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What is a local structure?

Á Disordered materials: The interesting properties are 
often governed by the defects or local structure

Á Non crystalline materials: Amorphous solids, 
liquids, glasses and polymers

Á Nanostructures: Well defined local structure, but 
long-range order limited to nanometers 
lengthscales(poorly defined Bragg peaks)

S.J.L. Billingeand I. Levin, The Problem with Determining Atomic Structure at 
the Nanoscale, Science316, 561 (2007). 

D. A. Keen and A. L. Goodwin, The crystallography of correlated disorder, 
Nature521, 303ς309 (2015). 



What is total scattering?

Cross section of 50x50x50 unit cell model crystal consisting of 70% blue atomsand 30% vacancies.



Bragg Scattering and CSRO

Bragg scattering: Information about the average 
structure, e.g.average positions, displacement 
parameters and occupancies

Th. Proffen, Analysis of occupational and displacive disorder using the atomic pair distribution function: a systematic investigation, 
Z. Krist, 215, 661 (2000). 

Diffuse scattering: LƴŦƻǊƳŀǘƛƻƴ άǳƴŘŜǊƴŜŀǘƘ ǘƘŜ 
.ǊŀƎƎ ǇŜŀƪǎΣέ ŀǊƛǎƛƴƎ ŦǊƻƳ ŘƛǎƻǊŘŜǊŜŘ ǎǘǊǳŎǘǳǊŜ



The Pair Distribution Function
The PDF is the Sine-Fourier transform of 
the total scattering(Bragg and diffuse) 
diffraction pattern

The PDF is sensitive to the natureand 
length-scaleof CSRO, often key to physical 
properties

Th. Proffen, Analysis of occupational and displacive disorder using the atomic pair distribution function: a systematic investigation, Z. Krist, 
215, 661 (2000). Th. Proffen, V. Petkov, S. J. L. Billinge, and T. Vogt, Chemical short-range order obtained from the atomic pair distribution 
function, Z. Kristallogr. 217(2002) 47ς50.

Interested in learning more?

Apply to attend the 5th Annual School on US 
Total Scattering Analysis 
http://conference.sns.gov/e/VirtualTS-
School/

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


S.G. Fd-3m
(V)[LiNi]O4

Neutron diffraction data from POWGEN, SNS

B-site cation ordering in inverse spinel oxides: LiNiVO4

J. Liu, X. Wang, O. J. Borkiewicz, E. Hu, R. J. Xiao, L. Chen, and K. Page,Unified view of the local cation-ordered state in 
inverse spinel oxides, Inorg. Chem.58 (2019) 14389-14402. 



What is a PDF?
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The Pair Distribution Function (PDF) gives the probability of 
ŦƛƴŘƛƴƎ ŀƴ ŀǘƻƳ ŀǘ ŀ ŘƛǎǘŀƴŎŜ άǊέ ŦǊƻƳ ŀ ƎƛǾŜƴ ŀǘƻƳΦ



Pair Distribution Function

Sine-Fourier transform of all scattered neutron/X-ray intensity (crystalline and amorphous)

ĄExperimental, ensemble, real-space, atom-atom histogram



PDF analysis Ą Local 
atomic structure for 
disordered crystalline 
materials, 
nanomaterials, and 
amorphous materials

Pair Distribution Function

Particle size / correlation 
length scale

Inter-atomic distances

Number of next-near 
neighbors (area under peak)



Particle size / correlation 
length scale

Inter-atomic distances

Number of next-near 
neighbors (area under peak)

Atom positions
Atomic displacements
Chemical order
Chemical composition
Correlation length scale

Quantitative 
analysis: fitting a 
model to the data 
over specific ranges

Pair Distribution Function



Partial PDFs

Neutron and x-ray PDFs are often highly complementary

SrTiO3

Neutron X-ray

s(s+1)/2 partial 
structure factors 
characterize a system 
containing sspecies



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

Local Distortions
Chemical Short-Range Ordering
Nanostructures
Amorphous Structures



Á Local dipoles

Á Local Jahn-Teller distortions

Á Frustrated lattices

Á Orbital ordering

Á etc.

D. Louca,  et al.,
Suppression of 
superconductivityin Fe 
pnictidesby annealing;  a 
reverse effect to pressure, 
Phys. Rev. B 84, 054522 
(2011).

E. Bozin,et al., 
EntropicallyStabilized 
Local Dipole Formation in 
Lead Chalcogenides, 
Science330, 1660 (2010). 

Local distortions via PDF

D. P. Shoemaker, et al., 
Reverse Monte Carlo 
neutron scattering study of 
the 'ordered-ice' oxide 
pyrochlorePb2Ru2O6.5, J. 
Phys.: Condens. Matter 23
(2011).



