Total Scattering

The Key to Understanding the Local- and
Medium-Range Structure of Materials

Thomas Proffen
~ tproffen@lanl.gov
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The challenge : Knowing the local structure

¢ Traditional crystallographic
approach to structure determination
Is insufficient or fails for

D)

.0

* 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)
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% A new approach to determine local S.J.L. B_illi_nge and I._ Levin, The Problem with
. Determining Atomic Structure at the Nanoscale,
and nano-scale structures is Science 316, 561 (2007).
needed.
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Total scattering ?

23111

4.4

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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Bragg peaks are blind ..

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

displacement parameters and occupancies. 1 BNt
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Diffuse scattering to the rescue ..

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

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

Short range order simulator -
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How about powder diffraction ?
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Finally the Pair Distribution Function (PDF)
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The PDF is the
Fourier transform
of the total
scattering
diffraction pattern !

Proffen, Z. Krist,
215, 661 (2000)

Operated by the Los Alamos National Security, LLC for the DOE/NNSA



UNCLASSIFIED

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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PDF allows r-dependent refinements
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Average structure:

NN distance = 1.00A
NN distance = 0.98A
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nstruments

and

Software
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What is required to obtain high quality PDFs ?

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

G(r) = 2 [ QRO Isin(@NdQ

Requirements to obtain ‘good’ PDF:

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

»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

leIm T T T T T y 1! .
[ =408 ——

Qra=17871 ———
The PDF (similar to the Patterson) is obtained '
via Fourier transform of the normalized total
scattering S(Q):

2.5
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G(r)
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G(r =2 [QIS(Q)~11sin(@NdQ
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Requirements to obtain ‘good’ PDF: T e eaedin

GLAD (Ad/d~0.60%) — |

10

= High maximum momentum transfer, Q.. K,\ ﬂﬂ
= High Q-resolution. — N m JLM I\ﬁ/d\ !
= Good counting statistics @ high Q. > M H f\ﬁ/\ e L) |
= Low and stable instrument background. v Uv wv v R} UUU !
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NPDF: Overview

« Specifications @r
— Upgrade finished Sep. 2002 had
— L1:32m, Q,,.,=50A"1, Ad/d=0.15%
— Typical PDF measurement 1 - 4 hrs
— Sample amounts down to 200 mg
— Ancillary: 10K-1500K, soon: 0.5K, 11T

e Science
— 95% PDF studies, hard matter
— Many users new to PDF
— Qversubscription in 2006: ~1.6

e Software
— Web based instrument interface
— Automatic creation of PDF
— Integration in SNS data portal (soon) -

e http://www.lansce.lanl.gov =" = ——
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X-ray PDF: The fast way
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H MU\WW\/L\/\/\F‘ P.J. Chupas, X. Qiu, J.C. Hanson, P.L. Lee, C.P. Grey and
W rl PbTe \WMW - S.J.L. Billinge, Rapid-acquisition pair distribution
. J . . function (RA-PDF) analysis, J. Appl. Cryst. 36, 1342-1347

0 20 5 10 15 (2003).
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X-ray PDF: In house measurements

Huber Gunier diffractometer
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Software: Data reduction

X-rays
+* IDL based.

** Laboratory and synchrotron data

** http://www.pa.msu.edu/cmp/billinge-

group/programs/PDFgetX?2/

| @ POFgetx2 Homepage - Mozilla Firefox 3 (M= %]
e Ed view hgoy gookmans Teds pep i
@@ B 2 (2 mooiwenonme 2 9 24 S
B oavse ) defppusars

| L FoF utoral - documents . 1| % POFgetx2 Homepage o =

PDFgetX2

Curren version : 1.0 Buld : 20050315

PTFigeX2 is a GUI driven ser frendlly program o obtain the atowse pair disuibusicn fnetion (PDF) fom X-ray pawder dilfaction data This program replaces and
extends our older program, PDFgetX. We recommend current PDFgetX users to ugrade to PDFget’2 as we wil not be supportiag the original PDF getX i the futre

Standard comesicns due o backgound subtrcin, saple oo, polarization, Compton s me valabe Pty fx the ecest RAPDE
developanet, ‘dependence of the detection efficiency are also implemented. Standard uncentainties doe to
finite counting sttisics are estmated all steps. The final S( datn files are multiple-cobmn ASCII fles with the peocessing parceneters &
the header. The 5(Q) data also contain the Faber-Ziman weighting Factors for each partial stuctee factor costribeticns a5 addiional colums. The Gir) Se format is
composible with the PDF modeling programs PDEETT and DISCUS

Lisks:

* Domrload PDFgerX2 (Windows & Usix & Mac OS)
* Documenation: peff. 5
* Total scartcring | PDF homepags

Plesse ghve us credt smd inchude the reference Ested befow in <l pepers that publsh resubs that were fll or pestaly obtained using the program PDFget’2. Thask you.

