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What Single-crystal diffraction?
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Why Single-crystal diffraction?e

Advantage:

« More information by measuring Bragg peaks in 3D reciprocal space: Q = (H, K, L) vs |Q|. Easier to determine
Complex magnetic structures

« Unambiguously determine the k-vector — superlattice or satellite peaks

 Less samples—mgvsg

» Faster order parameter measurement

* Less neutron absorption due to small size, no isotope needed for H, Li, even Eu, Sm, (sometimes Gd) et al,
« Magnetic field phase diagram — know the field orientation

Disadvantage:

* You need a single crystal

« Data collection can be more time consuming

« Extinction, domain, twining, etc.

Always Good to combine both X-ray Neutron powder and single-crystal diffraction!
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DEMAND HB-3A atf HFIR

Topics: magnetic structures, magnetic phase
transitions and possible accompanied structural
changes, order parameters and phase diagrams.

Y

mily Kroll (SA)

Jie Xing (SA)

Two-axis mo |

CCR Orange Cyrostat/ Cyromagnet, Polarized incident beam using S-bender
4 K<T<700K 3He / Dilution insert Polarization ratio 93% to 98%
H < 0.7 T (permanent magnet) 60 MK <T<300K Motorized optical rack to switch between polarized /
Hemisphere Q-space coverage H<6T nonpolarized neutrons

’-%95,‘5115{332 Smaller Q-coverage



Capability of HB-SA DEMAND: New Magnet

High-temperature dry superconducting magnet (2.5 T, under commissioning)

Paired with the 4 K - CCR.
Maximum field 2.5 T.

% OAK RIDGE Vertical coverage +/- 20 deg. Mounting stack engineering & design:
National Laboratory GregOI’y WCIITen, RUdy Thermel’




Recent Highlights of HB-3A DEMAND

Diffuse scattering

% Complex magnetism
and structure Togd T FW, o =00
< New materials and g0 gy -7 ———
2z T e T
phenomena £ 01" 53 S 3
<+ Order parameter and = 0o 03K e s

phase transitions

% Long/short range
magnetic order, local
magnetic susceptibility
magnetic anisotropy

» Extreme condition tuning
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Magnetic structure studies
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Y. Gu et al., Phys. Rev. B, 110, 064403 (2024)
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Example: Incommensurate/commensurate structure of (Mn,Co)WO4
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Example: Magnetic structure in 17% Co-doped MNWO4

| | | | | 4
25 © AF1 Mn 1-xC0xWO4 =
® AR2
[ B AF3 4 !
4 AF4 d
920' ® AF5 5 4
215 4«
27 4 AF4 -
E s Eg__8 B g
0 t & & ¢ &
=10f e _
()]
=%
- AF2 )
AF5, 4=(0,.0.5,9,) Pllo
AF1 Collinear, g=(0.25,0.5,-0.5)

i F I
O o R i 1
0 5 10 15 20 25
Co concentration (%)
SG:P12/c1
4 a=4.77 A b=5.72 A ¢c=4.92 A B=90.9°

F3, Collinear, g=(q,,0.5,q,) a AF4, Collinear,
q=(0.5,0,0)

%OAK RIDGE
National Laboratory Feng Ye et al., Phys Rev. B, 86, 094426 (2012)



Explanation to Fullprof single crystal data file (k = 0 peaks)

Title
Format EMnWDﬂr_.nuclear_SK.lnt b E]| / No. 1 reason of the “non
conftrol 1 [pingle crystal data of MnWO4-17pCo (hb3a) , flection f e
codell = "Gis.2f8.2 14, 3£8.2) reflection found” error
/_;, 1.53600 0 O header
4 -0 1 -0 244.02 13.24 1
/ 5 -1 -0 -0 1009.99 57.60 1 body
6 1 0 -0 1006.03 54.50 1
Wavelength , 7 -0 1 -1 B856.64 46.40 1
Ityp@, loow(® 5 -0 1 1 906.26 58.99 1
9 -1 1 -0 176.37 10.25 1 Each intensity is an integration of a 3-D peak
10 1 1 -0 177.44 9.66 1 06 |
11 -1 -0 1 57.03 2.35 1 - _ o8 1
12 1 0 -1 57.60 3.37 1 e S 54 A
13 -1 -0 -1 20.82 1.72 1 g E /'y
14 1 0 1 18.90 1.82 1 $ a0 2.2 P
15 -1 1 1 37.60 2.13 1 480 g, fy
16 1 1 -1 321.34 2.57 1 - | memad Ao
17 -1 1 -1 24 g4 1.67 1 -62 -60 -58 -56 -64 -62 -60 -58 -56 -54
18 1 1 1 28.80 2.37 1 Seisgs ieag! emega (ea)
19 -0 2 -0 144.77 9.90 1
20 -0 2 -1 1035.63 58.27 1
21 -0 2 1 1044.62 64.79 1
H, K, L Int  of(int) n®

1 i-integer, f-float. 3i5 = 3 integer each occupies 5 spaces. 2f8.2 = 2 floats each occupies 8 spaces, 2 digits after decimal.

2 ltyp - always use O (for integrated intensity), see Fullprof Manual, page 138

3 Ipow — use 0 for normal single crystal data, 1 for twinned single crystal data, 2 for integrated powder data, see FP manual, Page 138.
4 Number of crystal domains. Use >1 if the peak belongs to a different domain. See FP manual, Page 139 for twinned crystals.

5 Direction cosines — The incident and diffraction beam orientation, (not used in current data), often used in absorption correction.

S_QOAK RIDGE
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Explanation to Fullprof single crystal data file (k # O peaks)

Number of [=] MnWO04 magneticAF2 5Kint £ E:!l
k-vectors 1 Single crystal data of MnWO4-17pCo (hb3a)
2 (414,2£8.2,14,3£8.2)
ki =(0.217, 1/2,-0.46) \\3 1.o36 0 0
_ .- header
k, =(-0.271, -1.2, 0.46) \\5 1 0.217 .5 -0.46 €a
T~ 2 -0.217 .5 0.46
7 -0 0 -0 1 103.78 3.58 1
g -0 0 1 1 164.93 .66 1
9 -1 0 -0 1 51.55 2.40 1 body
10 -1 0 1 1 225.85 9.26 1
11 -0 1 -0 1 174.34 7.73 1
12 1 0 -0 1 72.95 3.04 1
13 -0 1 1 1 5.04 0.58 1
14 1 0 1 1 101.87 1.62 1
15 -0 0 -1 1 155.64 7.05 1
16 -1 1 -0 1 130.48 £.54 1
17 -1 1 1 1 3.58 0.54 1
18 -1 0 2 1 63.37 3.54 1
19 1 1 -0 1 150.43 5.95 1
20 1 1 1 1 2.79 0.58 1
21 -0 1 -1 1 5.84 0.69 1
H KL ng Int o(lnt) n

Q=(H,K L)+ k(). Eg., (H, K, L)y=[-100]and n,=1 means Q = (-1, 0, 0) + (0.217, 0.5, -0.46) = (-0.783, 0.5, -0.46)
%OAK RIDGE
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Outline

Always start from the

. crystal structure!
MnWO,,.cif

\

MnCoWO4.pcr | MnCowo4 5K.cif
Nuclear 5K.int ‘

bilbao crystallographic server
— k=(0.5,0,0) MNnCoWO4.mcif

— AF4.mcif

SK_AF4.int
S_—’o 5 | 4
CrARCE
A\ — <—_—-.\' 3 '0>'
— k =(0.217, 1/2, -0.46) sarahl4.pcr . ‘Z g

_SK_incm.pcr

5K AR2int — AFzmcif

%OAK RIDGE
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Step 0.1, Load .cif file info EAPCR

itor of PCR Files

v

= X

Simple Calculation Template

iditor Tools Templates Help Exit /'\
NS 1 o) =& ] ’”% “*' ) Type import Files
YOk 2 2@ WRHOSH LN 9 | =
Asci i Shehe |
{ = Tn——
| ™ Fullprof Editor Files
Instrumental Resolution File
. > v A <« MagneticStructufe2026 > Shortcut v G (% Default values
" IRF File
Organize ¥ New folder
“ mag_6K Name Date modified Type  Cel Parameters/ SpaceGroup | Aoms information
= MnWO4 [ MnWO4 7/20/2026 9:46 AM CIF File . \ - aoha beta p—
4.770000 5.720000‘ 4520000 90.000 90.500 90.000
MagstrCrystal2( \
Space Group: IFH‘?/'::‘I [~ Magnetic Phase
‘ Number of total Operators: [_D )
T2 25 v [l This PC Num Phase I
> % Windows (C) ‘
ght (c) 2002-2005. JC

> == New Volume (I

shop\Magnetic

Symmely
\
R

\
\
K

File name: [

Cancell

i

v] Crystallographic In

#(,OAK RIDGE
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Step 0.2.1, Changing the .pcr into single crystal format

RS Y,

~ Information

Title, type of job: Rietveld, Integrated Intenstties, General
Simulated Annealing, ..

1?7}

X

\‘G Relinement on Single Ciyatal Data / Integrated infensity Data

Type of Pattems, profile, background, diffraction Pattems
geometry, user-given scattering factors ...
Phase name, type of calculations (JBT), ATZ, Phases
contribution to pattems, symmetry, ...
Number of cycles, relaxation factors, access to Refinem
3 ‘:{ pattems and phases (atoms and profile) =
Pt
13 Constraints defintions, adding, deleting, Constraints
Z‘; Fixing range of parameters, distances, angles, Box/Restraints
— magnetic moments and linear restraints -—
49
Output options for pattems and phases: Output
Reflection lists, Fourer, distances, BVS...
Profiles: 1 |Phases: 1 120/ 7/2026 [17:9:34
#(,OAK RIDGE
National Laboratory

=L} -
s General Information

— Title

|#{C] 2023 by FIZ Karsruhe - Leibniz Institute for Information Infrastructure.

Caleulations
" Refinement/Calculation of a Powder Diffraction Profile

" Simulated Annealing Optimization (Integrated Intensities)

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

OK

(s



Step 0.2.2, Changing the.pcr into single crystal format

| Patterns Information

- X — Information

Pattem: 1/1 WeigH:l 1.0000

Data file/Peak shape

R0 S Y,

7}

X

ackgfiund Type

~ Information /{

Title, type of job: Rietveld, Integrated Intensties, General .ISJ X’ _ﬂ .LU Yy, chidod Rog |

] Simulated Annealing, ...
- /m Data Information: Pattern 1
Type of Pattems, profile, background, diffraction Pattems I
geometry, user-given scattering factors ...
Refinement / Simulati i

Phase name. type of ions (JBT), ATZ. S Data File / Format on | Pattem Calculation/#eak Shape |

contribution to pattems, symmetry, ... Simulation / Refi Data

Number of cycles, relaxation factors, access to
‘ (:[ pattems and phases (atoms and profile) L Feener. 1 " XRay (" Pattem Calculation (X-Ray)
(Y : : . :
15 Qnﬂf?;“ definttions, adding, deleting, Constrairts | = Mewtron - CW (Nuclear and Magneticy " Pattem Calculation (Neutron - CW)
f‘:: Fixing range of parameters, distances, angles, Box/Restraints " Neutron - T.O.F (Nuclear and Magnet\} " Pattem Calculation (Neutron - T.O.F.)
— magnetic moments and linear restraints —
49

Output options fgtp:tems and phage;: Output ~ Wavelength \

Reflection lists, Fourer, distances, BVS... ———

- [UserDefined -] 4 [ 00000 A 0.0000 (I 4 5)[ 0.0000
Profiles: 1 Phases: 1 120/7/2026 117:9:34 !
#(,OAK RIDGE
National Laboratory



