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Bragg's law

W.H. Bragg (1862-1942)
W.L. Bragg (1890-1971)

2dSind = nA

Shared 1915 Nobel Prize

-Zinc Blend(fcc not sc)
‘NaCl (not molecular)
Diamond (two overlapping fcc lattice) d
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Single Crystals vs Powders (2dsin®=2)
Single Crystal Powder

o Sample must be correctly oriented o Sizable samples have billions of
in space with respect to the chosen crystals

reflection plane e In the absence of texture, all crystal

orientations are equally represented

" telescope

Sl n,

1y
Title_date



Constant wavelength (2dsin®=1)

(X-ray tubes and monochromated

| synchrotron or steady neutron
fixed A sources)

\ sample
\'
| \\\

~

1 20 ~ A
v varies

detector .
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Time-of-flight (2dsin®=1)

(Pulsed sources: e.g.

sample

;
B o H-MAX.DAT
' ~ -
~

A varies %3 __
I 20 S Al
, fixed '

v

detector
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Powder Instruments

POWGENS3 at SNS

beamline HB2a at HFIR

beamline 11BM at APS
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Peak overlap problem

Form 1 -- Lab

20
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Hugo Rietveld

J. Appl. Cryst. 2, 65, 1969

“A structure refinement method is
described which does not use
integrated neutron powder intensities,
single or overlapping, but employs
directly the profile intensities obtained
from step-scanning measurements of
the powder diagram. Nuclear as well
as magnetic structures can be refined,
the latter only when their magnetic
unit cell is equal to, or a multiple of,
the nuclear cell. The least-squares
refinement procedure allows, with a
simple code, the introduction of linear
or quadratic constraints between the
parameters.”

Dr. Rietveld at the neutron powder
diffractometer at the High Flux Reactor
of the Energy Reseach Foundation ECN in
Petten, The Netherlands. (1987)
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Rietveld Refinement
(Powder Diffraction)

In a powder diffraction experiment, there will be many grains
aligned to diffract the incident beam of neutrons/x-rays.

Model that describes the

structure
Neutron/X-ray beam 2

Profile parameters
(lattice, line-shape,
background etc.)

3D information is reduced

to 1D, makes .analySIS (fractional co-ordinates,
harder than single crystal thermal parameters

experiments. fractional occupancy etc.)

Atomic information
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Rietveld Refinement (cont'd)

The contribution of an atom at r; in real space to a reflection K =
(hk) is given by the structure factor of that reflection

FK = ZJNJbJeZMKrJe-MJ

Debye-Waller factor, N; = site occupancy, b; = scattering
f’eng’rh)

Rietveld refinement models the entire pattern as calculate
intensities:

Yo = Sl Fel2F (4 - 19 + vy

(s = scale factor, L, = instrumental and sample factors, £ = profile
function, y. = background )
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Rietveld Refinement (cont'd)

The Least Square refinement then adjusts the refinable
parameters to minimize the residuals until the best fit is
obtained.

obs

2 _ Zw( Ici)z
&7 (N _Nvar)

obs

Here w;= 1/07, is the statistical weight of the /th
profile observation which is the inverse of the variance
of the /th observation. I ,and I_are observed and
calculated intensities.
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Time Of Flight Formulation

Diffraction due to Bragg's law: 1 = 2d4sind = A/mv = ht/mlL

dinterplanar distance h Planck’s constant
0 scattering angle m neutron mass

/A wavelength v neutron velocity
L total flight path neutron time-of flight

TOF (variable #

d= ht/(2mlLsin6)
t= k*d
[non-linear in practice: t= Cd+ AdF +Z]

Note: in TOF, there is a /max (and hence a dnax) at a given detector ¢ due to
the neutron pulse frequency /
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CW peak shapes

Gaussian: o = [Utan20+Vtan®+W+P/cos2@]/2
Lorentzian: vy = Xtan®+Y/cos®

TOF peak shapes

Convolution of rising and falling exponentials with fo gl o
Gaussian 2000 ¢

a=o/d B=Po+ Py /d

(rising exponential) (falling exponential)
o= [0y + 0,2 d2 + o,2 d* ]1/2

(Gaussian) _

Y = [y + v1d + 7,d2 + (4. d+y,,d%)cosd + v, ] Y T
(Lorentzian) d-Spacing (A)

o )
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Sample Broadening
CW:

S = (=/18000)[(8In2)(V - U,)]1¥2100%
P = 18000K A/nX

TOF:

Only affects the Gaussian component of the peak width; contributions
from strain S and particle size broadening P can be separated:
= 1/C [(8In2)(c2 - 6,2)]V2100%
(s1i = strain-free value for s1)
P = (CK)/[(8In2)c,2]V2 A
(K = Scherrer constant)
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PC GSAS

http://www.ccpl4.ac.uk/ccp/ccpl14/ftp-mirror/gsas/public/gsas/

k2 PC-GSAS
Setup  Lkilities

GSAS

General Structure Analysis System

R. B. Yon Dreele and A. C. Larson
Copyright, Regents of the University of California, 2001

Experiment File: Not defined

P PC-GSAS
Setup  Caompute  Resulks  Graphics  Ukilikies

GSAS

Directory: General Structure Analysis System
Not defined R. B. ¥on Dreele and A. C. Larson
Copyright, Regents of the University of California, 2001
Experiment File: y203
Directory:
CAgsasiexamplel
S OAK RIDGE NATIONAL LABORATORY / SNS
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EXP-GUI
(Brian Toby)

http://rrdjazz.nist.gov/programs/crystallography/software/expgui/expgui.html

User friendly interface for Beginners to start using GSAS

EXPGUI d:/GSAS/Data/Greenblatt,/Ca95Ce05Mn03/18113_ALL.EXP : (=] 3
File Options Powder Xtal Graphs Results Calc Import-fExport Help
Expnam expedt | genles powpref | powplot | Istview | liveplot

| Ls Controls Phase | Histogram | Scaling | Profile | Constraints | MD Pref Orient | SH Pref Orient |

Phase:l 1 Replace |

Add
Phase

title:|[CaDBTﬁCED.D?ﬁ)MnOS

a |5.298004
a |90.0000

b |7.475887
g |a0.0000

¢ [3.282298
y [s0.0000

Refine Cell v

Cell damping 0 —i |

* name type reffdamy fractional coordinates Mult Occupancy UisofUij
1cCa Ch X3 Uz 3 0.033676 0.250000 -0.006096 4 0. 9500 0.00918 1=
2 Ce CE X3 Uz 3 0.033673 0.250000 -0.006096 4 0.0500 0.00918
3 Mn MH 3uU3s 3 0.000000 O0.000000 O.500000 4 1.0000 0.00352
4 01 1} X3 Uz 3 0.489139 0.250000 0.067616 4 1.0000 0.00994 0.00509 0.00743 0.
5 02 1} X3 Uz 3 0.286909 0.034266 -0.257589 3 1.0000 0.00533 0.00831 0.00616 -0,
=
< | »
Add MNew Atoms |
rx ru [ F 0 —| o | o —| xromatms |
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Limitations :
*Constraints on profile
‘Rigid body constraints
-Soft constraints
-Diffuse scattering

*Magnetic Refinement
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Files in GSAS

Experiment file
(.exp)

Parameter file
(.prm, .par etc.)

Data file
(.dat, .gda, .gsa etc.)

st file, .PVE file
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Creating an experiment file

e Enter Space Group and Lattice Parameters

e Read in Histogram(s)
— You will need the parameter file for this which will provide

o Diffractometer Constants

e Incident Spectrum (for TOF Neutron)

e Initial profile parameters

e Initial Background Function and parameters

e Then enter Fractional Coordinates, Thermal Parameters and
Fractional Occupancy. (shortcuts : gsas allows the use of Macros
using @r) or read from standard formats e.g. .exp,.cif etc.

e Finally turn on the parameters you want to refine. (It is generally
a good idea to turn on a few parameters at a time if you want to
avoid catastrophy!)
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Running Refinements

e Run Powpref to Prepare data for Least Square Analysis

- Associate the position, channel or step width, incident
intensity, refinement weight and a list of contributing reflections
with each observation in a powder pattern.

