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What is alocal structure?

A Disordered materialsThe interesting properties are
often governed by the defects or local structure

A Non crystalline materialsAmorphous solids,
liquids, glasses and polymers

A Nanostructures Well defined local structure, but
long-range order limited to nanometers
lengthscalegpoorly defined Bragg peaks)
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S.J.LBillingeand I. LevinThe Problem with Determining Atomic Structure at

the Nanoscale Science16, 561 (2007).

D. A. Keen and A. L. Goodwihe crystallography of correlated disorder

Nature521, 308309 (2015).
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What istotal scattering?




Bragg Scattering and CSRO
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Bragg scatterindnformation about theaverage Diffuse scatteringb Y T2 N F G A 2Y adzy R
structure,e.g.average positions, displacement . N} 33 LISF1azé FNAaAaAy3a TN

parameters and occupancies

Th. ProffenAnalysis of occupational and displacive disorder using the atomic pair distribution function: a systematic investigation

Z.Krist 215, 661 (2000).



The Pair Distribution Function

L T . Rl e A e . 77 e, [ The PDF is theinelFourier transformof
Random ——— | thefolal scattering(Bragg and diffuse)
p Diftarence diffraction pattern

(=1 -

- ” " N The PDF is sensitive to theture and
length-scaleof CSRO, often key to physical
properties
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U U Interested in learning more?
\/ U Apply to attend the B Annual School on US
Total Scattering Analysis
$- f\ - 4 http://conference.sns.gov/e/VirtualTS
sk s b o b o b g kb 2 b % ks ko k s % o b o ok o h o 1 —SChOOI/

Th. ProffenAnalysis of occupational and displacive disorder using the atomic pair distribution function: a systematic investigatiknst

215, 661 (2000). Th. Proffen,Retkoy S. J. L. Billinge, and T. V@jtemical shorrange order obtained from the atomic pair distribution
function, Z.Kristallogr217(2002) 4%50.



http://conference.sns.gov/e/VirtualTS-School/

B-site cation ordering in inverse spinel oxides: LINiYO
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J. Liu, X. Wang, O. J. Borkiewicz, E. Hu, R. J. Xiao, L. Chen, andJKifiedgeew of the local catiorordered state in
inverse spinel oxidednorg. Chem58 (2019) 143894402.




What is a PDF?

ThePair Distribution Function (PDIgives the probability of .
FAYRAY3I |y 0G2Y G | RAalGl ycC
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Pair Distribution Function

SineFourier transform o&ll scattered neutron/Xray intensity (crystalline and amorphous)

A Experimental, ensemble, reapace, atorratom histogram
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diffraction
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diffraction
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pair distribution function A
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silica glass -

only short-range order




Pair Distribution Function

PDF analysi8, Local Inter-atomic distances
3 I |

atomic structure for

disordered crystalline i
materials 5 Number of nexitnear
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Pair Distribution Function

Quanti_tati_vg Inter-atomic distances

analysis fitting a
model to the data
over specific ranges

Number of nexinear
neighbors (area under peak)
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Partial PDFs
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Neutron and xray PDFs are often highly complementary




WHAT TYPES OF STUDIES CAN BE DONE WITH T
PDF TECHNIQUE?

Local Distortions

Chemical Shot#Range Ordering
Nanostructures

Amorphous Structures




Local distortionsvia PDF

D. P. Shoemakeet al.,
Reverse Monte Carlo
neutron scattering study of
the 'orderedice' oxide
pyrochlorePb,RyO; 5, J.
Phys.CondensMatter 23
(2011).

A Local dipoles

A LocallahnTeller distortions

A Frustrated lattices

A Orbital ordering
A etc.
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Example:Local structure irBaTiQ

Ti atom distortions Microscopic Polarization Macroscopic

Polarization
Px Py Pz
Crystallographic Phase Transitions R
y g p Cubic S \} }“7 /// ﬂ,” = 4
. rom o A= A+ e+ 1
; - A, / £ A\ \/ 5 " 4
! a1 130" a,=0,= 0, = 4009 & P
]
Lo
2 /ﬂlz Terogondd 5wy of ctic form 0—\’) /‘/5 -
N TS N~ LD Y it
1 [ {o.-o,-ﬂ)oﬂ . . »x Tetragonal /i' - ’ﬂg‘ _ U
T [ i, o, e A A = ity - ey T
g Ll Fo35 w7z Xz e 9y