Step 0.2.3, Changing the .pcr into single crystal format

Phase Information; Phase 1

—General Information on Phases
x Name of Phase : IQ(C) 2024 by FIZ Karisruhe - Leibniz Institute for Information Infrastructure. All ights reserv
Calculation: IStruduraI Mode! (Rietveld Method) _'_l Pattern Contribution Information for Phase 1
Coefiicient to calculate the weidt Pattem 1 IC"-,:?—‘- y I Patten | Pattem 4 I Pattem 5 | Pattem | Pattem 7 |
percentage of the Phase: I 34746 ( Calculated automatically ¢ Provided by user
[V Cument Phase contributes to the pattem
- Type of Pattem
Contribution to pattems, prefered Contribution to Pattems
General orientation direction, reflection list, ... " X-Ray (" Pattem Calculation (X-Ray)
Space Group : Symmetry l % Neutron (Constant Wavelength] (" Pattem Calculation (Neutron - Constant Wavelength)
unctions, etc Nuclear an etic
Pattems - " Pattem Calculation (Neutron - T.O.F)
=< W 4 = X 3 bl feni
—— | Nuclear and Magn
Initial Previous Add Del Next Last
: — Peak Shape 0
Refinement Gaussi
oK | Cancel | [Gaussian =~
' Codefil shp € Global shp
Constraints
Intensities
Box/Restraints -
—_— Reflection list: Ilriegraed Intenstties LI
Output ) ) )
[™ Use special control of parameters for pdak overap, rejected reflections for curent phase
Brindley coefficient: | 0.0000
_lzu‘p 772026 |17:9:34 Global weight of the integrated intensity djta vs profile data: I 0.0000
Factor for excluding reflections [ < Factor]* Sigma(l)}: | 0.0000
Weights are divide by reduced Chi**2 of cycle: I 0.0000

% OAK RIDGE QTI Cancel |
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Step 0.3.0, Integrity check

- X Tx Refinement Information X
Cycles of Refinement: [ 1]
Stop Criterium of Covergence 1 Relaxation Factors for Shifts
Forced Temination when shifts < [ 0.10 x ESD.
General Others: None | AMomic [ 100  Anisotropic [ 100 Profie [ 1.00  Global | 1.00
Pattems Reflections ordering
* Only at the first cycle " Each cycle ™ Bragg R-Factor excluding reflections limiting excluded regions
Phases
J— Pattem 1 IZ-ETr.'"" 2 ] Pattemn 3 I Pattern 4 | Pattem 5 | Pattem (4 | ’I Phase 1 IZ-':.:-:- 2 ] Phase 3 I Phase 4 | Phase 5 | Phase 6 I P | ’I
Come D | |
iahti Atoms Prop. Vectors
Constraints — Pattems
#1 2 3 €4 C5 CE C7
Box/Restraints
- Intensities | Micro-S tucture |
Output
HKL Shits | Futher Parameters |
Reduction factor of number of data points: | 0=

~ l20r 772026 117:9:34

Single crystal pcr shows “Intensity” rather than “Profile”

#(,OAK RIDGE
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Step 1.0, Refine the scale factor

Phase 1 IZ-':?-? 2 ] Phase 3 I-'-' ase 4 | Phase 5 | Ph I
oK I
Atoms | Prop. Vectors I
Cancel | — Pattems |

*1 2 €3 C4 C85 Cg C7

Intensities Micro-S tucture I

HKL Shits | \ Futher Parameters |

Refine the 15t Scale factor, Set
all remaining parameters to 0

2nd, 3d, .. Scale factors are used for multiple
crystal domains

%

OAK RIDGE

National Laboratory

Integrate Intensities: Phase 1 Pattern 1

—Cell Parameters
a b C alpha beta gamma Refine Al
Coefficients 4.77000 5.72000 492000 90.00 90.90 50.00
Fix All |
le Factors
1 2 3 4 5 6
Coefficients .10000E-D2 v 0.0000| 0.0000{ 0.0000[ 0.0000( 0.0000[
— Extintion Parameters
K
1 2 3 4 5 6 1~ Cancel |
Coefficients 0.0000| 0.0000{ 0.0000| 0.0000| 0.0000| 0.0000( >
( \.\ / 0K |




Step 1.1, Save .pcr and Run Fullprof

T Editor of PCR Files
File Editor ToolsTemplates Help Bxit —_ Always save

1 3 @ @ X Constantly backup

e Fullprof Files (DAT, INT, etc)

) v T « MagneticStructure2026 > Shortcut v G Search Shortcut

" Fullprof Files (PCR) x
New folder =~ O
A T «f MagneticStructure2026 > Shortcut v G Search Shortcut e Name Date modified Type -
Organize v New folder =~ @ - MnWO4_magneticAF2_5K 7/20/2026 9:46 AM INT File
70 MagstrCrystal2g W Name Date modified Type S . icAF4 7/20/2026 9:46 AM INT Fil
‘ E MagstrC 12 [J MnWQ4_magneticAF4_35K /20, ile
1_MnWO4_loaded, 7/23/2026 9:42 PM PCR Fil .
. o = [@' MnWO4_nuclear_5K | 7/20/2026 9:46 AM INT File
v B ThisPC (] MaWO4.per 7/2}/2026 9:40 PM PCR File
> RS Windows (C:) v [ This PC
5w New Volume (I » 5 Windows (C:)
> Network
L ° > = New Volume (I
File name: | 1_MnWO4_loaded.pcr v > ﬁ Network
Save as type: Fullprof Input File ~
File name: | MnWO4_nuclear_5K
Cancel

#(,OAK RIDGE
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Step 1.2, Validation of the crystal structure

M&£ FullProf Program “ " s = O X
Load Edit PCR ru-1cd®m$epeai Run” till converge
N~
=> Convergence reached at this CYCLE !!!!: CYCLE No. 1
=> Global user-weigthed Chi2 (Bragg contrib.): 63.71
=> ———————— > Pattern# 1
=> Phase: 1
= RF? —factor :  30.45 » R-factors Recommend read: Toby 2006,
=> RF2w-factor :  42.21 R-factors in Rietvield: How good is good enough?
=> RF -factor : 16.78
=> Chi2 (Intens): 63.71
=> N _eff Reflect.: 168 and 0.000 * sigma < Int

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

=> CPU Time: 0.441 seconds
=> 0.007 minutes

=> END Date:22/07/202€6 Time => 21:48:49.71¢

Cyocle: 1 ChiZ2: e=2.7 MNWO4 nuclear SK.dat
- 4500 —
b 4000 . . :
'E 3500 . ; L .
f 3000 - .t * 4 Calculated peak Intensity
q 2500 - s ‘e
r 2000 - " . T Measured
o tsoo- . . 8 X Difference
2 1000 — . t $ '- . L . .S $ o :
v 500 - $ L e : .lt”.i *®
E o - . & -t ¢ b g 31 3% R4, w® 3ie, :fol‘.
g —S00 . - P o .i P o** f.‘:f. - ':.‘..'. '.‘0.3‘... .gig 1.
H —1000 - s . . Ml . ooa ,
.10 .15 .20 .2s .30 .35 .40 .as
sin(Theta) /Lambda
2 dsing — A sin6 1 4
= - — = — =
% OAK RIDGE sin 1 " 2g " e
National Laboratory



Step 1.3, View refinement results in Winplotr

¥ FullProf Suite ToolBar = O X
File Programs Settings FP Dimensions Tools Edit Results Help

ED () 5 ® = B =S
HEl FEEPEY T ECOL ] EFY
Norking Directory: | D:\Softwares\FullProf_Suite\Examples\ CodeFile: | Type |  Date [20/07/2026

Open the .prf file in either version of Winplotr

)

Missing extinction factor!

The initially diffracted beam interacts

again with the same planes,

reversing its path and interfering

destructively with the incident beam.

This reduces the net intensity of the -

outgoing diffracted beam. It is most " J
L

8
significant in low-angle strong 3 ® ¢ ', of o (¥
diffraction peaks in large, near- wt TR UL T

I B e IIII.I.IIII g Carage e rm
perfect crystals. - ® of ot o9° #d We o p!u. u-ol:  coe °'$ :

% Observed vs calculated (more often used) Q vs Intensity

National Laboratory



Step 1.4, Refine the extinction factor and atomic positions

: Integrate Intensities: Phase 1 Pattern 1
~ Cell Parameters / \
a b c A«I FullProf Program *
Coefficients 4.77000 5.72000 492000/ |cad EditPcR Modl Run )t
=> Convergence reached at this CYCLE !!!!: CYCLE No. 1
Scale Factors => Global user-weigthed Chi2 (Bragg contrib.): 31.84
=5 ———————— > Pattern# 1
/ ] - \ - / 3 => Phase: 1
Coefficierfs 242,90V 0.0000 0.0000|™ = RF2 -factor 10.43
=> RF2w-factor 29.84
=> RF —-factor 8.331
— Extirtion P. ers => Chi2 (Intens) : 31.84
=> N_eff Reflect.: 168 and 0.000 * sigma < Int
\ 1 / - - => Normal end, final calculations and writing...
Coefficients ) 1.0000[W 0.0000]™ 0.0000]
. e
T => CPU Time: 0.610 seconds
L => 0.010 minutes
Refine both the SF and the => END Date:22/07/2026 Time => 22:21:21.489
exfinction parameter
Cycle: 1 ChiZ2: 21.8 MNWO4 nuclear SK.datc
-~ 4500
0 »
P 4000 - .
Scale Factors p 3500 N '
f]
- »
// - \( 2 ' 3000 . ( o
q 2500 s ie
Coeficientd a7a70f@ |\ 00000 . ~000 . - I
\ - 1500 . ' . '
s 1000 4 . . . . $ = * .
— Extintion Harameters ; 500 ' % -: : ek ' ' |=
\ 1 2 E o - * . ' PR Y EIF LI I ' e, :0'0:'.
i —S00 — « 3 e p . o :
i R
t:oemmﬁ\ 45.450[7// 0.0000[ £ oo s ;
.10 .15 .20 .25 .20 .35 .40 .45
\ / sin (Theta) /Lambda
v
¥ OAK RIDGE
National Laboratory



Step 1.4, Refine the atomic positions and B-factors

Atoms Information: Phase 1

~List of Atoms
Number of Atoms: V \
 Label | Nyp X Y z B Oce Them. Fact.
Mom#&1  [Mn1 [N 050000 |  06e4s0¢|  025000[%|  070272)@| 050000 - ————
MomfP 2 W1 |W 000000J7|  0.18010)%|  025000)%|  08334)¥| 050000 ] isotropic
Kom B3 |01 0 021090)%|  010362)%|  0540%0[%|  074219)%|  1.00000]}/ isctropic _
Aom # 402 0 025110)%|  037542)%|  039380[v|  079746)%|  1.00060] |isctropic , | _RefneBanso |

o~
Anisctropic Themal Factors / Form

B11/F1 B22/F2 B33/F3 B12/F4 B13/F5 B23/F6 F7 | Cancel
# N I I r I ™ |
" B = B B B B I~ ok |
i N N I I_ ™ N |I_
# I~ I~ - I~ r I I~

Special Form Factors

SASH-Type | Matrix j=1 =2 j=3 N. Coeff. Indices #1 H2 H3 Ha H5 HE
# Spherical | Baniso @Nd atomic occupancies can be
Spherical refined based on need of study and
Spherical confidence in data quality. For this
example, refining only B is suffice
%9&&1&1&&(&5 For structure factor calculation, see Fullprof Manual, pp58



Step 1.4, Refine the atomic positions and B-factors

WE£ FullProf Program - [m] X
Load EditPCR Mode Run Bt
=> Writing results for cycle 1
=> Global user-weigthed Chi2 (Bragg contrib.): 11.37
=5 —————— > Pattern# 1
=> Phase: 1
=> RF2 -factor : 5.758
=> RF2w-factor : 17.18
=> RF -factor : 4.185
=> Chi2 (Intens): 11.37
=> N_eff Reflect.: 168 and 0.000 * gigma < Int
=> Conv. not yet reached -> [Max] Shift( ¥ _02)/(eps*Sigma)= -1.27 abs> 1

