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Mn-pyrazinecarboxylate

This example will use Fullprof and Bilbao Crystallographic Server (BCS) https://cryst.ehu.es/

* Step 0: Have a well characterized material and good background information

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 candidate magnetic models using BCS

Step 4: Refine the magnetic space group in Fullprof.

* Step 5: Check the magnetic model
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Mn-pyrazinecarboxylate

This example will use Fullprof and Bilbao Crystallographic Server (BCS) https://cryst.ehu.es/

* Step 0: Have a well characterized material and good background information

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 candidate magnetic models using BCS

Step 4: Refine the magnetic space group in Fullprof.

* Step 5: Check the magnetic model
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Mn-pyrazinecarboxylate DOI: 10.1103/PhysRevMaterials.7.124408

PHYSICAL REVIEW MATERIALS 7, 124408 (2023)

Magnetic order in the two-dimensional metal-organic framework manganese
pyrazinecarboxylate with Mn-Mn dimers

S. Calder®,"" R. Baral®,! N. Narayanan,” and L. D. Sanjeewa®’
'Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
zUniversfry of Missouri Research Reactor (MURR), University of Missouri, Columbia, Missouri 65211, USA
3Department of Chemistry, University of Missouri, Columbia, Missouri 65211, USA

(Received 29 September 2023; revised 8 November 2023; accepted 28 November 2023; published 15 December 2023)

The magnetic properties of [Mn(pyrazinecarboxylate); |,, empirical formula C;gH¢MnN4Oy, are investigated
through susceptibility, heat capacity, and neutron scattering measurements. The structure consists of Mn-Mn
dimers linked on a distorted 2D hexagonal structure. The weak out-of-plane interactions create a quasi-2D
magnetic material within the larger three-dimensional metal-organic framework structure. We show that this
material undergoes a two-stage magnetic transition, related to the low dimensionality of the Mn lattice. First,
at 5 K, which is assigned to the initial development of short-range order in the 2D layers. This is followed by
long-range order at 3.3 K. Applied field measurements reveal the potential to induce magnetic transitions in
moderately small fields of ~2 T. Neutron powder diffraction enabled the determination of a unique magnetic
space group P2,"/c (No. 14.77) at 1.5 K. This magnetic structure consists of antiferromagnetically coupled
Mn-Mn dimers with spins principally along the out-of-plane a axis.

DOI: 10.1103/PhysRevMaterials.7.124408
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Quantum behavior by design in low dimensional Magnetic MOFs

 Magnetism largely unexplored

« Straightforward synthesis to tune low dimensional behavior.
— Design quantum behavior on regular lattice.
— Multifunctionality on magnetic and organic building blocks.

— Tunable by small pressure, field, strain, light.

/ Preparation of Metal-Organic Frameworks \
reactive
xture (LOW
etal ions ani e <w3w2<m940

S dimensional %%%%%%

magnetism

Add properties
and tune HEEE—)

separation

| 1D (chain)
2D (layer)
0D (dot)
3D (network’
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Mn-pyrazinecarboxylate (Mn(2-pzc),) C,,H;MnN,O,

Compound Cl0 H6 Mn N4 04
. d
Well isolated 2D layers et e .
LIRS Space group name P21/c
Cepe et Space group number 14
°{h$%7; Setting number 1

10A

Lattice parameters
a b c alpha beta gamma
10.19000 10.90600 10.11600 90.0000 107.9600 90.0000

e MN-Mn dimers on
distorted
hexagonal layers

Lots of hydrogen, which
creates very large
background for neutron
powder diffraction. Can we
still determine magnetic
structure?

Structure parameters

=
=)
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oo NoNoNoNoNoNoNoN S NeNoNoNoNolNoNolNolNolNolNolNolNeo

.510090
.541000
.360600
.262700
.254640
.475200
.180200
.173100
.105000
.632900
.738100
.277700
.285650
.824800
.018200
.367000
.471400
.796000
.742540
.933300
.968190
.960400
.015390
.823000
.758100

e eoNeoNeoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNeoNe]

Z

.134260
.244300
.299100
.325100
.276940
.405900
.495900
.421500
.434840
.009200
.176100
.468700
.517370
.033000
.234100
.371700
.338300
.262800
.304290
.292500
.356270
.144900
.101040
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Magnetic susceptibility and heat capacity

« Two-stage transition T,=3.3 Kand T,=5 K

o Can fit magnetic susceptibility to dimer models in interactions J =-0.11meV

200
a
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Cs,Fe,(M0O,);: Neutron measurements on HB-2A, HFIR.

Fast-neutron
filter — &

[ sy | -
T Main shutter

« Constant wavelength

o Germanium monochromator

Instrument

— ~90° take off angle for medium-high resolution

Sample table
& goniometer

— Variety of complex sample environments: 50mK, 6
Tesla, 2GPa pressure... /

Monochromator

« Current detectoris an array of 44 individual
3He tubes

/ﬂ_—~
a3 Collimators (6')

%

Detector bank
(44 3He tubes)
— Low background

Covers ~2-150° in 26 by scanning detector

MIDAS detector upgrade coming soon!

Ge(hkl) A (A) d__(A) Q (A1) Flux (n/cm?2s)
(113) 2.41 27.6 0.2-5.1 5 x 108
(115) 1.54 17.6 0.35-7.9 1x107
(117) 1.12 12.8 0.5-10.9 4108
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https://neutrons.ornl.gov/powder

A typical CS diffractometer (HFIR)

Monochromator:
 selects A.
« Control resolution.

Single
wavelength

'§| Detector
| at 20
. measures
A=2dsinB single Q
12004 HE-2A ' = SiData
— Mods|
Q range limit is > 8001
4t/ B o0
E 400 1
E 2004
0 | | A N O L B A1
L T S
2 4 6 8

A typical TOF diffractometer (SNS)

A =h/mv =ht/mL
Bragg's law: A = 2d sin 6 = constant * 1

De Broglie wavelength:

Multiple
wavelengths

Moderator

Chopper
Resolution
depends on
moderator and
t,L, and 26 bet i
P etector
| NOMAD . E;?jiamanks) - qll- 26

. e measures
Q range 5 multiple Q
determined by
)\min’ )\max and g
20

6 8 10 12 14 16 18 20 22 24
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HB-2A instrument resolution and peak shape

— LaB6_Gell3 op_21 12
+ LaB6_Gell3 op_op_12
» LaB6_Gell5 op_21 12

MYRESOL.urf
44 = LaB6_Gell5 op_op_12
» LaB6_Gell7 op_21_12
- LaB6_Gell7_op_op_12

Thus file 1s read only when Res#0. The name of the file 1s stored in the character variable gs-
FILERES= MYRESOL.irf. All items are read 1n free format. E‘
=

This options works, at present, only for constant wavelength type of data. The profile 1s assumed s,

to be a Voigt function (Npr=7). 12 parameters or a table determmine the resolution function. The
parameters are UV, W, . X.. 1. Z. (1=12 for A, and L) N
The different types of functions are:

Res =1 H; =(U,tan@+V ) tan8 + Wi

0 20 40 60 80 100 120 140 160
Two-theta (degrees)

¥
H, =X tan0+——+Z,
cosé@

71 — LaB6_Gel13_op_21_12 :
LaB6_Gell3_op_op_12 :

« Caglioti function describes reactor based T LB Gella op.on 12

44 *+++ LaB6_Gell5 op_op_ 12 :

dlffI’CI CTOmeTerS . — LaB6_Gell7_op_21_12};

+ LaB6_Gell7_op_op_12

 U,V,W parameters in Fullprof.

FWHM (degrees)

» See paper by Hewat for definitions of U,V,W

WUCLEAR INSTRUMENTS AND METHODS 127 (1g75) 361-370; & NORTH-HOLLAND PURBLISHING CO.

DESIGN FOR A CONVENTIONAL HIGH-RESOLUTION
NEUTRON POWDER DIFFRACTOMETER
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Details of this Mn-pyrazinecarboxylate example

Neutron powder diffraction data collected at HB2A, HFIR
A = 2.41 A. Collimation: open-open-21’

Data at 20K (MnPyz_20K.dat) and 1.5K (MnPyz_1p5K.dat)
Sample in a vanadium can

Instrument resolution file: hb2a_resolution.irf )
ki HB2A_Gel13

et MnPyz
ki MnPyz_1p5K

el MnPyz_20K
k= PhysRevMaterials.7.124408

Crystal structure: MnPyz.cif

LLLLLLLLLLLLLLLLLL
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(a) 5 tap gt
Neutron data from HB-2A 16001 15K 4 225, WY
€ 1400 £€ Pty
= = <220 iy
Plotthe 1.5 Kand 20 K data usmg S 1200 23 45 6
C
Winplotr ———— . 21000
Plot multi file vl
o Profile A Profile B [
Take a difference (T2 i .
600, WMW
0 1 2 3 4
: Q (A1)
: (b) 60
10 20 30 4 s e 70 s s 100 110 120 E 40 -
2theta (deg) c
=
. 2 20
e Convertto Q. Thisis &
the best way to 2 0
~ c
é 1.2E+086 o GJ
report data £ | £ 0.
“Xspace”>“Q- L eonod] ' i
space”. Setallto {7 0.0 0.5 Q},.%_»f’-l, 15 2.0
2.41 2.0E+06 -
o FIG. 5. (a) Neutron powder diffraction data collected at 1.5 K
and 20 K. Inset: Intensity at Q = 0.65 A as a function of temperature

%OAK RIDGE | HigH FLux | seALLATION . ! e = 2 : ae . s through the magnetic transition. (b) Difference of intensity at 1.5 K
National Laboratory | REACTOR | SOURCE Q (A1) and 20 K in the powder diffraction data.



Mn-pyrazinecarboxylate

This example will use Fullprof and Bilbao Crystallographic Server (BCS) https://cryst.ehu.es/

* Step 0: Have a well characterized material and good background information

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 candidate magnetic models using BCS

Step 4: Refine the magnetic model and nuclear phase in Fullprof.

* Step 5: Check the magnetic model
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Step 1: Refine the crystal structure using FullProf

Open Fullprof Suite toolbar.

%OAK RIDGE

National Laboratory

FullProf Suite ToolBar

Select Working Directory...
i ept selected file from TB

* 1. Select working directory with data
“File>Select Working directory...”

Input Control Files of FW

Input Data/Intensity Files

Ouput Files of FP5
Information/tpcr/Correction/IRF Files

Reflections Files

* 2. Browse to wherever your folder
“Fullprof_Commensurate_MnPyz_C
alder” is located on your computer
and select “ok”

Exit

* 3. Path on FP studio toolbar should
now be updated. This helps with
interacting with other features of
Fullprof

¥ FullProf Suite ToolBar

File Programs Settings FP Dimensions Tools Edit Results Help

B ) 5 | b e

» T Magnetic_Symmetry
> . MagStr Workshops
> % MagStr2023_GSAS-II_SHUG
» & MagStr2024_KSU
~ "4 MagStr2026_Duke
v = Calder |
" Bibao_Crystallographic_Server_Overvie

Y

 Fullprof_SARAh_Commensurate_MnPyz.

b

- O X

Working Directory:

oL\ Us...er\Mag5tr2026_Duke\Calder\Fullprof_SARAh_Commensurate_MnPyz_Calder\

SPALLATION
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SOURCE

HIGH FLUX
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ode File:

Type: Date:

17/07/2026



Step 1: Refining the crystal structure using Fullprof

- Need to start refinement with a structural
model = cif file

- Add ininstrument specific parameters to
the model - irf file

- Get parameters close

- Then refine this model.

LLLLLLLLLLLLLLLLLL
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Step 1: Refining the crystal structure using Fullprof

INITIAL INPUT REFINEMENT
OF MODEL OUTPUT

TO FIT DATA

Need to start
refinement with a

structural model Best fit structural

= ciffile model to be used
Refine crystal for k-vector and
structure and magnetic structure

Add in instrument parameters determination

instrument to best match the data

specific

parameters to
the model = irf
file

LLLLLLLLLLLLLLLLLL
OAK RIDGE OOOOOOOOOOOOOO
nal Labor: ACTOR | SOURCE




Step 1: Refine the crystal structure using FullProf

1. From FullProf Suite Toolbar

Open EdPCR File Programs Settings FP Dimensicns gols Edit Results Help :
- = E Egl@gg@@@@ of Bty AR o

Working Directory: |C:\Us...StrWorkshops\MagStr der\Fullprof_Commensurate_MnPyz_Calder', Code File: | Type: | Date: |16/07/2024

1

1 FullProf Suite ToolBar - O *

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

3. Select the file “MnPyz_20K.cif”

s Editor of PCR Files

|
>

File Editor Tools Templates Help Exit

MOk %2 2 | Uil

r Information

SPALLATION
%OAK RIDGE SPALLATI
National Laboratory SOURCE

FullProf

. PCR ,
| i Editor ‘
| |

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, relanation factors, access to

General

Fatternz

Fhazes

Refinement
| f| fl | 1r'|? / | _ pattems and phases (atoms and profils)
| . L hi il I
— “! [ = = '1|=|IL'\:, f{g ||' i\ Constraints definitions, adding, deleting, Constraints
|| = _—‘"'EE"{!I"—J "“ modifying...
e 'ﬂ-%’ijt ===
e e e S R e Fixing range of parameters, distances, angles, Bl /P estraints
P e i S B ——— magnetic moments and linear restraints
17 21 25 29 33 ar 4 45

Copyright (c) 2002-2005. JGP - JRC

Qutput options for pattems and phases:
Reflection listz, Fourier, distances, BVS...

REELE

Cutput

il MnPyz_20K
& PhysRevMaterials.7.124408



Step 1: Refine the crystal structure using FullProf

Cif>PCR opens a window to input instrument W Editor of PCR Files - X
and ShOWS Structural info. File Editer Toocls Templates Help Exit —
O 2 8 @ s 2 85
1. Change “Type” to “Neutron” for constant omaer
Wavelength Simple Calculation Template - T o - B I
2. Load the instrument resolution file ~Tope @ o Fles ]
“HB2A_Ge113.irf” [ | [ = [= sex ||
(ClICk Cerle and brOWSG tO file). Il Instrumental Resolution File ]
. : . Dauﬂ values ]
. QIOTE. remove t.he” full path to, qut keep f:L L
HB2A_Ge113.irf”. If you don’t it could T — =1
create problems later if you share file or Cell Parameters/ SpaceGroup | Aoms fomaton | |
change folders.... e b — b -
Starting Cell Parameters, Space Group and T e e e e
Atoms Information are now loaded. Space Group: [P 21/c ™ Magnetic Phase
. . . Mumber of total Operators: I_[;.:’
Note: occ = site multip./general multip. Always Num Symmety Phase | ~

check this has been correctly calculated after
importing the .cif file.

3. Hit “OK”




Step 1: Refine the crystal structure using FullProf

Starting Cell Parameters, Space Group and Atom

Information are now loaded. Type import Fies
) . Hray Meutron TOF. Ascii Cif Shelx
Look in the tab “Atoms Information”
. . Instrumental Resalution File
* Fullprof treats occupancies (Occ) in a
. . . e el {* Default values
particular way related to site multiplicities.
" IRF File |
e occ = site multip./general multip. Always
check this has been correctly calculated Coll Paramaters/ SpmG
after importing the .cif file.
. . MName Type * Y Z B Oco ~
* Inthis case cite/general = 4/4 =1 for all Aom #1  [Mn] Mn |051009 013426 0.59800 0.30004 1.00000
atoms. So it looks straightforward. But make Aom #2 |01 0 054100 0.24430 042660 0.30004 1.00000
sure to check. Atom #3 N1 N 0.36060 0.29910 0.56210 0.30004 1.00000
Atom 24 |C1 C 0.26270 0.32510 061920 0.30004 1.00000
. ) Atom #5  |H1 H 0.25464 0.276594 0.69194 0.30004 1.00000
Hit “OK” to close the window =
Fax Ry Rz Iz MPhase
Atom #1
Mom #2
Atom H3
Atom H4
When
fln!shed, —
hit OK
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Step 1: Refine the crystal structure using FullProf

1. Save the changes.

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

SPALLATION
NEUTRON
SOURCE

OAK RIDGE

National Laboratory

HIGH FLUX
ISOTOPE
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T Editor of PCR Files

File Editor Toglg Ternplates Help Exit

B 0 X

& &l @ W iE R

— Infomation

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

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

. PCR ,

ﬁ ~ FullProf
Editor il

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

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

Constraints definitions, adding, deleting,
modifying. ..

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

2607 Output options for pattems and phases:
Reflection lists, Fourier, distances, BYS...

General

Pattems

Phases

Refinement

Constraints

Bow/Restraints

Cutput

1A

Copyright (=) 2002-2005. JGP - JRC

Profiles: 1 |Phases: 1

|210/2022 [14: 2:25




Step 1: Refine the crystal structure using FullProf

 “General” tab has refinement of powder
data as default. Thisiswhatwe’lldoin
this example.

e (Can edit title as wanted.

