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Cs,Fe,(MoO,),: Background

« Highly frustrated with same space group as FeSi Skyrmion.

* Feis magnetic ion.
— Two different Fe sites
— Indications of distinct ordering of Fe

* Long range order expected below 1 K, with short range order

A
above >20 K = ' ' ]
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Csl 0.17938 0.32062 0.67938 1.000 4a 3
Mol 0.30061 0.62363 0.52597 1.000 12b
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Cs,Fe,(MoQO,)5: Neutron measurements on HB-2A, HFIR.

Fast-neutron
filter — L

=1 -
] Main shutter

« Constant wavelength

Inst t
« Germanium monochromator B gy O ng"r‘l’l{‘i; \
- ~90° take off angle for medium-high 2 Apiaiatle H :
. goniometer ‘
resolution \. :
- Variety of complex sample environments: 2
B
50mK, 6 Tesla, 2GPa pressure... son. Ao
» Current detectoris an array of 44 individual =

3He tubes
- Low background

— Covers ~2-150° in 26 by scanning detector
— MIDAS detector upgrade coming soon!

Detector bank

a3 Collimators (6')
(44 3He tubes)

Ge(hkl) | A (A) dpolA) Q (A7) Flux (n/cm2s)
(113) 2.41 27.6 0.2-5.1 5 x 10
(115) 1.54 17.6 0.35-7.9 1x107
(117) 1.12 12.8 0.5-10.9 4x 108
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https://neutrons.ornl.gov/powder

HB-2A Instrument resolution and peak shape

>1 — LaB6_Gel13 op 21 12
LIY’RESOL llf ===+ LaB6_Gell3 op_op_12
' «:: LaB6_Gell5 op 21 12
4 { —— LaB6_Gell5_op_op_12
- LaB6_Gell7 op 21 12
This file 1s read only when Res#0. The name of the file 1s stored m the character variable | = LaB6_Gel17_op_op_12
FILERES= MYRESOL.irf. All items are read 1n free format. g 3
()]
[}
This options works, at present, only for constant wavelength type of data. The profile 1s assumed g
to be a Voigt function (Npr=7). 12 parameters or a table determune the resolution function. The % 2
parameters are U V.. W.. X.. Y. Z (i=12 for A, and L)
The different types of functions are: L
Res =1 H; =(U, tan@+V) tan0+v7z . |
I/; ........ . . . | | |
H, =X, tand + +Z 0 20 40 60 80 100 120 140 160
c0s 9 Two-theta (degrees)
7] — LaB6_Gel13_op_21_12 :
1 1 1 1 +++ LaB6_Gell3 12 :
e Caglioti function describes reactor based L e caisopaias
. 44 ++=+ LaB6_Gell5 op_op 12 :
dlfer CfomeferS. — LaB6_Gell7 op 21 12
- ===+ LaB6_Gell7_op_op_12
(0]
. 9 3-
 U,V.W parameters in Fullprof. g
» See paper by Hewat for definitions of U,V,W
NUCLEAR [NSTRUMENTS AND METHODS 127 (1975) 361-370; @ NORTH-HOLLAND PUBLISHING CO. 1 -
DESIGN FOR A CONVENTIONAL HIGH-RESOLUTION
NEUTRON FPOWDER DIFFRACTOMETER
AW, HEWAT 0 é ;1 é é 1IO
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Cs,Fe,(MoO,),: Low temperature measurements at HB-2A

e Transition temperature of 1 K requires ultra-low
temperatures (ULT) sample environments.

« A unigue “push-button” S3He sample changer was ——
used that can measure up to 10 samples down to B¢ 6.778K

millikelvin temperatures of 0.28 K. i(«w?‘“ S —

* The Cs,Fe,(MoO,); powder was contained in an Al
can with Cu lid.

— An overpressure of 10 atm. of helium was added
to the can to ensure thermal conduction to
millikelvin temperatures.

— Aluminium has a low background, but adds
additional reflections to the diffraction pattern.
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e CFMO_10K

Cs,Fe,(MoQO,),: Files for the example &/ CFMO_300mK
. . E hb2a_resclution_Gell13_op_op_12
 Files are in folder @ 1CSD_CollCoded22752

“Cs2Fe2(Mo04)3_MagSpaceGroups_Calder2024”

R

CFMO_10K.dat Neutron data from HB2A.
CFMO_300mK.dat Columns are two-thetq, intensity, error

ICSD_CollCode422752.cif  Crystal structure information. File obtained from ICSD
hitps://icsd.fiz-karlsruhe.de/search/basic.xhtml

HB2A_Gel13.irf Instrument parameter file. Instrument specific,
download at https://neutrons.ornl.gov/powder/users

o Goal of this exercise is to obtain the magnetic structure at
300 mK for Cs,Fe,(MoQO,),.
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Cs,Fe,(MoQ,),: Set-up Fullprof Suite Toolbar

FullProf Suite ToclBar

 Open Fullprof Suite toolbar.

— 1. Select working directory with
data i
“File>Select Working "
directory...” I :

_It—'l_ ele irecto
— 2. Browse to wherever your welect Drectory
fo | d e r | C:\Users\or9YORML Dropbox\Stuart Calder\HB24_POWDERY
“Cs2Fe2(Mo04)3_MagSpaceG a2 G55 -
roups_Calder2024” is located ) ez cole
on your computer and select

nnnnnnnn

= ent selected file frol
Input Control Files of FT

Input Data/Intensity Files

Ouput Files of FPS

Information/tpcr/Correction/IRF Files >

et

L!

5 e2[MuD4}3 MagSpaceGroups_Calder 20
el _EXal ne g

O k’ ’ MagStr_2014
MagStr_2016
- 3. Path on FP studio toolbar o ez unedied
should now be updated. This RAMS21 v

helps with interacting with
other features of Fullprof ]

FullProf Suite ToolBar R

50 Bl - 5 W | e

File: | Type: Date: |1wmfzﬂz-4

File Programs Settings FP Dimensions Tools Edit Results Help

A' 1-"
EIEIW
‘V »ZERARCH

SPALLATION 3
NEUTRON
SOURCE S. Calder, MagStr 2024
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Cs,Fe,(MoO,),: View Data

o After downloading
files open the data

¥4 FullProf Suite ToolBar

File Programs Settings

=

FP Dimensions

CEER

Tools

ED
PCR

ke’

»SERREH

Edit Results

R

with WinPLOTR-2006

Help

e Extra peaks at 300 mK

REACTOR | SOURCE

L] L] L]
Working Directony: Ch\Us...orkshops\Mag5tr2024_Calder\Cs2Fe2(MoO4)3_MagSpa Type: Date:  [10/07/2024 I n d I C O -I-e m O g n e -I-I C
deri
L WinPLOTR-2006 Version: 5.10-2012 O > i WinPLOTR-2006 Version: 5.10-2012 g — ] b
ile Plot Profiles Options Xspace Calculations Ext Applications Tools Help File Plot Profiles Options Xspace Calculations Ext. Applications Tools Help
e Per £ % ) 167 FP Per 33 " & sea | B WAEIE: EH| & e Wb o4 I[Pk B B B FP P g o Bk EEA L@ | X
Select 10K Plot multi file
E. Select data files to open q n d 4. 0E<0e
[ ]« Mag.. » Cs2Fe2(McO4)3_... v ® | SearchCs MO ne_l_ic eOkS 0 crmo afomx.ask
Organize * MNew folder 300m K ~ 3 _.SE+06 - g p K.dat
- __ iil
1 # Quich MName Date modified dqtq 4_1
-
: - 3.0E+0&
a 1% i CFMO_10K DATFile 5
DAT File
» 2.5E+06
A
> H
File name: | " Input Data File “ E 2.0E+06
5‘1 1.5E+06 ]
-
]
2 Format of the data file . b4 f 1.0E+06-
| Data format is S
'— ~Format of data file: XYSIGMA ¢ 5.0E+05
; H
" Free Format {Inst. 0) " Old: D1A {Inst. 1)
¢ D1B, D20 {inst. 3) " DMC, HRFT PSI (Inst.8) " PANALYTICAL (Inst. 13) 0] | | | | | | | | | : : :
£ NLS (inst. 4) £ Variable Time (Inst. 11) lo0 20 30 40 50 &0 70 8O S0 100 110 120
™ G41, NewD1B, D20 {Inst. 5) " 1515 {Inst. 14) Z2theta (deg)
- | - R
D2B, 3T2, G42 (Inst. &) CIF - File Cancdl PR O VI ‘{_' Q
%V‘ Aax awaas~sas|SOTOPE | NEUTRON - - = =
National Laboratory | N= 13 X=  5.6868 Y= 3175748.8 multi
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Cs,Fe,(MoO,),: Refinement Strategy

e This example will use the Bilbao Crystallographic Server (http://www.cryst.ehu.es/)
and follow these steps:

- Step 1: Refine the crystal structure using FullProf

- Step 2: Determine the k-vector by indexing the magnetic reflections using k-search

— Step 3: Create test magnetic space groups using MAXMAGN on the Bilbao
Crystallographic Server. Save these as mcif files.

- Step 4. Convert the mcif file into a .pcr file using mCIF2PCR.

- Step 5: Use the created .pcr file 1o fit the nuclear and magnetic neutron data
using Fullprof to determined the magnetic structure.

LLLLLLLLLLLLLLLLLL
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http://www.cryst.ehu.es/

Cs,Fe,(MoO,),: Refinement Strategy

e This example will use the Bilbao Crystallographic Server (http://www.cryst.ehu.es/)
and follow these steps:

— Step 1: Refine the crystal structure using FullProf
- Step 2: Determine the k-vector by indexing the magnetic reflections using k-search

— Step 3: Create test magnetic space groups using MAXMAGN on the Bilbao
Crystallographic Server. Save these as mcif files.

- Step 4. Convert the mcif file into a .pcr file using mCIF2PCR.

- Step 5: Use the created .pcr file 1o fit the nuclear and magnetic neutron data
using Fullprof to determined the magnetic structure.
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http://www.cryst.ehu.es/

Step 1: Refining the crystal structure using Fullprof

- Need to starf refinement with @
structural model - cif file

- Add In instrument specific parameters
to the model - irf file

- Then refine this model.

LLLLLLLLLLLLLLLLLL
04K RIDGE | 6153 et
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Step 1: Refining the crystal structure using Fullprof

INITIAL INPUT

Need to start
refinement with
a structural
model = cif file

Add in
instrument
specific
parameters to
the model = irf
file

LLLLLLLLLLLLLLLLLL
¥ 0AK RIDGE | iguf et
ati

ional Laboratory | REACTOR | SOURCE

REFINEMENT
OF MODEL
TO FIT DATA

Refine crystal
structure and
Instrument
parameters to best
match the data

OUTPUT

Best fit structural
model to be
used for k-vector
and magnetic
structure
determination
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Step 1: Refining the crystal structure using Fullprof

Start by putting crystal model into Fullprof

. F8Y FullProf Suite ToolBar - O X
i 1. From FU”PrOf SU'Te File  Programs  Settings FF'Dimenr-icn51 s Edit Results Hlp
Toolbar open EAPCR. "‘Z[. B @ &35 ke Y. il Foks = () [ [ 55 B ) S M % vhe o
Working Directory: C\Users\crd\Desktop\Bilbao_Ho2BaNiO! Code File: Type: Date:  |21/09/2020

e 2. Import crystallographic
information file by clicking
on “CIF>PCR"

N
|
X

File Editor Tools Templates Help Exit

« 3. Select the file BT
“ICSD_CollCode422752.cif”

Information

when pProm pTe d. e Thetype of o Retveld, legrted tnstes,

Type of Pattems, profile, background, diffraction
geometry, user-given scattering factors ...

Phase name, type of calculations (JBT), ATZ,
contribution to pattems, symmetry, ...

Mumber of cycles, relaxation factors, access to
pattems and phases (gtoms and profile)

Constraints definitions, adding, deleting,
modifying...

Fixing range of parameters, distances. angles.
magnetic moments and linear restraints

28¢%) Qutput options for pattems and phases:
Reflection lists, Fourier, distances, BVS...

REELE
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Step 1: Refine the crystal structure using FullProf

Cif>PCR opens a window to input instrument
parameters and shows structural info.

X

Information

« 1. Change “Type” to “Neutron” for constant T {E';-ug?;mﬁizfﬁd-“W'me"“‘ﬁ- ‘
WovelengTh | - Simple =C-;I-:l.|IaFtiHC|.'|. Ten'||:|et:: o - '
. . . | | 1
e 2. Load the instrument resolution file M - [Te s Fmpomes
1 | fi cil
“HB2A_Ge113.irf” ik 4 =1 [ [=
(click circle and browse to file). il S rtumens Resokaon i 2

~ NOTE: remove the full path to just keep e e |
“HB2A_Gel13.irf". If you don't it could ’ S —— -

create problems later if you share file or CellParametrs SpaceGroup | Atams fomatn |
change folders.... s . . - v —
10916100 10.916100 10916100 50.000 50.000 50.000
Space Group: IP 213 [~ Magnetic Phase
. Mumber of total Operators: I_[;.j
o Starting Cell Parameters, Space Group and — Py— ="
Atomic Information are now loaded.
QK | Cancel |
. 0AK RIDGE | ugnsi | sasion
National Laboratory | REACTOR | SOURCE S. Calder, MagStr 2024




Step 1: Refine the crystal structure using FullProf

Simple Calculation Ternplate

e Lookin the tab “Atoms Information”

— Fullprof tfreats occupancies (Occ) in a
particular way related to multiplicities.

— For example the Cs1 site with
Occ=0.333 does not mean that site is

Type Import Files
Hray Meutron TOF. Ascii Cif Shele

Instrumental Resolution File

" Default values

{* |RF File |HE!2-'3-._GE=113.irf

Browse

deficient or doped.
In VESTA, GSAS-Il etc this would just say

Cell Parameters/ SpaceGrouf, Atoms Information l

1] 'I 1
— occ = site multip./general multip. Name | Type X Y z B Oc
A|WCIYS check fhiS hCIS been correcﬂy Mom #1  |Cs1 Cs 0.17938 0.32062 0.67938 0.00000 0.33333
. . op go fom H2  |Mo1 Mo 0.30061 0.62363 0.52597 0.00000 1.00000
calculated aﬁer 'mpor“ng the -le f“e' Aom #3  |Fel Fe 0.33737 0.33737 0.33737 0.84168 0.33333
Atom 24 [|O1 0 0.27587 0.48544 0.44750 1.96603 1.00000
° H]T “OK” 1-0 C|OS€ The WiﬂdOW Mom #5 a2 Cs 0.45761 0.95761 0.54239 233317 0.33333 v
R Ry Rz Iy Iz ase A
Atom H1
Atom HZ
Mom H3
Atom H4 W

When finished, hit OK "
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Step 1: Refine the crystal structure using FullProf

e 1. Save the changes.

e This should be done
whenever changes are
made in the GUI.

SPALLATION
NEUTRON
SOURCE
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T Editor of PCR Files

File Editor Tog Ternplates

Help  Exit
Eih Ini

Alela Wil E M e X

— Information

Title, type of job: Rietveld, Integrated Intensities,
Simulated Annealing, ...

Type of Pattems, profile, background, diffraction
| geometry, user-given scattering factors ...

Phase name, type of calculations (JBT), ATZ,
contribution to pattems, symmetry, ..

Mumber of cycles, relaxation factors, access to

e

fi 1'” pattems and phases (atoms and profile)
| fill
||'|,'I'I“|::-' Illlll'f;- Constraints definttions, adding, deleting,
,3'_”-' [ difying. ..
| 1::[, :?',‘II_‘.-;I‘*——: modifying
II;LIE:___T;-_-__-J 'E_j-'-"P_ Fixing range of parameters, distances, angles,

magnetic moments and linear restraints

Output options for pattems and phases:
Reflection lists, Fourer, distances, BYS...

Refinement

Constraints

Box/Restraints

=
= ]
=
e
[Ewizzn]
= ]

Output

Copyright (c) 2002-2005. JGP - JRC

ChUsersher® ORML Dropbox\Stuart Calder\HB24_POWDER\MagStr Workshops\Mag5tr2024_C | Profiles: 1 |Phases: 1

[11/7/2024 [15:49:35

S. Calder, MagStr 2024



Step 1: Refine the crystal structure using FullProf

mE . e
rce COITOF OF FUR Flles

« “General” tab has refinement of powder

d t d f It Th . h t ,” d . File Editer Tools Templates Help Exit

s oxamol. ST N Ok a e e B
p | — Infarmation

Title, type of job: Rietveld, Integrated Intensities,
Simulated Annealing, ...

