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Contact Information

Craig Brown — craig.brown@nist.gov
Ben Trump — benjamin.trump@nist.gov
Hayden Evans — hayden.evans@nist.gov

Ryan Klein — ryan.klein@nist.gov

Necessary software packages for course

GSAS/EXPGUI: https://drive.google.com/file/d/1gEGIMIVPIgGaOgE8GDhpPFY1ft2EzGzz/view?usp=sharing
VESTA: https://jp-minerals.org/vesta/en/download.html

Also useful but not necessary for this course: CMPR:
https://www.ncnr.nist.gov/programs/crystallography/software/cmpr/

Introduction

In this course, we will introduce the general concepts underlying elastic neutron scattering, also known as
neutron diffraction. Specifically, we will focus on powder neutron diffraction. We start with a brief
description of how powder neutron diffraction experiments are conducted, including some (but not too
much) of the underlying physics and math that enable this technique. We describe when powder neutron
diffraction measurements can be useful, and how they compare with powder X-ray diffraction
measurements and single crystal diffraction. We briefly touch on using powder neutron diffraction
measurements to determine magnetic properties. We give the practical aspects as we see them of obtaining
these data, ranging from instrumental and sample considerations to obtaining and executing beam time at
different user facilities. Finally, we will discuss the specifics of performing Rietveld refinements of powder
diffraction patterns. After the lectures, we will walk through three examples of analyzing powder neutron
diffraction data together. We expect that the students will follow along and perform the refinements
themselves on their own machines as we go, and we will allot time for each step as we move through the
examples.

On day one, after the introductory lecture, we will work through an example together to determine the
structure of NiO. On day 2, we will begin the day with the second (and final) lecture and then work through
a second example of analyzing powder neutron diffraction data together. Example 2 investigates ion
conductivity in NASICON as a function of temperature. On day 3, we will start by answering any questions
the students may have about data they have collected, or about experiments they are planning, etc. If you
would like to ask us questions about diffraction measurements you have conducted or difficult data analysis,
please bring the materials in question with you and we will have time for a discussion on the third day. Then
we will move on to the final example, which probes hydrogen gas adsorption in a candidate storage material,
Coz(m-dobdc).

We will distribute the patterns to be analyzed together before the start of the course. We will use
GSAS/EXPGUI for the refinements, which can be run on a Windows OS or on a suitable virtual emulator
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(download link above). Please download and install GSAS/EXPGUI on your machine prior to the start of the
school, and make sure you can open it up. If you have trouble downloading or installing GSAS, please contact
Ben or Ryan (contact info above). During the lectures, we will mention tips and tricks for using other software
packages for refinements, including TOPAS Academic, GSAS-Il, and FullProf, but we will focus on and

complete the examples using GSAS/EXPGUI. In addition, please download and install Vesta (download links
above).

Below, please find details for each of the three examples.



Example 1: Refinement of NiO data for basic GSAS/EXPGUI use

While many have graduate researchers have familiarity with lab X-ray and possible synchrotron powder
data, it is likely that few on this course have experience with neutron powder diffraction. While this
tutorial is designed for synchrotron X-ray data using the program GSAS, it introduces the basic steps for
doing any refinement in GSAS/EXPGUI and does not rely on you knowing anything about neutron
scattering. In the subsequent examples we will build on this platform and introduce neutron powder
diffraction data and structural refinement.

This tutorial uses data from 11-BM. More information about that beamline and other tutorials can be
found below. Files can be downloaded here.

What is 11-BM?
http://11bm.xor.aps.anl.gov/

More tutorials:
http://www.aps.anl.gov/Xray Science Division/Powder Diffraction Crystallography/

1. Making a GSAS file
a. Make a new directory for your refinement and copy your data and instrument
parameter fileinto it (*.prm, *.iparm, etc). Make sure there are NO SPACES in your

Folder extension or file names.
b. Start EXPGUI

8 00 N Experiment file
Select an experiment file to read Help
Directory 1 — | 5] Sort .EXP files by

[ <Parent= (Directory) & File Name
Applications (Directory)
hin (Directory)  Wod. Date
cores (Directory) |—
dew (Directory)
Developer (Directory) Cancel
etc (Directory)

+ home (Directory) Read l

Enter in a file name for your experiment file (e.g., NiO.exp).

c. Accept the “error” to create your GSAS file.

800 — \| File Open Error

File NIO.EXP does not exist in _rep |
? /Users/jneilson/McQueenLab/Scattering Tutorials/GSAS_
Example/EX1-NiO. OK to create?

‘ Select other Create

2. Add a phase


https://drive.google.com/file/d/12v_ucDPVW2aHDBv4KC1k06Y6uDbkdUA6/view?usp=sharing
http://11bm.xor.aps.anl.gov/
http://www.aps.anl.gov/Xray_Science_Division/Powder_Diffraction_Crystallography/

800 |\ EXPGUI interface to GSAS: NIO.EXP
File Options Powder Xtal Graphs Results Calc Macro Import/Export

Help |
expram | expedt | genles | powpref | powplot | Istview | liveplot |

LS Controls  Phase | Powder | Scaling | Profile | RefCanstraints | Rigid Body | MD Pref Orient | SH Pref Grient |
Phase:

title: |
Add a | |b | || | car | Refnecen
Phase, w | ] B | ¥ ] | Cell | cell damping  —

=
Add New Atoms
FXoFU rCF 0 =] o =] © | ModiyAtoms
I I I I
J J J J J J

Use a *cif file to make importing easier

X EXPGUI interface to GSAS: NIO.EXP
File Options Powder Xtal Graphs Results Cale Macro ImportiExport

Help
expnam | expedt | genles | powpref | powplot | Istview | liveplot
LS Controls  Phase | Powder | Scaling | Profle | Re/Constraints | Rigid Bady | MD Pref Orient | SH Pref Girient |
Phase: title: |
Add a | b [ e | Eqgt | Refinecel =
Phase a | ] v | Cell | cell damping _ —
800 add new phase
Adding phase #1 3]
Phase title: |
Cell
b <
Space Group: Type [ [
Any — || =18 B a0 4 30,
Add | Cancel | Help | Import phase from: | Crystallographic Information File (CIF) — |
LA - || |

Add New Atoms
I U CF 0 = 0 =] 0| Wodiyaoms |
I I

a. Make sure that the starting structural model is reasonable:

800 I\ EXPGUI interface to GSAS: NIO.EXP
File Options Powder Xtal Graphs Results Calc Macro ImportiExport

Help |
expnam | expedt | genles | powpref | powplot | Istview | liveplot |

LS Controls Phase | Powder | Scaling | Prefile | Re/Gonstraints | Rigid Body | MD Pref rient | SH Pref Orient |

Phase:lT Replace

title:[from /Users/inellson/McGueenL ab/Scattering T utorials/G:
Add a [4.177500 | b [4177500 | c (4177500 | gq Refine Cell |
Phase @ (900000 | P [90.0000 | y (900000 | Ceéll | Cell damping o —
* name type ref/damp fractional coordinates  Mult Occupancy Uiso
1Nl NI [ ] 0.000000 0.000000 0.000000 4  1.0000 0.26000
201 o 000 0.500000 0.500000 0.500000 4 1.0000 0.41436
= = =
Add New Atoms
X Fu CF 0 —| 0 —=| 0 [ ModfyAtoms

Are the unit cell parameters right (i.e. cubic,

tetragonal, etc)? Are the Wycoff multiplicities correct?

In hexagonal or rhombohedral cells, positions can sometimes be incorrect due to
“rounding.” For example: 0.3333 does not equal 1/3 (0.333333333).

Are the thermal parameters (Uiso) correct? Sometimes they are reported in a cif file
as “B”.

To convert: 8n2 Uiso =8B



GSAS uses Ujso. Fullprof and TOPAS use B.

The thermal parameters generate the Debye-Waller factor, or the attenuation of high-
angle Bragg reflections due to thermal motion (phonons).

Reasonable thermal parameters for a transition metal center at 10 K should start

around, Uiso = 0.005 — 0.01 A2. Change the thermal parameters for both atoms now.