For powder
refinements we
don’t need to
edit this tab

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

T Editor of PCR Files

File Editor Tools Tem

plates Help Exit

1% O e

B el X

& & @ M

— Infarmation
Title, type of job: Rietveld, Integrated Intensities,

Simulated Annealing. ...

FUI’PrO f Type of Pattems. profile, backaround, diffraction

PCR
Edi tor

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

\ geometry, user-given scattering factors ...
i
i

Copyright (c) 2002-2005. JG

(C:\Users\cr9\ ORNL Drophs

..... & General Information

—Calculations

' Refinement/Calculation of a Powder Diffraction Profile

{” Refinement on Single Crystal Data / Integrated Intensity Data

" Simulated Annealing Optimization {Integrated Intensities)

5.4, Options |

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

Cancel |



Step 1: Refine the crystal structure using FullProf

1. “Patterns” tab

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

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

Data format from HB-2A is simply
three columns with two-theta,
Intensity, Intensity Error

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

m= oo £ DD
me Editor of PCR Files — *

File Editor Tools Templates Help Exit

W Ol 2 s 2 MBS

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

*i Fu"’PrO f | Type of Pattems, profile, background, diffraction
i ing factors ...
1 PCR geometry, usergiven scattering
- I Phase name, type of calculations (JBT), ATZ,
|| | Ed.f tor | | contribution to pattems, symmetry, ...
|
i |

| n Number of cycles, relaxation factors, access to Refinement |
|l/"| F‘l { 4 | u il {'fl" pattems and phases (atoms and profile) nem
L {1 1, Fil i
| 1 ||IL}EILL -,_A__L;_;:-‘.n:—”ﬂl._ .“L‘;—_"T || HIILI\'&:‘;_' ,'f:'l: Constraints definitions, adding, deleting, Constraints |
1

= |II Ll.l.llll! hz_H'l_:_LE modifying...

r Information 2
Pattem: 1/1 Weight: | 1.0000

Copyright (c) 2002-2005. JGP - {

C:\Users\cr9\ORNL Dropbox\5

d 4 =] X »| b

Initial Previnus

Geometn/IRE__|

T Profile Data Information: Pattern 1 x

Data File / Format | B

Data File: IC:\Users\ch‘\ORNL Dropbox*Stuart CalderHB2A_POWDER\MagStr Workshops ' MagStri Browse... |

ement / Simulation | Pattem Calculation/Peak Shape

— Format
" D1A/D2B (Old Format) ¢~ Free Format (Zhetal, step, 2ThetaF) (g

" D1A/D2B/3T2/G42 " Two Axis Instrument, G41

" D1 (Old Format) " GSAS Format 3
" D1B/D20 " Socabim Software 1515 mutti-bank nomalized
 D4/D20L ™ Synchraton (Brookhaven)

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

N ok | Cancel




Step 1: Refine the crystal structure using FullProf

Patterns - Data file/Peak Shape
- Refinement/Simulation

[1] Select Neutron - CW

Wavelength is already set by irf file,
2.4067 in this example.

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

I
x

T Editor of PCR Files

File Editor Teols Templates Help Exit

J¥0Hw s @ WBHDBE M"Y el X

Information

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

— ==
FullProf Jﬂ]ﬁ ‘ Type of Pattems, profle, background, difraction ' .
)

geometry, user-given scattering factors ..

- PCR
| | 1 | Ed” Patterns Information
|
‘. | '_ (- Information
- Pattem: 1/1 Weight: [ 1.0000

LLLLL

Copyright (c) 2002-20)

Data File / Fonlg [ i i Wittem Calculation/Peak Shape I

— Simulation £ Refinement Data

—

€ X-Ray 1 (" Pattem Calculation (X-Ray)

{~ Pattem Calculation {Neutron - CW)

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

— Wavelength

[UserDefined ~| 4 | 2.4067 A 2.4067 (L0 5[ 0.0000

Cancel |




Step 1: Refine the crystal structure using FullProf

T Editor of PCR Files

File Editor Teols Templates Help Exit

. JH 0w a2 @ WEERE 9 @ X
Check final tab: S

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

Patterns = Data file/Peak Shape = Pattern "~ FullProf W’ | omeracre et
Calculation/Peak Shape . . PCR ,nﬂ' | geomey.wsergien soatemg factors .

f1 Patterns Information

Informiation

Pattem: 1/1 Weight: | 1.0000

Peak shape is already loaded correctly HE
from irf file. =

Copyright () 2002-20 4 File / Format | Refinement / Simula

Ho2BaMiO5_from_bil ~ Peak Shape
ompson-Cox-Hastings pseudo-Voigt * Axial divergence asymmetry ¥ Codefil SHP

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

" Global SHF

— Range

Theta_min: I 0.0000 Theta_man: I 155.0000 | Step: I0.0SOO |
Range of calculation of a single reflection in units of FWHM: I 2.0000

Incident beam angle at sample suface (2): I 0.000

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




Step 1: Refine the crystal structure using FullProf

T Editor of PCR Files - x

File Editor Tools Templates Help Exit

Move to next tab down to select BRI PE I
background type

Information

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

Patterns—> Background Type Check | FullProf | | {
Patterns Information

“6-coefficient” ‘

 Information

Put origin of polynomial at 60 for this | [ ™" wespe 10

exa m p le 2 ' Constraints

)

Fiefinement

-ISJ ! | - | zgl ! | -NJ e o T | Box/Restraints
Initial Presvious Add Del Hext Last Geometry/IRF | Cutput

| |Jzer Scatt. Factors |
Copyrigl

=~ [T

Y

il

B a C kg ro u n d O n H B - 2A % B-Coefficients polnomial function

typically low and featureless ol et ressbrenst [ 000
. =" (™ Debye-like [12-coeff.J+ polynomial functions [B-coefficients)

S O C a n b e C a pt u re d by SI m p le = " 12-Coefficients Fourier-cosine series

fu n Cti O n ) - -'--.' " Fourier Fitering Murnber of points taken for Fourier Filker: Imﬁ

{~ Background File transformed by 4-cosfficients expression
Browse. .. |

(™ Linear Interpolation bebween a set backaround points with refinable heights

" Interpolation by cubic splines

(" Chebychey Polynomial (24 coefficients)

SPALLATION

NEUTRON
SOURCE OF. I Cancel

OAK RIDGE

National Laboratory

HIGH FLUX
ISOTOPE
REACTOR




Step 1: Refine the crystal structure using FullProf

Exclude regions in the data?

M e e L F DR Eilec

jj@gﬁ‘gﬂﬁ‘m{ﬂﬁ}:fa% ! ‘@|x
f‘ Fu"P'rOf Hﬂ] ’ |7T85':u :Pdi _lp ofile, bac _kg und, diffractio
We will not exclude any regions of the data | [oomsn j
y g | Pattern: 1/1 Weight:lm Data fie/Paak shape

Use with care, but can cut out background. ? oGl f

1; _ISJ JJ _I Xl _u _NJ Excliuded Regions | Ban/Restraints |
Allow focus of refinement on different regions, e.g. only low id  Pevow  Ad Dl New  La o |
Q ﬂ Uzer Scatt. Factors | |

Quick way to remove peaks from sample holder or can -2
but should try to fit these if possible!

SPALLATION
NEUTRON
SOURCE

OAK RIDGE

National Laboratory

HIGH FLUX
ISOTOPE
REACTOR




Step 1: Refine the crystal structure using FullProf

& Editor of PCR Files — .

o Geomet ry/l RF File Editor Tools Templates Help Exit
. . a ]
Populated by irf file. 190 4 2 S

Infarmation

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

Type of F'atterns_, profile, bac_kground, diffraction

* Corrections: the instrument layout gives | FullProf a\ﬁ | { @
asymmetric peaks, particularly at low angle. These [ pattems nformation |
can be corrected. J — _
Change “Peaks below this 2Theta limit are corrected Patomc 11 Wegne[ 1000 Dok e | _Fune |
forasymmetry” to 180. Forgetting to do this, then [ B | e |
refining the asymmetry parameters is a common 4 4 = X 2| P [Bamanns

error | Initial Presvious Add Del Mest Last Geometry/IRF .. Output |
1 User Scatt. Factors |
Copyrig

L S [T

Pattern Diffraction Geometry Information: Pattern 1

Ti Pattern Diffraction Geometry Informaticn: Pattern 1 b4

r Diffraction Geometry

— Can correct for absorption if - e e S e o =
needed. “muR” is mu ) ~ @
(absorption) multiplied by — e © s i Change
sample radius. Can find mu at G mpmn T P Pca ks

below the

" March-Dollase Multiaxial Function " March-Dollase Nur

https://www.ncnr.nist.gov/resour . HA= G284, G e e Smplnsis: [0

H, =(X,28+7),26+2Z, £/T0F Vo Blobmponentias (ar” lkeds Capert=) Monochromater Polarization Comection {cos “2ThetaMen): 0.0000

. .
C e S/a C t IVa t I O n / Fraction of mosaic-crystal {fransmission): 0.0000
 List of 28, H (28), H (26) " As above, but TOF wersus d-5pacing . Hodges] Absorption Comection Coefficiert (muR): 0. 0000

Name of IRF file Peaks below this 2Theta limit are comected for asymmetry 4
HB2A_Ge113if Browse.. [~ Absorption comection (T.O.F)

|None ;I

SPALLATION
NEUTRON Cancel
SOURCE _Coed |

OAK RIDGE

National Laboratory

HIGH FLUX
ISOTOPE
REACTOR



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 of the
remaining “Patterns” tabs:

* User Scatt. Factors
This can be used to add e.g. a form factor
that isn’t tabulated

me

File Editor

MO 2 2 @ Wiz

Tools Templates Help Exit

Infarmation
Title, type o f|bF|l Idltgtdlt zitie

eeeee

! Simulated Anr ealing,
Ji FUIIPrOf 'Jml | | Type of Patterns, profile, background, diffr 80
l B ni.u-w\ n.n -\lln-;mn F-\nln-n
Information
o
Pattern: 1/1 Weight:| 1.0000 Data fle/Peak shape
:3; B ackground Type
E Excluded Regions
7
Initial Previous Add Del Mext Last
Copyrigh
—

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, etc.

SPALLATION
NEUTRON
SOURCE

%OAK RIDGE

HIGH FLUX
] ISOTOPE
National Laboratory

REACTOR




Step 1: Refine the crystal structure using FullProf

PHASES tab Can do a simulation or refinement with data. Select which one here.

T Editor of PCR Files

Make phase . . » File Editor Tools Templates Help Exit
contribute to =, f’\ =~ BEEECEEFEEITE

refl n e m e nt ¢ Pattern Contribution Information for Phase 1 i Phas=1 4|General

[1] Phases—> [2]
Contribution to
Patterns—> [3]
Neutron (constant
wavelength)

Ci& Inh

Pur Pur

L L%

%

@ | %

ation on Phazes

Pattern 1 |F'attem 2 I Pattern 3 I Patter 4 I Fattern 5 | Pattem B | Pattern 7 I Patterns

Phazes
— Type of Pattemn INucIear and Magnetic phaze ;I ’
e 3 = Pattern Caleulation [+-Fay) caleulate the weight Refinemnent |

Hf the Phaze: 0.00 % Calculated automatically ¢ Provided by user
i " Pattern Calculation (Meutron - Constant Wavelength) Canatraint
: onstraints |
R s ™ Pattern Calculation (Meutron - T.0LF ) A (erred
oution to patterns, prefeme: Contribution to Patt | i
" Meutron [T.0.F] ation direction, reflection list, onribulion fo Tatems Box/Restraints |
Muclear and Magnetic E sl
roup symbal/number, sprmmetry 5 b |
ors, basis functions, ete B 2 Output |
4 4 =1 XI 2l DM
add

Del Mest Last

Bze INucIear and M agnetic Structure of: Aerv A bos branch s /bes A ftmpd fbcs

v Cument Phase contributes to the pattern

Set peak shape to
“Thompson-Cox-
HaS tin gs p seu d o- Reeflection list: [Automatically generated from the Space Group syrmbol |
Voigt”

Initial Previous _l'l&" 6/2018 |?_E:34:23

Cancel |

[~ Use special contral of parameters for peak overlap, rejected reflections for curent phase
Brindley coefficient: I 0.0000 —
Global weight of the integrated intensity data s profile data: I 0.0000 AR

Factor for excluding reflections [ | < Factar * Sigmall] 1 I 00000

Weights are divided by reduced Chi™2 of precedent cycle: I 0.0000

. OAK RIDGE | gr i | sl K| _cwen |
National Laboratory | REACTOR | SOURCE




Intensity (arb. units)

Step 1: Refine the crystal structure using FullProf

REFINEMENT tab:
Setting starting

values for

refinements

Starting background
value of 600000
(check data)

— Stop Criteriurn of Covergence

Faorced Termination when thifts <

Others: _Nu:une

iz Editor of PCR Files

File Editor Tools Templates

8 0OEW & 2 @ i

Help Exit
lop] 2ea |
{pq’ ;S; Per
Infarmation

Inh

Por

© X

Title, type of job: Rietveld, Intearated Intensitie:

e Refinement Information

l Cucles of Refinement: I 1 j

>

Relaration Factors for Shifts

002 w ESD

Atomic I 1.00 Anizotropic I 1.00

Profile I 1.00 Gl

obal

1.00

— Reflections ardering

& Only at the first cycle

General |
Patterns |

Phazes

=)

Constraints |

" Each cycle

[ Bragg B-Factor excluding reflections limiting excluded regions

Pattern 1 | Pattern 2 I Pattern 3 I Pattern 4 I Pattern & I Pattern ﬂ_’l

2

800000 -

750000 |

700000 |

650000 -|

600000 -

550000

500000 |

[1 MnPyz_20H

o

Select initial
background by
lookmg at data

6 Coefficients Polynomial Background: Pattern 1

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

Box/Restraints |
COutput |

- Bmfmemmp Eighiting model
jquares Background 3
—————
am Likelihood Instmental | d_0 d_1 d_2 d_3 d 4 d5 efine Al
Coefficents 600000 0.o00a— D.0oo0f— 0.0o00f— 0.0o00)— 0.0000j—
eightz : : i .
Micro-dbzorption Fiee I |
| dk _ - - T d 1
ictor of number of data paoints: I D::’ Coefficents B B r | B N r
di12 d13 d 14 d 15 d 16 d17
Coefficients I~ I I~ I I I Cancel |
QK
d 18 d 13 d 20 d d 22 d 23 -
Coefficients — I~ — I~ I~ I~

10 20

30

40

2theta (deg)

~ . INational Laboratory | REACTOR | SOURCE




Step 1: Refine the crystal structure using FullProf

1. Select “Refinement” tab again.
Update “Cycle of Refinement” to 10

2. From “Refinement” tab select:
Refinement>Profile

3. Change number of cycle
refinement will runto 10

4. Scale is a default value
NOTE: You usually have to try
different values by hand before
refining (see next slides).

Notice U, V, W, X show zero.

BUT, the values are being read from
the .irf file. So if we refine these then
they add on to the irf values.

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

Ten Editor of PCR Files

File Editor Tools Templates Help Exit

YOS &2 i

35 B o |
Aep S

PCR
Editor

FullProf r
il
|

=| - Factors

:{l Al

Jt‘I:I

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,

pattems and phases {atoms and profile)

]|\ Profile Parameters: Phase 1 Pattern 1

r, Sca .‘ Overall Bfactor

A
Copyright {c) 2002-2005. JGP - JRC 4
a b c alpha beta gamma
MnP
Lo Coefficients 10.190001] 10.905993 ] 10.116000] 90.000[ 107.960] 90.000(
Te Refinement Information |
3 [ FWHM / Shage P eters | Prefemed Onentation |
(@S of Refinement: EWHM P A e
 Stop CTTET u | v w G |
Forced Temination when shits < [0.1( Coefficients 0.000000] 0.000000[ 0.000000[ 0.000000[ Fix Al |
Others: l None 1 »
Shape Paramet Cancel
— Reflections ordering it L‘
& Only at the first cycle  E X T | SZ oK |
Coefficients 0.000000( D_{DOODO"_ 0.000000( I~
Pattem 1 |:— 2 | Pattemn 3 | Pattd ™ Refine FWHM for second wavelength
u2 )7 w2
Refinement weighting model Coefficients H (i H
¥ Least Squares
 Maximum Likelihood Instrumental |
© Unit Wei Micro-Structure |
Ttz Micro-absorption |

Reduction factor of number of data peints: I 1] :’

w1 2 3 4 &85 &85 €7
HKL Shifts |2 FurtherF‘arametersl




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

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

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

HIGH FLUX | SPALLATION
ISOTOPE NEUTRON

SOURCE

%OAK RIDGE

National Laboratory

REACTOR



Step 1: Refine the crystal structure using FullProf

M FullProf Program

Load

Edit PCR Mode

Run Bxt

=>
=3
=
=>

The model just shows a flat
line.

