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Warning

* These slides have not been extensively proof-read, and
therefore may contain errors.

« While I have tried to cite all references, | may have
missed some— these slides were prepared for an
informal lecture and not for publication.

 If you note a mistake or a missing citation, please let me
know and | will correct it.

* | hope to add commentary in the notes section of these
slides, offering additional details. However, these notes
are incomplete so far.
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Goals of Today’s Lecture

« Provide a quick overview of the theory behind peak profile analysis
« Discuss practical considerations for analysis
« Demonstrate the use of lab software for analysis
— empirical peak fitting using MDI Jade
— Rietveld refinement using HighScore Plus
« Discuss other software for peak profile analysis
 Briefly mention other peak profile analysis methods
— Warren Averbach Variance method
— Mixed peak profiling
— whole pattern
« Discuss other ways to evaluate crystallite size

« Assumptions: you understand the basics of crystallography, X-ray
diffraction, and the operation of a Bragg-Brentano diffractometer
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A Brief History of XRD

« 1895- Rontgen publishes the discovery of X-rays
« 1912- Laue observes diffraction of X-rays from a crystal

 when did Scherrer use X-rays to estimate the
crystallite size of nanophase materials?
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The Scherrer Equation was published in 1918
KA

Lcos@

« Peak width (B) is inversely proportional to crystallite size (L)

B(20)=

« P. Scherrer, “Bestimmung der Grdsse und der inneren Struktur von
Kolloidteilchen mittels Réntgenstrahlen,” Nachr. Ges. Wiss. Géttingen 26
(1918) pp 98-100.

« J.I. Langford and A.J.C. Wilson, “Scherrer after Sixty Years: A Survey and
Some New Results in the Determination of Crystallite Size,” J. Appl. Cryst.
11 (1978) pp 102-113.
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The Laue Equations describe the intensity of a
diffracted peak from a single parallelopipeden crystal

,sin*(z/A)(s—s,)®N,a, sin®(x/A)s—s,)® N,a, sin®(z/A)s—s,)® N,a,
sin*(z/A)s—s,)®a, sin’*(z/A)s—s,)®a, sin*(z/A)s—s,)®a,

I=IF

* N,, N,, and N5 are the number of unit cells along the a,, a,, and a; directions
 When N is small, the diffraction peaks become broader
» The peak area remains constant independent of N
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Which of these diffraction patterns comes
from a nanocrystalline material?

Intensity (a.u.)
——

)\,
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2 (deg.)

» These diffraction patterns were produced from the exact same sample
» Two different diffractometers, with different optical configurations, were used
« The apparent peak broadening is due solely to the instrumentation
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Many factors may contribute to
the observed peak profile

* Instrumental Peak Profile

« Crystallite Size

« Microstrain
— Non-uniform Lattice Distortions
— Faulting
— Dislocations
— Antiphase Domain Boundaries
— Grain Surface Relaxation

« Solid Solution Inhomogeneity

« Temperature Factors

« The peak profile is a convolution of the profiles from all of
these contributions
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Instrument and Sample Contributions to the
Peak Profile must be Deconvoluted

 In order to analyze crystallite size, we must deconvolute:
— Instrumental Broadening FW(I)

 also referred to as the Instrumental Profile, Instrumental
FWHM Curve, Instrumental Peak Profile

— Specimen Broadening FW(S)
« also referred to as the Sample Profile, Specimen Profile

« We must then separate the different contributions to
specimen broadening
— Crystallite size and microstrain broadening of diffraction peaks
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Contributions to Peak Profile

Peak broadening due to crystallite size
Peak broadening due to the instrumental profile
Which instrument to use for nanophase analysis

Peak broadening due to microstrain
the different types of microstrain

« Peak broadening due to solid solution inhomogeneity
and due to temperature factors

s b=
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Crystallite Size Broadening

KA
B(20)=
Lcosé@
« Peak Width due to crystallite size varies inversely with crystallite

size
— as the crystallite size gets smaller, the peak gets broader
* The peak width varies with 26 as cos 6

— The crystallite size broadening is most pronounced at large angles
2Theta

» However, the instrumental profile width and microstrain
broadening are also largest at large angles 2theta

» peak intensity is usually weakest at larger angles 2theta

— If using a single peak, often get better results from using diffraction
peaks between 30 and 50 deg 2theta

* below 30deg 2theta, peak asymmetry compromises profile
analysis
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I I I I I Center for Materials Science and Engineering



I I I I I Center for Materials Science and Engineering

The Scherrer Constant, K
KA :
B(2 9) _ 0.944
Lcos@ Lcos@

The constant of proportionality, K (the Scherrer constant)
depends on the how the width is determined, the shape of the
crystal, and the size distribution

— the most common values for K are:
* 0.94 for FWHM of spherical crystals with cubic symmetry
» 0.89 for integral breadth of spherical crystals w/ cubic symmetry
* 1, because 0.94 and 0.89 both round up to 1
— K actually varies from 0.62 to 2.08
For an excellent discussion of K, refer to JI Langford and AJC
Wilson, “Scherrer after sixty years: A survey and some new

results in the determination of crystallite size,” J. Appl. Cryst. 11
(1978) p102-113.

B(20)=
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Factors that affect K and crystallite size
analysis

how the peak width is defined
how crystallite size is defined
the shape of the crystal

the size distribution

http://prism.mit.edu/xray

I I I I I Center for Materials Science and Engineering



Methods used in Jade to Define Peak Width

« Full Width at Half Maximum A
(FWHM)

_ the width of the diffraction peak, FWHM
in radians, at a height half-way I /
between background and the x
peak maximum

Intensity (a.u.)

 Integral Breadth

— the total area under the peak S— — 1 —
d|V|ded by the peak helght 46.746.846.947.047.14;62(4;.9394)7.447.547.647.747.847.9

— the width of a rectangle having
the same area and the same
height as the peak

— requires very careful evaluation
of the tails of the peak and the
background
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Integral Breadth

A
20)=
'B( ) Lcos@
« Warren suggests that the Stokes and Wilson method of
using integral breadths gives an evaluation that is
independent of the distribution in size and shape

— L is a volume average of the crystal thickness in the direction
normal to the reflecting planes

— The Scherrer constant K can be assumed to be 1

« Langford and Wilson suggest that even when using the integral
breadth, there is a Scherrer constant K that varies with the shape of
the crystallites

http://prism.mit.edu/xray
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Other methods used to determine peak width

« These methods are used in more the variance methods, such as
Warren-Averbach analysis

— Most often used for dislocation and defect density analysis of metals
— Can also be used to determine the crystallite size distribution
— Requires no overlap between neighboring diffraction peaks

« Variance-slope

— the slope of the variance of the line profile as a function of the range of
integration

« Variance-intercept

— negative initial slope of the Fourier transform of the normalized line
profile
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How is Crystallite Size Defined

« Usually taken as the cube root of the volume of a crystallite
— assumes that all crystallites have the same size and shape
« For a distribution of sizes, the mean size can be defined as
— the mean value of the cube roots of the individual crystallite volumes

— the cube root of the mean value of the volumes of the individual
crystallites

« Scherrer method (using FWHM) gives the ratio of the root-mean-
fourth-power to the root-mean-square value of the thickness

« Stokes and Wilson method (using integral breadth) determines the
volume average of the thickness of the crystallites measured
perpendicular to the reflecting plane

« The variance methods give the ratio of the total volume of the
crystallites to the total area of their projection on a plane parallel to
the reflecting planes

http://prism.mit.edu/xray
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Remember, Crystallite Size is Different than

Particle Size

« A particle may be made up of several different

crystallites

« Crystallite size often matches grain size, but there are

exceptions

I I I I I Center for Materials Science and Engineering
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Crystallite Shape

« Though the shape of crystallites is usually irregular, we can often
approximate them as:

— sphere, cube, tetrahedra, or octahedra
— parallelepipeds such as needles or plates
— prisms or cylinders
» Most applications of Scherrer analysis assume spherical crystallite
shapes

« |f we know the average crystallite shape from another analysis, we
can select the proper value for the Scherrer constant K

« Anistropic peak shapes can be identified by anistropic peak
broadening

— if the dimensions of a crystallite are 2x * 2y * 200z, then (h00) and (0kO0)
peaks will be more broadened then (00I) peaks.

http://prism.mit.edu/xray
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Anistropic Size Broadening

« The broadening of a single diffraction peak is the product of the
crystallite dimensions in the direction perpendicular to the planes
that produced the diffraction peak.

(400}

J

7T 28 29 30 31 32 33 34 =
Two-Theta (deg)
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Crystallite Size Distribution

* is the crystallite size narrowly or broadly distributed?
* s the crystallite size unimodal?

« XRD is poorly designed to facilitate the analysis of crystallites with a
broad or multimodal size distribution

« Variance methods, such as Warren-Averbach, can be used to
quantify a unimodal size distribution
— Otherwise, we try to accommodate the size distribution in the Scherrer
constant

— Using integral breadth instead of FWHM may reduce the effect of
crystallite size distribution on the Scherrer constant K and therefore the
crystallite size analysis

http://prism.mit.edu/xray
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Instrumental Peak Profile

« A large crystallite size, defect-free powder
specimen will still produce diffraction
peaks with a finite width

« The peak widths from the instrument peak
profile are a convolution of:

— X-ray Source Profile

» Wavelength widths of Ko, and Ko,
lines

« Size of the X-ray source
 Superposition of Ko, and Ka, peaks
— Goniometer Optics 470 472 474 476 478
» Divergence and Receiving Slit widths 26(deg.)
Patterns collected from the same

 Imperfect focusin e .
P _ J sample with different instruments
 Beam size and configurations at MIT

« Penetration into the sample

Intensity (a.u.)
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What Instrument to Use?