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

=> CPU Time: 0.426 seconds
=> 0.007 minutes

=> END Date:22/07/2026 Time => 22:30:00.767

Cycle: 1 ChiZz2: 11.4 MnWO4 nuclear SK.datc
; 4500 .
L] 4000 — -
M 3500 ]
a 3000 . , ’
2 2500 . . .2:
4 2000 - t b Lo
- 1500 . . [
H 1000 . . . . ..‘ + Wy .,
: SO0+ . . s .. Wt e
E o . -t " by 0% e Lt Q‘.- e .lﬁ: *,
2 —500 . . 3' - & .0k b
H —1000 . *
.10 .15 - 20 25 - 30 -35 =40 -45
sin eta) /La au °
_ S Almost there but something feels off..
Number of Atoms: | 4:' .
Because we forgot the Co-doping!
Label lep X Y Fd Oce Them. Fact. a Refine Positions I
Aom# 1 [Mn1 MN 0.50000( 0.68511|V 0.25000{ [C_ 2.98730|% 0.50000 | Isotropic
AMom# 2 w1 W 0.00000™ 0.18058 /v 0.25000{ 0.82779 v 0.50000| | Isotropic Refine Biso |
Aom# 3 01 0 0.21140[w 0.10285[v 0.94092|v 0.99620 1.00000 | isotropic _
Aom# 4 |02 0 0.25434|W 0.37546 [V 0.39358[V 0.93564 |V 1.00000] | Isotropic - Refne B_aniso |
%0AK RIDGE Al |

National Laboratory




Step 1.5, Adding Co atoms

W
<@Add 2l 20 CLelT Copy whole line of Mn, change Occ to 0.4 (80%) Nominalis 83% Mn and 17% Co
Label | TAp X Y i B Occ Them. Fact.
Romd 1 [T VN 0.50000)/v 068509 )w 025000V 2.99266]V 0.40000]1] | Isotropic We want to replace some Mn by
Aom# 2 |Wi1 w 0.00000 ¥ 0.18056|% 0.25000 v 0.83062 v 0.50000|  Isotropic Co without chonging the fotal
AMom# 3 |01 0 0.21144|W 0.10279|¥ 0.94092|v 1.00150 ¥ 1.00000("" | Isotropic occupancy
Aom# 4 |02 0 0.25430(w 0.37545(¥ 0.39361 |V 0.94421|W 1.00000 | Isotropic
Occupancy in Fullprof is defined related to
the SG symmetry and Wyckoff positions. In this
Label Ntyp X Y Z B Occ Them. Fact. a case, P 2/c has 4 symmetry operations. Mn1
Mom#2 |W1 _|W 000000%|  0.18056)w|  0.25000[w|  0.83062)w| | 0.50000] |sctropic and W1 are at 2e and 2f Wyckoff positions.
Mom# 3 |01 0 0211447 0.10279|% 0.94092|% 1.00150[% 100000 [ Isctropic Hence their occ in Fullprof are
Mom# 4 |02 0 0.25430(v 0.37545(v 0.39361|W 0.94221|w| & 1.00000[ |Isctropic 2(atom)/4{symmetry operations) =
Aom# 5 | [Cot Co 0.50000 (¥ 0.68509 (v 0.25000 [V 299266V D.mooc- lsotropic v

Paste to new atom, change new atom to Co and set Occ = 0.1 (20%), refine OCC | oavly s wiitien this way because someone wanfed fo

simply loop through all symmetries and duplicate all atoms
when generating a unit cell..

Save and edit .pcr (or open .pcr in any text editor). DO NOT RUN REFINEMENT!
T Editor of PCR Files

File Editor rJ emplates  Help Exit

SO O L) - FER

@ X

—

;'_.%OAK RIDGE

National Laboratory



Step 1.6, Constraining Mn and Co

MNwO4 Nuclear refinement, 17%-Co
!

INat Dis Ang Prl Pr2 Pr3 Jbt Irf Isy Str Furth ATZ Nvk Npr More
5 0 0 0.0 0.0 1.0 0 4 0 0 0 605.571 0 0 0
: Copy the control code of Co occ (151.00 in this case),
P12/c1 <--Space group symbol paste it to Mn, change it to negative
lAtom  Typ X ¥ z Biso occ In Fin N_t Spc /Codes
Mnl MN 0.50000 0.68509 0.25000 2.99266 0.40000 0 0 0 0
i 41. i C -151.00 . ..
wl W 0.00000 0.18058 0.23000 0.83062 G 39000- 0 0 0 0 Control code defines the refining parameters
0.00 81.00 0.00 61.00 .00 and the constrains among them.

ol (o] 0.21144 0.10279 0.94092 1.00150 1. QU000 0 0 0 0

111.00 121.00 131.00 101.00 - 00 In this case, 151.00 means Co occ. is constrained to the
02 0 0.25430 0. ;7545 0.39361 0. 94423 1. Ogg 0 0 0 0 15th parameter in refinement and will itinerate by the
col  co 0.50000 0.68509 0.25000 2.99266 [ 0.10000 0 ©0 0 0 relafive speed of 1.00; -151.00 means Mn occ. Is

"70. 00 "41.00 "%0. 00 "51.00 151. 00 constrained to the same parameter but will itinerate by

S-S SRS s L1 DU the relative speed of -1.00.

Note: Y and Biso of Mn and Co are also constrained.

Multiplicity and decimal are allowed. E.g., it is possible
to constrain a parameter by using control code 150.50
or 152.00, which will cause the parameter to move by
half or twice much compared to another parameter
using 151.00

" The PCR File was modified by externgll program
! Re-load PCR File?

Save, reload, run
;'_.%OAK RIDGE

National Laboratory



Step 1.7, Refine the Mn and Co occupancy

=> Convergence reached at this CYCLE !!!!: CYCLE No. 1
=> Global user-weigthed Chi2 (Bragg contrib.): €6.016
= ———————— > Pattern# 1
=> Phase: 1
= RF2 -factor : 5.188
=> RF2w-factor : 12.46
=> RF -factor : 3.468
=> Chi2 (Intens) : 6.016
=> N_eff Reflect.: 168 and 0.000 * sigma < Int

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

=> CPU Time: 1.209 seconds
=> 0.020 minutes

=> END Date:22/07/2026 Time => 23:38:43.072

Cycle: i ChiZz=z: .02 MNWO4 nuclear SK.dat

-~ 4500

n *

» 4000 - .

Ll

g 3500 !

/ 2000 . 3 s ]

q 2500 - . LI ]

. 2000 é ¢

] - ; M ]

- 1500 . "

™ L

b 1000 ' . . . ' ¢ L.y .0-

: SO0 . . LA 'oes ~ List of Atoms

E o . . -d e ay **% 8e L, e LA T SN

8 —s500 - . . i : $ .ol . Number of Atoms: | 5Zl

H —1000 . . : : . . ¢ . .

.10 .15 .20 .25 .20 .25 .40 .45 | Label Ntyp X Y Z B Occ L"
sin (Theta) /Lambda Atom # 1 Mn1 MN 0.50000( 0.68449|v 0.25000( 0.85033|v 0.41892|w
Aom# 2 |W1 w 0.00000( 0.18021|v 0.25000( 1.12237|v 0.50000(
Atom # 3 o1 o] 0.21233|Iv 0.10301|Iv 0.94045|v 1.36822(Iv 1.00000(
Atom # 4 02 (o] 0.25270|v 0.37546|v 0.39455 |V 1.33879|v 1.00000[
Mom#5 |Col  [Co | 050000) |  0eeass|w@]| 025000 | 0ss03jw|  o00stiefw]
Note the constrained parameters are showing red
¥ OAK RIDGE
National Laboratory



Step 1.8, half lambda refinement

/ Check numbers of parameter here

15  !Number of refined parameters Lambda/2 contamination comes from the higher
! pata for PHASE number: 1 ==> Current R_Bragg for Pattern# 1: 0.0000 order reflection of the Si (220) monochromator. It only
a;;a;‘;;a;;;';;;;;‘;;‘;ai"i;;ga ------------------------------------------ exist for the ~1.54 A wavelength and can be
) ; drastically reduced using a PG-filter.

INat Dis Ang Prl Pr2 Pr3 3Jbt Irf Isy Str Furth ATZ Nvk Npr More
g 2 0 TR0 Y e e 8 i I Without PG filter: ~1% to 2% in flux
! With PG filter: ~0.05% to 0.1% in flux
P 2/ck <--Space group symbol
!Atom  Typ X Y. z Biso occ In Fin N_t Spc /Codes
vnl MN 0.50000 0.68449 0.25000 0.85033 0.41882 0 0 0 0
0.00 41.00 0.00 21.00 -151.00
Wl W 0.00000 0.18021 0.25000 1.12237 0. 50000 0 0 0 0
0.00 81.00 0.00 61.00 0.00
01 (o} 0.21233 0.10301 0.94049 1.36822 1.00000 0 O O 0
111.00 121.00 131.00 101.00 0.00
02 0 0.25370 0.37546 0.39455 1.33879 1.00000 0 0 0 0
91.00 71.00 51.00 141.00 0.00
Ccol co 0.50000 0.68449 0.25000 0.85033 0.08118 0O 0 0O 0
0.00 41.00 0.00 21.00 151.00
R > scale, Extinction and cell Parameters for Pattern # 1
! scale Factors
! Scl Sc2 Sc3 Sc4 ScS Sc6
544.3 0.000 0.000 0.000 0.000 0.000
11.00 0.00 0.00 0.00 0.00 0.00
! EXtinction Parameters
! Extl EXt2 Ext3 Ext4 EXTS EXt6 EXt7 Ext-Mode]l
98.15 0.000 0.000 0.000 0.000 0.000 0.000 1
31.00 0.00 0.00 0.00 0.00 .00 0.00
! b G alpha beta gamma # cell 1Info

a
4.770000 5.719997  4.920001 90.000000 90.900047 90.000000
0. 00000 0. 00000 0. 00000 0. 00000 0. 00000 0.00000

x-Lambda/2
0. 010 set lambda/2 to 0.01 and give an unused control code

0.01000
; 2Th2/TOF2 Pattern to plot
0.087 150. 000 1 ™S The PCR File was modified by external program
{ Re-load PCR File?

e |
]

%OAK RIDGE Save, reload, run

National Laboratory



Step 1.9, Finalize the refinement

=> Convergence reached at this CYCLE !!!!: CYCLE No. 1
=> Global user-weigthed ChiZ (Bragg contrib.): 2.309
=> ————————- > Pattern# 1
=> Phase: 1
=> RF2Z -factor : 4.419
=> RF2w-factor : 7.718
=> RF —-factor : 2.4595
=> ChiZ2 (Intens) : 2.309
=> N_eff Reflect.: 168 and 0.000 * sigma < Int

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

=> CPU Time: 0.945 seconds
=> 0.016 minutes

=> END Date:22/07/2026 Time => 23:53:14.757

Cycle: 1 ChiZ2: 2.31 MNWO4 nuclear SK.datc
- 4500 -
] .
P 4000 *
-
i 2500 ]
&
7 3000 L é
. * ol
P 2500 . .3 S
N .
p 2000 $ . '
- 1500 - s .
M s
® 1000 . . L] . . e *? .0'
] 0'
g 500 — . R . ot L LI
i o - * * -t o g 0T e Lt wts Yo NET L
(]
*
ﬂ —S00 4 T e e *—4s—4“—FHqﬂhﬂkk+d~‘%ﬂ*“ﬂrﬂvﬁ+ﬂ¥——
H —1000 . . : . : . ud — ;
-10 -15 -=20 .25 -30 -35 -40 -45
sin (Theta) /Lamlcda
¥ OAK RIDGE
National Laboratory