« Can edit title as wanted. |[i FullProf e
i | | PCR | geometry, user-given scattering factors ...
- ”l 1'| | Editor m il | E:fﬁi&?&em“f;ﬁ?fm C;';'na;g;{mﬂ ATZ,

m=
N rei General Information

Y Title
' HIC) 2023 by FIZ Kadsmuhe - Leibniz Institute for Information Infrastructure.

For powder Ee | csosm
[ % Refinement./Calculation of a Powder Diffraction Profile
refl n e m e n TS " Refinement on Single Crystal Data / Integrated Intensity Data
Copyright (c) 2002-2005. JG
T h e rg I‘I-S n Od .-l- | opynght {c) " Simulated Annealing Optimization (Integrated Intensitiss) 5.4 Optionz Cancel
nee O edl C:\Users\cr9\ORNL Dropbs | |
this tab ]

[~ Optimize calculations according to the particular options used in this Job

HIGH FLUX | SPALLATION
ISOTOPE NEUTRON

SOURCE S. Calder, MagStr 2024
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Step 1: Refine the crystal structure using FullProf

File Editor Tools Templates Help Exit
JYObw 2 ade WREBE NN e X
r~ Information

1. “Patterns” tab - By o ot

Type of Pattems, profile, background, diffraction
geometry, user-given scattering factors ...

e 2.Select the format of the data file
Fullprof should refine.

o 3. Patterns -2 Data file/Peak Shape
2> X,Y.SIGMA (XYDATA) EEENE

Pattem: 1/1 Weight: | 1.0000

Phase name, type of calculations (JBT), ATZ,
contribution to pattems, symmetry, ...

Number of cycles, relaxation factors, access to Refinement |
pattems and phases (atoms and profile) nem

Congtraints definitions, adding, deleting, Constraints |
modifying...

gyl

Data file/Peak shape | ’

Copyright (c) 2002-2005. JGF -J

Ch\Users\crd ORML Dropbox\§

]J‘JJJ_I)&J)JLU

Initial Previnue Geometry/IRF I

..... % Profile Data Information: Pattern 1 x

Data File / Format | Refinement / Simulation | Pattem Calculation/Peak Shape

D O TO fo rm O 1- fro m H B_2A iS Data File: |C:\Users\cr9\ORNL DropboxtStuart Calder\HB2A_POWDER\MagStr Workshops \MagStri Bm“'il
simply three columns with two-

 D1A/D2B (Old Format) Free Format (®hetal, step, 2ThetaF) (g

theta, Intensity, Intensity Error .

¢ D1B (Old Format) ' GSAS Format 3
 D1B/D20 " Socabim Software 1515 muttibank nomalized
 D4/D20L ~ Synchroton (Brookhaven)

¢ DMC/HRPD (P.S.1) " Synchroton (DBWS Software)

SPALLATION ==
SOURCE S. Lalder, MagStr 2024
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Step 1: Refine the crystal structure using FullProf

T Editor of PCR Files

File Editor Tools Templates Help Exit

J¥0Hw 2 WBHBE %"

Information

Title, type of job: Rietveld, Intearated Intensities,
Simulated Annealing, ...

« Patterns > Data file/Peak Shape W FullProf Imﬁl ‘ hmfmd{

—->Refinement/Simulation Zﬁ,f

Irformation

Pattem: 1/1

e [1] Select Neutron - CW

fittern Calculation/Peak Shape I

— Simulation / Refinement Data

« Wavelength is already set by irf - 1 raemcsstincin
file, 2.4067 in this example. -~

" Neutron - T.0.F (Nuclear and Magnetic) " Pattem Calculation {Neutron - T.O.F)

{~ Pattem Caleulation {Mevutron - CW)

— Wavelength

IUserDeﬁned vl A ‘ 2.4067 A 2.4067 (Ighﬁ)l 0.0000

caral |
SPALLATION
NEUTRON

HIGH FLUX
ISOTOPE
SOURCE S. Calder, MagStr 2024
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Step 1: Refine the crystal structure using FullProf

%OAK RIDGE

e Check final tab:

« Patterns - Data file/Peak Shape
—->Pattern Calculation/Peak Shape

 Peak shape is already loaded
correctly from irf file.

HIGH FLUX
ISOTOPE
REACTOR

SPALLATION
NEUTRON

National Laboratory SOURCE

I
x

T Editor of PCR Files

File Editor Tools Templates Help Exit

MO 2 2o WS DS

Information
Title, type of job: Rietveld, Intearated Intensities,

! ! Simulated Annealing, ...
Fu""Pro f Iﬁ ‘ Type of Pattems, profile, background, diffraction Pattems ’
geometry, user-given scattering factors ..
pcr U ’
Ed'“ Patterns Information

‘. (i , Information

e Pattem: 1/1
1\

Weight: | 1.0000

LLLLL

Copyright () 200220 4 File / Format | Refinement / Simula

Ho2BaMiO5_from_bil

—

— Peak Shape

¥ Codefil SHF € Global SHF

— Scattering Variable

% ITheta " T.OF. {microseconds) ™ Energy keV)

— Range
Theta_min: I 0.0000 Theta_max: |155.0000‘

Range of calculation of a single reflection in units of FWHM: I 8.0000

om

Step: |0.0300 |

Incident beam angle at sample suface (2):

Cancel |

S. Calder, MagStr 2024



Step 1: Refine the crystal sfructure using FullProf _

e Move to next tab down 1o
select background type

Patterns—> Background Type
Check "6-coefficient”

Put origin of polynomial at 60
for this example.

Background on HB-2A
typically low and
featureless so can be
captured by simple
polynomial function.

But multiple background
choices exist in Fullprof.

OAK RIDGE

National Laboratory

HIGH FLUX | SPALLATION
ISOTOPE NEUTRON

REACTOR | SOURCE

File Editor

A O &

Tools Templates Help Exit
[I"‘I‘] J'ii' L= lj.:iﬁ:l Ci In
@ ‘U‘M ba 225 % [T hPu hPu

Information

Title, type of job: Hietveld, Integrated Intersities,

= [ L[N

-y

FullProf i

| Simulated Annealing

| Type of Patterns, profile, backaround, diffraction
B L LT S

Imfarmation
Patter: 1/1 Weight: | 1.0000
| ‘ | | X‘ | ‘ wcluded fegions
Iitial Presvious Add Del Mext Last Geomety/ARF

User Scatt. Factors W

Background Information

* B-Coefficients palpnamial function

Origin of the polynomial: 50,000

(" Debye-like [12-coeff. )+ polyhomial functions [G-coefficients)

" 12-Coefficients Fourier-cosine seres
Mumber of points taken for Fou

e [0

(o |

" Fourier Filtering

" Background File transformed by 4-coefficients expression

" Linear Interpolation between a zet background pointz with refinable heights

" Interpolation by cubic splines

(" Chebychev Palynomial (24 coefficients)

0K | Cancel

Caonztraints
Bo=/Restraints
Output

S. Calder, MagStr 2024



Step 1: Refine the crystal structure using FullProf

Exclude regions in the data?

j j@@% &3 @ M 5 522 88

Infarmatiol
Title, type o f|th|d|tgtd|t 3itie

J: Fu"’P'rOf ml ’ ITsyp lftF'df: lp fI h kg ddff chio
 For now we will not exclude any I—
regions of the data | o vl
« Use with care, but can cut out background. ; W 4 = X »l bl

Iitial Previous Add Del Mext Last

« Can allow focus of refinement on different |
regions, e.g. only low Q o

 Quick way to remove peaks from sample holder
or can = but should try to fit these if possible!
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ISOTOPE NEUTRON

REACTOR | SOURCE S. Calder, MagStr 2024




Step 1: Refine the crystal structure using FullProf

— Geometry/IRF
Populated by irf file.

— Corrections: the instrument layout gives
asymmetric peaks, particularly at low angle.
These can be corrected.

Change “Peaks below this 2Theta limit are
corrected for asymmetry” to 180. Forgetting
to do this, then refining the asymmetry
parameters is a common error!

— Can correct for absorption if

.....

File Editor Tools Templates Help Exit
N30k 2 8@ WS N

Infarmation

W@ X

Title, type of job: Rietveld, Integrated Intensities,
l Simulated Annealing, .

Type of Patterns, profile, background, diffraction
L L T mw e

~ FullProf m_'

Information

o
Pattern: 1.1 ‘wieight:| 1.0000 Data file/Peak shape
Conztraints
Background Type

— Box/Restraints
m| X
Initial Previous Add Del Mext Last Geometry/IRF Output

1 User Scatt. Factors I
Copyrigh

ANEARLEl]

S [T

il

Pattern Diffraction Geometry Information: Pattern 1

Diffraction Geometry

|Eragngremano or Debye-Schemer Geometry j

needed. "muR” is mu
(absorption) multiplied by )
sample radius. Can find mu -

=X tan 8+F, feosB+ 2,

at NIST website e

L = (X, 26+7),260+Z,

hitps://www.ncnr.nist.gov/res @

I

Extemal Comection of Integrated/Profile Intensities

% None " Linear Interpolation C h q n g e

one
- " k
Pz Um0+ O+, | FWHM = Ut 6+ 7t 647, Preferred Crientalion PeCI S

{* Ristveld-Toraya (Exponential Function) " Modified March's F

™ March-Dollase Multiaxial Function " March-Dollase Nur b e I ow th e
cies 2Theta...”

Comection for iluminated area exceeding the Sample suface: 0.000

=7+, 28+, (28

N N H, = (X,20+7),20+7, Monochromator Polarization Comection {cos " 2ThetaMon): 0.0000
O U rC eS/O C -I- I V O Tl O n/ Fraction of mosaic-crystal fransmission ): 0.0000
© Last of 28, Hy(28), H ;(26) 2 Absorption Comection Coefficient (muR): ( 0000
Name of IRF file: Peaks below this 2Theta limit are comected for asymmetry ‘
HB2A_Ge113if Browse. Absorption comection (T.O.F)
None J
HIGH FLUX | SPALLATION
OAK RIDGE ISOTOPE | NEUTRON Cancel
National Laboratory | REACTOR | SOURCE Cancel



https://www.ncnr.nist.gov/resources/activation/
https://www.ncnr.nist.gov/resources/activation/

Step 1: Refine the crystal structure using FullProf

.....

* No further editing should be needed " " o & e smamesy o x

bl T SR Pur

of the remaining “Patterns” tab

Title, type of job: Rietveld, Integrated Intensities,

bt User S CO .I..I. ) FO C.I.Ol,.s R ‘ Fu"Prof M‘«.- ’ Simulated Annealing, ..

! abizastRa e beci Jsgtcr
— This can be used to add e.g. a form [ [P el
factor that isn’t tabulated pstmensne -
1?: J J ﬂ M J J R ——— /R estraints
Iriitial Presvious Add Diel Hext Last GeopetnzlB Output

If the magnetic ion does not have form factor tables
tabulated, or you want to test a non-standard form factor, this
can be added here. One example would be for 5d ions, such
as Ir, Os, efc.

OAK RIDGE

National Laboratory

HIGH FLUX | SPALLATION
ISOTOPE NEUTRON

SOURCE S. Calder, MagStr 2024

REACTOR




Step 1: Refine the crystal structure using FullProf
PHASES tab  €an do a simulation or refinement with data. Select which one here.

T Editor of PCR Files — X
File Editor Teols Templates Help Exit

~  EEETETEE T e X

o Uit Po P

« Make phase
COﬂTribUTe TO e Infarmatian
re ﬁ ﬂ e m e ﬂ T . Pattern Contribution Information for Phase 1 on: Phase 1 General |

e [1] Phases—> [2]
Contribution o
Patterns—> [3]
Neufron

Pattern 1 IPattern 2 | Pattern 3 I Pattern 4 I Patter 5 I Patterr £ | Pattern 7 I

Patterns
Bze INucIear and Magnetic Stucture of, Aeredwe/bosbranch_wie//bos A tmpd fbos |
v Curment Phaze confributes to the pattern

- )
— Tupe of Pattem INucIeal and Magnetic phaze ;I _
3 " Pattem Calculation [%-Fay) P Cate e, Fiefinement |
5f the Phaze: 0.00 & Calculated automatically ¢ Provided by user
Canstraints |
Bowx/Festraints |

" Pattern Calculation [Meutron - Constant Wavelength)

" Pattern Calculation (Meutron - T.0.F.) |
oution to pattemns, prefered
ation direction, reflection list, ...

" Meutron [T.0.F)
MHuclear and Magnetic

(constant R __smw | 9 ot |

ld 4 = X 2> D

Iitial Previous Add Del Mest Last I |'|8u" 6/2018 |?_E:34:23

wavelength)

* Sef peak shape it S -
to “Thompson-
Cox-Hastings
pseudo-Voigt”

[~ Use special contral of parameters for peak overlap, rejected reflections for curent phase

Brindley cosfficient: I 0.0000

Global weight of the integrated intensity data ws profile data; I 0.0000
Factar for excluding reflections [ | < Factar * Sigmall] |: I 0. 0000

Wweights are divided by reduced Chi®2 of precedent cycle: I 0.0000

Ok I Cancel |

HIGH FLUX | SPALLATION
%OAK RIDGE ISOTOPE NEUTRON
National Laboratory | REACTOR | SOURCE

S. Calder, MagStr 2024



Step 1: Refine the crystal structure using FullProf

T Editor of PCR Files - *

REFINEMENT tab:

* SeTTing STorTing jlnfnrmatinn
VO | U es for ™ o finement Information l ioh: B ”>( General |

: Patterns |
refl n e m e n TS || Cycles of Refinement; I_'Ii’

File Editor Tools Templates Help Exit

IR = e Ay

| Ini

Pur Por

® X

Phaszes
. — Stop Criteriurn of Covergence R elawation Factars for Shifts
g S -I- O rTI n g Forced Temination when shifts < | 0.02 « E.5.D. '
b G C |< ro U n d Others: _None ;I Atomic I 1.00 Anizotropic I 1.00  Profile I 1.00 Global | 1.00
g . . Consztraints |
— Reflections ordering
V G | U e Of ] OOOOO @ Only at the first cycle " Each cycle [ Bragg B-Factor excluding reflections limiting excluded regions Box/Restraints |

(check data)

Pattem 1 |F'attem 2 I Pattern 3 I Patterm 4 I Pattern & I Patterm 4 I ’I

2

Phase 1 | Phase 2 | Phase 2 | Phase 4 || Phase 5 | Phase & | P+

Cutput |

& Coefficients Polynomial Background: Pattern 1

[~ Refinement weighting model - .
Background

450000 | m —— 3

a | Instrumnental | - 4.0 | d1 dz d3 4.4 a5 Refine Al
- Coefficents 100000 0.o00a— D.0oo0f— 0.0000)— D.0o00)— 0.0000
m L
'E 350000 [ | Micro-Abzorption | Fis &l |
= s I i' . .1_. I dE B R B d.10 d 11
: 300000 |
E e eC Inl Iq et s I_Dﬂ Coefficents — I~ I I~ I~ I
MEECN background by
D d12 d13 d 14 d15 d 16 d17
= 200000 — — — — — —
2 IOOkI ng qt dqtq Coefticients I I~ I I~ I~ I Cancel |
o Hllllllllllll Mlll“ ll"

1
100000 -{ d 18 d 19 d 20 d 21 d 22 d 23
Coefficients — I~ — I~ I~ —
10 20 30 40 50 60 70 80 90 100 110 120 r
2theta (deq)

“®National Laboratory | REACTOR | SOURCE

S. Calder, MagStr 2024



Step 1: Refine the crystal structure using FullProf

bk M "
e Select “Refinement’” tab
° T Editor of PCR Files — *
File Editor Tools Templates Help Exit -
Og(]ln. IO & S %I‘ﬁ L @ % - ‘
- Informatior » o -
« Update “Cycle of - -
FullProf Type of Pattems, profile, background., diffraction Pattems g
° ’ ’ O I ‘ PCR ‘ geometry, user-given scattering factors ... 1 |
Refl nemenT TO ] Al l| Editor Il ST e (e Phases .l
I
| | ‘, il gistor) 4
« From “Refinement” tab i |
. . S0 5 | e demad
select: Refinement>Profile —
Copyright {c) 2002-2005. JGP - JRC
Ch | 'I' ] OO B Z Cosfficients I 1756M0|r|| ;.73411}0']-1 1:.277499|r|| a‘phaan.omlrl| baa&n.omlrl\ gamm;ncmlrl|
o ange scaie 10 .
Im Asymmetry Parameters I Prefemed Orientation I
— Note —itis often best to run a S—— wsntoned [T v T w I[ = T ==
Forced Temination when shifts < [0.10 x ESD. Cosfiicierts | 0.000000] | 0.000000]" | 0.000000]" | 0.000000] " | _Fen |

refinement without anything w 3| i — =

refining and then adjusting S omsremane oo R — — — H =3
scale manually until it is o= o2 o3 ot 2 i e e B ——

Refinement weighting model Atoms Coefficients I '_ ‘ r

close. Tl e e
" Maimum Likelihood Instrumental

" Unit Weights

Pattems
1

Micro-Structure
Further Parameters

Micio-dbsorption |

HKL Shifts | 2

Reduction factor of number of data points 0 :I

R e — -
e — T e e A e < g

HIGH FLUX | SPALLATION
%OAK RIDGE ISOTOPE NEUTRON
National Laboratory | REACTOR | SOURCE

S. Calder, MagStr 2024



Crystal structure has been added.
Instrument parameters added. We have
checked background.

