Total

Scattering

The Key to
Understanding
disordered, nano-
crystalline and
amorphous materials.

Thomas Proffen

Neutron Data Analysis and
Visualization Division

tproffen@ornl.qov

e U.5. DEFARTMENT OF

*— Oak RincE NaTionaLl LABORATORY
ELLE FOR T RERGY

MANAGED BY UT-BATTELLE FIOR THE LL5. DEPARTMENT OF ENERG


mailto:tproffen@ornl.gov

The challenge
structure

+* Traditional crystallographic approach to
structure determination is insufficient or fails
for

“* Non crystalline materials

+» Disordered materials: The interesting
properties are often governed by the
defects or local structure !

+* Nanostructures: Well defined local
structure, but long-range order limited to
few nanometers (-> poorly defined
Bragg peaks)

+»* A new approach to determine local and
nano-scale structures is needed.

Knowing the local
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S.J.L. Billinge and I. Levin, The Problem with
Determining Atomic Structure at the Nanoscale, Science
316, 561 (2007).
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Total scattering ?

Cross section of 50x50x50 u.c. model crystal consisting of 70% black atoms and 30% vacancies !

Properties might depend on vacancy ordering !!
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How about powder diffraction ?
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Finally the Pair Distribution Function

""""""'"""cﬁen'nc;l'sﬁo"". The PDF is the Fourier

Random transform of the total
Difference - ' scattering diffraction
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What is a PDF?

Pair distribution function
(PDF) gives the probability
of finding an atom at a
distance “r” from a given
atom.
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Example:
Local atomic strain in ZnSe,_ Te,

MICHICAN STATE

UNIVMERSITY

Simon Billinge (Columbia)
Thomas Proffen (LANL)
Peter Peterson (SNS)
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ZnSe, Te, : Structure
*»Zinc blend structure (F43m)

«*Technological important : Electronic
band gap can be tuned by the
composition x.

+»Bond length difference Zn-Se and Zn-
Te = strain.

+*Local structural probe required !
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ZnSe, , Te, : Total scattering

Peterson et al., Phys. Rev. B63, 165211 (2001)
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ZnSe,  Te, : Nearest neighbors

Se,Te, . 7Zn
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» ¥=1.000 —
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BLUE: XAFS from Boyce et al., J. Cryst.
Growth. 98, 37 (1989); RED: PDF results.
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Example:

Elastic properties of
bulk metallic glasses

Katharine Page NQJA

Thomas Proffen
| Bjorn Clausen

» Los Alamos

Ersan Ustundag
Seung-Yub Lee

Facilities: Lujan
Funding: DOE, NSF
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BMG : Properties
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High Specific Strength

Light Weight

High Elastic Strain

High Hardness

Excellent Wear Resistance
Excellent Corrosion Resistance

BMG’s are prone to catastrophic
failure during unconstrained
loading due to the formation of
macroscopic shear bands

Crystalline reinforcements to
suppress the formation of
macroscopic shear bands
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http://lwww.its.caltech.edu/~matsci/wlj/wlj_research.html
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BMG: Phases in composite sample
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* Ability to distinguish between phases - Difference between measured composite PDF and
calculated Tungsten PDF agrees well with measured BMG PDF
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Example:
Local structure in La,Ca, ,MnO,

Simon Billinge
Emil Bozin
Xiangyn Qiu

Thomas Proffen
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LaMnO,;: Jahn-Teller distortion
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Long Mn-O bond

Local structure

Average structure

* Mn-O bond lengths are invariant with temperature, right up into the R-phase

 JT distortions persist locally in the pseudocubic phase

 Agrees with XAFS result: M. C. Sanchez et al., PRL (2003).
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Refinement as function of
atom-atom distance r !

peak position (&)

DISTORTED OR NOT DISTORTED?
Study of the Jahn-Teller distortion in LaMnO,
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Local Structure:
Jahn-Telier distortion persists
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) Long Range Structure:
Jahn-Telier distortion disappears

at high temperature

X. Qiu, Th. Proffen, J.F. Mitchell and
S.J.L. Billinge, Orbital correlations in
the pseudo-cubic O and
rhombohedral R phases of LaMnO3,
Phys. Rev. Lett. 94, 177203 (2005).
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LaMnO;: Simplicity of the PDF approach
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700 K data (blue) vs 750 K data (red)

Distortions persist locally!
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Total Scattering

Highlightz
About us

On the road

RESOURCES
Facilties
Publications
Software
Tutoriale

For kids

Links

Search 0

» or search scientific literature at the Research Library Phone

TOTAL SCATTERING GROUP

Toolz for structural analyzis of complex materials

Home About Us

Tutorials

Total scatteri ﬂg

LAMSCE Meutron School - NPDF practical
This is the tutorial used for NPDF atthe LAMNSCE Meutron School. It
iNustrates the use of FOFgui using LaMnO+ data collected on NPDF.