—  Set Flags for excluded regions, reflection markers etc.

e Run Genles : To Do the least square refinement

e Powplot: View the results of the refinement.
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Some Useful Resources:

e Fullprof (packaged with Winplotr)
— http://www-llb.cea.fr/fullweb/winplotr/winplotr.htm

GPPD Silicon Std 2nd April 2002

:-\_i:_ﬁi.;iii ii i I. ﬁ

e e AL S S NSRS " .

to.f (p sec)

e For a more exhaustive list check out
— http://www.ccpl4.ac.uk/solution/rietveld_software /

e Rietveld Mailing List
- http://ccpl4.sims.nrc.ca/ccp/ccpl4/ftp-
mirror/howardflack/pub/soft/crystal/stxnews/riet/welcome.htm
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Total Scattering Methods

http://nirt.pa.msu.edu/software.php

e Powder diffraction data contain a great deal of information in the
form of diffuse scattering about defects and disorder which is often
of interest.

e When the properly normalized powder diffraction data are Fourier
transformed (reliable only when quality high Q data are available)
into real-space coordinates we obtain the atomic pair distribution

function (PDF).

e The PDF has peaks at characteristic distances separating pairs of
atom and by calculating the PDF from model structures and
comparing them to the measured PDF we can extract information
about the local structure.
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Phase ID: “Finger Printing”

Huq et.al. Appl. Phys. A 83, 253 (2006)

Natural antique colorants include red
pigments such as cinnabar and ochre and pink
pigments such as madder. These archaeological
pigments have been used as ritual and cosmetic make-
up and they are a material proof of handcraft activities
and trade in the Mediterranean.

The pigments were discovered during
different excavations in archaeological sites of
Tunisia (Carthage, Kerkouane, Bekalta, Bouaarada
and elsewhere).
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Sample : FCC5
Cinnabar and Quartz

8000 — 'S
Strongest peak | = 19,063 counts

“*fit peak: search
database for matches.

“*Look up structure.

Diffracted Intensity (norm. x-ray counts)
g
|

*»Rietveld refinement.

0 — : : ;
3 o | N e TR i ahal AT BiN A Hl"'|h|"|'|"u,,:lﬁ:l . )
' “*For mixture
g 0- - quantitative phase
(=] - o
1000 — analysis.
LB | rrri | rrnri I LI I L | rrnri |' LI I L | rri
10 15 20 25 30 i5 40 45
20 [deg]
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1500 —

500 —

X-ray Intensity
1

Sample : C41C
Goyazite, Quartz and Purpurin

Purpurin

o % 1l LTI LTI 1) @Geayectt
I |WE I DI TP IO R T W & Quartz
200 = 1 000 00 T Y .
~ Lt me
Ly *wcw
O 00—
-400 ||1[||u|||||u'||1[||'r||'||||||1||][||r|'
0 5 10 15 20 25 30 35 40
20

/\<"\
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Conclusions

Ten punic make-up
samples were studied with SR-XRD using
a 2D CDD detector and high angular
resolution powder diffraction. Four
samples (B1, B2, B3 and FCC5) contain
guartz and cinnabar while four other
samples (B10, FCC4, FCC6 and OCRB)
contain quartz and hematite. The
presence of quartz is probably due to
sand/clay from the excavation area.

These results are similar to
what would be obtained from raw
materials indicating that these eight
samples were not subject to any
preparation by the Carthaginians. These
eight samples were used as ritual make-
up. However, the last two samples (FCC2
and C41C) showed an amorphous
background, their preparation required
sophisticated techniques corresponding
to cosmetic make-up; they contain
purpurin as major pigment which is
formulated in a similar fashion as a
lacquer.
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Ba,CuWO,: An Ordered Tetragonal Perovskite

Simple cubic AMX;
perovskite: a = 3.8045.