3. Add data (i.e., a histogram)

© 0 O [x] EXPGUI interface to GSAS: /Users/jneilson/McQueenLab/ScatteringTutorials/ GSAS_Example/EXL-Ni...

ht type bank ang/wave title

File Options Powder Xial Graphs Results Calc Macro ImportiExport Help |

expnam | expedt | genles | powpref | powplot | Istview | liveplot | |

LS Controls | Phase Powder | Scaling | | | 1 | |
Select a histogram | Mo Selected Histograms

Backgr

|

Refine background © Damping  —

~Dif

°

—AbsorptioniF

T

Refine AbsjRefl. = Damping  — J

= Add MNew
= ' Histegram

Set Data Limits &
Excluded Regions

Set Histogram
Use Flags

Select the appropriate data file (11bmb_3693.fxye) and instrument
parameter file(11bmb_3693.prm).

X| EXPGUI interface to GSAS: /Users/jneilson/McQueenLabjScatteringTutorials/ GSAS_Example/EXL-Ni

File Options Powder Xtal Graphs Results Calc Macro ImportiExport Help
expnam | expect | genles | powpref | powplot | Istview | liveplot |
LS Controls | Phase Powder | Scaling | | | | | |
Select a histogram | Mo Selected Hi
h# type bank : @ O () I\ add new histogram
Adding a new histogram I~ Durmmy Histograrm
Data file: Select File |  Import CIF
Select bank =1 =
Instrument 4 "
Parametor file: [11bmb_3683.prm Select File Edlt fle
Select set @1
CW Xray
~ dmin
B © G-max Run
Usable data limit:[45.955
. TOF-min RAWPLOT
2-Theta Max
Add | Gancel | Help = J
l AddNew | SetDatalimits& | SetHistogram
" Histogram | Excluded Regions Use Flags

Add.

GSAS uses its own formatting for the data file (*.fxye, *.gsa, *.gsas). Use CMPR to
convertdifferent data formats.

a. Select the appropriate background function



X/ EXPGUI interface to GSAS: NIO.EXP
File Options Powder Xial Graphs Results Cale Macro ImportfExport Help‘

expnam | expedt | genles | powpref | powplot | Istview | liveplot |

LS Controls | Phase Powder | Scaling | Profle | Re/Constraints | Rigid Body | MD Pref @rient | SH Pref Orient |

Select a histogram |
h# type bank ang/wave title
1 X¥CR 1 0.45863 GSAS input created ‘
8 00 \| Edit Background

Backgr

Function type 2 (3 terms) ~ Edit Background

Setting background terms for histogram 1 FitB
Function type 1 — | Number ofterms 4 — Graphically

1010 2j00 I af o=
Cancel Hs\p/l Jo!
L el

AbsorptionF ivity Correcti
Model #0, value: 0.000000E+00

Refine Abs./Refl. © Damping 0 — Edit Abs /Refl

Continue

Add New Set Data Limits & Set Histogram
; ab Histogram | Excluded Regions Use Flags
Z
b. Run POWPREF
e 00 " [X] EXPGUI interface to GSAS: NIO.EXP
File Options Powder Xtal Graphs Results Galc Macro ImportExport Help

expnam | expedt | genles | powpref | powplot | Istview | liveplot
LS Controls | Phase | Powder | Scallit, | Profle | RefConstraints | Rigid Body | MD Pref Grient | SH Pref Orient |

Select a histogram Last History: ‘POWPREF MacOSX Nov 809:07:01 zmz‘

bt type bank ang/uave
1% 1 0.45863 65 Title: NI

g Criterion

C
|NumberonycIes 3 001 [
Marquardt Dampin:
Print Options (U)I f Doq'_u—hg

LS matrix bandwidth|o

Intensity 1
Eﬁ;’ﬁg:" |LeBaiIdamping o | |E,¢mt Fobs v
1 (Phase #)

Rietveld e o 2
Fcalc)Weighted = & & & & & & & & (Modelbiased)
|| Equallyweighted © ¢ & & & & & & & (LeBail method)

& & & & & &

The following dialog should appear:

8 06 N powpref -— NIO

Histogram no, 1 Bank no, 1 Lambdal,lambda? = 0,45863 0,00000
Title: GSAS input created by BINIIBM from oct09/11bmb_3693.asc
Hiztogram iz not ready to be used in least-squares

Histogram needs to be processed by POWPREF

Header on files

GSAS input created by BIMLLEM from oct0S/11bmb_3893,asc

TOP POWPREF terminated successfully statement executed
ress Enter to continuel

POWPREF generates the list of unique reflections from the lattice parameters and
spacegroup. It prepares the data and model for subsequent least-squares analysis.

c. Run GENLES with a few least-squares cycles.



©00 T EXPGUI interface to GSAS: NIOEXP.
File Options Powder Xtal Graphs Results Calc Macro Import/Export Help

expram | expedt i_enlss powpref | powplot | Istview | liveplot

LS Contrals | Phasé | towder | Scaling | Profile | Re/Constraints | Rigid Body | MD Pref Orient | SH Pref Orlent |

Select a histogram Last History: ‘POWPREF MacOSX Nov 6 09:07:01 2012‘
h# type bank angfwave )
1% 1 0.45863 65 Title: NIO

Convergence Criterion

' Number of Cycless | | 0.01
7“ Marquardt Dampi
Print Options (0)[ | Z;q,'jr_l—mmg

LS matrix bandwidth|0

~Reflection Intensity Extracti

Extraction § 0

e [LeBail damping o_— | [Extract Fobs =
1 (Phase #)

Rietveld & & & & & & & &

F{calc) Weighted
|| Equally Weighted

& & (Model biased)
@ & ¢ o o & & (Le Bail method)

e @

a2 a9
@
@
@
£l
£l

At this point, only the overall scale factor and background terms should be refining
(the scalefactor comes on automatically).

‘800 \| genles -- NIO

Reduced CHI**Z = 9075, for 5 variables
Histogram 1 Type PMC  Mobs = 25 R(F**2) = 2,7263

CPU times for matrix build 0,03 gect matrix irversion 0,00 sec
Final wariable sum{(shift/esd)**2) for cycle 1:  4B940,56 Time: 0,09 sec

Restraint data statistics:
Mo restraints used

Powder data statistics Fitted =Bknd Average
Bank Ndata Sum{w*d**Z) wRp Fp  uRp Fp Thld  Integral

Hstgm 1 PXC 1 43436 4.96362E+06 0.7593 0.7047 0.8081 0.8426 0014 0.5991

Powder totals 49496 4.96362E+06 0.7598 0.7047 0,8081 0.8426  0.014

Cycle 2 There were 49496 observations,

Total before-cycle CHI**2 (offset/sig) = 4,963BE+06 { 1,5620E+0d)

Reduced CHI**2 = 100,3 for 5 variables
Histogram 1 Type PXC  Hobs = 25 R{F**2} = 10,8966

CPU times for matrix build 0,03 sect matrix inversion 0,00 sec

Final variable sum{(shift/esd)**2) for cucle 2 0,00 Times 0,09 sec
Convergence waz achieved and

TOP GEMLES terminated successfully statement executed

ress Enter to continug

d. Use liveplot to see the data and fit



8 00 |X| EXPGUI interface to GSAS: NIO.EXP
File Options Powder Xtal Graphs Results Cale Macro ImportiExport Help

expnam | expedt | genles | powpref | powplot | Istuiew | liveplot
LS Controls | Phase | Powder | Scaling | Profile | Re/Constrai Rigid Body | D Pref Orient | SH Pref Orient |
Select a histogram Last History: |GENLES MacOSX Nov 609:13:38 2012 Sdsq- 0.486E+07‘

1 type bank ang/wave
1w 1 0.45863 o5 Title: 1o

Convergence Criterion [
Number of Cycles 3

X . Marquardt Damping
Print Options (0)| . l_l_l—

LS matrix bandwidth |0

—Reflection Intensity i
Eﬁgﬁzg" ||_Egai| damping 0 _‘| |Exlrach0bs ]
1 (Phase #)
Rietveld & & & & & & & & &
F(cale)Weighted ©= « ©~ = ¢« & & & ([Modelbiased)
| Equally Weighted = < © ¢ & & & & © (Le Bail method)
— '
1800 N liveplot
File Options Magnification Help
IO cycle 2 Hist 1
1000 4
= '
2
@
=
-1000 —

ZTheta

What is wrong here? To start with, the air-scattering at very low angles should be
truncated, and the profile function is not quite right.