Qi3 Toompson, . Singe, PDEge: A GUL e pcsram 1 brsnh ol i S o X. e e difction dors. G102
Copyright ©

® 2005/03/15, bug of SPEC
® 200510312, fixed the working directory problem due to. [DL6 1, and some minor improvements
® 2005101123, some bugs fived.

® 200407722, some minor bugs fived, GUI enhanced to some extent Optimize 5(Q) and optimize G(r) put under test
+ 2004104126, some GUI polishing e work done.

» Los Alamos
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Neutrons
** GLASS package / Perl/TK frontend

/

+* Automatic data reduction on NPDF

J

% http://pdfgetn.sourceforge.net/

[@ PoFgetN Home Page - Mozilla Firefox . =al

File Edit View History Bookmarks Tools Help

@ . -5 8 {24] |3 htpi//pdfgetn.sourceforge.net/ + @ || st summer school Y
BY Lujan Budget # Lujan Forum
] PDFgeti Home Page 3| ) UCSC - Directions to Core West ...
2

December 4, 2006

Download WELCOME TO THE PDFgetN REFERENCE
ST HOMEPAGE Please Include the following
port bug reference in ai scentific

Welcome to the new homepage for the PDFgetN program. We publications that include data
Mailing lists are now hosting the programs on Source Forge and hope you processed with PDFgetN.

Iike the added features, such as mirror downioad sites ol over
T the world. P peterson, . Gutmann, T

PDFgetN is used to process scattering data ’fDm llﬂ'\Q of-fight
Totalscattering.org neuron (TOF) difactometers (such as 1 4

)5 b sk e e he as
PDFgatx2 function, S(Q); and the stomic peir distribution function, G(r), powd tion dats, J. Appl,
Crystaliogr, 33, 1192 (2000).

The program can read data from all TOF neutron powder
diffractometers that can create GSAS type files. All processing
parameters are stored with the resulting data and can be
Imported again into the program, The program s controlied via a
graphical users interface but can also be used in batch mode.
PDFgetN is based on the GLASS package developed at the

The PDFgetN team:

Operated by the Los Alamos National Security, LLC for the DOE/NNSA
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Software: Data modeling

PDFgui

+» Part of DANSE project.