— L/\i /%7 : p— e 7
' H e — ’} aa N ' _ 1
¢ \ Pmn21 i — H-II-! + i+ — 7 |
a'= 2asin(@/2) / | o o ’—
b A oo —
::§§ form g ‘ FE/AFE
b'= 5683 2 e
— & j , y /y—
Rhombohedral / _ B //‘ ‘ Bagh U
. . . . R3m = [EEEh i + +
Jaffe, Cook, and Jaffleiezoelectric ceramicécademic Press, 1971. 1 e HBnHEY/g | died ‘ ‘ ‘ ‘ ‘ HJ ](
Locally, Ti*displacements are always along [111] dlrectlons (octahedt
Longrange: cubi@ tetragonalA faces) A Results in 3 short and 3 long-O bonds
orthorhombch rhombohedral ZhangCagin and Goddard, The ferroelectric and cubic phases in BiTiQelectrics are also

antiferroelectric, PNA$103, 1469514700 (2006).
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Example: Local structure in BaTjO

BaTiQ: Ferroelectric oxide, a rhombohedr&3m ground state and a room temperature tetragon@#(mn) structure

e displacive model order-disorder model
2D models with
e distinct local motifs ! ! ! ! N TS 7
4010 but similar
alb 6SNI 35¢| YAabhqal | | NN |
+4:000] Q
: O I S O S Nl AN N
3990 Tetra gorlll Cubic
3se0f $ $ $ ! [01] ™ 44K
L Temperature “C Loty o
I N 0 l l
A 2D model where crystallographic
local and average NS - ! unit cell 1
motifs are the same
MEdEars
- o |
VA VA BaTiQdisplays ordedisorder phenomena:
crystallographic
T 7 oS room temperature I(_)cal structure knowp to
have rhombohedralike pairpair correlations
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Neutron PDF for BaTiO

Calculated BaTi®DFs

———R3m A
—— P4mm O ? O O Ti A
—— Pm3m Or(?)ﬂ Pm3m ) Ba
o O
° 0:0
@ ~e Pamm o=@ R3m
| \ | ' 1 o * ° ; o
2 A 3 4  Usher et al.J). Appl. Phyd20, 184102 (2016).
r(A)
Experimental BaTiPDFs
&

I ¢ R! © O[ Ein@yelxR o Bigh ly ¢!

—

adSén® 5@ ! & YSSy IHrilfa®
Range Order in BaTidrom Local SymmetnBreaking DistortionsPhys. Rev. Lett16,
207602 (2016).

K. Paget al, Chem. Mater22, 43864391 (2010).
K. Pagegt al, Phys. Rev. Lett01, 205502 (2008).

Neutron PDF is sensitive T®O correlations

At room temperature, BaTi(ocally has a spliR3m
like) firstTHO peak, displaying classic oraksorder
behavior

22 2618 22 2618 22 26

r(A)
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Chemical ShorRange ordewia PDF

10 ———— — _
A ituti g (@ tet site - D.P.Shoemaker, J. Li, and R.
A Substitution effects < 6L o Mn-O 1 Seshadii Unraveling Atomic
A Chemical clusteri 2 f v ‘33 * CueOJ 1 positions in an OxidBpinelwith
emical clustering S 4T (23 1 TwoJahnTeller lons: Local
< - . 2 % - Structure Investigation of
A lon-specific local environments Qe 1 = CuMnO,, J. Am. Chem. Sd31,
P 11450 (2009).
A Vacancy ordering Y — ,
| (b) oct. site ]
— : L ;&’W ry ;
s 6 . : ]
Th. Proffen, VPetkoy S. J. IBillinge and T. Vogt, Chemical short range :2 al -‘..:' ;‘: N
order obtained from the atomic pair distribution function, oL o ‘ h
Kristallogr 217, (200 2) 47¢50. ol g §
T T . T T T C16 Clapp C17 Clapp 16 18 2 2.2 2.4
CuAu configuration configuration r(A)

G (A%
o

-2
T

—4
T

a8
. L1, and DO,
order

L.R. Owen, H.Playford H.J. Stone and M.G. Tucker, Analysis of short
range order in CiAu using Xay pair distribution functionsActa
Materialia (2017) 125, 126.

