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The Pair Distribution Function, G(r)

a )
G(r) is related to the probability of finding

an atom at a distance r from a reference atom.

It is the Fourier transform of the total structure factor, S(Q).

\ Y
G(r) = 4nr po[g(r)-11 = (2/n) JQIS(Q) -~ 11sin(Q)dQ
probgbility structu;te factor

The structure factor, S(Q), is related to coherent part of the diffraction intensity

S(Q) =1+ [I°°M(Q) - 2 ¢[f(Q)IFVI2cf(Q)
A

diffraction intensity
(corrected)

Apply corrections for background, absorption, Compton & multiple scattering
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A Pair Distribution Function: Amorphou
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A brief history of X-ray PDF measurements

9 o
QQ S XS
5~Q O &8
! N
Computers _
Synchrotrons

1930 1940 1950 1960 1970 1980

"z —Liquid Na, N\ }Graphitic Carbon—) f;‘:';m_ Zeolites ) (Readily\
/' or I - ke :
ﬂ’ 2 . - al [, Accessible
! ' 500 fw oAVl || PDF Data
o 24 = E 0 _:5«»!- ool '1
f\ . i 5200:— 28 1
I ’le -or o ] PJ Chupas
ﬁ ]6 r ]6 200 N 200~ 4 p ] J.Appl.Cryst.(2003)
A B e N S R I I 1 LA ]
Wasov&Warren J.Chem.Phys.(1936 \ RE Franklin Acta. Cryst. (1950) j \&)Shannon J.Phys.Chem.(1985}) \_ Y,

HEX+Area
Detectors

i\

APS/Users Monthly Operations Meeting, August 18th 2010

o 4



Modern PDF measurements: High energy X-rays

[[ High energy X-rays — High Q.. — High real space resolution }
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Modern PDF measurements: Area detectors

— The structure factor S(Q) measured as a function of diffraction angle using monochromatic X-rays
— Area detectors collect all data simultaneously to yield more rapid measurement

Measured Diffraction Intensity

I(Q) > S(Q)

ourier

ansform \Si-O | A '
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PDF as a function of temperature, reaction progress and
guest-loading now relatively routine
CupO

G(n)
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PDF is well suited to study HP phenomena

= Pressure-induced amorphization
= Phase-transitions

APS/Users Monthly Operations Meeting, August 18th 2010

o 8



High pressure measurements

High pressure apparatus, such as diamond anvil cells, use small,
highly encapsulated samples resulting in low sample-to-
background scattering ratios. The limited aperture for the
scattered beam limits the accessible Q-range.

Gasket

Beryllium
backing plate

Incident beam—— s —

Scattered
beam

Diamond anvil

Stainless steel
cell body
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PDF measurements

High quality, accurate PDFs require that X-ray scattering data
with a good signal-to-noise ratio is collected, rigorously
normalized and Fourier transformed to high values of

momentum transfer (Q > 20 A).
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High pressure vs PDF

High Pressure

Sample volume: Small ~0.1 mm
Small beam = low flux: 0.1 x 0.1 mm

Background: Large diamond anvils
Poor sample-to-background ratio

Background: Pressure-dependent

Data: limited by DAC apertures
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. Divergent needs?

Pair Distribution Function

Sample volume: Large ~1mm
Larger beams: 0.5x0.5 mm

Background: Thin-walled capillaries
Good sample-to-background ratio

Background: Accurately determined

Data: to high Q (> 20 A1)
HEX + large scattering angles

Handicap

1:10

1:25

1:30
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Many coupled parameters

= |Instrument Parameters:

— Photon energy

— Beam size / shape / focusing

— Detector type / positioning
= Pressure Cell Parameters

— Target pressure range

— DAC design

— Diamonds

— Backing plates

— Pressure transmitting media
= Data Reduction

— Masking diamond reflections
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Many coupled parameters

= |Instrument Parameters:

— Photon energy

— Beam size / shape / focusing

— Detector type / positioning
= Pressure Cell Parameters

— Target pressure range

— DAC design

— Diamonds

— Backing plates

— Pressure transmitting media
= Data Reduction

— Masking diamond reflections
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The limited Q-range problem: a background issue

Observation: While high pressure data can be collected to the
high Q-values necessary for high resolution PDFs, it is difficult
to normaliz;e the scattering data over the complete Q-range

5(Q)
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Diamond anvils: Single crystal Bragg and diffuse

The structured single crystal diffuse scattering from the diamond anvils is of
similar intensity to the sample scattering.
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Diamond masking limits usable Q-range

=  The single crystal diffuse features
are pressure (strain) dependent
and are “masked” in the images.

= |n practice, constructing a
complete mask is extremely
challenging

= Due to the magnitude of the
diamond contribution, ANY
inadequacies in the masking
limits the usable Q-range.
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Diamond masking limits usable Q-range

e By subtracting the radially
symmetric scattering, the
structured diffuse can be more
readily identified.

e This is achieved by rotating an
image around the beam center
and subtracting from the original
image

‘ APS/Users Monthly Operations Meeting, August 18th 2010
o\——' N



\ |
Diamond masking limits usable Q-range

e By subtracting the radially
symmetric scattering, the
structured diffuse can be more
readily identified.

e This is achieved by rotating an
image around the beam center
and subtracting from the original
image
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Effective masking strategy expands usable Q-range
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Diamond anvils: a large Compton contribution
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Diamond anvils: limit usable Q-range

Unperforated
anvils

APS/Users Monthly Operations Meeting, August 18th 2010

o 22



Diamond anvils: limit usable Q-range

Perforated
upstream anvil

beam —> !%‘ {I -
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Diamond anvils: limit usable Q-range

Shadowing of scattering from the upstream anvil by the cell body shifts under pressure. By
installing a partially perforated upstream anvil, and eliminating this pressure dependent
shadowing, high pressure data can be accurately normalized over the full Q-range.