Double Perovskites A,MM'O,: Out of 3 possible ordering only 2 observed

Model #1: Ordered alternation of Model #2: Ordered alternation in

MO, and MO octahedra in one the three directions of space,

direction, Ieadm.g to formation of resulting in rock-salt ordered

layered perovskite. superstructure. /
OAK RIDGE NATIONAL LABORATORY : SNS
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Model #1 — Layered Ordering:

Model #2 — Rock Salt Type Ordering:

Space P4/mmm Space 14/m
Group Group
Lattice |a=394A;c=864A Lattice |a=557A;c=864A
Atom X y Z Occupancy Atom X y Z Occupancy
Ba Ya Y, s 1 Ba 0 Y Yy il
Cu 0 0 0 1 Cu 0 0 0 1
W 0 0 0 1 W 0 0 0 1
O(1) 0 0 a 1 0(1) 0 0 | 025 1
0(2) 2 0 0 i 0(2) 025 | 0.25 0 1
0(3) Vs 0 Ys 1

Jahn Teller Distortion? Iwanaga et. al. J. Solid State. Chem. 147, 291(1999)

Recall Cu?* electronic configuration (1,,)°(e,)* : So in fact CuO,
octahedra are elongated along the ¢ axis. The e, orbital is split

(d,2.,2 and d° 2)

into

/\<"\
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Vacancy Ordered Perovskites - SrgFegO,; Hodges et.al. J. Solid State.

Chem. 151, 190(2000)
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Incorrect Crystal Structure

12000

. ; Sr.Fe O

8 23
10000 |- Space group: 1112/m

8000

6000 |-

4000 |-

Neutron counts

2000 |

Aol WAl i

05e 0GR 0.7~ O'al 0o%10 2.0 3.0
d-spacing (A / SNS
T e OAK RIDGE NATIONAL [LABORATORY
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Correct Crystal Structure

12000
L . Sr.Fe O,

10000 L space group: I14/mmm

8000 |-
2
N
S L
3
< 6000 |-
QS
= L
S
= 4000 |-

2000H . L1 §; k

0 VWJLL'WL T |
(T O A RO RO OO O 000000 W00 vne e e e el b Iy [
Alesd
1 1 1 1 I 1 1
Ok W0.688T 0.7~ CHEM 0.9 %10 2.0 3.0
d-spacing (R) / SNS
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FERRIMAGNETIC AB,0O, SPINEL STRUCTURE
(Mng g;F€4 16)(F€ 8oMN§ 20),04

Lambda 1.0910 A, L-5 cycle 202
| [ [
. ¥
finement _ o -
clear + magnetic ="
Struqture _
ol | *' .
Results give i §4, i4i N I
=lattice parameter A REINE, WS Y WS SR I WP
.OXygen pOSitiOn g'_ | Il I I:I II III Illll I|II|II -I,.lllI |I|r|”=|.I|||:I | e rprmopporrorwenrn i rnorn
=distribution of Mn/Fe |
onT an d_O sites B b b Nt bt i
matomic displacement = 2l
parameters ;_JO ! | | | | |
-magnetic moments 20.0 40.0 60.0 80.0 100.0 120.0
. 2—Theta, deg
On the T and O Sltes AT type ref fdamp fractional coordinates Mit* Occupancy Ui=o
(e-g-1 -2.9 and 2.0 HB) 50 0 X0 U0 o0 0.261035 0.261035 0.261035 32  1.0000 0.01250
nuclear 3B MH 0 Ul FO 0.500000 0.500000 O0.500000 16 0.1978 0.00788
4B FE 0 Ud Fo 0.500000 0.500000 0.500000 16 0.8022 0.00788
Zhang ZJ et. al. JACS phase 10 MH 0 U0 Fo 0.125000 0.125000 O.125000 8 0.8101 0.01850
120 1800 ( .98). : 2R FE 0 UD FO 0.125000 0.125000 O0.125000 &  0.1599 0.01850
. SNS T name type ref fdam fractional coordinates Mit* Occupancy Uiso
JINJ magnetlc 2 B FE 0 0 0 0.500000 0.500000 ©0.500000 16 1.0000 0.00700
e’@ﬂ Eﬂ@lﬂ([ phase 10 MH 0 0 0 0.125000 0.125000 0.125000 8  1.0000 0.01800




MagneTic Ordering: Oxygen-deficient A-site

Layered Perovskite NdBaCo,0Os,

Burley et. al. J. Solid State. Chem. 170, 339 (2003)

1.0

I I I I I
{ Fauth et al.
300 v ]
*1is
< Y
L 20008 : il
= 3
: -
S i }
: .3
= 1008 ' SSO' : I
G gmirgrityé G EM
0 i .1‘37— . 4s I L '
0.4 0.5 0.6 0.7 0.8 0.9
3 in NdBaCo0,0;,5
Magnetic phase diagram
S il