This indicates the scale is not
correct.

Convergence reached at this CYCLE !!!!

=> CPU

The default scaleis 0.1e-2,
which is too low for the data
scale we have.

units)

Increase this manually to get
it close to the data.

Intensity {arkb.

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

: CYCLE No. 1

R-Factors: g8.80 13.5 chi2: 307. DW-Stat.: 0.0231 Patt#: 1
Expected : 0.773 1.8739
Conventional Rietveld R-factors for Pattern: 1
Rp: 192. Rwp: 100.0 Rexp: 5.71 chi2: 307.
=> Global user-weigthed Chi2 (Bragg contrib.): 323.5
=> ———————— > Pattern# 1
=> Phase: 1
=> Bragg R-factor: 99.99
=> RF-factor : 98.14
Normal end, final calculations and writing...
Time: 0.587 seconds
0.010 minutes
END Date:20/07/2026 Time => 10:10:58.210
Cycle 1 ChiZ2: 307 . MnPyz Z0K.datc
Y
1.SE+06 3
L]
1 .
1
1
8
[
S




Step 1: Refine the crystal structure using FullProf

Ten Editor of PCR Files

1. Select “Refinement” tab again. S UOHS S LEEEE N 0

Update “Cycle of Refinement” to |

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, ...

2. From “Refinement” tab select:
Refinement>Profile

N Mumber of cycles. relaxation factors, access to,
t'" pattems and phases {atoms and profile)

3. Change scale t0 100.0 ’ = DEp BT
NOTE: This is a guess, you may Connt 202205 6P

a T c alpha beta gamma
MnPyz Coefficients 10.190001 ([ 10.905999( 10.116000( 90.000( 107.960{ 90.000(

h ave to try d iffe re nt Va lu e S by e e [ FWHW / Shape Parameters Asymmetry Parameters | Prefemed Orentation |
hand before refining. kot [0 | PP e

U v w IG

[ Stop Citerm of Covergence Coefficients D.000000]— 0.000000) 0.000000) 0.000000) Al |

Forced Temmination when shifts < I 01

Sl d None Shape Parameters Cancel |
— Reflections ordering X Y 52

& Only at the first cycle foll= Coefficients 0.000000| 0.000000 0.000000[ ]

[~ Refine FWHM for second wavelength
Pattem 1 |:— 2 I Pattem 3 I Patte Uz V2 w2
Coefficients I I L

Refinement weighting model
¥ Least Squares

" Maximum Likelinood Instrumental | (G R Sl A B S B S o A
 Unit Weights Micro-Structure |

Further F‘arametersl

Micro-absorption |

HKL Shifts | 2

Reduction factor of number of data peints: I 1] :’

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




Re-run refinement, again with
nothing refining

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




Step 1: Refine the crystal structure using FullProf

FullProf Suite ToolBar

File Programs Settings FP Dimensicns Taols Edit Results

LI T EO L EI EFL EE btk

Werking Directory: |C WUs..orfDesktop\MagStr_2022_Caldef\Fullprof_Commensurate_Cr2WO6_Caldery,  Cede File: | Type: | Date:  |01/10/2022

Open the .prf file to check the
fit.

You might have to open the file
after clicking on the toolbar. Or 00000

open it from the file directly. - i ]
B HB2A_Gel13 o i ]
The peaks are fit at slightly & MnPyz C ’
different 2theta. So need to el et : | ;
. . & Mn = 00000 | ]
refine the lattice constants o MnPyz g I r 1
first. Also scale is a bit off. E’ff MnPyz g i I A 0 O R A U ]
i MnPyz_1psK E o L _
k| MnPyz_20K i 1
. . Bl 1npyz1 - 1
NOTE: Always refine lattice ! :
constants before peak shape } W }
parameters. B _
26 ()
OAK RIDGE | sy
National Laboratory | REACTOR | SOURCE




The model and the data look “close enough” to
start refining. We can now we can turn of

parameters to refine to try to get the model and
data to match.

SPALLATION
NEUTRON
SOURCE

HIGH FLUX
ISOTOPE
REACTOR

%OAK RIDGE

National Laboratory




Step 1: Refine the crystal structure using FullProf

Now allow the following to refine to fit the nuclear

C

%

rystal:
* Scale factor (Refinement>Profile)
* Lattice parameters (Refinement>Profile)
* Background (Refinement>Background)

» 2theta zero. (Refinement>Instrumental)

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 endingin 1.

Those constrained have the same code e.g. 11 and
11 or511 and 511.

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

Profile Parameters: Phase 1 Pattern 1

Factors
Scale Overall Bfactor
Coefficients 100,00+ 0.0000
Cell Parameters
a b c alpha beta gamma
Coefficients 10.1500071 [Iv 10.505555 (v 10.116000|v 90.000( 107960 |Iv 50.000(
FWHM / Shape Parameters Asymmetry Parameters | Prefemed Crientation
FWHM Parameters Refine Al
U ) W IG
Coefficierts 0.000000| 0.000000 | 0.000000 | 0.000000 | Fie Al
Ghane Paramstars Caneet |
6 Coefficients Polynomial Background: Pattern 1
a0 | d_1 d2 d3 d_4 d_5 Refine Al
Coefficents D.EDDDDE+DEI|7 0.0000(I+ 0.0000|fv 0.0000 |+ 0.0000 |+ 0.0000(I+ -
Fie All
d6 || a7 ] a8 [] 485 [ 410 || a1 ||
Instrurnental Parameters Refinement: Pattern 1
2_Theta
Refine Al | FAl |
Zero Displacement Transparency Wavelength
Coefficients 0.000000|V 0.000000( 0.000000| 0.000000( Cancel | oK |




me p
s Editor of PCRF

— s
Exit1
@ WEBHDE Y o X

File Editor Tools

Working in text editor and GUI

lcomm  #:
! current global chi2 (Bragg contrib.) = 31.11
! Files = paT-file: mnPyz_20k.dat, PcrR-file: mnpyz
'Job Npr Nph Nba Nex Nsc Nor Dum Iwg Ilo Ias Res Ste Nre Cry Uni Cor opt Aut
1 7 0 0 1 [} [} 0 0 0 [} 1
!
. . ! Resolution file for Pattern# 1
HB2A_Gell3.irf
a n u Se e a n e I e eX O e Cr I e '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 [v] 0 0 0 0
1
! Lambdal Lambda2 Ratio Bkpos wdt cthm mur  AsyLim  Rpolarz 2nd-muR -> Patt# 1
Z.AUG?UU 2.406700 0.00000 60. 000 8.000 0.0000 0.0000 180.00 0.0000 0.0000
. . . 'NCY Eps R_at R_an _pr' r_gl Thmin Step Thmax PSD Sent0
Open text with 1. [pcr and magnifying glass IR TR R R b o el S
. . :
12 'Number of refined parameters
1
! Zero Code SyCos Code  sysin Code Lambda Code MORE ->Patt# 1
0.01378 21.0 0.00000 0.0 0.00000 0.0 0.000000 0.00 0
i Background coefficients/codes for Pattern# 1 (Polynomial of &th degree)
584587.750 -135909.203 -14207.162 1B82859.891 8940.036 -96032.84.
31.00 61.00 71.00 Bl.UU
1
! pata for PHASE number: 1 ==> Current R_Bragg for Pattern# 1: 19.5855
1
. . . . . 1
Can quickly see and edit various things quicker than gy oy arg et 72 b oy s o e
25 [} 0.0 0.0 1.0 0 0 0 0 0 1204.481 0 7 0
1
i
° P 21/c <--5pace group symbol
Wlt tatom  Typ Y z Biso occ In Fin N_t spc /codes
M1 Mn 0. 51009 0.13426 0.59800 0.30004  1.00000 0 4] 0 0
0.00 0.00 0.00 0.00 0.00
ol [} 0.54100 0.24430 0.42660 0.30004  1.00000 0 4] 0 0
0.00 0.00 0.00 0.00 0.00
N1 N 0.36060 0.29910 0.56210 0.30004  1.00000 0 4] 0 0
. . . . 0.00 0.00 0.00 0.00 0.00
[ ] cl [« 0.26270 0.32510 0.61920 0.30004  1.00000 0 4] 0 0
y I I I u I . N 0.00 0.00 0.00 0.00 0.00
HL H 0.25464 0.27694 0.69194 0.30004  1.00000 0 0 0 0
0.00 0.00 0.00 0.00 0.00
02 o 0.47520 0.40590 0.28730 0.30004 1.00000 0 [} o] o]
etC 0.00 0.00 0.00 0.00 0.00
’ ’ 9 9 ’ N2 N 0.18020 0.49590 0.47280 0.30004 1.00000 0 [} o] o]
0.00 0.00 0.00 0.00 0.00
c2 [ 0.17310 0.42150 0.57380 0.30004 1.00000 0 [} o] o]
0.00 0.00 0.00 0.00 0.00
H2 H 0.10500 0.43484 0.61546 0.30004 1.00000 0 [} o] o]
. . . 0.00 0.00 0.00 0.00 0.00
[ ] 03 o 0.63290 -0.00920 0.53350 0.30004 1.00000 0 0 0 0
) ° 0.00 0.00 0.00 0.00 0.00
N3 N 0.73810 0.17610 0.70060 0.30004 1.00000 0 0 0 0
0.00 0.00 0.00 0.00 0.00
c3 [« 0.27770 0.46870 0.41470 0.30004 1.00000 0 0 0 0
0.00 0.00 0.00 0.00 0.00
° H3 H 0.28565 0.51737 0.34234 0.30004 1.00000 0 0 0 0
0.00 0.00 0.00 0.00 0.00
o turn on any to refine can type a en Fullpro o B aol® o o R 0 o o
9 0.00 0.00 0.00 0.00 0.00
N4 N 1.01820 0.23410 0.76740 0.30004 1.00000 0 [} 0 0
. . 0.00 0.00 0.00 0.00 0.00
c4 C 0.36700 0.37170 0.45740 0.30004 1.00000 0 [} 0 0
igures out the numbering.
C5 C 0.47140 0.33830 0.38550 0.30004 1.00000 0 [} 0 0
0.00 0.00 0.00 0.00 0.00
CE C 0.79600 0.26280 0.79250 0.30004 1.00000 0 0 0 0
0.00 0.00 0.00 0.00 0.00
H4 H 0.74254 0.20429 0.83748 0.320004 1.00000 0 [} 0 0
0.00 0.00 0.00 0.00 0.00
c7 C 0.93330 0.29250 0.82250 0.20004 1.00000 0 [} 0 0
0.00 0.00 0.00 0.00 0.00
H5 H 0.96819 0.35627 0.88409 0.20004 1.00000 0 [} 0 0
0.00 0.00 0.00 0.00 0.00
C8 C 0.96040 0.14490 0.67680 0.20004 1.00000 0 [} 0 0
0.00 0.00 0.00 0.00 0.00
HE H 1.01539 0.10104 0.63560 0.320004 1.00000 0 [} ] ]
0.00 0.00 0.00 0.00 0.00
C9 C 0.82300 0.11600 0.84300 0.30004 1.00000 0 [} ] ]
0.00 0.00 0.00 0.00 0.00
C10 C 0. 75810 0.01320 0.54080 0.320004 1.00000 0 [} ] ]
.00 0.00 0.00 0.00 0.00
I > profile Parameters for Pattern # 1 ---—> Phase # 1
I scale shapel Bov stril str2 str3 strain-model
49, 82266 0.00000 0.00000 0.00000 0. 00000 0. 00000 [}
91. 00000 0. DDD 0.000 0.000 0.000 0.000
! u W X Y Gausiz Lorsiz 5ize-Model
0.000000 D.DDUDDD 0. 000000 0.000000 0.000000 0.000000 0.000000 0
0.00 b 0.00 U.?Uh bU.UU 0.00 _I_li.CIU1= 0.00
! a c a a eta amma # Ce info
OAK RIDGE HIGH FLUX | SPALLATION 10.184685 10811492 10.090220 90.D00000 10B.429535 90.000000
i ISOTOPE NEUTRON 11.00000 101.00000 111.00000  0.00000 121.00000  0O.00000
National Laboratory REACTOR SOURCE ! Prefl Pref2 Asyl Asy2 Asy3 Asyd S_L D_L
0.00000 0.00000 0.00000 0.00000 0.00000 0O.00000 O0.00000 O.00000
.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1 vk fTrar SThY ST narrarm A nlar




Step 1: Refine the crystal structure using FullProf

Editor of PCR Files

File Editer Tools Templates Help Exit

BESEST=AERY -7 B4 E IR TR AR IPN  Fulprct Program

- Information

Title, type of job: Rietveld, Integrated Intensties, el | »>> CYCLE: 10
Simulated Annealing. ...
=> Control file *.pcr: MnPyz
Type of Pattems. profile. background, diffraction Pattems | => Pattern: 1 MnPyz 20K
etry, attering factors .. S St . -
geomelry, usergiven scatienng factors => Calculation of ¥i for all points + Normal Matrix & Vector...
Phase name, type of calculations WBT), ATZ, Phases | => Calculation for pattern: 1
ET T DR RS, ST — => Solving L.S. eguations...
Number of cycles, relaxation factors, access to T Befnemert ] => Writing results for cycle 10
pattems and phases (atoms and profile) =» R-Factors: 2.98 4.20 Chi2: 259.7 DW-Stat.: 0.1665 Patt#: 1
Constraints definitions, adding, deleting, Constraints | => ExPeCtec.i : A 0.771 1.8838
modifying... =» Conventional Rietwveld R-factors for Pattern: 1
3 = T ; => Bp: 36.1 Rwp: 30.8 Rexp: 5.65 ChiZz: 29%.7
XINg range parameters, aistances, angles, — : : 3 -
R e B e e mﬂHWﬁmsl =>» Global user-weigthed Chi2 (Bragg contrib.): 31.11
=» —————— > Pattern# 1
Quitput options for pattems and phases: Output | = -
Reflection lists, Fourier, distances, BVS = _i Pha;iagg Rffaitor . 19.59
Copyright (<) 2002-2005. JGP - JRC => RE-factor : 1l.97 ) )
=> Conv. not yet reached -»> [Max] Shlft{Cell_C_phl_patl)/(eps*Slgma)Z 30.67 abs> 1

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

=> CPU Time: 1.375 seconds

The refinement to the 20K data is closer. 5 0.023 minutes

=> END Date:16/07/2024 Time => 18:08:12.132

Next can add in refinements to the peak shape, since the
sample may add some broadening beyond the parameters cycle: 10 chiz: 29.7 MnByz_ 20K.dat
loaded in with the irf file.

g 1.6E+06 :
§ 1.4E+06 —
qQ1.2E+06
. H
Peak profiles should only be run after the ¢ 1.0om+o06+
refinement and peak positions are close, i 8- 0E+0S
otherwise the refinement will blow-up g - OE+05 AL s
8 4.0E+05 LT TRV TN ARTOET (T TORTARRIT Y O L T QLR AT L
q
1IO ZIO BIO 4‘0 5IO 6‘0 7IO SIO 9IO 1CI)O 1ZII_O 12‘0
OAK RIDGE HIGH FLUX | SPALLATION 2Theta
National Laboratory :QSEOATCOTPOER QSHEEEN




Step 1: Refine the crystal structure using FullProf

Refinement =2 Profile=2> Refine U,V,W,X.

Profile Parameters: Phase 1 Pattern 1

— Factors
Scale Owverall Bfactor
Coefficients 45823 0.0000(
— Cell Parameters
a b c alpha beta gamma
Coefficients 10.184638|W 10.8114532 | 10.050220 | 90.000( 108 430+ 50.000(

FWHM / Shape Parameters Eymmetry Parameters I Prefemed Crientation |

v
Coefriciagll D.DDD,IE . 0.000000( Al |

Y
0.000000(
™ Refine FWHM for second wa®

uz V2 w2
Coefficients — I~ I~

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




Step 1: Refine the crystal structure using FullProf

Atoms Information: Phase 1

« Finally the atomic parameters | *== =2
Con be refined. This Wi” give G Atom # 1 I‘t"IL‘a MnNtw >[:.."':‘13."':‘Ei|7 ;.12355|7 §.EI}21?W 0. I O:.:I'D'D'D'Dr Isotr::::m.Fad.
good fit and low chi values. FETEM [ T T N N T
BU_I_ _I_here Ore |O_I_S Of Vgrigblesl ftom#-l 1 0.26705 (v 0.31210[» 062253 [ ‘ r 1.00000( .