Excluding data regions
A note of caution: only exclude data if you are positive that the excluded region is
spurious. This may require a control sample or consultation of the beamline scientist.



Possible spurious artifacts may arise from air scattering (low angles) or a wealk,
diffuse,broad hump from the sample capillary, etc.

B O O x| EXPGUI interface to GSAS: fUsers/jneilson/McQueenlab/ScatteringTutorials/GSAS_Example/EX1-Ni...

File Options Powder Xtal Graphs Results Calc Macro ImportiExport Help |
expnam | expedt | genles | powpref | powplot | Istview | liveplot |
LS Controls | Phase Pourder | Scaling | | | ] |

Select a histogram | No Selected Histograms |
htt type bank angswave title Backgr
Refine background = Damping  —
~Dif [l
“Absorplion/Reflectivity Correction
Refine Abs fl. ~ Damping — J
| AddNew | SetDatalimits& | SetHistogram
= © Histogram Excluded Regions Use Flags

800 |%| Excluded Region/Data Range Edit

File | Options |

[T T EXP cycle 2 Hist 1

Tickmarks -
r Excl
Set Min/Max Range v e
> Obs
Update Plot
IMake PostScript
Finish
a00 o
T T T T T T T T T
10 z0 30 40
Z-Theta
Excluded Region Editing Help |
Mouse click Add Delete Zave &
action Z00M - region | region Finish

Excluded _qnop >49.995|
Regions _I

A new window should appear. Set the minimum 26 to something like 2°. Then
Save &Finish.

Try running GENLES.
The following error should appear:



\| /Users/jneilson/McQueenLab/ScatteringTutorials/GSAS_Example/EXL-NiO/NIO.EXP
File Options Powder Xtal Graphs Results Cale Macro Import/Export Help|

expnam | expedt | genles | powpref | powplot | Istview | liveplot

[Ls controls | Phase Powder | Scaling | Profile | Re/Constraints | Rigid Body | MD Pref Orient | SH Pref Orient |

Select a histogram

—Backqr¢

%600

X/ Run POWPREF.

You are attempting to run GENLES, after making changes el |

that require POWPREF:

f Excluded regions were changed
Excluded regions/data range were changed

Run POWPREEF first?

o

g Adld New
z Histogram

Set Data Limits &
Excluded Regions

P——— 1

Set Histogram
Use Flags

This is ok, as changes to the data file or space group require POWPREF to be re-run.

Hit yes.

%/ genles -- NIO

8 00

% liveplot

Reduced CHI**2 = 77,38

for 5 variables
Histogram 1 Type PKC  Mobs = 26 R(F*2) = 0.8963

File Options Magnification

Help |

CPU times for matrix build

0,08 sect matrix inversion 0,00 3
Final wariable sun{(shift/esd)™2) for cucle 3 I+

=
135127 Tim 0,09 sec
Restraint data statistics:

Ho restraints used

Pouder data statistics Fitted -Bknd Average
Bank Ndata Sum(uw*d**21 wRp Rp wRp Rp Td  Integral

Hstgm 1 PXC 1 47934 3 EGITOE+0E 0,7189 0,5832 0,8704 07774 0,018 0,991

Pouder totals 47994 2 EB170E+0E 0,7189 0,0292 0,8704 0,7774 0,018

Cycle 4 There were 47994 observations.

Total before-cucles CHI**2 (offset/sig) = 3.6517E+06 [ 1,1632E+04)

Reduced CHI**2 = 76,03 Ffor b variables

Histogram 1 Type PXC  Mobs = 25 R{F*™2) = 0,8962

CPU times for matrix build 0,10 sect matrix inversion 0,00 sec
Final wariable sun((shift/esd)**2) for cucle 4: 0,00 Time:
Convergence was achieved and

STOP GENLES terminated successfully statement executed

0,10 sec

Press Enter to continue[] 4

MNIO cycle 4 Hist 1

1000 4

Intensity
o
1

-1000 H

ZTheta

Adjust the profile.

600

X EXPGUI interface to GSAS: NIO.EXP

File Options Powder Xtal

Graphs Results Calc Macro

Import/Export

Help

expnam

expedt

genles

powpref

powplot

Istuiew

liveplot

LS Controls | Phase | Powder | Scaling Profile | Re/Constraints | Rigid Body | D Pref Orient | SH Pref Orient |

Select a histogram
hi type bank angfwave

[A

—Hist 1 — Phase 1 (type 3)

i

Damping 0 — | Peak cutoff0.00100

Change Type

1 1 0.45863 osAS 5[\

GU 1 [1.163000 GV [ |-0.126000 GW [ |0.083000

GP [ 0.000000E+00 LX [ [0.173000 LY [ [0.0ooooo
SIL 1 |o.ootio0 HIL © [o.001100 trns [ [0.000000E+00
shft I |0.000000E+00 stec [ [0.000000E+00 ptec [~ [0.000000E+00
sfec I [0.000000E+00 L11 [ [0.000000E+00 122 |0.000000E+00
133 I |0.000000E+00 L12 [ [0.000000E+00 L13 [ |0.000000E+00
123 I |0.000000E+00

The instrument parameter file should come with several default settings, which are dictated
by theinstrumental resolution (obtained by refinement to a known standard, such as LaBy).

Profile 3 is often sufficient for most samples. There are several parameters that one can
use. TheGSAS manual describes in detail the exact definition and 6 dependence of each
parameter.
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The Gaussian broadening parameters, GU, GV, and GW are typically set by the
instrumentalresolution. Depending on the sample contribution to the peak widths these
may be refined, if you have good parameters from a standard reference data set, you can
leave these fixed initially. Notice these are the Caglioti parameters U, V, and W.

Do not change S/L or H/L. These are set by the instrument geometry. These parameters deal

with axial divergence.

The first parameters to change are GP, LX, or LY.

GP: Scherrer coefficient for Gaussian broadening, GP/cos20, often attributed to finite
(nano)particlesize.

LX: Lorentzian coefficient, also Scherrer size broadening. Usual size

broadening term, sometimes requires more than one though. Appears

roughly as ~LX/cos 6

LY: Lorentzian coefficient, often from “microstrain”. Appears roughly as

~LY*tan 6

Typically, it is best to start with LX or GP; however, it is best practice to only refine one of
them at atime, otherwise the refinement may diverge:

O O O x| EXPGUI interface to GSAS: [Users/jneilson/McQueenLab/ScatteringTutorials/GSAS_Example/EX1-Ni..
| File Options Powder Xtal Graphs Results Calc Macro Import/Export Help‘

|_espnam | expedt | genles | poworef |_powplot | Istview | liveplot
| LS Controls | Phase | Powder | Scaling  Profile | Re/Constraints | Rigid Body | MD Pref rient | SH Pref Orient |

Select a histogram —Hist 1 — Phase 1 (type 3) Y
h# type bank ang/wave 5 . =
Y Damping 0 Peak cutoff|0.00100 Change Type
GU [ [1.163000 GV [ |-0.126000 GW [ |0.063000
GP ~ |000000CE+00 X & |0.173000 LY [ |0.000000
SiL (0001100 HIL © |0001100 trns I~ |0.000000E+00
shft ~ [0.000000E+00 stec © |0.000000E+00 ptec [ |0.000000E+00
sfec [ |0000000E+00 L11 [ |0.000000E+00 k22 [ |0.000000E+00
L33 [ |0000000E+00 L12 [ |0.000000E+00 L13 [ |0.000000E+00
123  [0.000000E+00
|
|
I e ¥
Run GENLES.
=Nals) N genles —- NIO x| liveplot |
Restraint data statistics: Eile Options Magnification Help |
No restraints used NIO cycle 12 Hist 1
Pouder data statistics Fitted ~Bknd Average
Bank. Ndata Sum{w*d**2) uRp Rp wRp Rp Td  Integral
Hstgm 1 PHC 1 47994 1.44337E+06 0,4630 0,3284 0,5032 0,3986 0,071 0,002 500 —Cal
Pouder totals 47994 1,44957E+06 04520 0,3384 0,5032 0,392 0,071 ElB
Cycle 12 There were 47934 observations. X Ohs
Tatal before-cycle CHI™2 (offset/sig) = 1.4499E+06 ( 4,5252E+03) i — i
Reduced CHI**2 = 30,21 for 7 variables % FPhasel
Histogram 1 Tupe PKC  Mobs = 25 R(F**2) = 0,1367 = o F
= |
2 Columns of the 7 Column matrix are 0,0 |
CPU times for matriz build 0,09 sec: matrix inversion 0.00 sec b t
Final variable sun{{shift/esd)**2] for cycle 12: 0,00 Time: 0,09 sec
Convergence was achieved and
STOP GEMLES terminated successfully statement executed -5004 {
Press Enter to continuel - ) - ) = ) - ) - 14
10 20 a0 40
2Theta
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8 00 [/ liveplot

