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I just wondered how things were put together.

by Claude Shannon

American mathematician and
electronic engineer known as
"the father of information theory"

Information Entropy:
S=->"p np,
i

as a measure for the uncertainty
of information (data)

DEDICATED TO: EDWIN THOMPSON JAYNES
July 5, 1922 to April 30, 1998

Jaynes’ Entropy (1968)
i 7;

Innovation of the idea:
Prior information T




Application to Image Reconstruction
Maximum Entropy Method

Data

Silver, R.N.,Sivia,D.S. and Gull,J.E.:Phys.Rev.B41 2380-2389(1990)

The Dawn of
MaxEnt Application to
Charge Density Study




Electrostatic

MEM application to

Potential
crystallography Imaging
MEM: Virtual Lens for ‘l Structure Model Refinement ”
Diffraction Data Imaging
High Briliance T
Synchrotron Radiation X-ray
i Science, 298 (2002), 2358 Natu;e 436 (2005) 21.*8
Diffraction Data Gas Molecule Imaging Adsorbed in MOF
| Bonding Nature Visualization | H Charge Order Imaging ||

Metal Insulator
Angew. Chem. Int’l Ed. 43 (2004) 3670

Covalent Bonding lonic Bonding Charge Ordering Through M-I Transition of EDQ-TTF

2. MEM Charge Density by Diffraction Data

From Electron Density mapping

To Electrostatic Potential visualizing

Incident

X-ray Scattered

X-ray

To visualize precise charge density & electrostatic potential
1.Reliable Diffraction Data: absorption, extinction, etc. data correction free
2.Sophisticated Data Analysis Technique

Maximum Entropy Method(MEM), Multipole refinment, etc.




Basic Concept: MEM Analysis

The formalism of the constrained entropy is given

Si Si
by using the method of Lagrange undetermined ) )
multiplier in order to constrain the function C to be Si Si
unity while maximizing the entropy.
X-ray Data .
y ) Charge Density
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To maximize the entropy
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Extinction Free Precise Data . . q A
by Pendellsung Method MEM charge density formalism is obtained as

saka & Kato, ofr)= exp[ n(r)+ %%%{F@s (k)-F,, (k)lexp(- 2nik - I’)}

Acta Cryst. (1986) >
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The process of obtaining the MEM solution
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The iterative process of obtaining the MEM solution

charge density[e/ A 2]

After 10th iteration

02 04 06

08

Final results ( 775 iterations )

charge density[e/ AZ]

The Sketch of Electron Density

Fourier Coefficient Distribution

Covalent Bond Model

Amplitude of atomic scattering factor

Estimated Atomic Scattering Factors by MEM
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Imaging of Diffraction Data

A by the MEM
= y Bonding Nature
Prof 1 Sakata Imaging

Real Space Image
Reciprocal Space

X-Ray Imaging
o Processor
m Diffraction DataM\
Electron Density
Neutron W

Diffraction Data m

Nuclear Density

Electrostatic Potential Formalism based on MEM
Phys. Rev. B, 74 (2006)172105

Z 7 e—|G\2/qze—iGR' _ H Tanaka
¢ St

U(r) =47y a7 Fuen (G) 'Gr+22ﬁerfc('7lr_l_R )

Nuclear charge contribution term
Advantages Ewald’s Technique

» Parameter free (in practice)
» Direct method

L —

-0.2e/A~0.0¢e/A -0.9e/A~0.9¢/A PbTiO,
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Be Charge Density Study by Precise Single Crystal Data

Acta Cryst. (1954), B40, 165-179

Diffraction Study of the Electron Density Distribution in Beryllium Metal

By Finn Kress Larsen
Diepartment of Inorganic Chemisiry, Aarhus University, DK-8000 Aarhus C, Denmark

AaND Niers KrisTian Hamsen®

Hahn-Meitner-Institut fiir Kernforschung, Glienicker Strasse 100, D- 1000 Berlin 39,
Federal Republic of Germany
{Received 19 Jamuary 1983; accepred 21 Seprember 1983)

Fig. 3. The hexagonal-close-packed beryllium  stroctare. T
shaded area within the outlined unit cell is the {110) plane whi
goes throwgh the centers of the tetrahedral holes, marked T, ar
through the centers of the octabedral holes, marked O.