Example: Local structure inBaTiO3 

Crystallographic Phase Transitions

Jaffe, Cook, and Jaffe, Piezoelectric ceramics, Academic Press, 1971.

Zhang, Cagin, and Goddard, The ferroelectric and cubic phases in BaTiO3ferroelectrics are also 
antiferroelectric, PNAS, 103, 14695-14700 (2006).

Long-range: cubic Ą tetragonal Ą
orthorhombic Ą rhombohedral

Locally, Ti4+ displacements are always along [111] directions (octahedral 
faces)   ĄResults in 3 short and 3 long Ti-O bonds



BaTiO3: Ferroelectric oxide, a rhombohedral (R3m) ground state and a room temperature tetragonal (P4mm) structure

BaTiO3 displays order-disorder phenomena: 
room temperature local structure known to 
have rhombohedral-like pair-pair correlations

Example: Local structure in BaTiO3

A 2D model where 
local and average 

motifs are the same

2D models with 
distinct local motifs 

but similar 
άŀǾŜǊŀƎŜέ ƳƻǘƛŦǎ



Neutron PDF for BaTiO3

Á Neutron PDF is sensitive to Ti-O correlations

Á At room temperature, BaTiO3 locally has a split (R3m 
like) first Ti-O peak, displaying classic order-disorder 
behavior

K. Page et al., Chem. Mater. 22, 4386ς4391 (2010).
K. Page, et al., Phys. Rev. Lett. 101, 205502 (2008).

Experimental BaTiO3 PDFs

aΦ {Φ SennΣ 5Φ !Φ YŜŜƴΣ ¢Φ /Φ !Φ [ǳŎŀǎΣ WΦ !Φ HriljacΣ ŀƴŘ !Φ [Φ DƻƻŘǿƛƴ, Emergence of Long-
Range Order in BaTiO3 from Local Symmetry-Breaking Distortions, Phys. Rev. Lett. 116, 
207602 (2016).

Usher et al., J. Appl. Phys. 120, 184102 (2016).

Calculated BaTiO3 PDFs



cis trans

K. Page, et al., Local atomic ordering in BaTaO2N studied by neutron pair distribution 
function analysis and density functional theory, Chem. Mater.19 (2007) 4037-4042. 

D. P. Shoemaker, J. Li, and R. 
Seshadri,  Unraveling Atomic 
Positions in an Oxide Spinelwith 
Two Jahn-Teller Ions: Local 
Structure Investigation of 
CuMn2O4, J. Am. Chem. Soc. 131, 
11450 (2009).

Á Substitution effects

Á Chemical clustering

Á Ion-specific local environments

Á Vacancy ordering

Chemical Short-Range order via PDF

Th. Proffen, V. Petkov, S. J. L. Billinge, and T. Vogt, Chemical short range 
order obtained from the atomic pair distribution function, Z. 
Kristallogr. 217, (200 2) 47ς50.

Cu3Au

L.R. Owen, H.Y. Playford, H.J. Stone and M.G. Tucker, Analysis of short-
range order in Cu3Au using X-ray pair distribution functions.  Acta
Materialia (2017) 125, 15-26.



Example: High Voltage Spinel Cathode 7LiNi0.5Mn1.5O4

High operating voltage (~4.7 V versus Li+/Li) and facile three 
dimensional lithium ionic conductivity   Zhonget al., 1997; Ohzukuet al., 

1999

Two distinct polymorphs are known: Ni/Mn cation ordering 
strongly impacts electrochemical performance     Idemotoet al., 2003; 

Zhonget al., 1997 

(1) Disordered phase (S.G. Fd-3m), where Ni/Mn are 
randomly distributed at the 16d site via high 
temperature solid state reaction 

(2) Long-range cation ordered phase (S.G. P4332or 
P4132) via extended post-annealing at 700 °C to 600 °C

Kunduraci& Amatucci, 2006; Kunduraciet al., 2006; Kim et al., 2004; Ma 
et al., 2010; Moorhead-Rosenberg et al., 2015

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



Example: High Voltage Spinel Cathode 7LiNi0.5Mn1.5O4

Cation ordering examined at the POWGEN Beamline, SNS: large nuclear scattering length contrast between nickel (b = 
10.3 fm) and manganese (b = -3.73 fm) Z. Moorhead-Rosenberg, A. Huq, J. B. Goodenough, & A. Manthiram, Chem. Mater.

(2015) 27, 6934-6945.