FEile Options Magnification Help

MIO cycle 36 Hist 1

hckgr
— Calc
X Ohs
— diff

FPhasel

Intensity

-500

ZTheta

When re-running POWPREF, you may get the warning:

8 00 | powpref -- NIO

Histogram no, 1 Bamk no, 1 Lambdal,lambda2 = 0,45863 0,00000
Titley GSAS input created by BINIIBM from oct09-11bmb_3693, asc
##bd Histogran will be used in least-squares

Header on file:

GSAS input created by BINIABM from oct09/11bmb_3693, asc

Some peaks are more than 500 profile points wide -
check your profile cosfficients for histogram 1

STOP POWPREF terminated successfully statement executed
Press Enter to continuel]

For almost all data collected at 11-BM, your peaks will be more than 500 points wide.

8 0o %/ genles —- NIO X/ liveplot |
Restraint data statisticst ([File Dt Loyt it L
Mo restraints used IO cyele 42 Hist 1
Powder data statistics Fitted —Bknd Auerage

Bank Ndata Sum{u*d*2) wRp Rp uRp e Dhd  Integral 1 bckgr
Hstgm 1 PHC 1 47934 2,26304E+05 0,1730 0,1574 0,1653 0,1541 0,223 0,938 600 - —cal
Pouder totals 47934 2,26304E+05 0,1790 0,1574 01653 0,1541 0,223 aE
Cycle 43 There were 47934 obserwations, 1 » Obs
Total before-cycle CHI**Z (offset/sig) = 2,2830E+05 ( 5,7953E+02) 400 - -
Reduced CHI**2 = 4,716 for B wariables ‘; Bl Phasel
Histogram 1 Tupe PXC  Mobs = 26 R{F**2) = 0.1919 5 200
£ b |
CPU times for matrix build 0,30 secy matrix inversion 0,00 sec 4 |
Final wariable sum{(shift/esd)*2) For cycls 43: 0,00 Times 0,30 sec
Comvergence uas achieved and 0| f
STOP GENLES terminated successfully statement sxecutsd | N i
Press Enter to continuell W 1
-zon -
T T T T T T T T
10 20 30 4an
ZTheta

Make sure that the “Final variable sum” is 0.00 or 0.01. This means that the least squares
refinement has converged. If not, GENLES requires more cycles.
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Here are two problems:
a. Background from the sample capillary
b. The high-angle peaks are overly attenuated. In this case, we can attribute that to

incorrect Uiso's.
Fix the background manually.

Edit background. Then “Fit Background Graphically”

X\ EXPGUI interface to GSAS: NIO.EXP
File Options Powder Xtal Graphs Results Calc Macro ImportiExport Help

expnam | expedt | genles | powpref | powplot | Istvlew | liveplot
LS Controls | Phase Powder | Scaling | Profie | ReConstraints | Rigid Body | MD Praf Grient | SH Pref Orient |

Select a histogram

bt type bank ang/vave title -—Baml

1 % 1 0.45863 05A5 input created
Function type 1 (4 term: it Background

Refine background ¥ Damping © —

800 x|
Setting background terms for histogram

Function type 1_— | Number of terms 4 —

1/|0.697858E+01 2|-0,626074E+01 3|0.286977E+01 4/-0.281881E+01 E U—_‘I
Continue I Cancel | Help [ 0

—Absorption/Reflectivity Correction
Model #0, value: 0.000000E+00

Refine Abs./Refl. | Damping 0 — Edit Abs./Refl,

o Add New
B Histograrm

Fit Background
Graphically

Set Data Limits &
Excluded Regions

Set Histogram
Use Flags

Resize the new window. Zoom into the background (you can right click to unzoom).
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800

|5 bkgedit
File Options

Help
MNIO cycle 43 Hist 1

- == bkg it
A bkg pts
cale

X Obs
-®-Phasel

10 @ 20 a0 E
2Theta
Mo::sl?ocn"c'( — W delete ‘ Fit |with 26 — |terms
Bac'zgimmd Jzonio | ,Jz00100 | Jz0nt00 | Jz.0esazanensez | _[z.507as088a17c| 2700855728482 e 2.932667895 182 _[3.4a0897082847| _[3.723408:
£ 30.7587846854¢| |2B.85881568011| " |25.8821140812€| ~|72.8803444080¢ | [18.768438606 12| " [17.6872134477E | " |15.1657160318F| —|15.6686311853¢| |13.084480
I
Background) ¢

>
! 7284268662 2|-7.16283883 | 3|3.67633885¢ || 4|-2.58681120 | 5|1.00086 193¢ | 6/0.02841475¢ | 7/-0.20448113 | 8/-0.18293383 | 8/0.628925562( 10/-0.955572  Save in
function # i

ATl s

& Exit

Click the “add” button. Now, every time you click in the window, it should add a pink
triangle. Add alot of symbols to approximate the background profile. Then try to “fit” with
several terms. For a sharp background function like this, you may need >20 terms. The
background does not have to be perfect as you will refine it with least squares in the main
program, but it should be relatively close to start with. “Save in EXP file & Exit.”

Run GENLES.

6. Refine the Ujso’s

© 0 O |x] EXPGUI interface to GSAS: /Users/jneilson/McQueenLabyScatteringTutorials/GSAS_Example/EX1-Ni..

File Options Powder Xtal Graphs Results Calc Macro Import/Export Help |

expnam | expedt | genles | powpref | powplot | Istview | liveplot |

L5 Controls  Phase | Powder | Scaling | Profile | Re/Constraints | Rigid Body | MD Pref Crient | SH Pref Orient |

Phase:| 1 Replace | title:[fom /Usersineilson/Mc QueenL ab/ScatteringTutorials G
Add a (4177500 | b (4177500 | c [4.177500 | g Refine Cell o
Phase @ [90.0000 | B [90.0000 | vy [90.0000 | Cel | Cell damping 0 —
# name  type ref/damp fractional coordinates  Mult Occupancy Uiso
1 Nil NI ow o 0.000000 0.000000 0.000000 4 1.0000 0.01000 [
200 o 0U 0 0.500000 0.500000 0.500000 4 1.0000  0.01000

] =
Add New Atoms
Refinement Flags: X WU [ F Damping:X 0 —|U 0 —|F 0 _| Modiy Atoms
I f I I

Set refinement options: atoms 1.2
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Select both atoms. Check the “U” box. A ‘U0’ should appear in each atom row, signifying that

thoserefinement flags are on.