Fig. 10. X = y= N experimental valence map in the (110) plx
Contours are plotted ot 0015 ¢ A~ intervals. The walue a1 1
atomic position is 0.49 ¢ A", Units of numbers shawn on t
map are ¢ A%,




MEM Charge Density Study of Be

M.Takata, B.Iversen, F.Larsen, et al. Acta Cryst. (1994) A50 330

Problem: The Influence of the Data Completeness
Si MEM Charge Density by Takata & Sakata

e

Acta Cryst. (1996). AS2, 287-290

The Inl'lu!m al‘tht Compkmmni’ the Dal.a Set on the Charge Density Obtained with the

Method. A Ri

of the Electron-Density Distribution in Si

Masakl TAEATA AND MAROTO SAKATA
Department of Applied Physics, Nogeya University, Nageya 464-01, Japar
(Received 17 July 1995; accepted 30 October 1985}

Abstract

The charge densities derived with the maximum-entropy
micthod (MEM) may be influenced to some extent by the
completeness of the data set. In order 1o examine the
effects of the incompleteness, structure-factor data of Si
measared by the Pendefitoung method [Saka & Kato
qu Acta Crysi. A42, 469-478] were re-analysed by

the MEM. This data set is incomplete: it comlains all
spuoc group-allowed  reflections  with  sinffi=

86 A°1, and in addition 844 and 830 with sin#/i =
104A"", Results of 3 MEM analysis of the complete
subsset of data are compared with those from the full bul
incomplete set published previously [Sakata & Sato
(1990). Acta Cryst. Ad6, 263-270]. The smaller but
complete set was found to give a smooth charge-density
distribution that is consistent with previous theoretical
work. It is found that the sharp peak maximum a1 the
bond midpoint reponed previously is exaggemted awing
to the highest-order reflection 880, The completeness of
the data se1 appears to be one of the key factors for
obuuiring reliable charge densities with MEM. The
incompleteness of the data set may cause non-physical
fine featares of the MEM densaty distribution.

Therefore, the reliability of the data is very important and
will directly influence the results. Significant systematic
ermors in the observed data are expected 1o anificially
deform the resultant MEM density. They will always
tend to deteriorate the MEM map. Recently, Jauch
(1994) huas pointed out that MEM maps are susceptible 1o
exhibiting similar antifacts to those inherent in Fourier
inversion depending on data completeness, emor accu-
mulation at special pesitions ere, Consequently, it is very
imporiamt 1o reduce all kinds of systematic errors as
much as possible in order 1o construct an ‘accurate”
electron demsity from observed data with the MEM.
Recently, it has been claimed that mon-physical fine
features found in the MEM density are probably due 1o
the non-uriform residusl diswributions. of x° (Jauch &
Palmer, 1993). From the simulation using the model
«charge density of 3 hypothetical crystal, De Vries, Briels
& Feil (1994) have proposed a weighting scheme that
leads 1o more uniform residual distributions and gives a
smoother deasity. It is plausible that many factors may
influence the MEM charge densities. It is necessary 1o
sudy all these factors as much a5 possible before
reaching a full understanding of the meaning of the
MEM charge densities. In this paper, the influence of the




Data Incompleteness gave an artifact in MEM density.

Table 1. Observed, F . and calculated, Fypy, struchure
Sactars for the MEM results based on the incomplete and
complere data sers
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A way for reliable data measurement for MEM analysis
- SR Large Debye-Scherrer Camera -

. Rwp= 5.2%
Si NIST "5,
(A=0.4A, Exposure Time: 20min.)

T

Intensity (Arb. Unit)

BLO2B1@SPring-8

26(degree)
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Intensity (Arb. Unit)

Si(n1sT) Powder Diffraction Data

complete data set with no absorption correction
(A=0.4A, exposure time: 20min.)

Rwp=5.2%
R, =2.5%

26 (degree)

Si & Diamond MEM Charge Densities
Based on SR Powder Diffraction Data

(100K)

0.0~2.0 0.1[e/A3]step

11



Comparison with Theoretical Charge Density

Reliable data can give a meaningful precise charge density by MEM.

Si Valence Electron Density

MEM Charge Density First Principle Calculation
Wien 2000

The IP Camera Powder Method using High Energy SR

<+ Whole Powder Pattern can be collected simultaneously.

Rapid data collection

No need of incident X-ray beam monitoring
Same experimental conditions at each data point

<+ High Resolution Data
A=0.54~1.04 d=0.44~0.84 at 802 (26)

+ Insignificant 20 dependence of absorption effects
even for heavy materials
For example PbTiO; powder in 0.1¢ capillary

X-ray Energy |  p(mm?) Moo / Pogo (%)
MoKay(0.71A) 68.2 24.0
30KeV(0.41A) 17.2 1.7

u: Total linear absorption coefficient
Moo / Hogo - The ratio of the coefficient at 0° and 90°(26)

12



PbTiO; MEM Charge Densities
based on high energy powder data
A=0.41A : 30keV, Exposure Time : 60 min., d >0.47A Prof. Y.Kuroiwa

