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General expression for diffraction

Henry E. Fischer

S(q) overview For a monochromatic incident beam of energy E;, a diffraction
‘;‘E’I:T:X;"::zs'e"‘“ measurement simply integrates the double differential scattering
R cross-section over all possible energy exchanges hw = E; — E
carbon@Dib between the neutron (or x-ray) and the N atoms of the sample, in
BaTi(1-x)Zr(x)03

general at constant scattering angle 20:
deconvolution of
data in g-space

basic principles dG
DA4c’s resolution dQ

Caglioti's Umbrella

Ei d°c
_ 9% <(E
/_m d(ho) oo E(E) -

meas

Decon program . L

Momens ietod where €(Er) is the detector efficiency, and

Gaussian tests

S(q) application d2 k

PDF application (e) (e)

scattering power —_— Y = — _f N S(q, (0)
dQ2 dEf 4T ki

locally cubic?

amorphous NiZr2

can refer to either the coherent or incoherent scattering case, for which
q = ki — k¢ is the wavevector transfer. The finite incident energy E; leads
to a non-zero “snapshot time” Tsyapshot ~ R/ E; during which a neutron
(or x-ray) probes the sample’s structure within its coherent volume.

time permitting

off-specular x-ray
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Static approximation

When the incident energy E; exceeds the maximum possible energy
transfer hmax between the scattered quantum and the excitations in
the sample, and for €(E) = 1, it is perfectly valid to use the static

approximation for diffraction:
do ? A
d_Q(q):< >:<izjbibj eICIrl/> :

where b is the scattering length of the i atom at position r;, and

rj =r; —r;. The <> represent a thermal average and the horizontal
bars an ensemble average over the different possible coherence
volumes within the sample, each having a particular assignment of
scattering lengths in the case of neutron diffraction. Note that scattering
lengths are g-dependent in the case of x-ray diffraction.

N
Y bjelari
i

When E; < hWyax, as is often the case for neutron diffraction, the
non-satisfaction of the static approximation requires inelasticity
corrections to be made to the measured diffraction patterns.

Schematic of a diffraction measurement (mono-A)

atoms in sample :

incident
beam :

detector : %

20

A\ 4

counts, intensity,
do/ dQ

diffractogramme :

> 26

The spherical waves of scattering amplitude interfere at the detector.
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Case of a monoatomic sample (only one 2)

Henry E. Fischer

In neutron scattering, a monoatomic sample can have a distribution of

S(q) overview

r—— scattering lengths b;, but there is no correlation between b; and the

+ examples .

PDF analysis structural environment of r;. The ensemble average over coherence
carbon@Dib volumes then leads to an expression involving a q-dependent coherent

BaTi(1-X)Zr(x)03

term and an isotropic incoherent term:

deconvolution of

data in g-space 1 dG
basic principles -2 %) -2
D4c's’:esoIL:)tion N T — b S —|_ b2 - b
Caglioti's Umbrella N [ dQ (q )] (q) ( )
Decon program . —
Moments Method where the sample’s average scattering length b = b.qn, and where
- (b? — 52) = var(b) is simply the variance of scattering lengths
o throughout the sample. The alternative expression:
locally cubic?
. 1 | do —2 —
amorphous NiZr2 . o — b S _1 + b2
time permitting N [ dQ (q)] [ (q) ]

off-specular x-ray

comprises a “distinct” term (interference between different atoms) and a
“self” term (self-interference from individual atoms).
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Case of a monoatomic sample (cont'd)

Henry E. Fischer

S(q) overview

difaction theory review The static structure factor (dimensionless) is then given by

NDIS + examples

PDF analysis 1 N

carbon@D4b - /q-l',"
BaTi(1-x)Zr(x)0O3 S(q) — N <Z e /] >
deconvolution of l,J

data in g-space

basic principles and reduces to

D4c’s resolution N .

Caglioti's Umbrella S( q) . l Z Sl n (quj)
Decon program N i,j (quj)

Moments Method

- in the case of conical Debye-Scherrer diffraction from an isotropic
PDF applction sample (e.g. powder, polycrystal, liquid, glass) for which

scattering power
locally cubic? 4T

amorphous NiZr2 q — ‘q| — 7 SN e

time permitting

off-specular x-ray

and 20 is the diffraction angle with respect to to the incident beam.
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S(q) for a monoatomic glass/liquid

1do 1do _- — -
N dO Nda - bS@ * (b2=b%)
Tb’S(@Q) [ b? = bl b = Toar
“b*S(0)}
Hz:bz = bﬁmoh
0 |
0 ~2T /rinteratomic Q

Absence of long-range order leads to broad peaks in the diffraction
pattern of a glass/liquid, and in the case of an ergodic system such as a
liquid or gas, there also exists a useful thermodynamic limit:

S(g— 0) =poxrksT where pg is the total atomic number density and
X7 is the isothermal compressibility.