BEFORE setting anything to vary, run the
refinement with nothing refining.

This lets you see how close you are and if
things have to be manually changed or if
it is close enough to try a refinement

LLLLLLLLLLLLLLLLLL
% OAK RIDGE | ez sy
National Laboratory | REACTOR | SOURCE

S. Calder, MagStr 2024




.....

Step 1: Refine the crystal structure using I:UIIProf

e 1.Run the refinement
Select the "CFMQO _10K.dat” data

e 2. Refinement runs for the number
of cycles or until converged.
Since we're not yet refining
anything it just runs for ne cycle.
You can repeat this by pushing

run until

“Normal end, final calculation and
writing...” shows rather than
“Convergence not reached”

The residual (blue) shows lots of differences
between data (red) and model (black). But scale
is close, background is close. Looks mainly like the
position of the Bragg peaks are slightly off.

We used a cif file from a database, likely different
temperature.

File Editor Tools Templates Help

RS ™ L

Exit

Information

Title, type of job: Ristveld, Integrated Intensities,
‘ Simulated Annealing, ...

| FullProf i .
B FullProf Program — O *
=>» Conventional Rietwveld R-factors for Pattern: 1
=>» Rp: 78.9 Rwp: 80.9 Rexp: 1.79 ChiZ:

=» Global user-weigthed ChiZ (Bragg contrib.): 2225.

=> ——————— > Pattern# 1

=>» CPU Time:
=>» 0.011 minutes

0.656 seconds

=> END Date:12/07/2024 Time => 11:06:14.564

Cycle: 10 Chi2: 0.205E+04CFMO 10K.dat

4,0E+06 ,

3.5E+06- . {
) 3.0E+06-
o

5 2.5E+06 ) !

S 2. 0E+06- i

o % 3 o~
1.5E+06 4 : ¢ Q€ Re-load PCR File?

?IUM: | '. | ‘ | ; i ._..,l @ v |
J AT 1 BT

RN
10 20 30 40 50 60 70 B0 S0 100 110 120
2Theta |der, MagStr 2024

@
& 5.0E+05-




i Editor of PCR Files - X
File Editor Tools Templates Help Exit

130kl A2 WHZEEE MY 0/X

Information

When you first run a refinement several T e e e,
files are created in the same folder as the A
pcr file. Some by default and others than =
can be turned on/off using the output

tab.

Number of cycles, relaxation factors, access to
pattems and phases (stoms and profile)

Constraints definitions, adding, deleting,
modifying...

Fixing range of parameters, distances, angles.
magnetic moments and linear restraints

17 21 25 29 33 37 M 45 48
2009 Output options for pattems and phases:
Reflection lists, Fourier, distances, BVS ...

Copyright (c) 2002-2005. JGP - JRC

CFMO_10K [Profiles: 1 |Phases: 1 [20/7/2024 [19:19:28

HIGH FLUX
ISOTOPE
REACTOR

SPALLATION
NEUTRON

SOURCE S. Calder, MagStr 2024

%OAK RIDGE

National Laboratory




Now we can furn of parameters to refine
to try o get he model and data to match

HIGH FLUX | SPALLATION
ISOTOPE NEUTRON

SOURCE S. Calder, MagStr 2024

%OAK RIDGE

National Laboratory

REACTOR




Step 1: Refine the crystal structure using FullProf

Profile Parameters: Phase 1 Pattern 1

 Now allow the following to refine to fit the
nuclear crystal: e ST I T

Cell Parameters

— Scale factor (Refinement>Profile) : b :

. Coefficients 10.916100(w 10.916100(v 10.916100 v 90.000( 90.000( 90.000(
- Lattice parameters
M . FWHM / Shape Parameters  Asymmetry Parameters | Prefemed Orientation
(Refinement>Profile) e .
u v W IG

- BG C kg rO U N d Coefficients 0.000000] 0.000000( 0.000000( 0.000000] Fix All
(Re fin em en T>BGCI<grO Un d) 6 Coefficients Polynomial Background: Pattern 1

— 2theta zero. (Refinement>Instrumental) — — — — — — .
/ero corrects for any offset between Cosfficents | 010000E-06)w | 0000%|  oooojw| o000 ~ 00000 00000 Reine M
two-theta in data and actual two- [ a8 [T o7 [T a8 [T oo TT a0 [T an [ =
theta, should be small.

2_Theta

Zero Displacement Transparency Wavelength

 Can also try to refine atomic parameters Goeioens | OO0 ooo00m/ | cooooo| ooy [Goi] [ ok |
(but in this case data may not have |
enough reflections to be stable): e e |5

Refinement->Phase tab—-> Atoms =TT ; : : "

Atom # 1 Ho1 Ho 0.50000] 0.00000) 0.20250(+ 0.00000) 0.25000] | Isotropic
Mom# 2 [Bal Ba 0.50000] 0.50000 0.00000 0.00000) 0125000 | Isotropic
AMomi 3 |Nil Ni 0.00000) 0.00000 0.00000 0.00000) 012500 | Isotropic
HIGH FLUX | SPALLATION 01 O 0.00000) 0.24140(w 0.14550{w 0.00000( 0.500000 i
OAK RIDGE ISOTOPE NEUTRON Mom # 4 Isotropic
National Laboratory | REACTOR | SOURCE < >




Refinement parameters in Fullprof

Checking the box turns the number blue to show
they are set to refine.

If they are red then they are constrained to refine
with another parameter.

Looking in the text of the pcr file shows refined
parameters by codes ending in 1.

Those constrained have the same code e.g. 11 and
11 or 511 and 511.

LLLLLLLLLLLLLLLLLL
¥ OAK RIDGE | i et

National Laboratory | REACTOR | SOURCE

S. Calder, MagStr 2024



Working in text editor and GUI

e Can use BOTH the GUI and edit the text of
the.pcr file.

e Open text with 1. [pcr and magnifying glass].

 Can quickly see and edit varios things
quicker than with GUI

- Anything refining has a number that ends in
al(e.g.11,21,31,811, 641, etc)

— The scale has a 71, so is refining.

- The lattice constants (a,b,c) allhave a 11
refinement label, so they are constrained.

e To furn on any to refine can type a 1, then
Fullprof figures out the numbering.

HIGH FLUX | SPALLATION
OAK RIDGE ISOTOPE NEUTRON
National Laboratory | REACTOR | SOURCE

File Editor Tools

BE YL OX

Information

s External EAPCR Text Editor - [C

File Edit Search

Ox|E& G N
COMM #(C) 2022 by FIZ Karlsruhe - Leibniz Institute for Information Infrastructure.
! Files == paT-file: , PCR-file: ICSD_CollCoded422752

'Job Npr Nph Nba Nex Nsc Nor Dum Iwg Ilo Ias Res Ste Nre Cry Uni Cor Opt Aut
1 7 1 0 0 0 0 0 0 0] 0] 1 0 0 0 0 0 0 1
]
! Resolution file for Pattern# 1
HB2A_Gelll.qrf
'Ipr Ppl Ioc Mat Pcr Lsl Ls2 Ls3 NLI Prf Ins Rpa Sym Hk1 Fou Sho Ana
0

o 1 0 1 o 4 0 0 3 10 0 0 0 0 0 0
'

0. 00000 21.0 0.00000 0.0 0.00000 0.0 0.000000 0.00 0
! Background coefficients/codes for Pattern# 1 (Polynomial of 6th degree)
000

100000. 000 0. 000 0.000 0.000 0,000 0.
31.00 41.00 51.00 61.00 0.00 0.00
]
! pata for PHASE number: 1 ==> current R_Bragg for Pattern# 1: 0. 0000

'Nat Dis Ang Prl pr2 Pr3 Jbt Irf Isy str Furth ATZ Nvk Npr More
0 0 0.0 0.01.0 0 0 0 0 0 3429.220 0 7 0
]
i
P21 3 <--5pace group symbol
r 'atom  Typ X ¥ 4 Biso occ In Fin N_t Spc /Codes
! betall betaz22 beta33 betal2 betall beta23 /codes
Csl Cs 0.17938 0.32062 0.67938 0.00000 0.33333 0 0 2 0
0.00 0.00 0.00 0.00 0.00
0.00339 0.00339 0.00339 0.00031 -0.00031 0.00031
0.00 0.00 0.00 0.00 0.00 0.00
Mol Mo 0.30061 0.62363 0.52597 0.00000 1.00000 0 0 2 0
0.00 0.00 0.00 0.00 0.00
0.00172 0.00172 0.00179 0.00014 0.00006 -0.00005
0.00 0.00 0.00 0.00 0.00 0.00
Fel Fe 0.33737 0.33737 0.33737 0.84168 0.33333 0 0 0 0
0.00 0.00 0.00 0.00 0.00
ol Q 0.27587 0.48544 0.44750 1.96603 1.00000 0 0 0 0
0.00 0.00 0.00 0.00 0.00
Cs2 Cs 0.45761 0.95761 0.54239 2.33317 0.33333 0 0 0 0
I 0.00 0.00 0.00 0.00 0.00
Fe2 Fe 0.61246 0.61246 0.61246 0.90958 0.33333 0 0 0 0
0.00 0.00 0.00 0.00 0.00
02 Q 0.45432 0.67110 0.51709 1.91076 1.00000 0 0 0 0
0.00 0.00 0.00 0.00 0.00
03 Q 0.25187 0.60297 0.67761 1.78442 1.00000 0 0 0 0
0.00 0.00 0.00 0.00 0.00
04 Q 0.21150 0.73545 0.45198 1.9976l1 1.00000 0 0 0 0
0.00 0.00 0.00 0.00 0.00
Rt > profile Parameters for Pattern # 1 ----> Phase # 1
! scale shapel BOv strl str2 str3  strain-model
100.0000 0.00000 0. 00000 0. 00000 0.00000 0. 00000
71. 00000 0. 000 0. 000 0.000 0. 000 0. 000
' u v W X Y Gausiz Lorsiz
0. 000000 0. 000000 0. 000000 0. 000000 0. 000000 0. 000000 0. 000000
0.00 0.00 0.00 0.00 0.00 0.00 0.00
! a b [ alpha beta gamma # cell 1Info
10.916100 10.916100 10.916100 90.000000 90.000000 90.000000
11.00000 11. 00000 11. 00000 0. 00000 0. 00000 0. 00000
! prefl pref2 Asyl Asy2 Asy3 Asyd S_L D_L
0.00000 0.00000 0.00000 0.00000 0.00000 O.00000 O.00000 O0.00000
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
! 2Thl/TOoF1l 2Th2/ToF2 Pattern to plot
5.325 126.525 1

Line:1 Col:1 NUM | INS

! Lambdal Lambda2 Ratio skpos wdt cthm murR  AsyLim Rpolarz 2nd-mur -> Patt# 1
2.406700 2.406700 0.00000 40.000 8.000 0.0000 0.0000 180.00 0.0000 0.0000
]
INCY Eps R_at R_an R_pr R_gl Thmin step Thmax PSD sent0
10 0.10 1.00 1.00 1.00 1.00 -0.0200 0.030000 155.0000 0.000 0.000
]
!
7 'Number of refined parameters
]
! Zero Code SyCos code  sysin code Lambda Code MORE ->Patt# 1

]
#(C) 2023 by FIZ Karlsruhe - Leibniz Institute for Information Infrastructure. All rights reserved.
]

5ize-Model
0




Step 1: Refine the crystal structure using FullProf
Run refinement again

Editor of PCR Files

File Editor Tools Templates Help Exit

ren
AL
ren

Eiﬁ In&

P P

Oy Cop

Information

Title, type of job: Rietveld, Integrated Intensities,
Simulated Annealing. ..

@ x

General
Pattemns
Fhases

Type of Pattems, profile, background, diffraction
geometry, user-given scattering factors ..

Phase name, type of calculations (JBT), ATZ,
contribution to pattems, symmetry, ...

==
Number of cycles, relaxation factors, access to T Eefinement =
pattems and phases (atoms and profile) e —
Constraints definitions, adding, deleting, Cansiraints ==
modifying...
Fixing range of parameters, distances, angles, Box/Restraints
magnetic moments and linear restraints
Qutput options for pattems and phases Output
Feflection lists, Fourier, distances, BVS

==

Copyright (c) 2002-2005. JGP - JRC

e Refinement is getting close.

==

 Peak positions look better. But the
peak shape isn't matching
- Refine peak profiles next
Peak profiles should only be run after
the refinement and peak positions are
close, others refinement will blow-up
OAK RIDGE [fsntvx | easation
National Laboratory | REACTOR | SOURCE

10

>>> CYCLE:

Control file *.pcr: ICSD CollCoded422752
Pattern: 1 CFMC_ 10K
Calculation of ¥Yi for all points + Normal Matrix & Vector...

Calculation for pattern: 1

Solving L.S. eguations...

Writing results for cycle 10

R-Factors: 30.4 42.5 Chi2: 0.104E+04 DW-Stat.: 0.0325 Patt#: 1
Expected : 1.32 1.8785

Conventional Rietveld R-factors for Pattern: 1

Rp: 48.5 Rwp: 58.4 Rexp: 1.81 ChiZ2: 0.104E+04
=>» Global user-weigthed ChiZ (Bragg contrib.): 1132.

=3 ———————— > Pattern# 1

=>» Phase: 1

=> Bragg R-factor: 33.09

=> RF-factor 16.45

Conv. not yet reached -»> [Max] Shift{Cell_A_phl_patllf(eps*Sigma)= 14.71 abs> 1

Normal end, final calculations and writing...

CPU Time: 2.232 seconds

0.037 minutes

END Date:12/07/2024 Time => 11:25:26.500

Cyvcaole ChiZ: 0.104E4+04CFMO_1 O0OK.dat

OE+0& —

SE+0& —

units)

OE+06 | |

SE+06 |

OE+0& —

SE+0& —

OE+0&

meERPNNWWLMD

OE+05

I?ten51ty (ark.

n

OE+05S

100 110 1z20

Z2Theta



Step 1: Refine the crystal structure using FullProf
Run refinement again

Can be easier to look at fit in WINPLOTR
which opens the created .prf file.

B3 FullProf Suite ToolBar

File Pregrams Settings FP Dimensicns Tools Edit Results Helg
==| D A7 47 k ED  ED el o T | | & @&
el PR © 1 F ] EFY T -

Name - Dste modified Sei- WI N P LOTR -I-o Working Directory:  |c:\FullProf_Suite\Examples\ Code File: Type: Date:  [24/08/2020
@ backup T111/2024 10:41 AM qquys open
B crmo 10K 2/29/2024 11:13 PM .prof files. Then
il CFMO_300mK RS L don’t need to E ' ' ' ' g i
:_-l_-l edpcr.set 771272024 11:06 AM rely on toolbqr 300000 :— o —:
fullprof.dir 7/12/2024 11:31 AM . , s 1
ki HB2A_Gel13 7/11/2024 5:08 PM (WhICh doesn't g™ E
= - .
&- [C50_CollCoded 22732 2/29/2024 2:36 PM qquys work) £ 100000 |- 3
E - 5
@ | IC50_CollCoded22752.0ut TM12/2024 11:25 AM QOUT File 117 KB = B ]
& 771272024 11:31 AM . . 2 o L ]
@ 1C5D_CollCoded22752 7/12/2024 11:31 AM PCR File 5 KB E B [ e e e R A R R N AR A AR AR A A N A ]
g, |C5D_CollCoded22752 TM2/2024 11:25 AM PRF File 29 KB :_ _:
il 1CSD_CollCoded22752 7/12/2024 11:25 AM SUM File 3 KB Large mismatched .
B8 1CSD_CollCoded227521 7/12/2024 11:25 AM FST File 1KB peaks are from Al =
@ | ICSD_CollCoded227521.mic TM12/2024 11:25 AM MIC File 17 KB Sample can ]
@ Published_paper_Cs2Fed(MoO4)3 71072024 10:50 AM Adobe Acrobat D... 5,506 KB E E
et 771172024 11:24 AM SET File - -
@l tfp 71172024 11:24 AM SETFil 1EB - -
winglotr.m 117202 123 AN 1le - ]
& | winpl If 71172024 11:25 AM MLF Fil 1EE - ]
0 20 10 60 80 100 120 140
26 ()
OAK RIDGE HIGH FLUX | SPALLATION
National Laboratory :RSEOAT(%%R QCE)LLJJEEQN S. Calder, MagStr 2024




Step 1: Refine the crystal structure using FullProf

Run refinement again
(10 K data)
Refinement getting close.
Refine peak positions:
Refinement>profile
Refine U,V,W.