Anisotropic Thermal Factors / Form Factors

SO Ccare ShOU|d be TG ken In B11/F1 B22/F2 B33/F3 B12/F4 B13/F5 B23/F6 F7 A

Refine Posit

Refine B_iso |

Isotropic " M
Fix Al
Cancel

interpreting these results for : _ _ X X X X X
the atomic positions. ’ ) ) ) ) ) ) )
« Other data was collected with b
a shorter wavelength (1.54 A) £ 1
to cover more reflections. This g1
Is presented in the paper. -
o8
) 1‘0 20 3‘0 4‘0 5‘0 6‘0 7‘0 8IO 9IO 1CI)O 1i0 1éO
OAK RIDGE | 151 seision 2Theta

National Laboratory | REACTOR | SOURCE




Step 1: Refine the crystal structure using FullProf

Up to now we have been refining the crystal structure at 20K, where there was no long
range magnetic order.

We now want to refine the crystal structure in the magnetically ordered region (1.5K).

Then we will add on the magnetic phase based on that refinement in steps 2 and 3.

LLLLLLLLLLLLLLLLLL
OAK RIDGE OOOOOOO ] NNNNNNN
ACTOR SOURCE

nal Labor



Step 1: Refine the crystal structure using FullProf

Before refining the 1.5 K data FIRST TURN OFF ALL PARAMETERS.
The peak shapes should not change with temperature since we are measuring the same

sample on the same instrument!

* The lattice constants and structural parameters will vary with temperature, but the
temperature change here is small. We can refine as needed.

Check in text file that nothing is
refining.

HIGH FLUX | SPALLATION
OAK RIDGE ISOTOPE NEUTRON

National Laboratory | REACTOR | SOURCE

File Edit Search

DBxE®q EI
COMM _ #:
! Files =» DAT-file: , PCR-file: MnPyz

'Job Npr Nph Mba Nex Nsc Mor Dum Iwg Ilo Ias Res Ste Nre Cry Uni Cor oOpt Aut
1 7 0 a 0 o 1 0 o o 0 o [} 1

!

! Resolution file for pattern# 1

HB2A_Gel13.irf

'Ipr ppl Ioc Mat Pcr Lsl Ls2 Ls3 NLI Prf Ins Rpa Sym Hk1 Fou sho Ana
[} ] 1 [} 1 o 4 ] o 2 10 o [} ] o [} ]

! Lambdal Lambda2 Ratio Bkpos wdt cthm muR  AsyLim Rpolarz 2nd-muR -> Patt# 1
2.406700 2.406700 0.00000 60.000 8.000 0.0000 0.0000 180.00 0.0000 0.0000
'
INCY EpS step Thmax PsSD sent0
o= e 55.0000 0.000 0.000
!'Number of refined parameters
amhd 90e MORE ->Patt# 1

Code SyCos code  sysin code

1" Background Coe -
559372,062 109806, 312
0.00 0.00

ooy 0.00

oue or-Pattern 1 (polynomial of 6th degree)

5328.478 107231.953  12523.546 -71904.891
0.00 0.00 0.00

0.00

Data for PHASE number: 1 ==> Current R_Bragg for Pattern# 1:

0

. 0000

Nat Dis Ang Prl Pr2 Pr3 bt Irf Isy str Furth ATZ Nvk Npr More
25 o] 0 0.00.01.0 0 o] [} 0 o] 1204.481 0 7 0

!

|

P 21/c <--Space group symbol

'atom  Typ X Y z Biso occ In Fin N_T spc /codes

Mnl Mn 0.51356 0.12895 0.60217 0.20004  1.00000 0 4] 0 0
0.00 0.00 0.00 0.00 0.00

o1 [o] 0.54868 0.24635 0.42955 0.30004 1.00000 0 o 0 0
0.00 0. 01 0.00 0.00 0.00

N1 N 0.36244 0.30105 0.536440 0.20004  1.00000 0 4] 0 0
0.00 0.00 0.00 0.00 0.00

1l C 0.26705 0.31210 0.62293 0.30004 1.00000 0 o 0 0
0.00 0.00 0.00 0.00 0.00

HL H 0.24226 0.24571 0.66885 0.30004 1.00000 0 ] [} [}
0.00 0.00 0.00 0.00 0.00

02 [e] 0.47150 0.40957 0.28321 0.320004 1.00000 0 o o o
0.00 0.00 0.00 0.00 0.00

N2 N 0.17238 0.49489 0.47494 0.30004 1.00000 0 o 0 0
0.00 0.00 0.00 0.00 0.00

c2 C 0.15921 0.40664 0.36866 0.20004 1.00000 0 4] 0 0
0.00 0.00 0.00 0.00 0.00

H2 H 0.10169 0.42860 0.62270 0.30004 1.00000 0 o 0 0
0.00 0.00 0.00 0.00 0.00

03 [s] 0.63589 -0.00641 0.533074 0.20004 1.00000 0 4] 0 0
0.00 0.00 0.00 0.00 0.00

N3 N 0.73160 0.18010 0.70183 0.30004 1.00000 0 o 0 0
0. 00 0.00 0.00 0.00 0.00

s - A STATT A AE3TA A 41733 A 3AAAL 1 ARAAA A A A a



Step 1: Refine the crystal structure using FullProf

B FullProf Pregram

=> Expected : 0.773 1.8739

Refine against the 1.5 K data. S e
=>» Global user—-weigthed Chi2 (Bragg contrib.): 2.780
= ———————— > Pattern# 1
=>» Phase: 1
NOTE: New peaks are present at low = "atagy noractor:  3.426
= REF-factor : 1.672
angle. These are the magnetic o> Comvergence resched at this CICIE it CrEm Mo, 1
. => Expecteg : . 0.773 . 1.8735
peaks. The structural model still -3 Conventional Ristveld &-factors for pattemn: ! I
. =» Global user—-weigthed ChiZ (Bragg contrib.): 3.033
captures the high angle peaks g

=> Bragg R-factor: 3.428

indicating there is no observable > nar e Siaal calouistions and wrising..
structure phase transition. > cov Time: 0,266 seconds

=>» 0.004 minutes

=> END Date:16/07/2024 Time => 18:27:25.873

We can now use this to determine
the k-vector and then magnetic Syele: 10 CRiZ: 2.90  MnEyE ipsx.dac

truct
structure. i
o
a1
a1
u
0a
™
it =
-
m
C (5]
] | [ FUTIEEE T 0 FIRVEI TEE D00y (omrimms W mnmn o o mma o )OO RO 0 O O
E 4. 0E+05
Mttt ettt o S ot o g 2P e it R g oty gt Ao b St gt it
H T T T T T T T T T T T T
10 20 20 40 50 60 T0 80 90 100 110 120
%OAK RIDGE | HieH FLUX | sPALLATION Z2Theta
i ISOTOPE NEUTRON
National Laboratory | REACTOR | SOURCE




Step 1: Refine the crystal structure using FullProf

The background changes slightly between 1.5 Kand 20K, these parameters can be
refined here or when doing the magnetic phase.

LLLLLLLLLLLLLLLLLL
OAK RIDGE OOOOOOO \ NNNNNNN
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Mn-pyrazinecarboxylate

This example will use Fullprof and Bilbao Crystallographic Server (BCS) https://cryst.ehu.es/

* Step 0: Have a well characterized material and good background information

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 candidate magnetic models using BCS

Step 4: Refine the magnetic model and nuclear phase in Fullprof.

* Step 5: Check the magnetic model
OAK RIDGE

National Laboratory

SPALLATION
NEUTRON
SOURCE

HIGH FLUX
ISOTOPE

REACTOR


https://cryst.ehu.es/

Magnetic propagation vector: k-vector

* Crystal and magnetic unit cells are not necessarily the same size.

e k-vector describes the relation between the crystallographic and
maagnetic unit cells

— Determine with neutron diffraction

() o o o= GO P
® o ® =9 =9P =9P
k=(2, 0)
® o ® o | O Y
2a
al @ o o =0 | =8P =P

b

LLLLLLLLLLLLLLLLLL
0K RIDGE | 6102 | 861
ACTOR | SOURCE

al Labor:




Magnetic propagation vector: k-vector

Reciprocal

space: k-vector k=(0,0)
=9)> =0P =0

Real space:

crystal and > |=0> -0

magnetic

unit cells =) | =0P | =0

a E-» -»
Lb FM

Crystal ® Atom
unit cell

Magnetic 1 ,
unit cell Spin

HIGH FLUX | SPALLATION
OTOPE NEUTRON

%OAK RIDGE

al Labor:

ACTOR | SOURCE

k=(0,0) k=(2,0)
<40 <o <& ¢ ¢ @
o> | O o
<40 <40 | <o o> =op |=op
o> O o
<40 <40 <« < < <
o | O | O
<40 <&
|§|» <[]
AFM AFM
> 5 |5
Incommensurate
spin density wave s db db o
structure with
k,=(d,0) =P | =@P | =9P>
=@ ) P

k=("2, 2)

P | =@) | Q=
=0 @ =9
O =0 | @

e db ol b . g

AFM

Incommensurate
Helical structure
with

k1=(6’0)

k=(14,0)

¢4

o= €=

t ¢

-8) =0

AFM

OO®

OO®
SOH®

SO



Determine the k-vector

WinPlotr-2006

FullProf Suite ToolBar

File Programs Settings FP Dirnensions Tools Edit Results Help

B @ 55 i, Fon lhd i 220
 k-search is run in WinPlotr-2006.

 Open the .prf file. Clicking on icon may open
it automatically, if not follow these steps:

— “File”>”0Open Rietveld/Profile file (*.prf)”
— Select the prf file

5, WinPLOTR-2006 Version: 5.10-2012 - o «
File Plot Profiles Options Xspace Calculations Ext. Applications Tools Help

S H (SR B o ol [N S [Per B BRI PP Per S5 S [BE | EE A 2@ | X

@ | backup

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

g, 1CS0_CollCoded22752

Intensity (arb. units)

- A.llu

ol -S| v B E E

Open Patter file (*.dat)
Open Rictveld/Profile file (*prf)
Gcc b file (b

Open Numer File (ILL)
Open ILL Instrument + Numors

View Header Mumaor...

Save Data as...

Save Buffer file...

Save Graphic inta file...
Quick View PRF
WinPLOTR 2D

WinPLOTR Generic Graphs
Print...

Reset

1. C\Users\cr\ORNL Dropbox\Stuart Calder\HB2A_POWDER\MagStr Workshops\MagStr2024_Calder\Cs2Fe2(MoO4)3_MagSpaceGroups_Calder2024\CFMO_10K.dat
2. C\Users\crS\ORNL Dropbox\Stuart Calder\HB2A_POWDER\MagStr Workshops\Mag5tr2024_Calder\Cs2Fe2(Mo04)3_MagSpaceGroups_Calder2024\CFMO_300mK.dat

3. <Empty>
4, <Empty>
5. <Empty>

Exit

Plot  Profiles Options Xspace Calculations Ext Applications Tools Help
Bl FP Per 3 U & o [Bf | EE A 2 A | X

Il \‘\ | \I\ H‘\IHII\IIHIH IH‘I I II‘IIH\ \jHHI TIIIHIIIH\ III |

10 20 30 40 50 60 70 80 20 100 110 120

Ztheta (deg)

st M|k DQ

[single

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

S. Calder, MagStr2026



AL WinPLOTR-2006 Version: 5.10-2012

File Plot Profiles Options Xspace

Determine the k-vector

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

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.

Calculations

BE C\windows\SYSTEM32\cmd.exe

t. Applications Tools Help

ILL-January

¢ d | Iy Sl:u VIEW FP 5 Cic
& o rer B @} %P’;g FP o @i cie S | ot Al Input structural ed maximum R-factor for a solution is:
model, this is pulled partial results ...
from prf file internal
110000 B TEEETFTI Loe Select the magnetic
peaks (the scatterlng i L Input parameters for K_SEARCH

100000 qQ
0 not fit by the.crystal THe
S eo000 structure refinement) ~ solut
3 Lattice Type P21/c
Q' of the best incommensurate 18 solutions for
= 20000 Cell Parameters [ 1017611 10.80998 10.07803 90.0000 108.4350 50.0000
g Tol R-F
2 (TOF/2heta) | 0300
'a 70000
5':-’ E;;Tﬁi,mm .y 0005 o005 ooos
£ 60000 Number of Paints 100 100 100

(Na” Nb* Ne”)
50000 -] Wavelength | 240670
(CW) / Dt 1(TOF)
T T 11
40000 — 1 . . . {* Short Output " Long Output ™ Mo output of intermediate calculations

30 35 40 a5 50 [¥ Search only special k-vectors Cancel

Ztheta (deq)

OAK RIDGE HIGH FLUX | SPALLATION
- ISOTOPE [ NEUTRON C
National Laboratory | REACTOR | SOURCE CPU-hours




NOTE: Depending on your set-up, k-search may not
run exactly the same as on the previous slides.
* You may not see the results shown in the black

terminal when you run k-search (it might flash for
a second then close)

Look in the folder where the .prf file is located for

a “.kup” file. This can be opened with nay text
editor and has all the details.

FIXES if you still cannot see the k-search results:

* Firsttry opening WinPlotr-2006 from the toolbar
then follow previously slides.
If that does not work try opening WinPlotr-2006
directly from the Fullprof program location

* Classic Fullprof is usually C:\FullProf_Suite\
* New Fullprof is wherever you put it

HIGH FLUX
ISOTOPE
REACTOR

SPALLATION
NEUTRON
SOURCE

%OAK RIDGE

National Laboratory

This PC > Windows (C:) > FullProf Suite

) = W T sort v+ = View ~

Lt

(] Name
| ] winplotr.dir

';ﬂ winplotr

D winplotr.mlf

D winplotr.set

|ﬁ WinPLOTR-2006

wito15

Mt




e The determined k-vector is k=000

* With the k-vector and paramagnetic crystal
structure we have all the information needed
to start to determine the magnetic structure.

SPALLATION
NEUTRON
SOURCE

%OAK RIDGE

National Laboratory

HIGH FLUX
ISOTOPE
REACTOR




Mn-pyrazinecarboxylate

This example will use Fullprof and Bilbao Crystallographic Server (BCS) https://cryst.ehu.es/

* Step 0: Have a well characterized material and good background information

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 candidate magnetic models using BCS

Step 4: Refine the magnetic space group in Fullprof.

* Step 5: Check the magnetic model
OAK RIDGE

National Laboratory

SPALLATION
NEUTRON
SOURCE

HIGH FLUX
ISOTOPE

REACTOR


https://cryst.ehu.es/

Overview of Magnetic Space Group
Approach

Magnetic Space Groups

* Extension of crystallographic space
groups to include spin

* Includes symmetry of all
magnetic/non-magnetic atoms so
can provide insights

* |ncommensurate only recently added
through supersymmetry description

HIGH FLUX | SPALLATION
ISOTOPE NEUTRON

%QAK RIDGE

ional Laboratory

REACTOR | SOURCE




Alexey Vasilyevich Shubnikov 1887-1970

Magnetic space groups (Shubnikov groups)

e Natural extension of the crystallographic space group description.

— But only recently became widely used for magnetism.

1929: Heesch, intfroduces the antiidentity operation properties: u2 = 1, ut = tu for all teT

— aka time reversal group ={1,1’} (Z. Krist. 71, 95)

|1945: Shubnikov re-introduces concept of bi-colour point groups

1951: Shubnikov describes and illustrates all of the bicolor point groups (= Shubnikov groups)
1955: Belov, Neronova, Smirnova (BNS) - first complete listing of the Shubnikov groups (Sov. Phys. Crys 1, 487-488)
1957: Zamorzaeyv, group theoretical derivation of Shubnikov groups (Kristallografiya2, 15 (Sov. Phys. Cryst., 3, 401))

1965: Opechowski and Guccione (OG), first complete derivation and enumeration of the Shubnikov groups

001: Litvin, corrected Opechowski-Guccione symbols (Acta Cryst. A57, 729-730)

2012: Incommensurate magnetic space group approach standardized and added to software tools

OAK RIDGE

National Laboratory

HIGH FLUX | SPALLATION
ISOTOPE NEUTRON

REACTOR | SOURCE




Extend Space Group Approach to include magnetism

e 230 crystallographic space groups:

— Atoms considered as simple points at a certain location, then apply symmetry
operations.

e Now add magnetic moments:
— Underlying crystal lattice unchanged, with moments at atomic positions.
— BUT moments are not points, they are vectors ... axial vectors.

— Location and orientation need to be considered when applying symmetry
operations.

e Symmetry operations for crystal space groups not enough to describe magnetic
structures.

HIGH FLUX | SPALLATION
ISOTOPE NEUTRON

%OAK RIDGE

National Laboratory

REACTOR | SOURCE




Magnetic space groups: Spins are axial vectors

e Translation (t) and 2-fold rotation
are the same for axial and polar
vectors.

e |nversion and mirror (m) are
different for axial and polar.