Real-space functions (monoatomic case)

Fourier transform gives the pair-distribution
function g(r) which is proportional to the
probability of finding an atom at a distance r
from another atom taken as the origin:

gir}

o)1= 5 | alS(@)~1lsin(anda

in addition to the density function D(r) used pn
for “PDF analysis”: 0

PDF(r) = D(r) = 4mrp, [g(r) — 1]

2

A
{or nm)

V‘\ slope =- 4nrp,
as well as the radial distribution <OF
function RDF(r):

RDF(r) = 4ntr’p, g(r)

{or nm}

whose integration yields atomic coordination
numbers.
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Disorder can mean more information, not less

Henry E. Fischer

S(a) overview For a monoatomic fluid at temperature T in the low-density limit, a
s e mean-field theory relates g(r), obtainable from diffraction, to the
PDF analysis interatomic pair potential:

carbon@D4b
BaTi(1-x)Zr(x)03

u(r) = —ksT In[g(r)],

deconvolution of
data in g-space

B TR from which follows the interatomic force F(r) = —grad[u(r)], and

Cagitis Umbrela thereby viound, €tc. For realistic densities, an iterative procedure leads
Decon program to an effective pair potential ues(r) (e.9. EPSR analysis).

S In effect, the distribution of interatomic distances given by g(r) in a

PDF applcaton liquid or glass “probes” the shape of u(r), since energetically

scattering power

unfavorable distances will be more rare than favorable ones. By
contrast, diffraction measurements on a crystalline sample cannot give
information about u(r) without recourse to modelling.

locally cubic?

amorphous NiZr2

time permitting

off-specular x-ray

Note that the above expression also implies that g(r), the structure
measured via diffraction, is independent of atomic mass.
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Total scattering versus Bragg peak refinement

renyE-Fiseher pefinement (e.g. Rietveld) of Bragg peak intensities ignores both the

S(q) overview elastic (0w = 0) diffuse scattering between peaks due to static disorder
w0 s as well as the inelastic scattering due to dynamic disorder, and therefore
PDF analysis provides only a space-time average picture of the sample’s structure.
carbon@D4b . . . . .
BaTI(10210003 By comparison, making use of all the measured intensity do/d2 in a
deconvolution of “total scattering” data analysis provides (ensemble-averaged)

o pace information on the local quasi-instantaneous structure in the sample.

Dac's resoltion Recall that a liquid has no perfectly elastic scattering intensity.

Caglioti's Umbrella

Decon program Note also that for an incident flux ® and a detector cell of solid

Moments Method

angle df2, the measured intensity (cps) from an isotropic sample

Gaussian tests
S(q) application
PDF application

do
scattering power I - (D - d Q
()= _5(q)

locally cubic?

amorphous NiZr2

me permiting is a function of g only. An increase in incident wavelength A will

sisega ey therefore increase the angular widths of Bragg peaks in 26, and thus
their integrated intensities, but not their peak intensities. However, when
powder diffraction is resolution-limited (which is generally the case), the
measured Bragg peak intensities do seem to increase with increasing A.
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ar Case of a polyatomic sample (several 2Z)

Deconvolution

Henry E. Fischer
In a polyatomic system, the chemical affinities of n different atomic

S(q) overview species Zy, necessarily leads to a correlation at atomic sites r; between
NGis g the structural environment and the average scattering length bg,. This
PDF analysis correlation prevents a proper definition of a dimensionless S(q), but the
carbon@Bd scattered intensity can still be expressed as the sum of a distinct term

BaTi(1-x)Zr(x)03

(the interference function F(q)) and a total self-scattering term:

deconvolution of
data in g-space

basivcprincipl.es 1 dG n . n -
— | ==(9)| = Y. cacsbabp [Sep(q) — 1] + Y cab?a ,
? N | d2 op =
Decon program ’
S where ¢, is the fraction or concentration of atomic species Z, and the
S(q) application
POF sppicaton partial structure factor (PSF) Syg(q) is the Fourier transform of the

scattering power

partial pair-distribution function (PPDF) g,g(r), which is in turn

ooy proportional to the probability of finding an atom of type Z, at a
ST EE] distance r from an atom of type Zg taken as the origin:
() =1= 55— [ alSupla)—1]sin(ar) o
— 1 = — s\ gr .
Jop sros J, 9150p(@ gr) dq
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Neutron Diffraction with Isotope Substitution (NDIS)

Henry E. Fischer

S(q) overview The technique of Neutron Diffraction with Isotopic Substitution (NDIS) is
S—— a powerful method for determining PSFs. It takes advantage of the
distribution in isotopes of one or several elements Z, in the sample, in

NDIS + examples

PDF analysis

carblon@my order to modify by. One must therefore prepare several samples that
d::n:)::::n . are chemically identical but of different isotopic distribution. Each

data in g-space sample will give a different diffractogramme dc/df2.

basic principles

st Subtraction of two such diffractogrammes cancels the contributions of
Decon program certain atomic pairs in the sample, yielding thereby a “first-difference
Moments Method function” whose Fourier transform contains information on the local

gausseniess environment of the isotopically substituted species only.

