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FROM SINGLE-CRYSTAL TO POWDER DIFFRACTION  

1916  DEBYE-SCHERRER CAMERA 
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XRD FROM SMALL CRYSTALS: SCHERRER EQUATION 

... ... ...                                                        The theory provides for the 
half-value width  h  of  the  maximum  defined  in  the known 
manner, which  occurs  at  the  angle   to  the  incident X-ray 
beam, the value: 

l/L is the ratio of the wavelength of the monochromatic X-

rays used to the edge of the crystal presumed to be cube-

shaped 

   (=2q) 

h 

1916  DEBYE-SCHERRER CAMERA 

Determination of the size and internal structure of 

colloid particles by means of x-rays  
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LABORATORY vs SYNCHROTRON RADIATION XRD 

Powder diffraction and 

synchrotron radiation 

J.R. Plaisier  (today at 12:00 h) 

10 20 30 40 50 60 70 80 90 100
10

100

1000

In
te

n
s
it
y
  
(c

o
u
n
ts

 x
 1

0
0
) 

2q  (degrees)

Powder diffraction data from a ball milled Fe1.5%Mo powder collected (b) on ID31 (now ID22) at ESRF, Grenoble (F) (l=0.0632 nm). 

On the right: schematic of reciprocal space with extension of the limiting sphere (radius 2/l). 

1916 Debye-Scherrer geometry 

(the return !) 
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Fig. 1 in P. Scardi & L. Gelisio, Chapter XVIII, “Diffraction 

from nanocrystalline materials” 

Powder diffraction data from a ball milled Fe1.5%Mo powder collected on a traditional laboratory instrument (Rigaku PMG-VH, Bragg-

Brentano geometry) with CuK radiation (l=0.1540598 nm). On the right: schematic of reciprocal space with extension of the limiting 

sphere (radius 2/l). 

Powder diffractometer geometry 
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DIFFRACTION PATTERN FROM A POLYCRYSTALLINE 



    P. Scardi – Diffraction from nanocrystalline materials XII SILS School - Muggia, 23.09.2017 

sx [Å
-1] 

s
y
 [

Å
-1

] 

7 

DIFFRACTION FROM NANOCRYSTALLINE POWDER 
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DIFFRACTION FROM NANOCRYSTALLINE POWDER 
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Traditional "reciprocal space" approach  

Debye scattering equation, "direct space"  
Total scattering approach       
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DIFFRACTION FROM NANOCRYSTALLINE POWDER 
Traditional "reciprocal space" approach (sum, then average)  

1. Factorize the contribution of a unit cell 

    (|F|2 – F, structure factor )  

2. Build the diffraction signal as interference between unit cells 
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3. Integrate over the powder diffraction sphere (orientational average) 
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DIFFRACTION FROM NANOCRYSTALLINE POWDER 
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DIFFRACTION FROM NANOCRYSTALLINE POWDER 
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DIFFRACTION FROM NANOCRYSTALLINE POWDER 

Xerogel cerium oxide powder 

5 nm 

ESRF – ID31 (now ID22)   
l=0.0632 nm 

g(D) 

D 

polydisperse system 

( )
3

3

3 1
1

2 2
sphere

L L
A L

D D
=  

( )

( )
( )

ln,

23
2

0

ln 3
erfc exp 2 6

22

sphere

n

n

n

A L

L n n
H n L

 
 

=

=

     
       

  


( )
( )

( )
2 2ln 2

1/2

1

2

D
g D e

D

 

 

 
=

H0=½, H1=-¾, H2=0, H3=¼ 

Scardi, P. (2008). Powder Diffraction: Theory and Practice, edited by R. E. Dinnebier & S. J. L. Billinge, ch. 13, pp. 376–413. Cambridge: Royal Society of Chemistry 
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DIFFRACTION FROM NANOCRYSTALLINE POWDER 
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Scardi, P. (2008). Powder Diffraction: Theory and Practice, edited by R. E. Dinnebier & S. J. L. Billinge, ch. 13, pp. 376–413. Cambridge: Royal Society of Chemistry 
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DIFFRACTION FROM NANOCRYSTALLINE POWDER 
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Fourier Transform of peak profile: the Common Volume Function 