%OAK RIDGE

National Laboratory

HIGH FLUX
ISOTOPE
REACTOR

Mirror (m)

+

1

=

m +

Polar vector
m

|

e

=i

Axial vectoi R

»

translation (t)
1 + 1 +
—
Polar vector

translation (t)

»

A

Mirror (m)

m

Axial vector

<o | o

X

2- fold rotation

It
/

Polar vector

Axial vector

Inversion (-7)

el

Inversion (-7)

1

SPALLATION
NEUTRON

SOURCE




anti-mirror

Magnetic space groups: Time-reversal

e To describe magnetic moments fully a new operator is added
— Time reversal or prime (1°)

— Reverses the final current loop to allow a further set of symmetry
operations.

m’ (anti-mirror) behaves like polar vector

2’ (anti-rotatfion) inverts axial vector

t' (anfi-tfranslation)

All magnetic structures can be described by a combination of
primed and unprimed symmetry operators

Time reversal = spin reversal L
(changes the sense of the current) S

LLLLLLLLLLLLLLLLLL
0K RIDGE | 5612 | S8
ACTOR | SOURCE

al Labor:




Building the magnetic space groups

e By associating the 1" spin operator with a color change (black to white or black to red) the
magnetic symmetry theory was termed black-white symmetry.

M The original 230 space groups are included as colorless groups and keep their standard labels
-

« A further 230 groups are created by adding the 1’ operator as an extra symmeiry operation

- e.g.Pmmm171’

— These correspond to paramagnetic states and are termed grey (each magnetic site is both black and
white = grey)

 The remaining 1191 magnetic space groups are created by combining the 1’ operator with one or
more of the symmetry operation in each of the 230 crystallographic space groups

— e.g. Pm’mm where the mirror plane perpendicular to a is now an anti-mirror and the other two are
unchanged.

- Combining all possibilities leads to 1651 magnetic space groups

OAK RIDGE

National Laboratory

HIGH FLUX | SPALLATION
ISOTOPE NEUTRON

REACTOR | SOURCE




Magnetic space groups

e Full description of all Magnetic Space groups

produced.
— Acta Cryst A57, 729-730 (2001)
— Acta Cryst. (2008). A64, 419-424 (2008)

o Utilized in analysis tools

— Isodistort, Bilbao (GSAS-II), Fullprof, JANA, etc

HIGH FLUX
ISOTOPE
REACTOR

%OAK RIDGE SPALLATION

National Laboratory
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Step 3: Create candidate magnetic models using BCS

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

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

Server.

LLLLLLLLLLLLLLLLLL
OAK RIDGE OOOOOOOOOOOOOO
nal Labor ACTOR | SOURCE



Step 3: Create candidate magnetic models using BCS

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

Select “Magnetic Symm_etry and Applications” to open the drop-down menu

bilbao crystallographic server

FéTIZTF

SRUCTU,
vo‘\ % Contactus About us Publications How to cite the server
g
=

fm— Space-group symmetry

IUCr 2026

CALGARY, CANADA

AUGUSTT1-18
Bilbao Crystallographic Server

in forthaamin Saoga g workenops Group-Subgroup Relations of Space Groups
News: Representations and Applications

New program: SPGENPOS

06/2026: General positions of the spin point groups

Solid State Theory Applications
New Article
04/2026: Elcoro et al. "Automatic calculation of
symmetry-adapted tensors under spin-grou, —gg
szmmelz: STEpNSOR‘ a new tool 0;: tht!;lI Bill?ao Structure Utilities
Crystallographic Server”. J. Appl. Cryst (2026) 59,

640-647

MORPHIC EFFECTS updates Topological Quantum Chemistry

04/2026: The magnetic-field option is now available

New Article ] Subperiodic Groups: Layer, Rod and Frieze Groups
06/2025: Etxebarria et al "Crystal tensor properties

of magnetic materials with and without spin-orbit

coupling. Application of spin point groups as

approximate symmetries.”. Acta Cryst (2025) A81, Structure Databases

317-338

New program: MINSUP for plane groups

06/2025: Minimal supergroups of plane groups Raman and Hyper.Raman scaﬂering

New program: CollinearSpinGroups

05/2025: Operations of Nontrivial Collinear Spin -
Space Groups Point-group symmetry

New program: STENSOR

04/2025: Symmetry-adapted form of crystal tensors Plane-group symmetry
under spin peint groups

o

Magnetic Symmetry and Applications

« New Article
OAK RIDGE r“G'IH FPLEUX ﬁFéAli,l‘RALION 04/2025: Tasci et al. "Computational analysis toals Double point and space groups
- SOTO UTRO for magnetic structures in the Bilbao
National Laboratory REACTOR | SOURCE Crystallnaranhic Sarvar” Acta Cruet (201781 AR



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

Step 3: Create candidate magnetic models using BCS

Then select “MAXMAGN”

Magnetic Symmetry and Applications

Magnetic groups

MGENPOS General Positions of Magnetic Space Groups

MWYCKPO3 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
BNS20G Transformation of symmetry operations between BNS and OG settings

mCIF2PCR Transformation from mCIF to PCR format (FullProf).

MPOINT Magnetic Point Group Tables

LIFENERY

MAXMAGN

STRCONVERT (El.?;:];:i?'t;l TfeECCIIIr:t, E‘lt(gli]lft\t’léeST?ﬂ.aﬁSP 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

Get_mirreps Irreps and order parameters in a paramagnetic space group- magnetic subgroup phase transition
SPGENPOS /\ General positions of spin point groups

STENSOR £\ Symmetry-adapted form of crystal tensors under spin point groups

CollinearSpinGroups iy Operations of Nontrivial Collinear Spin Space Groups

HIGH FLUX
ISOTOPE
REACTOR

SPALLATION
NEUTRON
SOURCE

%OAK RIDGE

National Laboratory




Step 3: Create candidate magnetic models using BCS
[1] Need to have a propagation vector. This was determined using k-search in fullprof (to be (0.5,0,0.5).

[2] Check the box “Structure data of the paramagnetic phase will be included”. This allows you to input a
.cif file.
[3] ClICk SUu bm it. MAXMAGN: Maximal magnetic space groups for a given a propagation vector and resulting magnetic structural models

[2]

Structure data of the paramagnetic phase will be included O Non-conventional setting

Please, enter the label of the space group of the paramagnetic phase
MAXMAGN provides the possible magnetic space groups that can be (parent group)

assigned to a 1-k commensurate magnetic phase assuming that the
magnetic symmetry is a maximal one. The space group of the
paramagnetic 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

‘ choose it | ‘ |

Please, enter the propagation vector k:

the program provides the constrains for the different possible [ 3]
symmetries and cif-like files can be produced. These files permit the
different alternative models to be analyzed, refined, shown

graphically, transported to ab-initio codes etc., with programs as
ISODISTORT, JANA2006, StrConvert, VESTA, etc. These cif-like files
can also be submitted to the program MVISUALIZE, which allow 3D
visualization of magnetic structures with Jmol. A controlled descent to
lower symmetries is also possible.

This program provides an alternative to the traditional
representation method for the parameterization of magnetic
structures.

MAXMAGN tutorials:

Abbreviated tutorial: download

Extended tutorial: download

Last tutorial: download

Examples and further information can be found in the following paper:

J.M. Perez-Mato, S.V. Gallego, E.S. Tasci, L. Elcoro, G. de la Flor, and M.I. Aroyo
Annu. Rev. Mater Res. (2015), 45:13.1-13.32

which can be used to cite this program.

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




Step 3: Create candidate magnetic models using BCS

Choose .cif file (crystal structure only).
The one for this example is “MnPyz_1p5K_nuclear.cif”

Then upload the file.

Bilbao Crystallographic Server -+ MAXMAGN - Maximal magnetic space groups Help
Parent paramagnetic structure cif file
Option 1: Please submit a structure file (CIF format):
| Choose File |MnPy2_1p5I{_nu+:lear.{:if | Upload the file |
MNo space group provided. The space group | 2d in the cif file will be taken.
Bilbao Crystallographic Server For comments, please mail to

https://cryst.ehu.es administrador bcs@ehu.eus




Step 3: Create candidate magnetic models using BCS

Parent phase structure data: Magnetic Atoms

L]
P t - P24/c (No. 14)
T h e p a ra m a g n et I C p h a S e L:trt?cl ;zﬁacr?lgtgrip(Ang;liomz and degrees). a=10.17610, b=10.81000, c=10.07800, alpha=90.000000, beta=108.439003, gamma=90.000000
i n fo r m at i O n i S d i S p laye d Atoms: Please select the magnetic ones
L]

N Atom name Atomtype Woyckoff Position Coordinates Magnetic?
[1]
. . EE— Mn1 Mn 4e 0.51356 0.12805 060217
[1] Select the magnetic atom(s). T — ——
H H 3 N1 N 4 0.36244 0.30105 0.56440 ]
This case Mnis the only i
4 c c de 026705031210 062293 [
magnetic atom and there is only 5w e omonsTIOmS O
. 6 02 0 4o 0.47150 0 40957 028321 =!
one s |te. 7 N2 N de 017238 0 40480 047404 [
8 c2 c 4o 015921 0 40664 056866 [
. . 9 H2 H 4o 010169 042860 062270 [
* [2] Push Submit. This may take a
10 03 0 4o 063580 -0.00640 053074 [
feW Seconds to run the 11 N3 N 40 0.73160 0.18010 0 70183 o
. 12 c3 c 4o 0.27027 046870 041733 [
CalCUlathnS..... 13 H3 H de 027886 053042033280 [
14 o4 o 4o 080942 002700 047011 [
15 N4 N 4o 102037 023074 077218 ()
16 c4 c 4o 0.37122 0.39433 0 46301 =!
17 c5 c 4o 048774034148 030952 [
18 C6 c 46 081776 026713079909 [
19 He H 4o 072837 031267 085696 [
20  c7 c de 0.03056 027807 083592 [
21 H5 H 4o 006853033513091943 [
2 cs c 4o 0.97946 013864 0 67951 =!
23 He H de 103201008074 064397 [
24 co c 4o 082851 0 11546 0 64167 o
2% ci0 c 4o 075618 002305054995 [
OAK RIDGE sz | g [2]
National Laboratory | REACTOR | SOURCE




Step 3: Create candidate magnetic models using BCS

Maximal magnetic space groups for the parent space group P24/c
(No. 14) and the propagation vector k = (0, 0, 0)

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

The possible magnetic space groups
are displayed in grey

To view magnetic structure and export
mcif file click on “Show” in last
column.

MTENSOR

MTENSOR

MAGNEXT
MTENSOR

Alternatives (domain-related) MTENSOR




Step 3: Create candidate magnetic models using BCS Check #1

MAGNEXT
Sh
Go toa subgmup
MTENSOR
Alternatives (domain-related) _

Magnetic Structure

Selected magnetic space group: 1- P2,%c’ (#14.79)

0 ) Sh MAGNEXT
Go toa subgmup
Alternatives (domain-related)
0 ) MAGNEXT
Sh
Alternatives (domain-related)
Lattice parameters: a=10.19000, b=10.90600, c=10.11600, alpha=90.000000, beta=107.960, gamma=90.000000
( 1 0 0 0 )
0 1 0 0 MAGNEXT
e o 0 1 o [Go to setting standard (a, b, ¢ ; 0, 0, 0)]
Go to an alternative settin
Alternatives (domain-related) [ g]

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

Setting of the parent group

Parent space group P24/ (No. 14)

Atomic positions, Wyckoff positions and Magnetic Moments

Only Ho can contribute to magnetic

Stru Ctu re. N Atom New WP Multiplicity  Magnetic moment | Values of My, My, M,
1 Mn1Mn 051009 0.13426 0.59800 | <37 | MxMyMa) (y+1/2,-2+1/2 | my-my.my) 4 (MM, M,) mx -
. n1 Mn 0. . . oMy, M y = 0.
Spins only allowed along x, y, z (Y2 | MoMy,mz) -y 11224412 | my-my.m;) M, =
[ xy.z| mx,my,mz) (-x,y+1/2,-z+1/2 | mx,—my,mz)
2 0100541000.244300.42660 | . | MMy ) (%o HU2ZH2 | Moy, mg) 4 B B}
N (x.y.z | my,my,m;) (-X,y+1/2,-z+1/2 | my,-my,m;)
3 N1N0.360600.299100.56210 | "0 | MMy i) (%o HU2ZH2 | Moy, ) 4 B B}
[ X.V.Z | my,m,,m) (-x,y+1/2,-z+1/2 | m,,-m,,m
4 C1C0.26270 0.32510 0.61920 (.2 | my,my,mz) (XY | Mx-My.m;) 4 - -

(-X,Y,-Z | My, My, M) (x,-y+1/2,2+1/2 | my,-my,m;)

\ [ . ‘, o mgin |
HIGH FLUX | SPALLATION
%OAK RIDGE ISOTOPE | NEUTRON
National Laboratory | REACTOR | SOURCE




Step 3: Create candidate magnetic models using BCS Check #2

MAGNEXT
Sh
Go toa subgmup
MTENSOR
Alternatives (domain-related) _

Magnetic Structure

Selected magnetic space group: 2- P2,/c’ (#14.78)

0 ) MAGNEXT
Sh
Alternatives (domain-related)
I-l 0 )l- o
Sh
Gotoa subgmup
Alternatives (domain-related)
Lattice parameters: a=10.19000, b=10.90600, c=10.11600, alpha=90.000000, beta=107.960, gamma=90.000000
( 1 0 0 0 )
0 1 0 0 MAGNEXT
0o 0 1 0 [Go to setting standard (a, b, ¢ ; 0, 0, 0)]
Go to an alternative settin
Alternatives (domain-related) [ g]

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

Setting of the parent group

Parent space group P24/c (No. 14)

Atomic positions, Wyckoff positions and Magnetic Moments

Only Ho can contribute to magnetic

structure. W‘ Atom New WP ‘ Multiplicity ‘ Magnetic moment ‘ Values of My, My, M,
M =-0_00000
. 1 Mn1 Mn 0.51009 013426 0.58800 | V7 | MMye) Xy 22112 | oy -me) 4 (My, My, M) v, =
Spins only allowed along x, y, z (XNZ [ MeMyrMy) (Y +1/2.24172 | Moy, mz) M, = 0.00000 |
M (x,y.Z | mx,my,mz) (=%, y+1/2,-z+1/2 | -mx,my,-mz)
2 010054100024430 042660 | (' o 0 B ) 12,2412 | mygemymy) 4 - -
[ (xy.z | my,my,m;) (-x,y+1/2,-z+1/2 | -my,my,-m;)
3 NTNO036060020910056210 (" 1 o0 2V e ti2 24112 | mgemymy) 4 - -
o XV.Z | my,my,m5) (-X,y+1/2,-z+1/2 | -m,,m,,,-m
4| C1C026270032510061020 | 07| Memyma) (Y | o my. ) 4 - -

(=X,=Y,-Z | -My,=-My,-My) (X,-y+1/2,2+1/2 | my,-my,m,)

%OAK RIDGE HIGH FLUX | SPALLATION _ | e i e o oo | (x,y,Z | my,my,m,) (-x,y+1/2,-z+1/2 | -my,m,,,-m;) ‘
National Laboratory | REACTOR | SOURCE




Step 3: Create candidate magnetic models using BCS Check #3

Sh
Go toa subgmup
Alternatives (domain-related) Mag netic Structure
0 0
0 0 MAGNEXT
Sh
Go toa subgmup
Alternatives (domain-related) MIEESOR
0 0
0 0 MAGNEXT
“show | MAGNEXT |
Go to a subgroup
Alternatives (domain-related) MTENSOR
[Go to setting standard (a, b, ¢ ; 0, 0, 0)]
10 0 0 [Go to an alternative setting]
0 1 0 0 MAGNEXT
0 0 1 0 o .
Rl b s | Export data to MCIF file/Visualize || Go to a subgroup |
Alternatives (domain-related) _

Atomic positions, Wyckoff positions and Magnetic Moments

Selected magnetic space group: 3- P2,7c (#14.77)

Setting of the parent group

Parent space group P24/ (No. 14)

Lattice parameters: a=10.19000, b=10.90600, ¢=10.11600, alpha=90.000000, beta=107.960, gamma=90.000000

‘ N ‘ Atom New WP ‘ Multiplicity ‘ Magnetic moment ‘ Values of My, My, M,
: : M, = 000000 |
Ky +112,-2+1/2 | my - x
Only Ho can contribute to magnetic o b v 0.51000 013426 0.50800 | | MMyMa) (Xy+112,24172 | myomyma) . (1) e
(-X,Y,-Z | -My,-My,-My) (X,-y+1/2,z+1/2 | -my,my,-m;) _
M, = 000000

structure.