K/

/
0’0

http://www.diffpy.org/

%* PDF refinement of ‘small’ models. 1 X

‘0

DISCUS

»* Disordered materials simulations
Refinement via DIFFEV / RMC

http://discus.sourceforge.net/
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8 tutorial.ddp (C:\Th mas\d P i hi & DISCUS Package Home Page - Mol jlla Firefox [REX]
File Edit View Fits PhaseS Data Calculations Help Lt s i s i e i) ki
= ' o
AEH 0| C) k) @ (= ﬂ: & hupjjdiscus. sourceforge.net PR zeanse catech logo
|Fit Tree Configure | Constraints Resuits |
- ] Average <& [ 3 Eppic1o CE Page 6 )
15 ZnSeTe_average ‘ Phase Results
B et > DISCUS
=1 B Distorted X a [5.88837 b [5.88837
[ ZnSeTe_distorted| apra [500  bew 00 gemma 30 | SIMULATION PACKAGE
[Tl npdf_00403.gr
Scale Factor [0.869477 August 23, 2008
deltai |2.37187 delta2 [0.0
sratio [L.O raut [0.0 Download
il Welcome to the new homepage for the DISCUS program package. We are now hosting the
Inciced Pas | o e o S S U RO,
Mailing lists Sites allover the w nally e publical
elem‘ x ‘ v ‘ z ‘ ut1 | u22 ‘ w33 12| w13 un‘ wc| __:L‘:‘:ff: "':';:”M'“W"S —
1 0.00036065  0.00936065  0.00038085 0.0143455 |0.0143455 0.0143485 0.0 0.0 0.0 1.0 Project home The DISCUS package consists of fouf programs, each of which could be used independently - proge
e : : : - : : R o in combination. The first program in the package is DISCUS itself and the development T
|2/Zn 000936065 050531 _0.509361 |0.0143455 |0.0143455 |0.0143455 0.0 0.0 0.0 10 tering.org Started some 15 years g0 by Reinhard Neder DISCUS |5 3 general program 9 generate
[8.zn 040639 |-0.00936065 040639 00143455 [0.0443455 100443455 10.0 10.0 100 110 disardered atomic structures and compule the comesponding experimental data such as
{4izn 0509361 0.503%1 0.00936065 0.0143455 |0.0183455 10.0143455 |00 0.0 0.0 |10 single crytal iflse scattering o he stomic pai distibution funchon (FOF) Features
5 Te 0.256125 0.243875 0.256125 0.00629889 |0.00629889 0.00629883 0.0 0.0 0.0 1.0 Include symmelry operations, Monte Carl simulation capabillies and the generation of
5| inciude symmetry opera arlo simutaton capabilies and he g
iSE -0.256125 -0.243875 0.243875 0.00629889 |0.00629889 0.00629883 0.0 0.0 0.0 1.0 dormain stucture o name just a few.
lTE -0.243875 0.256125 -0.256125 0.00629889 |0.00629889 |0.00629883 0.0 0.0 0.0 1.0 B -
|8 Se 0.256125 -0.243875 -0.256125 0.00629889 |0.00629889 |0.00629883 0.0 0.0 0.0 1.0 d program is called PDFFIT Itis used for full profile refinements of the PDF based
c siructure. The program uses least squares and employs a very powerful way lo
implement. Araints. Recently we have added 3 graphical users interface for simple
DRz Dutt renements
1 0.006143 20:  0.005115 21: 0.006363 The next program is DIFFEV. This is a generic minir tion program using an evolutionary
hioq: 187774 zed.cnisq.- 2 we: 0157455 scagnevine aigorithm Hs designed o work wilh he ofher programs in he package
) Finally me package contains a general plating program called KUPLOT.
Refinement paramecers :
s.asE3se  100: 0.869477 lol: 2.371866  10: 0.01434S Thomas Pratfen, &
11 olooezss  z0: 0.003361  21: 0.006125
chisq.: 1877.72  red.chisq.: 2.10035 Rw: 0137457  stagnasing
FINAL
=]
Refinement paramecers : [
Done.
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Disorder in Fe,(CO),,

Richard Welberry
Thomas Proffen (LANL)

THE AUSTRALIAN
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Diffuse scattering single crystal diffractometer
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Fe,;(CO),,: AMC refinement

[100]
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Fe,;(CO),,: Resulting structure

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

Local atomic strain in ZnSe,_ Te,

MICHICAN STATE

UNIVERSITY

Simon Billinge (Columbia)
Thomas Proffen (LANL)
Peter Peterson (SNS)

» Los Alamos

NATIONAL LABORATORY UNCLASSIFIED

/

E
Oper tdbyth e Los Alamos National Security, LLC for the DOE/NNSA

VYA I =35
%@é o \u'/.:»q \LﬂJ‘a‘n/center



UNCLASSIFIED

/nSe, , 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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/nSe,  Te,
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. Total scattering
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Peterson et al.,
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Phys. Rev. B63, 165211 (2001)
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/nSe,  Te, : Nearest neighbors and Z-plots ..

Se,Te, . 7Zn
' I x-l-l:].i}l.‘:lﬂ I
x=0.167 - —
x=0.333
x=0.500 ———
x=0.667
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1 2
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X
BLUE: XAFS from Boyce et al., J. Cryst.
Growth. 98, 37 (1989); RED: PDF results.
213 I 2:1 I z_lf. I ETE I zf? I zfn I 2.9
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Example:
Local structure in La,Ca, ,MnO,

MICHICAN STATE

UMNIYERSITY

Simon Billinge
Emil Bozin
Xiangyn Qiu

Thomas Proffen
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LaMnOg: Jahn-Teller distortion

T T T o) il
N | “ |
~e () 0 0 R
o) ol . = |
3 " olfyd 3% P |
= ) o
: | 5 |
e 8 2 o Nf |
E, « P & gﬁml Bt !
9 N = |
ol e, & |w  wwlfem o |
300 -
L i I. i J i M L n 1 M L " I| A
200070 B, 250 500 750 1000 400 600 800 1000
o0 <} I - T (K) Jahn Teller T (K)
0 ; | Long Mn-O bond
00 02 04 06 .08 .10
s Local structure Average structure

*  Mn-O bond lengths are invariant with temperature, right up into the R-phase
e JT distortions persist locally in the pseudocubic phase
* Agrees with XAFS result: M. C. Sanchez et al., PRL (2003).
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DISTORTED OR NOT DISTORTED?
Study of the Jahn-Teller distortion in LaMnO,

~N
o~

2.1

Refinement as function of
atom-atom distance r !