K. Pagegt al., Local atomic ordering in BaTAOstudied by neutron pair distribution
function analysis and density functional theoBhem. Mater19(2007) 40374042.
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Example: High Voltage Spinel CathodéNj, :Mn, O,

We studied the nature and lengtiscale of local
cation ordering in this system and related it to
electrochemical performance

High operating voltage (~4.7 V versuglLl) and facile three

dimensional lithium ionic conductivityzhonget al, 1997,0hzukuet al,
1999

Two distinct polymorphs are known: IMh cation ordering

strongly impacts electrochemical performancedemotoet al, 2003;
Zhonget al,, 1997

(1) Disordered phase (SK&}3m), where NiMn are
randomly distributed at the 16d site via high
temperature solid state reaction

(2) Longrange cation ordered phase (SR3,32 or
P4,32) via extended posannealing at 700C to 600°C

Kunduraci& Amatuccj 2006;Kunduracet al., 2006; Kinet al., 2004; Ma
et al, 2010; MoorheaeRosenbergt al., 2015



Example: High Voltage Spinel CathotleéNj, -Mn, O,

-SC
~A48
. -A240
Slow Cooled (SC§:hours at 90C, 1.8C/min
cooling — * = NigMnOy
',-'% # = disordered rocksalt MO
Fast Cooled (FC3:hours at 908C, 5C/min > (M = Mn,Ni,Li)
cooling 2 | L. Ll U \ Jl i M
Annealed (A48)48 hours at 708C =
TNV ST P S | \ A
Annealed (A240)240 hours at 70TC . ‘
1 2 3 4 5 6

d spacing (A)

Cation ordering examined at the POWGEN Beamline, SNS: large nuclear scattering length contrast betwden nickel

10-3fm) and manganeseb(: '3-73fm) Z. MoorheadRosenberg, A. Hug, J. B. Goodenough, Bakthiram, Chem. Mater.
(2015)27, 69346945.
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Example: High Voltage Spinel CathotleéNj, -Mn, O,

A lot can be observed by looking at the PDFs:

A Local atomic structures almost identical up to 5
A (two nearest B-site neighbors)

Sample structures diverge after that

Annealed samples: two distinguishable sets of

Ni/Mn pairs at third nearest Ni/Mn neighbor
distance

By fourth nearest Ni/Mn neighbor the samples
are distinct

> >

ordered LiNjMn, (O, (S.GP4,32)
71717 NN
- A 50A 58A 8.2A — FC

! — 8C

|

p>N

9
l
I
I
I
I
I

Liu J., Hug A., MoorhedRlosenberg ZManthiramA., Page KNanoscale
Ni/Mn Ordering in the High Voltage Spinel Cathode kiMn; O, Chemistry
of Materials,28, (2016) 68176821.

G(r) (A®)

WGEN, SNS
| ! | !

12 14 16

PO




Example: High Voltage Spinel CathotleéNj, -Mn, O,

Additional information from modeling the local structure o0

) | FC Fd-3m ]
A Over 1to 5 A range the ordered Mn/Ni models 280‘W
(P4,32) provide much better fits for local PDF e e N S A
' pr'oflles in all samples | 240_FC'P433{2 e _
A Ni/Mn are locally well-ordered in the long-range 200-_——\/\/\’\v~v/\
Adi sorderedod sampl es I e e
A Up to what length scale? %160 e

| SC Fd-3m |

80 1 1 | L 1 | |

| SC P4,32 ]

! | L | | | L |
0] 2 3 4 5

J. Liu, A. Huq, Z. Moorhe&bsenberg, AManthiram, and K. Pagé&Janoscale NiMn ordering in the high voltage spinel cathode LiNMn, ;O,, Chemistry of Material$28, 19,
68176821, 2016.
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Example: High Voltage Spinel CathotleéNj, -Mn, O,

15 A correlation length scale for SRO

250 T T T T | T T T T T T
| LTI R T T T EC Fd-3m —FC (b') 0.3
R, =25.8% 1
wp
m%
4{SC Fd-3m
R, =26.0%
wp
fully disordered |
| A48 P4,32 - 2
R _=13.4% a
wp <
w
48
spl A240 P4,32 1 =
R, =13.5% 0.2=
i 1w fully ordered :
A VAN AN AN A A A NS S NN AN AP NS é 0.0
O | BT e e N 1 | 1 | 1 | 1
2 4 6 8 10 20 30 40 50 e (A

A 5% site mixing in the A48 and A240 patterns throughout the entire range
A FC and SC samples are nearly fully disordered at pair distances beyond 1-
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Example: High Voltage Spinel CathotleéNj, -Mn, O,

CAlG (GKS t5Ca& gAGKAY | -OddE )NBHFAYEEYSyyiom ) adsSLia ol

0.4 T T v T T T T T

Highr PDF for annealed samples —+— A240

o
w

[ The extent of site mixing diverges above 50 A I Spinel cathode
materials are
distinguished by their
unique correlation
length scales for
chemical short range
ordering

Mn occ at 4b site
[ ]
[

o
—-—h

g
o




Nanomaterial structurevia PDF

z ] oo

- 1:-_’.\21 é 2nm
A Finite size/shape effects £,
A Surface/Interface structure 3 4
; = 5o A
A Nanostructure polymorphs L S R A T B
A i J. Liu, D. Olds, R. Peng, L. Yu, G. S. Foo, S.
A Growth and transformation =5 Qian, JKeum B. SGuiton, Z. Wu, and K.