Run GENLES

'8 0.0, % genles -- NIO X/ liveplot
Reduced CHI#*2 = 2,068  for 4 usrishles ; ; re—
Histogran 1 Tupe PXC  Nobs = 26 RCF™2) = 0,0B41 iy Grpilms  remlilleiisn Help
CPU times for matrix build sect matrix inversion 000 sec HIO eycle 52 Hist 1
R by IR tuele 5Lt 0.08 Time: 0,40 sec
Restraint data statistics:
Mo restraints used
Pouder data statistics Fitted Bk Fusrage
Bark Nests Sunlu*d®2) whp Pe  uRp  Rp DUd Inbegral| ..
Hetan L PXC L 47334 L.37IELES05 0,1353 0,1174 01361 01178 0375  0.8%7 | &
Pouder totals 47334 1 371EIE+05 01393 0,1174 0,136 0,178 0,375 £
Cycle G2 There were 47334 obserwations. £
Tatal before-cucle CHIM*2 (offsetssia) = 1,3716E+05 [ 2,8783E+02)
Reduced CHI**2 = 2,858 for 4 variab,
Histogran 1 Tupe PG Mobs = 26 R = 0,004t
TPU timss For matris build 0,40 sso; mabeix inusrsion 0,00 sec
Final variable sun({shift/ssd)3) for cucls 52; 0,00 Tiwes 0,40 sec . .
Convergence uas achieved and e . e &
STOF GEMLES terminated suooessfully statement. sxeruted
Press Enter to continuell 2Theta
Ok, that is much better. Is it done?
Not yet. Try reflnlng the cell (and the background).
© 0 O [x] EXPGUI interface to GSAS: © 0 O [x] EXPGUI interface to GSAS: /U Queen S_Example/EX1-Ni
File Options Powder Xtal Graphs Results Calc Macro Import/Export Help | File Options Powder Xtal Graphs Results Calc Macro Import/Export Help |

expnam | expedt | genles | powpref | powplot | Istview | liveplot |

LS Controls | Phase Powder | Scaling | Profile | Re/Constraints | Rigid Body | MD Pref Orient | SH Pref Orient |

Select a histogram |
B type bank ang/vave tle

expnam | expedt | genles | powpref | powplot | Istview | liveplot

LS Controls  Phase | Powder | Scaling | Profile | Re/Constraints | Rigid Body | MD Pref Orient | SH Pref Orient |

Phase:IT Replace |

title:[from /Users/jneilson/McQueenL ab/ScatteringTutorials/G:

| b (4177500 Refine Cell v

a 4.177500 | ¢ [aa77500 |

T % 1 0.45063 0SAS imput created Add Edit
Function type 1 (26 terms) _ Edit Background Phase (300000 | B 80.0000 | y 00000 | Cell | cen damplnn7_~l
“nane type ref/damp  fractional coordinates Mt Ocowpancy Uiso
et b"’kg""? | Damping| 07— 1ML 00 0 0.000000 0.000000 0.000000 0000 0.00347
200 o OuD 0 0500000 0500000 0.500000 4 1.0000  0.00552
~Diffractometer Constants.
—
Refine wave I wave |0.4586280 X
Refinezero 1~ Zero [00000 Pl 0=
Refine POLA I~ POLA[0.950 IPOLA [0
Model #0, value: 0.000000E+00 o e
Refine Abs/Refl. |~ Damping 0 —| Edit Abs/Refl Co ~
& AddNew | SetDataLimits & | Set Histogram I I I I
Histogram | Excluded Regions |  Use Flags I I I I I I
Run GENLES to convergence.
8 00 %/ genles -- NIO x| liveplot
Restraint data statistics: Eile Options Magnification Help
No restraints used NIO cycle 58 Hist 1
Powder data statistics tted -Bknd Auerage
Bank Ndata Sum(w*d*+2} pr Rp Rp d  Integral
Hetgm 1 PHC 1 47334 79861, 0.1062 0, 0892 0. 0975 0.0854 0,648 0,938
Powder totals 47994 79851, 0.1062 10,0892 0,0975 0.0854 0,648
Cycle 58 There were 47934 observations.
Total before-cycle CHI*™2 (offset/sig) = 7.9851E+04 { 1,0236E+02)
Reduced CHI**2 = 1,665 far 31 variables %
Histogram 1 Type PHC  Mobs = 26 R{F™*2) = 0,0335 &
£
CPU times for matrix build 0,46 sec: matrix inversion 0,00 sec -
Final variable sum{{shift/esd)**2] for cycle 58: 0,00 Time: 0.46 sec

Convergence was achieved and
STOP GEMLES terminated successfully statement executed
Press Enter to continuell

2Theta

Done? Never!

a. Any systematic errors?
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File Options
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No. The errors in the difference pattern do not have any systematic hkl/ dependences.
There are not any “form factor” errors (positive errors at low 26, negative errors at

I U I U
10 20

I U T
30

ZTheta

high 26, or viceversa).
Any profile issues?
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|x| liveplot

Eile Options

Magnification

Help

MO cycle 63 Hist 1
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weighting. Co-refine GP, LX, and LY:

right Gaussian/Lorentzian

© 0 O || EXPGUI interface to GSAS: /Users/jneilson/McQueenLab/ScatteringTutorials/GSAS_Example/EX1-Ni..

Help |

5

File Options Powder Xtal Graphs Results Calc Macro Import/Export
expnam | expedt | genles | powpref | powplot | Istuiew | livepiot |
LS Controls | Phase | Powder | Scaling Profile | RefConstraints | Rigid Body | MD Pref Grient | SH Pref Orient |
Select a histogram |- Hist 1 — Phase 1 (type 3)
h# type bank ang/vave i . =
R e Damping 0 Peak cutoff0.00100 Change Type
GU 1 |0.116300E+01 GV [ -0.126000E+00 GW I |0.630000E-01
GP ~ [0000000E+00 LX W [0.117672E+0z LY~ [p00000CE+00]
SIL 7 |0.110000E-02 HIL © |0.110000E-02 trns [ |0.000000E+00
shft I |0.000000E+00 ste¢ [ |0.000000E+00 ptee [ |0.000000E+00
sfec [ |0.000000E+00 L11 [ |0.000000E+00 L22 [ |0.000000E+00
133 I |0.000000E+00 L12 © 0.000000E+00 L3 © |0.000000E+00
Lzs © |0.000000E+00
JE—

Run GENLES until convergence:



© oo o

8 00 %/ genles -- NIO x| liveplot

Reduced CHI*™*2 = 0,9160 for 33 wariables
Histogram 1 Typs PAC  Mobs = 25 R(F*2) = 00,0237

Eile Options Magnification Help

NIO cycle 74 Hist 1

CPU times for matrix build 0,33 secy matrix inversion 0,00 sec
Final wariable sun{(shift/esd)**2) for cucle 73 0,56 Time: 0,33 sec
hekgr
Restraint data statistics:
No restraints used el — e
¥ Obs
Powder data statistics Fitted ~Blend Average
Bank Ndata Sum(u*d*™2) wRp Rp  wRp Rp Did Integral | . 400 —diff
Hstgn 1 PMC 1 47394 43931, 0,0789 0,0628 0,0535 0,0481 1,177 0,961 | % Phase
Pouder totals 47934 43931, 0,0783 0,0628 0,0636 0,0481 1,177 =
Cycle 74 There were 47934 ohservations E 200

Total before-cycle CHI*2 (offset/sig) ="4,3930E404 (~1, 30136401

Reduced CHI**2 = 0,9160 for 33 wariables
Histogram 1 Type PHC  Mobs = 25 R(F¥2) = 0,0237

o

CPU times for matrix build 0.37 secy matrix inversion 0,00 sec

Final variable sumi(shift/esd)™2) for cucle 74: 0,00 Time: 0.37 sec
Conwergence was achieved and

STOP GENLES termimated successFully statement executed

Press Enter to continusl]

That fixed it!

Why is reduced chi**2 < 1? | thought a “perfect” refinement has chi**2 =17
This just means that the errors are not properly propagated (not surprising, since
the errorsare estimated from the sqrt of the intensity).

At this point, perhaps you would call the refinement done. Plot the cumulative
chi**2 to be sure.

800 [\ liveplot
File Options Magnification Help
MO cycle 257 Hist 1
00 — n Chiz |
=08 bckgr
= S| —calc
ey
_ 400 06 E| X Ohs
5 4 L & | —diff
]
il
£ zoo - 0.4 i Phasel
= _
- =
—0.E &
D— | fwl
0
T I T T T I T I T
10 20 30 40
£Theta

There are no real systematic errors.
For a simple structure such as NiO, there isn’t much more that you can do.
Advanced topics to continue:

Hamilton R-Ration tests
Complex profile functions
Multi-phase refinements
Multi-histogram refinements



Example 2: Refinement of NASICON data over the 25 K — 400 K temperature range.

Motivation: The ion-conductor NASICON’s performance is temperature dependent. Changes in the
structure of the material are observable with neutron diffraction and can be used to explain why/how the
NASICON material performs.

We will start with the 25. K data set, but this process will be repeated for the other data sets (100 K, 175
K, 250K, 325 K, and 400 K). This data is from BT-1 at the NCNR, and some of the procedure below is specific
to this instrument. Data can be found here.
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1) Launch EXPGUI

2) Navigate to the folder you want to save your data to and then save the file and project name in
that folder. The .cif file and data that you want to work from for our refinement (NASICON.cif and
* gsas/*.inst files) should be placed in this folder.