650

() o | 0 I ‘ .
= N
e * | 1100 K
5 u olg® 1
K | I !
ot s afas mo?m
O
S m = 4“ Gn i
L . | . &
250 500 750 1000 4 8 12 16 20
T (K)
LocalStructure: rqu (A)

Jahn-Teller distortion persists
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] Long Range Structure:
Jahn-Teller 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).

Operated by the Los Alamos National Security, LLC for the DOE/NNSA

{@ ﬁAl,ybp@a ~A

Lujancenter



UNCLASSIFIED

LaMnO, : T-dependence of orbital clusters from PDF

(\!_l — T T T T T ] N_l — T T T T T ] o

" 740 K " 800 K o
5 ;_ i.'ﬂ.e‘.gs.. i 5;_ 3058.5 | _ r‘=0(T—TJT)"+b

il s Ss00nprry p=—1.8

[= C i

0L 9g0000000008008 o 800000 %g
S poelf%c00g T | 0098““ : 2r

of seese | ol geit ] =

NH—————+—+—+— o

N Noe 2
2| bog, 750 K oo e 1100 K 3
~ Nl ..0.. T~ Qg N o

T 000888 4 o60gnenad "

SN 90ep0088600800 -.g o m&nu.&‘“l'.
o | gol00308 o | ° o |

.'.s — (D.g
AL eeé - E- 8.‘. 4
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 . ) . ) . ) | I I I I I
w
4 8 12 16 20 4 8 12 16 20 300 450 600 750 900 1050
Mg (&) rmax(A) T (K)

Diameter of orbitally ordered domains above T is 16A

Appears to diverge close to T ;¢

Red lines are a guide to the eye (don’t take the fits too seriously!)
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La, ,Ca,MnO;: Structural phase diagram

Atomic displacement parameter (ADP) for Oxygen
(measure for thermal and static deviations from site)
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g 400 |
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: . 100
* Phase diagram draws itself from the parameters. S
_ 0 Wi |
e Unexpected detail emerges and demands 00 02 04 06 08 10
interpretation. Cax
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La, ,Ca,MnO;: Structural phase diagram

Average structure Local structure
o O-
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Example:

“Complete” structure of
Gold Nanoparticless

ULSB
e

Katharine Page
Ram Seshadri
Tony Cheetham

Thomas Proffen
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Gold nanoparticles

e 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.

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

Total = 148
Average grain size = 3.6 nm

Grain size [nm]
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Gold nanoparticles: First NPDF data

| ' ' | ' | ' | ' : : | : |
L ' 1 K.L. Page, Th. Proffen, H.
== : BU”( gOId - Terrones, M. Terrones, L.
L | { Lee,Y.Yang, S. Stemmer,
SE | 2 R. Seshadriand A.K.
—_ I Cheetham, Direct
Z ol | Observation of the
~l | Structure of Gold
Nanoparticles by Total
Du ‘N’ Scattering Powder
o I 1 Neutron Diffraction,
T ' | Chem. Phys. Lett. 393,
i =t : "ttt 385-388 (2004).
ol | Gold nanoparticles A
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T of : \Average diameter ~3.6nm -
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Au nanoparticles: Particle size

I Kok X2 62atoms, 1.2nm

340 atoms, 2.3 nm

200 AMAAAA AN

N h n | 992 atoms, 3.5 nm
Aot A e B

2184 atoms, 4.6 nm

100 - N | H l 4070 atoms, 5.8 nm
_ H I n H ‘ ” ﬁamatoms, 6.3 nm

’ experiment
| |

0 1 2 3 4 5
r(nm)

G(n

We're dealing with a length scale that can be simulated on an atom by atom
basis, perhaps opening the door to extremely detailed refinements.
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Summary

* Analysis of total scattering gives e ey
valuable insight in structure < Sumlacions
properties relationship Bt

REINHARD B. NEDER
AND THOMAS PROFFEN

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

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

e Fast powder measurements allow
systematic exploration of local
structure as function of T, x, P

http://www.totalscattering.orqg
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