S(q) application
PDF application

scattering power For a binary system (n = 2) there are 3 partial structure factors: Sy1,
locally cubic? Soo et S12 = Spq, and therefore 3 NDIS samples are sufficient for a
merenoss ez complete PSF determination.

time permitting
off-specular x-ray

For more information on NDIS techniques, see e.g. the review paper:
H.E. Fischer, et al, Rep. Prog. Phys. 69 (2006) 233—299 (95 citations).
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NDIS example: First-difference function

=
g
<
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QA

Ay (Q) /b sterad! atom!

Total structure factors (top) for DoO

solutions of 82NiCl, versus ™NiCls.

Subtraction (bottom) gives a
“first-difference” Ani(q) retaining
only those partial structure factors

for atomic pairs including a Ni atom.

(D.H. Powell, JDN11 proceedings)

0.08 Y /

0.06 -
0.04
0.02 -

-0.02 -
-0.04
-0.06 ™

0 2 :1 6 ’(A)é 10
Fourier transformation leads to a
first-difference pair-distribution
function Gni(r) showing the
distribution of atoms with respect to
a Ni atom at the origin. Assuming
identical atomic environments for
®2Ni and "Ni, NDIS thus reveals

this local structure.

Gri(r) 1 b sterad™! atom™!
o

NDIS example: Complete PSF determination

molten Ag,Se (ILL) :

< Barnes et al., . Phys. Condens. Matter 9 (1997) 6195 >

"Ag,Se+05

F(q)/ bams

T drTT T

| AgSe+2
N o PR S

AgAg+l

S0
T
1

ol dl ol s 11

0 5 ok 10 15 0 ;,j;" 10 o 5 r;OA 5 20
3 do/dQ 3 partial S(q)'s 3 partial g(r)'s

The anti-phase correlations in the partial gaﬁ(r) extend to large r,
indicating a relatively strong charge ordering consistent with maintaining
electroneutrality in this ionic binary liquid, whose local structure is found
to resemble that of the high-temperature crystal phase.
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PDF analysis: FT of a powder diffraction pattern

Henry E. Fischer
Basic idea: Disordered, nano-structured or reduced-dimensional

crystals often lack sufficient long-range order to produce sharp
diffraction peaks. It can then be advantageous to sacrifice
g-space resolution by using short wavelengths to provide a high
Jmax and thus better r-space resolution Ar = 3.79/quax after
Fourier Transform (FT) of the diffraction pattern S(q) or F(q).

S(q) overview
diffraction theory review
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The resulting Pair-Distribution Function PDF(r) is the distribution
of relative interatomic distances with respect to an average atom
at the origin (i.e. an ensemble of quasi-instantaneous local
structures # the time+space averaged structure from Rietveld).

Decon program
Moments Method
Gaussian tests
S(q) application
PDF application

scattering power

g-space resolution Ag leads to an envelope that modulates and
limits the spatial extent of the PDF(r) via r.x = (5.55/2)/Aq.

NB: The PDF(r) is not the output of structural refinement, and is
therefore a model-independent result that can of course then be
used as input for structural modelling/simulation in r-space.

locally cubic?

amorphous NiZr2

time permitting

off-specular x-ray
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Atomic distributions in glass/liquid versus crystal

Henry E. Fischer Liquid/Glass : Crystal :
S(q) overview . . . . . .
diffraction theory review . .
NDIS + examples .. .......... ........ ....
PoFanabes 0090,00,9 ©.0.0.0.0 0
carbon@D4b . . .. . ............
BaTi(1-x)Zr(x)03 .. 9] @) @
deconvolution of %) .. @) ... 0 0 0
in q- o9 9000 00 000
data in g-space . . . . . . . . . .
basic principles . . . . . . . . . .
D4c’s resolution .... .... . . . . . .
Caglioti's Umbrella
Decon program 3 4
Moments Method
Gaussian tests
S(q) application PPDF (r) PPDF (1')
PDF application
scattering power
locally cubic? . . T r

amorphous NiZr2

time permitting

These partial PDFs or PPDFs (e.g. from NDIS) represent an ensemble
of quasi-instantaneous spatial correlations between red and green
atoms: more specifically grg(r) which is proportional to the average
probability of finding a Red atom at a distance r from a Green atom.

off-specular x-ray
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data in g-space < 5t g o gA i — b) graphite
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Moments Method g L = o ~
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A. Burian, J.C. Dore, H.E. Fischer and J. Sloan, Phys. Rev. B59 (1999)
1665-8 (49 citations).
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Local structure in BaTi{_,Zr,O3 relaxors