Step 1.10, Output the .cif file

s Help Exit

|
X

A &l MBS

iIProf

#(,OAK RIDGE

National Laboratory

3 G ,
DE MY 0 X
i~ Information
Title, type of job: Rietveld, Integrated Intensities,

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

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

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

Constraints definitions, adding, deleting,
Fixing range of parameters, distances, angles,
magnetic moments and linear restraints

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

Pattems

Box/Restraints

Bl

T Output Information

PCR Input File

PCR Update: |Overwrite PCR File |

¥ Classical Output Format for a Single Pattem in PC

~Output Files

[ Summary of refined parameters (RPA)

¥ Crystallographic Hm@

[~ List of Symmetry operators on file (S

| General Output Information

ems Output Information | Phases Output Information |

Output Ighdmation File (OUT) | Simulated Diffraction File (SIM) ] Summary Parameters File (SUM) ]

[~ Only Information from the last cycle is printed

Conmelation Matrix Ouput: [None 3 [

1 T-T-T-T-T-T-
Reflection list is written before starting cycle I
Comected profile intensities are written |[_ I ||- B ||- B ||-
Merged reflections list is witten Crirrrr -
Cal. and Obs. profile intensties are written Crirricirc
Cal. and Obs. integrated intensiies are witen ¥ [~ [ [T [T T |
List reflec. from second wavelength is written |l_ I ||- |- ||- B ||-

oK | cancel |



Step 1.11, Visualize the Results

MnNCoWQO4_5K.sum

— MnCOWO4 5K.prf => Phase No. 1 MnW04 Nuclear refinement, 17%-Co P12/c1

=> No. of reflections for pattern#: 1: 168

5000 T T T T T T T T T T T T T T T T T T T T T T T T
7 ==> ATOM PARAMETERS:
N Name X SX Y Sy z G B sB OCC. s0cCcC. Mult
7 Mn1 0.50000( ©0) 0.68488( 57) ©.25000( 0) 0.629(123) ©0.417( 2) 2
4000 - Wi e.00000( ©) 0.18006( 33) @.25000( @) 0.758( 63) @.500( ©) 2
- 01 0.21100( 23) 0.10360( 20) ©.94038( 26) 0.6709( 44) 1.ee0( ©) 4
= 02 ©.25102( 30@) 0.37544( 14) ©.39396( 27) @.726( 45) 1.eee( ©) 4
= col 0.50000( @) 0.68488( 57) ©.25000( ©) ©.629(123) ©.083( 2) 2
3000 -
- MNCoWO4_5K fst MNCoWO4_5K cif
2000 - °
i o O
1000 ~ °°°°
0 _;- 4 I I I 1 L L L L L L L L L 1 L I I Il 1 L L I I _L\‘. ° c

:

0 1000 2000 3000 4000 —

F2o0bs °a Q L

% OAK RIDGE (FPStudio) (VESTA)

National Laboratory




Step 2.1.0, Generate a magnetic phase for k = (0.5, 0, 0).

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
MWYCKPOS Wyckoff Positions of Magnetic Space Groups
MKVEC The k-vector types and Brillouin zones of Magnetic Space Groups
IDENTIFY MAGNETIC GROUP Identification of a Magnetic Space Group from a set of generators in an arbitrary setting
BNS20G Transformation of symmetry operations between BNS and OG settings
mCIF2PCR Transformation from mCIF to PCR format (FullProf).
MPOINT Magnetic Point Group Tables
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 gggp‘;i;t tﬁeE(fll E at(glilFCt\ljéZT?\aig\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 partable 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

Irreps and order parameters in a paramagnetic space group- magnetic subgroup phase

Get_mirreps transition

¥OAK RIDGE https://cryst.ehu.es/



Step 2.1.1, Generate a magnetic .mcif for k = (0.5, 0, 0)

Enter the serial number of the space group of the parent paramagnetic phase:
Choose an alternative magnetic group

| choose it |13

Introduce the magnetic wave vector(s)

| Alternatively give the basis vectors of the supercell |

(Give the components of the wave vectors in a fractional form, nfm)
Kix[05 | kiy[0 | kiz[0 |

Show the independent vectors of the star

[} Choose the whole star of the propagation vector

| More wave-vectors needed |

@® List of subgroups O Graph of subgroups

;'_.%OAK RIDGE

National Laboratory

Space group P 2/c (No. 13)

k = (0.5, 0, 0)

Scroll to bottom and “Submit”



Step 2.1.2, Generate a magnetic .mcif for k = (0.5, 0, 0)

Input data
Subgroups of the paramagnetic space group : P2ic1" (N. 13)
Lowest magnetic space group to consider: P1(N.1.1)
Magnetic propagation wave-vectors (0.5,0,0)
List of subgroups that fulfill the given conditions
| Get the subgroup-graph | Sf o
art by selecting the
= ; . ° °
N | Group Symbol | Transformation matrix Groupin.."::t:[group thc;tg‘::n?;;:::ra::s irreps Magl}ﬁ::[;:lrggtgﬁznérdels maximum ngnehc quce
1 |P52/c (No. 13.70) ( S lfﬁ-] 2=9x1 [ Conjugacy Class | [ Getirreps | Groups (MSGS)
o o0 1 0
[ 2 o0 =z o : .
2 |P.2/c (No. 13.70) ( a1 a .3.) 2=9%1 [ Conjugacy Class | | Get ieps |
2 o0 1 o
3 |P,2/c (No. 13.70) ( i i ?. ”ﬁ.) 2=9%1 | Conjugacy Class | | Getimeps | Note they are the same MSG but of
| 2 0 -1 0 different super cell selection. This is
2 o0 o o _ _ . .
4 |P.2Jc (No. 13.70) 2 0 H e [ Conjugacy Class| | Getirreps | because the porenfr SG is monoclinic,
0o o 1 0 hence a- and c- axis can have
[ 2 2 0 , . multiple choices.
5 Puc(No.7.27) ( S i S E) 4=9x2 [ Conjugacy Class | || Getirreps | 0 P
2 0 - 0
6 Puc(No.7.27) ( i i g E) 4=9x2 [ Conjugacy Class | || Getimreps | o
o o0 1 0
Select/Deselect all subgroups “ "
Include structure data of the parent phase DO InCIUde Sfl‘UCfure dCIfCI
#,OAK RIDGE Submit selected subgroups to MAGMODELIZE: and Submit
ation al oratory



Step 2.1.3, Generate a magnetic .mcif for k = (0.5, 0, O)

Parent paramagnetic structure cif file

Option 1: Please submit a structure file (CIF format):
2 MnCoWO4_5K cif Select the refinement output .cif file and Upload

o~ The spaed group of the cif file persede 3Ry Previous one.

Parent phase structure data: Magnetic Atoms

*arent space group: P2/c (No. 13)
.attice parameters (Angstroms and degrees). a=4.77000, b=5.72000, c=4.92000, alpha=20.0000, beta=90.9000, gamma=90.0000

\toms: Please select the magnetic ones

N Atom name Atom type Wyckoff Position Coordinates Occupancies
1 Mn1 Mn 2f 0.50000 0.68490 0.25000 0.833
2 W1 W 2e 0.00000 0.18010 0.25000 1
3 of o 4g 0.21100 0.10360 0.94040 1 o Choose Mn as the magnetic atom
4 2 0 4g 0.25100 0.37544 0.39400 1 O
5 Co1 Co 2f 0.50000 0.68490 0.25000 0.167 O
Submit
%OAK RIDGE Not choosing Co is fine because they are the same site hence it
National Laboratory does not affect the magnetic space group analysis.



Step 2.1.4, Generate a magnetic . mcif for k = (0.5, 0, 0)

Selected magnetic space subgroup for the parent space group P2/c (No. 13)

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

| Properties  Magnetic structure
1/2
‘ : ) [ Show | LMAGNEXT [ Show |
T Alternatives (domain-related)
0 2
( S ") LMACNEXT Show |
Getoa subronp. atives (domain-related)
o 2 1/2
| MAGNEXT | Show |
-

U 1 0 D
= o -1
| Go to a subgroup |
Alternatives (domain-related)
( 0 1 0 ] )
| Go to a subgroup |
Alternatives (domain-related)

mCIFs of the transformed structure in the selected subgroups ('ksubgroupsmag_mCIFs_3411932 zip")

Download the whole .zip file

#(OAK RIDGE

National Laboratory



Step 2.1.4.1, How to fast examine a .mcif file

= 3.mcif 2 Eﬂ
g4 loop
85 _atom site label
g6 _atom site type symbol
87 _atom site fract x
88 _atom site fract y
89 _atom site fract =z
S0 atom site occupancy

91 Mnl Mn 0.25000 0.68490 0.25000 0.833
92 Wl w 0.00000 0.18010 0.25000 1.
93 0l ¢ 0.10550 0.10360 0.94040 1.
94 02 0 0.12550 0.37544 0.39400 1.
95 Col Co 0.25000 0.68490 0.25000 0.167

96

87 loop

g8 _atom site moment.label

99 _atom site moment.crystalaxis x

100 atom site moment.crystalaxis . op go .

101 _atom_gj_te_moment_Crigtalaxis_g sqve qnd Open the edlted .mC|f flle In VeSia:
102 _étom_site_moment.Symmform_ B

103 |Mnl 1.00000 0.00000 2.00000 mx,0,mz

Open the .mcif file using a text
editor, scroll to bottom, change the
symmetry allowed magnetic
moments to non-zero numbers.

%OAK RIDGE

National Laboratory



Step 2.2, Convert an .mcif into .pcr

bilbao crystallographic server

Contact us About us Publications How to cite the server
Magnetic Symmetry and Applications
MGENPOS General Positions of Magnetic Space Groups
MWYCKPOS Wyckoff Positions of Magnetic Space Groups
MKVEC The k-vector types and Brillouin zones of Magnetic Space Groups
IDENTIFY MAGNETIC GROUP Identification of a Magnetic Space Group from a set of generators in an arbitrary setting
BNS20G Transformation of symmetry operations between BNS and OG settings
mCIF2PCR Transformation from mCIF to PCR format (FullProf).
MPOINT Magnetic Point Group Tables
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

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

it can be used as
rof) is used). By
ition. The file can

Choose a structure file (mCIF format):

2 mei

The file has been successfully converted.

Click to download it

&OAK RIDGE

National Laboratory

Use mCIFtoPCR web tool

2 Windows PowerShell

PS D:\Softwares> cd..

PS D:\> ed .\Softwares\FullProf_Suite\
PS D:\Softwares\FullProf_Suite> .\mCIF_to_PCR.exe d:\3.mcif

d:\3.mcif

=> Reading Input mCIF file: d:\3.mcif
=> Input mCIF file: d:\3.mcif treated correctly!

Information on Magnetic Space Group:

Shubnikov Number:

BNS Number:

0G Number:

BNS Symbol:

0G Symbol:

UNIFIED Symbol:

Type of Magnetic group:
Parent group number:

Parent group Symbol:
Magnetic point group Symbol:
Laue Class for Cell constr.:
to parent:
Transformation from parent:
Transformation to standard:
Transformation from standard:
Crystal system:

Lattice type:

Lattice type Symbol:

Number of centring vectors:
Number of anti-translations:
Number of reduced set of S.0.:
General Multiplicitiy:
Centred:

Centre at:

Centrosymmetry:

Generators (exc. -1&L):

Transformation

P 2/c

a,b,c;0,0,0

2a,b,c;0,0,0

a-2c,b,a-c;1/4,0,0

1

(1/4,0,0)
Centric (-1 not at origin)
0

Or, use the local executable



Step 2.3.1, Changing the .pcr into single crystal format

RS Y,

~ Information

Title, type of job: Rietveld, Integrated Intenstties, General
Simulated Annealing, ..