« The instrumental profile determines the upper limit of crystallite
size that can be evaluated

— if the Instrumental peak width is much larger than the broadening
due to crystallite size, then we cannot accurately determine
crystallite size

— For analyzing larger nanocrystallites, it is important to use the
instrument with the smallest instrumental peak width

« Very small nanocrystallites produce weak signals

— the specimen broadening will be significantly larger than the
instrumental broadening

— the signal:noise ratio is more important than the instrumental
profile

http://prism.mit.edu/xray
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Comparison of Peak Widths at 47° 26 for
Instruments and Crystallite Sizes

Crystallite | FWHM
Size (deQ)
100 nm 0.099
50 nm 0.182
10 nm 0.871
5 NMm 1.745

Configuration FWHM | Pk Ht to
(deq) Bkg
Ratio
Rigaku, LHS, 0.5° DS, 0.3mm RS 0.076 528
Rigaku, LHS, 1° DS, 0.3mm RS 0.097 293
Rigaku, RHS, 0.5° DS, 0.3mm RS 0.124 339
Rigaku, RHS, 1° DS, 0.3mm RS 0.139 266
X'Pert Pro, High-speed, 0.25° DS 0.060 81
X'Pert Pro, High-speed, 0.5° DS 0.077 72
X’Pert, 0.09° Parallel Beam Collimator 0.175 50
X'Pert, 0.27° Parallel Beam Collimator 0.194 55

Rigaku XRPD is better for very small nanocrystallites, <80 nm (upper limit 100 nm)
PANalytical X’Pert Pro is better for larger nanocrystallites, <150 nm

I I I I I Center for Materials Science and Engineering
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Other Instrumental Considerations
for Thin Films

« The irradiated area greatly affects the intensity of
high angle diffraction peaks %

— GIXD or variable divergence slits on the
PANalytical X’Pert Pro will maintain a constant \

irradiated area, increasing the signal for high angle

diffraction peaks Y
— both methods increase the instrumental FWHM
« Bragg-Brentano geometry only probes crystallite
dimensions through the thickness of the film

— in order to probe lateral (in-plane) crystallite sizes,
need to collect diffraction patterns at different tilts

— this requires the use of parallel-beam optics on the
PANalytical X'Pert Pro, which have very large
FWHM and poor signal:noise ratios

_—_»
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Microstrain Broadening

« lattice strains from displacements of the unit cells about their
normal positions

 often produced by dislocations, domain boundaries, surfaces etc.
* microstrains are very common in nanocrystalline materials
+ the peak broadening due to microstrain will vary as:

sin &
B(26)=4¢
cos @
compare to peak broadening due to crystallite size: B(29) — K4
Lcosé
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Contributions to Microstrain Broadening

« Non-uniform Lattice Distortions
« Dislocations

« Antiphase Domain Boundaries
« Grain Surface Relaxation

« Other contributions to broadening
— faulting
— solid solution inhomogeneity
— temperature factors

http://prism.mit.edu/xray
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« Rather than a single d-spacing,
the crystallographic plane has a
distribution of d-spaces

« This produces a broader
observed diffraction peak

Such distortions can be

H
I I I I I Center for Materials Science and Engineering

Non-Uniform Lattice Distortions

introduced by:

— surface tension of nanocrystals
— morphology of crystal shape, such

as nanotubes
— interstitial impurities

Intensity (a.u.)
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Antiphase Domain Boundaries

* Formed during the ordering of a material that goes

through an order-disorder transformation
« The fundamental peaks are not affected
 the superstructure peaks are broadened

— the broadening of superstructure peaks varies with hkl

I I I I I Center for Materials Science and Engineering
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Dislocations

 Line broadening due to dislocations has a strong hk/
dependence

« The profile is Lorentzian

« (Can try to analyze by separating the Lorentzian and
Gaussian components of the peak profile

« (Can also determine using the Warren-Averbach method
— measure several orders of a peak
- 001, 002, 003, 004, ...
- 110, 220, 330, 440, ...
— The Fourier coefficient of the sample broadening will contain
 an order independent term due to size broadening
« an order dependent term due to strain

http://prism.mit.edu/xray
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Faulting

« Broadening due to deformation faulting and twin faulting
will convolute with the particle size Fourier coefficient

— The particle size coefficient determined by Warren-Averbach
analysis actually contains contributions from the crystallite size
and faulting

— the fault contribution is hkl dependent, while the size contribution
should be hkl independent (assuming isotropic crystallite shape)

— the faulting contribution varies as a function of hkl dependent on
the crystal structure of the material (fcc vs bcc vs hep)

— See Warren, 1969, for methods to separate the contributions
from deformation and twin faulting

http://prism.mit.edu/xray
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Solid Solution Inhomogeneity

« Variation in the composition of a solid solution can create
a distribution of d-spacing for a crystallographic plane

— Similar to the d-spacing distribution created from microstrain due
to non-uniform lattice distortions

ZrO,
CeO, 46nm

19 nm

Intensity (a.u.)

45 46 47 48 49 50 5 52
I 20(deg.)
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Temperature Factor

« The Debye-Waller temperature factor describes the oscillation of an
atom around its average position in the crystal structure

- The thermal agitation results in intensity from the peak maxima being
redistributed into the peak tails

— it does not broaden the FWHM of the diffraction peak, but it does broaden
the integral breadth of the diffraction peak

« The temperature factor increases with 2Theta

« The temperature factor must be convoluted with the structure factor for
each peak

— different atoms in the crystal may have different temperature factors
— each peak contains a different contribution from the atoms in the crystal

(Ax /3
d

F=fexp(-M) M =2rx
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Determining the Sample Broadening due to
crystallite size

« The sample profile FW(S) can be deconvoluted from the
instrumental profile FW(l) either numerically or by Fourier transform
« |n Jade size and strain analysis
— you individually profile fit every diffraction peak
— deconvolute FW(Il) from the peak profile functions to isolate FW(S)

— (ejxecute analyses on the peak profile functions rather than on the raw
ata

« Jade can also use iterative folding to deconvolute FW(I) from the
entire observed diffraction pattern

— this produces an entire diffraction pattern without an instrumental
contribution to peak widths

— this does not require fitting of individual diffraction peaks
— folding increases the noise in the observed diffraction pattern

« Warren Averbach analyses operate on the Fourier transform of the
diffraction peak

— take Fourier transform of peak profile functions or of raw data

http://prism.mit.edu/xray
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Analysis using MDI Jade

* The data analysis package Jade is designed to use

empirical peak profile fitting to estimate crystallite size
and/or microstrain

* Three Primary Components
— Profile Fitting Techniques
— Instrumental FWHM Curve
— Size & Strain Analysis
« Scherrer method
« Williamson-Hall method

http://prism.mit.edu/xray
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Important Chapters in Jade Help

E? Jade 8 HTML Help
& &

Hide Back Pritt

Options

LContents ] Index ] §earch]

EEX

+ @ Jade's Installation

= ([J) Jade's User Intarface

ﬂ Jade's Main Window

E Jade's Dialog Windows

2] Jads's Main Toolhar

E Zoom and Pan Toolbar

E Scrol wheel of Mouse

2] Edit and Cursor Toolbar

E Scan Overlay Toolbar

ﬂ POF Overlay Toolbar

2] Quick Annotation Toolbar

ﬂ Customize Display Colors

ﬂ Dizplay Awxes, Curzor and Scaling
E Zoom YWindow D ata and Display
ﬂ Multiple: User and Project Support
2] List Data Files in Main WWindow

E Ligt POF Phaszes by Zoom Window
ﬂ User Preferences Dialog

+ @ Getting D ata into J ade

+ @ Getting Data out of Jade

e @ Baszic Pattern Processing

+ @ ICDD PDF & NIST Crystal Data Access
+ @ Search/Match for Phase [dentification
= Qzl Advanced Pattern Processing

E Internal & External Theta Calibration
E Profile Fitting and Peal
E Crystalite Size & Strain Analysis

E Surface Residual Stress Analysis

ﬂ Calculating Possible R eflections

E Calculating Lattice Constants

ﬂ Refinement of Lattice Constants

ﬂ Graphing of Unit Cell [ ata

E Unknown Pattem Indexing

ﬂ Auto-Processing with Task Macros

ﬂ Pattern Simulation from d- Lists

E Pattern Deconvolution by [terative Folding
+ @ Classic Quantitative (W) Analysis

+ @ Calculate XRD Powder Pattems

+ @ Yigualize Crostal Structures in 30

¥ @ “Whale Pattern Fitting & Rigtveld Refinement

b

Profile Fitting and Peak
Decomposition

‘While automatic peak search does
a good job of characterizing
peaks, profile fitting provides an
improved alternative. It's more
elaborate in procedure but
produces more precise peak
positions, widths, heights & areas
with statistical estimates that are
maore suited for cell refinement
and quantitative analysis. Since
you don't need to characterize all
peaks in the pattern for these
analyses, the usual method to fit
profiles is to select a region of the
pattern containing peaks of
interest in the zoom window, and

click the profile button M on the
main toolbar. Jade will insert
profiles for significant peaks in the
zoom window and refine them
automatically. You can then zoom
to another region of the pattern
containing desired peaks and
repeat the fitting process. If the
pattern does not contain too many
overlapping peaks or too complex
a background, you can automate
the fitting process by initiating the
'Fit All Peaks' procedure. This can
be done simply by left-clicking the
same profile button while holding
down the Ctrl key. Jade will
segment the pattern into regions
of profile fitting according to peak
clustering, and refine them all,
one region after another. This

sutnmatinn winrlke hact whon wan

b2
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Jade’s User Interface
User Preferences Dialog