: A Page Quantitative analysis of the

REER B e » 2 ETR morphology of {101} and {001} faceted

anatase Ti@nanocrystals Chem. Mater.
29, 55915604 (2017).

11

ar
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¥ o

Auyaa(pP-MBA)go

1 :::::::; K. M. O. Jensen, Buhas M. A.Tofanellj C. L

il Heinecke G. Vaughan, and C. J. Ackerson,
Polymorphism in magisized
Au,,(SR)clusters,Nature Communications,
11859 (2016)

K. W. Chapman, P.Ghupasand T. MNenoff Radioactive lodine
Capture in SilvelContainingMordenites through Nanoscale Silver
lodide Formation J. Am. Chem. Sdk32, 8897 (2010

G(r) (Arb. units)
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http://pubs.acs.org/doi/abs/10.1021/ja103110y

Example: SnONanocrystals

~2 nm Sn@(cassiteritg nanocrystals capped with,O/OHor D,0/ODgroups

TGA suggests 2 steps dehydration.
How many layers of water are at the surface?

H-W. Wang, D. J. Wesolowski, T. ProffeVItek W. Wang, L. F. Allard, AKblesnikoy How is water bonded to surfaces?
M. Feygenson, L. Minovitz and R. L. Pautructure and stability of Sngonanocrystals . .
and surfacebound water speciesJ. Am. Chem. Spd.35, 6885895, 2013. What are the dynamlcs Of dEhydratlon?
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Example: SnONanocrystals
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—— hydroxylated

MP: hydration layer onl — nonnydrowited |
MD and PDF 2 ey ;
3T r
Data is compared to Molecular Dynamics EE Lithotl i 41X 41x B A%
Simulation PDFs foronhydroxylated ° 1 L,+L,:41x41x 6 A3
and hydroxylated models: i N\ L,:41x41x 2.5 A2
-1 t } t t t } 1 } +
Box S_"ZE 41 x 41 x 28,2592 atoms; # ) MD: SnQ + hyd. layer (hydroxylated model)
density = 0.068 A = s
Ug,= 0.003 A iy, - [\
TN e Y — Lytlptly|
S+ . . l--dljbisk:”‘w-_l___j_ . :t:ﬂ_z
S AR AR RS AR AR SRR =TT
ed-PDF A i Loz
—— Sn0, (bulk)




Example: SnONanocrystals

ol } t t
: L,+L,+ . R,:0.45
. | 1 2 3 W
Single phase model: ! L+, R - 0.25
- L,+05L, R,:0.23
SnQ bulk structure, - A ,
refined particle =
& .
size =~47 A ;
' { : :
T L,+L,+. R,:0.25
ol L +L, R, : 0.20
Two phase model: 1, Li#0.5L, R, 0.20

SnQ bulk + layered

MD water structure

G AT




Example: SnONanocrystals

107 : : : : : : : : : H-W. Wang, D. J. Wesolowski, T.
1 e - — hydroxylated Proffen, LVicek W. Wang, L. F.
sl constant # denSIty. 0.068 A —— nonhydroxylated| T Allard, A. IKolesnikoy M.
1 Feygenson, L. MAnovitz and R. L.
T Paul,Structure and stability of SnO
5T T  nanocrystals and surfacbound
o + + . 3 water speciesJ. Am. Chem. Soc.
= 41 Ly+Lo+L,:41x41x8 A 135, 68856895, 2013.
o] 1
.1 L, +L,:41x41x 6 A3
o4 L,:41x41x25A3
21 : | , [
0 2 4 6 g ey
12E N\ \ | @ Half: PDF refinements with $n0,+MD structure (incomplete)

nH,0 or nD,0

.......