UT-BATTELLE
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Spin

Spin up Fe
down T :
Fe \ 2

G type AF ordering in
a simple perovskite

300K: Pmmm 12K: Pmma’
(Pmmm)
a=3.8979 7.7938
b=7.8074 7.8033
c=7.5871 7.5844
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Structure solution from powder data:

Given atom positions, it is straightforward
to compute the diffraction pattern

2

Z i eXp(ZQhkl R, ™

atoms j

hkl

Solve a new structure from powder data
1. Get data
2. Find the lattice
3. Space group (internal symmetries) systematic
absences, density, guess, luck
4. Extract intensities of each individual (44/) peak
5. Solve structure
a. Momentum space - Direct methods
b. Real space

6. Refine /
St OAK RIDGE NATIONAL LABORATORY SNS
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Solution of structures of organic molecules from powder data:

Difficulties: generally weak scatterers, serious overlap for d< 2A,
patterns weak at high angles.

Use of known molecular geometry is helpful -- make a model, put it
into the lattice, and test it against the data.

(How do you know if you are done? If the best solution is right?) /SNS
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Undertake a project like this with very good data
Ranitidine HCL form II

Infensily (a.1.)

70000 rr———r————————————— B
61000 ; i R — %E:mm ;
. ; Bmmjmnmi
43000 ; ﬁ f
34000 F : t
25000 | .
16000 |
7000 | E
_2000 :‘I N |||| || |||||||||| ||||||||||| IIIIIlI|I|IIIIIIIIIIIIIIII|IIIIIIIlllll -
-11000 ;J N ]
— T .
~zoogn .
5 10 15 20 25 30 35 40 45

L_h
]

28 (%)



Ranitidine HCl (Zantac®) is a very widely used drug for ulcers,
excess production of stomach acid. There is an interesting subtlety
in its crystal structure. Huq et. al. J. Pharm. Sci. 92, 244 (2003)

UT-BATTELLE

02

Monoclinic, Z=4
a=18.8084,
b=12.981A4,

c=7.2114

p=95.057°,

OAK RIDGE NATION

U. S. DEPARTMEN
Title_date

Best S

Space Group : P 2;/n

6 spatial coordinates : position
3 Eulerian angles : orientation
11 torsions.

Ranitidine HCI, 108 cycles/temp.
100 reflections, to d = 2.66 A

=y

b
-

_" [ |I||I|’ﬂfﬂ L |I||I|m|‘| [ILLALLL [ILILALL T TTTH

0.001

0.001 0.01 0.1 1 10 100
Temperature Parameter

D

NS

N SOURCE
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Two candidate solutions from PSSP

/\<’\
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All four,
superimposed.
Disorder,
or inability of powder

data to distinguish

a few of the aTorOlgNS
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Atomic structure of our best Rietveld refinement of a single molecule.
Essentially independent of which solution we start from.

R,p = 11.12%, 72 = 10.56

60000 » ' Rietveld plot of Ranitidine Hydrochloride
i single configuration (from pssp)
021 020
w
=
=
—_ 40000
=
=<
=
(<5}
=
E 20000 -
o
=
i L 1E "} s ; ' !
Pt ‘iI 1 SI i .
i RIAELL S it il L
(4§18 @)

C0 U PUET 0 3 (b)

6000
3000
0

C8
Ci2
N7
@9 o1
c5 GE(Q
3000
Cé6

(CX -GOOJ
I ' I ' I : I .
5,00 15,00 25.00 35.00 45 00
C3
o

Two Theta (degrees) /
OAK RIDGE NATIONAL LABORATORY SNS
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Refinement incorporating disorder. 50% occupancy of each of two
sites for N14, C16, €18, 020, and O21.

R, =8.39%, 2 = 4.51 @

N1
021’ /H\-LB
021

C18

S11

C8
C12
c9
o1
Wao
@—@ All thermal parameters

independently refined!
Gentle restraints on bond
lengths.

This is clearly the
correct solution, c# r
which includes

molecular disorder.