1?7}

X

\‘G Relinement on Single Ciyatal Data / Integrated infensity Data

Type of Pattems, profile, background, diffraction Pattems
geometry, user-given scattering factors ...
Phase name, type of calculations (JBT), ATZ, Phases
contribution to pattems, symmetry, ...
Number of cycles, relaxation factors, access to Refinem
3 ‘:{ pattems and phases (atoms and profile) =
Pt
13 Constraints defintions, adding, deleting, Constraints
Z‘; Fixing range of parameters, distances, angles, Box/Restraints
— magnetic moments and linear restraints -—
49
Output options for pattems and phases: Output
Reflection lists, Fourer, distances, BVS...
Profiles: 1 |Phases: 1 120/ 7/2026 [17:9:34
#(,OAK RIDGE
National Laboratory

=L} -
s General Information

— Title

|#{C] 2023 by FIZ Karsruhe - Leibniz Institute for Information Infrastructure.

Caleulations
" Refinement/Calculation of a Powder Diffraction Profile

" Simulated Annealing Optimization (Integrated Intensities)

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

OK

(s



Step 2.3.2, Changing the.pcr into single crystal format

| Patterns Information

- X — Information

Pattem: 1/1 WeigH:l 1.0000

Data file/Peak shape

R0 S Y,

7}

X

ackgfiund Type

~ Information /{

Title, type of job: Rietveld, Integrated Intensties, General .ISJ X’ _ﬂ .LU Yy, chidod Rog |

] Simulated Annealing, ...
- /m Data Information: Pattern 1
Type of Pattems, profile, background, diffraction Pattems I
geometry, user-given scattering factors ...
Refinement / Simulati i

Phase name. type of ions (JBT), ATZ. S Data File / Format on | Pattem Calculation/#eak Shape |

contribution to pattems, symmetry, ... Simulation / Refi Data

Number of cycles, relaxation factors, access to
‘ (:[ pattems and phases (atoms and profile) L Feener. 1 " XRay (" Pattem Calculation (X-Ray)
(Y : : . :
15 Qnﬂf?;“ definttions, adding, deleting, Constrairts | = Mewtron - CW (Nuclear and Magneticy " Pattem Calculation (Neutron - CW)
f‘:: Fixing range of parameters, distances, angles, Box/Restraints " Neutron - T.O.F (Nuclear and Magnet\} " Pattem Calculation (Neutron - T.O.F.)
— magnetic moments and linear restraints —
49

Output options fgtp:tems and phage;: Output ~ Wavelength \

Reflection lists, Fourer, distances, BVS... ———

- [UserDefined -] 4 [ 00000 A 0.0000 (I 4 5)[ 0.0000
Profiles: 1 Phases: 1 120/7/2026 117:9:34 !
#(,OAK RIDGE
National Laboratory



Step 2.3.3, Changing the .pcr into single crystal format

Phase Information; Phase 1

—General Information on Phases
x Name of Phase : IQ(C) 2024 by FIZ Karisruhe - Leibniz Institute for Information Infrastructure. All ights reserv
Calculation: IStruduraI Mode! (Rietveld Method) _'_l Pattern Contribution Information for Phase 1
Coefiicient to calculate the weidt Pattem 1 IC"-,:?—‘- y I Patten | Pattem 4 I Pattem 5 | Pattem | Pattem 7 |
percentage of the Phase: I 34746 ( Calculated automatically ¢ Provided by user
[V Cument Phase contributes to the pattem
- Type of Pattem
Contribution to pattems, prefered Contribution to Pattems
General orientation direction, reflection list, ... " X-Ray (" Pattem Calculation (X-Ray)
Space Group : Symmetry l % Neutron (Constant Wavelength] (" Pattem Calculation (Neutron - Constant Wavelength)
unctions, etc Nuclear an etic
Pattems - " Pattem Calculation (Neutron - T.O.F)
=< W 4 = X 3 bl feni
—— | Nuclear and Magn
Initial Previous Add Del Next Last
: — Peak Shape 0
Refinement Gaussi
oK | Cancel | [Gaussian =~
' Codefil shp € Global shp
Constraints
Intensities
Box/Restraints -
—_— Reflection list: Ilriegraed Intenstties LI
Output ) ) )
[™ Use special control of parameters for pdak overap, rejected reflections for curent phase
Brindley coefficient: | 0.0000
_lzu‘p 772026 |17:9:34 Global weight of the integrated intensity djta vs profile data: I 0.0000
Factor for excluding reflections [ < Factor]* Sigma(l)}: | 0.0000
Weights are divide by reduced Chi**2 of cycle: I 0.0000

% OAK RIDGE QTI Cancel |

National Laboratory




Step 2.4.0, Integrity check

- X Tx Refinement Information X
Cycles of Refinement: [ 1]
Stop Criterium of Covergence 1 Relaxation Factors for Shifts
Forced Temination when shifts < [ 0.10 x ESD.
General Others: None | AMomic [ 100  Anisotropic [ 100 Profie [ 1.00  Global | 1.00
Pattems Reflections ordering
* Only at the first cycle " Each cycle ™ Bragg R-Factor excluding reflections limiting excluded regions
Phases
J— Pattem 1 IZ-ETr.'"" 2 ] Pattemn 3 I Pattern 4 | Pattem 5 | Pattem (4 | ’I Phase 1 IZ-':.:-:- 2 ] Phase 3 I Phase 4 | Phase 5 | Phase 6 I P | ’I
Come D | |
iahti Atoms Prop. Vectors
Constraints — Pattems
#1 2 3 €4 C5 CE C7
Box/Restraints
- Intensities | Micro-S tucture |
Output
HKL Shits | Futher Parameters |
Reduction factor of number of data points: | 0=

~ l20r 772026 117:9:34

Single crystal pcr shows “Intensity” rather than “Profile”

#(,OAK RIDGE
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Step 2.4.1, Setting the SF and extinction parameters

Integrate Intensities: Phase 1 Pattern 1

(- Relaxation Factors for Shifts —Cell Parameters
~ s _ i a b - alpha beta gamma Refine Al
1 i B .o K D Coefficients 954000 5.72000 492000 90.00 90.90 90.00 —l
5 R Fix Al
e Use nuclear refinement’s SF/4 (22 because unit cell doubled) P |
‘ Scale Factors
Phase 1 |Phase 2 | Phase 3 | Phase 4 | Phase 5 | Phase 6 | P_e 1 1 2 3 4 5 6
oK _| . | L~ | [ Coeficents 1378 0.0000] 0.0000|I™ 0.0000{ 0.0000(™ 0.0000{
Cancel | Pattems
@ 1 - - Extintion Parameters
1 2 3 4 5 5 Cancel |
Coefficients 19.735| 0.0000]" 0.0000{ 0.0000{I™ 0.0000{ 0.0000(™
e o |
Extinction parameter also divided by 4 ‘
Note the MSG .pcris now using a 2*1*1 super cell (a = 9.54) Scale Factors
double unit cell > double numbers of atoms = 4 times F?2 1
Extinction correction parameter was also multiplied by F2: Coefficients 455 12]v
A3 1
F! =kFC[ 140001 x- F2- A ] P
-
(Fullprof manual did not mention which “empirical formula in SHELX” was used, =
but they all make use of the xFc2 term, where x is the extinction parameter) Coefficients 78 340

;'_.%OAK RIDGE

National Laboratory

(From nuclear refinement)



Step 2.4.2, Setting the magnetic atoms

Change atom type to MMN3

-“=de=—GopT&MdOMmmmudearrefmemeni

Relaxation Factors for Shifts
Number of Atoms: [~ 4 -
Z’ Atomic I 100  Anisotropic | 1.00 Global I 1.00 Mag. Rot. | Prog. V... L l_ Z B B I_ a
. Aom# 1 ([Mn1 [MMNI 0 0.25000 0.68480[ 0.25000[ 063231 0.50000]
- s Atom # 2 1 0 0.00000{ 0.18010] 0.25000( 0.76178 0.50000)
L TR s e i e o Mom#3 [01 [0 |1 0 0.10545] 010362 094030 | 066906 1.00000)
Aom#4 02 [0 [ 0 0.12555] 0.37542 039380 |\ 072573 1.00000] | »
Phase 1 | I 410 5 v
_I Roms Prop. Vectors I Relx] Rely] Relz] Imx] Imly] Im|z] MPhase &
_ Atom #1 1.00000]% 0.00000]7 1.00000[% 0.00000] 0.00000] 0.00000 0.00000[
G50 & ° ° °
Refine magnetic moment sizes
Intensities
HKL Shifts I Further Paramdeml
#(,OAK RIDGE
National Laboratory

Refine Positions I
Refine B_iso I

Refine B_aniso

Fix Al

Cancel



Step 2.4.3, Run refinement

magneticAF4_5K.int is indexed using
the 2x1x1 MSG supercell

T Fullprof Files (DAT, INT, etc) X =] MnWO4_magneticAF4 5Kint £ E!l
1 ! Title
™ « MagneticStructure2026 » Shortcut W C Search Shortcut 2o 2 Slngle Crystal data Of M‘ﬂWD‘l—l?pCD {hb3a}
3 ! Data format
Organize = New folder = - ) o 4 {314,2f8.2,l4,3f8.2)
MnWo4 Name Date modified Type B Sizt 5 'Wawvelength Itypdata Ipow(n)
e . 6 1.53¢600 0 0
= New Volume (D: mCIFs 7/23/2026 1:07 AM File folder 7 1 h K 1 FAD SlgITLa. (F~2) code

CIFs [& MnWO4_magneticAF2_5K 7/20/2026 9:46 AM INT File g -5 -0 -0 110.39 12 .01 1
| MnWO4_magneticAF4_5K 7/23/2026 1:31 AM INT File 9 -2 -0 -1 3.2 14.47 1
(& MnWO4_nuclear_5K 7/20/2026 9:46 AM INT File - -3 -0 -bzatsT 1Sl
[ -Thlspc - - e I a ll _3 _D l 2.12 j..ﬁ'-u"I 1
) 12 -3 -0 2 0.00 0.00 1
> &§ Windows (C) 13 -3 1 -2 33.77 4.20 1
T 14 -3 1 -1 238.44 11.91 1
15 -3 1 -0 44,39 4.43 1
> ¥ Network 16 -3 1 1 74.11 5.28 1
17 -3 1 2 4,39 0.87 1
File name: | MnWO4_magneticAF4_5K v‘ Fullprof Data File v 18 -3 2 -1 105.88 15.81 1
19 -3 2 =0 33.88 6.50 1
Cancel 20 3 2 1 60.03 6.61 1
- 21 -1 -0 -0 315.32¢ 17.39 1
22 -1 -0 1 0.00 0.00 1
23 -1 -0 2 30.3¢6 4 .57 1
24 -1 1 -1 287.532 20.73 1
25 -1 1 -0 38.50 5.81 1
26 -1 1 1 148.06 g.93 1

H are doubled in this datafile. E.g. (-5 0 0) here is (-2.5 0 0)
magnetic peak in the original cell

;'_.%OAK RIDGE
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Step 2.4.4, Refinement results

| m
Label | MNtyp | Mag. Rot. [ Prog. V... X Y zZ B Occ

Atom # 1 Mn1  |MMNZ |1 0 0.25000| 0.68480| 0.25000( 063231 0.50000(
mom#2 w1 w1 0 0.00000{ 0.18010[ 0.25000( 0.76178[ 0.50000]
Mom#3 [o1 o 1 0 0.10545] 0.10362| 0.94030[ 0.66906( 1.00000{
Atom # 4 02 0 1 0 0.12555| 0.37542|" 0.39390"- 0.725?3||- 1.00000|

=> Phase: 1

=> RF2 -factor : €.661 Relx] Rely] Relz] Imfx] Imly] Im[z] MPhase

o RRRwfactor s 8.00° Aom #1 1.48484)v 0.00000] 194915 0.00000 0.00000) 0.00000] 0.00000)

= actor : 4.989

=> Chi2 (Intens): 0.9093

=> N_eff Reflect.: 52 and 0.000 * sigma < Int

=> RF2-pure magnetic : 6.661

=> RF —-pure magnetic : 4.989

=> Conv. not yet reached -> [Max] Shift( Rx Mnl)/(eps*Sigma)= -1.83 abs> 1
=> Normal end, final calculations and writing...