3) On phase tab, hit “Add phase”: In the bottom right of the popup window, change the file to .cif.
This will automatically pop up a window to navigate to the .cif of choice. Load in NASICON.cif. If
the space group did not automatically populate, be sure to add the space group in. In this case, it
is space group 167, R -3 c. (You can verify this from your .cif though for future refinements.). type
in “R -3 c”. Hit continue, and add atoms in the following popups, which are just confirming the
symmetry rules for the space group.

4) Load in data and .inst file. On the powder tab, click “add new histogram.” Find and load the data
file for the 25K data set (NaZr1001.gsas) into GSAS. You should have the same named parameter
file (.inst) in the same folder, which will automatically be found after selecting the data file. It will
recognize it as neutron data and a maximum range. Make sure it is loaded in as TOF-min 2 theta
data. If you encounter an error, try moving the .gsas and .inst files into the directory where you
created and saved your GSAS file. We will trim the data later as we see fit. The data was taken
with a wavelength of 1.54 A. Check that this has been loaded in appropriately under “diffraction
constants” on the powder tab.

5) Profile: navigate to the profile tab. Change the profile to type three by click on the “change type”
box and changing the drop down number to 3. Hit continue.

At this stage of the refinement, the data has been added and profile set. From this point, we can
deviate to either Le Bail or Rietveld fitting. However, it is always a good idea to do a Le Bail fit first
for any refinement, as this allows you to obtain appropriate peak shapes for the data without
complicating it with structural inputs. A Le Bail refinement ignores any information about atom
types and positions, and instead fits intensity arbitrarily. The most important factors for this type
of refinement is the unit cell and the peak shape.

6) Setting the refinement to a Le Bail fit. Navigate to the LS controls tab. In the “reflection intensity
extraction” box, change the selection to “equally weighted”. This selection makes the refinement
a Le Bail fit. Whilst on the LS controls tab, change number of cycles to 0.

We will now officially load the data file so that we can view it.

7) POWPREF At the top of the EXPGUI window, click powpref. This will load up a cmd window. Press
any key on the keyboard to accept. Now hit “load new” on the popup window. POWPREF can be


https://drive.google.com/file/d/1ALEeazOWgpzXsHPBeklCMEkuYVS5KDES/view?usp=sharing

8)

used to initialize any changes you make to your refinement. GSAS will usually alert you if you
change something and that powpref needs to be run.

GENLES At the top of the EXPGUI window, click genles. This will begin a refinement, and run
through as many cycles as you have set on the LS control tab. As we have 0 cycles set, it will simply
just load in the data file. Do this twice. You will notice that on the first genles, the chi**2 is in the
200's, and on the second it is 80 something.

At this point if you hit the liveplot tab at the top of the EXPGUI window, you can view the data and fit. You
can see that as we did not actually do a refinement, that the difference curve is basically the entire pattern.
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9)

BACKGROUND we will now graphically input the background. This is important for BT-1 data and
allows us to capture a background close to what is there. Navigate to the powder tab, and at the
bottom click “set data limits and excluded regions” If you zoom in on the low 2 theta region, you
can see a large lead in on the data. This is from the instrument and can be excluded (chose 10
2theta). The same thing can be done at the end of the data, but we won’t do that for this
refinement. For this part, depending on your compound of interest, you need to make sure that
you are not excluding any Bragg peaks of interest. For NASICON, there is nothing in these regions
that needs to be fit. It is also worth noting, without belaboring any unnecessary details, that refine
data further out in 2 theta, you gain more information about the thermal parameters. For our
NASICON refinement, this is important. We recommend doing these refinements again after this
using 10 — 150 2 theta and seeing how the refinement conclusions change.

10) To make sure that the excluded regions are actually excluded, you need to run POWPREF, and

then GENLES twice. Do that now.

11) Now click “edit background.” Go to “fit graphically.” Zoom in on the black line (the data) by using

the left click and creating a box around a region of interest. For this, do it so you are zoom in on
the lowest intensity values of the data between 10 and 60 2 theta. Chose “add” then start clicking
on parts of the data roughly every 7 2theta or so to build a background. Near 160, you will see
that the data starts to curve upwards. This is an artifact of the instrument, but there is still
important data contained here. Try and capture the baseline as best you can by following the line
up. chose a 10 term polynomial, and hit fit. You will now have added a graphically fit baseline.
Save and exit this window. Hit load new.

Starting the refinement

12) We will now start the refinement. On LS controls, set the cycle amount to 10. Hit powpref. Then

GENLES to do a refinement. Hit Genles again. On the CMD window popup, you will see that this is
producing refinement statistics. You should see that after running genles, that your reduced chi
** 2 should be somewhere around 20. Anything higher (like in the thousands) means something
has gone wrong. This can happen sometimes when too many variables are turned on at once. As
we have nothing refining at this point, this shouldn’t be an issue.

13) On the phase tab, turn on refine unit cell. Hit genles. You will watch the refinement go through

iterations, and the fit statistics get better. You can hit genles again as many times until this finds
a comfortable minimum, which should be below 10 chi**2. Make sure to uncheck this box when
you are done. In general it is a good idea to know what parameters you are refining at all times,
and to not refine the unit cell parameters after you have hit powpref to re-initialize the
refinement, since this will lead to divergence of the refinement.
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When you start changing peakshape numbers, especially outside of doing a refinement, it can throw
GSAS off and it’ll start spitting back enormous chi**2 values. If this ever happens, hit “continue with
old” after you do the refinement. Change the cycles to 0 on the LS controls page. Then run powpref.
Run GENLES a couple of times. This will stabilize the refinement, and you can continue again. This will
work for most problems if GSAS starts to throw a tantrum during a refinement.

14) PEAKSHAPE We will now work on dealing with peakshape. This is a very important step and
requires some knowledge (or educated guess) about your sample. The parameters which we will
refine will be found on the profile tab. These parameters are GP, LX, and LY. The GP is for a
gaussian size broadening, LX is for a Lorentzian broadening, and LY accounts for Lorentzian strain
that exists within your sample. Most of the time, it is a good idea to refine these one at a time,
starting with GP, then LX, then LY if need be.

15) Change the profile cutoff to 0.01000. Change the cycles to 0 on the Is tab, and then run powpref
and genles a couple times. Sometimes, this cutoff needs to be adjusted mid refinement to help
GSAS better capture the peakshape as it ends up in a local minimum that it can shake.

16) Change the cycles to 10, run powpref, and then genles.

17) Turn on the GP box to allow it to refine. Run genles. Do this a couple times if you see that the
number is getting smaller each iteration. If it starts to swing back up, do “continue as old”

18) Turn on LY in the profile tab, and run genles.

19) Finally, turn on refine background and unit cell parameters and run genles a couple times. This
should put the refinement near completion.

At this point, you will see that mostly every peak is captured, except for the strongest peak. This is
not uncommon with refining powder patterns. The strongest peak is usually the hardest to get right.
However, if you zoom in, you will see that every other peak is well captured so we know we’ve done
the peakshape description correctly. This is reflected in the difference curve, which shows almost a
flat line difference except near the strongest peak.

Rietveld refinement

At this stage we can move onto the Rietveld part of the refinement. To do this, resave your Lebail
fit as a new file with some notation that lets you know it’s the Rietveld refinement.

1) Onthe LS controls tab, change the intensity extraction selection to Rietveld, and change the cycles
to 0. Run powpref, then genles. You will need to close liveplot and reopen it, since the previous
window was specific to the saved file we used for the Le Bail fit.

2) Turn off everything that is refining (unit cell, background, anything in the profile tab)

3) Change the cycles to 10, and run genles. This should stabilize the refinement near 12ish chi*2.

4) We will now start to refine the positions of certain atoms. You will note that in GSAS, special
positions are automatically recognized (e.g. zero, one-half, one-quarter, one-third, etc) and will
not change unless you change the value. To refine positions, turn on Zr and turn on the “x”
refinement flag. X is for position, U is for thermal parameter, and F is for occupancy. Run genles.

5) Do this for the remaining elements individually, then all together at once.



6)

7)

8)

9)

Do the same thing for thermal parameters one at a time for elements, hitting genles, then all
together.

