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perfect (infinite) crystal
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DIFFRACTION FROM NANOCRYSTALLINE MATERIALS

L real nanocrystals are complex objects

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. Direct (real) space approach : average & sum
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Debye Scattering Equation (DSE)
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¢} DSE APPLICATION TO NON-CRYSTALLOGRAPHIC NPs
Debye Scattering Equation (DSE)
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Powder patterns for graphene disks of diameter 13 = 5000 AL Regular, sl graphene
(bottom), wndulate graphene (middle) and graphene with a random roughness
(top). See text for details,

L. Gelisio et al., J. Appl. Cryst. 43 (2014) 647
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APPLICATION TO GRAPHENE AND RELATED MATERIALS
Debye Scattering Equation (DSE)
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Debye Scattering Equation (DSE)
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q;% DSE APPLICATION TO GRAPHENE AND RELATED MATERIALS
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Carbon nanotubes
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-+ DSE CALCULATION BY ATOMIC DISTANCE HISTOGRAM
Debye Scattering Equation (DSE)
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Atomic distance histogram (B,,,) for a cubic crystal with 8x8x8 sc unit cells (a) and corresponding powder pattern according to
I1,5(s), with =1, unit cell parameter, a,=0.361 nm (b).

P. Scardi & L. Gelisio, “Diffraction from nanocrystalline materials”, Chapter XVI 11 in Synchrotron Radiation, ed. S. Mobilio et al.
Springer 2015.

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 (1) 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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Fig. 104 (p) Total intensity curve for liquid sedium in electron units per atom,  Fig. 10.6 (a) The radial distribution function 4=r*p(r) for liquid sodium. (b) The
I.IIIIDDdI.ﬁ.Hd: lus mudlﬁnd. (b) Total independent scattering peratem, () Independ- average density curve 4w®p, (¢) The distribution of neighbors in crystalline
ent unmodibed scattering per atom f%, {d) Modified scattering per atom (M), sodium.
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PDF AND SYNCHROTRON RADIATION
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Fig. 1. Comparison of data from disordered carbon from (a) 1950
(Franklin, 1950) and (bh) 1999 (Petkov etal., 1999a). This figure
shows that both (@) = Q[S(Q) — 1] curves are of essentially equal
guality but the 1999 data in the lower panel extend over a much
greater range of . Note the different scales; @ in the 1999 data and
5 in the 1950 data are related by @ = 275 The Founer transforms of
the data can be compared in Fig. 2.
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Fig. 2. Comparison of data from disordered carbon from (a) 1950
(Franklin, 1950} and (h) 1999 (Petkov et al., 1999a). The PDFs ob-
tained by Fourer transforming the two data-sets shown in Fig. | are
shown in the top (1950 data) and bottom (1999 data) panels, respec-
tively. Note that when data are measured over a sufliciently wide
range of @ termination rpples, evident as a spurious peak at
r = 2.5 Ain the 1950 PDF, for example. are not a problem.

a S. J. L. Billinge, Z. Kristallogr. 219 (2004) 117
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PAIR DISTRIBUTION FUNCTION (PDF)

RDF (r)=4pr?r (r) radial distribution function
G(r)=4prgr(r)-rop reduced radial distribution function
g(r)=r(r)/r, pair distribution function - PDF
¥
:1+i(‘~pg8(s)- 1§Sin(2psr)ds S(s) = | (52)
Mol o NIf

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

SR is mandatory to improve
resolution!
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a Courtesy of R. Neder
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PDF OF NANOPARTICLE SYSTEMS

Effect of finite size and shape
of the nanoparticle
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a Courtesy of R. Neder
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PDF OF NANOPARTICLE SYSTEMS

Indication of stacking faults
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PDF ANALYSIS OF NANOPARTICLE SYSTEMS

Au nanoparticle + ligand

Au + S-CH2-CH2-(CF2)5-CF3
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a Courtesy of R. Neder
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PDF ANALYSIS OF NANOPARTICLE SYSTEMS

Au nanoparticle + ligand

Au + 5-CH2-CH2-(CF2)5-CF3
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K. Page et al. J. Appl. Cryst. (2011)

Bottom-up modelling DISCUS
DIFFEV

a Courtesy of R. Neder
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PDF approach
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Figure 5

The first 10 A of three 20 A fits to 15 K dats from Ay nanoparticles. Data
are shown @ circles and fits a5 lines through the dawm, and difference
curves lie below. (a) Fit from single-phase (Loc. Au) refinement usng
PDFgui. (b) Fit from two-phase refinement using PO Fgui. (c) Fit from
finite higand-capped nanopartcle model usmg DFFFEV,

K. Page et al., 3.Appl.Cryst. 44 (2011) 327
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TOTAL SCATTERING TECHNIQUES

Debye Scattering Equation
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FIG. 2. (Color online) Expenmental x-ray powder pattern for the
studied Pd nanccrystals. The inset shows a detail of the (200)
peak. Arrows on the latter indicate the interference fringes from
the parallel 100 facets of the nancorystals, which correspoend 1o the
analogous features observed in reciprocal space (RS) (above ) Powder
diffraction integrates information over spheres of growing radius in
RS, as schematically represcnted in the inset of the upper figure.