Temperature (*C)



Amorphous structuresszia PDF

A GlaSSGS H. Kim, T. Proffen, P.GhupasA.KarkamkarN. J.
Hess, and T. Autrefpetermination of structure and
A Liguids phase transition of light element nanocomposites in
q mesoporous silica: case study of MsH; in MCM-

< 41,J. Am. Chem. Soc. 13874913755 (2009).
A Concretes m- ~hem. =oc (2009)

A Adsorbed/absorbed gases

-

A etc.

S.Lan X.. Wei, J. Zhou, Z. Lu, X. Wu, M. Feygenson, J. Neuefeind, X.Wang, 10
In situ study of crystallization kinetics in ternary bulk metallic glass alloys

with different glass forming abilitiesApplied Physics Letters05, 201906 8
450
(2014). 6
Q 350 &
4 &
-~ 2 250 5
s 3 g
3 0
g ’ 1 150/\5‘
%.1 > 6 8 50

7
Q (A-i) 9 10

H-W. Wang; L. L. Daemen, M. C. Cheshire, M. K. Kidder, A. G. Stack, L. F.

Allard, J. Neuefeind, D. Olds, J. Liu, and K. Bggéhesis and structure of

50 Time (min) synthetically pure and deuterated amorphous (basic) calcium carbonates
ChemCommun, 53, 29422945 (2017).

oo
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Amorphous structuresszia PDF

High degree of Na disorder in amorphous
Na,P,S; is responsible for high ionic conductivity

12

i 3A i ——crystalline
I H
; : glass

0.8 - NaPySg

1.0 H

0.6 4
0.4 4

0.2 4

0.0+

normalized G(r) /a.u.

-0.2 1

0.4

-0.6 4

'O-BI'I'I:'l':l'l:'l':l'l:

rl A

C. Fritsch , A.. Hansen, S. Indris, M. Knapp, and H. Ehrenberg, Mechanochemica
synthesis of amorphous and crystalline,R&; ¢ elucidation of local structural
changes by Xay total scattering and NMm®alton Trans.2020,49, 16681673.

a 81— b) 18 -
) Li94P03.50Np 31 ) Li, 6P 0, 35Ny 31 Full PDF
12+ Li, ;PO 5Ny 5
- E— Lia.upoa.ssNo.:n
°-‘$ 61— Li; 35PO;6:No 35
= o3
]
61
ETRE
-8 t t -18 t
1 2 3 4 5 6 1 2 3 4 5 6
- r(A) &0 r(A)
c) Li-O partial PDF| d) P-O partial PDF
ey — 60
E <
< 5 =
E 6 4.0
O,
2.0+
24
0.0+
0 t t + }
1 2 3 4 5 6 1 2 3 4 5 6
r
e) 16 (A - f) 80 iG] -
P-P partial PDF P-N partial PDF
« 1.2+ 6.0 -
< <
= 0.8 = 40
© [c)
045 20+



https://doi.org/10.1039/1477-9234/2003

Questions?

U.S. DEPARTMENT OF Office of

'ENERGY science
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Total Scattering Structure Function

Structure function, determined from the scattering intensity/differential cross section:

scattering length (neutrons) or atomic

coherent scattering form factor (xrays)

intensity (corrected)

\
Icoh(Q)_ a G |h|2

0= 4psing
A chl

+1 /

S(Q)=

Corrected forContainer & background scattering, sakfsorption,etc.
Normalized bylncident flux, number of atoms, square of the scattering length/form factor
For unambiguous derivation of this derivation and relationship to other forms:

C. Farrow and S. JHillinge ActaCryst (2009) A65, 23239.
D. A. Keen]. ApplCryst 34 (2001) 17A77.
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The Experimental PDF

The Sine Fourier transform of the totargggand diffuse) scattering

20 % 1 * I * T * I * T ™o
90 — The total scattering structure facto§Q)
s i ]
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Q (A'1) Sine Fourier transform
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The Pair Distribution Function (PDEy)

2 Qnax :
G(r)=— S(Q) - 1 d
(=2 ASQ- Bsi(QridQ

I I
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r(A)




Obtaining High Quality PDFs

(1) High maximum momentum transfe®(,.,)
(2) Good @esolution,dQ

(3) Good counting statistics

(4) Low (and stable) instrument background

An ideal measurement would have no contribution from
the instrument resolution

For PDF: a wid® range and high flux is balanced with
resolution

Synchrotron sources or Spallation Neutron Sources
(high energy X-rays) (reactor neutron energies are too low)




Resolution Effect Courtesy of

PhilChater
Diamond Light
. . Source
Reciprocal space: Peak width, dQ
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