(x,y,Z | My, my,my) (-x,y+1/2,-z+1/2 | my,-my,m;)

2 | 0100.54100 0.24430 0.42660 4 - -
. (X,-Y,-Z | -My,-My,-My) (x,-y+1/2,2+1/2 | -my,my,-m;)
Spins only allowed alongx, y, z
x.y.z| mx,my,mz) (-x,y+1/2,-z+1/2 | mx,-my,mz)
3 | N1NO0.36060 0.29910 0.56210 (X,y,2 | MMy M) (%Y +1/2,2+1/2 | -myemy,-m;) 4 - -
X,V,Z | my,my,m.) (-xX,y+1/2,-z+1/2 | m,,-m,,m
4 | €1C0.262700.32510 0.61920 bz | mymy.mg) (x.y | M-y ;) 4 - -

(X,=Y,Z | -My-Miy, M) (X,-y+1/2,2+1/2 | -my,my,-m;)

| | | l'ull-lm AWEVEYER. Nis] ‘*41‘-"“‘

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




Step 3: Create candidate magnetic models using BCS Check #4

1 Q 0 0
0 1 0 0
0 0 1 0
Go to a subgroup
Alternatives (domain-related)

1 0 0 0
( 0 1 0 0 )
0o 0 1 0 -
Magnetic Structure
Alternatives (domain-related)
1 0 0 0
( 0o 1 0 0 ) Selected magnetic space group: 4- P2,/c (#14.75)
0o 0 1 0
: . Setting of the parent group
Alternatives (domain-related)

Parent space group P24/c (No. 14)

Lattice parameters: a=10.19000, b=10.90600, ¢=10.11600, alpha=90.000000, beta=107.960, gamma=90.000000

0
i

1 0 0 0
0 1 0 0
0 0 1
_GO toa Subgmup _
MTENSOR
Alternatives (domain-related)

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

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

On ly H O can Contl‘i bute to magnetlc Atomic positions, Wyckoff positions and Magnetic Moments
structure.

’T‘ Atom New WP ‘ Multiplicity ‘ Magnetic moment ‘ Values of M,, My, M,

Spins only allowed alongx, vy, z (| M) (g2 24112 | - ) My = [0.00000_
p y g ’ y’ {-x,-y,-zlmx,rf'ly,mz) (x,-y+112,z+1.'2|-mx,rr):y,-mz) 4 (MNy. M) My = 000000

M, = 00000

1 Mn1Mn 0.51008 0.13426 0.59800

(xy.2 | my,my,mz) (-X,y+1/2,-z+1/2 | -my,my,,-m;)

2 010054100024430042660 | ("0 o b V412 74112 | -mygrmegemg) 4 - -
(x,y.Z | my,my,my) (-X,y+1/2,-z+1/2 | -m,,m,,-m;)
3 N1N0.360600299100.56210 | ("0 o b o V11224112 | -magrmmsemg) 4 . .
s My, -XY+1/2,-z+1/2 | -my,m,,-
4 C1C 026270 032510061920 | Po¥Z | MemMyMz) (Xy+1/2,:2+1/2 | -my,my,-m;) 4 N -

(-X,-Y,-Z | My, My,m;) (x,-y+1/2,z+1/2 | -my,my,-m;)

OAK RIDGE HIGH FLUX | SPALLATION — — . — T —
- ISOTOPE | NEUTRON
National Laboratory | REACTOR | SOURCE




Step 3: Create candidate magnetic models using BCS

NOTE: in this MnPyz example all maximal
magnetic space groups have allowed
moments along x,y,z

BUT the maximal magnetic space groups
may only have allowed moments along
specific directions and zero elsewhere.
This can help to quickly test models.

See the figure here from a Ho,BaNiO,
example, this magnetic space group only
has spins along the b-axis for the Ho
atom.

LOOK THROUGH OTHER TUTORIAL
EXAMPLES TO SEE WHAT IS POSSIBLE

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

I Ho,BaNiO; example I

Magnetic Structure

Selected magnetic space group: 4- C.2/m (#12.63)

Setting parent-like (2a, b, 2c ; 0,0, 0)

Parent space group immm (No. 71)

Lattice parameters: a=7 51210, b=5.73410, c=22 55500, alpha=20.00, beta=90.00, gamma=50.00

[Go to setting standard (a-c, b, 2a ; 0, 0, 1/2]]

[Go to an alternative setting]

| Export data to MCIF fileMisualize || Getwa

subgrou

P |

Atomic positions, Wyckoff positions and Magnetic Moments

Atom

New WP

Multiplicity

Magnetic moment

Values of My, My, M,

=

He1 Ho 0.25000 0.00000 010125

(174,02 | 0.m,, 0 (1/4,0.-z | 0,m,.0)
(0,172.2+1/4 | 0.m,,,0} (0,0/2.2+1/4 | 0,m,,.0)
(1/4,0,2+172 | D,-m, 0} (1/4,0 2+1/2| 0,-m,,0)
(0.112,2+374 | D-m, 0} (0,1/2,-2+3/4 | 0,-m,,0)

(3/4.0.2| 0,-m,,0) (3/4.0.-z | 0,-m,,0)

(12.02,2+1/4 | 0,-m,,0) (12,172 2+1/4 | 0,-m,,,0)
(3/4,0.2+112 | 0.m,,,0} (3/4.0.2+1/2| 0,m,,.0)

(12,1/2.2+3/4 | 0,m,, 0 (1/2,1/2.-2+3/4 | 0,m,.0)

16

{0.M,,0)

MF =|0.00000

[E%]

Ba1 Ba 0.23000 0.50000 0.00000

(1/4,1/2,0 | 0,m,.0) (0.0,1/4 | 0.m, 0)
(174,1/2,0i2 | 0,-m,,0) (0.0,3/4 | 0.-m, .0)
(3/4,1/2,0 | 0,-m,.0) (1/2.0,1/4 | 0.-m,.0)
(3/4,1/2.12 | 0,m,.0) (1/2,0,3/4 | 0.m,,.0)

[¥1]

Mi1 Mi 0.00000 0.00000 0.00000

(0,0,0 ] 0.0.0) {1/4,1/2,1/4 | 0.0,0)
(0.0,1/2 | 0,0,0) (1/4,1/2.3/4 | 0,0,0)
(172,0,0 ] 0,0,0) (34.1/2.1/4 | 0,0.0)
(142,0,1/2 0,0.0) {3/4,1/2,3/4 | 0,0,0)

(0,0,0)




Step 3: Create candidate magnetic models using BCS

Magnetic Structure

Selected magnetic space group: 4- P2,/c (#14.75)
Setting of the parent group
Parent space group P24/ (No. 14)

Lattice parameters: a=10.18000, b=10.90600, c=10.11600, alpha=90.000000, beta=107.960, gamma=90.000000

Atomic positions, Wyckoff positions and Magnetic Moments

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

(xyz| mx,my;mz) (-x,y+1/2,-z+1/2 | 'mx,my,'mz)

1 MnfMn 051000 0.13426 0.50800 | ("0 70 X Y L yt22+112 | -mogmyemy)

4 (M, My, M)

2 AW LA 49 ] )

« MVISUALIZE lets you quickly view the
candidate magnetic structure.

e Butwe will use the downloaded mcif to fit
data using fullprof.

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

mCIF file of the structure

Submit this mcif file to MVISUALIZE for 3D visualization of the estructure using

ol: [ Submitto MVISUALIZE

Download mCIF file: bcs_file.mcif
[The preview text below is non-editable, only copy-allowed]

#\#CIF_2.0 a
# Created by the Bilbao Crystallographic Server
# http://www.cryst.ehu.es
# Date: ©7/07/2026 85:33:05
# MnPyz.cif
data_5yOhtAcR
_audit_creation_date 2026-07-07
_audit_creation_method "Bilbao Crystallographic Server"
_citation_journal_abbrev ?
_citation_journal_volume ?
_citation_page_first ?
=

MVISUALIZE: 3D Visualization of magnetic structures with Jmol

BNS:P 2 1/c¢

MVISUALIZE Main Page | Toggle Parent Cell

Show/Hide File

__ Window Size
111!
L]t

—— | o

Bigger | Smaller

Background Color v

‘ Toggle Quality

Select cell . v

| Toggle Standard Cell

View Along Axis... v

[ Unit Cell Info

| All/ Magnstic Atoms
| show/Hide Labels

‘ Larger | Smaller‘ Vectors
| Larger | smaller| Atoms

Export PNG Image
Save PNG-3D
Save ZIP file

‘Show unit cell a,b,c
Add 1 cell along x
Remove 1 cell along x
Add 1 cell along y
Remove 1 cell along y
Add 1 cell along z
Remove 1 cell along z

wefi v o=l |

‘ | Choose supercell |

Draw bonds & polyhedra

Join v | with

from .-0 75 [to|275 |A

Draw | Bonds| Polyhedra|
De\ete‘ Bondsl Polyhedra‘

‘ Center

Clear all drawings




Step 3: Create candidate magnetic models using BCS

* Forthis example we will choose the allowed magnetic structure P2,'/c (#14.77)

 Butall should be checked to ensure the solution is uniquely correct or to determine
equivalent solutions. For the paper this was done!

* |f none of the maximal space groups work = go to a subgroup

SPALLATION
NEUTRON
SOURCE

OAK RIDGE

soo
nal Labor

CO




Step 3: Create candidate magnetic models using BCS

1 0 0 0
0 1 0 0 MAGNEXT
o 0 1 o
Go to a subgroup
Alternatives (domain-related)
1 0 0

MTENSOR
0

Go to a subgroup

Go to a subgroup

MAGNEXT
MTENSOR

Go to a subgroup

Alternatives (domain-related)

SPALLATION
NEUTRON
SOURCE

%OAK RIDGE

National Laboratory

HIGH FLUX
ISOTOPE
REACTOR

* Forthis example we will choose the allowed magnetic
structure P2,'/c (#14.77), number 3 on the list.

* Butall should be checked to ensure the solution is
uniquely correct or to determine equivalent solutions.
For the paper this was done!

* If none of the maximal space groups work
—> go to a subgroup

Selected magnetic space group: 3- P2,7c (#14.77)
Setting of the parent group
Parent space group P2,/c (No. 14)

Lattice parameters: a=10.19000, b=10.90600, ¢=10.11600, alpha=90.000000, beta=107.960, gamma=90.000000

[Go to setting standard (a, b, ¢ ; 0, 0, 0)] 1 In put Valu es

2 Cl° k 2 pative setting]
. | .
& . | Export data to MCIF file/Visualize | Gdjo a subgroup | for magn etl c
export/view moment
Atomic positions, Wyckoff positions and Magnetic Moments
1
Atom New WP Multiplicity gnetic moment | Values of My, My, N

MX
(My,My,M,) My
M

z

(xy.z | my,my,mz) (-x,y+1/2,-z+1/2 | my,-my,m;)

1 Mn1Mn 051000 013426 050800 | %\ o 1 B sy 12,2412 | -mmy-m,)

[N QY |
WM =

’T| e e | (x,y,Z | my,my,my) (-x,y+1/2,-z+1/2 | my,-m,,,m;) ‘




Step 3: Create candidate magnetic models using BCS

MCIF file of the structure

Submit this mcif file to MVISUALIZE for 3D visualization of the estructure using Jmol: \ Submit to MVISUALIZE

The mcif file is displayed. !

# Created by the Bilbao Crystallographic Server
# http://www.cryst.ehu.es
# Date: ©8/07/2026 16:35:11

This can be downloaded by # Py 1p5K nuclear cif

clicking on “bcs_file.mcif” TaudTt creation date

_audit_creation_method "Bilbao Crystallographic Server”

citation_journal abbrev
citation_journal volume
citation_page_ first
citation_page last
citation_article id
citation_year
citation DOI

R e " En ¥

We now need :
to qo to Step 4 igti)gg'tion_author'_name

?

_atomic_positions source database code ICSD ?
_atomic_positions_source_other ?

_transition_temperature ?
_experiment_temperature ?

loop_

irrep_id
irrep_dimension
irrep_small dimension
irrep_direction_type
irrep_action

HIGH FLUX | SPALLATION -
OAK RIDGE ISOTOPE | NEUTRON }r‘rep_modes_number‘
National Laboratory | REACTOR | SOURCE irrep_presence



Mn-pyrazinecarboxylate

This example will use Fullprof and Bilbao Crystallographic Server (BCS) https://cryst.ehu.es/

* Step 0: Have a well characterized material and good background information

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 candidate magnetic models using BCS

Step 4: Refine the magnetic space group in Fullprof.

* Step 5: Check the magnetic model
OAK RIDGE

National Laboratory

SPALLATION
NEUTRON
SOURCE

HIGH FLUX
ISOTOPE

REACTOR


https://cryst.ehu.es/

Step 4: Refine the magnetic space group in Fullprof [Create pcr]

* We have the magnetic space group
information in the mcif. We now want to
create the Fullprof pcr file.

* There are two ways:
e Stayin BCS and use that
* Load mcif directly into Fullprof

This example will use the BSC

HIGH FLUX | SPALLATION
ISOTOPE NEUTRON

SOURCE

%OAK RIDGE

National Laboratory

REACTOR



Step 4: Refine the magnetic space group in Fullprof [Create pcr]

* (Go backtothe 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

Magnetic groups
MGENPOS General Positions of Magnetic Space Groups
MWYCKFPOS 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
e — S - aikaasaRbs 204 OC settings
mCIF2PCR Transformation from mCIF to PCR format (FullProf).
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 gl.?:;:)?'{st Ti‘eE(gll;t, ?‘lt(glljlft\lfllg%Taaﬁ\SP 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
Get_mirreps Irreps and order parameters in a paramagnetic space group- magnetic subgroup phase transition
SPGENPOS /\ General positions of spin point groups
STENSOR £\ Symmetry-adapted form of crystal tensors under spin point groups

%OAK RIDGE Fsch)%FPLEUX ﬁ'éﬁ%lﬁg“w CollinearSpinGroups JiLN Operations of Nontrivial Collinear Spin Space Groups

National Laboratory | REACTOR | SOURCE




Step 4: Refine the magnetic space group in Fullprof [Create pcr]

MCIF2PCR: Transformation from mCIF to PCR format (FullProf).

Given a magClIF file, it produces a PCR

Choose a structure file (mCIF format):
template that can be used as input for
FullProf (the program mCIF_to_PCR

(FullProf) is used). By default the
1]

provided PCR file is intended for a [2]
simulation. The file can be then modified [
by hand for a refinement of the model.

[1] Choose the mcif we just created through MAXMAGN
[2] Click convert

The file has been successfully converted.

Click to download it D 20

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

SPALLATION
NEUTRON
SOURCE

OAK RIDGE

HIGH FLUX
] ISOTOPE
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REACTOR




Step 4: Refine the magnetic space group in Fullprof

Pcr file created contains a single phase with crystal structure and magnetic ions described
by a magnetic space group.
The initial downloaded pcr file from BCS calculates the pattern based on default values.

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

* Two ways to do this:

* 1:Repeat step 1to re-refine the nuclear structure by working down the Tabs in the GUI
(General/Patterns/Phases/Refinement) and/or edit the text file.

e 2:Startfrom the already refined nuclear pcr and do some copy and pasting.

Copy and pasting is easier and quicker, so we’ll do that

SPALLATION
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HIGH FLUX
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Step 4: Refine the magnetic space group in Fullprof

Start with the nuclear refinement .pcr file already done for MnPyz.

This was either done following all the previous steps in these slides, or as part of a
separate example.

My pcr file is named “MnPyz_1p5K.pcr”. Itis in the same folder as the data
“MnPyz_1p5K.dat”

OAK RIDGE
nal Labor
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SOURCE
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Copy everything between
the
“l pata for PHASE
number: 1 ”
line and the
“l———--—-—> Profile
Parameters for

Pattern # 1”

This contains the magnetic
space group details.