0 20 40 60 80 100 120 140 160
0.0

0.2

0.4

0.6

0.8

1.0

V(L)/V
0

L (Å)

[111] 

 
 

 

(111) 
(111) 

(111) 

[200] 

 
 

 

( )200 1
L

A L
D

= 

(200) 

(200) 

(200) 

( ) ( )
2

,PD cubeI s F s D  ( ) ( )
max2

0
cos 2

L

F A L sL dL= 

( )
2 3

111 2 3

3
1

3 3

L L L
A L

D D D
=   



    P. Scardi – Diffraction from nanocrystalline materials XII SILS School - Muggia, 23.09.2017 15 

DIFFRACTION FROM NANOCRYSTALLINE POWDER 
Any shape  A.Leonardi et al., J.Appl.Cryst. 45 (2012) 1162 

Wulff polyhedra 
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DIFFRACTION FROM NANOCRYSTALLINE POWDER 

Pd nanocrystals 

P. Scardi et al. 

Phys.Rev.B 91(2015)155414 
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DIFFRACTION FROM NANOCRYSTALLINE POWDER 
Any shape A.Leonardi et al., J.Appl.Cryst. 45 (2012) 1162 
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DIFFRACTION FROM NANOCRYSTALLINE POWDER 
… what I did not consider (so far…)  

Courtesy of A. Young & F. Tsung 

Boston College,  

:  microstructure 

most metals: 

a0 

a0+Da CeO2 

Surface relaxation 

Perez-Demydenko & Scardi, Phil. Mag. 97 (2017) 2317 
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DIFFRACTION FROM NANOCRYSTALLINE POWDER 
… what I did not consider (so far…)  :  microstructure 

Severe Plastic Deformation 

(Zhu et al. J. Mater. Res. 18 (2003) 1908) 
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DIFFRACTION FROM NANOCRYSTALLINE POWDER 
microstructure    perturbation of “perfect crystal structure”  

 Any shape A.Leonardi et al., J.Appl.Cryst. 45 (2012) 1162 
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DIFFRACTION FROM NANOCRYSTALLINE POWDER 

Pd nanocrystals 
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2 2 22 <ΔLhklsDA L e  
=

P. Scardi et al.  Phys.Rev.B 91(2015)155414 
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DIFFRACTION FROM NANOCRYSTALLINE POWDER 
Displacement distribution of couples of atoms at distance L 
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DIFFRACTION FROM NANOCRYSTALLINE POWDER 

( )
max2 2

0

L
S D IP isLI s F A A T e dL 

domain  
size 

inhomog. 
strain 

instrum. 
profile 

Pd nanocrystals 

P. Scardi et al.  Phys.Rev.B 91(2015)155414 

MD trunc. 
cube 

Inhomogeneous displacement  
( strain, e = DL/L ): 

Radial 

110 cross-section 

Planar 

Molecular Dynamics (MD) 
atomic displacement maps 

MD perfect cube 

MD sphere 

Warren plot 
(root mean square displacement vs L) 

XRD 
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WHOLE POWDER PATTERN MODELLING – WPPM  
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Diffraction profile as a convolution of (independent) effects: 
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High-energy grinding (ball-milling) of an iron alloy powder: AstaloyTM Fe1.5Mo  

Rebuffi et al., Sci. Reports 6 (2016) 20712 

SEM TEM 

HREM 

DIFFRACTION FROM NANOCRYSTALLINE POWDER 
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High-energy grinding (ball-milling) of an iron alloy powder: AstaloyTM Fe1.5Mo  

DIFFRACTION FROM NANOCRYSTALLINE POWDER 

( ) ( ) ( ) ( )
2 2S D IP isL

hkl hklI s F A L A L T L e dL 

XRD data : MCX beamline, Italian synchrotron ELETTRA 

Rebuffi et al., Sci. Reports 6 (2016) 20712 
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High-energy grinding (ball-milling) of an iron alloy powder: AstaloyTM Fe1.5Mo  

DIFFRACTION FROM NANOCRYSTALLINE POWDER 

( ) ( ) ( ) ( )
2 2S D IP isL

hkl hklI s F A L A L T L e dL 

XRD data : MCX beamline, Italian synchrotron ELETTRA 

Rebuffi et al., Sci. Reports 6 (2016) 20712 
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High-energy grinding (ball-milling) of an iron alloy powder: AstaloyTM Fe1.5Mo  