These are the Caglioti parameters
that define peak shape for reactor
based instruments.

These are zero here BUT reading the values

Profile Pararmeters: Phase 1 Pattern 1

Factors
Scale Overall Bfactor
Coefficierts 145 28(« 0.0000(
Cell Parameters
a b C alpha beta gamma
Coefficierts 10.890513(w 10.890513 | 10.890513 | 90.000( 50.000( 50.000|
FWHM / Shape Parameters  Asymmetry Parameters | Prefemed Orientation
FWHM Parameters Refine Al
W v W IG
- Fixe All
Coefficients 0.000/(v 0.000(v 0.000 v 0.000000(
Shape Parameters Cancel
u z =
Coefficierts 0.000) 0.000000( 0.000000( [
[ Refine PWHM for second wavelength
' u2 v2 w2
jents [ [ N

from the .irf file. So refining them will add on
to the values. This is a way to see how much
peak broadening comes from sample. For
detailed refinements could use strain, grain
size, etc. We don't need this for magnetism

S. Calder, MagStr 2024



Step 1: Refine the crystal structure using FullProf

Run refinement again (10 K data)

« Now much closer.

— Do not focus on the chi or
other fit values, visually see
how close the fit is and what
needs improved.

e Two peaks are not fit. These are
at 2theta positions consistent
with the Al sample can.

— To save time we will simple
exclude the regions around
the Al can. But these can and
should be fit in final published
refinement. But cannot just
add an Al phase due to
texture. Need to use profile
martching to fit each peak
separately.

OAK RIDGE

National Laboratory

HIGH FLUX | SPALLATION
ISOTOPE NEUTRON

REACTOR | SOURCE

B FullProf Program

=> Expected : 1.32 1.8820
=» Conventional Rietwveld R-factors for Pattern: 1
=> BEp: 33.7 Rwp: 49.2 Rexp: 1.75 ChiZ: 791.
=>» Global user-weigthed Chi2 (Bragg contrib.): 859.5
= ————————= > Pattern# 1
=> Phase: 1
=> Bragg R-factor: 29.69
=> RF-factor 1z.84
=> Convergence reached at this CYCLE !!!!: CY¥CLE No. 7
=> R-Factors: 22.5 37.0 Chi2: 791. DW-Stat.: 0.01Ze¢ Patt#: 1
=> Expected : 1.32 1.8820
=> Conventional Rietwveld R-factors for Pattern: 1
=> Rp: 33.7 Rwp: 49.Z2 Rexp: 1.75 Chi2: 791.
=>» Global user—-weigthed ChiZ (Bragg contrib.): 860.1
=> —————— > Pattern# 1
=> Phase: 1
=> Bragg R-factor: 29.69
=> RF-factor 12.84
=» Normal end, final calculations and writing...
=> CPU Time: 2.207 secon d
=> 0.037 minutes
=> END Date:12/07/2024 Time => 11:40:46.589
Cyvcle: 10 ChiZz: 791. CFMO_ 10K.dat
‘0'1“4.OE+O6—
f23.5B+06 ;
§3.0E+06— \
2 .5E+06 - !
4 Y
4H 2 _.0E+06
[} -»
¥ 1.5E+06 - I
I i i
31.0E+06— g 1
. \ |
P 5.0E+05- ) '
» i y i 1
¢ g : - 1
Ll' O~ | [ e e A B I I O I O IR [
r5.0E+05—k4”__—ﬂ
10 20 20 40 50 &0 70 20 S0 100 110 120

Z2Theta
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Step 1: Refine the crystal structure using FullProf

s Editor of PCR Files — s

E | d ‘I'h AI | h |d File Editor Tools Templates Help Exit
xclude the Al sample holder. = Uy ¥ 242 ©S i | O "y
This cannot be fit by adding a IO A e W EDE Y @ X
standard Al phase since it is Information
highly texfured, to fit this would e —————————————— T 1 7Y - A Generd
need to do profile matching and Patterns Informatior ¢ .
fit each peak separately. I
Phases
T Wreight-| 10000 Data file/Peak shape |

Refinement

R

« Look at data and fit to e S
choose which regions to cut umber o excuded Regions: [~ 721
ou T * Low bound High bound e ] | o/ estrans
. Region 1 71.500 74.000| oK User Scatt. Factors 0
e Patterns>Excluded Regions I N o 1 | | =
Col Cancel |
ICSDco . remmeserrwaseseel |12/ 7/2024  [11:46:24

OAK RIDGE

National Laboratory

HIGH FLUX | SPALLATION
ISOTOPE NEUTRON

REACTOR | SOURCE

S. Calder, MagStr 2024



Step 1: Refine the crystal structure using FullProf

Can also try to refine atomic parameters .

(but in this case data may not have
enough reflections to be stable):
Refinement->Phase tab->Atoms

Click “Refine Positions”

Change all thermal parameters (B) to
Isotrpoic in the “Therm. Fact.” column.

Then make all B values 0.3. The maximum
Q here is ~4 A. So it is nof high enough to
refine thermal parameters.

NOTE: do this for all 9 atoms, use scroll bar.

OAK RIDGE

National Laboratory

HIGH FLUX | SPALLATION
ISOTOPE NEUTRON

REACTOR | SOURCE

List of Atoms

MNumber of Atoms: l—gi‘
Label Niyp X Y z B

Atom # 1 Cs1 Cs 017938 0.32062(v 0.67938 0.30000

Atom # 2 Mo1 Mo 0.30061 W 0.62363[v 0.52557 0.30000

Aom H 3 Fel Fe 0.33737( 033737 (¥ 0.33737 0.30000

Mom # 4 01 o] 0.27587 v 0.43544 (v 0.44750 | 0.30000

< - ix
Anisotropic Themal Factors / Form Factors

B11/F1 B22/F2 B33/F3 B12/F4 B13/F5 B23/F6 ol Cancel

H r I ™ r I ™ r

# r r r r r r r OK
H r I ™ r I ™ r

H r ™ ™ r ™ I v

< 3
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Step 1: Refine the crystal structure using FullProf

B " FullProf Pragram

e Fitis now very close

=> RF-factor : 1.397
-I-O -I-he ] O K dO-I-O * =» Convergence reached at this CYCLE !!!!: CYCLE No. 10
=> R—-Factors: 4.58 6.59 Chi2: 20.6 DW-Stat.: 0.1%0% Patt#: 1
=» Expected : 1.45 1.8953
=>» Conventional Rietwveld R-factors for Pattern: 1
=> Rp: 7.48 Rwp: 9.33 Rexp: 2.05 ChiZz: 20.e¢
=»> Global user-weigthed ChiZ (Bragg contrib.): 22.43
= ——————— > Pattern# 1
=> Phase: 1
=> Bragg R-factor: 2.363
=> RF-factor : 1.397

=» Normal end, final calculations and writing...

=> CPU Time: 2.590 seconds
=> 0.043 minutes

=» END Date:12/07/2024 Time => 11:56:46.106

Cyvcle: 10 ChiZ: 20.6 CFMO 10K.dat

~3.5E+06
n
Y3 .0BE+06 - }

4
a b
52 _.5BE+06
1 2.0E+06
H
g 1.
o 1
i
45,
n] .
Q o -
[ ] | | [ [ | [ e e I I R | I T T T Tt I I O A
i
£5.0E+05 A e w+— | SIS USSR —

%OAK RIDGE | }gH fox | SeatLation 10 20 20 40 50 60 70 80 90 100 110 120
National Laboratory | REACTOR | SOURCE STheta r 2024




Step 1: Refine the crystal structure using FullProf

Profile Parameters: Phaze 1 Pattern 1

— Factaors
M Scale Cwerall Bfactor
» Can fry fo refine the = F¥g T
asymmetry further. ~Cel Paranelr
a b c alpha beta gamma
Coefficients 1ﬂ.8852ﬂ4||7 10885204 v 10885204 ™ 50.000( 50.000(

FWHM / Shape Parameters | [ Asymmetry Parameters  Prefemed Orientation |

90,000
Refine Al |
= oL =
Coefficients 0.000000{ 0.000000(
Cancel |
Agym 1 Asym2 Asym3 Asymd
oefficients 0.000000 |V 0.000000 ¥ 0.000000 |V 0.000000| |
PS5 P& P7 Pg
Coefficents I I I -

%OAK RIDGE

HIGH FLUX
- ISOTOPE
National Laboratory

SPALLATION
NEUTRON

SOURCE

REACTOR
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Step 1. Refine the crystal structure using FullProf

e Fit fo the 10 K data
IS now good
enough to move on
to refine the 0.3 K
data and try to
determine the
magnetic structure.

e Some mismatch
could be from short
range order that is
expected in this
material at 10 K.

HIGH FLUX | SPALLATION
%OAK RIDGE ISOTOPE NEUTRON
National Laboratory | REACTOR | SOURCE

=>
=>
=>

=
=
=
=

=>

=>
=>

Expected : 1.45 1.8008

Conventional Rietwveld R-factors for Pattern: 1

Rp: 6.85 Rwp: §.14 Rexp: 2.06 Chiz: 15.6
=> Global user-weigthed Chi2 (Bragg contrib.): 16.47

= ——————— > Pattern# 1

=> Phase: 1

=> Bragg R-factor: 2.230

=> RF-factor 1.588

Convergence reached at this CYCLE !!!!: CYCLE No. G

R-Factors: 4.1¢ 5.72 ChiZ: 15.6 DW-Stat.: 0.2463 Patt#: 1
Expected : 1.45 1.5%008

Conventional Rietwveld R-factors for Pattern: 1

Rp: €.85 Rwp: 8.14 Rexp: 2.06 Chi2: 15.6
=> Global user—-weigthed ChiZ2 (Bragg contrib.): 16.94

=> ———————— > Pattern# 1

=> Phase: 1

=> Bragg R-factor: 2.230

=> RF-factor 1.588

Normal end, final calculations and writing...

CPU Time: 1.936 seconds

0.032 minutes

END Date:12/07/2024 Time => 12:00:40.582

Cycle: 10 ChiZ2: 15.6

CFMO_10K.dat

3.
]
i
vo3.
o
52 - |
U
q Z- |
H i
LU |
1l
™ 1. Il :
r y
1e ' i A
0 | g 4
o 1 Al
E O — | | | [ [ N | [ A [ e A [ [
10 20 30 40 50 &0 70 80 S0 100 110 120
2Theta
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Now refine the 0.3 K

data using this model.
Before doing this TURN
OFF ALL PARAMATERS.

LLLLLLLLLLLLLLLLLL
¥ OAK RIDGE | i et

National Laboratory | REACTOR | SOURCE S. Calder, MagStr 2024




Tin External EAPCR Text Editor - [C\Users\cra\ ORML DropboxiStuart Calder\HB2A_POWDER\MagStr Workshops\Mag5tr2024_Calden\Cs2Fe2(.. — O
File Edit Search

. 1 EEEEEY L RIGEPE.
S Te p ] ° R efl n e -|-h e C rys-l-O | kZOMI'ﬂ #(C) 2023 b}f FIZ Karlsruhe - Leibniz Institute for Information Infrastructure.

! Files => paT-file: , PCrR-file: ICsD_collcoded422752
'Job Npr Nph Nba Nex Nsc Nor Dum Iwg Ilo Ias Res Ste Nre Cry Umi Cor Opt Aut

e 1 7 1 0 2 0 0 0 0 0 0 1 0 0 0 0 1
!
STrucCture usin UIIFTO | esolusion i for paterne 1
HB2A_Gell3.qirf
'Ipr Ppl Ioc Mat Pcr Lsl Ls2 Ls3 NLI Prf Ins Rpa Sym Hk1 Fou Sho Ana
0 0 1 0 1 0 4 0 0 3 10 0 0 0 0 0 0
I
! Lambdal Lambda2z Ratio Bkpos wdt cthm murR  AsyLim  Rpolarz 2nd-murR -> Patt# 1
2.406700 2.406700 0.00000 40. 000 §.000 0.0000 O0.0000 180.00 0.0000 0.0000
!
'NCY Eps R_at R_an R_pr R_gl Thmin step Thmax PSD sent0
10 0.10 1.00 1.00 1.00 1.00 -0.0200 0.030000 15%.0000 0.000 0.000
!
! Excluded regions (LowT HighT) for Pattern# 1
.50 4.00
112.50 117.60
'Number of refined parameters
« Check everything is furned off in the
R ! Zero oue - n- Sys5in Code Lambda Code MORE ->Patt# 1
0.03802 0. 00000 0. 00000 0.0 0.000000 0.00 0
ex I e. ! Backgr‘ound coe'F'F'lments/codes for Pattern# 1 (Polynomial of 6th degree)
101536.125 -33252.898 12622, 551 7347.125 -14217.325 4698. 028
0.00 0.00 0.00 0. 00 0.00 0.00
b o e e e e
'. Data for PHASE number: 1 > Current R_Bragg for Pattern# 1: 0. 0000

#(c) 2023 by FIZ Karlsruhe - Leibniz Institute for Information Infrastructure. All rights reserved.

'.Nat Dis ang Prl Pr2 pr3 Jbt Irf Isy str Furth ATZ Nvk Npr More
0 0 0.00.01.0 0 0 0 0 0 3429.220 0 7 0
!
i
P21 3 <--5pace group symbol
latom  Typ X Y z Biso occ In Fin N_t Spc /Codes
Csl Cs 0.17935 0.32065 0.67935 0.30000 0.33333 0 0 0 0
0.00 0.00 0.00 0.00 0.00
Mol Mo 0.29978 0.62310 0.52710 0.30000 1.00000 0 0 0 0
0.00 0.00 0.00 0.00 0.00
Fel Fe 0.33726 0.33726 0.33726 0.30000 0.33333 0 0 0 0
0.00 0.00 0.00 0.00 0.00
ol 4] 0.27437 0.48199 0.45051 0.30000 1.00000 0 0 0 0
0.00 0.00 0.00 0.00 0.00
cs2 Cs 0.45806 0.95806 0.54194 0.30000 0.33333 0 0 0 0
0.00 0.00 0.00 0.00 0.00
Fe2 Fe 0.61176 0.61176 0.61176 0.30000 0.33333 0 0 0 0
0.00 0.00 0.00 0.00 0.00
02 Q 0.45457 0.67094 0,51574 0.30000 1.00000 0 Q 0 0
0.00 0.00 0.00 0.00 0.00
03 Q 0.25546 0,60404 0,6B8066 0.30000 1.00000 0 Q 0 0
0.00 0.00 0.00 0.00 0.00
o4 4] 0.20847 0.73550 0.,45177 0.30000 1.00000 0 0 0 0
0.00 0.00 0.00 0.00 0.00
R > Profile Parameters for Pattern # 1 ----> Phase # 1
! scale Shapel Bov stril str2 str3 strain-Model
152.4438 0. 00000 0. 00000 0. 00000 0.00000 0. 00000
0.00000 0.000 0.000 0.000 0.000 0.000
! u v W X Y Gausiz Lorsiz size-model
0. 574767 -0.547859 0.173882 0. 000000 0. 000000 0. 000000 0. 000000 0
0.00 0.00 0.00 0.00 0.00 0.00 0.00
! a b [« alpha beta gamma # cell Info
10.892169 10.892169 10.892169 90.000000 90.000000 90.000000
0. 00000 0. 00000 0. UDUDU 0. 00000 0. DUUUU U UDUDU
! prefl Pref2 Asyl Asy2 Asy3 Asyd
0.00000 0.00000 0.07494 0.05829 0.27161 -0.02522 O. 00000 0. 00000
%OAK RIDGE |!iGH FLux | SALLATION 0. 00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
National Laboratory | REACTOR | SOURCE ! 2Thl/ToFl 2Th2/TOF2 Pattern to plot

5.325 126.525



Step 1. Refine the crystal structure using FullProf

B FullProf Pragram

=» Expected : 1.4¢6 1.8695
o . => Conventional Rietveld R-factors for Pattern: 1
) Run reﬂnemen‘l’ OgC“nS'I' => Rp: 10.00 Rwp: 13.1 Rexp: 2.05 ChiZ: 40.6
=> zlobal user-weigthed ChiZ (Bragg contrib.): 29.39
-I-he O 3 K dO-I-O => ——————— > Pattern# 1
. =>» FPhase: 1
=> Bragg R-factor: 3.077
=> RF-factor : 1.998
kit 1
® CFMO 300m K.dOT => Convergence reached at this CYCLE !!!!: CYCLE No. 1
- =>» R-Factors: 6.10 .31 ChiZ: 40.6 DW-Stat.: 0.1079% Patt#: 1
=» Expected : 1.4¢ 1.8695
. . =» Conwventiocnal Rietveld R-factors for Pattern: 1
[ ] Th | k g d 'I'h 'I'h =>» Rp: 10.00 Rwp: 13.1 Rexp: 2.05 Chi2: 40.¢
IS OO S OO 4 WI e => Global user-weigthed ChiZ (Bragg contrib.): 43.97
1 k: => ————————— > Patternt# 1
extra magnetic peaks. 2 thases
=> Bragg R-factor: 3.077
== RF-factor H 1.598

=>» Normal end, final calculations and writing...