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

Ten External — Tie External E gneticSpace -
File Edit Search File Edit Search

DXERG [ ARBEI9CTA DMEZG [ ARBEO9CIA

COWM PCA-template mitomatically generated by miIF_to PCR For: MrPyz BCS ConM &

! Current global Chi2 (Bragg contrib.]) =

! Files == DAT-file:

9399999.0
PCR-filer

‘]nh Ner Nph Nba Nex Nsc Nor Dum Tug ]1o Taz Rez stz hre Cry Uni Cor Opt aut
2 0 1 0 e 0 o o 0 1

‘]pr‘ Ppl Toc Mat Per Lsl Ls2 Ls3 NLI Prf Ins Rpa Sym Hk1 Fou Sho Ana
3 o 1 o 1 o o o o -3 o o o o o o o

! Lambdal Lasbda2 Ratioc Bkpos wdt Cthm
(1.900000 1.900000 0.00000  30.000 15.0000 0.00000
wcv Eps R_at R_an R_pr R_gl Thein Step
0.02 1.00 1.00 1.00 1.00 2.0000 0.0200
| 2The ta/ TOF/E Kew) Background for Patte 1
2.00 100.00 0.00
. 100.00 0.00
40.00 100.00 0.00
20.00 100.00 0.00
100.00 100.00 0.00
130.00 100.00 0.00

| Excluded regions (LowT HighT) for Patterns
180.00

130.00

!
!
0 Nurber of refined parameters
!
| Zero Code  SyCos Code SySin  Code
0.00 0. 0.00 0.00 0.0

Larbda
0. 00000

R AsyLim
0.0000 180,00

Thmax P
130.0000  0.000

Rpolarz
0.0000

2nd-muR -> Patts 1
0.0000

Sent0

0.000

Code MORE —>Patte 1
0.00 0

!
! Data for PHASE rumber:
|

1 == Current R_Bragg for Patternt L1:

999.00

.MnPyZ_BCS.pcr

[~ fuclear and Magretic
h

Trocture oft Myz B

INat Dis Ang Prl Pr2 Pr3 Jbt Irf Isy Str Furth
25 0 0000010 0 ¢ 2 0 0

!
P2_L'/c rumber
TV‘EHSFBV‘”\ tn standar‘d
Parent Spac

Fz_lic
Transform FV‘DW Pav‘ent a,b,c;0.0,0
Cen N, C]at N_Ant

U Nsym

!
| Symmetry operators

TERY mmynz

ATZ  Nvk Npr More
0.000 o 7 o

—Magretic Space greup syrbol (BNS symbol & rumbsr)
a, b €j0,0,0

I

T_rumber: 14

P co
e
3 x,5y4l/2520102, =
4 -x,yel/2,-z+1/2,
‘Atn*\ Typ  Mag Vek X Y z Biso u:: R Spc  /Lire below:Codes
! x y Rz Ix Iy Iz Wa / TP belomiCodes
! betall beta22 beta33 betal2 beta_l3 beta23 / Line a'\nw Codes
Ml o WNZC L0 0.SL3SE0.12895 0.602L7 10.00000 1.00000 1 3
0.00 00 0.00 0. 00
1.10000 1.20000 1.30000 0. ooooo 0.00000 0. oooou 0.00000 <-HagPar
0.00 0.00 0. O
oL 0 10 pusaes” o.2063: 0.az955 . c.00000 . L.ooooh . o 0 &
0.00 0.00 0 0.00 0. 00
NL N 1 0 0.3244  0.30105 0.56440 0.00000 1.00000 0 0 &
0.00 0.00 Nuil 0.00 0. 00
a c 1 0 0.26705 0.31210 0.62293 0.00000 1.00000 0 0 &
0.00 0.00 Hiil 0.00 0. 00
HL H 1 0 0.24226  0.24571 0.66885 0.00000 1.00000 0 0 &
0.00 0.00 Nl 0.00 0. 00
0z [ 1 0 0.47150 0.40957 0.28321 0.00000 1.00000 0 0 &
0.00 0.00 . 00 0.00 0. 00
Nz N 1 0 0.17238 0.49489 0.47494 0.00000 1.00000 0 0 &
0.00 0.00 0.00 0.00 0. 00
[+ c 1 0 0.15921 0.40664 0.56866  0.00000 1.00000 0 0 &
0.00 0.00 0.00 0.00 0. 00
H2 H 1 0 0.10169 0.42860 0.62270 0.00000 1.00000 0 0 &
0.00 0.00 0.00 0.00 0.00
03 [ 1 0 0.63583  0.99360 0.53074 0.00000 1.00000 0 0 &
0.00 0.00 0.00 0.00 0.00
N3 N 10 0.73160 ©.18010 0.70183 0.00000 1.00000 o o &
0. 0. 0.00 0.00 0.
a3 c 10 0.27027 0.46870 0.41733 0.00000 1.00000 o o &
0. 0. 0 0.00 0.
H3 H 10 0.27886 0.53942 0.33280 0.00000 1.00000 o o &
0. 0. 0.00 0.00 0.
o4 o 10 0.80942 0.97300 0.47011 0. 00000 1.00000 o o &
0. 0. 0.00 0.00 0.
N4 N 10 0.02037 0.23074 0.77219 0. 00000 1.00000 o o &
0. 0. 0.00 0.00 0.
(<) c 10 0.37122 0.39433 0.46301 0. 00000 1.00000 o o &
0. 0. 0.00 0.00 0.
(27 c 10 0.48774 0.34148 0.39952 0. 00000 1.00000 o o &
0. 0.00 0.00 0.
6 c 10 0.81776 0.26713 0.79909 0. 00000 1.00000 o o &
0. 0. 0,00 0.00 0.
H4 H 10 0.72837 0.31267 0.85696 0. 00000 1.00000 o o &
0. 0. 0.00 0.00 0.
(o) c 10 0.93956 0.27897 0.83592 0. 00000 1.00000 o o &
0. 0. 0.00 0.00 0.
Hs H 10 0.96853 0.33513 0.91943 0.00000 1.00000 o o &
0, 0. 0.00 0.00 0.
cs c 10 0.97946 0.13864 0.67951 0.00000 1.00000 o o &
0. 0. 0.00 0.00 0.
He H 10 0.03200 0.08974 0.84397 0.00000 1.00000 o o &
0. 0. 0.00 0.00 0.
«© c 10 0.82851 0.11546 0.84167 0.00000 1.00000 o o &
0.00 0.00 0.00 0.00 0.00
[<T Y 1 0 0.75613 0.02305 0.54995 0.00000 1.00000 0 0 &
20 2,00 2,00 2,00
“Te Far = Tor Fattern £ T
! Shapel Bov Strl Str2 Str3 Strain-Model
0.00000 . . 00000 [
0. 0.000 0.000 0.000 0.000 0.
! v W X ¥ GasSiz  LorSiz Size-Model
0.176002 -0.197806 0.091452 0. 000000 0.030076 0. 000000 o
0.000 0. 0.000 0.000 0.000 0.000 R
! a b < alpha beta gamma #eli Info
10.176100 10.810000 10.078000 90.000000 108.440002 90.000000 2
0. 0. 0. 0. . DOD0O 0. 00000
| PreflL  Prefz Asyl Asy2 Asy3 Asyd s L D_|
B N N N N 0.00000 0.00000
0,00 0.00 0,00 0.00 0.00 0.00 0.00 0.00
! 2Thl/TOFL 2Th2/TOF2 Pattern & 1
2.000 130,000 1

! Files => DAT-file: , PCR-file: MnPyz_1p5K

1Job Npr Nph Nba Nex Nsc Nor Dum Iwg Ilo Ias Res STe Nre cry Um‘ cor opt AuT
1 1

! Resolution file for Pattern# 1

HB2A_Gell3.irf MnPyZ_1 p5K. pcr

'Ipr ppl Ioc Mat Pcr Lsl Ls2 Ls3 NLI Prf Ins Rpa Sym Hk1 Fcu Shu Ana
3} 0 1 0 1 0 4 0 3} 3 10

! Lambdal Lambda2 rRatio Bkpos wdt cthm muR  AsyLim  Rpolarz 2nd-murR -> Patt# 1
2.406700 2.406700 0.00000 60.000 8.000 0.0000 0.0000 180.00 0.0000 0.0000
1
INCY Eps R_at R_an R_pr R_gl Thmin Step Thmax PSD sento
10 0.10 1.00 1.00 1.00 1.00 -0.0200 0.030000 155.0000 0.000 0.000
1
!
0 'Number of refined parameters
! Zero Code SyCos Code Sysin Code Lambda Code MORE -»Patt# 1
-0.01636 0.0 0.00000 0.0 0.00000 0.0 0.000000 0.00 0
! Background coefficients/codes for pattern# 1 (Polynomial of 6th degree)
559372.062 -109806.312 5328.478 107231.953 12523.546 -71904.891
0.00 .0 0.00 0.00 0.00 0.00
'
! pata for PHASE number: 1 ==- current R_Bragg for Pattern# 1: 0.0000
1
—t
INat Dis Ang Prl Pr2 Pr3 1bt Irf Isy Str Furth ATZ Nvk Npr More
25 o 00.00.01.0 (v} 0 ] o (v} 1204.481 Q (v}
1
g
P 21/c <--Space group symbol
TAtom  Typ i z Biso occ In Fin N_t Spc /Cddes
Mnl M 0. 51356 0.12895 0.60217 0.30004 1.00000 Q o 0 0
0.00 0.00 0. 01 0.00
oL [o] 0, 54868 0.24635 0.42955 0.30004 1.00000 Q o (v} (v}
0.00 0.00 0.00 0.00 0.00
N1 N 0, 36244 0.30105 0.56440 0.30004 1.00000 Q ] (v} (v}
0.00 0.00 0.00 0.00
C1 3 0, 26705 0.31210 0.62293 0.30004 1.00000 Q o 0 0
0.00 0.00 0.00 0.00 0.00 pa ste
H1 H 0.24226 0.24571 0.66885 0.30004 1.00000 4] 0 0 0
0.00 0.00 0.00 0.00 0.00 .
02 o] 0.47150 0.40957 0.28321 0.30004 1.00000 Q 0 ] ]
0.00 0.00 0.00 0.00 0.00 over thls
N2 N 0.17238 0.49489 0.47494 0.30004 1.00000 (4] ] 0 0
0.00 0.00 0.00 0.00 0.00
c2 © 0.15921 0.40664 0.56866 0.30004 1.00000 Q o 0 0
0.00 0.00 0.00 0.00 0.00
H2 H 0.10169 0.42860 0.62270 0.30004 1.00000 Q o (v} (v}
0.00 0.00 0. 00 0.00 0.00
03 Q 0.63589 -0.00641 0.53074 0.30004 1.00000 Q ] (v} (v}
0.00 0.00 0.00 0.00 0.00
N3 N 0.73160 0.18010 0.70183 0.30004 1.00000 Q o 0 0
0.00 0.00 0.00 0.00 0.00
C3 C 0.27027 0.46870 0.41733 0.30004 1.00000 4] 0 0 0
0.00 0.00 0.00 0.00 0.00
H3 H 0.27886 0.53942 0.33280 0.30004 1.00000 Q 0 ] ]
0.00 0.00 0.00 0.00 0.00
04 [o] 0.80942 -0.02701 0.47011 0.30004 1.00000 (4] ] 0 0
0.00 0.00 0.00 0.00 0.00
Na- N 1.02037 0.23074 0.77219 0.30004 1.00000 Q o 0 0
0.00 0.00 0.00 0.00 0.00
c4 T 0.37122 0.39433 0.46301 0.30004 1.00000 Q o (v} (v}
0.00 0.00 0.00 0.00 0.00
C5 T 0.48774 0.34148 0.39952 0.30004 1.00000 Q ] (v} (v}
0.00 0.00 0.00 0.00 0.00
co 3 0.81776 0.26713 0.79909 0.30004 1.00000 Q o 0 0
0.00 0.00 0.00 0.00 0.00
H4 H 0.72837 0.31267 0.85696 0.30004 1.00000 4] 0 0 0
0.00 0.00 0.00 0.00 0.00
c7 C 0.93956 0.27897 0.83592 0.30004 1.00000 Q 0 ] ]
0.00 0.00 0.00 0.00 0.00
H5 H 0.96853 0.33513 0.91943 0.30004 1.00000 (4] ] 0 0
0.00 0.00 0.00 0.00 0.00
c8 © 0.97946 0.13864 0.67951 0.30004 1.00000 Q o 0 0
0.00 0.00 0.00 0.00 0.00
HE H 1.03201 0.08974 0.64397 0.30004 1.00000 Q o (v} (v}
0.00 0.00 0.00 0.00 0.00
c9 T 0.82851 0.11546 0.64167 0.30004 1.00000 Q ] (v} (v}
0.00 0.00 0.00 0.00 0.00
c10 3 0.75618 0.02305 0.54995 0.30004 1.00000 Q o 0 0
0.00 0.00 0.00 0.00 0.00
* A e - e e 1 e
! scale shapel BOV strl str2 str3  strain-model
69. 66349 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
0.789266 -0.594567 0.168571 0.247638 0.000000 0.000000 0. 000000 0
0.00 0.00 0.00 0.00 0.00 0.00 0.00
! a b c alpha beta gamma # cell 1Info
10.176110 10.809982 10.078034 90.000000 108.438995 90.000000
0.00000 0.00000 0. DDDDD 0. D[]DDCI 0. DDDDD CI DDDDD
! prefl pref2 Asyl Asy2 ASY3 Asyd
0. 00000 0.00000 0.11020 0.02420 -0.06668 -0.00207 0. DDOOD 0. DDDDO
.00 0.00 0.00 0.00 0.00 0.00 0.00

1 2Th1/TOF1 2Th2/ToF2  Pattern to plot



I“;luc]ea.r and Magnetic Structure of: MnPyz_BCS VARY mxmymz 3 L L L L L L L
INat Dis Ang Prl Pr2 pPr3 Jbt Irf Isy Str Furth ATZ Nvk Npr More ]
O 0.000 0 7 O INat Dis Ang Prl Pr2 Pr3 Jbt Irf Isy Str Furth ATZ Nvk Npr More
F.>2_1'/c number:14.77 <--Magnetic Space group symbol (BNS symbol & number) 25 0 00.00.01.0 0 0 0 0 0 1204.481 0 7 0
Transform to standard: a,b,c;0,0, !
Pareng Spa;e Group: PZ_l/lc) 0 éTanumber: 14 !
Transform from Parent: a,b,c;0,0, P 21/c <--Space group symbol
! Nsyﬂf Ceg N,cg)at Nﬂ"t IAtom  Typ X Y z Biso occ In Fin N_t Spc /Codes
| Mn1 Mn 0.51356 0.12895 0.60217 0.30004 1.00000 0 0 0
| symmetry operators 0.00 0.00 0.00 0.00 0.00
1 x,y,z,+1 01 0 0.54868 0.24635 0.42955 0.30004 1.00000 0 0 0 0
2 x,-y,-z,-1 0.00 0.00 0.00 0.00 0.00
R AV sk i N1 N 0.36244 0.30105 0.56440 0.30004 1.00000 0 0 0 0
! 0.00 0.00 0.00 0.00 0.00
iAtom Typ Mag vek X Y Zz 5150 occ N_type Spc C1 C 0.26705 0.31210 0.62293 0.30004 1.00000 0 0 0 0
i boxall  bova2? beei33  betid2 betald  betals’ / Line beqowicodme D1O%C 0.00 0.00 0.00 0.00 0.00
Mnl MMN2 1 0 0.513(5)600 0.1283500 0.602%?00 0. 0008000 1. 0008000 1 0 # H1 H 0 232%8 0.2355% 0.6883(5) 0.38083 1 Ogogg 0 0 o0 0
1.10000 1.20000 1.30000 0.00000 0.00000 0.00000 0.00000 <-MagPar 02 0 0.47150 0.40957 0.28321 0.30004 1.00000 O O O 0
01 00'00 1 8'00 0 54885’400 0 246%500 0 429(5)500 0 0008()00 1 0008()00 o o0 # 0.00 0.00 0.00 0.00 0.00
% 5200 0200 0000 T 00 00 N2 N 0.17238 0.49489 0.47494 0.30004 1.000000 O O O O
N1 N 10 0.36234 . 0'30185 0.5643000 0.0008000 1.0008000 o o # 0.00 0.00 0.00 0.00 0.00
c1 C 10 0.26?85 , 0.312%{) 0.6223'3 o.ooogi) . 1.ooogi) o o0 # = ¢ g 13?%% 0'48?83 0'582_;88 0'38[_]83 - Og(_)gg R g
H1 H 10 0.2425600 0.2456100 0.6683500 0.0008{)00 1.0008{)00 o o # H2 H 0 13183 0 "%883 0-5%263 0 38083 1 Ugogg 0 0 O 0
02 0 1 0  0.47150 0.40957 0.28321 0.00000 1.00000 O O # 03 ) 0.63589 -0.00641 0.53074 0.30004 1.00000 O O O 0
N2 N 10 0 172%8 0 0 4943@ 0 4748& 0 ooogf) 0 1 ooogi) o o # 0.00 0.00 0.00 0.00 0.00
B 1T T T TR N3 N 0.73160 0.18010 0.70183 0.30004 1.00000 0 O 0O O
c2 C 1 0  0.15921 0.40664 0.56866 0.00000 1.00000 O O  # 0.00 0.00 0.00 0.00 0.00
0.00 0. 0.00 0.00 0.00 C3 C 0.27027 0.46870 0.41733 0.30004 1.00000 0 0 0 0
HZ H 1 0 0.10189 0 0.42880 0.6228000 0.0008000 1.0008000 0 0 # 0.00 0.00 0.00 0.00 0.00
03 0 1 0 0.63589 0.99360 0.53074 0.00000 1.00000 O O # H3 H 0.27886 0.53942 0.33280 0.30004 1.00000 O O O 0
0.00 0. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N3 N 10 0.73180 . 0.180%0 0.70133 o.ooogo . 1.00080 o o # 04 0 0.80942 -0.02701 0.47011 0.30004 1.00000 O O O 0
0 2 0 2 2 0.00 0.00 0.00 0.00 0.00
= B 1o 0.27027 - 0.40870 0.41733 0.00000 1.00000 00 # N4 N 1.02037 0.23074 0.77219 0.30004 1.000000 0 O O O
H3 H 10 0.27886 0.53942 0.33280 0.00000 1.00000 0 0 # 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0. 0.00 0. C4 C 0.37122 0.39433 0.46301 0.30004 1.00000 0 0 0 0
04 0 1 0 0.809402 0 0.9?380 0.4?0%100 0.0008000 1.0008000 0 0 # 0.00 0.00 0.00 0.00 0.00
N4 N 10 0.02037 0.230551 0.772&@00 0.0008600 1.0008600 o o # C5 C 0 43763 0-33133 0-3393% 0 38083 1 Ogogg 0 0 © 0
c4 C 10 0.3?152 , 0.3948'3 0.4638i o.ooogi) . 1.00086 o o0 # C6 C 0.81776 0.26713 0.79909 0.30004 1.00000 0 0 O 0
- - - - 0.00 0.00 0.00 0.00 0.00
s ¢ L0 048774 034188 0.39952  10.00000 100000 00 # H4 H 0.72837 0.31267 0.85696 0.30004 1.00000 0O O O O
c6 C 1 0 0.81776 0.26713 0.79909 0.00000 1.00000 0 0 # 0.00 0.00 0.00 0.00 0.00
0.00 0. 0. 0.00 0. - C 0.93956 0.27897 0.83592 0.30004 1.00000 0 0 0 0
H4 H 1 0 0.72887 0 0.31287 0.8563600 0.0008000 1.0008000 0 0 # 0.00 0.00 0.00 0.00 0.00
7 c 10 0.939% 0.2?83? 0.8353200 0.0008600 1.0008600 0o o # H> H 0 93833 0-335%3 0-9%933 0 38083 1 Ugogg o 0 0 0
H5 H 1 0 0.96853 0.33513 0.91943  0.00000 1.00000 0 0 # c8 C 0.97946 0.13864 0.67951 0.30004 1.00000 O O O 0
0.00 0. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
s € 10 0.9?9406 . 0.13884 0.6?9(5)100 0.0008000 1.0008000 o o # 6 H 1.03201 0.08974 0.64397 0.30004 1.00000 O O O 0
H6 H 1 0 0.03201 0.08974 0.64397 0.00000 1.00000 0 O  # 0.00 0.00 0.00 0.00 0.00
0 0. 0. 0.00 0. C9 C 0.82851 0.11546 0.64167 0.30004 1.00000 0 0 0 0
co C 10 0.8283100 0.11540600 0.6413?00 0.0008000 1.0008000 o o0 # 0.00 0.00 0.00 0.00 0.00
: : : ;. ;. C10 C 0.75618 0.02305 0.54995 0.30004 1.00000 0 0 0 0
10 ¢ 1 0 0.75618 0.02305 ~0.54995 ~0.00000 1.00000 0 0 # = i N S i