Once the thermal parameters and positions seem stable, refine unit cell and background
individually, then all together. Make sure that the thermal parameters remain positive values. You
will need to manually correct them to be positive small numbers (i.e. just copy/paste one of the
other values of U for the negative terms). Negative thermal parameters are not real.

Once everything is turned on and refined, and the refinement seems stable, we are done. You will
note that the Rietveld refinement will not be as good as the Le Bail fit. This is to be expected, as
the Le Bail fit is as perfect of a refinement as you can get — because you’re completely ignoring
the chemical model used to describe the data. You will also note that we never touched the profile
tab during the Rietveld refinement. This is important, and it is not advised to do this.

To generate a .cif with error bars, make sure that that the last genles you do has all the parameters
you’re refining turned on. You can set the number of iterations to 1 if you would like.

To export your data do the following things:

1)

2)
3)
4)
5)

Click Results = DISAGL - Save and run Disagl. This will popup a text window, save the file (“close
& Save as...”, then hit save) and continue. This step generates distances and angles for a final cif.
Click Import/Export = CIF Export = gsas2cif

Enter your name, and type yes

Hit load new.

In the folder that you’re working from, you now have a cif for the 25K refinement. Open the .cif
in VESTA to visualize the structure. If anything looks off (i.e. atom positions, bond lengths/angles,
thermal parameters, unit cell parameters, etc)., then these will need to be reassessed and
corrected in your refinement.

Repeat the refinement for the 100 K — 400K data sets. You should use the cif from the previous refinement
for each iterative refinement.

Comparing and observing the differences between temperature:

1)

2)

3)

What do you notice about the refinements? Is the quality of the final refinement the same for
each temperature?

What happens to the unit cell as you do your refinement? Make a graph of the unit cell parameters
/ volume as from your refinements. What do you notice? You should include estimated standard
deviation (esd) values for these obtained values. Error bars will tell you if something is unstable
from your refinement.

What happens to the thermal parameters of the elements as you go up in temperature? Do the
thermal parameters change in the same way for each element in the structure? Make a graph
with these values versus temperature for the elements to compare. Again, include error bars.

When you report .cifs for publication you should make sure your cif has error bars for everything that was
refined during your work. This is important, as it helps you and any person who looks at the .cif understand
how much to read into any given value.
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As mentioned above, we would recommend repeating these refinements but making the refinable range
of the data sets 10 — 150 2theta. If you do this, what do you notice about the values obtained, and the
error bars that come with it? What does this tell you about what kind of data one needs to be able to say
certain things about structures. Along those lines, how would wavelength and collection time affect these
conclusions?

Congratulations, now you are ready to write your manuscript about how temperature effects ion
conductivity in NASICON!
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Example 3: High Resolution Neutron Data w/ Fourier Difference Maps

This is a tutorial to demonstrate basic use of Fourier Difference Maps in GSAS/EXPGUI. Depending on
your material(s) some settings may need to be changed/adapted. Additionally Fourier maps are not
absolutely always correct in determining missing aspects of your model, rather they hint at what your
refinement might be missing. Always test by adding chemically reasonable information back in to the
model and observing the Fourier difference. Data can be found here.

1. Start similar to previous refinement. Use Le Bail extraction method, refining only parameters
that are important to the profile peak shape and position. (Hint: Lattice parameter, zero error,
size, strain, axial divergence, and background)

a. For the background - start with a manual background
b. Remember to never refine both axial divergence terms at the same time (H/L and S/L).

2. Get the profile as good as you can. Remember, this is the best fit you will ever get on this data!

3. Switch to Rietveld extraction method. Start by fixing all of the profile parameters and only
refining scale.

a. You might notice that the fit seems somewhat poor. Several peaks are overfitting and
some are underfitting. There is likely something missing from our refinement. Our next
step is to try to use Fourier Difference maps to determine what is going on. Go to
Graphs -> Fourier -> Setup Phase 1
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https://drive.google.com/file/d/1sDDkBrGJL9WxhPjtGiBBaeiZuuGpaSyD/view?usp=sharing

74 EXPGUI interface to GSAS: GSAS_EX-3_RIET.EXP = O X
File Options Powder Xtal Graphs Results Calc Macro Import/Export Help
————————— s | i |
expnam | expedt enles — ——
P ped S Fourier
LS Controls Phase | Powder | forsrh Setup phase 1 3 ] Rigid Body | MD Pref Orient | SH Pre M
g forplot Setup phase 2 . :
Phase.l 1 Replacel polfplot Setup phase 3 tions/Workshop/High-res-neutron/CO_PI
Add a |25.84 powplat 5etup phase 4 Edit Refine Cell =
Phase o 90.001 urtep SQtup phase 5 Cell cell damplng 0 — |
* name type ref/damp gsas2map Setup phase 7 cy Uiso
PSS D veper | Sewpphases fwor oo .
36 c 0 00 vr.stplot seu;P PIAte 3 0000  0.01400
4c11  C 0 0 0 widpit runfourierprog |,,,;  ¢.00760
5Co2 CO 00 D abspit 700 0.570000 18 1.0000 0.00200
6 H7 H 00 0 seqplot 200 0.608000 9 1.0000 0.04500
7 09 o 0 oD mustrplot 300 0.743300 18  1.0000 0.00500
8012 O o0 0D 600 0.085700 18 1.0000 0.01800
9015 O 00 0 0.610300 0.894700 0.337900 18 1.0000 0.01000
w0cm ¢ 00 0 0.627500 0.813700 0.136100 9 1.0000 0.01200
11 Hm H 0o 0 0.618100 0.809100 0.275000 9 1.0000 0.03500
Add New Atomsl
rx ru rer 0 —| o0 —| o0 —| ModiyAtoms |
Co2 |o.328100  f0.372700  [0.570000 |¢ 000000
|0.002000 [ [ [ |
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74 EXPGUI interface to GSAS: GSAS_EX-3_RIET.EXP - O X

File Options Powder Xtal Graphs Results Calc Macro Import/Export Help

expnam expedt genles powpref powplot Istview liveplot

LS Controls Phase | Powder | Scaling | Profile | Constraints | Restraints | Rigid Body | MD Pref Orient | SH PreL

Pl 7% lco_pi
Select map type(s) =
i ¥ Difference Fourier (DELF)
= | D —
[~ Fcalc Fourier (FCLC) Histogram(s) to be used:_l Set
; (last superceeds)
~ I” Fobs Fourier (FOBS) . map step -
; min max
™ 2*Fo-Fc Fourier (2FDF) (A)
X limits |0.0 1.0 0.1989
[~ 3*Fo-2*Fc Fourier (3FDF)
Y limits [0.0 1.0 0.1989
[~ 4*Fo-3*Fc Fourier (4FDF) z limits [0 0 10 01997
[~ Patterson map (PTSN)
[~ Delta-F Patterson (DPTS)
Continue | Quit
11 H’fm H 00 0 0.618100 0.809100 0.275000 9 1.0000 0.03500
B
K| =
Add New Atomsl
rX rure o —+| o | o | wouryatoms |

b. We will start by selecting the Difference Fourier (DELF) option. This is a standard Fourier
difference map of Fobs-Fcalc. Sometimes it is more beneficial to use others, such as
2FDF, but we will start simple here. In practice though, you can use more than one
option. Additionally, you can sometimes limit your map due to symmetry (i.e. don’t
need to go from 0-1.0). Sometimes this is even necessary to limit the calculation size.
We can use the full range here though.

c. Next we will run our Fourier program. This is under Graph->Fourier->Run Fourier
Program. A new window should pop up:

[ex] CAWINDOWS\system32\cmd.exe - C:/GSAS/expgui/gsastcl.bat C\GSAS\exe\fourier.exe GSAS_EX-3_RIET

D:\Presentations\Workshop\High-res-neutron>REM a batch file to a DOS command and pause
D:\Presentations\Workshop\High-res-neutron>if "C:\GSAS" == "" set gsas=c:\gsas
D:\Presentations\Workshop\High-res-neutron>set PGPLOT_FONT=C:\GSAS\pgl\grfont.dat
D:\Presentations\Workshop\High-res-neutron>set SYMOP=C:\GSAS\data\symop.dat

D:\Presentations\Workshop\High-res-neutron>C:\GSAS\exe\fourier.exe GSAS_EX-3_RIET
Calculation of a DELF map was requested.