« Couldrefine lattice
constants since the the A R ey R e
Temperdfure Ch(]nged, => END Date:12/07/2024 Time => 12:09:52.995
but fits looks close that

'I'h. . "I' d d 'I' Cycocle: 10 ChiZ 40 . & CEFMO_ B00mE - dat
IS ISN' T heeaeda yel. s cmsoe.
in
f 2.0m+06+ "
fi
T2 5B+ 0a
4
g 2-0B+0&
H
T L
5 L
p
.|| 5
in | . T
f : : : : UL
[l O | [ e rrrrrrr el (I
p
Igl_5 OE+05_~_A—A—%—*A\_N—A—A—~FL—&.—APJ\—M%A—-W»— e T Y
OAK RIDGE | et FLux | sPALLATION ' ' ' ' ' ' ' ' '
A ISOTOPE NEUTRON 10 20 =20 40 50 =0 7O =0 S0 100 110 1=20
National Laboratory | REACTOR | SOURCE




Step 1: Refine the crystal structure using FullProf

 Go info the “Output” tab to
create a cif file after each
refinement.

e This is a good way to check the
structure makes sense.

 We will also use this as the
starting point for our magnetic
model.

« CHECK your folder to see all the
files that are output when you
run Fullprof.

 Link this cif file fo open with
VESTA

HIGH FLUX | SPALLATION
ISOTOPE NEUTRON

%OAK RIDGE

National Laboratory

REACTOR | SOURCE

mE— c M0 E
e Editor of PCR Files

File Editer Tools Templates Help Exit

I
*

JNOHY 2 e WREBE N e X

— Infomation

e

rce Qutput Infermation

—PCR Input File

PCR Update: [Overwrite PCR File =]

[v Classical Output Format for a Single Pattem in PCR

[ List of Symmetry operators on file (SYM)

—Output Files ﬁ
[ Summary of refined parameters (RPA) ¥ Crystallographic Information File (CIF)

I General Output Information  Pattems Output Information | Phases Output Information |

Output Information File (OUT) | Simulated Diffraction File (SIM) | Summary Parameters Fie (SUM) |

[ Only Information from the last cycle is printed

G
- Comelation Matrix Ouput: INone LI —
-
i -1-1-1- )
Reflection list is written before starting cycle | o |
Comected profile intensities are written - rrr
Merged reflections list is written - rrrr
Cal and Obs. profile intensities are written - rmr
Cal. and Obs. integrated intensities are written VI rr
e e

List reflec. from second wavelength is written
ok | Cancel |

General |
Pattems |
Phases |
Refinement |
Constraints |

Box/Restraints
Qutput

\J

(

12/ 7/2004 [12:13:46
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Cs,Fe,(MoO,),: Refinement Strategy

e This example will use the Bilbao Crystallographic Server (http://www.cryst.ehu.es/)
and follow these steps:

- Step 1: Refine the crystal structure using FullProf
- Step 2: Determine the k-vector by indexing the magnetic reflections using k-search

— Step 3: Create test magnetic space groups using MAXMAGN on the Bilbao
Crystallographic Server. Save these as mcif files.

- Step 4. Convert the mcif file into a .pcr file using mCIF2PCR.

— Step 5: Use the created .pcr file 1o fit the nuclear and magnetic neutron data
using Fullprof to determined the magnetic structure.

LLLLLLLLLLLLLLLLLL
¥ 0AK RIDGE | iguf et
at;

ional Laboratory | REACTOR | SOURCE
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http://www.cryst.ehu.es/

OAK RIDGE

National Laboratory

HIGH FLUX
ISOTOPE
REACTOR

SPALLATION
NEUTRON
SOURCE

To determine the k-vector from
powder data need to know the
crystal structure and then index the
magnetic peaks.

We have just refined the crystal
structure.

So we will load in this model and use
the “k-search” feature in Fullprof

S. Calder, MagStr 2024



Determine the k-vector WinPloir-2004

FullProf Suite ToclBar _ - .
File Programs Settings FP Dirnensions Tools Edit Results

E.-SEHH[H PCRM&““ -Bﬁﬁy%%‘@%%

Working Directory: |C:"\Us...orkshops‘-LMagStr2024_CaIder\CsEFeE[MoDd]S_MagSpaceGro ps_Calder2024y  Code File: | Type: Date:  |12/07/2024

Help

Plot  Profiles Optlorls Kspace Calculations Ext. Applications Tools Help

A FP Per 30 U & sm (BN [ E @A 2@ | X

k-search is run in WinPlotr-2006.

Open Pattern file (*.dat)
Open Rictveld/Profile file (*.prf)

Open Raw Data tile (LLE:
Open Numor File (ILL)

« Open the .prf file:

View Header Mumor...

Save Data as... >
1] M " " M M M 1 Save Buffer file...
File”">"Open Rietveld/Profile file (*.prf)
Quick View PRF
WinPLOTR 2D
| .I. .I. h f f. | WinPLOTR Generic Graphs
eleC e prtrie
Reset
A% WinPLOTR-2006 Version: 5.10-2012 - [m] x 1. C:\Users\crf\ORNL Dropbox\Stuart Calder\HB2A_POWDER\Magstr Workshops\Mag5tr2024_Calder\Cs2Fe2(Mo0O4)3_MagSpaceGroups_Calder2024\CFMO_10K.dat
File Plot Profiles Options Xspace Calculstions Ext Applications Tools Help 2. C\Users\crSWORNL Dropbox\Stuart Calder\HB2A_POWDER\MagStr Workshops\Mag5tr2024_Calder\Cs2Fe2(Mo04)3_MagSpaceGroups_Calder2024\CFMO_300mK.dat

@ | backup o 91@ e b | b b [ DL [P 12 5 BB PP s 2 0 5 | 0 B 2| ) | | X L
. <Empty>

ghe, 1CSD_CollCoded22752 o ] 5. <Empty>

#(C) 2022 by FIZ Karlsruhe - Leibniz Institute for Information Infrastructure.
Exit
soooo0| B Fnizr ssosese | T

NOTE: If the background g

changes to white this is a 5 200000

good sign. If it stays green, £ rcoono ]

you might have issues with 2 oo ]

running k-search. £ e “

Try running it, if issues then ) Ay \

reopen a diﬁerenl‘ wqy. ] N i

2theta (deg)
HIGH FLUX | SPALLATION
%OAK RIDGE ISOTOPE | NEUTRON e R I
National Laboratory | REACTOR | SOURCE s S. Calder, MagStr 2024




Determine the k-vector

« Now the magnetic peaks need to be indexed to find the propagation vector that
defines the magnetic unit cell.

o Select “Calculations”> "peak detection”>"enable” . After enabling, go again to
“Calculations”> "peak detection” > “insert peak”. After clicking on magnetic peaks, go
to “save peaks” to save them as “K-search format”. Run k-search.

A% WinPLOTR-2006 Version: 5.10-2012 - ] =
File Plot Profiles Options Xspyfff CalculationsNExt. Applications Tools Help
CIE X PP w fom B EEA 2@ | X
‘ t e ) InpUi’ sl‘rucfurql B Cwindows\SYSTEM32\emd.exe - o x
#(C) 2023 by FIZ Karlsruhe - Leibniz Institute for Information Infrastructure. mOdeI, ihis is p U"ed
B from prf file
300000 M Chiz: 40._.5638
L Input parameters for K_SEARCH *
7 250000
£ Tille  #C) 2023 by FIZ Karlsruhe - Leibniz Institute for Information Infrastructure. - Chiz
3 200000 -
2 Lattice Type F3
2 50000
2 Select the Cel Parameters (710 89217 1089217 10.89217 90.0000 90.0000 50.0000
c 100000 -] °
g mqgnetlc pea ks -[FESEE?;T'Z‘I ) 0.300 > Powder diffraction may ve wrong results even if the R-factors for the solutions are “good
£ ( 3 . .
500007 (the scq‘l"l’ering The best way to wverify the solutions is to perform a full profile fitting and look for mism
K range atches
| H : 0005 0005 0DOS5
° not flt by the fommin loamax, .. | Total CPU-Time
o W crystal structure fumber of Parts [ 100 100 100 cpu-se
. \
refinement) Wavelength [~ 340670
IR R TR ([CW) / Dt 1(TOF)
Peaks allecation: Insert peak
f* Short Output ™ Long Output ™ Mo output of intermediate calculations

I¥ Search only special k-vectors IT' Cancel k= (OI OI 0)

HIGH FLUX | SPALLATION
%OAK RIDGE ISOTOPE NEUTRON
National Laboratory | REACTOR | SOURCE

S. Calder, MagStr 2024



Determine the k-vector

A commensurate k-vector was found. If
multiple k-vectors seem reasonable, then
test them alll

In some cases no solutions are found.

This could indicate an incommensurate
structure.

Determine an incommensurate structure
uniquely from powders is very challenging.
There is an example later in this workshop
that looks at this case.

OAK RIDGE

HIGH FLUX
- ISOTOPE
National Laboratory

SPALLATION
NEUTRON
REACTOR

SOURCE

S. Calder, MagStr 2024



Cs,Fe,(MoO,),: Refinement Strategy

e This example will use the Bilbao Crystallographic Server (http://www.cryst.ehu.es/)
and follow these steps:

- Step 1: Refine the crystal structure using FullProf

- Step 2: Determine the k-vector by indexing the magnetic reflections using k-search

— Step 3: Create test magnetic space groups using MAXMAGN on the Bilbao
Crystallographic Server. Save these as mcif files.

- Step 4. Convert the mcif file into a .pcr file using mCIF2PCR.

- Step 5: Use the created .pcr file 1o fit the nuclear and magnetic neutron data
using Fullprof to determined the magnetic structure.

LLLLLLLLLLLLLLLLLL
¥ 0AK RIDGE | iguf et
at;

ional Laboratory | REACTOR | SOURCE
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http://www.cryst.ehu.es/

Step 3: Creating mCIF file

« Go to Bilbao Crystallographic Server: http://www.cryst.ehu.es/

e Select "Magnetic Symmetry and Applications” to open the drop-down

menu

ECM31-Oviedo Satellite

Crystallography online: workshop on the use and
applications of the structural tools of the Bilbao
Crystallographic Server

20-21 August 2018

News:

« New Article in Nature
07/2017: Bradiyn et al. "Topological quantum chemistry”
Nature (2017). 547, 208-205

» MNew program: BANDREP
04/2017: Band representations and Elementary Band
representations of Double Space Groups.

» New section: Double point and space groups
New program: DGENPOS

04/2017: General positions of Double Spacs Groups
New program: REPRESENTATIONS DPG
04/2017: Ireducible representations of the Double
Puoint Groups

New program: REPRESENTATIONS DSG
04/2017: Ireducible reprasentations of the Double
Space Groups

New program: DSITESYM

04/2017: Site-sy y induced ions of
Doutle Space Grouss

New program: DCOMPREL

04/2017: Compatibility relations between the
imeducible representations of Double Spaca Groups

o o

o

o

°

HIGH FLUX | SPALLATION
%OAK RIDGE ISOTOPE NEUTRON
National Laboratory | REACTOR | SOURCE

bilbao crystallographic server

Contact us About us Publications How to cite the server

Snara_arann eummatry

Magnetic Symmetry and Applications

Group-Subgroup Relations of Space Groups

Representations and Applications

Solid State Theory Applications
Structure Utilities
Subperiodic Groups: Layer, Rod and Frieze Groups
Structure Databases
Raman and Hyper-Raman scattering
Point-group symmetry
Plane-group symmetry

Double point and space groups

Quick access to
some tables

Space Groups

Plane Groups

Layer Groups

Rod Groups

Frieze Groups

2D Point Groups

3D Point Groups

Magnetic Space Groups

S. Calder, MagStr 2024



Step 3: Creating mCIF file
e Then select “MAXMAGN"

bilbao crystallographic server

Contact us About us Publications How to cite the server

Space-group symmetry

Magnetic Symmetry and Applications

MGENPOS General Positions of Magnetic Space Groups

MWYCKFPOS Wyckoff Positions of Magnetic Space Groups

MNORMALIZER Normalizers of Magnetic Space Groups

IDENTIFY MAGNETIC GROUP |dentification of a Magnetic Space Group from a set of generators in an arbitrary setting
BN520G Transformation of symmetry operations between BNS and OG settings

mCIF2ZPCR Transformation from mCIF to PCR format (FullProf).

MPOINT Magnetic Point Group Tables

MAG g

Maximal magnetic space gro

ups for a given space group and a propagation vector

STRCONVERT {CSEF? ;ﬁg ﬁeEéjl :—I ?n%?E%JIEESTEE?ASP formats -- with magnefic information where available)
k-SUBGROUPSMAG ﬁh Magnetic subgroups consistent with some given propagation vector(s) or a supercell
MAGNDATA A\ A collection of magnetic structures with portable cif-type files
MVISUALIZE 3D Visualization of magnetic structures with Jmol
MTENSOR A\ Symmetry-adapted form of crystal tensors in magnetic phases
MAGNETIC REP. Decompaosition of the magnetic representation into ireps
Get_mirreps Irreps and order parameters in a paramagnetic space group- magnetic subgroup phase transition
HIGH FLUX | SPALLATION
Y OAK RIDCE | 28165 ” |trsen

S. Calder, MagStr 2024



Step 3: Creating mCIF file

 Now the crystal structure and k-vector have been determined the
magnetic structure can be found by testing model magnetic space

Qroups.
e This can be done in FullProf by creating a .mcif file from the Bilbao
Crystallographic Server.

% OAK RIDGE| g1 | et
S. Calder, MagStr 2024

National Laboratory | REACTOR | SOURCE




Step 3: Creating mCIF file

* [1] Need to have a propagation vector. This was determined using k-search in fullprof (to
be (0,0,0).

* [2] Input the space group number of the crystal structure (or choose from a list of all
space groups)- Note: if you have a cif file this step is not necessary.

e [2] Check the box “Structure data of the paramagnetic phase will be included”. This
allows you to input a .cif file.

Bilbao Crystallegraphic Server =+ MAXMAGN Help

MAXMAGN: Maximal magnetic space groups for a given a propagation vector and resulting magnetic

structural models

2

] Mon-conventional setting

Struciure data of the paramagnetic phase will be included

Please, enle adele e
paramagnetic phase (parent group) 1

| choose it || |

MAXMAGN provides the possible magnetic space

groups that can be assigned to a 1-k commensurate

magnetic phase assuming that the magnetic symmetry . . 5
Is a maximal one. The space group of the paramagnetic Please, enter the propagation vector k:

phase (parent group) and the observed propagation

vector are required as input. Optionally, the parent

paramagnetic structure can be introduced (by hand or

by a cif file). In this latter case the program provides the C
constrains for the different possible symmetries and cif-

like files can be produced. These files permit the

SPALLATION N 2
NEUTRON different alternative models to be analyzed, refined,
SOURCE S. Calder, MagStr 2024

% OAK RIDGE |15~

National Laboratory

REACTOR




Step 3: Creating mCIF file

 Choose .cif file (crystal structure only).
The one for this example is the one outputted from Fullprof, so will contain the
correct crystal parameters at low temperature.

* Upload the cif file.

Bilbao Crystallographic Server -+ MAXMAGN - Maximal magnetic space groups

Parent paramagnetic structure cif file

Option 1: Please submit a structure file (CIF format):

Choose File |ICSD_CollCoded22752 cif | Upload the fil |

Epace group provided. The space group indicated in the cif file will be taken.