DIFFRACTION FROM NANOCRYSTALLINE POWDER 

<D> = 9.3 nm 

 s.d. = 5.9 nm 
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XRD data : MCX beamline, Italian synchrotron ELETTRA 

Rebuffi et al., Sci. Reports 6 (2016) 20712 
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High-energy grinding (ball-milling) of an iron alloy powder: AstaloyTM Fe1.5Mo  

XRD data : MCX beamline, Italian synchrotron ELETTRA 

Rebuffi et al., Sci. Reports 6 (2016) 20712 

DIFFRACTION FROM NANOCRYSTALLINE POWDER 

Re= 4.3 nm 

 r = 4.5x1016 m-2 
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Rebuffi et al., Sci. Reports 6 (2016) 20712 

DIFFRACTION FROM NANOCRYSTALLINE POWDER 
Understanding XRD line profile analysis result by Molecular Dynamics simulations 

<D> = 9.3 nm 

 s.d. = 5.9 nm 

 

 

atomistic model 

by space tessellation 

Molecular Dynamics (MD) 

simulation 
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Rebuffi et al., Sci. Reports 6 (2016) 20712 

DIFFRACTION FROM NANOCRYSTALLINE POWDER 
Understanding XRD line profile analysis result by Molecular Dynamics simulations 
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DIFFRACTION FROM NANOCRYSTALLINE POWDER 
Temperature Diffuse Scattering – TDS  
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DIFFRACTION FROM NANOCRYSTALLINE POWDER 

Debye  

Density of States 

Temperature Diffuse Scattering – TDS in small crystals  
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DIFFRACTION FROM NANOCRYSTALLINE POWDER 
TDS in ball-milled FeMo nanocrystals: static and dynamic contributions 

Argonne 11bm, 30keV – 100, 200, 300K 
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DIFFRACTION FROM NANOCRYSTALLINE POWDER 
EXAFS & XRD : Mean Square Displacement (MSRD, MSD) and DCF 
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 EXAFS Debye-Waller parm. < 𝛥𝑢||
2 > : 1° coordination shell 

 XRD Debye-Waller parm. < 𝛥𝑢𝑞
2 >=B/82 : average over whole crystal 

P. Scardi et al.  J. Appl. Cryst. 50 (2017) 508  

20% increase in BS 
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DIFFRACTION FROM NANOCRYSTALLINE POWDER 

P. Scardi et al.  J. Appl. Cryst. 50 (2017) 508  

What is the main reason for the 20% increase in BS  (static disorder) ?  

Molecular Dynamics simulation of a cluster of 50 Fe grains (size distribution from XRD/WPPM) 

MSD - Mean Square Displacement < 𝛥𝑢𝑞
2 >  (B=82< 𝛥𝑢𝑞

2 >)  

results for average-size grain (G5) 

no defects 

g.b. only 

 

1 edge disloc. 

and g.b. 

 

vacancies 

and g.b. 

 

DB = BG5 – Bbulk                           22%                   22%+ ~2%             22%+ ~0% (<<1%) 
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FROM SINGLE CRYSTAL TO POWDER DIFFRACTION 

( )
( )

24

sc

PD

I s d
I s

s





( )

2
F I s=

perfect (infinite) crystal 

D 

( ) ( )2* mni S r

sc m n

m n

I s f f e
 

 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ...IP S D F APB C GRSI s I s I s I s I s I s I s     

1. Traditional reciprocal space approach  : sum  & average 
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Debye formula  

(Direct Space) 

 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: 

  translational symmetry: not verified 

  large strain / misfit  –  complex local atomic arrangement  
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DIFFRACTION FROM NANOCRYSTALLINE MATERIALS 

2. Direct (real) space approach :  average  &  sum  
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( )2*
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DIFFRACTION FROM NANOCRYSTALLINE MATERIALS 

( )

( )2 2
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PD
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I s
s
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( )
( )2 sin 2

2

mn

PD

m n mn

sr
I s f

sr




= 

( ) ( )2 2 cos 2

2

0

sin 21
2 sin

4 2
mn mn

i s r isr mn

mn

mn mn

sr
e e r d

r sr


   