Advanced Pattern
Processing

Profile Fitting and Peak
Decomposition

Crystallite Size & Strain
Analysis
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Profile Fitting

« Empirically fit experimental data
with a series of equations
— fit the diffraction peak using the
profile function
— fit background, usually as a linear
segment
« this helps to separate intensity
in peak tails from background
» To extract information, operate
explicitly on the equation rather - |
than numerically on the raw data T Taes 200 295 a0

» Profile fitting produces precise
peak positions, widths, heights,
and areas with statistically valid
estimates

Intensity (a.u.)
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Profile Functions

« Diffraction peaks are usually the convolution of Gaussian and Lorentzian
components
« Some techniques try to deconvolute the Gaussian and Lorentzian
contributions to each diffraction peak; this is very difficult
» More typically, data are fit with a profile function that is a pseudo-Voigt or
Pearson VIl curve
— pseudo-Voigt is a linear combination of Gaussian and Lorentzian components

 atrue Voigt curve is a convolution of the Gaussian and Lorentzian
components; this is more difficult to implement computationally

— Pearson VIl is an exponential mixing of Gaussian and Lorentzian components

« SA Howard and KD Preston, “Profile Fitting of Powder Diffraction Patterns,”,
Reviews in Mineralogy vol 20: Modern Powder Diffraction, Mineralogical
Society of America, Washington DC, 1989.

http://prism.mit.edu/xray
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Important Tips for Profile Fitting

Do not process the data before profile fitting

— do not smooth the data

— do not fit and remove the background

— do not strip Ka, peaks

Load the appropriate PDF reference patterns for your
phases of interest

Zoom in so that as few peaks as possible, plus some
background, is visible

— Fit as few peaks simultaneously as possible

— preferably fit only 1 peak at a time

Constrain variables when necessary to enhance the
stability of the refinement

http://prism.mit.edu/xray




To Access the Profile Fitting Dialogue Window

« Menu: Analyze > Fit Peak Profile
 Right-click Fit Profiles button
 Right-click Profile Edit Cursor button

2l Jade B [speakman*/M|T] Tuesday, January 22, 2008 [p:\Speakman\Calibration\Xcelerator\Si FineOptic
Eile Edit Filte tify PDF Options Yiew Help -~ || Display Save Print Erase Macro Axes Report

Ot s @D B - M (2 M g8 56 - | & 271402 22 e[
[Cu _]_i_] S]Rd| 2 SCAN: 20.0044/133.9913/0.01671/52, odfleac) CildfkV dNmd) Iimaxl=42071 18/31/07 11:51a

R Fies @M@ D] A L >»Fit Profiles (Ctrl=All) | R >Fitting Dialog
|

Co tube Fmeﬂp..
L'U lUDe I'II"IBUD...
CoTube FineO...

CoTube FineO...

CoTube FineD... O | A _
CuTube Coarse... k2 BE OH A [ ® E”
CuTube Coarse...
CuTubs Fined... Profile Edit Cursor (Ctri=Fit All
LaB6 Toploade...
LaBE ZBH Fine...
Puye_SiStd_C1...
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« open Ge103.xrdml
« overlay PDF reference pattern 04-0545

« Demonstrate profile fitting of the 5 diffraction peaks
— fit one at a time
— fit using ‘All"’ option

http://prism.mit.edu/xray
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Important Options in Profile Fitting Window

=& Protile Fitting (Peak Decomposition) - 2 Profiles and 10 Yariables to Refine
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@ 2-Theta dirm) ,r Centraid | Height | BG |

|><|I|L*| \\| R ENCIEAENEIEIENEIE \ 3
|F'5F: pseudn-\‘(nigt j rentzian = (0.5 4] | |+ D:-.-'erall Prafile X ~
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1. Profile Shape Function

» select the equation that will be used to fit diffraction peaks

« (Gaussian:
— more appropriate for fitting peaks with a rounder top
— strain distribution tends to broaden the peak as a Gaussian
« Lorentzian:
— more appropriate for fitting peaks with a sharper top
— size distribution tends to broaden the peak as a Lorentzian
— dislocations also create a Lorentzian component to the peak broadening

» The instrumental profile and peak shape are often a combination of
Gaussian and Lorentzian contributions

» pseudo-Voigt: P ——— "
— emphasizes Guassian contribution aleflle.flii1ns § E pt
— preferred when strain broadening dominates —
« Pearson VII:
— emphasize Lorentzian contribution
— preferred when size broadening dominates

PSF: pseudo-Voigt [~ Lorentzian =
4 |PSF: Pearson adl
: ol

Skewness =
v K-alpha2 Pre

{ [PSF: Gaussuan
D F Locenlznan

WHB uive (¢ SDGCIIP[E
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2. Shape Parameter

This option allows you to constrain or refine the shape parameter

— the shape parameter determines the relative contributions of Gaussian and
Lorentzian type behavior to the profile function

shape parameter is different for pseudo-Voigt and Pearson VIl functions
— pseudo-Voigt: sets the Lorentzian coefficient
— Pearson VII: set the exponent

Check the box if you want to constrain the shape parameter to a value
— input the value that you want for the shape parameter in the numerical field

Do not check the box if you want the mixing parameter to be refined
during profile fitting

— this is the much more common setting for this option

=¥ Profile Fitting (Peak Decomposition) - 2 Pro

=& Profile Fitting (Peak Decnmpnsitinn] -2Pr

EEDEREREEEREE I EE
|PSF: Pearsonll v |CJ¥ Exponent 2 15 -_I 3

|L|nearE!an::kgr-:|und J [w . [LmearBackglOUﬂd _| v
[# Pecet Fuiching Prafles [ K.alnha? Pracent i [V Feset Existing Profiles ¥ K-alpha2 Present &

http://prism.mit.edu/xray




3. Skewness

Skewness is used to model asymmetry
in the diffraction peak

— Most significant at low values of 26

= Profile Fitting (Peak Decomposition) - 2 Pr
ENE I BRI A= T

| Linear Backaground
' Resat Feishinn Profiles

Unchecked: skewness will be refined
during profile fitting

Checked: skewness will be constrained
to the value indicated

— usually check this option to
constrain skewness to 0

— skewness=0 indicates a symmetrical
peak

Hint: constrain skewness to zero when
— refining very broad peaks

Intensity (a.u.)

— refining very weak peaks

— refining several heavily overlapping
peaks

N N N A A A AV AYAYE'
(

N wawavawaware e

258 26.0 26.4 26.8 | 27.0

X (deg.)

262 26.6

an example of the error created when

fitting low angle asymmetric data with a
skewness=0 profile

I I I I I Center for Materials Science and Engineering
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4. K-alpha2 contribution

Checking this box indicates that Ka., radiation is present and should
be included in the peak profile model

— this should almost always be checked when analyzing your data

It is much more accurate to model Ko, than it is to numerically strip
the Ko, contribution from the experimental data

00-027-1402> Silicon - Si

=5 Profile Fitting (Peak Decomposition) - 3 Pro

B EREEIEAEIET T

Intensity (a.u.)

S

P
§“"!‘?

I
S

T
e

L
L

&
’.
by

#’:;

il et

o2
byt

‘ 87‘.5 l ‘ Bé.O ‘
26 (deg.)
This is a single diffraction peak,

featuring the Ka; and Ko, doublet

T T T
89.0

http://prism.mit.edu/xray




5. Background function

== Profile Fitting (Peak Decomposition) - 6 Pr

5 gMJJngJJJJJJA
« Specifies how the background e ———

underneath the peak will be modeled — ((EETEEmm = )~ sicwes-fso &
. Feve 0 v K-alpha2 Present &
— usually use “Linear Background” :

— “Level Background” is appropriate if the
background is indeed fairly level and the
broadness of the peak causes the linear
background function to fit improperly

— manually fit the background (Analyze >
Fit Background) and use “Fixed

Background” for very complicated
patterns
— more complex background functions will
usually fail when fitting nanocrystalline B2 3 B4 55 56 57 58 50 60 o1 62 63 o4
materials This linear background fit modeled

the background too low. A level fit
would not work, so the fixed
background must be used.

http://prism.mit.edu/xray
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6. Initial Peak Width
7. Initial Peak Location
\PSF: pseudovoigt v | [ Lorentzian = m
* These setting determine the way that ILmrf-':kger | 7 Stounes:- _

Jade calculates the initial peak
profile, before refinement

* Initial Width

— if the peak is not significantly
broadened by size or strain, then use
the FWHM curve

— if the peak is significantly broadened,
you might have more success if you
Specify a starting FWHM

* |nitial Location

— using PDF overlays is always the
preferred option

— if no PDF reference card is available,
and the peak is significantly
broadened, then you will want to 52 53 54 55 56 57 58 59 60 61 62 63 64
manually insert peaks- the Peak i
Search will not work

Result of auto insertion using peak search
and FWHM curve on a nanocrystalline
broadened peak. Manual peak insertion
should be used instead.