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

PDF approach Debye Scattering Equation
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Figure 5

The first 10 A of three 20 A fits to 15 K dats from Ay nanoparticles. Data
are shown @ circles and fits a5 lines through the dawm, and difference
curves lie below. (a) Fit from single-phase (Loc. Au) refinement usng
PDFgui. (b) Fit from two-phase refinement using PO Fgui. (c) Fit from
finite higand-capped nanopartcle model usmg DFFFEV,

K. Page et al., 3.Appl.Cryst. 44 (2011) 327

P. Scardi & L. Gelisio, Nat. Sci. Reports 6, 22221 (2016)
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;% DIFFRACTION FROM NANOCRYSTALLINE MATERIALS

1. Traditional reciprocal space approach :sum & average

| O=(s)aw

=[F{1™ (s) A1) A1P() A 1T () A 17 (s) A 1°(s) A 1°%(s)..}

2. Total Scattering methods

Direct (real) space approach: average & sum
Debye Scattering Equation (DSE)
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DIFFRACTION FROM NANOCRYSTALLINE MATERIALS
Current research / future trends

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

Debye Scattering Equation
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ICTP School - Trieste, 04.04.2 L. Gelisio, K.R. Beyerlein & P. Scardi, Thin Solid Films (2012). In press.



DIFFRACTION FROM NANOCRYSTALLINE MATERIALS

Current research / future trends

a toward an integration between atomistic modelling and diffraction analysis:
plastically deformed nanocrystalline systems; grain boundary, line and planar defects
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Powder Diffraction
Theory and Practice
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P. Scardi, Chapter 13 on Line Profile Analysis:
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State-of-the-art Line Profile Analysis
based on Whole Powder Pattern

Modelling

S C l E N T| F IC R E P RTS The Debye Scattering Equation for

studying static and dynamic disorder in

OPEN On the reliability of powder nanocrystals
diffraction Line Profile Analysis .

of plastically deformed

s | 0o n ocrystalline systems SCIENTIFIC REPLSRTS
Pl e 18 Fibmepry 25 Lu<a Rebuth®, Andrea Trofan®, Regina Cianco®, Elvio Carline®, Amine Amimi®, {}

Alberte Leanandi® & Paclo Scandi™
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srain contributions can be easily separsted by exploiting their different dependenceon the diffraction i i I rat Inna rD PE rtl'EE 'ﬂ

angle. Iz assess tha reliability of Line Frofile Analysis, mesults were compared with avidercs from othar

technigues, incheding scaning and transmission eleciron micescepy and X-rey =nall angle scatierdng. :

Resutts confirm the extent of the size broadening effect, whersas molecular dynamics smulstions i N a nuc rysta IS frum th E DE bye
perowide indighit inta e crign of the becad atomic, mhemaganasas ftrain, pointing eut th rolg of

dislocations, domain boundaries and interactions amaong orystaline domalns. Sc atte ri n g Eq Uatiﬂ n

doi: 10.1038/srep20712 (2016) Rectived. 15 Noverber 2005 | p e din | Gelisio

A¢capted 09 Fabrasry 1006
Fublished: 26 February 1018 Chie hl.l!PJrl:l] yEd_ls altey 1.I|-_-_- l.ll!l.lirlnﬂ foemmdation by FEL‘UE!.\H. Drebrifie (aka Petar BI:ﬂ.lT!I, Ll Delipe
. Scattering Equation (I¥SE} is still the most accurake expression to model the diffraction pattemn from
: manoparticle gysterms. A major limitaticnin the anginal form of the D%E & that it refens to a static
| damain, so that including thermal disorder usially requires rescaling the equation by a Debye - Waller
thermal factar. The last is taken from the traditionall diffraction theory developed in Bedprocal Space
(RS, which is opposed to the atomistic paradigom of the DSE; usually relemved 10 as Dired Space (D5}
. approach. Besides being a hybeid of DS and RS expressions, rescaling the DSE by the Debye Wallar
facton is an approdmation which complately missas the contribution of lemparature Difuse Scattadng
[TI5), The present work proposes 3 salution to include thermal aftects coherartly with the atomistic
approach of the DSE. A despar insight into the vibrations! dynamics of nanostrudtured materials can be
; obtained with few changes with respect to the standard formalation of the DSE, prowding information
: on the comrelated dsplacement of vibrating stoms,

doi: 10.1038/srep22221 (2016)
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