Henry E. Fischer  Bragg peak refinement shows that

. BaTiy_4ZryO3’s crystallographic structure i
ameconeoyriew 1S ABQO3 cubic perovskite for x = 1 and 2}

oS over the relaxor ferroelectric range 1

PoFanealss  (0.25 < x < 0.5) which includes the [
REsE@es i null-alloy composition x = 0.32. As or m
deconoluionof  charge disorder is minimized by the sf

easi prncls isovalent substitution Ti*+/Zr*T, it can _°r

e bt be hypothesized that the long-range © ‘2‘
peconprogam _ {E1TO€lECtric order is impeded by local o

Momenis Metrod structural distortions resulting from the N

- large difference in the two cationic radii. .

tomarone = PDF analysis using D4c (A = 0.5 A) ) oo
locally cubic? gave unambiguous evidence that the Ti I §

amorphots N2 and Zr atoms do not occupy equivalent 2r gi
“Tip‘frm'“y'”g octahedral sites as expected from the N

crystallographic structure, but rather the e r(;’A)' P

Ti atoms are displaced along [111].
C. Laulhé, et al, Phys. Rev. B79 (2009) 064104 (15 citations).
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Henry E. Fischer . . . .
The convolution of two functions f(q) and g(q) is given by:

S(q) overview

(q)®4(q) = (f g)(q) = / 1(q') g(q—q') dq’

PDF analysis -

oo where ¢’ is the (dummy) variable of integration.

gif: in ‘;'.“JL‘;T;? The convolution theorem states that the Fourier Transform (FT) of a
— convolution is the simply the product of the Fourier Transforms:

Decon program FT[f(q) ® g(q)] = FI(f(q))FT(g(q)) = F(r) G(r)

2{?)3:;:::; so that a convolution in g-space gives a modulation in r-space, and
::::;°:j;; vice-versa of course. Therefore deconvolution in g-space should be as
locally cubic? simple as FT-ing to r-space, dividing two functions, and then FT-ing
amorphous Nizr2 back to g-space. For example, if the measured diffraction pattern is
time permitting I(q) = f(q) ® 9(q), where g(q) is the real diffraction pattern and f(q) is

off-specular x-ray

the known resolution function, then:

9(q) =FT[FT(/(q)) / FI(1(q))] -
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Some useful rules of thumb for Fourier Transforms

Henry E. Fischer
The FT of a Gaussian with standard deviation 64 is also a Gaussian but

Sl ez, with standard deviation 6, = 1/64. And since:
PDF analysis HWHMq = FWHMq/2 = v/ In(4) Og = 1.18 Oq

carbon@D4b
BaTi(1-x)Zr(x)03

then the FT of a Gaussian of width FWHM,, is a Gaussian of width

deconvolution of
data in g-space

basifprinciplfs FWHMr = 4In(4)/FWHMq = 555/FWHMq

Decon program and therefore not 2n/FWHM,. A sharp resolution function of small
Momens otos FWHM, for the diffraction data will therefore lead to a broad or gentle
S modulation of large FWHM, for the PDF(r).

scattering power Note that for data of finite gmax, the FT of the Heavyside step function is
locally cubic?

emaross N2 sinc(r) =sin(r)/r having FWHM;, = 3.79/qmax

time permitting

off-specular x-ray

so that the theoretical PDF(r) should be convolved with sinc(r) before
comparison to data. This is the source of the “low-r wiggles” in the FTs
of diffraction data, which in fact exist around all sharp peaks in PDF(r).



Resolution Effects
and
Deconvolution

Two problems for deconvolving diffraction data

Henry E. Fischer .
Now take another look at the formula for convolution:

S(q) overview

. (@) 29(@) = (Fo0)@ = [ _f(d)ala—d)dd
PDF analysis -

et = there are two problems in applying the convolution theorem
deconvolution of

data in g-space = FT|[ FT(/ FT(f
B 9(a) [FT(/(q)) / FT((q)) |

Caglioti's Umbrella to real diffraction data:

Decon program
Moments Method

First problem: We need data of infinite g-range for g(q) and hence for

Gaussian tests

ol sater the measured /(q), as well as an infinite g-range for perfect knowledge
seatering power of the resolution function f(q). None of this is possible in practice.
Io:atfcuff: Second problem: The resolution function shape or profile f(q’) must be
fime permitting independent of the argument g of g(q — q’). In other words, the

o-spacdae iy resolution function should have the same shape at all g = 47t/ sin(8),

where 20 is the diffraction angle. We will see from Caglioti that the
resolution function FWHM depends strongly on 26.
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Schematic of the D4c neutron diffractometer (ILL)

Henry E. Fischer
Array of 9
Microstrip

S(q) overview Detectors

diffraction theory review

NDIS + examples

PDF analysis
carbon@D4b
BaTi(1-x)Zr(x)03
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Decon program
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Gaussian tests Neutron
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S(q) application

PDF application Sesilour;?earry

locally cubic?

i Hot source: 0.3 < A/A < 1.05, standard A = 0.5 A for gy =23.5 A"
time permitting Counting rate: 1,000,000 (i.e. 0.1 % stats) per 0.125° in 3 hours.

off-specular x-ray

Overall detector stability: 6 = + 1 x 10™* over 3 days.
Low background sans parasitic peaks for all A (0.5, 0.7 and 0.35 A).
= Champion of low-contrast (Ab < 0.5 fm) isotopic substitution expts.