  
 


= =

Debye Scattering Equation (DSE) 

rmn 

2. Direct (real) space approach :  average  &  sum  

rmn rmn 



    P. Scardi – Diffraction from nanocrystalline materials XII SILS School - Muggia, 23.09.2017 41 

( )2 sin 2
( )

2

mn

PD

m n mn

sr
I s f

sr




= 

DSE APPLICATION TO NON-CRYSTALLOGRAPHIC NPs 

Debye Scattering Equation (DSE) 
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( )2 sin 2
( )

2

mn

PD

m n mn

sr
I s f

sr




= 

DSE APPLICATION TO GRAPHENE AND RELATED MATERIALS 

Debye Scattering Equation (DSE) 

L. Gelisio et al., J. Appl. Cryst. 43 (2014) 647 



    P. Scardi – Diffraction from nanocrystalline materials XII SILS School - Muggia, 23.09.2017 43 

( )2 sin 2
( )

2

mn

PD

m n mn

sr
I s f

sr




= 

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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( ) ( )2 2sin 2 sin 2
( )

2 2

mn mn

PD mn

m n mnmn mn

sr sr
I s f f B

sr sr

 

 
=  

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).  
In: P. Scardi & L. Gelisio, “Diffraction from nanocrystalline materials”, Chapter XVIII. 
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PAIR DISTRIBUTION FUNCTION (PDF) 

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

( )
( )

( )2 2

0 2

0

4 4 8 1 2
I s

r r r r s Sin sr ds
Nf

 r  r  


 
   

 
( )RDF r =

intensity in absolute units: 

( ) 2

2

I s N f

f

 
 
 

( )a d c

c

  
   =  

 

2f

( ) ( )i M Compton   
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PDF AND SYNCHROTRON RADIATION 

SR is mandatory to improve 
resolution!       

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

1950 

1999 
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PAIR DISTRIBUTION FUNCTION (PDF) 

( ) ( )
0 0

2
1 1 2s S s Sin sr ds

r


r



=    

( ) ( ) 04G r r r r r=   

( ) ( )24RDF r r r r=

reduced radial distribution function 

radial distribution function 

( ) ( ) 0g r rr r= pair distribution function  -  PDF 

( )
( )

2

I s
S s

Nf
=

  S. J. L. Billinge, Z. Kristallogr. 219 (2004) 117 
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PDF AND SYNCHROTRON RADIATION 

SR is mandatory to improve 
resolution!       

  Courtesy of R. Neder 
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PDF OF NANOPARTICLE SYSTEMS 

  Courtesy of R. Neder 

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

  Courtesy of R. Neder 

Indication of stacking faults 
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PDF ANALYSIS OF NANOPARTICLE SYSTEMS 

  Courtesy of R. Neder 

Au nanoparticle + ligand 



    P. Scardi – Diffraction from nanocrystalline materials XII SILS School - Muggia, 23.09.2017 52 

  Courtesy of R. Neder 

PDF ANALYSIS OF NANOPARTICLE SYSTEMS 

Au nanoparticle + ligand 

Bottom-up modelling          DISCUS 

        DIFFEV  
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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, DSE2015 
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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 

Debye Scattering  Equation  

( )2 sin 2
( )

2

mn

PD

m n mn

sr
I s f

sr




= 

 toward an integration between atomistic modelling and diffraction analysis: 
real structure of nanoparticle systems  

Current research / future trends 

Scardi & Gelisio, Sci. Reports 6 (2016) 22221 
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 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 

20 30 40 50 60 70 80 90 100 110 120
0

5000

10000

15000

20000

20 30 40 50 60 70 80 90 100 110 120
1

10

100

1000

10000

In
te

n
s
it

y

Q = 4sinq/l (nm
-1
)

20 30 40 50 60 70 80 90 100 110 120
-1000

0

1000

R
e

s
id

u
a

l

In
te

n
s

it
y

Q = 4sinq/l  (nm
-1
)

A. Leonardi & P. Scardi, Met. Mat.Trans A 47 (2016) 5722 

P. Scardi et al.  J. Appl. Cryst. 50 (2017) 508  
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