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Local vs Average
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Total scattering
F(Q) = Bragg + Diffuse scattering
        = long-range + short-range order
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Pair distribution function

r (Å)
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Rosalind Franklin and Total Scattering

R E Franklin, 
Acta Cryst 3 107 (1950)
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PDFgui
(r-space Reitveld)

RMCProfile
(Reverse Monte Carlo)

Big box vs small box models
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Disordered materials

Simple  
crystals Amorphisation 

Disordered  
crystals

Amorphous 

RMCProfile 
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The RMC Method
Reverse Monte Carlo Simulation:

a new technique for the determination of disordered 
structures

McGreevy R L and Pusztai L, Molecular Simulation 1(1988) 359 
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The Reverse Monte Carlo algorithm

Generate initial configuration

Move a randomly selected atom a 
random distance

Compute new experimental functions 
and compare with data

Only reject change if comparison is 
worse and with some probability

➥

➥

➥
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RMC in action: C60

Cliffe M J et al
 PRL 104 (2010) 1255013
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RMC in action: C60

Cliffe M J et al, PRL 104 (2010) 
1255013
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RMC in action
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RMCA
J. Phys.: Condens. Matter 2 (1990) 2773-2786. Printed in the UK 

Structural disorder in AgBr on the approach to melting 

D A Keen?, W Hayes and R L McGreevy 
Clarendon Laboratory, Parks Road, Oxford OX1 3PU, UK 

Received 20 October 1989 

Abstract. The powder neutron diffraction pattern of AgBr has been measured at nine 
temperatures between 293 K and 703 K (melting point T, = 701 K). The structure factors 
have been analysed using the reverse Monte Carlo modelling technique to produce three- 
dimensional distributions of ions which show the thermally induced structural disorder 
in AgBr. Anisotropic mean squared displacements about lattice sites and occupancy of 
interstitial ( a ,  a ,  f )  sites by Ag' ions have been calculated for each temperature, giving a 
quantitative description of the development of the structural disorder associated with pre- 
melting. 

1. Introduction 

The well known fast ion conductor AgI shows a large increase in ionic conductivity at 
T, = 420 K associated with a first order phase transition. The structure changes from the 
low-temperature /3 phase (wurtzite) to the a phase, the latter having a body centred 
cubic arrangement of I-  ions and a liquid-like distribution of Ag+ ions. The ionic 
conductivity increases by four orders of magnitude at T, to cr = 1.3 SZ-' cm-' and there- 
after there is a slow increase with increasing temperature, reaching cr = 2.6 SZ-' cm-' at 
the melting point ( T ,  = 825 K). Above T,, cr actually decreases slightly (Borjesson and 
Torell 1987, Boyce and Huberman 1979). 

The high temperature behaviour of both AgBr and AgCl is different from that of 
AgI. They retain a face-centred cubic (rocksalt) structure until melting ( T ,  = 701 K for 
AgBr and 728 K for AgCl), and the ionic conductivity shows a gradual increase with 
increasing temperature, attaining a value in AgBr of cr = 1 S2-l cm-' just below T,  
(Aboagye and Friauf 1975). Transport and thermal expansion measurements show the 
predominant thermally induced defect to be the cation Frenkel interstitial (Lawn 1963) 
although there is some evidence for anion Schottky defects (Batra and Slifkin 1976). It 
has been suggested that AgBr and AgCl have characteristics closer to those exhibited 
by the fluorite fast ion conductors than by AgI (Mellander and Lazarus 1984); fluorites 
are moderate Frenkel-type ionic conductors at low temperatures and become fast-ion 
conductors above a diffuse phase transition a few hundred degrees below melting (Hayes 
1978). In both AgBr and AgCl the ionic conductivity increases faster with increasing 
temperature 10Oo-15O0 below T,  than would be expected on the basis of a temperature- 
independent Frenkel energy (Devlin and Corish 1987). Andreoni and Tosi (1983) 

Present address: Neutron Science Division, Rutherford Appleton Laboratory, Chilton, Didcot, Oxford- 
shire OX11 OQX, UK. 
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Figure I. Structure factors of molten AgBr at 703 K and of AgBr powder at 699,698,697, 
689,684,669,490 and 293 K: each successive temperature has been offset vertically by 0.3. 
The (111) and (113) Bragg peaks are the first and fourth with increasing Q. 

only a few Bragg peaks evident. The strongly Q dependent Bragg peak intensities suggest 
large thermal vibrations about lattice sites. For Bragg peaks where h,  k ,  1 are all odd, 
the rocksalt structure factor contains antiphase contributions from the cation and anion. 
The increase in intensity with increasing temperature of the (111) and (113) Bragg peaks 
therefore suggests that the ionic distributions about cation and anion lattice sites are 
changing relative to each other as the temperature is raised. Bragg peaks with h ,  k ,  1 all 
even (in phase contributions) decrease in intensity as temperature increases. 