F‘?'“ﬂi&fﬁws D4c commissioning in May/June 2000
econvolution

Henry E. Fischer

S(q) overview
diffraction theory review

NDIS + examples

PDF analysis
carbon@D4b
BaTi(1-x)Zr(x)03

deconvolution of
data in g-space

basic principles

Caglioti's Umbrella

Decon program
Moments Method
Gaussian tests
S(q) application
PDF application

scattering power

locally cubic?
amerptous N2 Big belljar for all sample environments (cryostat, furnace, special).
time permitting g-resolution: Ag/q <0.025 for 20 > 15° = FWHM, ~ 60 A.

off-specular x-ray

r-resolution: for A = 0.5 A, Ar =3.79/(Gmax =23.5A7 ") = 0.16 A.
= Increasing use for PDF-analysis (FT of powder diffraction pattern).

H.E. Fischer, et al, Appl. Phys. A74 (2002) S160-2 (62 citations).
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Case of a monochromated incident beam

Henry E. Fischer
For a reactor-source neutron diffractometer: The +/- scattering

S(q) overview: geometry leads to “Q-space focussing” that improves the FWHM of

w0 Bragg peaks and the resolution: Ad/d =AQ/Q =A8 e ctg(0) where 26
is the diffraction angle. The 20-dependence of A6 is described by

o coefficients U, Vand W [1,2]; e.g: U,V,W = 9.3805,-1.9033, 0.2029 for
BaTi(12903 one of the standard configurations (0.5 A, Cu220, ¢ 5mm sample) of
deconvolution of the ILL's D4c diffractometer for liquids and glasses.

data in g-space

basic principles [1] G. Caglioti, et al, Nucl. Instrum. 3 (1958) 223-228.

[2] A\W. Hewat, Nucl. Instrum. Methods 127 (1975) 361-370.
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e Caglioti forgot his umbrella!
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The “umbrella effect”: At small diffraction angle 26, the diameter of
S() overview: Debye-Scherrer rings becomes comparable to, or smaller than, the
o detector-cell height of a 1-D position sensitive detector, leading to a

—— modification of the Lorentz factor [3] and to an asymmetry+shift in the

carbon@D4b
BaTi(1-x)Zr(x)03

deconvolution of

Bragg peak profile [4,5] that should be included in Rietveld refinement.

[3] M.]. Cooper and A.V. Glasspool, J. Appl. Cryst. 9 (1976) 63-67.
data in q-space [4] B. van Laar and W.B. Yelon, J. Appl. Cryst. 17 (1984) 47-54.
basc princles [5] L.W. Finger, D.E. Cox and A.P. Jephcoat, J. Appl. Cryst. 27 (1994) 892-900.
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Low-angle “tail” of Umbrella Effect-ed peak profile
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Resolution profile functions for D4c

The Umbrella Effect at very low scattering angle 26
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General case for deconvolution of diffraction data

PEYETESET Although a detector of 2-D sensitivity permits following or “straightening”

of the Debye-Scherrer rings, this only corrects (partially) for the
umbrella effect, and not for other resolution effects coming from sample
size, incident beam dispersion and detector resolution.
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diffraction theory review
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PDF analysis
carbon@D4b . . . . .
BaTI(1-02103 In addition, diffraction data for liquids and glasses cannot be

Rietveld-refined since there is no spatial periodicity, and also since the

diffraction peaks are of intrinsic width and hence not resolution-limited.
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Finally, no FT deconvolution tricks (e.g. convolution theorem) are
possible because the resolution depends on the diffraction angle 26.

Decon program
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In the general case then, the measured (1D) intensity /(20) for a
neutron or x-ray diffractometer can be written as the convolution of the
true intensity S(20) with the instrumental resolution function & :
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time permitting

1(20) = [ R(p.20) S(20—p) dp

off-specular x-ray

where p is the (dummy) integration variable and the 26-dependence of
R_has been indicated explicitly.
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reny E-Fiseher - Astuce: When the measured diffraction intensity is relatively slowly

S(q) overview varying over the width of the resolution function (generally the case for
clfracton fearyrevew liquids/glasses diffraction), one can try making a Taylor’s expansion of
PDF analysis S(26 —p) in p around 26, and then to integrate separately each term of
carbon@Dad the series, which leads to calculation of the moments of R (p,26):
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where the notation emphasizes the 26 dependence of the data /(26)
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= The moments of the resolution function are in fact sufficient for
deconvolving the data within the range of convergence of the Taylor’s
expansion, leading to the “Moments Method” for general deconvolution:
W.S. Howells, Nucl. Instrum. Meth. Phys. Res. 219 (1984) 543-552.
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Moments as function of scattering angle 20
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Calculating and applying the correction coefficients

As compared to diffraction data, the normalised moments A, are slowly
varying functions of 20 except at very low 20 where the umbrella effect
becomes severe. Ignoring thus the derivatives of A,(28) w.r.t. 26 and
considering only the first 4 derivatives of J(26) = /(20) /M, w.r.t. 20,
we can derive for the true (i.e. deconvolved) diffraction intensity:

S(20) = J+c1J + cJ” + 3" + cg "
where the correction coefficients c,(20) are given by:

Ci = —A1 Co = —A2 —I—A? C3 = —A3 —|—21A11Ax2—AC13

Cs = —Ay+2A1A3+A5 —3ATA; + AT
and for brevity the 20-dependences are not shown explicity.