ILULN o/ / NMIIODT I LTIl AU/ NT LY
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8. Display Options

« Check the options for what visual
components you want displayed
during the profile fitting

— Typically use:
« Qverall Profile
« Individual Profiles
« Background Curve
 Line Marker

— Sometimes use:
 Difference Pattern
 Paint Individuals

I I I I I Center for Materials Science and Engineering

05 _1 Overall Profie
Difference Pattem
00 2] 13 individual Profles
ent © Ka1 +Ka2 Proﬂes
__
1 3 v Background Curve
erlays Line Marker

http://prism.mit.edu/xray




9. Fitting Results

@ 2-Theta | dinm) | Centroid|  Height| BG | Areaal) | Area% | Shape | Skew | FwHM | Breadth|  X5()| A
[128.426(0.000) 0.31373(0.00001) 28.426 40998[535] 476 174410(2584) 100.0 0.721v 0.000 0050(0001] 0.071 (0.001) >1000 (?)
[]47.294 (? 0.19205 (?) _ 47.294 ? 0.500v _0.000 0.061(?) >1000(?

(169114 (0.001) 013580 (0.00000) 69114  1885(40) 124 13802 (357) 79 0951y 0000 0.080(0.003) 0.122(0.004) >1000(7)
(176360(0000) 012462(000000) 76360  3324(47) 122  24256(407) 133 0854v 0000 0083(0002) 0122(0.003) >1000(7) 3

e R s ta e R ai) A A AAT (A AAAAMY AR A e N T AATAE alalalal A AR A AAA A AASY A A A A AAAY . 4O Y

Total Area = 463607 (2916)  Area = 13.04(0.19)%  Crystallinity = ? R = [Un-refined)

« This area displays the results for profile fit peaks

 Numbers in () are estimated standard deviations (ESD)

— if the ESD is marked with (?), then that peak profile function has not yet
been refined

« Click once on a row, and the Main Display Area of Jade will move to
show you that peak, and a blinking cursor will highlight that peak

* You can sort the peak fits by any column by clicking on the column
header

http://prism.mit.edu/xray
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Other buttons of interest

Execute See Other Save Text File

Refinement Options of Results
Autofit o0 Help y

All Peaks

=5 Profile Fittipz (Peak Decompraition) - 11 P:afiles and 45 Variables to Refine [l
=R HEE.dAEEEIER 5

|F'SF: pzeudo-oigh ﬂ [~ Lorentzian =05 =| | || Overal Profile A

Difference Patterm
||-E\"E|Ba'3k5|f'3und ﬂ e Skewness =|0.0 3 | | | ndividual Profiles

v Feset Eigting Profles [# K-alpha2 Present & K.al+k.a2 Profiles

Pairt Individual
Iniial Width: = FuHM Cuve © Specify [01 2] || B::k;u:r:d”é'jve

Initial Lacation: * Peak Search ¢ PDF Overlays () Line Marker

@ 2-Theta | dirm) | Centroid | Height | BG | drealal] | Area% | Shape | Skew | FusHM | Breadth | x5 | A
[]28426(0000) 031373(000001) 28426 40993 (535) 476 174410(2584) 1000 0721 0000 00S0(0001) 0071 (0.001) »1000(7)
(] 47.234 7] 019205(7] 47.234  17769(7) 233 E5293(7) 374 0500v 0.000 0.047 (7] 0081 (7] »>1000(7)

(156106 [0.000] 016373(0.00000) 56106 10532(119) 174 B0452 (315) 347 0301+ 0000 0064 ([0001] 0.036(0.002) 1000 (%)
(169114 (0.001) 013580(0.00000] E3.114 1885 (40] 124 13802 [357) 79 0851y 0000 0030[0003) 0122(0.004] >1000(%
[]76.360(0.000) 012462(0.00000)  76.360 3324 (47) 122 24256 (407) 139 0854 0000 0.083[0002) 0122[0.003) 10007 "

[ N e N N e T R e T o L] P R n e N a N tn lu a ] e e [ERE X T LI LY LY EE a1 R N e e e alaial R e e R a R n s e I T N e W alutat] T T Tt

Total Area = 463607 [2916] | Area = 37 B2[0.E1 )% | Crystalinity = ? | B = [Un-refined]

http://prism.mit.edu/xray
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Clicking Other Options
Unify Variables: force all peaks to be fit using the same profile parameter

T P RS I

EJEI N B E 3 1) A EIEI LR E )| s
00-027-1402> Yiicon - 51 cfu[afe|~]] | -
|Diagu:-na| Crogs £ v‘l" '|Snlid i'L'
Yariables to HefiL: [+ Height [ 2-Theta [ FaHM [ Shape [ Skew

Yariables to Unify [for profiles in zoom window]: [ FwHM [ Shape [ Skew
[ CPISDICTIHT|BG|A%Z|SHISKIBR [X5: f+ PwHM ¢ Breadth [ OIB
\ 7-N\C >4

@ 2-Theta | NI | Cerrod | Hem frealal] | Area% | Shape | Skew | FuyHM | Breadth | xS(A) |
[]28.426(0000) 031373004001 28.426 40993 (535) 4N 174410(2584) 100.0 0.721v 0000 0.050(0.001) 0.071 (0.001) »1000(7)
(] 47.234 7] 0192§5(7]  47.234  17763(7) B5233(7) 374 0500v 0.000 0.047 (7] 0081 (7 »>1000(7)

0452 (315) 347 0907y 0000 00640001 0.095(0.002) 10007
13802(357) 7.9 095y 0000 00800003 0122(0.004] 10007
4256(407) 133 0854y 0000 0.083(0.002) 0.122(D.003) >1000(7

R N T e lalalnial N e ata N R als s E TR e ntat] oA

(156106 [0.000) 016379 (0.0p0000) 561068 10532(119] 174
[1B9.114(0.001] 013580(0.00000)  B9.114 1886 (40) 124
(176360 (0.000) 012462 (0.40000)  7E.360 3324 (47) 122

[ Nt Nt R e R a Tu T a L] R R N IaN lalnlslan] e [ERE X P I N

Total Area = 463607 [2916] | Arga = 37 62[0.61)% | Crugtalinity =7 | B = [Un-r&Xjned)

| \

Select What Columns  Use FWHM or Integral Breadth
to Show in the for Crystallite Size Analysis

Results Area

http://prism.mit.edu/xray
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Procedure for Profile Fitting a Diffraction
Pattern

Open the diffraction pattern

Overlay the PDF reference

Zoom in on first peak(s) to analyze

Open the profile fitting dialogue to configure options
Refine the profile fit for the first peak(s)

Review the quality of profile fit

Move to next peak(s) and profile fit

Continue until entire pattern is fit

© NO Ok W =

http://prism.mit.edu/xray
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Procedure for Profile Fitting

1. Open the XRD pattern
2. Overlay PDF reference for the sample

00-041-1475> Aragonite - CaCQ@

Intensity (a.u.)

A A*}
| ‘
20 25 30 35 40
20 (deg.)

http://prism.mit.edu/xray
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Procedure for Profile Fitting

3. Zoom in on First Peak to Analyze
— try to zoom in on only one peak
— be sure to include some background on either side of the peak

00-041-1475> Aragonite - CaCQ@

Intensity (a.u.)

\\\\\\\\\\\\\\\\\\\\\\\\

256 257 258 259 260 261 26.2 263 264 265 26.6 26.7
20 (deg.) . .
http://prism.mit.edu/xray
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Procedure for Profile Fitting

4. Open profile fitting dialogue to conflgure parameter

» when you open the profile fitting & ),
dialogue, an initial peak profile  Jr= 2 s e, A
curve will be generated :

e if the initial prof“e IS not good, TR Tt T D 0 e Tt L 10 o Lo et
because Iinitial width and
location parameters were not
yet set, then delete it

— highlight the peak in the fitting
results

— press the delete key on your
keyboard

5. Once parameters are confiaured properly, ook on the
blue triangle to execute “Profile Fitting”

* you may have to execute the refinement multiple times if the initial refinement
stops before the peak is sufficiently fit

http://prism.mit.edu/xray
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Procedure for Profile Fitting

6. Review Quality of Profile Fit

« The least-squares fitting residual, R, will be listed in upper right
corner of screen

the residual R should be less than 10%

« The ESD for parameters such as 2-Theta and FWHM should be
small, in the last significant figure

il Jade B [speakman®/MIT] Tuesday, January 22, 2008 [c:\Documents and Settings\speakmaniMy DocumentsiUsers Data\BenB XRD\geological aragonite_C1.xml] geological aragonite
File Edit Filters Analyze Identify PDF
St E- S0 W @ :
tu_¢| 7| B[ 8] -|[mEE 6714 dp - 210 5K P8 1™ g v [ RE [ PK o BC [ 0 [ ML
GFiles @@ra] Da

dry abalonesml To B

Options  Wiew Help ™ || Display Save Print Erase Macro Axes Report  Zoomseseessgren

dry abalone.xrdml L.
diw trochus C1... L
geological arag..
geological arag..
Hydrated Abala. ..
hydrated abalo...
Hydrated Troch... La:

BEDEEEEREEEL |l|| |
FSF: preudo-ioigt [~ Lorentzian =|0.5 | Overall Profile

Ditference Pattem
Level Background | [ Skewnes“m ] Individual Profiles

[ ResetExisting Profiles W K-alpha? Present & K.a1+k.a2 Profiles

Paint Individusk
Il Wish: & FHM Cuve © Specity [017 8] || pockgromd Cuve

Initial Location: & Peak Search  {+ PDF Overaps Ld v

@2Theta N dinm) | Centroid | Height | BG | trealal] | Area | Shape | sy | PurHM | N Ereadth | x5 |

[126.276[0.001) .33890(0.00002) 26265 27175 (6481 1131 168508 (4655) 100.0 1.000v D.wﬂ 0.065 [0.002) yﬂ-’l [0.004)  >1000(?)

http://prism.mit.edu/xray
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Procedure for Profile Fitting

7. Move to Next Peak(s)

« In this example, peaks are too close together to refine individually
« Therefore, profile fit the group of peaks together

« Profile fitting, if done well, can help to separate overlapping peaks

00-041-1475> Aragonite - CaCO 3

Intensity (a.u.)