=> Contribution to Yi for phase: 1

=> CPU Time:
=> 0.00€6 minutes

0.355 seconds

=> END Date:23/07/2026 Time => 06:53:22.883
Cycle: 1 Chiz: 0.909 MNWO4 magneticAF4 SK.datc

n
il 300 - $ .
4 . .
I

250 -
i ! 3
. 200
i
i 150 . H H s
- ’ .

100 $
M [ |
¥ . ¥
M 50 . . "
n
I o - . . * . .
' s
ﬁ -—50-L44444444444444444;44;444444t444f44444L44444J14444»4i44441L44b¢44447
H T T T a = T T

.0S .10 .15 .20 .25

sin (Theta) /Lambda



Step 2.5.1, Add Co atom back

To add the Co atom back, we need to again edit the .pcr file:

} 2 'Number of refined parameters

i! Data for PHASE number: 1 ==> Current R_Bragg for Pattern# 1: 0.0000 Magnetic R-Factor: 0.0000
| LN N I S S N N T SR - I S B [N S S D S——— . S " S N I E——

iﬁuc1ear and Magnetic Structure -> 3 |VARY mxmymz
! . ’ = Delete VARY mxmymz VARY mxmymz: This keyword auto refines all
at=Dis Ang Prl Pr2 Pr3 Jbt Irf Isy Str Furth ATZ Nvk Npr More ’

0 00.00.01.0 10 4 2 0 0 605.571 0 7 0O symmetry-allowed magnetic moments
And override any manual set constrains

P_a2/c er:13.70 <--Magnetic Space group symbol (BNS/UNI symbol & number)
dard: a-2c,b,a-c;1/4,0,0 .
Parent space Group: C IT_number: 13 Another often used keyword: mag_only,
Transform from Parent: ,€;0,0,0 only calculate magnetfic intensities

(! Nsym Cen N_Clat N_ANt
\ - 0 0 1
o , Change Nat to 5
/! Anti-Centring vectors

1 0. 50000 0.00000 0.00000

Nat: number of atoms

! Symmetry operators
1 X, V.2;¥+1
2 -X,-y,-2,-1
3 x,-y,z+1/2,-1
4 -X,y,-z+1/2,+1
)
'Atom  Typ Mag vek X Y z Biso occ N_type Spc/Fftype /Line below:Codes
! RX Ry RZ Ix Iy Iz MagPh / Line below:Codes
! hetall heta22 heral3 heral?2 hetal3 hera23 /13 Ccodes
MnL  MMN2 1 0  0.25000 0.68480 0.25000 0.63231 0.41657] 1 0 #
0.00 0.00 0.00 0.00 0.00
-1.48868 0.00000 1.74167 0.00000 0.00000 0.00000 0.00000|<-MagPar Copy whole block of Mn
21.00 0.00 11.00 0.00 0.00 0.00 0.00
ol Mco2 T 0 0.25000 0.68480 0.25000 0.63331 owosia3] 1 o # «atomtobelow, change Mn
0.00 0.00 0.00 0.00 0.00 : :
-1.48868 0.00000 1.74167 0.00000 0.00000 0.00000 0.00000| <-MagPar info Co, MMN3 info MCO3
21.00 0. 00 11,00 0. 00 0. 00 0.00 0. 00
Wi W T 0  0.00000 0.18010 0.25000 0.76178 0.50000 0 0 ¥
0.00 0.00 0.00 0.00 0.00
o1 ) 1 0 0.10545 0.10362 0.94030 0.66906 1.00000 o o # Copy Mnocc and Co occ
0.00 0. 00 0.00 0.00 0.00 .
02 0 1 0  0.12555 0.37542 0.39380 0.72573 1.00000 O 0 # from nuclear refinement
0.00 0.00 0.00 0.00 0.00
lemeee --> Scale, Extinction and cCell Parameters for Pattern # 1
¥ OAK RIDGE
National Laboratory



Step 2.5.2, Save, Reload, Run

— List of Atoms
Number of Atoms: [ 5 j
Label | Ntyp | Mag. Rot. | Prog. V... X Y z B Occ
Aom & 1 Mn1  |MMNZ2 |1 0 0.25000( 0.68480| 0.25000( 063231 0.41657|
Mom# 2 |Co1 |MCO2 |1 0 0.25000] 0.68480| 0.25000( 063231 0.08343|
=> o > Paztern# 1 Mom# 3 w1 W 1 0 0.00000{ 0.18010{ 025000 0.76178™ 0.50000|
=> Phase:
. RF? —factor : 6.381 Aom & 4 01 O 1 0 0.10545| 0.10362| 0.94030( D.BﬁBDGll- 1.00000]
=> RF2w-factor : 8.322
=> RF -factor : 4.845
=> Chi2 (Intens): 0.8957 Refx] Rely] Relz] Imx] Imfy] Im[z] MPhase —
=§ N_gg Reflect. : o 52 anal 0.000 * || Aom#n -1.46425|V 0.00000{ 1.92700|v 0.00000[ 0.00000{ 0.00000{ 0.00000{
- —pure magnetic : -
— RF -pure magnetic : 4.845 Atom &2 -1.46425(|v 0.00000( 192700 (v 0.00000| 0.00000( 0.00000| 0.00000|
=> Normal end, final calculations and writing...
=> Contribution to Yi for phase: 1

=> CPU Time: 0.578 seconds

=> 0.010 minutes

=> END Date:23/07/202€6 Time => 03:15:36.574

Cycocle: 1 ChiZ22: 0.89¢6 MNWO4 magneticAF4 SK.dat
- Only marginal change in the results
. 300 - f $ because Co and Mn have very
: pp— " . similar magnetic form factors.

-
. 200 4
4
. 150 ' H ] N
- ] e ?
N 100 - . . t
4 S0 . . ' $
"
g o - . ™ * . .
; 3
';1: —-50 . .! - % v l'~9 . »dl g . oy g
.05 .10 .15 .20 .25

sin (Theta) /Lambda



Step 2.6, Visudlize the results

MnNCoWQO4 5K _cm.sum

I MnCOWO4_5K_Cm.prf ==> ATOM PARAMETERS:

Name X sX y sy z sz B sB occ. socc. Mult
Mn1 0.25000( ©) ©0.68480( @) 0.25000( ©) 0.632( ©) 0.417( ©) 8
o col 0.25000( ©) ©0.68480( @) 0.25000( ©) 0.632( ©) ©.083( ©) 8
IR BN N BLINL L NN BN BRI L SN RN LR BN Wl 0.00000( ©) ©.18010( @) 0.25000( ©) 0.762( ©) @.5e0( ©) 8
— - 01 0.10545( ©) ©.10362( @) 0.94030( ©) 0.669( ©) 1.000( ©) 16
[~ Z 02 9.12555( ©) ©.37542( ©) ©.39380( @) 0.726( ©) 1.000( ©) 16
280 |- &
[ _ ==> MAGNETIC MOMENT PARAMETERS:
2140 |- — Name Mx  SMx My sMy Mz sMz M sM MPhas  sMPhas
[~ Z Mn1 -1.464( 25) ©@.e00( ©) 1.927( 18)  2.4384( 156)  ©.0000( ©)
e = col -1.464( 25) @.000( ©) 1.927( 18)  2.4384( 156)  ©.0000( 0)
160 | _ .
- . ... 5K _cm.fst ..._oK_cm.mcif
120 _
s0 | —
0 | —
0 | [N T N NN T NN NN NN (NN NN SN TN TN (N S (N NN SN NN SN NN NN S [ TN R N TR TR R N N T NN 1 |_
0 40 80 120 160 200 240 280 320
F2obs

% OAK RIDGE (FPStudio) (VESTA)
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Step 3.1.1, IR analysis for the k = (0.217, 1/2, -0.46) phase using SARAh

\X/l HS G o U p | http://fermat.chem.ucl.ac.uk/spaces/willsgroup/web-
Magnetism and magnetic materials software/sarah-refine-fullprof/

WINDOWS SOFTWARE WEB SOFTWARE- NEW APPS! VIDEO LE

SARAN webRefine — FullProf

Three pieces of advice for using SARAh webRefine : 1. change your browser settings to allow you
<evaluate>, it will look like nothing is happening for a few seconds. Look in the tab ‘4. Help and !
your file so that its path contains no special characters: special characters and those with PHP ¢

-Andrew (February 2022)

POWERED FY

Wolfram

Space group :
|{53:b1,gll;'1l;fc1,(32h4} v| Select the correct convention of Space group No.13 (P 1 2/c 1)

Propagation vector :

021705-046 - Input incommensurate wave vector

Crystallographic coordinates with each moment carrying atom on a separate line :
e.g. Cu2 1/2 1/2-1/2

Mnl ©.5 0.68488 0.25 Use atom coordinates from the structure unit cell

3



Step 3.1.2, IR analysis for the k = (0.217, 1/2, -0.46) phase using SARAh

Method 1. Conventional analysis - as projected basis vectors

Select command (generate template for magnetic phase for per; edit per with magnetic phase present):

|2_single crystal |

2. make template pcr v

Mnl Ty vy
Mnl T v,
Mnl Ty yq
Mnl T y;
Mnl T v

Mnl 1—'2 \|I3

(Your browser should be set to ask for the download location so the per file can be overwritten. Please look in '4.

Table. The basis vectors projected from the different IRs :

Select “single crystal”

I ¥y
{Mnl 1) 1. 0.0.
2) 0.125333 -0.992115i 0. 0.

Iy W

, (Mnl 1) 0. 1. 0.

2) 0. -0.125333 + 0.992115i 0.

, (Mnl 1) 0. 0. 1.

Iy s

2) 0.0.0.125333 - 0992115

{|Mn1 1)

Iz ¥

2) -0.125333 +0.992115:i 0. 0.

1.0.04,

Iz ¢
Mnl 1) 0. 1. 0.
2y 0.0.125333 -0.992115: 0.

2 s

. |Mn1 1 0. 0. ]

2) 0. 0. -0.125333 +0.992115

Select all basis vectors and output a pcr

2 IRs, each has 3 basis vector

0.125333 - 0.992115i = e -0-232pi"



Step 3.1.3, IR analysis for the k = (0.217, 1/2, -0.46) phase using SARAh

%

GO: {(x. v, z), (-xy,-z+1/2), (-X,~y.-Z), (X.,-y.z+1/2)}
Gk: {(x, V. z), (x, -y, z+1/2)}

Table 7. Symmetry related positions for the basi
listing basis vectors) :

Mnl 1 0.5 0.68448 025
2 0.5 0.31552 0.75
Mn1 (0.5 0.68 0.25) M

l (X, -y, z+1/2)
Mn2,_ (0.5 -0.68 0.75)
l (X, -y, z+1/2)

Ma

MnT_, (0.5 0.68 1.25) Ma? = Me -0-4¢*2i

Table 8.The final IRs :

(1) (0.125333 -0.9921154)

gl g28
(1) (-0.125333 +099211514) ]

OAK RIDGE

National Laboratory

Symmetriesin the P 2/c SG

Little group Gk: the rotation matrix keeps the k invariant -
Symmetry operations of the magnetic structure

Two magnetic atoms in a unit cell.