PDF Tutoral

This tutarial gives an introduction to neutran data reduction using POFgeth]
and simple refinements of the local structure using FOFgui. The material is
adapted from a tutorial COROWM developed by Thomas FProffen and Simon
Billinge.

Rietveld

Powder Diffraction Crystallography Resources
This is an extensive collection of talks and tutarials related to powder
diffraction hosted at the Advanced Photon Source.

Tutorials

Other

Interactive Tutorial about Diffraction
This tutorial gives a basicinteractive introduction into diffraction and diffuse Make your own nanoparticles. Cartoons s
scattering. The interactive examples are generated using DISCUS.

on this website were created by Julie Coxe, a

talented artist and former summer student of

Kevin Cowtan's Baok of Fourier the total scattering group.
This is a book of pictorial 2-d Fourier Transforms. These are particularly T

relevant to the field of crystallography.
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La, Ca MnO;: Phase diagram

Atomic displacement parameter (ADP) for Oxygen
(measure for thermal and static deviations from site)
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* Phase diagram draws itself from the parameters. e
: . , 0
 Unexpected detail emerges and demands interpretation. 0.0

Cax
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La, Ca MnO;: Phase diagram

Mn-O
long
bond

ADP
Oxygen
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Example

Investigation of the structure and
stability of SnO, nanocrystal and
its surface-bound water

H.-W. Wang?, D. J. Wesolowski?, T. E.
Proffen?, A. I. Kolesnikov?, L. Vicek?, W.
Wang3, M. Feygenson?, J. O. Sofo?, L. F.

Allard Jr.?, and L. M. Anovitz!

BES/Geosciences Program-Geochemical Equilibria
and Reaction Dynamics: Atomic- to Pore-Scale
Processes (ERKCC72)
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G(n A7

G(r A7

G(r) [A”]

MD: hydration layer only

L,+L,+

- 41x41x 8A37

—— hydroxylated
—wmeoeee)  IVID @nd PDF

L,:41x 41x 2.5 A3}

L,+L,:41x 41x 6 A3 ]

nnnnnnnnn
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10 +

1
A2 A/ A ) [\
~.._,_“~\_ =/ nV/ g". | SN Y N f\
7 Y ’ \ — Lytlotl,
o — Lyl
....... e, o =
A A §— full; L+L,*Ls 1o
I Observed PDF rIA] — half, L;+0.48L, [

—— SnO, (bulk)

— dry; L4+0.25L, |

PDF for nonhydroxylated
and hydroxylated models:
Box size: 41 x 41 x 23 A3 ; 2592

atoms: # density = 0.068 A-3:
Uy, = 0.003 AZ,

1st coord. shell - 1:0-D; 2:D-D; 3:Sn-
O; 4/5/6:0-0 and Sn-Sn (c axis);

2"d coord. shell - 7/8:Sn-Sn, Sn-0,
and O-0; 9: Sn-Sn (a and b axes)
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PDF in-situ de

5 - +—4—+—+—+—+ ——————————+— Pt |
i
.l: \/W\
i
01 i
] |
l/v
‘
i AN //A\\\ AVA
-10 £ A — TG_wt%_clean SnO,
I\ - - - Total H,O wt% cal from PGAA
i # Reference hyd level
15 -~ \

hydration (cont.)

//S\\A\/JA\M/A\/A\

22 °C

1 2 3 4
8
850°C
gl —— SnO, P4,/mnm
6 -1 —— low-symm SnO, Pnnm
T A AN

>

r[A]

o w0 w0
=] o N
(I I A

[==]
2]
1

98

< 1
= 96
= T
=] 1
$ 9+
o

-

e 0.98A phase ratio_full
o 2.67A phase ratio_full

| TN T TN T (NN TN TR TN TN Y TNNT TN SN TN (NN TN TN TN TN [N ST TN S S [N SO T N 1

+ 100
+ 60

+ 20

[2.22 e 2Ous "pAy AjIny 03 “|a1] onjes eseyd 4adN

| NN S TR TN N T T T T Y T T Y |

0 100 200 300 400 500
Temperature [°C]

600 700 800 900

ENT OF ERERGY



Example:

“Complete” structure of
Gold Nanoparticles

UulsS

-
L.