Slow Cooled (SC): 8 hours at 900°C, 1.5°C/min 
cooling

Fast Cooled (FC): 8 hours at 900°C, 5°C/min 
cooling

Annealed (A48): 48 hours at 700°C

Annealed (A240): 240 hours at 700°C



Example: High Voltage Spinel Cathode 7LiNi0.5Mn1.5O4

A lot can be observed by looking at the PDFs:

Á Local atomic structures almost identical up to 5 

Å (two nearest B-site neighbors)

Á Sample structures diverge after that

Á Annealed samples: two distinguishable sets of 

Ni/Mn pairs at third nearest Ni/Mn neighbor 

distance

Á By fourth nearest Ni/Mn neighbor the samples 

are distinct

ordered LiNi0.5Mn1.5O4 (S.G. P4332) 

Liu J., Huq A., Moorhead-Rosenberg Z., ManthiramA., Page K., Nanoscale 
Ni/Mn Ordering in the High Voltage Spinel Cathode LiNi0.5Mn1.5O4, Chemistry 
of Materials,28, (2016) 6817ς6821. 

POWGEN, SNS



Example: High Voltage Spinel Cathode 7LiNi0.5Mn1.5O4

Additional information from modeling the local structure

Á Over 1 to 5 Å range the ordered Mn/Ni models 

(P4332) provide much better fits for local PDF 

profiles in all samples

Á Ni/Mn are locally well-ordered in the long-range 

ñdisorderedò samples

Á Up to what length scale?

J. Liu, A. Huq, Z. Moorhead-Rosenberg, A. Manthiram, and K. Page, Nanoscale Ni/Mn ordering in the high voltage spinel cathode LiNi0.5Mn1.5O4, Chemistry of Materials, 28, 19, 
6817ς6821, 2016. 



Example: High Voltage Spinel Cathode 7LiNi0.5Mn1.5O4

Å 5% site mixing in the A48 and A240 patterns throughout the entire range

Å FC and SC samples are nearly fully disordered at pair distances beyond 15.5 Å

fully ordered

fully disordered

15 Å correlation length scale for SRO



Example: High Voltage Spinel Cathode 7LiNi0.5Mn1.5O4

High-r PDF for annealed samples

The extent of site mixing diverges above 50 Å

Cƛǘ ǘƘŜ t5Cǎ ǿƛǘƘƛƴ ŀ пΦр ) άōƻȄέ ƛƴ м ) ǎǘŜǇǎ όŀ άōƻȄ-ŎŀǊέ ǊŜŦƛƴŜƳŜƴǘύ

Spinel cathode 
materials are 

distinguished by their 
unique correlation 
length scales for 

chemical short range 
ordering



Nanomaterial structure via PDF

Á Finite size/shape effects

Á Surface/Interface structure

Á Nanostructure polymorphs

Á Growth and transformation

K. W. Chapman, P. J. Chupas, and T. M. Nenoff, Radioactive Iodine 
Capture in Silver-Containing Mordenites through Nanoscale Silver 
Iodide Formation, J. Am. Chem. Soc. 132, 8897 (2010).

J. Liu, D. Olds, R. Peng, L. Yu, G. S. Foo, S. 
Qian, J. Keum, B. S. Guiton, Z. Wu, and K. 
Page, Quantitative analysis of the 
morphology of {101} and {001} faceted 
anatase TiO2 nanocrystals, Chem. Mater. 
29, 5591ς5604 (2017).

K. M. O. Jensen, P. Juhas, M. A. Tofanelli, C. L 
Heinecke, G. Vaughan, and C. J. Ackerson,
Polymorphism in magic-sized 
Au144(SR)60clusters,Nature Communications7, 
11859 (2016).

http://pubs.acs.org/doi/abs/10.1021/ja103110y


~2 nm SnO2 (cassiterite) nanocrystals capped with H2O/OHor D2O/ODgroups

Example: SnO2 Nanocrystals

TGA suggests 2 steps dehydration.

How many layers of water are at the surface?

How is water bonded to surfaces?

What are the dynamics of dehydration?

H.-W. Wang, D. J. Wesolowski, T. Proffen, L. Vlcek, W. Wang, L. F. Allard, A. I. Kolesnikov, 
M. Feygenson, L. M. Anovitz, and R. L. Paul, Structure and stability of SnO2 nanocrystals 
and surface-bound water species, J. Am. Chem. Soc., 135, 6885-6895, 2013. 



Áнн ǘƻ рл ɕ/Υ L1 +L2 +L3,

Áрл ǘƻ орл ɕ/Υ L1 +L2 

Áплл ǘƻ урл ɕ/Υ {nO2 grain growth

22 ɕC

850 ɕC

Example: SnO2 Nanocrystals

Bulk 
~0.2% 
smaller

In situ dehydration answers these questions and indicates that water plays 
a key role in stabilizing the nanocrystals.