CPU time for reading reflections was .00 sec.

CPU time for this FOURIER map was 8.16 sec.

STOP FOURIER completed successfully statement executed

D:\Presentations\Workshop\High-res-neutron>pause

Press any key to continue . . . _
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d. Now we want to export our Fourier maps. We can go to Graph->forplot. This will once
again open a new window. Here you can use ? to view the options, but we will be
choosing a, n, e, and then g to quit. This should export a *.grd file.

Program FORPLOT Version Win32
| Crystal structure Fourier map drawing program |
Distributed on Fri Apr 18 @8:12:ee 2014

Allen C. Larson and Robert B. Von Dreele
Manuel Lujan, Jr. Neutron Scattering Center, MS-H8@5
Los Alamos National Laboratory, Los Alamos, NM 87545

Enter graphic screen option (<?>,A,B,C,D,Z) >a
Do you want to save graphics output (Y,<N>)? >n
A DELF file has been opened
Problem title:
Phase name: from D:/Presentations/Workshop/High-res-neutron/CO_PRIME_1P25D2_R.
Map parameters:
Map X axis divided into 130 steps, from © and covering 131 steps
Map Y axis divided into 130 steps, from @ and covering 131 steps
Map Z axis divided into 34 steps, from @ and covering 35 steps
Map scaling factor 1.E-©2
Rescaled rho limits from -21.96 to 27.87
There were 600635 map elements stored
Selected maptype is DELF
The map values range from -21.96 to 27.87 with a scaling factor of 1.E-©2

5 contours will be drawn between rho = ©.00@ and 27.87
with an interval of 4.64
Contours will be drawn at:

4.64 9.29 13.93 18.58 23.22
The map center is at ©.00000 ©.00000 ©.00000
The map orientation vectors are:

1.06000 ©.00000 ©.00000
©.00000 1.00000 ©.00000

Plot axes to crystal transformation matrix:

9.838693 ©.822340 ©.000000

©.000000 ©.0844679 ©.000000

©.000000 ©.0600000 ©.147332

Height of section above center is ©.800 A

The map size - center to edge is 5.0 A

The map grid interval is ©.38@ A

Enter FORPLOT command (<?>,A,C,D,E,G,F,H,I,L,M,N,0,P,Q,R,S,T,V) >e
File GSAS_EX-3_RIET_DELF.grd written

Enter FORPLOT command (<?>,A,C,D,E,G,F,H,I,L,M,N,0,P,Q,R,S,T,V) >q

e. Now we will want to export our CIF to compare to our Fourier map. Go to
Import/Export->gsas2cif. Enter the relevant information then open up your CIF in
VESTA. (For VESTA install go here)
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Program GSAS2CIF Version Win32
Generate CIF files
Original design by Brian Toby, NIST
Distributed on Fri Apr 18 ©9:12:00 2014

Allen C. Larson and Robert B. Von Dreele
Manuel Lujan, Jr. Neutron Scattering Center, MS-H8@5
Los Alamos National Laboratory, Los Alamos, NM 87545

Enter your name: >Me

Do you want a short cif file with only atoms (Y/<N>)? >y
The Variance-covarance matrix (.CMT file) cannot be read.
Uncertainty estimates can not be reported.

Continue anyway? (Y,<N>) >y

The distance & angles (.DISAGL file) cannot be read. (Was DISAGL run?)
Distances and angles cannot be Reported.

Continue anyway? (Y,<N>) >y

Preparing publ section

Reading from GSAS data directory, file template_publ.cif
Creating file 1_publ.cif

Processing phase 1

f.  Once you open your CIF in VESTA, go to Edit->Edit Data->Volumetric Data. Once there
import your *.grd file, then hit Apply and/or OK.

File  Edit View Objects Utilities Help

a o CieZ | 4 o R, P step(:[50 | #
k NS o DOBDC PRIME.CH | O PRIME 102502 R.cif
: Edit Data bd Phase... Ctrl+E
i Bonds.. Ctrl+B Unit Cell..

_ Vectors... Structure Parameters...

Lattice Planes... Volumetric Data...

!
Q Preferences... _ Crystal Shape...
&

CropoTeTTImIY

O Polyhedral

g. The Fourier Map likely looks like a mess here (see below). Looking at the map this way is
useless. We will have to scale it to see the largest effects.

27



i File Edit View Objects Utilities Help

'a b

k Tools St

|

Y-
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c

Go to Object->Properties->Isosurfaces. The Isosurface level gives a cutoff to the
observed Fourier difference map. Anything above (or below the negative value for
negative difference) is observed. We want to increase this value to see the maximum
differences.

Structural Models > J Step (°): + i L ]
>

Volumetric Data v
E.cif CO_PRIME_1P25D2_R.cif
Crystal Shapes

Structura
] Shov Properties > General... Ctrl+Shift+P
[JShov Boundary... Ctrl+Shift+B Atoms...
Style Orientation... Ctrl+Shift+0 Bonds...
(®) Ball-and-stick Polyhedra...
(O Space-filling Isosurfaces...
(O Polyhedral Sections...
O Wireframe
() Stick



Properties - CO_DOBDC_PRIME.cif x

General Atoms Bonds Polyhedra Isosurfaces  Sections

Material
specular [0 [2] [0 [2][0 [2] [ 5hininas(%):@'3
Isosurfaces

F(min) = -21,9645; F(max) = 27.8678;
] Render from front to back
Positive and negative v‘ Opacity 1(0~255):| 127 (=
Isosurface level: B.28328| Opacity 2 (0~255): | 255 =

Color: | 255 (5 (255 & |0 (5

No.  level mode color New
1 828328  Positive and negative -~ Delete
Clear
t i

Surface coloring
F(min) = 0.000000; F(max) = 0.000000;

Saturation level
[ Inverse color

Max.: | 2.28328 | (| 100 |'x.)
Min.: | -8.28328 | (| 0 |%)
1 Preview
OK || Cancel || SaveasDefault

We should start to see some discrete spots now where there are not atoms, but the
Fourier map seems to indicate atoms should go.
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4. Now we will add in the atoms we need to fit these positions. In our case these should be

Deuterium atoms, as that is what our model is missing. Start by adding them into VESTA to get
an idea where they should go. To do this in Vesta, go to edit>edit data—>structure parameters
and then click new. This will add a new dummy atom (‘Xx’) at the origin. Manually change the
atom coordinates until the dummy atom sits inside or near the missing intensity in your Fourier
map. This gives you the fractional coordinates of the missing atom. Then we can go back to
GSAS and add them in there.

& EXPGU

File Options Powder Xtal Graphs Results Calc Macro Import/Export Help
expnam | expedt | genles | powpref | powplot | Istview I liveplot |
LS Controls Phase |Powder | Scaling | Profile | Constraints | Restraints | Rigid Body | MD Pref Orient | SH Pre M|
74 add new atom X lgh-res-neutron/CO_PI
| Adding atoms to phase #1 [Refine Cell =
Atom . Use Il damping 0 —i|
# type Name | X | ¥ l & ‘ Occ | Uiso Flag
1| [(defautt) | [ | [10 [0.025 M B
,
\
)
B
Help More atom boxes _I
| Add New Atoms|
Add Atoms | Cancel| Import atoms from: | Crystallographic Information File (CIF) —
| po rystallograp (cIF) —| | woaty Atom |
Label [D1 Coordinates [0 205000 0215000 [0.030000  Occupancy [1 879246
Uis0]0.025000 | I I [ l

a. We are someone certain of the position, so we can start by refining the occupancy. This
should significantly improve the refinement. Note however that this occupancy refines
larger than 1!!! This is typically a red flag. However, in this case the Deuterium atom is
mimicking a D, molecule. Hence we instead expect a maximum occupancy of 2.

b. Once you are happy with the occupancy, you can refine the position. Feel free to export
the CIF to verify the distance is not too close!

5. The fit should be looking pretty good at this point, however there is another atom missing. Try
to export the Fourier map again and see if you can find it!



	Make sure that the “Final variable sum” is 0.00 or 0.01. This means that the least squares refinement has converged. If not, GENLES requires more cycles.
	Run GENLES to convergence.
	a. Any systematic errors?