\ &

|

Katharine Page
Ram Seshadri
Tony Cheetham

Thomas Proffen
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Gold nanoparticles

Nanoparticles often show different
properties compared to the bulk.

Difficult to study via Bragg diffraction
(broadening of peaks).

PDF reveals “complete” structural picture —
core and surface.

This study:
— 5nm monodisperse Au nanoparticles
— 1.5 grams of material
— Neutron measurements on NPDF

50

Total = 148
Average grain size = 3.6 nm

1-192-293-394-495-596-6.9
Grain size [nm]

¥- OAK RIDGE NATIONAL LABORATORY

MANAGED BY UT-BATTELLE FIOR THE LL5. DEPARTMENT OF ENERGY



Gold nanoparticles: First NPDF data

Gir)
10

Gir)
10

20

-10

30

—10

30

20

Bulk gold
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K.L. Page, Th. Proffen, H.
Terrones, M. Terrones, L.
Lee, Y. Yang, S. Stemmer,
R. Seshadri and A.K.
Cheetham, Direct
Observation of the
Structure of Gold
Nanoparticles by Total
Scattering Powder
Neutron Diffraction,
Chem. Phys. Lett. 393,
385-388 (2004).
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Nanoparticles: Particle size

Nanogold
7 T~ 1
L T~
= i
]
. | ! ]
40
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09009

Modeling Au structure only 0000
09009
25 i
300 K: 20f- S00K
*scale = 0.2121(5) 15
a= 4.0753(1) % 1oF
eu (Au) = 0.01267(6) < °F
O 0O
61 = 1.980(7) n
od = 26.13(7) A 0
-15
25 i
15 K: 208
sscale = 0.2070(4) . 13:
“a= 4.06515(5) < [
‘U, (Au) = 0.0044(2) & of
51= 2.257(5) 50
d = 25.54(4) A A0f
_15 i 1 l 1 I 1 I 1
0 5 10 15 20
r(A)

This is the conventional PDF nanoparticle approach... no ligand modeling.
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09009 :

Modeling Au structure & ligand ccco , .t

300K:R,=31.4%
scale (Au) =

*scale (molecule) =
*a (Au) =
*a(molecule) =
*u...(Au/molec) =
61 (Au) =

esrat (molecule)=

15K: R, =24.7 %
scale (Au) =

*scale (molecule) =
*a (Au) =
*a(molecule) =
*u...(Au/molec) =
51 (Au) =

srat (molecule)=

0.2082(5)
0.0485(6)
4.0755(1)
49.40(3)
0.01227(5)
1.953(7)
0.02(3)

0.2054(4)
0.0604(6)
4.06500(5)
49.23(2)
0.00433(2)
2.256(6)
0.03(14)

Au-S

02000
CF5(CF, )s(CH, ),S

(
(&)
lllllllllllllli

300 K

20
15

-10

N
&)

olllllll]l]lllll

UNCLASSIFIED

10 15 20
r(A)
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Modeling of nanoparticle data - future !

Using DISCUS/DIFFEV Oxford University

Press, October 2009
%+ hitp://discus.sourceforge.net/

** Approach: The particle is modeled as a whole.

+ Current work on gold nanoparticles: An fcc Au particle is
constructed in DISCUS, we select a cuboctahedron.

** Ligands (with ‘internal’ structure as constructed with DFT

minimization) are located randomly at the particle surface wE
with a defined surface density and defined Au-S distance, , e
orientated out from the particle center. €20 o

£ 33 o

+* Evolutionary algorithm is used to refine model parameters

above (CPU intensive). e SRR | SRR
o © ‘.' .’u¢ v .
ERy by
., e
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http://pdfgetn.sourceforge.net/

Nanoparticle builder

Nanoparticle Builder

DISCUS

p
—

Data Calculator =  Appraiser =D  Minimizer
- g 3 T @
328 0228 528

w oo @ 5 <
258 S 223
230 2 §° : 2
DISCUS KUPLOT DIFFEV
Data Set

Page, K., Hood, TC, Proffen, T, Neder, RB,
J. Appl. Cryst., 44 (2), 327 - 336 (2011)
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First results (in progress ..)

Things to consider

® I *Particle size distribution
e *Variations in ligands

s °Ligand-ligand interactions ?
m| °Ligand floppiness

G(r)
0 1
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Experimental
Considerations




How to obtain high quality PDFs ?

The PDF (similar to the Patterson) is obtained via : - —
Fourier transform of the normalized total
scattering S(Q):

Requirements to obtain ‘good’ PDF:

P = el
P

»High maximum momentum transfer, Q.- A" ey W - ey
>High Q-resolution. el o
»Good counting statistics @ high Q.
»Low instrument background

Where ?