= Thanks to a fruitful collaboration with Spencer Howells (ISIS) and
Phil Salmon (Univ. Bath), the Decon program has been developed and
used to deconvolve diffraction data from the D4c instrument, e.g. for
liquid Li (Salmon, et al, JPCM 16 (2004) 195) and for liquid and glassy
ZnCl, (Zeidler, et al, PRB 82 (2010) 104208).
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Decon applied to liquid/glass S(q)

Applied to the structure factor of liquids/glasses: The main effect
of the deconvolution procedure is to shift and sharpen the First
Sharp Diffraction Peak (FSDP) where the resolution function is
worst, especially at short wavelengths for a reactor-source
diffractometer. The results converge after 2 or 3 correction
terms and not only agree for different wavelengths (D20 data),
but also approach the high Q-space resolution that would be
obtained from a synchrotron x-ray diffractometer (1-ZnCI2 data).
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Deconvolution of Ni powder data (D4c, lambda = 0.5 A)
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Deconvolution of Ni powder data (D4c, lambda = 0.5 A)
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Deconvolution

Henry E. Fischer
Deconvolution of Ni powder data (D4c, A = 0.5 A)
S(q) overview 25 . .

diffraction theory review

— Nidata (7 mm dia))
PDF analysis 20 - ——— "Ni_1lterms.sqc"
carbon@Ded —— "Ni_2terms.sqc"
BaTi(1-x)Zr(x)03
- — "Ni_3terms.sqc"
"Ni_4terms.sqc”
—— LANSCE data

10 pooe

NDIS + examples

deconvolution of
data in g-space
basic principles

DA4c’s resolution

Caglioti's Umbrella

Decon program
Moments Method

S(Q) (barns/str per atom)

Gaussian tests

5 R, I I
S(q) application /‘M

scattering power 0 e g

locally cubic? -

amorphous NiZr2 28 29 3 3 1 32 33
time permitting 0 (A-l)

et = Although limited by the coarse data-point spacing, the deconvolution

of the D4c data continues to converge towards the “6-function” as
approximated by spallation-source data.
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Decon applied to PDF analysis: r-space effects

Henry E. Fischer

S(q) overview
diffraction theory review

NDIS + examples

PDF analysis Perhaps more interesting are the effects in r-space after Fourier
carbon@D4 transform of the powder diffraction pattern (i.e. PDF analysis).
Be(zs In the special case of a Gaussian resolution function [9] with the
3:?;?:2'?&1? same FWHM of AQ at all Q = (4n/A) sin(0), the PDF in r-space is
o prinipes modulated (i.e. multiplied) by a Gaussian centred at r = 0 and with
Dic'sresotn a FWHM of about Ar = 5.55 / AQ corresponding to the neutron
Seolors bt coherence volume size [10]. For D4c at A=0.5A, FWHM_Ar=60 A
econ prodram and thus at r = HWHM = 30 A the intensity of the PDF already falls
by a factor of 2. Application of 3 correction terms has the effect of
“extending” the coherence volume: the D4c PDF then has an
amplitude resembling the spallation-source PDF out tor ~ 30 A.

Gaussian tests

S(q) application

scattering power

locally cubic?

amorphous NiZr2

[9] P.S. Salmon, J. Phys. Condens. Matter 18 (2006) 11443-11469.
[10] P. Chirawatkul, et al, Phys. Rev. B83 (2011) 014203.

time permitting

off-specular x-ray
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Decon-ed Ni data at low to high r values
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Decon-ed Ni data at low r values

Henry E. Fischer

S(orariow PDF of deconvolved Ni powder data (Ddc, lambda = 0.5 A)
diffraction theory review 25
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S(q) overview
diffraction theory review

NDIS + examples

PDF analysis
carbon@D4b
BaTi(1-x)Zr(x)03

deconvolution of
data in g-space
basic principles
DA4c’s resolution

Caglioti's Umbrella

Decon program
Moments Method
Gaussian tests
S(q) application
PDF application

scattering power

locally cubic?

amorphous NiZr2

time permitting

off-specular x-ray
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S(q) overview
diffraction theory review

NDIS + examples

PDF analysis
carbon@D4b
BaTi(1-x)Zr(x)03

deconvolution of
data in g-space
basic principles
DA4c’s resolution

Caglioti's Umbrella

Decon program
Moments Method
Gaussian tests
S(q) application
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scattering power

locally cubic?