The basic RMC modelling technique (McGreevy and Pusztai 1988) and its adaptation 
for analysis of powder spectra from disordered crystalline solids (Keen et aZl990) have 
been described elsewhere. It is a standard Metropolis Monte Carlo method (Metropolis 

Ag ions Br ions 2779 
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Figure 3. Density of Ag+ and Br- ions in the cubic unit cell projected onto the (100) plane. 
T = ( a )  490, ( b )  669, (c) 689 and (d )  699 K. 
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Fitting the Bragg data
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Fitting the Bragg data
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0" 1" 2" 3" 4" 5" 6" 7" 8" 9" 10"

Fitting the Bragg data

Q(Å-1)

F(Q)

Supercell : 3 x 3 x 3
No. of atoms : ~400

(Box Length)/2 :  ~9 Å 
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0" 1" 2" 3" 4" 5" 6" 7" 8" 9" 10"

Fitting the Bragg data

Q(Å-1)

F(Q)

Supercell : 6 x 6 x 6
No. of atoms : ~3000

(Box Length)/2 :  ~18 Å 
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0" 1" 2" 3" 4" 5" 6" 7" 8" 9" 10"

Fitting the Bragg data

Q(Å-1)

F(Q)

Supercell : 12 x 12 x 12
No. of atoms : ~24000

(Box Length)/2 :  ~35 Å 
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0" 1" 2" 3" 4" 5" 6" 7" 8" 9" 10"

Fitting the Bragg data

Q(Å-1)

F(Q)

Supercell : 24 x 24 x 24
No. of atoms : ~190000

(Box Length)/2 :  ~70 Å 
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Fitting the Bragg data
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F(Q)

RMCProfile: Fits

Data
RMC
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RMCProfile
(Reverse Monte Carlo)

Big box models



BVS
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Bragg
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M G Tucker et al, J. Phys.: 
Condens. Matter 19, 335218 
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Total scattering in action: 
γ-Ga2O3

Playford, H. Y.; Hannon, A. C.; Tucker, M. G., Dawson, D. M.; Ashbrook, S. E.; 
Kastiban, R. J.; Sloan, J.; Walton, R. I. J. Phys. Chem. C 2014, 118, 16188

Playford, H. Y.; Hannon, A. C.; Barney, E. R.; 
Walton, R. I. Chem. Eur. J. 2013, 19, 2803



1. Total scattering in action: γ-Ga2O3

Average structure of γ-Ga2O3

a = 8.23760(9) Å 
Rwp = 1.36%

- Potential photocatalyst and 
catalyst support 

- Poorly understood 

- Cubic spinel-type structure 

- Rietveld refinement reveals four 
partially occupied Ga sites 

- Nanocrystalline

Solvothermal 
synthesis

Ga + 
HN(CH2CH2OH)2
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Small box modelling of γ-Ga2O3 (PDFgui)

- Small-box modelling of the PDF 

- Medium-to-high r agrees well with 
average crystal structure 

- Large discrepancies in local 
structure 

- Improved fit when lower 
symmetry model is used, but it is 
a purely local effect
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Big box modelling of γ-Ga2O3 (RMCProfile)
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Big box modelling of γ-Ga2O3 (RMCProfile)

Random starting model: 
Ga-Ga < 1Å
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Big box modelling of γ-Ga2O3 (RMCProfile)

Random starting model: 
Ga-Ga < 1Å

Handmade 2x2x2 cell with 
reasonable distances: 

supercell with artificial 
superstructure

Green = octahedral Ga 
Blue = tetrahedral Ga
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Big box modelling of γ-Ga2O3 (RMCProfile)

Random starting model: 
Ga-Ga < 1Å

Handmade 2x2x2 cell with 
reasonable distances: 

supercell with artificial 
superstructure

Re-randomised supercell 
using atom swapping & fit 

to Bragg pattern

Physically and chemically 
sound starting model(s) for 

full RMC refinement
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Big box modelling of γ-Ga2O3 (RMCProfile)

RMC refinement using 6x6x6 supercell 
- vastly improved fit to local structure  
- maintains correct average

Collapsed RMC box Unit cell
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Big box modelling of γ-Ga2O3 (RMCProfile)

1.6 1.8 2.0 2.2 2.4

0.0

0.4

0.8

1.2

1.6

1.6 1.8 2.0 2.2 2.4

0

2

4

6

8

10

G
(r

)

r / Å

 Ga8a-O
 Ga16d-O
 Ga48f-O
 Ga16c-O
 Sum
 Data

G
(r

)

r / Å

 Ga8a-O
 Ga16d-O
 Ga48f-O
 Ga16c-O

Weighted  Ga-O partials

Non-weighted Ga-O partials

RMC provides bond length and 
angle distributions: 

- the Oh sites are highly 
distorted
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Big box modelling of γ-Ga2O3 (RMCProfile)
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RMC provides bond length and 
angle distributions: 