Synchrotron sources or
(high energy X-rays)
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NPDF: the key to high quality, high r

PDFs

nr
I~

The PDF (similar to the Patterson) is obtained
via Fourier transform of the normalized total
scattering S(Q):

2.5
T

G(r)

0

I=m-1 'I_u 7

&=17§" ——s

()

2.5

Requirements to obtain ‘good’ PDF:

10

= High maximum momentum transfer, Q.-
= High Q-resolution.

G(r)

o Ty 0

T T T T
NPD (Ad/d~0.15%)
GLAD (Ad/d~0.60%) —— |

= Low and stable instrument background.

= Good counting statistics @ high Q. g "JVMI\

=10
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Q resolution ..
Ni at T=300 K

20

?;F heid £ TN ‘ 1
3 TR Rl Ll
ﬂ SO RN

1G 20C 30 40 50 80 70 80 20 100
r(i)
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NOMAD

SPECIFICATIONS

Moderator

Decoupled
poisoned
supercritical
hydrogen

Moderator-
to-sample
distance

19.5m

Sample-
to-detector
distance

0.5-3m

Wavelength
range

0.1-3 A

Detector
angular
range

3-175°
scattering
angle

Initial
coverage

4.0 sr

Full detector
complement

8.2 sr

Flux on
sample

~1x 108
neutrons cm-2
sec1

Jorg Neuefeind
neuefeindjc@ornl.gov

» Total scattering instrument

 Science of disordered materials,
glasses and nano-materials

Mikhail Feygenson
feygensonm@ornl.gov

» Commissioning — partial user
program

o Carousel -
Vessel
. Tapered Guide

— N e
e
\ . B

e

— T ~Mmec
S )

[6eam S0 | \
TO Chopper Bandwidth
Choppers
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X-ray PDF: The fast way

a Exposure: 25 sec ! Image plate
detector

P.J. Chupas, X. Qiu, J.C. Hanson, P.L. Lee, C.P. Grey and S.J.L.
Billinge, Rapid-acquisition pair distribution function (RA-PDF)
analysis, J. Appl. Cryst. 36, 1342-1347 (2003).
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MgCo - the power of neutrons and x-
rays

1 T T T T | | bb
o Aoy fete - | PDF peak intensity « E m

<b>; 6 (r — rmn )

where b; is the scattering length of the it atom.

neutron data

b; for x-ray | b;for neutron
L h Mg 12 3.631
2 24 28 32 36 4
" () Co 27 0.779
b,b, Mg-Mg Mg-Co Co-Co
X-ray 144 324 729
neutron 13.18 2.83 0.607

NOMAD users have access to x-ray PDF measurements through ORNL-APS partner proposal.
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X-ray PDF: In house measurements

) Huber Gunier diffractometer
fCl'HO'Mg'Zn Qmax — 135A_1

2/1—model for fei—Ho9Mg28Zné4

R=12 0%

» oS s

; liihi 11 i

100 150 200

b

E AR

-200 150 -100 -50

Bruhne et al., Z. Kristallogr.
219 (2004) 245-258
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Software: Data

PDFgui

++ Part of DANSE project.

%+ hitp://www.diffpy.org/
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modeling

+» Calculation and refinement of small model
system (< 1000 atoms)

¢ ‘Rietveld’ type parameters: /attice
parameters, atomic positions,
displacement parameters, ..

“* New possibilities: Refinements as function
of rrange !

+» Automatic refinement of multiple datasets
as function of T or x.

+%* Intuitive GUI.

+* Engine pdffit2 can also be used in
command mode.
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http://www.pa.msu.edu/cmp/billinge-group/programs/PDFgetX2/

Software: RMCprofile
» RMCprofile e

@ ®-& o B htspsfunn.ss. rLac.uk/Rc/ @ [ =)

Y Lujan Budget @ Lujan Forum

] ] [ —_—
RMC homepage %] =
— ~
ME | ABOUT ISI5 | APPLYING FOR BEAMTIME | SCENCE | MACHINE STATUS | INSTRUMENTS & SUPPORT | ACCELERATOR & TARGET | NEUTRON SITES | CONTACTS

Reverse Monte Carlo

atoms

Programs Welcome to the Reverse Monte Carlo (RMC) pages at the
ISIS facility.