R —

370 375 380 385 390
20 (deg.)

http://prism.mit.edu/xray
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Procedure for Profile Fitting

8. Continue until the entire pattern is fit

« The results window will list a residual R for the fitting of the entire
diffraction pattern

« The difference plot will highlight any major discrepancies

00-041-1475> Aragonite - CaCO 3

BEREREEEEE IR T -
|F'SF: paeudo-Yoigt ﬂ [~ Lorentzian=|05 2| | |l Overall Profile A

v| Difference Pattern
|Linear Background v | ¥ Skewness =[00 2] | |G | dividual Profiles

[v Reset Existing Profiles  [W K-alpha? Present & K.al+k.a2 Profiles

] Paint Individual
Initial Width: &+ FWHM Curve ¢ Specify [01 = E::kgTDL‘:dufufve

Initial Location: © Peak Search & PDF Owvedays D) Line Marker

EEo&X

Intensity (a.u.)

@2Theta | di) | Height | Area(al) | dveak | Shape| Skew | FusHM | Breadth| x5 | ~
[J21.131(0.002) 4.2011(0.0007] 1106(53)  GO04(403) 30 0F15¢ 0748 0067(0.005) 00910007 >1000(7) -
[J26.276(0.001) 2.3889(0.00071] 27101 (429) 171457 (3103] ©7.0 1.000v 0605 0063(0.002] 0106[0.003) >1000(7)
[]27.275(0.001] 2.2670(0.0003] G6E2(211) S1600(1866] 262 1.000v 0716 0024(0.004] 0129[0.006] 824 (26
[]31.180(0.002) 28662 (0.0003]  1686(73]  10460(573] 53 0840v 0785 0.071(0.005] 0104[0.007] >1000(7)
[]32807 (0.002) 27277 (0.0003]  2418(34] 13157 [543 95 0313 0000004 0.091 (0.006) >1000(7)
22192 M0t 2 BE9ramnnmy AR1TN2e ME71T 12200 i1 [ B NE2IE nNnnedmnmi 0114 moa? ~1nnn e

Total Area = 1283616 [7183] | Area = 0.47[0.03)% | Crystalinifg="? R =B.78%
T T T T T T T T T T T T T T T t f T

30 40 50 60

I 26 (deg.) . ism.mit.edu/xray
I | ] Center for Materials Science and Engineering




Instrumental FWHM Calibration Curve

* The instrument itself contributes to the peak profile

« Before profile fitting the nanocrystalline phase(s) of
interest

— profile fit a calibration standard to determine the
instrumental profile

 Important factors for producing a calibration curve
— Use the exact same instrumental conditions
« same optical configuration of diffractometer
« same sample preparation geometry

« calibration curve should cover the 2theta range of interest for
the specimen diffraction pattern

— do not extrapolate the calibration curve

http://prism.mit.edu/xray
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Instrumental FWHM Calibration Curve

« Standard should share characteristics with the nanocrystalline
specimen
— similar mass absorption coefficient
— similar atomic weight
— similar packing density
« The standard should not contribute to the diffraction peak profile
— macrocrystalline: crystallite size larger than 500 nm
— particle size less than 10 microns
— defect and strain free
« There are several calibration techniques
— Internal Standard
— External Standard of same composition
— External Standard of different composition

http://prism.mit.edu/xray
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Internal Standard Method for Calibration

« Mix a standard in with your nanocrystalline specimen

« a NIST certified standard is preferred
— use a standard with similar mass absorption coefficient
— NIST 640c Si
— NIST 660a LaBg
— NIST 674b CeO,
— NIST 675 Mica

 standard should have few, and preferably no,
overlapping peaks with the specimen
— overlapping peaks will greatly compromise accuracy of analysis

http://prism.mit.edu/xray
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Internal Standard Method for Calibration

« Advantages:

— know that standard and specimen patterns were collected under
identical circumstances for both instrumental conditions and
sample preparation conditions

— the linear absorption coefficient of the mixture is the same for
standard and specimen
« Disadvantages:

— difficult to avoid overlapping peaks between standard and
broadened peaks from very nanocrystalline materials

— the specimen is contaminated
— only works with a powder specimen

http://prism.mit.edu/xray
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External Standard Method for Calibration

« |f internal calibration is not an option, then use external
calibration

* Run calibration standard separately from specimen,
keeping as many parameters identical as is possible

» The best external standard is a macrocrystalline
specimen of the same phase as your nanocrystalline

specimen
— How can you be sure that macrocrystalline specimen does not
contribute to peak broadening?

http://prism.mit.edu/xray

I I I I I Center for Materials Science and Engineering



Qualifying your Macrocrystalline Standard

« select powder for your potential macrocrystalline standard
— if not already done, possibly anneal it to allow crystallites to grow and to
allow defects to heal
« use internal calibration to validate that macrocrystalline specimen is
an appropriate standard
— mix macrocrystalline standard with appropriate NIST SRM

— compare FWHM curves for macrocrystalline specimen and NIST
standard
— if the macrocrystalline FWHM curve is similar to that from the NIST
standard, than the macrocrystalline specimen is suitable
— collect the XRD pattern from pure sample of you macrocrystalline
specimen
 do not use the FHWM curve from the mixture with the NIST SRM

http://prism.mit.edu/xray
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Disadvantages/Advantages of External Calibration
with a Standard of the Same Composition

« Advantages:

— will produce better calibration curve because mass absorption
coefficient, density, molecular weight are the same as your specimen of
interest

— can duplicate a mixture in your nanocrystalline specimen

— might be able to make a macrocrystalline standard for thin film samples
- Disadvantages:

— time consuming

— desire a different calibration standard for every different nanocrystalline
phase and mixture

— macrocrystalline standard may be hard/impossible to produce

— calibration curve will not compensate for discrepancies in instrumental
conditions or sample preparation conditions between the standard and
the specimen

http://prism.mit.edu/xray
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External Standard Method of Calibration using
a NIST standard

* As a last resort, use an external standard of a
composition that is different than your nanocrystalline
specimen

— This is actually the most common method used
— Also the least accurate method

« Use a certified NIST standard to produce instrumental
FWHM calibration curve

http://prism.mit.edu/xray
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Advantages and Disadvantages of using NIST
standard for External Calibration

- Advantages

— only need to build one calibration curve for each instrumental
configuration

— | have NIST standard diffraction patterns for each instrument and
configuration available for download from
http://prism.mit.edu/xray/standards.htm

— know that the standard is high quality if from NIST
— neither standard nor specimen are contaminated
« Disadvantages

— The standard may behave significantly different in diffractometer than
your specimen

« different mass absorption coefficient
« different depth of penetration of X-rays
— NIST standards are expensive
— cannot duplicate exact conditions for thin films

http://prism.mit.edu/xray
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Consider- when is good calibration most
essential?

Broadening Due to
Nanocrystalline Size

Crystallite Size | B(26) FWHM
FWHM of Instrumental Profile (rad) (deg)
at 48" 20 100 nm 0.0015 |0.099
0.061 deg 50 Nnm 0.0029 0.182
10 nm 0.0145 |0.871
5nm 0.0291 1.745

« For a very small crystallite size, the specimen broadening dominates
over instrumental broadening

« Only need the most exacting calibration when the specimen broadening
is small because the specimen is not highly nanocrystalline

http://prism.mit.edu/xray
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Steps for Producing an Instrumental Profile

Collect data from calibration standard

Profile fit peaks from the calibration standard
Produce FWHM curve

Save FWHM curve

Set software preferences to use FHWH curve as
Instrumental Profile

A

http://prism.mit.edu/xray
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Steps for Producing an Instrumental Profile

1. Collect XRD pattern from
standard over a long range

2. Profile fit all peaks of the
standard’s XRD pattern

» use the profile function (Pearson
VII or pseudo-Voigt) that you will
use to fit your specimen pattern

« indicate if you want to use
FWHM or Integral Breadth when
analyzing specimen pattern

3. Produce a FWHM curve

» goto Analyze > FWHM Curve
Plot

—_
(]
=
S
a
o
=
=
-
o
[
-
]

http://prism.mit.edu/xray
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Steps for Producing an Instrumental Profile

auge O DEan) 0 () UE Jay 0 1 Y UUD /0 )
Edt Fiters Analyze Identify POF Options View Hep ~ || Disg
4. Save the FWHM curve Patems.. U0 ) <) Uy Ak ) o o p0 |82
Thumbnal... Ctr+T ‘
Recal Fle... ClridF 20.0044/139.9313/0.01671/33 635(sec). Cu(45k

Recent Fles  Al+Bksp

. goto File > Save > FWHM Curve . @
of Peaks Prinary Patten a5 OIF  Shit4F
Save in XML » Primary Pattern &s *.6IN Shift+F2
 give the FWHM curve a name T o g || PRSP tDE  Shitue
that you will be able to find again e iy

Ctri4Q Current Work as *.SAY Ctri+F1

— the FWHM curve is saved in a =
database on the local
computer < >

— you need to produce the
FWHM curve on each
computer that you use

— everybody else’s FHWM
curves will also be visible

POF Overlays as *.PDF Ctri+F3
Fitted Profies as *.PFT Ctri+F4
Zoom Window Image Cti+F6
Main Window Image Ctri+Shift+0

List &V F -

FWHM Curve of Peaks Ctri+F12

7 Fibes @0:| Da Archwve Data+Reports, .. Cti+B
CuTube FineD...  Las Program Settings. .. Ctri+A

CuTubeFineD... La:

& Please Enter Curve Label E|

|Speakman %Pert Pro Demo Curvel Cancel |

http://prism.mit.edu/xray
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Steps for Producing an Instrumental Profile

. Set preferences to use the
FWHM curve as the
instrumental profile

Go to Edit > Preferences
Select the Instrument tab
Select your FWHM curve from the

drop-down menu on the bottom of(

the dialogue

Also enter Goniometer Radius
— Rigaku Right-Hand Side: 185mm
— Rigaku Left-Hand Side: 250mm
— PANalytical X’Pert Pro: 240mm

I I I I I Center for Materials Science and Engineering

]

|EE||I|:<

i2! User Preferences [c:\program files\mdi jade Blall\ja...
Display  [nstrument lﬂepnrt] Misc] &ccess]

| Drefault wavelengths | |Eu } j [ Overide Anode in Pattem File
Wavelength to Compute d-Spacing

Energy & ‘wWavelength Data;

(o FK-alphal |1.54EIEEI Defaul k¥ & ma =0 % |0 =
" k-alpha? |1_54442 i+ Energy Dispersive Data
" K-average |1_541 a7 Diffraction Angle (deqg) = |20.0
i K-beta |1.39223 " ‘Wavelength Disperzive Data
k.al/ka? Intensity Batio = |2.0 Diffrac. d-Spacing [&] =|2.013
|[|3|:|ni|:|meterID] Gnninmeter Radiuz [mm] = |7 >
B eading Pattem Files [

|IF'|:: Speakman ¥Pert Pro D¢ x| . v|= [ OB Tan(T)

whn} SYAYRER

http://prism.mit.edu/xray




Other Software

Preferences

That You Should Be Aware Of

Report Tab

Check to calculate Crystallite
Size from FWHM

— set Scherrer constant

Display tab

Check the last option to have
crystallite sizes reported in
nanometers

Do not check last option to
have crystallite sizes
reported in Angstroms

<

iZ! User Preferences [C:\Documents and Settings\speak... E|
ElENCIEIE:

Qispla_l,l] Instrurment  Report \Misc] gccessl

[ Mormalize Peak Areaz to Scan Stepzize

[ Colar Print —] 11
e - = = S v Paint Header |
ite: Si s ) rint Lines ||:|_
1 " .r. " = v Print Foothote
[ Print " atermark’

[ Wiite Tab-Delimited Colurns in Report Files

Prirt Size & Orientation:

Fort Size of Test [ptz] =|9 =
Murnber of Hardcopies = (1 =
f+ Portrait

Frint M argins:

Marginz [L.R] = |0.625 0625
Margins [T.B] = |0.625 0E25

" Landscape f* Inch-Ruler " Centirmeter-Ruler

Decimal Places ta Print:

23 A a4 H ko ] b o] wampl ] Pz 3

I I I I I Center for Materials Science and Engineering

i User Preferences [C:\Documents and Settings\speak. .. g|

ElENEIEE:

lnstrument] Eepu:urt] Misc] gccess]

v Opague Box for Zoom Window Highlight - |!Eurrenl Settings sl
v| Aubberband Box to Bottorn of Y-Axiz

Allow Pan ¢ £oom bepond Scan Range
Left-Button to Pan in Zoom Window
Reverse Fan and Zoom Directions

v| Scrollwheel Pans to Peaks Only
Hide Pattern ‘Window from Main Display
Place Zoom *Window on Top of Dizplay
Femove b argins from Pattem window

v| Select Text for Editing upon Focus

w| Llze HTHL File for Contest[F1]-Help

Colors for Dialog Graphs:

I Fade I HEN
1002 - Lire: |11 {11[17
Ligtwiew Colors & Stripes:

(TTTTrrjo 3

Line ‘Width of Pattern:
v 1 2  3-Pixels

w1 02 0 3Pikels

Size of Circles/Dots:
" Small & ¢

Dizplay Cryztallite Size in Manormeter
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Using the Scherrer Method in Jade to Estimate
Crystallite Size

» load specimen data
» |load PDF reference pattern
 Profile fit as many peaks of your data that you can

00-043-1002> Cerianite- - CeQ

Intensity (a.u.)

23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41
20 (deg.)

I Luw./prism.mit.edu/xray
I I Center for Materials Science and Engineering




Scherrer Analysis Calculates Crystallite Size
based on each Individual Peak Profile

* CryStalllte Slze Varles from =1 Profile Fitting (Peak Decomposition) - 8 Profil..

22 to 30 A over the range [0 =El0/=o/e/s/a/sle] L]
fo) |PSF: pseudovoigt v | [ Loentzian=[05 2] |¥ Overall Profile A
Of 28'5 tO 95'4 26 |LinearBackgmund ﬂ W Skewness=[00 2 ::::_:giirijzz;apﬁ.;t

W Reset Existing Profiles W K-alpha2 Present & K.al+KaZ Prafi
v/ Pairt Individus
Initial Width: % FWHM Curve ( Specify m aink | ndividu

— Average size: 25 A
° Background C
—_— Standard DeV|at|0n 34 A Iritial Location: ¢ Peak Search & PDF Owverlays V‘m"

@2Theta | di) | Fu/HM | Breadthf #5141 | \
I (128592 (0.008) 31182 (0.0018) 2.041(0.015 2453 (0018 27(1)
¢ Pretty gOOd anaIySIS []32863(0028) 2.7240(00046) 3.094(0.044] 3293 (005)) 27(1)
[]47.423(0011) 1.9153(0.0008] 3.466(0.019) 3744 (003 25(1)
(156573 (0.014) 1.6255(0.0008) 4.195(0.034] 5.383(0.0%) 22(1)
|

d NOt mUCh |nd|CatOr Of [1B9.267 [0.059) 1.3854 [0.0020) 3.203(0.111) 3.408(01 3002]
. . []77.880(0.027) 1.2260[0.0007) 5.1E6(0.057) 5.499(0.02%) 20(1)
[188.568[0.063) 1.1032(0.0012) 4.311(0.093) 4.963(0148 26(2)
CryStalllte Straln [195.390(0.083) 1.0415(0.0014] 4.935(0.209] 518B[0.327\ 24(2)
. . Total Area=0100) |Amea=7 Crystallinity =7 | R =517%
« We might use a single
peak in future analyses,

rather than all 8

http://prism.mit.edu/xray
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FWHM vs Integral Breadth

=% Profile Fitting (Peak Decomposition) - B Profil... g|§|g| =% Profile Fitting (Peak Decomposition) - B Profil... Q|E|g|

BEDENRE PR ELEEDEEEE] | | EEEEEEEEEEEILETE R R B
|00-043-1002> Cerianite--Ce ¢ | 5[ 2| e[ ~][ | 1| | 0004310025 Cerianite- - Ce c [ x| 2| e[ ]| | =
| Diagonal Cross i v | B8 | 5oid v~ | Diagonal Cross | v - | | Sold e
Yariables to Refine: v Height W 2-Theta v PwHM W Shape [ Ske Yariables to Refine: [v Height v 2-Theta v PwHM | Shape [ Ske
ariables ta Unify (for profiles in zoom window]: [ Pa/Hbd ape [ Ske Wariables ta Unify (for profiles in zoom window): [ FPWHM [ Sha

[~ CPISDICTIHTIBGIA%ISHISKIER] @ Breadth [ CPISDICTIHTIBG | &%| SHISKIBR|%S: ¢ FwH@ & EBreadi
@ 2-Theta | did) | FuvHM | Breadth | %5(4] | @ 2-Theta | di) | FuHM | Breadth |
(128598 (0.008) 2.1188(0.0018) 3041 (0015 3.453(0.016) 27(1) []26.598(0.008) 31188 (0.0018) 3041 (0015 3.459(0.016) 24(1)
[]32.853(0.028) 27240 (0.0046) 3094 (0.044) 3.293(0.051) 27(1) [132.853(0.028) 27240 (0.0046) 3094 (0.044] 3.293(0.051) 25(1)
[]47.429(0.011) 1.9153(0.0008) 3466 (0.019) 3.744(0.032) 25(1) []47.429(0.011) 1.9153(0.0008) 3466 (0.019) 2.744(0.032) 23(1)
[]56.573(0.014) 1.6255(0.0003) 4.195(0.034) 5.383(0.033) 22(1) (156573 (0.014) 1.6255 (0.000%) 4.195(0.034] 5.383(0.039) 17(1)
[]69.267 (0.059) 1.3554 (0.0020) 3.203(0111) 3.408(0.188) 30(2) []69.267 (0.059) 1.3554 (00020) 3203 (0111) 3.408(0.188) 28(2)
[]77.8650(0.027) 1.2260(0.0007) 5166 (0.057) 5.499(0.086) 20(1) []77.860(0.027) 1.2260(0.0007) 5.166(0.057) 5.439(0.036) 13(1)
(182568 (0.063) 1.1032(00012) 4.311(0.093) 4.969(0.147) 26(2) (199568 (0.063) 1.1032(00012) 4.311(0.093) 4.959(0.147) 22(1)
[]95.390(0.083) 1.0415(0.0014) 4.935(0.209) 5.186(0.327) 24(2) []95.390(0.083) 1.0415(0.0014) 4.935(0.209] 5.186(0.327) 23(2)
Total drea=01[0] | Area=7? Crystalinity = 7 | B =5.17% TotalArea=01[0] |Area=" Crystallinity =7 | R =5.17%

« Using FWHM: 25.1 A (3.4)
« Using Breadth: 22.5 A (3.7)

