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Diffuse scattering ?

Cross section of 50x50x50 u.c. model crystal consisting of 70% black atoms and 30% vacancies !
Properties might depend on vacancy ordering !! 



Bragg peaks are blind ..

Bragg scattering: Information about the average
structure, e.g. average positions, displacement

parameters and occupancies.



Diffuse scattering to the rescue ..

Diffuse scattering: Information about two-body
correlations, i.e. chemical short-range order or

local distortions.



See http://www.totalscattering.org/teaching/



Analyzing diffuse scattering

• Correlation approach: Expansion of
kinematic scattering equation in terms of
displacement. Yields set of two-body
correlations.

• Monte Carlo based computer
simulations: Scientist might “win”
solution to the problem ..

– Minimize total energy E: AMC

– Minimize (observed – calculated)2: RMC

• More: “Diffuse Neutron Scattering from
Crystalline Materials” by Nield and Keen,
Oxford University Press

before

now



The Reverse Monte Carlo Method

Input:

• Observed diffuse scattering

• Starting structure (e.g. average)

• Chemical constraints

Result:

• One real space structure
consistent with data

Questions:

• Uniqueness / plausibility of result

• Statistical analysis of resulting
structure (many atoms)

Starting configuration

Final configuration



RMC test simulations

Proffen and Welberry., Acta Cryst A53, 202 (1997)

RMC simulations based on simulated scattering
data showing occupational and displacive

disorder.



RMC test simulations - results



Stabilized Zirconia: Introduction

• Structures of zirconia

– RT: monoclinic (P21/c)

– T>1410K: tetragonal (P42/nmc)

– T>2525K: cubic (Fm3m)

• Cubic phase can be stabilized at
RT by doping with CaO, Y2O3, MgO,
..

• Disorder: Oxygen vacancy
ordering and relaxation of
surrounding metals.



Stabilized Zirconia: RMC simulations

Measured data

X-ray data
Mo-Ka radiation
301x301 points

neutron data
Measured by Neder et. al

FRM I

RMC results

• 5x5x5 unit cells
• Average of 6 runs
• 25 RMC cycles
• R~33%



Stabilized Zirconia: Results

RMC model result
• Preferred vacancy-oxygen pairs

along _<111> over “filled” oxygen
cubes.

• Avoid Ca-Ca NN and 2NN neighbors

• NN oxygen shift towards vacancy

• Metal NN distance closer if both
bridging O sites are occupied,
otherwise further apart.

Resulting correlations and displacements.

Proffen and Welberry., J. Appl. Cryst. 31, 318 (1998)



The Automatic Monte Carlo Method

Input:

• Observed diffuse scattering

• Starting structure (e.g. average)

• Model for disorder in terms of
interaction energies for MC simulation.

Result:

• Set of interaction energies for given
model that best match the data.

Questions:

• Finding the right model ..

• It is very slow ..

Least Squares

For each parameter in MC model

Run MC

Calculate diffuse scattering

Obtain derivatives



• Minimize ‘Goodness-of-fit’, c2

• Least-squares Matrix

• Parameter shifts

• Numerical estimates of Differentials

Some equations ..



Basic disorder
is a 180˚ flip of

Fe3 triangle

Carbonyls are
disordered too but
main contribution

to the scattering is
from the Fe atoms

Disorder in Fe3(CO)12

Welberry, Proffen and Bown, Acta Cryst. A54, 661 (1998)



X-ray diffraction patterns

h k -h 0 k l

Disorder in Fe3(CO)12 - Data



Center-of-mass relaxation (size-effect)

2 parameters per vector:- symmetric & antisymmetric components

Disorder in Fe3(CO)12 – MC model



2 parameters per vector:- symmetric & antisymmetric components

Disorder in Fe3(CO)12 – MC model

Orientational relaxation (size-effect)



view down [1 0 1]
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Interactions between central
Fe3 triangle and 8 neighbors.

Summary of parameters, pi,
used in the analysis

• 8 occupancy correlations
• Ising model spin energy
• along each of 8 vectors (7

vectors initially)

• 4 center-of-mass size-effect
• 2 each along vectors 1 & 2

• 4 orientational size-effect
• 2 each along vectors 1 & 2

Disorder in Fe3(CO)12 – MC model



Numerical estimates
of Differentials

Progress of refinement

random

random
final

finalDifference between two calculated
diffraction patterns

Disorder in Fe3(CO)12 – AMC refinement



calculatedData
[100]

[101]

Disorder in Fe3(CO)12 – AMC refinement
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Data
(h 0.5 l) section

Disorder in Fe3(CO)12 – Unique solution ?



0 k l h 0.5 lh k -h

Disorder in Fe3(CO)12 – AMC again

Calculated intensities after new AMC refinement
including vector 8 ..



Averaged Fe positions from MC
model.

Results from
Bragg scattering

Disorder in Fe3(CO)12 – resulting structure



Two modes of libration not distinguished by
Bragg scattering

Fe(1) Fe(1)

Fe(2)Fe(2)

Fe(3) Fe(3)

Disorder in Fe3(CO)12 – resulting structure



Positions of Fe averaged over unit cells containing either (+ +) or (- -)
combinations on nearest-neighbor vector 1.

Disorder in Fe3(CO)12 – resulting structure



Positions of Fe over unit cells containing either (+ +) or (- -)
combinations on nearest-neighbor vector 2.

Disorder in Fe3(CO)12 – resulting structure



DISCUS – defect structure simulation

Program features

– Controlled by FORTRAN style command language including loops and IF statements.

– Calculation of Fourier transform, inverse and difference Fourier.

– Expand structure from asymmetric unit and space group symbol.

– Structure “statistics”: correlations, real space lots, ...

– PDF calculations.

– Monte Carlo simulations.

– Reverse Monte Carlo simulations – diffuse scattering & PDF.

– Symmetry & unit cell transformations.

– Interfaces with PDFFIT, KUPLOT and ATOMS.

– Online help function.

Proffen et al., J. Appl. Cryst. 30, 171 (1997)

http://www.totalscattering.org/programs/discus/



Conclusions

• Diffuse scattering analysis gives
local structure of materials, holding
key to their properties.

• Monte Carlo based modeling

– RMC: Constraints important !

– AMC: Initial MC model required !

– Obtain complete 3D data sets ..

– Combine with other data ..

– More computing power ..

• http://www.totalscattering.org