—

Intensity

upstream anvil

——high pressure-like anvil geometry
= — — ambient pressure-like anvil geometry
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Some data....

S(Q)

alpha-Al,O; in DAC at ambient P
60keV
O~max =20 A-l
(2-theta ~43°)

F(Q)
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S(Q)

- HQ

Some data...

BaTiO,
90keV
Qmax = 30 A-l
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S(Q)

Some data...

Zeolite (SiO,)
60keV
O*max =20 A_l
(2-theta ~43°)
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Gas pressure cells for neutron scattering

= Large volume helium pressure cells can provide accurately
known pressures, but scattering from the sample cell can be a
major problem
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Eliminating the Bragg peaks

= Bragg peaks from the pressure cell body can be reduced by
careful collimation

— Radial collimator outside the pressure cell to attenuate scatter from
the walls e.g. Soller slits

— Attenuating slit+beam stop inside the pressure cell
e Can give Rietveld quality diffraction data!

Antiscatter/

Sample collimator plug

Diffraction from
titanium stopped
by plug

Diffraction
from sample

Internal

beam stop Incident X-ray

beam
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X-ray cells for modest Pand T

= Grade 5 Titanium pressure tubes
— 20,000 psi (5/16” i.d., 9/16” o.d.)
— 40,000 psi (1/4” i.d., 9/16” o.d.)

= Tungsten internal slit and beam stop
= Aluminum heater block around pressure tube

= Silicone oil hydrostatic pressure medium

= Stability of the cell position under stress from
the high pressure hose is important!

— Very small movements will introduce systematic
errors into measured lattice constants that are
highly significant when trying to determine bulk
moduli and CTEs!!!!
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The Internal collimator

Sample scattering

Zrw,05
| 62MPa,51°C .
o 8mm i.d. Tib cell scaled x 0.6
nl Rietveld fit 0 7]
Al inP23 Rr 3.0%
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d-spacing (A)
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upstream Ti
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Accurate measurement of lattice constants

= Cell design is suitable for accurate lattice constant
determination by Rietveld or Le-Bail fitting, but the cell must
not move due to stress from the plumbing!

6.6235 : : ; - 5170 ; ' ' T
6.6230F ZrW,0, at ambient temperature in a 0.25"1.d. Ti5 tube NaCl in 0.25” i.d. Ti5 pressure tube
6.6225 - Scatter is due to change in cell position between measurements | 5.168 L |
6.6220¢ “£‘~\‘ 1
T~
6.6215} \I\; S 5.166 | §
Z 66210} c
6.6205 F ix § ] 5.164 | -
6.6200 F i i
6.6195 - . . o “‘¥ { i 5.162 | Straight line fit to all data B, ~ 23.0 GPa i
estittoall data B,~58GPa ™~ Literature values for By 23.8, 24.4 GPa
6.6190 Literature value from neutrons and a gas cell B;~ 72 GPa ]
. : : - 5.160 L L 1 L L
6.6185
0 50 100 150 200 0 50 100 150 200
Pressure (MPa) Pressure (MPa)
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Future developments in PDF@QHP at 11-ID-B

=  Two-dimensional focusing with Al compound refractive lenses to be
installed

= A new incident beam defining aperture will be installed. This will define a
beam more closely matched to the circular gasket hole, to maximize the

sample area illuminated while reducing the risk of unwanted scattering
from the gasket.
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Sample scattering
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Order-disorder in the NTE material Zrw208

= 7ZrW,0Oq displays an order disorder
transition at ~“400K

— How does this transition depend on

pressure? <
— What happens to the bulk modulus on Ordered arrangement of
disordering? XO,tetrahedra in the alpha

structure

i — oo NeUtron powider diffraction, high-resolution, Rutherford Lab., UK. )—
——f—— Neutron powder difraction, Brookhaven National Lab., USA
e Dilatometer, Oregon State University, USA

el

Disordered arrangement of
XO, tetrahedra in the beta structure

Pl 1 1 st R

0 200 400 600 800 1000

Temperature, K J.S. 0. Evans, T. A. Mary, T. Vogt, M. A. Subramanian
and A. W. Sleight, "Negative Thermal Expansion in
ZrW,04 and HfW,Oq," Chem. Mater. 8, 2809-2823
(1996). 37

APS/Users Monthly Operations Meeting, August 18th 2010



ZrW,04 at modest pressures
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Fluid Pressure Cells

= Lower pressure accessed (<0.5 GPa) but with more control
= Strong heavy walled tubes to contain high pressure fluid

= Stainless steel or Ti

= Attenuates incident/scattered beam

=  Tube scattering dominates measured intensity

= Need collimator / Séller slits etc. (SSS) to isolate contribution from the
sample
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An Iinternal collimator
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High precision VT-HP measurements
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