Bilbao Crystallographic Server
http:/fwww.cryst ehu.es @

OAK RIDGE

National Laboratory

HIGH FLUX | SPALLATION
ISOTOPE NEUTRON

SOURCE S. Calder, MagStr 2024

REACTOR



Step 3: Creating mCIF file

« The paramagnetic phase information is displayed.
- Select the magnetic atom(s). This case is there are two Fe ions.
— Push Submit. This may take a few seconds to run the calculations.....

Bilbao Crystallographic Server - MAXMAGN - Maximal magnetic space groups

Parent phase structure data: Magnetic Atoms

Parent space group: 243 (No. 198)
Lattice parameters (Angstroms and degrees): a=10.89220, b=10.89220, c=10.89220, alpha=90.0000, beta=90.0000, gamma=90.0000

Atoms: Please select the magnetic ones

N Atom name Atomtype Wyckoff Position Coordinates Magnetic?
1 Cs1 Cs 4a 0.17935 0.32065 0.67935 O

7 O
8 o3 O 12b 0.25546 0.60404 0.68066 O
9 O

04 O 12b 0.20847 0.73550 0.45177

S. Calder, MagStr 2024



Step 3: Creating mCIF file

Bilbao Crystallographic Server =+ MAXMAGN - Maximal magnetic space groups Help
* The possible
Maximal magnetic space groups for the parent space group P243 (No. 198) moximql
and the propagation vector k = (0, 0, 0) magnetic space

groups are
displayed in grey

Maximal subgroups which allow non-zero magnetic moments for at least one atom are coloured « To view ma an etic

stfructure and
export mcif file

H 1] 1o
click on “Show" in
last column.

1/4
1/4 ) MAGNEXT
1/4

MTENSOR

Bilbao Crystallographic Server

For comments, please mail to
http:/f’www.cryst.ehu.es

administrador.bcs@ehu.eus

SPALLATION
NEUTRON
SOURCE

%OAK RIDGE

National Laboratory

HIGH FLUX
ISOTOPE

REACTOR

S. Calder, MagStr 2024



Step 3: Creating mCIF file:
Check #1

Bilbao Crystallographic Server - MAXMAGN - Maximal magnetic space groups

Help

Maximal magnetic space groups for the parent space group P243 (No. 198)
and the propagation vector k = (0, 0, 0)

Maximal subgroups which allow non-zero magnetic moments for at least one atom are coloured

[N Group (BNS) Transformation matrix ||General positions Magnetic structure

Go to a subgroup

Go to a subgroup

Bilbao Crystallographic Server
http:/fwww.cryst.ehu.es

For comments, please mail to
administrador.besi@ehu.eus

 The Fe ions have a magnetic
moment (Mx,Mx,Mx|

« Shows the moment is constrained

to be along 111 direction.

e Makes refinement easier!

%OAK RIDGE

National Laboratory

HIGH FLUX
ISOTOPE
REACTOR

SPALLATION
NEUTRON
SOURCE

Magnetic Structure

Selected magnetic space group: 1- P2,3 (#198.9)

Setting of the parent group

Parent space group F243 (No. 198)

Lattice parameters: a=10.89220, b=10.89220, c=10.89220, alpha=90.0000, beta=90.0000, gamma=90.0000

Atom

[Go to setting standard (a, b, ¢ ; 0, 0, 0)]
[Go to an alternative setting]

| Export data to MCIF file/Visualize || Go to a subgroup |

Atomic positions, Wyckoff positions and Magnetic Moments

New WP

Multiplicity

Magnetic moment

Values of My, M, M,

Cs1 Cs 0.82065 0.82065 0.82065

(2,3,X | My My, M) (X+ 172X+ 102 | -y -mye my )
(-, x+1/2 -x+1/2 | -my, my,-my ) (X+1/2 -x+1/2,-x | My, -my,,-my)

[x%]

Mo1 Mo 0.29978 0.62310 0.52710

(xy,z | mymy,my) (x+1/2,-y,z+1/2 | -my,-my,m;)
(-x,y+1/2 -z+1/2 | -mx;my,-mz)(x+1i2;-y+1a’2,-z | mx,-mY;-mz)
Xy [ My my,my) (Z+1/2,X+1/2,-y | My-Mmy-m, )
(-z+1/2 -x,y+1/2 | -mZ;-mx;mY) (-zx+1/2 -y+1/2 | -mz,mx;-my)
(yz.x| my‘mz,mx) (-y,z+1/2, x+1/2 | 'my:mzs‘mx)
(y+1/2,-z+1/2 -x | my;-mz,-mx) (-y+1/2,-z x+1/2 | -my,-mz,mx)

12

[4%)

Fe1Fe 0.33726 0.33726 0.33726

(XXX | My My M) (X112, x+1/2 | -my, -, my)
(- x+1/2 x+1/2 | -my,my,-my) (x+1/2 -%x+1/2,-% | my,-m, -m,)

(M, M, M)

010 0.27437 0.48199 0.45051

(xy.2 | mymym,) (x+1/2,-y,z+1/2 | -my-m,m;)
(-X,y+1/2 -z+1/2 | -mx;my,-mz)(x+1i2i-y+1a’2,-z | mx,-myi-mz)
(zxy | mzmy,my) (Zz+1/2 x+1/2-y | mz,-my,-my)
(-z+172, % y+12 | -mg-my my) (-Zx+1/2,y+1/2 | -mz,m,,-m,)
(yzx | mym,m,) (y.z+1/2x+1/2 | -mym,-m,)
(y+1/2-z+1/2 % | my;-mz,-mx) (-y+1/2,z x+1/2 | -my,-mz,mx)

12

4]

Cs2 Cs 0.04194 0.04194 0.04194

(XX | M mymy) (e 1/2,%, 34172 | -my,-m,m,)
(- X+ 12 -x+1/2 | -my my,-my) (X+1/2 -X+1/2,-X | my,-my,,-my)

=]

Fe2 Fe 0.61176 061176 0.61176

(XXX | My, My M) (-X+1/2,-X X+ T2 | -my,-my My )
(-, x+ 12 -X+1/2 | -my, My, -My ) (X+1/2 -X+1/2,-X | mMy,-My,-my)

(M. My, M)

xvzl mx‘my,mz) (-x+1/2.-y,z+1/2 | My, -My, M

I L T B N T T LT L TR Vv

S. Calder, MagStr 2024



Step 3: Creating mCIF file:
Check #2

Bilbao Crystallographic Server - MAXMAGN - Maximal magnetic space groups Help

Maximal magnetic space groups for the parent space group P243 (No. 198)
and the propagation vector k = (0, 0, 0)

Maximal subgroups which allow non-zero magnetic moments for at least one atom are coloured

[N Group (BNS) Transformation matrix ||General positions Magnetic structure

Magnetic Structure

Selected magnetic space group: 2- P2,°2;'2; (#19.27)

Setting of the parent group

Parent space group P23 (No. 198)

Lattice parameters: a=10.89220, b=10.89220, c=10.89220, alpha=90.0000, beta=90.0000, gamma=90.0000

Atom

[Go to setting standard (-¢, b, a ; 1/4, 1/4, 1/4)]

[Go to an alternative setting]

| Export data to MCIF file/Visualize || Go 1o a subgroup |

New WP

Atomic positions, Wyckoff positions and Magnetic Moments

Multiplicity

Magnetic moment

Values of My, M,, M,

Go to a subgroup _
MTENSOR

(x| My my,mg) (102, %+ 172 | my, my,-my)

1]| Cs1Cs0.82065082085082065 | oy 'yuq Moy M) (K5 112, X+ 12X | My ) 4 - .
. x+1/2,-y,z+1/2 .
Mo1_1 Mo 029978 062310 052710 (Y2 | My my,mg) (x+1/2,-,2+112 | my,my,-m) 4 . .
(-x,y+1/2-z+1/2 | mx,-mY;mZ) (x+1/2 -y+1/2-z | mx,-my,-mz)
. . 1/2,-%+1/2,y | my,-m, -
2 | Mo1_2 Mo 052710 0.29978 0.62310 (_ZHg'i’(nyﬂngjlmrﬂ e oot ,‘23'_::1"}'2% m) ) 4 ; _
Bilbao Crystallographic Server For comments, please mail to _ S i i e
http:/fwww.cryst ehu es administrador. bes@ehu.eus (V.Z.% | Mymy my) (-y.z+1/2,%+1/2 | My,-m,.my)
Ly My, z ! ! -y tlz
Mo1_3 Mo 0.62310 0.52710 029978 || .y 1» "2 01 ) -y a) (o 112,-2 X112 | g -m5) 4 . .
3| Fe1Fe 033726033726 033726 (XX | My My Mz) (X4 /22 | My My -Mz) 4 (M_M,.M,) m"f gggggg
elred. : : (X X112, 54112 | Myg-My, M) (6+1/2,%+1/2,X | My -my -m;) wily: e o
. . L =[0.
 The Fe ions have a magnetic moment
01_10 027437 0.48199 0. 45051 (Y2 | My My Mg) (X 1/2-.2+112 | My my.-mg) 4
( MX My M Z) 100 : : (Xy+1/2,-2+1/2 | Myg-my,my) (+1/2,y+112,Z | My, -my-m,) - -
4 4
@ XY | MMy, my) (Z+1/2,x+1/2 -y | My -my,-m,)
. Th|$ -|-| e -|-h e ome nfs are 4| 01.20045051027437048199 | . o” 45, Mgy M) (2XH /2112 | gy ) 4 . .
H 01_3 0 0.48199 0.45051 0 27437 .2X| My My.Mz) (Y.2+1/2.%112 | My-my.m,) 4
unconstrained. - : ' (V+1/2,Z+112,K | MMy -My) (-y+112,ZX+1/2 | M m, -m) - -
(X %X | mx‘my,mz} (x+1/2,-x,x+1/2 | mx,m,,,;-mz)
5 Cs2Cs0.041940.041940.04194 || 407 4 My ) (5 112,12, | My -mg) 4 , 7
(%% | My, my,mz) (-x+1/2,-%x+1/2 | my,my,-m;)
6| Fe2Fe0617606M76061176 | 4 iqpp | Moy ) (12,5112 | M-y -1 4 (My,My,M;)
OAK RIDGE HIGH FLUX | SPALLATION
ISOTOPE | NEUTRON (x.y.z | my,my,my) (-x+1/2,-y,z+1/2 | my,my -m;)
%National Laboratory | REACTOR | SOURCE 02_10 0.45457 0.67094 0.51574 e e 4 - -

(-} y+1/2 -z+1/2 | mx,-my:mz) (x+1/2 y+1/2 -7 | mx,-my,-mzl




« MVISUALIZE lets

Step 3: Creating mCIF file you quickly
check magnetic

stfructure.

Magnetic Structure

Selected magnetic space group: 1- P2;3 (#198.9)

mCIF file of the structure

Setting of the parent group

Parent space group P243 (No. 198)

Lattice parameters: a=10.89220, b=10.89220, c=10.89220, alpha=90.0000, beta=90.0000, gamma=90.0000

Submit this mcif file to MVISUALIZE for 3D visualization of the estructure using Jr®gl: | Submit to MVISUALIZE |

d(a b,c;000)]
a Download mCIF file: bcs_file. mcif

b 2 subgroup | [The preview text below is non-editable, only copy-allowed]
#\H#CIF 2.0

3 Created by the Bilban Crusta]llosranhic Ssrver

N Atom New WP Multiplicity | Magnetic moment || Values of My, M, M,

(XXX | My, My, My) (X+1/2,-%,%+1/2 | -my,-my,, m,)

1| ©s1Cs0.820650.82065.082085 | 15 "y 13| o T ") (re1/2, X6172,% | Mg 1) 4 - .
(Y2 | MMy m,) (X172, -y2+112 | -my-mym) MVISUALIZE: 3D Visualization of magnetic structures with Jmol
(XY +172,2+1/2 | My my, M) (x+1/2,-y+1/2,-7 | My -my -m;)
2 | Mot Mo 029978 062310 052710 22y | e Miy) (2+112X21/2-Y | Mz - -y) 12 ; .

(-2+H112, % y+ 12 | -mg,-mymy) (-2.x+1/2,-y+1/2 | -mz,my,-my)

yzx| My, M. my) (-v,z+1/2 x+1/2 | —my‘mz_—mx) BNS:P 2 13
+102,-z+112 - | my,-mz,-my) (-y+1/2,-z x+1/2 | -m,,,-m,,m. .

vz | my M €Y | -my-me M) MVISUALIZE Main Page

[Select cell . ~| | ExportPNGImage |
Toggle Parent Cell | | Save PNG-3D |
I

| Toggle Standard Call Save ZIP file |

View Along Axis... v

| Unit Cell Info

(%% | My, My my) (x+1/2,-0x+1/2 | -my -my, my)

3 || Fel1Fe 0.33726 0.33726 033726 |\ 50iq/ s 1/2 | -y My,-my) (x+1/2,%+1/2.X | My -My-Mg)

(M, M, M)

(Y2 | my,my,m,) (3x+1/2,-y2+1/2 | -my,-my,my) Show unit cell a,b,c

| ShowiHide File |
(-x,y+1/2,-z+1/2 | My, My, -mg) (x+1/2,-y+1/2 -z | my —my,—mz) -

Add 1 cell along x

\ |
(zxy | my,mymy) (z+1/2,-x+1/2,-y | my,-my -my) Remove 1 cell along x
4| 010027437 0.48199 0.45051 (-z+1/2,-x,y+1/2 | -mz-m, m,) (-Zx+1/2,-y+1/2 | -mz.m, -m) 12 - - ‘—g\
Y ¥ | Addicellalongy |
(y.z.x | mymzmy) (-y,2+1/2,%+1/2 | -my,mz.-my) _—
(Y112, 242X | My MMy (Y172, 2 X102 | -my,om,my) |_Removs 1 callalongy |
I [ Smalier] vect | Add1icellalongz |
(%% | My, My my) (x+1/2,-¢x+1/2 | -my -my,, my) arger | oma er) Yectors ‘ Remove 1 cell along z ‘
5| Cs2Cs0.041940.041940.04194 | o e e 2 o120 | mememg | 4 [Larger [ Smaller] Atoms ——————————
(%% | My, My my) (x+1/2,-0x+1/2 | -my -my, my) do
6 || Fe2 Fe 0.61176 0.61176 0.61176 (X X120 112 | My My -) (€112, %5112, | M - 1) 4 (M, My, M,) ‘—| | —‘ | Choose supercell |
(xy.z | my,my,my) (—x+1."2‘—y‘2’+1-’2 | -my,-my,m) —————T————— Draw bonds & polyhedra
(¢, y+1/2,-z+1/2 | My, m, -mg) (x+1/2,-y+1/2 -z | my —my,—mz) ‘ Bigger | Smaller Join ith
(zxyl mz‘mx‘my) (Z+1/2 x+1/2 -y | mz‘—mx.—my) | Bioger |
7| 0200.45457 0.67094 0.51574 (24112, y+1/2 | -mg,-my my) (2172 -y+112 | -mzmy-my) 12 from 275 |A
(V2 | My My My) (1,Z+1/2, 5172 | -my, My, -m) Background Color »| Draw | Bonds| Polyhedra|
(y+1/2,z+172 -x | my,-m,-my) (-y+1/2,-z x+1/2 | -m,,,-m, my) | Toggle Quality | DEIEIE\ Bund5| Polyhedra|
| Center | \ Clear all drawings \
‘ help | console I Execute ‘
OAK RIDGE | HH FLX | SPALLATION S o iomton y . . _ _
ISOTOPE NEUTRON Note: If the application stops working right or any maifunction is observed, it is probably a temporal probl the cache memory of your browser. Clear your web browser cache fo solve if.
National Laboratory REACTOR SOURCE If you still observe any malfunction, write an e-mail to cryst explaining the problem in detail

. vaiuci, .v-agStr 2024




We want to know input the model into
Fullprof to see if it fits the data.

To do this we first download an mcif file.
Then convert this mcif info a Fullprof pcr
This is the same way a crystal structure
refinement is done.