amorphous NiZr2

time permitting

off-specular x-ray

Decon-ed Ni data at high r values

PDF(r)
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Extension of D4c’s coherence volume

= Effect on r-range: rax = (5.55/2)/Aq
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Extension of D4c’s coherence volume

Henry E. Fischer

= Effect on r-range: rax = (5.55/2)/Aq

S(q) overview

ciacton heoty feew PDF of deconvolved Ni powder data (D4c, A = 0.5 A)

NDIS + examples

PDF analysi 25 ' ' ' T

onevss Ni data (7 mm dia.) ——

carbon@D4b ] i

BaTi(0210003 20 o modulation after deconvolution (3 terms) —— -
deconvoluion of sk b LANSCEdaa(same Qug) -----
data in g-space : 3

basic principles

D4c’s resolution 10 .

Caglioti's Umbrella I\T-\ :

Decon program 03:/ 5 :.- -

Moments Method a? :

Gaussian tests II’ 0 ly—t

S(q) application () '.' !

B -

scattering power S

locally cubic? _ |

amorphous NiZr2 10
time permitting —15 A

off-specular x-ray

=20
0 50

R (A)
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Effect of correlated atomic vibrations at low-r

Henry E. Fischer

NB: D4c coherence volume FWHM is actually ~ 60 A

el ey s 20 I I I " "ni_0AS.corr.q.pla.four
NDIS + examples | } } } "../PDF/i.corr.g.pla.fou” -
| | | 8*eXp(-X**2 * 0.047%2 [ 2) -
PDF analysis 1 : : -8*exp(-x*2 * 0.047%2 | 2)
carbon@D4b T NN A S S _ _ @ B .
BaTi(1-x)Zr(x)03 ‘ ‘ ‘ ‘ :

S(q) overview

deconvolution of
data in g-space j j j j i
basic principles , : : : :
DA4c’s resolution

Caglioti's Umbrella

Decon program 5
Moments Method
Gaussian tests

S(q) application

scattering power

locally cubic?

amorphous NiZr2

time permitting

off-specular x-ray




BB The myth of “scattering power”
econvolution

Henry E. Fischer

sl o Myth of “scattering power”: In all generality, diffraction measures
I=do/dQ=|Zb exp(iQer) [*, afunction of Q only. Changing

diffraction theory review

NDIS + examples

PDF analysis the wavelength A simply redistributes this intensity over €, so that
s for a constant intrinsic peak width of dQ, the intensity falling on a
1-D sensitive detector is integrated over d6 = (dQ/4m) ® A/cos(6),

deconvolution of

data in g-space giving an integrated intensity increase ~ A/cos(0) that appears as a
e epes peak-height increase for resolution-limited Bragg peaks. In fact,
Gagiiotrs Ubrella the (scattering_power)e(Lorentz_factor) is nothing more than this:
Decon program A%/ [sin(0)sin(20)/2] = A3/ [sin?(0)cos(0)] = (4w/Q)? ® A/cos (D)
ot et leading to the same A and 6 dependence as derived above.
S(q) application
PDF application

I Few powder diffractionists understand this.
locally cubic?

amorphous NiZr2

time permitting

off-specular x-ray

Resolution Effects
and
Deconvolution

Henry E. Fischer A variety of experimental results suggest a similarity in structure
S(q) overview and dynamics between the glass/liquid and high-symmetry
difacton heoy el (i.e. cubic) phases of a number of systems:

NDIS + examples

Is the glass/liquid structure “locally cubic”?

PDF analysis 1) The amorphous and orientational glass (bcc) phases of ethanol show
05 quantitatively similar structural and dynamical features.

32?;?:2&;‘;’;? 2) Rapid crystallisation of some metallic glasses (e.g. Nd>Feo3Bs, NiZro,
MR- CoZro, FeZr») leads first to forming large cubic unit-cell metastable
e phases before forming lower-symmetry stable crystal phases.

Decon program 3) A reversible transition between confined (in meso-porous silica)

Lo anes super-cooled water and cubic (bcc) ice has been observed at —40°C.
o 4) Thermal conductivity and inelastic neutron scattering measurements
scateting power give evidence for “diffuse” Umklapp scattering in glasses.

mph* 5) The dispersion relations of some glasses show phonon softening just
fime permitting beyond the pseudo-Brillouin zone, similar to that due to bond-angle
of specular x 12y bending for L[111] phonons (bcc crystals) or for L[110] phonons (fcc).
6) Other systems showing these structural similarities include silica vs

B-cristobalite/B-tridymite (e.g. modern “crystallite theory” for glass
structure) and liquid vs crystalline Ag»Se.
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Rapid crystallisation of amorphous NiZro

Henry E. Fischer . . . . .
High-speed, low-resolution x-ray diffraction data on a single

S(q) overview melt-spun ribbon held at 757 K: 100 - |

- The metastable precursor phase ol & 3 E 0 1
= - —

PDF analysis (fcc, a=12.6 A) appears at 0.15 s ol T T == 1

S (smooth solid line) before the stable ol - ]

deconvolution of phase (th, a—=:6.48 A, c=524 A) 1.3s -

[~

=
—
L

Gatan a-space appears at 0.28 s (dotted line). The
D4c’s resolution daShed-”ne is the initial amOrphOUS
Seelots dmorete phase. All phases have the same

NiZro stoichiometry.