- the Oh sites are highly 
distorted 

- the crystal structure defines 
two very different Td sites 

- but locally these sites are 
very similar
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Big box modelling of γ-Ga2O3 (RMCProfile)
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- the crystal structure defines 
two very different Td sites 

- but locally these sites are 
very similar 

- these distributions are the 
sum of 200 refined “boxes of 
atoms”
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[4+2] [3+3]

Big box modelling of γ-Ga2O3 (RMCProfile)

The data clearly show the octahedra are distorted, but what do they actually look like? 
- multiple RMC runs provide ensemble of >700,000 polyhedra to analyse! 
- 50% all 6 bonds shorter than the mean bond length 
- 40% [3+3] type 

Thermodynamically stable β-Ga2O3 has [3+3] type…

Locally, cubic γ-Ga2O3 = monoclinic β-
Ga2O3
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2. “Secrets” of success
Crystallography 
- average structure 

(symmetry, lattice 
parameter) 

- instrument resolution

Full structural 
description



2. “Secrets” of success
Crystallography 
- average structure 

(symmetry, lattice 
parameter) 

- instrument resolution

Small-box modelling 
- confirmation of mid-

range structure 
- discrepancies in local 

structure
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2. “Secrets” of success

Full structural 
description

Crystallography 
- average structure 

(symmetry, lattice 
parameter) 

- instrument resolution

Small-box modelling 
- confirmation of mid-

range structure 
- discrepancies in local 

structure

Big-box modelling 
- refinement of multiple datasets 
- chemically sensible restraints 
- explicit atoms and vacancies 
- distributions 
- one coherent model
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RMCProfile Review

Annual Review Material Research, 2014, 44:429–49



for Y3+ and Zr4+ coordinating six to eight O atoms, respec-
tively (Shannon, 1976). Furthermore, the final fit to F(Q),
shown in Fig. 3(c), shows excellent agreement between the
experimental data and the calculated profile. The resulting
bond valences calculated for Y3+ and Zr4+ are strongly influ-
enced by the BVS constraint (see Fig. 4), with the average
values being 3.777 and 3.145, respectively, improving to 3.172
and 3.731, respectively, when the BVS constraint is added.

The BVS constraint is also well suited to constrain the
locations of atoms that do not form part of any structural
polyhedra, such as the K+ cations which are situated in large
framework cages within KTiOPO4. A Rietveld refinement

places the two crystallographically independent K+ cations in
positions with bond valences of 1.252 and 1.125, respectively,
the eight-coordinated K1 atom having K—O bonds between
2.7187 (14) and 3.0425 (18) Å, and the nine-coordinated K2
atom possessing K—O bonds ranging from 2.6876 (16) to
3.141 (2) Å. RMC simulations of KTiOPO4 without the use of
the BVS constraint result in an unrealistically large number of
very short K—O bonds (see Fig. 5a, dashed line), and also a
considerable number of K+ cations with a bond valence value
well above that expected (see Fig. 5b, dashed line). Adding the
BVS constraint to the RMC simulation results in a signifi-
cantly improved structural model with fewer short K—O
bonds and calculated bond valences that are closer to the
expected value (see Figs. 5a and 5b, solid lines). The overall
average bond valence for the K+ cations is decreased from
1.252 to 1.113. The quality of the F(Q) fit for the RMC
simulation of KTiOPO4 using the BVS constraint is shown in
Fig. 5(c).

6. Conclusions

The advantages offered by the newly implemented BVS
constraint for the RMCProfile program in reducing the
unrealistic physical damage within the structural model and
providing additional chemical information to differentiate
between cation species that share the same crystallographic
site have been demonstrated. Nevertheless, the BVS form-

research papers

J. Appl. Cryst. (2009). 42, 179–184 Stefan T. Norberg et al. ! Bond valence sum: a soft chemical constraint 183

Figure 4
BVS histograms, with a step size of 0.1, for (a) Y3+ and (b) Zr4+ calculated
for RMC simulations with (solid lines) and without (dashed lines) the
BVS constraint.

Figure 3
Part of the partial radial distribution functions, gjk(r), for Y—O (solid
lines) and Zr—O (dashed lines) after RMC simulations without (a) and
with (b) the BVS constraint. The quality of the Zr2Y2O7 F(Q) fit for the
latter is shown in (c) with the dots giving the experimental data and the
solid line being the calculated profile.

Figure 5
Result of KTiOPO4 RMC simulations. (a) Part of the partial distribution
function, gKO(r), from simulations with (solid line) and without (dashed
line) the BVS constraint, and (b) corresponding BVS histograms for the
K+ cation. The quality of the F(Q) fit for the RMC simulation using the
BVS constraint is shown in (c) with the dots giving the experimental data
and the solid line being the calculated profile.
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Big box a Cat’s view
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