Y. Kuroiwa et al., Phys. Rev. Lett. 87 (2001) 217601

A way to estimate net charge of atoms

Extended Mulliken Scheme for MEM CD Analysis

Net charge of A atom
~AQ, = ZQI —Z, Za:Atomic Number

1A Qas
' _Overlap Population

Q) ZicaQ) Qg iep Qi)

Orbital Population

13



lonic Valence investigation from MEM charge Density

BaTiO, PbTiO, PbZro,
tetragonal cubic | tetragonal | cubic cubic
A:Pb,Ba| +1.9(3) +1.8(3) +1.1(3) +2.0(3) +1.2(4)
B:Ti,Zr | +1.9(4) +2.1(4) +2.4(4) +2.2(3) | +2.7(5)
O (1) -1.6(3) -1.3(3) -1.4(3) -1.4(3) -1.3(2)
0 (2) -1.1(3) -1.0(3)

High counting statistics data measurement for MEM

Overlaid Measurement Method

1000000
800000 |

600000
400000

200000

004

_

Prof. E.Nishibori

Higher Angle Data: D,

X-ray
(]
Sample

IP

With longer exposure

80000

Improvement of statistics 7
in higher angle range

60000
40000
20000 [ d

leMM“lMﬂMAﬂﬂmﬂw PYTOY IO SOOI 1

]

rO
or=

50 60 70

80

80 90
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MEM valence density by overlaid measurement

Withd >0.34 A E. Nishibori et al.,

Acta. Cryst. A (2007)

Diamond: 1.53~1.69eA3 Si: 0.55~0.59eA3
Theoretical charge density values at the bond midpoint

Yin M. T. And Cohen M. L., PRB26 (1982).
Van Camp P. E., et al., PRB34,(1986).,
Christensen N. E. et al., PRB36 (1987). , etc.

Single Crystal Diffraction Experiment
Large Cylindrical Imaging-Plate Camera @ BLO2B1/SPring-8

1/4 y-goniometer

- For
data completeness
X-ray close to 100%.
—

Single axis goniometer
- for cryostat and
special sample chamber
on phi-axis for in-situ observation

Large IP camera and are avertable for a great variety of experiments.

- High- and low-temperature experiment (* s ecification:

- Photo-excited crystal structure Dynamic range: < 106 counts
- H|gh pressure experiment Camera radius: 191.3 mm
etc Detector area: 683(W) x 350(H) mm
’ 26 coverage: -60.0 ~144.0°

15



Extremely high resolution in data collection

with high S/N ratio: DyMnO,data

0.2A 0.3A 0.5A

High resolution data measurement
is available for
a precise charge density study.

0.8A

DyMnO,
Crystal size (mm)
Cell parameter:

Space group
Wavelength:
Temperature:
20 max.:
Rmerge:

R factor:
GOF:

0.03x0.03x0.03
a=5.82250(10) A
b=7.3816(7) A

¢ =5.27400(10) A
V =226.67(2) A
Z=4

Pnma (#62)

0.3517 A (35.24 keV)

140 K
78.63°(0.27 A)
4.00%

3.13 % (25(1)<I)
1.125

Total measurement time: 6.5 hours

MEM Charge
Density of Li@Cg,

Two Dimensional Head & Tail Layered Structure of

Chemical & Engineering News 88 (2010) 38-39.

[Li@Cg,] & (ShCl,)

16



Ultimate Single Crystal Structural Analysis

from 500 nm BaTiO; single grain powder sample

(Beam size 3.2y, x 2.8, um) Structure Analysis

Wi =225°%, Aw=0.5°, 26=30°, .
Exposure time 5sec/1 image by Direct Method

Rint 0.0771(4350ref)
R, 0.0436(2356ref)
26, 65.6°

450 images are superimposed Completeness 0.925

3. Charge Density Refinement by MEM
MEM/Rietveld Analysis Application to MOF Chemistry

To see mechanism of gas adsorption
in nano space

O, in CPL-1 C,H, in CPL-1

Science 298 (2002) 2358 Nature 436 (2005) 238

17



Gas Adsorption in MOF  [Cuy(pzdc),(pyz)], : CPL-1

~
N . H20 N\\—I,N =
+ S pyz =
S.Kitagawa cu?t + [N/ o T _/ I L= Ny
ONa Pyrazine
Naypzde [Cu(pzdc)], [Cuy(pzdc)a(py2)],
Cu,(pzdc),
sheet CH,
0,
H C N 0 Cu
Gas import system for Powder Diffractometry
Imaging Plate Gonio head
G Slit Capillary
~
X-ray
A=0.8 A\ Gas import tube
lon chamber }
Shutter / e Pressure gauge
CoIIimator/
Cold
head \ /