Downloads

[ Useful links RMC is a general method for modelling the structures of
Related sites disordered materials - liquids, glasses, amorphous materials,
— - disordered crystals - based on experimental data from neutron
I O ray a n n e u ro n Contacts diffraction, X-ray diffraction and EXAFS. Constraints based on

chemical information, NMR, EPR ete can be applied to models.
RMC can also be used to model magnetic structures.

] The site contains programmes and information that can be
used freely for non-commercial applications. All use should be
— I r acknowledged in a reasonable way when the results of

research using RMC programs are published, and this Web
page should be referenced.

At the moment this site only contains windows executable,

— Fit Bragg profile (GSAS tof 1,2 & 3
— Polyhedral restraints
— Coordination constraints

— Closest approach constraints

the Studsvik Laboratory.

Done

 Produce a static 3-D model of the
structure (a snap-shot in time

* Link: http://www.isis.rl.ac.uk/RMC
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http://www.isis.rl.ac.uk/RMC

RMC: Examples

SF¢

AW 1-Zr(r), gW2-Zr(r)

SrTiO;

0.12
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Intensity (a.u.)
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0.00
-6.0 -4.0 -2.0 0.0 2.0 4.0 6.0

R otation angle (degrees)

AuCN
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oftware: Data modeling

DISCUS =

+¢» Disordered materials simulations

+«¢» Refinement via DIFFEV / RMC

REINHARD B. NEDER
AND THOMAS PROFFEN

% http://discus.sourceforge.net/

-

v @ ¥eanze cakech logo

B4 Ordering and dsbribution of dowaits 123

ma ¢ well 26 owitching
3 soeting process does
crystal, bul just tries to

“The radius of the two o,
matrix by a factor of EE N
L e stractun looks ==
==
ataveroge distances %47 0
epape ko the DISC We are row hastngthe Sy
erograms on Source Forge 3nd hooe rou ke the added leabanes, such 38 miTor downlosd the folloming pag oty
s 8 v e word ot puticatons using 33
o e bt and the domaim s just the ordering of eqaal atoms into nopee- 5 | TR
he DISCUS package consists of kuf programs, a3 tive domaina. Such a shoet range ceder between atoms of equal type -
The fest progra S e vicinity d. [ i:.' il "8
6 15 p9ars 30 by Reinnard Neder, DISCUS & 3 goneral program 1o ganseste The Fourter -
e

S50edered Atomic STV ANd COMEUN B ndng expenmantal data such as

= ey .

30 171 (197

The second program Is called PDF POFFIY

o0 8 mic struckre. Th
IMpKMANt CoNEaiets Racartly we has 30:

gram

for savple

hnsmants

-
as
=
-
as
et

=
-
-
=
-
ey
e
-
-

£

The reet progeanm is DFFEY. This b & gener
SQoINM 125 043inad to work Wi Mo A PIOTATS N
Finaily e pHa08 tOrMaIng & gensesl ploTng Secgram caled KUPLOT ey ——

Fiast

7y ik aed daal dhtrb e

henas Biotiee feinnacd ager ane Smee Bainse

Oxford University
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http://pdfgetn.sourceforge.net/

Nanoparticle builder

A

/ Search
- Los Alamos
NATIONAL LABORATORY » or search scientific literature at the Research Library
EST 1943 3
T I\TA CAATTERINC NPRNA Mo
[OTAL SCATTERING GROUP

Tools for structural analysis of complex materials

Nanobuilder Home

Nanobuilders

More coming soon ..

Nanoparticle Builder

Welcome to the interactive nanoparticle
builder. Please note, that this tool is still
under development.

Software The tool uses the program DISCUS to

generate the nanoparticle structures and
DISCUS calculate the corresponding atomic pair
Jmol distribution function and powder

diffraction pattern. The interactive

Ptplot structure viewing is using the program
JMOL. Structure and calculated functions can be downloaded from the results
page. Online plotting of the powder pattern and pair distribution function use

TEAM the Ptplot package. More builders for more complex nanoparticles are coming
soon ..

For questions and comments, contact one of the team member listed on the
left. Select a builder from the list on the left and get started ..

News

Nov 4, 2011 - Initial version released. Enjoy the ellipsoid builder ..

Total Scattering Home

[, Share

http://totalscattering.lanl.gov/nano/
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http://totalscattering.lanl.gov/nano/
http://totalscattering.lanl.gov/nano/

Summary

* Analysis of total scattering gives valuable insight in structure <
properties relationship

* High-resolution instruments open the door to medium-range order
investigations

» Obtain structural information from disordered crystalline, amorphous
of composite materials

» Use multiple data sets (e.g. x-ray and neutron data) to characterize
complex materials

http://totalscattering.lanl.qgov
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