[ > Profile Parameters for Pattern # 1 [ --> Profile Parameters for Pattern # 1 ----»> Phase # 1



Step 4: Refine the magnetic space group in Fullprof

%OAK

al Labor

***NOTE: the only other place that could need to be changed is the
lattice constants***

Since the k-vector here is (0,0,0) then the original nuclear unit cellis
the same size as the magnetic unit cell.

If the k-vector was non-zero then the magnetic space group takes this

into account by changing the unit cell size.

e.g. for (0.5,0,0) the new magnetic space group unit cell would be
2a,b,c.

Check the value in both pcr files to see if they are different

LLLLLLLLLLLLLLLLLL
RIDGE OOOOOOO \ NNNNNNN
ACTOR SOURCE



Step 4: Refine the magnetic space group in Fullprof

The pcr file now has this line, which by default ALWAYS refines the magnetic moments.

We will leave it, but if your model is not close, then it can cause problems when you run
the refinements

Nuclear and Magnetic Structure of: MnPyz_BCS  VARY mxmymz

LLLLLLLLLLLLLLLLLL
OAK RIDGE OOOOOOO \ NNNNNNN
ACTOR SOURCE

nal Labor



Step 4: Refine the magnetic space group in Fullprof

In “Refinement ” 2
“atoms” input thermal
parameters (0.3).
[1,2,3]

Note that Re(x) and
Re(z) are set to refine.

This is a default in files
from mcif to pcr that we
will turn off in next
slide.

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

[ 7 Editor of PCR Files

File Editor Tools

Templates

Help  Exit

) ‘

T O &2 @ Wk

L% LY
A L%

‘,

l:iip" I"hp" ‘ @‘ x

r Information

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

Type of Pattems, profile, background, d'rFFraction1
geometry, usergiven scattering factors ...

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

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

General |

Tie Refinement Information *
Cycles of Refinement: | 10 =
Stop Criterium of Covengence Relaxation Factors for Shifts
Forced Temination when shifts < | 0.10 x ES.D.
Cthers: Mone - Atomic I 1.00 Anizotropic I 100  Profile I 1.00 Global I 1.00
Copyright () 2002-2005. JGP -JRC i _I
Reflecti rderi
MnPyz_1p5K ions ordering
& Ok 24 tha firet curls ™ Fach ruela [” Bragg R-Factor excluding reflections limiting excluded regions
Atoms Information: Phase 1
~ List of Atoms Phase 1 |:'?'.-:— 2 I Phasg 3 I Phase 4 I Phase 5 I Phase 6 I P | L
Mumber of Atoms: I 25 =
j Prop. Vectars |
| Label | Neyp [ Mag. Rot. | Prog.v... X L Y L z L B L Oce u
Mom# 1 M1 [mmnz |1 0 0.51356] 012885 060217 0.00000 1.00000[” Ml
AMom# 2 |01 |0 1 0 054388 024635 0.42955] 0.00000— 1.00000| o —— | 2N eI ot L oA o ol 2
Mom # 3 N1 N 1 0 036244 030105 0.56440( 0.00000( 1.00000( =
: Profile | Micro-Structure |
AMom# 4 |C1 C 1 0 0.26705| 0.31210|" 062293 0.00000(" 1.00000( Refine B_aniso |
Al | HKL Shits | Further Parameters |
Refx] I Refy] Re(z] Im[x] Im[y] Im[z] MPhase
Atom #1 1.10000] 1.20000[% 1.30000[% 0.00000] 0.00000] 0.00000]” 0.00000]” Cancel |
-~
o




Step 4: Refine the magnetic space group in Fullprof

* Since we’re starting from parameters that worked already for the nuclear phase at
1.5K, then we should be close and just want to test the magnetic moments.

T Editor of PCR Files X

File Editer Tools Templates Help Exit

PY Run the refinement Ja0iebW e s WEEEEE %" e X =
using the 1.5K data.

M&f FullProf Program

Load EditPCR Mode Run Exit

w => Control file *.pcr: MnPyz_lpSK
Il

=> Pattern: 1 MnPyz_l1pS5K
f =>» Calculation of ¥Yi for all points + Normal Matrix & Vector...
| =» Calculation for pattern: 1
I => Solving L.S5. egquations...
=> Writing results for cycle 10
=> R-Factors: 1.14 1.40 Chi2: 3.30 DW-Stat.: 0.6209 Patt#: 1
=> Expected : 0.773 1.8763
— => Conventional Rietveld R-factors for Pattern: 1
17 21 25 => Rp: 10.1 Rwp: 3.86 Rexp: 4.87 Chi2: 3.30

* The fit works well.

M M => Global user-weigthed ChiZ (Bragg contrib.): 3.274
* Tryrefining the S o
Capyricht fc) 20022005, JGi => Phase: 1

=> Bragg R-factor: 6.389
M MnPyz_1p5K = RF-factor : 3.880

ac roun attice W— oo W

9 => Magnetic R-factor: 13.48

=> Pure Magnetic R-factor: 46.33

=> Conv. not yet reached -> [Max] Shift(Rz Mnl phl)/(eps*Sigma)= 48.68 abs> 1
C O n Sta ntS to get a => Normal end, final calculations and writing...

=> CPU Time: 3.035 secon ds

slightly improved fit.

=> END Date:08/07/2026 Time => 12:50:56.493

Cycle : 10 ChiZ2: 3.30 MnPy= 1pSKK.dat

tnits)

R O I S

ITntensity (arb.

OAK RIDGE

HIGH FLUX
] ISOTOPE
National Laboratory

REACTOR

SPALLATION
NEUTRON
SOURCE




Mn-pyrazinecarboxylate

This example will use Fullprof and Bilbao Crystallographic Server (BCS) https://cryst.ehu.es/

* Step 0: Have a well characterized material and good background information

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 candidate magnetic models using BCS

Step 4: Refine the magnetic space group in Fullprof.

* Step 5: Check the magnetic model
OAK RIDGE

National Laboratory

SPALLATION
NEUTRON
SOURCE

HIGH FLUX
ISOTOPE

REACTOR


https://cryst.ehu.es/

Step 5: Check the magnetic model |

The model can be checked in FPStudio & Mapyz 155K

FullProf Suite ToolBar x &1 MnPyz_1p3K.sum

File Programs Settings FP Dimensions Tools Edit Results Help | m MnPyz_1p35K1

E E E . -smm p CR E mpmh @ . W . . . ‘@ e MnPyz_1p5K1

—
Norking Directory: |C YWsersh or® Desktoph Fullprof_Commensurate_MnP5e3_Calder, Code File: Type: | Date: |'I]I2,"1'I]If2022

e Thereis an .fst file that can be used. Open the
magnetic phase

* In Fpstudio click on the drop-down mend A -1 :
“Magnetic Structure” and select “List magnetic oo o ge08odl o
moments” o %@ 0 0, -

0 g ' ’
I'agnetic Tattice type : ¢ . O R .._.-Ulﬂ-?s
10.1751 10. 8096 10.0768 90. 0000 108.4356 90. 0000 a a
current Box: 0 1 0 1 0 1 Q a O @ .
wgnecic kevacears 0 ©p ’ o

000000 0.00000 0.00000 '
Type of Fourier coefficients: s « « o
sym operations : . ; == o

\z L
v i

-z

+1/2, 2+

u,v

Translation k MSYM m(a) mb) m(c) Mtot

X y z
0.51356 0.12895 0.60217

1 1 3.74005 -0.37366 1.17747

3.74005 -0.37366 1.17747 3.56773

Ll
o =
Cooio o w80
1 1 3.74005 -0.37366 1.17747 o
3.74005 -0.37366 1.17747 3.56773
0.48644 0.87105 0.39783
¢ o, -1, 0)
1 1 -3.74005 0.37366 -1.17747
-3.74005 0.37366 -1.17747 3.56773

¢ o, 0, 0
1 1 -3.74005 0.37366 -1.17747

-3.74005 0.37366 -1.17747 3.56773
0.51356 0.37105 0.10217
¢ o, o0, 0)
1 1 -3.74005 -0.37366 -1.17747

-3.74005 -0.37366 -1.17747 3.56773
¢ o0, 0, 1)
1 1 -3.74005 -0.37366 -1.17747

-3.74005 -0.37366 -1.17747 3.56773
0.48644 0.62895 0.89783
¢ o, o0, -1)

OAK RIDGE HIGH FLUX | SPALLATION T 11 3.74005 0.37366 1.17747
i ISOTOPE NEUTRON 3.74005 0.37366 1.17747 3.56773
National Laboratory REACTOR SOURCE G0 0 O S raoes o.37366 1.17747

3.74005 0.37366 1.17747 3.56773



&« MnPyz_1p5K

g, MnPyz_1p3K

& ] MnPyz_1pSK.sum

* Thereis also an mcif file created. BB WPy 1p5€1
B MnPyz_1p5K1

 Opening with a text editor shows the information. 5 Mnbyz_1p5K.mic
The magnetic moments are given at the end of the & wwrwmesc

file
° _atom site moment.label

_atom site moment.crystalaxis x

_atom 51te moment.crystalaxis v

Step 5: Check the magnetic model

atom site moment.crystalaxis =z

* Opening with VESTA also gives this information
. . . Mnl 2.74(7) -0.41(4) 1.2(2)
and allows the magnetic structure to be visualized ) oherieat commencs of maoetie momente (anotee in

degrees)
# Commented because current programs as VESTZ, JMOL,
etc. are unable to interpret them
#loop
# _atom site moment.label
_atom site moment.spherical modulus

The mcif in this case has ' ite i .
all atoms (magnetic and : ’ it

non-magnetic). \AE : T a ‘_
D o d% b‘_l ¢ $ H
C

PP~ 4 ‘*l*

1.
e

P

Iu.

|
A

R

H H

SPALLATION H h

NEUTRON
SOURCE

OAK RIDGE

National Laboratory

HIGH FLUX
ISOTOPE
REACTOR

[
!
]
%
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Step 5: Check the magnetic model Look in the folder

\Fullprof_MagneticSpaceGroup_Com
mensurate_MnPyz_Calder\backup\Mn
pyrazine_1p5Kminus20K_difference\

There is a dataset
“diff_1p5Kminus20K_offset_so_no_negative_inte
nsities.dat”. This is the difference between the
1.5 K data and the 20 K data. This can be treated
as the magnetic only scattering.

Use the keyword “mag_only” in the pcr file to
refine only the magnetic contribution

Examples are in the backup folder.
This will help to convince you of the best fit
magnetic structure.

g

2

Intensity (arb. unifs)
§ 8
| |

=)
|

o o
Il I [ A I . [ 1]

SPALLATION
NEUTRON 9 12 15 18 21 24 27 30 33 36 39

SOURCE 26 (%)

%OAK RIDGE

HIGH FLUX
] ISOTOPE
National Laboratory

REACTOR




Mn-pyrazinecarboxylate

Full details can be found in DOI:
10.1103/PhysRevMaterials.7.124408

PHYSICAL REVIEW MATERIALS 7, 124408 (2023)

Magnetic order in the two-dimensional metal-organic framework manganese
pyrazinecarboxylate with Mn-Mn dimers

S. Calder®,"" R. Baral®,! N. Narayanan,” and L. D. Sanjeewa>?
! Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
zUn.-'vfrs.-'r_v of Missouri Research Reactor (MURR), University of Missouri, Columbia, Missouri 65211, USA
3Department of Chemistry, University of Missouri, Columbia, Missouri 65211, USA

(Received 29 September 2023; revised 8 November 2023; accepted 28 November 2023; published 15 December 2023)

The magnetic properties of [Mn(pyrazinecarboxylate):],, empirical formula C;oHsMnN4Os, are investigated
through susceptibility, heat capacity, and neutron scattering measurements. The structure consists of Mn-Mn
dimers linked on a distorted 2D hexagonal structure. The weak out-of-plane interactions create a quasi-2D
magnetic material within the larger three-dimensional metal-organic framework structure. We show that this
material undergoes a two-stage magnetic transition, related to the low dimensionality of the Mn lattice. First,
at 5 K, which is assigned to the initial development of short-range order in the 2D layers. This is followed by
long-range order at 3.3 K. Applied field measurements reveal the potential to induce magnetic transitions in
moderately small fields of ~2 T. Neutron powder diffraction enabled the determination of a unique magnetic
space group P2, /¢ (No. 14.77) at 1.5 K. This magnetic structure consists of antiferromagnetically coupled
Mn-Mn dimers with spins principally along the out-of-plane a axis.

DOI: 10.1103/PhysRevMaterials.7.124408

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

The magnetic structure is in the
MAGNDATA database

MAGNDATA: A Collection of magnetic structures with portable cif-type files

Element search (separate with space orcomma): [ | ® AND COR[Sewon | View Full Database Advanced Search
To upload any published structure click HERE

Enter the lakel of the structure: I:l

C1gHgMNN 404 (#0.1010)

view in Jmol

Download mcif file

Download vesta file (all atoms)

Download vesta file (magnetic atoms only)

=ubmil ko ST

3l

Y
Ty 4

T VE
neasnsY
Yo ovh
aHaRHaREY
T VL e TV o

Ty g Ay
: aenene

b &

Msgnetic structure with ail sfoms NMsgnetic structure with only magnetic stoms

Reference: 5. Calder, R. Barzl, M. Marayanan, L. 0. Sanjeewa, FHYSICAL REVIEW MATERIALS (2023) 7 124408
DOI: 10.112/PhysRevMaterialz. 7.124408
Atomic positions from: Cai

Parent space group (paramagnetic phase): F2./c (#14)
Propagation vector: k1 (0, 0, 1)

Transition Temperature: 2.3 K
Experiment Temperature: 1.5 K

Lattice parameters of the magnetic unit cell:

10.207&(4) 10.8444(4) 10.1025(4) 20.00 108.428 20.00

Transformation from parent structure: {a.b.c;0,0,0)
[Wew mamix form]

EMN 3 Magnetic Space Group: F2,'c #1147
[View symmerry operagons]

Transformation to & sfandard sefiing: (a,b,c:0,0,0)

T) (standard s=tting)
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