.
(=N =]

Decon program
Moments Method

counts (arb. units)
B3
o

L]

S — Example of kinetically-limited ¢

o nucleation/crystallisation, governed 20

locally cubic? by activation energies of (collective) ‘g '
Remesizal  atomic displacement/diffusion, as

IR opposed to free-energy (AG)

e limited nucleation/crystallisation in Y571 55 56 57 25 59

undercooled liquids. qA™h

S. Brauer, et al, Phys. Rev. B45 (1992) 7704—15.

Resolution Effects

and
Deconvolution
Henry E. Fischer Cubic large-cell metastable: Tetragonal small-cell stable:
fce bet
S(q) overview ‘
diffraction theory review
NDIS + examples
g 5
PDF analysis 2 3
Q
carbon@Déb g | 4 ‘ g
o 5 | g
aTi(1-x)Zr(x)03 =
o t ~+ f ] g
deconvolution of - -% o 8iNi-zr { e =
data in g-space 2 g 5 1z { =
basic principles _S 15 g 8 14 5
DA4c’s resolution T o '§ 1 5 ©
Caglioti's Umbrella 8 E 8 4r ‘ -l -E
- & © ofay 0o =
Decon program ! h . 3
Moments Method E 16 [Ni—Ni 16 )
Gaussian tests 9 12| | A
S(q) application 14
PDF application i * 8r ‘ 1
scattering power 4+ ’ H ‘ 1 ’ I ‘ 12 4+ 2
I
locally cubic? 0 0
emmanze 0 i 10
Radius (&) Radius (&)

time permiting  —> The cubic phase approximates better the initial amorphous structure.

—— Such is not the case in undercooled (metallic) liquids, where the local
structure resembles that of icosahedrons or small fcc/hcp/bec unit-cells,
and where nucleation/crystallisation normally proceeds directly to stable
phases, presumably thanks to the greater atomic diffusion in a liquid.
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Off-specular X-ray diffraction from multilayers

Henry E. Fischer .
Off-specular scattering comes from

interfacial roughness, whose lateral
structure can be probed since gx # 0.

S(q) overview
diffraction theory review

NDIS + examples

PDF analysis
carbon@D4b
BaTi(1-x)Zr(x)03

Theory: the Distorted-Wave Born
Approximation (DWBA) introduced by
Sinha et al (1988) and developed later
by e.g. Daillant & Bélorgey (1992).

deconvolution of
data in g-space
basic principles [ N N ]

DA4c’s resolution

Caglioti's Umbrella

= Define a height-height correlation function for 2 interfaces j and k:

Decon program
Moments Method 2h . 2 .

Gaussian tests <Z](X)Zk(0)> — G/Gk e_(x/&’() e—(Az/k/gz) (FlSCher et a/ 1 995)
S(q) application

PDF application

Ioc;lyz;c? - /J\Z/\J (X)/% B Zj(x) = deviation from average z;
amorphous N2 =" A W Zj ©j=roughness amplltude
time permitting £ g . Ex = lateral correlation length
off-specular x-ray Z X ° Aij — |7j_ Z_k|
D //\ _ A ) N\ . &, = transverse correlationllength.
V "N/ YV ¢k 3—h=Hausdorf (fractal) dimension
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Henry E-Fischer Example refinements of off-specular intensity (Co/Cu multilayers):
S(q) overview ~ Qx —

diffraction theory review

Off-specular X-ray diffraction/multilayers (cont'd)

T
NDIS + examples 101 F ;";

PDF analysis 3 g 1014
carbon@D4b 109 _ .‘,A -
BaTi(1-x)Zr(x)03 3

(33C0/33Cu) 3
10

deconvolution of 101 F

data in g-space 107 F
basic principles
DA4c’s resolution

108

Caglioti's Umbrella 105 F

Decon program

Intensity (a. u.)

Moments Method 108 -

105 F

Intensity (a. u.)

Gaussian tests (17Co.’170u)m

S(q) application
PDF application 101 F

scattering power

102 F

. (9C0o/9Cu)
locally cubic? )

amorphous NiZr2

101 F

i it E L 1 L L 101 .
time permitting 08 o4 2.0 v 08 0.8 0.4 0.0 0.4 0.8

Aw(°) A28 (0)
= Relate giant magnetoresistance (GMR) in Fe/Cr superlattices
to lateral correlation length £, (Schad, et al, PRB 1999, 48 cit.).

off-specular x-ray
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