The two atoms are connected by (X, -y, z+1/2)

— an element in Gk, means they are restrained by
magnetic symmetry related to this operation.

By applying (x, -y, z+1/2) twice, Mn1 translates one unit cell
along c. By the definition of propagation vector, it gains a
phase factor of e046™2m

Q2= 046" 2m 5 o = g-0.23"2m oy —-0.23"2mi

Which are the two 1-D IRs of the little group Gk



Step 3.2.1, Making an incommensurate .pcr for refinement

« Open the nuclearrefinement .pcr, save a copy and rename it.
« Open SARANh_sg13, change Nvk to -1.

Replace the contents between Nat line and Scale Factor line using the sarah_sg13.. file

g *C\Users\yho\Downloads\SARAh_sg13_magnetic_phase_template.pcr - Notepad++ — O X
File Edit Search View Encoding Language Settings Tools Macro Run  Plugins Window 7 + v
s BHBR G4 Lk s 2xBR 1 -EFDE0D ¢ @ EEHE
[&] sarAn_sg13_magnetic_phase_template.pcr 2 E!l ?=5_MnCOWO4_5K_sarah.pcr P x|
1 ree-_-eeee—,-e--—- k- —————_———,—————————————————- — , - il 10 1 0.10 1.00 1.00 1.00 1.00 0.0874 0.020000 150.0000 0.00
2 ! Data for PHASE number: 1 ==> Current R Bragg for Pattern # 1: 1. 11 !
3 -— 12 !
4 Template magnetic phase by SAREBh - web Representational Analysis with basi 13 16 'Number of refined parameters
5 L 14 ree-—_—eeeeee—--—mee—_—,———————————————,————————————- -, .- -,
6 INat Dis Mom Prl Pr2 Pr3 Jbt Irf Isy Str Furth ATZ Nvk r More 15 ! Data for PHASE number: 1 ==> Current R Bragg for Pattern$# 1: 0.00
7 | 1 0 0 0.0 0.0 1.0 1 4 -2 0 0 0.00 =1 0 0 16 e
8 1 17 MnWoO4 Nuclear refinement, 17%-Co
9 B=1 <--Space group symbol 18 !
10 ! Nsym Cen Laue Ireps N Bas 19 At D15 ANg Prl PrZ Prd Jbt Ifr 15y Sor Furch 17 VK Nor More |
11 2 1 1 = 6 20 35 0 0 0.0 0.0 1.0 0 4 0 0 0 606.904 0 0 0
12 ! Real (0)-Imaginary(l) indicator for Ci 21 !
13 0o0o0O0O0GO 22 !
14 ! 23 P 1l2/cl <-—Space group symbol
15 SYMM ¥ , Y , 2 24 tom Typ ® Y = Biso Occ In Fin N_t Sp|
16 BASR 1. 0 O o 1. 0 O O 1. 1. 0 o0 0o 1. 0 0 0 1. 25 1 MN 0.50000 0.68492 0.25000 0.63238 0.41657 0 0] 0
17 BASI O 0O 0 0O O O O O O O O O O O O 0 0 O 170" 0.00 41.00 0.00 21.00 -151.00
18 SYyMM X , 1 - Y, 1/2 + 2 ] 27 W 0.00000 0.18008 0.25000 0.76188 0.50000 0 0 0
19 BASR 0.1253 0 0 0 -0.1253 0 O O 0.1253 -0.1253 0 0 O 0.1253 28 0.00 81.00 0.00 61.00 0.00
20 BASI 0.%%21 0 0 0 -0.9%21 0 O O 0.9921 -0.9%21 0 0 O 0.9921 29 o] 0.21096 0.10361 0.94037 0.66502 1.00000 0 o] 0
21 'Atom Typ Mag Vek X Y Z Biso Occ cl c2 30 111.00 121.00 131.00 101.00 0.00
22 g c4 c5 [of3} c7 c8 c9 MagFPh 31 o] 0.250%¢& 0.37544 0.39396 0.72573 1.00000 0 0 0
23 Mnl MMNS 1 0 0.50000 0.68488 0.25000 30000 1.00000 0.000 0.00 3z 91.00 71.00 51.00 141.00 0.00
24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 33 Col co 0.50000 0.68492 0.25000 0.63238 0.08343 0 0 0
25 0.000 0.000 0.000 0.000 0.000 0.000 0.00000 34 0.00 41.00 0.00 21.00 151,00
26 0.00 0.00 0.00 0.00 0.00 0.00 0.00| 35 e > Scale, Extinction and <Cell Parameters for Pattern # 1
27 STaTeTaTtUT 36 ! Scale Factors
28 ! scl sc2 sc3 Sc4 scs Scé 37 ! scl sSc2 sc3 Sc4 scs Scé
29 100.0 0.000 0.000 0.000 0.000 0.000 38 455.2 0.000 0.000 0.000 0.000 0.000
30 .00 0.00 0.00 0.00 0.00 0.00 39 11.00 0.00 0.00 0.00 0.00 0.00
31 ! Extinction Parameters a0 ! Extinction Parameters
32 ! Extl Ext2 Ext3 Ext4d ExtS Exté Ext7 41 ! Extl Ext2 Ext3 Extd Exts Exté
33 0.000 0.000 0.000 0.000 0.000 0.000 0.000 42 78.98 0.000 0.000 0.000 0.000 0.000
34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 43 31.00 0.00 0.00 0.00 0.00 0.00
35 ! a b c alpha beta gamma 44 ! a b c alpha beta gamma # Cel
36 7 7 17 90 90 120 45 4.770000 5.719997 4.920001 90.000000 S90.900047 S0.000000
37 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 46 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

%OAK RIDGE
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Step 3.2.2, Making an incommensurate .pcr for refinement

* Leave the Scale Factor, Extinction Parameters and Lattice parameters untouched
* Ensure the wave vector is (0.217, 0.5 -0.46) - consistent with the data file
+ Copy the lines below the lattice parameters into the refinement pcr before the x-lambda/2 line.

[l sarAR_sg13_magnetic_phase_template.pcr £ K!| "'ES_MnCoWOAr_SK_sarah.pcr » E:!|
10 ! Nsym Cen Laue Ireps N Bas 25 ! Real (0)-Imaginary(l) indicator for Ci
11 2 1 1 -1 [ 26 0O0OO0DO0O0OO0
12 ! Real (0)-Imaginary(l) indicator for Ci 27 !
13 000O0O00D 28 SYMM X , ¥ , &
14 ! 29 BASR 1. O 0O O 1. 0 O O 1. 1. 0O O O 1. O 0O O 1.
15 SsSyMM¥X , Y, Z 20 BASI O O O O O O O O O O O O O 0 O 0 0 0
16 BASR 1. 0 O O 1. 0O O O 1. 1. 0 O O 1. 0 0 0O 1. 31 SsyYMM X, 1 -Y, 1/2 + 2
17 5T 0 O O O O O O O O O O O O O O 0 0O O 32 BASR 0.1253 0 0O 0 -0.1253 0 O 0 0.1253 -0.1253 0O 0 0O 0.1253
18 syMM ¥ , 1 - Y, 1/2 + & 33 BRSTI 0.9%21 O 0O 0 -0.9%21 0 O 0 ©0.9%21 -0.9%21 0O O O 0.99%921
19 BASR 0.1253 0 0 0 -0.1253 0 O 0O ©0.1253 -0.1253 0 ©O 0 0.1253 34 'Ztom Typ Mag Vek X Y Z Biso Occ cl cz
20 BAST 0.5%%921 0 0 0 -0.%%21 0O O 0O 0.9%21 -0.9%21 0O O 0O ©0.9921 35 ! c4 Cc5 [od} c7 c8 c9 MagPh
21 'Atom Typ Mag Vek X Y 7 Biso Occ cl c2 36 Mnl MMNS 1 0 0.50000 0.68488 0.25000 .30000 1.00000 0.000 0.00
22 ! c4 c5 (o3 c7 [od:] [od MagPh 37 0.00 0.00 0.00 0.00 0.00 0.00 0.00
23 Mnl MMNS 1 0 0.50000 0.68488 0.25000 .30000 1.00000 0.000 0.00 38 0.000 0.000 0.000 0.000 0.000 0.000 0.00000
24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 39 0.00 0.00 0.00 0.00 0.00 0.00 0.00
25 0.000 0.000 0.000 0.000 0.000 0.000 0.00000 40 e > Scale, Extinction and Cell Parameters for Pattern # 1
26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 41 !  Scale Factors
27 ! Scale Factors 42 ! scl sSc2 5c3 Scd 5ch Scé
28 ' 8cl Sc2 Sc3 Scd Sch Scé 43 455.2 0.000 0.000 0.000 0.000 0.000
29 100.0 0.000 0.000 0.000 0.000 0.000 44 11.00 0.00 0.00 0.00 0.00 0.00
30 .00 0.00 0.00 0.00 0.00 0.00 45 ! Extinction Parameters
31 ! Extinction Parameters 416 ! Extl Ext2 Ext3 Ext4d ExXt5 ExXt6
32 ! Extl Ext2 Ext3 Ext4d Ext5 ExXt6 Ext7 47 78.98 0.000 0.000 0.000 0.000 0.000
33 0.000 0.000 0.000 0.000 0.000 0.000 0.000 48 31.00 0.00 0.00 0.00 0.00 0.00
34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 49 ! a b c alpha beta gamma § cel
35 ! a b lod alpha beta gamma 50 4.770000 5.719957 4.920001 90.000000 90.900047 90.000000
36 7 7 17 S0 S0 120 51 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
37 | 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 H 52
38 ! Not yet used parameters = ! x-Lambda/2
39 0.00000 0.00000 0.00000 0.00000 0.00000 0.02137
40 0.00 0.00 0.00 0.00 0.00 161.00
41 ! Propagation vectors: ! 2Thl/TOF1 2Th2/TOF2 Pattern to plot
42 0.217 0.5 —0.46 Propagation Vector 1 0.087 150.000 1
43 0.000000 0.000000 0.000000
%OAK RIDGE
National Laboratory



Step 3.2.3, Making an incommensurate .pcr for refinement

T Editor of PCR Fil i iti
itor o iles e Refinements = Intensities

File Editor Tools Templates HE'F et « Fix the scale factor and extinction Parameters. They should be

] %3O % 2 2 & \ Fvm [{';',,!] 5z @ same with the nuclear refinement

Integrate Intensities: Phase 1 Pattern 1

—Cell Parameters
%\ The PCR File was modified by external program a b c alpha beta gamma Refine Al
{ Re-load PCR File? :
: Coefficients 4.77000 572000 452000 50.00 90.90 90.00
Fix Al |
‘ Yes e ]l > Scale Factors
I 1 T A 4 T A A\ 3 4 5 6
Coefficients] 455.20 0.0000] 0.0000] 0.0000] 0.0000] 0.0000[~
— BExtintion Paervéers
\ 1 / 2 3 4 5 5 ] Cancel
Coefficients ) 78.580) ¥ 0.0000] 0.0000] 0.0000] 0.0000| 0.0000[—
< -
\__/

%OAK RIDGE
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Step 3.2.4, Making an incommensurate .pcr for refinement

Refinements > Atoms

Change atom type to MMN2

copy Mn’s B-factor from the nuclear refinement
Refine C1, C2, C3. Save pcr, save as a new file, run