OAK RIDGE

National Laboratory

HIGH FLUX | SPALLATION
ISOTOPE NEUTRON

REACTOR | SOURCE

S. Calder, MagStr 2024



Step 3: Creating mCIF file:

 We will choose the allowed magnetic structure 2 (P2,3 (#198.9)for this example.

e But all should be checked to ensure the solution is uniquely correct or to
determine equivalent solutions.

e If none of the shown maximal magnetic space groups work - go to a subgroup

LLLLLLLLLLLLLLLLLL
¥ 0AK RIDGE | iguf et
at;

ional Laboratory | REACTOR | SOURCE

S. Calder, MagStr 2024



Magnetic Structure

[ ] [ ] Selected magnetic space group: 1- P2,3 (#198.9)
[ ]
; Te ; < re O TI I I I I I ‘ I | I | e Setting of the parent group
[ ]
Parent space group P243 (No. 198)

Lattice parameters: a=10.89220, b=10.89220, c=10.89220, alpha=90.0000, beta=90.0000, gamma=90.0000
Bilbao Crystallographic Server =+ MAXMAGN - Maximal magnetic space groups Help

___ a, b, c;0,0,0)]
Go to an alterna

aiting]

Maximal magnetic space groups for the parent space group P243 (No. 198)
and the propagation vector k = (0, 0, 0)

| Export data to MCIF file/Visualize | 4

T positions and Magnetic Moments ‘I . I n p Ut

Maximal subgroups which allow non-zero magnetic moments for at least one atom are coloured N Atom New WP Multiplicity | Magnetic moment || V vq I U es for

4 , magnetic

to a subgroup |

Atomic positions,

(e | my my my) (-x+1/2, % x+1/2 | -my, -m, m, )

N Group (BNS) Transformation matrix |General positions| Properties [Magnetic structure| 1 Cs1Cs 0.820650.82065 082065 | . 1/7 ‘e t/2 | -my my -my) (612, 50+1/2,% | My My -my)
1 0 o0 i) Systematic absence ( 1(72‘5"2 ‘ﬂ;‘(ﬂy‘mﬂ (-x+1)/%-y‘1?;1#2 L;;H“_lmy’mﬂ ) m o m e nt
o 1 o 0 | MAGNEXT | Y12, 24102 | My My, M) (x+102,-y+1/2,2 | My-my,-m,
1 P23 (#188.9) 0 0 Eik 0 - (zxy | mgmymy) (Z+1/2 x+1/2,-y | m,,-m, -m,)
[ Go 1o a subgroup | Tensor properties 2 | Mot Mo 029978 0.62310 052710 2 Tx Ty 27 ey 12
Go to a subgroup MTENSOR . ) (-z+1/2,-xy+1/2 | -mz‘-mx,my) (-zx+112,-y+1/2 | -mg, mx‘-my)
| Altematives (domain-related) | 1 (YZ.X | MMy My) (-y,2+1/2,x+112 | -my,m,.-m,)
_ y y
) _| (12,2102 % | my,-Mg-my) (-y+1/2,-2 X+1/2 | -my,-m;, M)
oo s Syﬂeﬂig‘;g; 8 (00X | My My M) (K12 5% 172 [ -my My ) e
2 P2,2,2, (#19.27) 5 @ & am = - 3| Fe1Fe 033726033726 033726 ||y yiq/) 112 | -y My -my) (x+1/2,-5+112,% | My My -1y oMo M
Go to a subgroup
Altematives (domain-related) MIENSOR (2 | Mo my,mg) (X+112,y 24172 | -my-my,m;)
| et e | (Y +102, 24112 | -mymy -mg) (x+1/2,-y+1/2,z | my-my,-m;)
(ZX.Y | Mg Mymy) (2+1/2,-x+1/2,-y | mz,-my.-my)
4| 010027437 048190 045051 (15 yat2 | -my -myem,) (2 x+1/2,+172 | -y my -my) 2
§ . ; (yz.x | my,mymy) (-y,z+1/2 x+1/2 | -m,,m;,-my)
Bilbao Crystallographic Server lolele] For comments, please mail to ~ R _ o
http:/fwww.cryst.ehu.es @ S in administrador. bcs@ehu.eus (12,2102, | MM M) (112, -2 X112 -y g, )

(XXX | My, My M) (X172, %,%+1/2 | My ,-my, M)

052G 0.041940.04194 0.04194 | 15 'y 172 | -mymy,-my) (12,54 12,X | My,-m-my)

(x| my,my my) (-x+1/2,-%,x+1/2 | -my -my, my)

62 Fe 06176 0.61176 06176 || ) g2 e 112 | -y my-my) (6 1/2,-x+1/2, | My -my-my)

4 (M, M, M)

(X .2 | mygMy,my) (-x+1/2,-y,z+1/2 | -my-my,m;)
(KY+1/2,Z+102 | -My My M) (K12, y+112,2 | My My M)
(zX.Y | Mg mymy) (2+1/2 -x+1/2,-y | mz,-my.-my)

mCIF file of the structure

020045457 067094 051574 | 1o a3 g Mgy} (20112, +172 | g g ) 12
(y.z.x | my,mzmy) (-y,2+1/2,x+1/2 | -my,m; -my)
Submit this mcif file to MVISUALIZE for 3R e using Jmol: [ Submit to MVISUALIZE (222, X | My, M) (Y1122 X412 | -my-mp,m,)
Download mCIF file: bcs_file meif
[The ™Ragewy text befow is non-editable, only copy-alla

#\#CIF_2.8 q

# Crested by the Bilbso Crystellographic Server NOTE: In this case Mx(=My=Mz), when we run

# http://www.cryst.ehu.es . . . .

4 bate: 13@?;2524 23:45:50 Fullprof it will constrain them to remain the same.

# ICSD_CollCode422752.ci . .

- But if Mx,My,Mz are allowed to be different, as for the
data_SyOhtAoR .
_audit_creation_date 2024-67-15 second magnetic space group (#19.27) then be careful

_audit_creation_method "Bilbso Crystallographic Server”

when adding the moments. If you make them all the
same Fullprof will potentially constrain them to always
be the same, which is incorrect.

ALWAYS PUT DIFFERENT MOMENT SIZES HERE!

_citation_journal_abbrev
_citation_journal_volume
_citation_page_first
_citation_page_last
_citation_article_id
_citation_year

OAK _citation_DOI
National |loop_ S. Calder, MagStr 2024

_citation_author_name
-~




Step 4: Creating a pcr from an mcif file
« Go back to the main page on server and open mCIF2PCR

bilbao crystallographic server

Contact us About us Publications How to cite the server
Space-group symmetry
Magnetic Symmetry and Applications
MGENPOS General Positions of Magnetic Space Groups
MWYCKPOS Wyckoff Positions of Magnetic Space Groups
MKVEC The k-vector types and Brillouin zones of Magnetic Space Groups

IDENTIFY MAGNETIC GROUP Identification of a Magnetic Space Group from a set of generators in an arbitrary setting
bl OG settings

MAGNEXT Extinction Rules of Magnetic Space Groups

MAXMAGN Maximal magnetic space groups for a given space group and a propagation vector
MAGMODELIZE Magnetic structure models for any given magnetic symmetry
STRCONVERT guog;:ﬁtg &eECcill:t, ?‘l‘t(;lljlf't&éz'l?ﬂ.aasp formats -- with magnetic information where available)
k-SUBGROUPSMAG Magnetic subgroups consistent with some given propagation vector(s) or a supercell
MAGNDATA A collection of magnetic structures with portable cif-type files
MVISUALIZE 3D Visualization of magnetic structures with Jmol
MTENSOR £\ Symmetry-adapted form of crystal tensors in magnetic phases
MAGNETIC REP. Decomposition of the magnetic representation into irreps

%O AK RIDGE HIGH FLUX | SPALLATIC Get_mirreps Irreps and order parameters in a paramagnetic space group- magnetic subgroup phase transition

National Laboratory | REACTOR | SOURCE S. Calder, MagStr 2024




Cs,Fe,(MoO,),: Refinement Strategy

e This example will use the Bilbao Crystallographic Server (http://www.cryst.ehu.es/)
and follow these steps:

- Step 1: Refine the crystal structure using FullProf

- Step 2: Determine the k-vector by indexing the magnetic reflections using k-search

— Step 3: Create test magnetic space groups using MAXMAGN on the Bilbao
Crystallographic Server. Save these as mcif files.

— Step 4: Convert the mcif file into a .pcr file using mCIF2PCR.

- Step 5: Use the created .pcr file 1o fit the nuclear and magnetic neutron data
using Fullprof to determined the magnetic structure.

LLLLLLLLLLLLLLLLLL
¥ 0AK RIDGE | iguf et
at;

ional Laboratory | REACTOR | SOURCE

S. Calder, MagStr 2024


http://www.cryst.ehu.es/

Step 4: Creating a pcr from an mcif file

mCIF2PCR: Transformation from mCIF to PCR format (FullProf).

Given a magCIF file, it produces a PCR template that can be used as input
for FullProf (the program mCIF_to_PCR (FullProf) is used). By default the
provided PCR file is intended for a simulation. The file can be then modified
by hand for a refinement of the model.

Bilbao Crystallographic Server @ HEE)

hitp:/fwww.cryst.ehu.es Ev_he_Sh

[1] Choose the mcif we just created through MAXMAGN

[2] Click convert

The file has been successfully converted.

Click to download it

This will convert the file and “Click to download it” will download the .pcr file

We will use this .pcr file in the next step.

HIGH FLUX | SPALLATION
ISOTOPE NEUTRON

SOURCE S. Calder, MagStr 2024

%OAK RIDGE

National Laboratory

REACTOR




Cs,Fe,(MoO,),: Refinement Strategy

e This example will use the Bilbao Crystallographic Server (http://www.cryst.ehu.es/)
and follow these steps:

- Step 1: Refine the crystal structure using FullProf

- Step 2: Determine the k-vector by indexing the magnetic reflections using k-search

— Step 3: Create test magnetic space groups using MAXMAGN on the Bilbao
Crystallographic Server. Save these as mcif files.

- Step 4. Convert the mcif file into a .pcr file using mCIF2PCR.

— Step 5: Use the created .pcr file to fit the nuclear and magnetic neutron data
using Fullprof to determined the magnetic structure.

LLLLLLLLLLLLLLLLLL
¥ 0AK RIDGE | iguf et
at;

ional Laboratory | REACTOR | SOURCE

S. Calder, MagStr 2024


http://www.cryst.ehu.es/

Step 5: Refining the magnetic structure with Fullprof

« Pcrfile created contains a single phase with crystal structure and magnetic ions
described by a magnetic space group.

 The downloaded pcr file calculates the pattern based on default values.

« We could change the defaults in the .pcr file in the same way as done for the
examples created from a .cif file.

e To do this we work down the Tabs in the GUI
(General/Patterns/Phases/Refinement) and/or edit the text file.

BUT, since we already have a working pcr file for

the nuclear phase, we can just paste in the
magnetic portion of interest

LLLLLLLLLLLLLLLLLL
¥ 0AK RIDGE | iguf et
at;

ional Laboratory | REACTOR | SOURCE

S. Calder, MagStr 2024




xRS % BB H 8 B2 s & 4 M to f.l
COMM #(C) 2023 by FIZ Karlsruhe - Leibniz Institute for Information Infrastructure. Bbc;f”e MSG198p9.pcr ml qgne IC pcr I e
! current global chi2 (Bragg contrib.) = . ==
! Files => DAT-file: CFMO_300mK.dat PCR-file: ICSD_Collcod 0.00
'Job Npr Nph Nba Nex Nsc Nor Dum Iwg,] Ilo Ias Res Ste Nre Cry H 130.00 Created fro ll
A A A U A . Nucledr pcCr e : . .
. !
! Resolution file for Pattern# 1 ' Bllbqo mclf
HE2A_Gell3.irf g '
'Ipr ppl Ioc Mat Pcr Lsl Ls2 Ls3 NLI Prf Ins Rpa sym Hk1 Fou sho ana '
. ¢ o0 1 0 1 © 4 0 0 3 10 -1 0 0 0 0 0 1 Zero Code SyCos Code  SySin Code Lambda Code MORE ->Patt 1
! Lambdal Lambda2 Ratio Bkpos wdt Cthm muR  AsyLim Rpolarz 2nd-muR -> Patt# 1 0.00 0.00 .00 0.00 0.00 .00 0.00000 0.00  ©
2.406700 2.406700 0.00000 40.000 €.000 0.0000 0.0000 180.00 0.0000 0.0000 '
1 ! Data for PHASE number: 1 ==> Current R Bragg for Pattern# 1: 855,00
'NCY Eps R_at R_an R_pr Rr_gl Thmin step Thmax PSD sentd 1
Opy e pOr (10 0.10 1700 1700 1700 100 5.3250  0.050015 126.5250 0.000 0.000 Nuclear and Magnetic Scructure of: bos file MSGLSSps  VARY mmymz
. . . ! Excluded regions (LowT HighT) for Pattern# 1 d
71.50 74,00 'Nat Dis Ang Prl Pr2 Pr3 Jbt Irf Isy Str Furth ATZ Nvk Npr More
Ig Ig e In 112.50 117.60 & 0 00.00.01.0 1@ 0 2 0 0 0.000 9 7T 0
1 1
; !
= -I-h - 0 inumber of refined parameters P2 13 number:158.8 <——Magnetic Space group symbol (BN5 symbol & number)
grey In e ! ) Transform to standard: a,b,c;0,0,0
. ! Zero Code Sycos Code  sysin Code Lambda Code MORE —>Patt# 1 Parent Space Group: P2 13 IT_number: 198
0.03802 0.0 0.00000 0.0 0.00000 0.0 0.000000  0.00 O Tl e e P W
I I lo ne I‘ p< r ! Background coefficients/codes for Pattern# 1 (Polynomial of 6th degree) | s Cen N Clat ¥ Aat
101536.125 -33252.898 12622.551 7347.125 -14217.325 4698.028 . L = =
. D 0.00 X . 00 0.00 . 00 0.00 Lo b H e
- — pp——— ——— 1
flle In-l-o The porT Data for PHASE number current R_Bragg for Pattern# 1 ! Symmetry operators < opy
. . N . - - o by Frr karleruhe - lesbrie Tretitute For P — 1xvy,2,+1
highlighted in — e iahli
3 z,x,¥,+1 Ig Ig e
4 —y+1/2,-z,x+1/2,+1
blue of the e
6 ¥+1/2,-z+1/2,-x%,+1 grey
. T z+1/2,-x+1/2, -y, +1
nuclear pcr file : = '
. ) 9 —x,ytl/2,-z+1/2,+1 Sec Ion
10 -y, z+1/2,-x+1/2,+1
o 11 x+1/2,-v+1/2,-z,+1
12 -z, x+1/2,-y+1/2,+1
0, '
o 1Atom Typ Mag Vek X b4 ) Biso Occ N_type Spc  /Line below:Codes
. H Rx Ry Rz Ix Iy Iz MagPh / Line below:Codes
0 H betall beta22 beta33 betal2 betal3 beta23 [/ Line below:Codes
5  €sl Cs 1 0 0.82065 0.82065 0.82065 0.00000 0.33333 i} 0 ¥
0 ° 66 0.00 0.00 0.00 0.00 0.00
o Se‘ tlon 67 Mol Mo 10 0.29978 ©0.62310 0.52710 0.00000 1.00000 [+} 0 ¥
68 0.00 0.00 0.00 0.00 0.00
o Fel MFEZ 10 0.33726 0.33726 0.33726 0.00000 0.33333 1 0 ¥
0.00 - 0.00 0.00 0.00 0.00 0.00
i zcale profifle :ﬁ;;“e‘fters v e o ctr3 C strain-mode] 71 1.10000 1.10000 1.10000 0.00000 0.00000 0.00000 0.00000 <-MagPar
152.4438 0.00000  0.00000 0.00000 0.00000 O.00000 0 = 0.0o 0.00 0.0o0 0.00 0.00 0.0o 0.00
0. 00000 0.000 0.000 0.000 0. 000 0.000 73 01 [} 10 0.27437 ©0.481%%  0.45051 0.00000 1.00000 i} 0 ¥
! u v Y Gausiz Lorsiz Size-Model 0.00 0.00 0.00 0.00 0.00
0.57476 000 20000 0-003088 0-003088 0 5 csz Cs 1 0 0.04192 0.041%4 0.04194 0.00000 0.33333 0 0 ¥
a b [ alpha beta gamma Info :f e e e By D=0
10.892169 10.892169 10.892169 90.000000 90.000000 90.000000 Fe2 MFE2 1 0 0.61176 0.€1176 0.61176 0.00000 0.33333 1 0 3
0.00000 0.00000 0.00000 0.00000 0. 00000 0. 00000 B 0.00 0.00 0.00 0.00 0.00
= P'“fz . 1 Asy3 5 AS)"4 . S-L 1.20000 1.20000 1.20000 0.00000 ©0.00000 0.00000 0.00000 <-MagPar
0.00 0. 00 . 0.00 0.00 0.00 0.00 0.00 0.00 0.00
! 2Thl/ToFl 2Th2 /ToF 0z [} 1 0 0.45457 ©0.67094 0.51574 0.00000 1.00000 0 0 ¥
5.325 126.525 0.00 0.00 0.00 0.00 0.00
03 [} 10 0.25546 0.60404 0.68066 0.00000 1.00000 i} 0 ¥
0.00 0.00 0.00 0.00 0.00
02 [} 1 0 0.20847 ©0.73550 0.45177 0.00000 1.00000 0 0 ¥
0.00 0.00 0.00 0.00 0.00
. 1 - - e > Profile Paramsters for Patterm § 1
NOTE- Here the k'VeCtor IS (0,0,0), SO the unlt Ce" IS H Scale Shapel Bowv Strl Str2 5tr3 Strain-Model
. . 1.0000 0.00000 0.00000 0.00000 0.00000 ©0.00000 s
unchanged between nuclear and magnetic. If the propagation
. H u v W X T GausSiz LorSiz Size-Model
-0.197806 0.091452  0.000000 0.030076 0.000000 0.000000 o
vector was e.g. (0.5,0.5,0.5) then the lattice constants would : L o o-a00000
be doubled 21 78 [+ alpha keta gamma ' Info
. . 92200 10.892200 10.892200 90.000000 90.000000 90.000000 §
0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Asy3 Asy4d
OAK RIDGE HIGH FLUX | SPALLATION 0.00000
A ISOTOPE NEUTRON 0.00
National Laboratory REACTOR | SOURCE 1 2Thl/TCFl 2Th2/TOF2 Pattern # 1
2.000 130.000 1




Step 5: Refining the magnetic structure with Fullprof

e The pcr file now contains the
magnetic space group and also
all the previously refined
iInstrumental parameters.

o Fullprof will now refine a model
with both nuclear and magnetic
in a single phase (the magnetic
space group).

romm #(C) 2023 by FIZ Karlsruhe - Leibniz Institute for Information Infrastructure.