» Breadth not as accurate because there is a lot of overlap between peaks-
cannot determine where tail intensity ends and background begins

http://prism.mit.edu/xray

I I I I I Center for Materials Science and Engineering



Analysis Using Different Values of K

. For the typical values |[K [0.62|0.81(0.89(0.94|1 [1.03|2.08
0f 0.81 <K< 1.03 286|119 |24 |27 |28 |30[31 |60

—- thecrystalite size  359[19 |24 [27 |28 [30|31 |60
varies between 22

and 29 A 474117 |23 |25 |26 [28|29 |56
— The precision of XRD |56.6 |15 |19 (22 |23 |24|25 |48
analysis is never 69.3|21 |27 |30 |32 [34|35 |67
better than 1 nm
. 778114 |18 |20 |21 22 |23 |44
— The size is
reproducibly 88.6(18 (23 (26 |27 |[29|30 |58

calculatedas 2-3nm 954 |17 |22 |24 |25 |27|28 |53
Avg (17 |22 (25 |26 |28|29 |56

http://prism.mit.edu/xray
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For Size & Strain Analysis using Williamson-
Hull type Plot in Jade

- after profile fitting all peaks, click size-strain button
— or in main menus, go to Analyze > Size&Strain Plot

=& Profile Fitting (Peak Decomposition) - B Profiles and 32 yvariables to Refine

BRI R E e EEE EIE R
|00-043-1002> Cerianite- - Ce ¢ | x[ a2 +|| | =
|Diagu:una| Crosz | W vlﬁﬁulid v‘lv
“Yanables to Refine: v Height |w 2-Theta v PwHM | Shape | Skew

Yariables bo Unify [far profiles in zoom windaw]: [ FPwHM [ Shape [ Skew

I CPISDICTIHTIBGIA%ISHISKIBRIXS: ¢ FwHM ¢ Breadth [~ OIB

@2Theta | dirm) | Centroid | Height | fealal) | AreaX | FuvHM | Breadth | 541 |

[w] 28599 (0.009) 03187 (0.00018) 28533 1543(7) 319844 [1886) 1000 3.041 [0.015) 3464 [0.0268) 24(1)

[#] 32857 (0.029) 027237 (0.00047) 32857 369(6) 73097 (1482) 229 3109(0.045) 3.309(0.085) 25(1)

[w] 47430 (0.010) 019153(0.00008) 47430 FOF(E] 158188(1453) 495 3463[(0.019) 3.739(0.048) 23(1)
[w]BE572 (0.014] 016265(0.00008) GEG72  G76(4) 184748(1570) G578 4189([0.033) G369([0.080) 17(1)
[w]£3.294 (0.059) 0.13549[0.00020] £9.294 B4 [3] 12543 [739) 39 30800011001 32FF(0.257] 29[2)

[w] 77856 (0.027) 012289(0.00007) 77856 209(3) 68535[1264) 214 G5152(0.058) 5.484(0134) 13(1)

[»] 98545 (0.065) 011035(0.00013) 82545 121(4] 3E400(1138) 114 4283(0.095) S.M50.214) 22(1)

S5 415(0.0284) 010413[0.00014) 95415 103([6] 34281 (24368) 107 BO0B3[0.232) BES1(062E6) 21(2)
Total Area = BE7E3E [4438] | Area = 36.03[0.28)% | Crystalinity = 0.00[0.00)% R =5.21%

I I I I I Center for Materials Science and Engineering
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Williamson Hull Plot

FW(S)xcos(8) = KxA +4X Strainxsin(6)
Size | J

\W_, Y

y-intercept slope

*Fit Size/Sfrain: XS(A) = 33 (1), Strain(%) = 0.805 (0.0343), ESD of Fit = 0.00902, LC = 0.751

0.0004 \
0.000 0.784

Sin(Theta) http:/prism.mit.edu/xray
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Manipulating Options in the
Size-Strain Plot of Jade

7 1 2 3 4
1. Select Mode of
AnalySiS | % | &) @] B #||Fit Size/stain v ||IPC: Speskmanixt | v (0.0~ 0B [30 2][13 2] [Estimate Crystalite 5
) Flt Size/Strain W[S]xEDSThEE], it Size/Shain : Speakman v (0.0] 0 #||1.3 3| |Estimate Crystalite
. Fit Size 4244
« Fit Strain

2. Select Instrument
Profile Curve

3. Show Origin
4. Deconvolution
Parameter
5 | Resu ItS 0.000
> E\?: |I3;ﬁésnfg; Fit XS[A]D;D;;I (1] | Strain(%) = 0.805 (0.0343) | ESD of Fit = n.n?ann[;hELt;]= 0751 | &l Uniejected Peaks =
\ ]
7. Export or Save ~ Y -/ Y

http://prism.mit.edu/xray
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Analysis Mode: Fit Size Only

Kx4 +4x Strainxsin(0)

Size ~ Y,

slope= 0= strain
*Fit Size Only: XS(A) = 26 (1), Strain(%) = 0.0, ESD of Fit = 0.00788, LC = 0.751

4.244

FW(S)xcos(@)=

® ©

0.000 ‘
0.000 0.784

Sin(Theta)
I I I I I Center for Materials Science and Engineering
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Analysis Mode: Fit Strain Only

FW(8)xcos(8) = S.” +4x Strainxsin(0)
lze

y-intercept= 0
Size= oo
*Fit Strain Only: XS(A) = 0, Strain(%) = 3.556 (0.0112), ESD of Fit = 0.03018, LC = 0.751

4.244

*

F

0.000 ‘
0.000 0.784

http://prism.mit.edu/xra
I I I B Center for Materials Science and Engineermif)(Theta) D Y




Analysis Mode: Fit Size/Strain

XA

=~ 1+ 4x Strainxsin(6)
Size

FW(S)xcos(8)=

*Fit Size/Sfrain: XS(A) = 33 (1), Strain(%) = 0.805 (0.0343), ESD of Fit = 0.00902, LC = 0.751

0.000 \
0.000 0.784

Sin(Theta)

http://prism.mit.edu/xray
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Comparing Results

Integral Breadth FWHM
Size (A) | Strain (%) | ESD of | Size(A) | Strain(%) | ESD of
Fit Fit

Size 22(1) - 0.0111 | 25(1) 0.0082
Only
Strain - 4.03(1) 0.0351 3.56(1) |0.0301
Only
Size & 28(1) 0.935(35) | 0.0125 [ 32(1) |0.799(35) [ 0.0092
Strain
Avg from | 22.5 25.1
Scherrer
Analysis

http://prism.mit.edu/xray
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Manually Inserting Peak Profiles

n*/MIT] Tuesday, January 22, 2008 [c:\Documents and Settings\speakman\My DocumentsiWsers Data'
Idertify PDF Options Yiew Help -~ || Display Sawe Print Erase Macro Axes Report Zoom Run el

¢ C“Ck On the ‘PrOflle I; JL.lL J¢+ : o o | B8 5 - __HiE &[] || Profie Edt Cur

 Left click to insert a
peak profile

 Right click to delete a
peak profile

* Double-click on the
‘Profile Edit Cursor’
button to refine the
peak

http://prism.mit.edu/xray
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Examples

 Read Y203 on ZBH Fast Scan.sav
— make sure instrument profile is “IAP XPert FineOptics ZBH”
— Note scatter of data
— Note larger average crystallite size requiring good calibration
— data took 1.5 hrs to collect over range 15 to 146° 20
— could only profile fit data up to 90° 26; intensities were too low after that
« Read Y203 on ZBH long scan.sav
— make sure instrument profile is “IAP XPert FineOptics ZBH”
— compare Scherrer and Size-Strain Plot
— Note scatter of data in Size-Strain Plot
— data took 14 hrs to collect over range of 15 to 130° 26
— size is 56 nm, strain is 0.39%

« by comparison, CeQO, with crystallite size of 3 nm took 41min to
collect data from 20 fo 100° 26 for high quality analysis

http://prism.mit.edu/xray
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Examples

« Load CeO2/BN*.xrdml
« Overlay PDF card 34-0394

— shift in peak position because of thermal expansion

* make sure instrument profile is “IAP XPert FineOptics
ZBH”

* |ook at patterns in 3D view

« Scans collected every 1min as sample annealed in situ
at 500°C

« manually insert peak profile
« use batch mode to fit peak
 in minutes have record of crystallite size vs time

http://prism.mit.edu/xray
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Examples

» Size analysis of Si core in SiO2 shell

I I I I I Center for Materials Science and Engineering

read Si_nodule.sav

make sure instrument profile is “IAP Rigaku RHS”

show how we can link peaks to specific phases

show how Si broadening is due completely to microstrain

ZnO is a NIST SRM, for which we know the crystallite size is
between 201 nm

« we estimate 179 nm- shows error at large crystallite sizes

http://prism.mit.edu/xray




We can empirically calculate nanocrystalline
diffraction pattern using Jade

]

1. Load PDF reference Card ="l Pattern Simulation from d-I Lists

Prafile Parameters:

2. go to Ana/yze> Slmulate Pattern |F'SF:pseuu:|u:--"-"u:-igt j||:|.5 #0002 MoiseSigmas=[20 3]

v FK-alpha2 Present 300 [150 |0 4| Lattice Strain % |0.0 |

3 . I N Patte ' S| mu |at|0 N d | alog ue bOX [~ Fald [Canvalute] with Instrument Prafile Crypstalte Size = [5000 2]

Ak | (]| [

. . Create Mew Pattern [4550 Data Points):
1. Set InStrumenta| prOflle curve ||:i|:||:|t_|:|43_-||:||:|2tt : ||:eritar‘|ite- _t|:]e|:|2 AR
2. set crystallite size & lattice strain [ Man Rengeindi Lt 100 10636 Sjorz  Hlson S

3. check fold (convolute) with | Lo IFeupfissurs 2 -] 2%

instrument profile

4. Click on ‘Clear Existing Display and El
Create New Pattern’

5. or Click on ‘Overlay Simulated .

