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• Diffraction from nanocrystalline materials
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FROM SINGLE CRYSTAL TO POWDER DIFFRACTION
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1. Traditional reciprocal space approach : sum  & average
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Debye formula 
(Direct Space)

L real nanocrystals are complex objects

DIFFRACTION FROM NANOCRYSTALLINE MATERIALS

CdS-CdSe OCTAPODS

non-crystallographic (e.g. multiply twinned) nanoparticles, 2D and highly 
disordered layer systems:
Ø translational symmetry: not verified
Ø large strain / misfit  – complex local atomic arrangement 
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DIFFRACTION FROM NANOCRYSTALLINE MATERIALS
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2. Direct (real) space approach :  average  &  sum 
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DIFFRACTION FROM NANOCRYSTALLINE MATERIALS

( )
( )2 2

24

mni s r

m n
PD

f e d
I s

s

π

π

⋅ Ω
=

∑∑∫

( ) ( )2 sin 2
2

mn
PD

m n mn

sr
I s f

sr
π

π
= ∑∑

( ) ( )2 2 cos 2
2

0

sin 21 2 sin
4 2

mn mni s r isr mn
mn

mn mn

sr
e e r d

r sr

π
π π φ π

π φ φ
π π

⋅ = =∫

Debye Scattering Equation (DSE)
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2. Direct (real) space approach :  average  &  sum 

rmnrmn



P. Scardi – Diffraction from nanocrystalline materialsICTP School - Trieste, 04.04.2016 66

( )2 sin 2
( )

2
mn

PD
m n mn

sr
I s f

sr
π

π
= ∑∑

DSE APPLICATION TO NON-CRYSTALLOGRAPHIC NPs
Debye Scattering Equation (DSE)
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DSE APPLICATION TO GRAPHENE AND RELATED MATERIALS
Debye Scattering Equation (DSE)

L. Gelisio et al., J. Appl. Cryst. 43 (2014) 647
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DSE APPLICATION TO GRAPHENE AND RELATED MATERIALS
Debye Scattering Equation (DSE)

Carbon nanotubes

L. Gelisio, PhD Thesis, Univ. of Trento, 2014
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DSE CALCULATION BY ATOMIC DISTANCE HISTOGRAM
Debye Scattering Equation (DSE)

Atomic distance histogram (Bmn) for a cubic crystal with 8x8x8 sc unit cells (a) and corresponding powder pattern according to 
IPD(s), with f=1, unit cell parameter, a0=0.361 nm (b). 
P. Scardi & L. Gelisio, “Diffraction from nanocrystalline materials”, Chapter XVIII in Synchrotron Radiation, ed. S. Mobilio et al. 
Springer 2015. 
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In the coming months, look for a special issue of Acta Crystallographyca A, edited by Billinge, Cervellino, Neder & Scardi
Total Scattering methods – the 100 Years of the Debye Scattering Equation  (DSE2015 conference, Cavalese (I) June 2015)
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PAIR DISTRIBUTION FUNCTION (PDF)

Zernike & Prins (1927): for amorphous specimens, volume V, N atoms, the
radial distribution function (RDF) is:
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PDF AND SYNCHROTRON RADIATION

SR is mandatory to improve 
resolution!

à S. J. L. Billinge, Z. Kristallogr. 219 (2004) 117

1950

1999



P. Scardi – Diffraction from nanocrystalline materialsICTP School - Trieste, 04.04.2016 72

PAIR DISTRIBUTION FUNCTION (PDF)
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PDF AND SYNCHROTRON RADIATION

SR is mandatory to improve 
resolution!

à Courtesy of R. Neder
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PDF OF NANOPARTICLE SYSTEMS

à Courtesy of R. Neder

Effect of finite size and shape 
of the nanoparticle   
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PDF OF NANOPARTICLE SYSTEMS

à Courtesy of R. Neder

Indication of stacking faults
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PDF ANALYSIS OF NANOPARTICLE SYSTEMS

à Courtesy of R. Neder

Au nanoparticle + ligand
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à Courtesy of R. Neder

PDF ANALYSIS OF NANOPARTICLE SYSTEMS
Au nanoparticle + ligand

Bottom-up modelling          DISCUS
DIFFEV 



P. Scardi – Diffraction from nanocrystalline materialsICTP School - Trieste, 04.04.2016 78

TOTAL SCATTERING TECHNIQUES

K. Page et al., J.Appl.Cryst. 44 (2011) 327

PDF approach Debye Scattering Equation

P. Scardi et al., Phys. Rev. B91 (2015) 155414
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TOTAL SCATTERING TECHNIQUES

K. Page et al., J.Appl.Cryst. 44 (2011) 327

PDF approach Debye Scattering Equation

P. Scardi & L. Gelisio, Nat. Sci. Reports 6, 22221 (2016) 
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DIFFRACTION FROM NANOCRYSTALLINE MATERIALS
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1. Traditional reciprocal space approach : sum  & average
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Direct (real) space approach:  average &  sum 
Debye Scattering Equation (DSE)

2. Total Scattering methods
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DIFFRACTION FROM NANOCRYSTALLINE MATERIALS

relaxed
(energy minimization)

geometrical

L. Gelisio, K.R. Beyerlein & P. Scardi, Thin Solid Films (2012). In press.  

Debye Scattering  Equation 
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à toward an integration between atomistic modelling and diffraction analysis: 
real structure of nanoparticle systems 

Current research / future trends
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à toward an integration between atomistic modelling and diffraction analysis: 
plastically deformed nanocrystalline systems; grain boundary, line and planar defects 
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DIFFRACTION FROM NANOCRYSTALLINE MATERIALS
Current research / future trends
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A. Leonardi & P. Scardi, Met. Mat.Trans A (2015). In press
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