Ccl
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X
60000 — X Rietveld plot of Ranitidine Hydrochloride
with disorder

P A
[
>
3

40000 —
3
< . LB : ;
o = o s o oW 4
3 . R, = 8.43%, 12 = 4.51
< 0
£ 20000 — |
O 1
2 |

i ‘. : ;‘l t
5 : B R ;
; 0y b ) { ! !
i i i (a)
5 6000 | ! 1 TR UL TERRRED I 001D D O 0 O A (b)
% 3000
= 0
B F "3Eh0
QO  -6000
| ' | . | ! | : |
5.00 15.00 25.00 35.00 45.00
Two Theta (degrees) /
P T OAK RIDGE NATIONAL LABORATORY SNS
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The answer, including disorder,
was already known from single
crystal experiment.

T. Ishida, Y. In, M. Inoue (1990)
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LisN : Hydrogen Storage Candidate

Chen et. al: (Nature Nov 2002)
Li Imide Li Amide

Li;N + 2H, «— Li,NH + LiH + H, «— LiNH, + 2LiH
10 , Absorption 9.3 wt% gain at 255°C
, Desorption 6.3 wt% at 200°C + 3wt % above 320°C

More recently (2004-2005) Meisner et. al. & others:

1. LisN+2H, — Li,NH +LiH + H,
50 100 150 200 250 300 350 400 450 2. LiZNH i LiH N Hz o W LiNHZ* zLiH
Temperature (°C) (~5.2°/° CYC|0ble Hz)

Our Goal: To study this reaction in-situ in bulk material.
Huq et. al. J. Phys. Chem. C 111, 10712 (2007) /SNS
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In situ Deu‘l'er'ahon & De-deuteration

Time
(2 days)

34h: deuteration
10h: pumping

———— d spacing l /SNS
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Normalize Volume (V/V,)

¢ Inconel
® aLi3N
A LD
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Moles of Phases Present

UT-BATTELLE

¢ ali3N LiD
o BTN S bk
Cubic phase constraint to Li,ND3_, g cubic:D —*— LixND3-x/LiD
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Imide - Amide : Structural relationship
David et. al., JACS 129,1594

{b) ﬁ nl :
Anti fluoride m}%
cubic imide ‘
blue: N o9
green: Li a&&
grey: H

shift origin + % %
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Concluding Remarks

e Rietveld refinement is a very powerful
technique for analyzing powder
diffraction data.

e However, do not use 'GSAS’ as a black
box! Keep in mind what you are trying to
achieve, if the answers make physical
sense, if the quality of your data is
really sufficient for your conclusions.

P T OAK RIDGE NATIONAL LABORATORY _*‘m_léSNS
UT-BATTELLE U.S. DEPARTMENT OF ENERGY \Ptkuu'N.iumuj‘aum




	Rietveld Method
	Bragg’s law
	Single Crystals vs Powders (2dsinQ=l)
	Constant wavelength (2dsinQ=l)
	Time-of-flight (2dsinQ=l)
	Powder Instruments
	Peak overlap problem
	Hugo Rietveld
	Rietveld Refinement (cont’d)
	Rietveld Refinement (cont’d)
	Time Of Flight Formulation
	Sample Broadening
	PC GSAS�http://www.ccp14.ac.uk/ccp/ccp14/ftp-mirror/gsas/public/gsas/
	http://rrdjazz.nist.gov/programs/crystallography/software/expgui/expgui.html�User friendly interface for Beginners to start us
	Experiment file�(.exp)
	Creating an experiment file
	Running Refinements
	Some Useful Resources:
	Total Scattering Methods�http://nirt.pa.msu.edu/software.php�
	Phase ID:  “Finger Printing”�Huq et.al. Appl. Phys. A 83, 253 (2006)
	Ba2CuWO6: An Ordered Tetragonal Perovskite
	Vacancy Ordered Perovskites – Sr8Fe8O23 Hodges et.al. J. Solid State. Chem. 151, 190(2000) 
	Incorrect Crystal Structure
	Correct Crystal Structure
	Magnetic Ordering: Oxygen-deficient A-site Layered Perovskite NdBaCo2O5+d��Burley et. al. J. Solid State. Chem. 170, 339 (2003
	Li3N : Hydrogen Storage Candidate
	In situ Deuteration & De-deuteration
	Normalize Volume (V/V0)
	Imide – Amide : Structural relationship
	Concluding Remarks