! Files => paT-file: , PcrR-file: ICsD_collcoded422752
'Job Npr Nph Nba Nex Nsc Nor Dum Iwg Ilo Ias Res Ste Nre Cry uni Cor Opt Aut
7 0 4] 0 [} 4] 0 0 1

1

! Rresolution file for Pattern# 1

HB2A_Gell3.irf

'Ipr Ppl Ioc Mat Pcr Lsl Ls2 Ls3 NLI Prf Ins Rpa Sym Hk1 Fou sho Ana
0 1 0 1 0 4 0 0 3 10 -1 0 0 [+] 0 0

! Lambdal Lambdaz rRatio Bkpos wdt cthm muR  AsyLim  Rpolarz 2nd-
0.0000 0.00d

2 406700 2.406700 0.00000 40.000 8.000 O 0000 0.0000 180.00

'NCY Eps R_at R_an R_pr R_gl Thmin Ste| Thmax PSD sent0

P
lO 0.10 1.00 1.00 1.00 1.00 -0.0200 0.030000 155.0000 0.000 0.000

i Exc]uded r'egwr'ls (LOWT HighT) for Pattern# 1
00

By default the
keywords “vary
mxmymz” are there.

, 112 50 ll" 60
: 2 'Number of refined parameters Thls meqn? FU"prOf WI"
I zero Code sycas code  sysin Code Lambda (Ude MORE ->Patt# 1 GIWGYS reflne the

0.03802 0.0 0.00000 0.0 0.00000 0.0 0.000000 0.
! Background coefficients/codes for Pattern# 1 (Polynomial m’ 6th degree)
101536.125 -33252.898 12622.551 7347.125 -14217.325 4698.028
0.00 .00 .00 .00 .00

| Dpata for PHASE number: 1 ==> Current R_Bragg
1

Nuclear and Magnetic Structure of: bcs_file MsGL
1

'Nat Dis ang Prl pr2 pr3 1bt Irf Isy str Furth
9 [} oo 0.0 1.0 10 4] 2 [} 0 0.000 [¢] 7 0

1

P2_13 number:198.9 <--Magnetic Space group symbol (BNS symbol & number)

Transform to standard: a,b,c;0,0,

Parent Space Group: P2_13 IT_number: 198

Transform from Parent: a,b,c;0,0,0

I Nsym Cen N_Clat N_Ant
12 0 0 0

!

! Symmetry operators

Z X, ¥, +1
-y+1/2,-2,%+1/2 ,+1
—Z+1/2,-%,y+1/2 ,+1
w+1/2,-2+1/2 ,-%,+1
Z+1/2, -%+1/2,-y,+1
—x+1/2,-y,z+41/2 ,+1
-X,y+1/2,-2+41/2 ,+1
10 -y, z+1/2,-%+1/2 ,+1
11 x+1/2,-y+1/2,-z,+1
12 -z, x+1/2,-y+1/2 ,+1
'

Wm0

moments. This can be
deleted to change
this.

It is sometimes
convenient to only
look at the magnetic
scattering, for
example when
looking at
temperature

%Atnm Typ Mag vek X IY z Biso Mocc N_type spc/Fftype /Line be subi’raci’ed dai’a. To

agPh / Line below:Codes

! RZ X Iy 1z g
! betall beta2? beta33 betal2 betal3 beta23 / Line below:codes

only model the

Ccsl 10 0.82065 0.82065 0.82065 0.00000 0.33333 0 0 #
0.00 0.00 0.00 0.00 0.00 . .
Mol Mo 10 0.29978  0.62310 0.52710  0.00000 1.00000 0 0 #
magnetic scattering
Fel MFE2 1 0 0.33726 0.33726 0.33726 0. 00000 0. 33333 1 o #
0.00 0.00 0.00 0.00 w
1.10000 1.10000 1.10000 0. 00000 0. 00000 0. 00000 CI.OUUOU <-MagPar add ihe key ord
21.00 21.00 21.00 0.00 0.00 0.00 [1] ” H
o1 o 10 0.27437 0.48199 0.45051  0.00000 1.00000 0 0 # Mag Only . ThIS goeS
0.00 0.00 0.00 0.00 0.00 . e
Cs2 Cs 10 0.04194 0.04194 0.04194 0. 00000 0.33333 0 o #
S0 U500 Uoio0 O 6%0 333 in the line where the
FeZ MFE2 10 0.61176 0.61176 0.61176 0. 00000 0. 33333 1 o # VARY "
0.00 0.00 0.00 0.00
1.20000 1.20000 1.20000 0. 00000 0.00000 0.00000 0.00000 <-MagpPar mxmymz Is
11.00 11.00 11.00 0.00 0.00 0.00 .
02 o 1 0  0.45457 0.67094 0.51574  0.00000 1.00000 0o 0 coni’qmed,
0.00 0.00 0.00 0.00
03 o 1 0 0.25546 0.60404 0. 68066 0.00000 1.00000 0 0
0.00 0.00 0.00 0.00
04 o 10 0.20847  0.73550  0.45177  0.00000 1.00000 0 0
0.00 0.00 .00 0.00 0.00
L > Profile Parameters for Pattern # 1 ————> Phase # 1
! scale shapel Bov stril tr2 str3  strain-Model
152.4438 0.00000 0. 00000 0.00000 0.00UOO 0. 00000 0
0. 00000 0.000 0.000 0.000 0.000 0.000
! u v W X Y Gausiz Lorsiz Size-Model
0.574767 -0.547859 0.173882 0. 000000 0. 000000 0. 000000 0. 000000 4]
0.00 0.00 0.00 0.00 0.0 0.00 0.00
! a b c alpha beta amma # cell 1nfo

P g
10.892169 10.892169 10.892169 90.000000 90.000000 90.000000
0. 00000 0. 00000 0. 00000 0.00000 0.00000 0. 00000

HIGH FLUX | SPALLATION
OAK RIDGE ISOTOPE NEUTRON
National Laboratory | REACTOR | SOURCE

toprefl Pre Asyl ASY2 Asy3 Asyd S_L
0. 00000 0. 00000 0.07494 0.05829 0.27161 -0.02522 0.00000 0.0
0. 0.00 . 0.00
! ZThl/‘TDFL 2Th2/TOF2 Pattern to plot
5.325 126.525 1

Do_L
0000
0.00

S. Calder, MagStr 2024



Step 5: Refining the magnetic structure with Fullprof

B FullProf Program

+ Run the refinement. SRR
=> Magnetic R-factor: 10.41
* The moments vary automatically. e mevcres o s ot 1 o e
=>» R-Factors: 6.31 7.99 ChiZ: 29.9 DW-Stat.: 0.1371 Patt#: 1
» The fit looks close, with all the new = Convensional Rietveld A factors for Pattern: . T
. . . => Rp: 10.3 Rwp: 11.2 Rexp: 2.05 ChiZ2: 29.9
magnefic scaftering being capfured. = Glosal ussr-weigthed Chiz (ragg concrib.):  30.61
=> Phase: 1
+ Refining the background, lattice S Refaceer i 3loss
constants, etc will improve the fit > | Maometic smicror: D041
S||g hﬂy. => Normal end, final calculations and writing...
 But note the chi2 is fairly high (16 is = 00t minces
QbOU'I' ‘I'he |OW€ST.) Th|s |S because Of => END Date:16/07/2024 Time => 09:36:48.937
the background. This is likely due to
short range magnetic order. cyetes 10 chizi 29.9 CFMO_SOOmK.dar
32.5E+06 +
« NOTE: do not just rely on chi2 or Rw 53.0E+06-
values, these are often less important 52.58+06+
than looking at the fit and §2-0m+06+
understanding why the numbers are Sh-eETeeT
what they are. prooETeeT |
'55-0E+05— ’
5 01 | | [ II IIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIII [
E—5 OE+05 A e e e el e ]
gé,ﬁllig,?gg zsg\%’:%ix EEQEEICELION 1IO 2IO BIO 4IO 5IO 6IO 7IO BIO 9IO 1L1)0 ILZILO 1;20

2Theta S. Calder, MagStr 2024



Step 5: Refining the magnetic structure with Fullprof

 This fit captures the magnetic scattering.

e There was another maximal magnetic space group. The same procedure
should be done to check how that model works.

« You should find that it is unstable and so we can define P2,3 (#198.9) as
the determined magnetic space group

Bilbao Crystallographic Server =+ MAXMAGN - Maximal magnetic space groups Help

Maximal magnetic space groups for the parent space group P243 (No. 198)
and the propagation vector k = (0, 0, 0)

Maximal subgroups which allow non-zero magnetic moments for at least one atom are coloured

N Group (BNS) Transformation matrix |General positions Properties Magnetic structure
1 0 o ) Systemaiic absences
o amme (¢ ) Tersa popartes
Go to a subgroup
‘ Al s (dom lated) |
0 Systematic absence
2 || P2y242, @19.27) ! - S’”‘O"‘r‘;’:ﬁ;‘; -
Go to a subgrou
MMMMMMM
Bilbao Crystallographic Server For comments, please mail
http:ffwww.cryst.ehu.es @ administrador.bcs@ehu.e

OAK RIDGE

HIGH FLUX
- ISOTOPE
National Laboratory

SPALLATION
NEUTRON
REACTOR | SOURCE

S. Calder, MagStr 2024



Step 5: Refining the magnetic structure with Fullprof

 From the refinement the
moments are
predominately only on one
site.

 The magnetic structure can
be viewed in Fpstudio. The
moment sizes can be seen
in the drop down menu:
“Magnetic structure”>"list
magnetic moments”

e The mcif file can also be
viewed with VESTA.

Moment sizes with errors

are in the .sum file

HIGH FLUX | SPALLATION
%OAK RIDGE ISOTOPE NEUTRON
National Laboratory | REACTOR | SOURCE

Atoms Information: Phase 1

r— List of Atoms
MNumber of Atoms: I—gﬂ
Label | Myp | Mag. Rot. | Prog. V.. X Y Z B Occ
Mom# 1 [Cs1 |Cs 1 0 0.82093[ 0.82093 0.82093 0.30000( 0.33333) MI
Mom# 2 [Mol |Mo 1 0 029357 0.62314[ 052756 0.30000| 1.00000 Refine B iso |
AMom# 3 [Fel MFE2 |1 0 033697 0.33697| 0.33697| 0.30000| 0.33333) =
Mom# 4 |01 0 1 0 0.27405( 048172 0.45096 0.30000( 1.00000( Refine B_aniso |
< >
Fix All |
Relx] Rely] Relz] Im[x] Imly] Im[z] MPhase
Aom #3 160983|W 150983 (W 160382 W 0.00000( 0.00000( 0.00000 0.00000( Cancel |
Atom H6 0.18266(+ 018266 W 0.18263[W 0.00000( 0.00000" 0.00000" 0.00000(
oK |
8 FullProf Suite ToolBar
File Programs Settings FP Dimensicns Tools Edit Results Help

= O

*

=g

B e

ke

#SERRLH

o B 5 1

@R

Working Directory:

|c:\FuIIP rof_Suite\Examples\

sl o

(® (@) F=_|
) . =]
\‘*%o' =t ?:—:

AL -

Type: |

Date: [16/07/2024

4 1CSD_CollC oded227521.mef - VESTA
File Edit View Objects Utiities Help

- a X

» | ICSD_ColiCoded227521 mif

[=H

Is
[ Show dot surface

Style
(@) Ball-and-stick
O space-filling
O Palyhedral

O Wireframe.

O stick

Style

Smooth shading
Wireframe

Dot surface

Crystal shapes
Show shapes

Style

Unicolor
Custom color

Wireframe

3 Fe Fel 0.33

Properties. 40 0L 0.27

5Cs Cs2 0.04

Boundary... || Oriem | ¢ p. g2 061

70 oz 0.as

80 03 0.25

50 04 0.20

697
105
161
208
474
485

85¢

0.7356%

0.33697  1.000  0.004
0.45096  1.000  0.004
0.04161  1.000  0.004
0.61208  1.000  0.004
0.51558  1.000  0.004
0.63030  1.000  0.004
0.45116  1.000  0.004

abcabccDtEOdU Lorn[00|t § @ sppEs [0 |4 = 0]

1a 3.
120 1

1= 3

= s
120 1
120 1
120 1

Number of polygons and

Arrow[ 1] [0.147793, 0.147789, 0.1478.
Arrow[ 2] [0.01€5235, 0.016523, 0.0.

ould be [m¢, m:, mx].
should be [mx, mx, mx].

unique vertices on isosurface = 0 (0)
118 atoms, 168 bonds, 28 polyhedra; CEU time = 7 ms

> Output | Summary | Comment

B Fpstudio Ver-2.0

File Crystal Structure  Magnetic structure  Options  Help

a4 ¥ »

YW LS80 vH e W

S. Calder, MagStr 2024



Step 5: Refining the magnetic structure with Fullprof

==>» MAGNETIC MCOMENT PARAMETERS:

o Always ask “does this magnetic ve o am w wy we e
mOdel mOke Sensean Fel 1.610({ 18) 1.610( 18) 1.610( 18)

Fe2 0.183( 53) 0.183( 53) 0.183( 53)

M sM MPhas sMFhas

2.7883( 321)
0.31e4( 9222)

0.0000( Q)
0.0000( Q)

« The moment sizes are very different,

but within plausible ranges for Fe. Moment sizes with errors
are in the .sum file

e Look at supporting data and
calculations in the manuscript.

Cs,Fe,(Mo0O,);—A Strongly Frustrated Magnet with Orbital Degrees
of Freedom and Magnetocaloric Properties

d The d iffe re nT Fe m O me nT Sizes O re Published as part of Chemistry of Materials virtual special issue “In Memory of Prof. Francis DiSalvo’.

expe C'I'ed Lenka Kubickova, Anna Katharina Weber, Martin Panthéfer, Stuart Calder, and Angela Moller*

Cite This: https://doi.org/10.1021/acs.chemmater.4c01262 I: I Read Online
¢ Th e re fo re We C O n p res e n -I- -I-h IS ACCESS I M Metrics & More | Article Recommendations | @ Supporting Information

m O g n e -I-I C m O d e | O S -I-h e m O g n e -I-I C ABSTRACT: We report an in-depth study of the thermodynamic and magnetocaloric

properties of a strongly frustrated magnet, Cs,Fe,(MoO,);. The underlying structure
S 'I'rU C '|' U re belongs to the double trillium lattice, which consists of two Fell (S = 2) sites with easy-

. axis and easy-plane single-ion anisotropy. Detailed *'Fe Mbssbauer spectroscopic
investigations along with ligand-field calculations support the existence of disparate
ground states. The antiferromagnetic ordered structure is presented by the propagation
vector k = (0,0,0) with noncollinear magnetic moments of 2.97 py (Fel) and 0.17 g
(Fe2), respectively. Strong and disordered magnetic correlations exist in the temperature
regime between Ty & 1.0 K and |écyl &~ 22 K. The large degeneracy of the ground state
is investigated in terms of its magnetocaloric response. Magnetization and specific heat
measurements indicate a significant magnetocaloric cooling efliciency, making this rare-
earth-free compound a promising candidate for cryogenic magnetic refrigeration
applications, with refrigeration capacity of 79 J kg™" for A(uH) = 8 T.
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