He leak
detector

Sary

N, gas flow nozzle
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Powder diffraction patterns of [Cu,(pzdc),(pyz)],
with Oxygen gas adsorption

Pressure of O, gas is 600Torr

Structure Model Refinement
by MEM/Rietveld Analysis

19



MEM/Rietveld Analysis

1%t Rietveld fitting based on the initial model
[Cu,(pzdc),(pyz)],, (90K)

Ryp=185% R,=54.2%

20



Model Refinement in MEM/Rietveld Analysis

Model without O, molec
'Ry =18.5%, R, =54.2%,

- 05000

Model with O, molecul&
Ryp =2.1%, R, =4.0%,

= 20000

Rietveld fitting based on the final model
[Cu,(pzdc),(pyz)],-O, (90K)

P21/c, Monoclinic:
a=4.68759(4)A, b=20.4373(2) A, c=10.9484(1) A, p=96.9479(6)°

21



Final MEM Charge Density of CPL-1 & CPL-1/0, Q

First Visualization of One Dimensional Array
of Physisorbed O, Molecules in MOF

Prof. Y.Kubota
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MEM Charge Density of C,H, in CPL-1

First Visualization of One Dimensional Array
of Chemisorbed O, Molecules in MOF

Nature vol.436 (2005) 238

3. g = 5
HigE-'Density Compression!!

200 times higher compression
of the lower explosive limit:2 atom. @ R.T.

Refinement by Omit-Difference MEM Mapping Method

Prof. E.Nishibori
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Refinement by Omit-Difference MEM Mapping Method

- The reliability factor
R, =17.9% = 9.6 %
- The number of water molecules
151 = 203 + 0.6 Cl ion
- The number of disordered residues
0=9
- H atoms
93.9 % of total H atoms were found.

Eiji Nishibori, et al., Acta Cryst. D.(2008)

4. Nuclear Density Study by MEM

1 Appl. Cryst. (1993), 26, 159- 165
Maximum-Entropy-Method Analysis of Neutron Diffraction Data

Fundamental Equation of Neutron Diffraction BY MAKOTO SAKATA, TATSUYA UNO AND MASAKI TAKATA

to treat negative Scattering |ength Depariment of Applied Physics. Nagoye Universiry, Nagoya, Japan
AND CHEISTORMER J, Howarn
Australian Nuciear Science & Technology Organisation, Lucas Neights, NSW 2234, Australia

I } (Received 13 July 1992. accepied 9 October 1997)
Ti nuclear density O nuclear density
Information Entropy Equation of Nuclear Density <ny | ialstate <ng> || MRt state
based on Neutron Diffraction =
1 Ist iteration l
(X F P N . 25 |
S(p)=5.+85_=|-F prlog X | + -3 pylog L4 |
\ = ) e 7y l------'\-——l |_,f\ f'\_I
1 converged l
Two MEM equations for Nuclear Density i a | |

. |

8 | || -!:
- il

MEM Solution

Fig. 1. Third approach: schematic illustration of the lterative procedure
used to solve the two MEM equations.
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MEM Nuclear Density of TiO,

(a)

Ti: negative scattering length

Fig. 1. The rutile structure and the principal axes representing atomic
displacements for the Ti and O atoms.

1A
(b)

Fig. 2. The MEM nuclear density maps of rutile analysed with
128 x 128 x 128 pixels. (a) and (b) are (110) and (002) planes,
respectively. The contour lines are on a logarithmic scale at 0.01 x 5"
(n=0,1,..8) (NA™%).

Complementary Information of Bonding Nature
in Nuclear Density

~

Be Nuclear Density Be Charge Density

Squarish deformation
due to
4t order anharmonicity

Triangular deformation

due to
k 31 order anharmonicity /

25



5- Appl ication Orbital Order Model

Direct Observation of
Orbital & Charge Order in Manganite
by MEM/Rietveld Method

M.Takata et al. JPSJ Lett. 68(1999)2190

Finding Variety of Orbital/Charge Order
in Manganite

Dr. K.Kato Prof. Y.Moritomo

Charge Order visualized in MEM Electrostatic Potential

18K 300K

Electrostatic potential on 0.8 e/A3 iso-surface K. Kato et al., Phys. Rev. B 77, 081101(R) (2008).
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Nuclear Density of KDP (KH,PO,)

investigation of hydrogen bond

10K

Paraelectric Phase Feroelectric Phase

2 (n=234...) X108 cm/A3

MEM can just visualize

the information included in data.

Poor MEM Susie
Counting Statistics Based on (b)

Better MEM Susie
Counting Statistics Based on (d)
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