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Ice 1h and Hypothetical Square Ice

E H Lieb, Phys Rev 162 (1967) 162

Ice Ih average 
structure

An Ice Ih local 
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An Experimental Square Ice Graphene Sandwich
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Square Ice









Square Ice X-ray Diffraction



Square Ice X-ray Diffraction



Square Ice X-ray Diffraction



Square Ice and the Pair Distribution Function (PDF)
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D A Keen and A L Goodwin, Nature 521 (2015) 303



Total Scattering Formalism

Keen J Appl Cryst 34 172 (2001)

Reciprocal Space

Real Space

Fourier    Transform 



Central Facilities for Total Scattering

Rutherford Appleton Laboratory, UK

ISIS Spallation Neutron Source

Diamond X-ray Synchrotron



Why Use Central Facilities?

• Neutrons and x-rays ‘see’ things differently

• Data may be measured faster, to higher resolution and 
with greater precision

• Neutron PDF is still the ‘gold standard’!

• The resources are there...with more being built
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Data

Total Scattering, S(Q)

PDF, G(r)

Structural Model

Analysis of Total Scattering Data



RMC method

• Create a starting atomistic (supercell) model

• Calculate an agreement function

• Move an atom randomly and recalculate χ2

• Accept a move based on the change in χ2

• Repeat until convergence

• Critically analyse the resulting atomistic model



Perovskite structure

Megaw Nature 155 (1945) 484 



BaTiO3 structure and temperature

Rhombohedral Orthorhombic Tetragonal Cubic

Increasing Temperature

183K 278K 393K

Comes et al Acta Cryst A 26 (1970) 244 
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BaTiO3 structure and temperature

Rhombohedral Orthorhombic Tetragonal Cubic

Increasing Temperature

183K 278K 393K

Comes et al Acta Cryst A 26 (1970) 244 
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BaTiO3 structure and temperature

r (Å)

G
(r

)



Phase Transitions in BaTiO3 from Local Correlations

M Senn et al, Phys Rev Lett 116 (2016) 207602

Rhombohedral Orthorhombic Tetragonal Cubic



Perovskite Ferroelectrics

BaTiO3

Pb(ZrxTi1-x)O3 [PZT]

(Na½Bi½)1-xBaxTiO3 [NBT-BT]

(A, A´)(B, B´)O3

Increasing Chemical Complexity



The missing phase boundary in PZT

N Zhang et al Nature Comm. 5 (2014) 5231

Pb(ZrxTi1-x)O3 [PZT]



(Na½Bi½)TiO3

[NBT]

D S Keeble et al Adv. Funct. Mater. 23 (2013) 185

Lead-free piezoelectric Na0.5Bi0.5TiO3 [NBT]



Ti displacements
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D S Keeble et al Adv. Funct. Mater. 23 (2013) 185
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Rotation of polarisation vector in Na0.5Bi0.5TiO3 
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Na displacements
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D S Keeble et al Adv. Funct. Mater. 23 (2013) 185
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Rotation of polarisation vector in Na0.5Bi0.5TiO3 



Hidden order in spin-liquid Gd3Ga5O12

J A M Paddison et al Science 350 (2015) 179



Amorphous 

DMF loss 

Decomposi1on 

ZIF‐4  ZIF‐zni 

Neutron diffraction from ZIF-4

?

T D Bennett et al, Phys Rev Lett, 104 115503 (2010)
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RMC starting models

• ZIF-4 - ~2√2×4×2√2 supercell of Pbca 
(0.0618 atoms Å-3)

• ZIF-zni - 2×2×4 supercell of I41cd 
(0.0789 atoms Å-3)

• SiO2-based continuous random network

3 models, all with 512 Zn(Im)2 and ρ = 0.0693 atoms Å-3



RMC fits to amorphous-ZIF data

Neutron F(Q) Neutron PDF X-ray F(Q)

T D Bennett et al, Phys Rev Lett, 104 115503 (2010)



RMC Model of a-ZIF



• There is a huge variety of interesting materials out there with 
correlated disorder (e.g.): 

• Careful analysis of total scattering (PDF) is an important tool for 
understanding their complexity and is increasingly key to determining 
how correlated disorder impacts on function (e.g. CMR, NTE, 
amorphization).

Ices 
Thermoelectric PbTe
Perovskite ferroelectrics BTO, PZT, NBT
Disordered magnets
C60 

Molecular ferroelectrics
...even some proteins!

Conclusions

H2im+ in KFe(CN)6.H2im

“The Crystallography of Correlated Disorder” 
D A Keen & A L Goodwin, Nature 521 303 (2015)
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