peaks is available) can be handled using
so called G-constraints, thus avoiding a model
bias due to the separation of the measured in-
tensity into contributions from the reflections
belonging to this overlap group. The combina-
tion of the MEM and Rietveld methods was in-
troduced in 1995 and is called the REMEDY-
cycle, after the name of the computer program.
In this method, the structure model is iteratively
improved by replacing the values of the cal-
culated structure factors (Feae) from Rietveld
refinement by the corresponding values of the
observed structure factors Fgps obtained from
MEM calculations.

Here we present a new combination of the
MEM and the method of charge flipping (CF).
Reflection phases from CF were introduced for
two purposes: Firstly, to improve the accu-
racy of the phases obtained from the Rietveld
method and secondly as a fast method to vi-
sualize the type of disorder independent of the
Rietveld model. This approach not only suc-
ceeded in revealing the basic features of the
crystal structure, but also fine details as the type
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of disorder (rotational and/or conformational
disorder), and the type of thermal vibrations. In
general, different types of structure factor am-
plitudes and phases imposing different types of
constraints were subjected to the MEM with the
aim of acquiring the least biased electron den-

sity.

Results and discussion

Six types of MEM-electron density maps have
been calculated for ordered 8-K>C>0j4, disor-
dered 0i-Rb>C704 and disordered a-Rb,CO5 so
as to visualize and understand the disorder in
the latter two compounds. The MEM ordered
densities vary in the amount of bias towards
the structure models, which affects the ampli-
tudes and phases of the structure factors. The
completely biased densities pMEM (Fig. 87) give

= : (calc) :
an indication of the amount of information that

can be extracted by the MEM from the data.
Comparison of pyi (Figs.88(al), (bl),(c1))
with the corresponding model densities shows
that the latter are much more structured than
the former, especially in the cases of the ox-
alates. This strongly suggests that the highly-
structured densities of the models actually are
artifacts. A smooth character is also found for
the MEM-densities based on the experimental
data (Figs. 88 and 89). Differences with p?’cﬁf}'
can be analyzed on the basis of difference den-
sities

Ap™ =™ — Plaaie) - (28)
where (I) stands for one of the six types
of maps: obs, obs+G. LeBail+G, obs+CF,
obs + CF + G and LeBail + CF+ G (Fig. 87).

Synchrotron X-ray powder diffraction data + cell parameters + space group

|
V! Charge flipping (CF) +
L with Extraction of the without histogram matching (HM) +
Ri NR'I%'d l}ody 1 - structure factors reconstruct the phases (¢°F),
letveld refinemen reference (Le Bail method) reference starting by cell parameters,
model model FLepag @nd random phases
) IIAM_
f i pro
Atomic Model) P FFT Inverse
—-—HY,Z and ADPs - Strong biased Fourigr mab of CF F
Analytical FFT by the model the results o‘; CF Fourier 4 Frosan
MEM phEM
Rietveld calo MEM . CF
9  Fale . Completely P (97, Fops) MEM
F-constraints . N CF g
biased Combination of Fconstraints ¢, Fobs
MEM+CF+Rietveld
MEM
' | Fconstraints | Partially biased PMEM (°F, Fope)
Combination of | g  MEM - -
VEM MEM MEM+CF+Rietveld | ~ (F+G)constraints ! obs
Rietveld P (A)
F+G i
m(n ml}r—“s Less biased
MEM , CF
MEM P () Frepan) KIEH
Ristveld MEM PLeBaita) Combination of
(F+G) Unbiased MEM+CF+LeBail |  (F+G)constraints L -°Bal
constraints by the model (B)

Figure 87: Flowchart, showing the procedure for extracting the different types of structure factors and
phases used to reconstruct the different types of electron density maps from powder diffraction data. The
procedures combining MEM and CF are framed by a dashed line.
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Figure 88: MEM-electron density maps for the crystal structures of ordered 8-K2C>0y4 in (a) and disor-
dered a-RbyC204, 0-RbyCO;3 in (b) and (c) respectively with different data subsets of Fgye (al,bl,cl),
Fops (22,b2.¢2), Fops + G-constraints (a3,b3.c3) and Fy .paj + G-constraints (a4.b4.c4). The iso-levels and the
values of volume and area of the special iso-surfaces are displayed.

Figure 88 presents comparative considerations
of the electron densities of the three compounds
with different data subsets as calculated above;
the enclosed volume and area of the iso-surfaces
are indicated in the maps. For each compound
all four maps have similar appearances. Nev-
ertheless differences are found between any
MEM density and the corresponding reference
MEM density based on F_,.. These differences
can be visualized by difference maps. Phases
from CF are combined with either the observed
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structure factors from Rietveld refinements or
the observed structure factors obtained by the
Le Bail procedure (Fig.87). The first conclu-
sion is that for all three compounds the main
features of the densities are also reproduced
by these two maps (Figs. 88 and 89). Turned
around, this implies that the completely model-
free approach of charge-flipping with LeBail-
fitting provides a reasonable to good description
of the crystal structure, including features due
to disorder.
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Figure 89: MEM-electron density maps for the crystal structures of ordered 8-K>C> 0y in (a) and disordered
0-RbyC;0y4. a-RbyCO4 in (b) and (c) respectively based on reflection phases from Charge Flipping with two
different types of amplitudes. (al), (b1), (c1) |Fregait|. and (a2), (b2), (c2) |Fops|.

The electron densities of ordered 8-K>C>Qy,
disordered o-RbC204, and o-Rb,CO3 have
successfully been reconstructed from X-ray
powder diffraction data by the maximum en-
tropy method (MEM). The MEM has been ap-
plied in a series of calculations ranging from
calculations completely biased by the model to
model-free calculations. The first observation is
that for each compound all MEM calculations
lead to similar densities, which give good rep-
resentations of the crystal structure including
disorder and anharmonic atomic displacements
(Figs. 88 and 89). In particular this implies that
crystal structures including positional and ori-
entational disorder of functional groups can be
determined from X-ray diffraction data without
the intervention of a structure model: Struc-
ture factor amplitudes are obtained by Le Bail
fits to the diffraction data and structure factor
phases are determined by charge flipping with
histogram matching.

The MEM employs phased structure factors as
input (F constraint), while part of the diffrac-

tion information can be available as sums of

intensities of groups of overlapping reflections
(G constraint) typically obtained from powder
diffraction. The MEM with F,, as ‘experimen-
tal data’ (structure factor phases from the model

and structure factor amplitudes by LeBail de-
composition biased by the model) leads to den-
sities that differ by the least amount from the
model. Stepwise replacing more of the mod-
els by experimental-based information leads to
increasing differences to the model densities.
Part of these differences will be due to inaccu-
rate values for amplitudes or phases of reflec-
tions or to intrinsic features of the MEM re-
lated to the use of the G constraint. However,
for another part these differences will reflect
anisotropic ADPs (ordered 8-K»C204) not used
in the model, and they indicate better represen-
tations of the disorder in a-Rb,C204 and o-
Rb,CO;5 by the MEM than is given by the mod-
els.

The most important result is that completely ab
initio electron-density distributions have been
obtained by the MEM applied to the combina-
tion of structure factor amplitudes from Le Bail
fits with phases from charge flipping. This new
combination of the MEM and the method of
charge flipping can thus be used for the deter-
mination of partially-ordered crystal structures
from powder diffraction data.
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