NOMAD, SNS



MD: hydration layer only

L1 +L2 +L3 : 41 x 41 x 8 Å3

L1 +L2 : 41 x 41 x 6 Å3

L1 : 41 x 41 x 2.5 Å3

Data is compared to Molecular Dynamics 
Simulation PDFs for nonhydroxylated
and hydroxylated  models:

Box size: 41 x 41 x 23 Å3 ; 2592 atoms; # 
density = 0.068 Å-3; 
Uiso = 0.003 Å2

MD: SnO2 + hyd. layer (hydroxylated model)

MD and PDF

Observed PDF



Single phase model:

SnO2 bulk structure, 

refined particle 

size = ~47 Å 

L1 +L2 +L3

L1 +L2 

L1 +0.5L2

Rw : 0.45

Rw : 0.25

Rw : 0.23

Rw : 0.25

Rw : 0.20

Rw : 0.20Two phase model:

SnO2 bulk + layered  

MD water structure

Example: SnO2 Nanocrystals

L1 +L2 +L3

L1 +L2 

L1 +0.5L2



constant # density: 0.068 Å-3

L1 +L2 +L3 : 41 x 41 x 8 Å3

L1 +L2 : 41 x 41 x 6 Å3

L1 : 41 x 41 x 2.5 Å3

H.-W. Wang, D. J. Wesolowski, T. 
Proffen, L. Vlcek, W. Wang, L. F. 
Allard, A. I. Kolesnikov, M. 
Feygenson, L. M. Anovitz, and R. L. 
Paul, Structure and stability of SnO2
nanocrystals and surface-bound 
water species, J. Am. Chem. Soc., 
135, 6885-6895, 2013. 

Example: SnO2 Nanocrystals



Amorphous structures via PDF

H. Kim, T. Proffen, P. J. Chupas, A. Karkamkar, N. J.  
Hess, and T. Autrey, Determination of structure and 
phase transition of light element nanocomposites in 
mesoporous silica: case study of NH3BH3 in MCM-
41, J. Am. Chem. Soc. 131,13749-13755 (2009).

Á Glasses

Á Liquids

Á Concretes

Á Adsorbed/absorbed gases

Á etc.

S. Lan,  X.. Wei, J.  Zhou,  Z. Lu,  X. Wu, M. Feygenson, J. Neuefeind,  X. Wang, 
In situ study of crystallization kinetics in ternary bulk metallic glass alloys 
with different glass forming abilities, Applied Physics Letters, 105, 201906 
(2014).

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. Page, Synthesis and structure of 
synthetically pure and deuterated amorphous (basic) calcium carbonates, 
Chem. Commun., 53, 2942-2945 (2017). 



Amorphous structures via PDF

High degree of Na disorder in amorphous 
Na2P2S6 is responsible for high ionic conductivity

C. Fritsch , A.-L. Hansen, S. Indris, M. Knapp, and H. Ehrenberg, Mechanochemical 
synthesis of amorphous and crystalline Na2P2S6ςelucidation of local structural 
changes by X-ray total scattering and NMR, Dalton Trans., 2020,49, 1668-1673.

V. Lacivita, A. Westover, A. K. Kercher, N. Phillip, G. Yang, G. Veith, G. Ceder, N. 
Dudney, Resolving the Amorphous Structure of Lithium Phosphorus Oxynitride 
(Lipon),  J. Am. Chem. Soc., 2018, 140, 35, 11029ς11038.

Crossover from bridging to apical N Lipondirectly 
correlates with increase in ionic conductivity

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


Questions?

pagekl@ornl.gov

kpage10@utk.edu

mailto:pagekl@ornl.gov
mailto:kpage10@utk.edu
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A FEW EXPERIMENTAL CONSIDERATIONS

Measurements and corrections

Resolution and range effects

Instruments



Total Scattering Structure Function

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

Corrected for: Container & background scattering, self-absorption, etc.

Normalized by: Incident flux, number of atoms, square of the scattering length/form factor

For unambiguous derivation of this derivation and relationship to other forms:

coherent scattering 
intensity (corrected)

scattering length (neutrons) or atomic 
form factor (x-rays)

l

qpsin4
=Q()

()
1

2

2

+
-

=

ä

ä

ii

iicoh

bc

bcQI
QS

C. Farrow and S. J. L. Billinge, ActaCryst. (2009) A65, 232ς239.
D. A. Keen, J. Appl. Cryst. 34 (2001) 172-177.



The Experimental PDF

The total scattering structure factor: S(Q)

The Pair Distribution Function (PDF): G(r)

Sine Fourier transform
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The Sine Fourier transform of the total (Braggand diffuse) scattering
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Obtaining High Quality PDFs

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

(1) High maximum momentum transfer (Qmax)

(2) Good Q-resolution, 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 wide Q range and high flux is balanced with 
resolution



Resolution Effect

Reciprocal space: Peak width, dQ

Real space: Damping with r

Courtesy of
Phil Chater,

Diamond Light 
Source