Pattern’ m

demonstrate with card 46-1212
observe peak overlap at 36° 20 as peak broaden

http://prism.mit.edu/xray
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Whole Pattern ‘Fitting



Emperical Profile Fitting is sometimes difficult

« overlapping peaks
« a mixture of nanocrystalline phases
 a mixture of nanocrystalline and macrocrystalline phase

00-008-0459> Cadmoselite - CdSe
=
S
>
k%)
C
Q
£ \
° (R
L A B
T TanLA |
TR0 S
20 T T T T 3TO T T T T 4;0 T T T T 5TO T T T T 6TO
26 (deg.) 1ILLN W/ / puun..nut.edU/Xrav

I I I I I Center for Materials Science and Engineering



Or we want to learn more information about
sample

« quantitative phase analysis
— how much of each phase is present in a mixture

 |attice parameter refinement

— nanophase materials often have different lattice parameters from
their bulk counterparts

« atomic occupancy refinement

http://prism.mit.edu/xray
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For Whole Pattern Fitting, Usually use Rietveld
Refinement

model diffraction pattern from calculations

— With an appropriate crystal structure we can precisely calculate peak
positions and intensities

« this is much better than empirically fitting peaks, especially when
they are highly overlapping

— We also model and compensate for experimental errors such as
specimen displacement and zero offset

— model peak shape and width using empirical functions
» we can correlate these functions to crystallite size and strain

« we then refine the model until the calculated pattern matches the
experimentally observed pattern

 for crystallite size and microstrain analysis, we still need an internal
or external standard

http://prism.mit.edu/xray
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Peak Width Analysis in Rietveld Refinement

« HighScore Plus can use pseudo-Voigt, Pearson VI, or Voigt
profile functions
« For pseudo-Voigt and Pearson VII functions

— Peak shape is modeled using the pseudo-Voigt or Pearson VII
functions

— The FWHM term, H, is a component of both functions
« The FWHM is correlated to crystallite size and microstrain
— The FWHM is modeled using the Cagliotti Equation

» U is the parameter most strongly associated with strain
broadening

« crystallite size can be calculated from U and W

» U can be separated into (hkl) dependent components for
anisotropic broadening

H,=(Utan’8+Vtano+w)"

http://prism.mit.edu/xray
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Using pseudo-Voigt and Pears VIl functions in
HighScore Plus

« Refine the size-strain standard to determine U, V, and W
for the instrumental profile
— also refine profile function shape parameters, asymmetry
parameters, eic
* Refine the nanocrystalline specimen data
— Import or enter the U, V, and W standard parameters

— In the settings for the nanocrystalline phase, you can specify the
type of size and strain analysis you would like to execute

— During refinement, U, V, and W will be constrained as necessary

for the analysis
e Size and Strain: Refine U and W

« Strain Only: Refine U
« Size Only: Refine U and W, U=W

http://prism.mit.edu/xray
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Example

« Open ZnO Start.hpf
« Show crystal structure parameters
— note that this is hexagonal polymorph
« Calculate Starting Structure
« Enter U, V, and W standard
— U standard= 0.012364
— V standard= -0.002971
— W standard= 0.015460
« Set Size-Strain Analysis Option
— start with Size Only
— Then change to Size and Strain
« Refine using “Size-Strain Analysis” Automatic Refinement

http://prism.mit.edu/xray
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The Voigt profile function is applicable mostly
to neutron diffraction data

« Using the Voigt profile function may tries to fit the
Gaussian and Lorentzian components separately, and
then convolutes them

— correlate the Gaussian component to microstrain

 use a Cagliotti function to model the FWHM profile of the
Gaussian component of the profile function

— correlate the Lorentzian component to crystallite size
 use a separate function to model the FWHM profile of the
Lorentzian component of the profile function
 This refinement mode is slower, less stable, and typically
applies to neutron diffraction data only

— the instrumental profile in neutron diffraction is almost purely
Gaussian

http://prism.mit.edu/xray
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HighScore Plus Workshop

« Jan 29 and 30 (next Tues and Wed)
— from 1 to 5 pm both days

« Space is limited: register by tomorrow (Jan 25)
— preferable if you have your own laptop

« Must be a trained independent user of the X-Ray SEF,
familiar with XRD theory, basic crystallography, and
basic XRD data analysis

http://prism.mit.edu/xray
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Free Software

« Empirical Peak Fitting
— XFit
— WinFit
» couples with Fourya for Line Profile Fourier Analysis
— Shadow
 couples with Breadth for Integral Breadth Analysis
— PowderX
— FIT
» succeeded by PROFILE
« Whole Pattern Fitting
— GSAS
— Fullprof
— Reitan

« All of these are available to download from http://www.ccpi4.ac.uk

http://prism.mit.edu/xray
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Other Ways of XRD Analysis

- Most alternative XRD crystallite size analyses use the Fourier
transform of the diffraction pattern
« Variance Method
— Warren Averbach analysis- Fourier transform of raw data

— Convolution Profile Fitting Method- Fourier transform of Voigt profile
function

« Whole Pattern Fitting in Fourier Space
— Whole Powder Pattern Modeling- Matteo Leoni and Paolo Scardi
— Directly model all of the contributions to the diffraction pattern
— each peak is synthesized in reciprocal space from it Fourier transform

 for any broadening source, the corresponding Fourier transform can
be calculated

« Fundamental Parameters Profile Fitting
— combine with profile fitting, variance, or whole pattern fitting techniques

— instead of deconvoluting empirically determined instrumental profile, use
fundamental parameters to calculate instrumental and specimen profiles

http://prism.mit.edu/xray
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Complementary Analyses

- TEM

— precise information about a small volume of sample
— can discern crystallite shape as well as size

« PDF (Pair Distribution Function) Analysis of X-Ray Scattering
« Small Angle X-ray Scattering (SAXS)
« Raman

« AFM

« Particle Size Analysis

— while particles may easily be larger than your crystallites, we know that
the crystallites will never be larger than your particles

http://prism.mit.edu/xray
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Textbook References

« HP Klug and LE Alexander, X-Ray Diffraction Procedures for
Polycrystalline and Amorphous Materials, 2™ edition, John Wiley &
Sons, 1974.

— Chapter 9: Crystallite Size and Lattice Strains from Line Broadening
« BE Warren, X-Ray Diffraction, Addison-Wesley, 1969
— reprinted in 1990 by Dover Publications
— Chapter 13: Diffraction by Imperfect Crystals
« DL Bish and JE Post (eds), Reviews in Mineralogy vol 20: Modern
Powder Diffraction, Mineralogical Society of America, 1989.

— Chapter 6: Diffraction by Small and Disordered Crystals, by RC
Reynolds, Jr.

— Chapter 8: Profile Fitting of Powder Diffraction Patterns, by SA Howard
and KD Preston

 A. Guinier, X-Ray Diffraction in Crystals, Imperfect Crystals, and
Amorphous Bodies, Dunod, 1956.

— reprinted in 1994 by Dover Publications

http://prism.mit.edu/xray
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Articles

D. Balzar, N. Audebrand, M. Daymond, A. Fitch, A. Hewat, J.l. Langford, A. Le Bail,
D. Louér, O. Masson, C.N. McCowan, N.C. Popa, P.W. Stephens, B. Toby, “Size-
Strain Line-Broadening Analysis of the Ceria Round-Robin Sample”, Journal of
Applied Crystallography 37 (2004) 911-924

S Enzo, G Fagherazzi, A Benedetti, S Polizzi,
— “A Profile-Fitting Procedure for Analysis of Broadened X-ray Diffraction Peaks: |.
Methodology,” J. Appl. Cryst. (1988) 21, 536-542.
— “A Profile-Fitting Procedure for Analysis of Broadened X-ray Diffraction Peaks. Il. Application
and Discussion of the Methodology” J. Appl. Cryst. (1988) 21, 543-549
B Marinkovic, R de Avillez, A Saavedra, FCR Assungéo, “A Comparison between the
Warren-Averbach Method and Alternate Methods for X-Ray Diffraction Microstructure
Analysis of Polycrystalline Specimens”, Materials Research 4 (2) 71-76, 2001.

« D Lou, N Audebrand, “Profile Fitting and Diffraction Line-Broadening Analysis,”
Advances in X-ray Diffraction 41, 1997.

« A Leineweber, EJ Mittemeijer, “Anisotropic microstrain broadening due to
compositional inhomogeneities and its parametrisation”, Z. Kristallogr. Suppl. 23
(2006) 117-122

BR York, “New X-ray Diffraction Line Profile Function Based on Crystallite Size and
Strain Distributions Determined from Mean Field Theory and Statistical Mechanics”,
Advances in X-ray Diffraction 41, 1997.
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Instrumental Profile Derived from different
mounting of LaBg

0.25
< 10 micron thick
0.2 ® 0.3 mmthick ®
8
0.15 5
8
8
0.1 »
yﬁ‘ﬁs
.
005 % = nzzn 288°
O I I T
20 60 100 140

ZTheta

In analysis of Y,O5; on a ZBH, using the instrumental profile from thin SRM gives

a size of 60 nm; using the thick SRM gives a size of 64 nm
http://prism.mit.edu/xray
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