— List of Atoms
Number of Atoms: [~ 1]
A\

Label / Nyp \Mag. Ret. | Prog. Vec. X Y z B Oce a

Aom# 1 [Mn1 |[mMmn2 [] 0 0.50000{ 0.68488] 0.25000 0.63200 1.00000{™

\/

Rx Ry Rz be y Iz MPhase E

Atom #1 N ™ I r ™ B n

Basis Functions CW \
,
/ Ci C2 c3 N c4 C5 C6 Cc7 a

Aom # 'l( 1.00000|¥ 1.00000|W¥ 1.00000(W ) 0.00000/ 0.00000(™ 0.00000( 0.00000|

~~_ -

%OAK RIDGE
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Step 3.3.1, Refining the incommensurate magnetic structure

» Refine Bravely

Load EditPCR Mode Run Exit

=> Global user-weigthed Chi2 (Bragg contrib.): 57.69

=> ————————- > Pattern# 1

=> Phase: 1

=> RF2 -factor : 35.24

=> RF2w-factor : 42.73

=> RF -factor : 20.83

=> Chi2 (Intens): 57.69

=> N_eff Reflect.: 82 and 0.000 * sigma < Int
=> RF2-satellites : 35.24

=> RF -satellites : 20.83

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

=> CPU Time: 0.463 seconds
=> 0.008 minutes

=> END Date:23/07/2026 Time => 05:35:07.287

Cycle: 1 ChiZ2: 57 .7 MNWO<4 magneticAFZ SK.dat
" .
hil
g 200 —
3 . -
. 150 - . . . .
a . * e * e
M
i 100 . *e :
- L * = . *
" . . i . b4 - > * :
h SO . . % ¢ Tty e 3t
B . L] L . » » * TS
4 . . . : . l: 2 L e
i o * . . * LR L T . o e wee d
(] . *
: ST SIS 2 T S
H —5S0 - -y . . - PY '. .o - ,'.
.05 -.10 .15 .20 .25 .30 -35
sin (Theta) /Lambda
¥ OAK RIDGE
National Laboratory



Step 3.3.2, Refining the incommensurate magnetic structure

« It looks like only C2 has a significant moment.
« fix Cl and C3to 0 for now, choose C4 and Cé instead:

— List of Atoms
Number of Atoms: | 1 i-l
Label | Ntyp | Mag. Rot. | Prog. Vec. X Y z B Occ a
Aom & 1 MNT  |MMN2 [1 0 0.50000( 0.68488( 0.25000( 0.63200( 1.00000(
Rx Ry Rz b by Iz MPhase B
Atom #1 I I N r r r I
Basis Functions Coefficients
C1 c2 c3 c4 C5 Ce6 c7 a
Atom # 1 0.48800(v 3.56100(W 0.27000(v 0.00000( 0.00000( 0.00000( 0.00000(
Basis Functions Coefficients
C1 c2 Cc3 Cc4 C5 C6 7
Atom & 1 0.48300( 3.56100(w 0.27000| 1.00000 |V 0.00000) 1.00000 |V 0.00000|
¥ OAK RIDGE
National Laboratory



Step 3.3.3, Refining the incommensurate magnetic structure

« Again, refine bravely:

= ———————— > Pattern# 1
=> Phase: 1
=> RF2 -factor : 32.56
=> RF2w—-factor : 39.49
=> RF -—factor : 19.25
=2 Chi2 (Intens) : 49 .27
=> N_eff Reflect.: 82 and 0.000 * gigma < Int
=> RF2-satellites : 32.56
=> RF —-satellites : 19.25
=> Conv. not yet reached -> [Max] shift( C2 _MN1)/(eps*Sigma)= -2.54 abs> 1

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

=> CPU Time: 0.40€6 seconds
=> 0.007 minutes

=> END Date:23/07/2026¢ Time => 06:57:02.551

Cycle: 1 ChiZz: |49 _ 32 MNWO4 magneticAFz2 SK.dat

] .

P

EI 200 —

5 . - L 3 -

150 — * . .

] - “

H . .. L4

i 100 — * .

~- LN * . . « T .
= * - L

M . 3"-‘ *

9 S0 | . o . . * ,s A T Bee * . .

d e Tt e [} F » 0! - e
+ . tae

] - LY

E O - * : . e * e @ s’ o t"&ﬁ*&’

. .

JE * LAY * > * - & L8 * . .;l‘ql : > o :.... ..-...:
v - v L

H —50 - * a s a S

.05 .10 .15 .20 25 - 30 .35

sin (Theta) /Lambda
“® National Laboratory



Step 3.3.4, Refining the incommensurate magnetic structure

+ |t seems we have some improvements in both R-factors and the moment size.

Basis Functions Coefficients
C1 c2 c3 c4 c5 c6 c7 |
Atom # 1 048800 3.07700]% 0.27000] 1.16100[% 0.00000/ 143200[% 0.00000{

* But, in each unit cell, there always is a Mnh have a magnetic moment while the other Mn does not. This is
Because of the phase factor of -0.23*2pi

« To fix this, we make C2 imaginary, looking for a helical magnetic structure instead of cosine-wave.

Lﬁ
° B s o e S e S S i e o e i 5 5 s i o S A 3
! pata for PHASE number, 1 ==> Current R_Bragg for Pattern# 1: 34.2145
e e e S e s e e i s e e e e s £ e, et e e o s w1 S S s 4 S o S s S
‘r. Mnwo4 Nuclear refinegént, 17%-Co
)
INat Dis Ang Prl pf2 Pr3 31bt Irf Isy str Furth ATZ Nvk Npr More
- e 1 0 000/0.01.0 1 4 -2 0 0 109.876 -1 0 0
]
° !
P -1 <--Space group symbol for hk1 generation
! Nsym n Laue Ireps N_Bas
Y 2 1 1 -1 6 .
¢ //J ! R 0)-Imaginary(l) indicator for Ci
— Q IS R ¢ S ¢
Pe— ,
SYM\MMX , Y, Z
e e BASR 1. 9 90 &AL, O D O F. K. O O O X O 0 O A,
BASI O 0 0 0O O O O OOO O O O O OO OO
SYMM X ,1-Y,1/2 + 2
BASR 0.1253 0 O O -0.1253 O O O 0.1253 -0.1253 O O O 0.1253 0 O O -0.1253
BASI 0.9921 0 O O -0.9921 0 O O 0.9921 -0.9921 O O O 0.99217 0 O O -0.9921
!
¥ OAK RIDGE
National Laboratory



Step 3.3.5, Refining the incommensurate magnetic structure

— List of Atoms
- Refine bravely tillit converge: Number of Asome: [TT77
| Label | Ntyp | Mag.Rot. | Prog. Vec. X Y z B Occ o
=> Global user-weigthed Chi2 (Bragg contrib.): 1.989 Mom# 1 [Mn1  [MMN2 [1 0 0.50000 0.68488( 0.25000(™ 0.63200( 1.00000
=> ————————- > Pattern# 1
=> Phase: 1
=> RF2 —-factor 5.028 -
=> RF2w-factor 7.934
=> RF —-factor 3.343
=> Chi2 (Intens) : 1.989 Rx Ry Rz b Iy Iz MPhase | a
=> N_eff Reflect.: 82 and 0.000 * sigma < Int Atom H#1 T I I r T -
=> RF2-satellites 5.028
=> RF -satellites 3.343
=> Normal end, final calculations and writing... =
Basis Functions Coefficients
=> CPU Time: 0.488 seconds c1 | c2 C3 c4 C5 C6 c7 |a
=> 0.008 minutes Atom # 1 0.00000 2.70800[% 0.00000(™ 2.38100[ 0.00000{ 1.73000[% 0.00000
=> END Date:23/07/2026 Time => 07:02:53.817
Cvyvcle: 1 Chiz: l.99 MNWO<4 magneticAFZ2 SK.datc
)
P
g 200 —
3 . .
\ 150 - . : $
. $
ﬁ ' y
.
i 100 — $ .
- *
L t '3 ‘p - le ¢
(9 t . L]
H s0 s \ o b .
o L ™ . . ;  § . %
E o . . .o e & a0 " oeeet e "u‘.'i.’
v -
g ot L3 -
H —-s50-, , d hd , , i ,
.0S .10 .1s .20 .25 .20 .35
sin (Theta) /Lambda
¥ OAK KIDGE
National Laboratory



Step 3.4, lllustrate the result

MNCoWQO4 5K _incm.sum

J‘.L MHCOWO4_5K_incm.prf => Real(@)-Imaginary(1l) indicators of basis functions coefficients

Cl:e c2:1 C3:0 c4:0 C5:0 C6:0

Mn1 Cl= ©@.e000( ©0) C2= 2.7081( 326) C3= 0.0000( @)

240 7 C4=  2.3812( 476) C5= 0.0000( @) C6= 1.7297( 643)
N C7= ©9.e0000( @) C8= 0.0000( @) C9= ©0.e000( @)
— Phase/2pi= @.eeee( @)
210 -
180 -
150 = ..._5K_incm.fst ..._5K_incm.mcif
120 E
- ®- F
90 — (4
- } ® ? y-4
60 = b o' } ;
30 E
’ -
. c
0
0 30 60 90 120 150 180 210 240 Q La
F2obs
a
%OAK RIDGE
National Laboratory



Step 3.5, Plot incommensurate magnetic structure in FPStudio

« Open the fst file using text editor, add Keyword: ENVELOPE at the highlighted position

B 6_MnCoW04_5K_incm.out I= 6_MnCoW04_5K_incm1.fst £ E3
1 FILE for FullProf Studioc: generated automatically by FullProf
2 tle: MnWO4 Nuclear refinement, 17%-Co
3 CEG P 1
4 L 4 770000 5.719997 4.920001 90.0000 90.9000 90.0000 DISPLAY MULTIPLE
5 -0.15 1.15 -0.15 1.15 -0.15 1.15
6
7
5 TICE P
9 0.21700 0.50000 -0.46000

10 M X,V,Z
11 M u,v,w,0.0

12 IOM Mnl 1 Mn 0.50000 0.68488 0.25000 BSCALE 1.0 GROUP
13 1 1 2.38121 0.00000 1.72974 0.00000 2.70807 0.00000
14 IOM Mnl 2 Mn 0.50000 0.31512 0.75000 SCALE 1.0 GROUP ENVELCPE
15 1 1 -0.2%837 Z.68668 -0.21674 -2.36240 -0.33932 -1.71¢€08
16
¥ OAK RIDGE
National Laboratory
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Step 3.6, Plot incommensurate magnetic structure in Mag2Pol

Symmetry ® @& " " " " " "
BOX: a: 0.00 o - 200 . b: 000 o - 1.00 o ¢ 0.00 o - 2.00 o @ Domain
Space group Cell: a= 4.77000 b= 572000 c= 4.92000
View along: custom Rotation axis: 0 0 1 | direct step (®): 5 /<] o
P2/c a= 90.000 B= 90.900 y= 90.000
Number of symmetry operators: | 2 Number of irreps: 1 = OMH

X ¥ z u v w P F'a
'W

1 % ',r z u v w D.DDD

2 x 2]y Eztyz o v 2w (2) -0.230 ‘0

Atoms 2 @
Mumber of sites: 5 C
Atom X ¥ z B occ plot color R S
1 MMN3 @ 0.50000 O0.68490 0.25000 0.008 0.833 . 10 1.0
2 |w 0.00000 & 0.18010 @ 0.25000 0.010 1.000 . 10 1.0
3 0 0.21100 = 0.10360 = 0.94040 0.009 1.000 [ 10 1.0
4 0 0.25100 = 0.37544  0.39400 0.009 1.000 [ 10 1.0
5 |CO 0.50000 = 0.68490 @ 0.25000 0.008 0.167 10 1.0
Spins @ @
Propagation vector: g = 0.217 0,500 -0.460 +q #-q
Spin Rx Ry Rz In Iy Iz s}
1 MMN3 2.381 0.000 1.730 0.000 2.708 0.000 0.000

UARK INIDGE
National Laboratory



Step 3.7, Plot incommensurate magnetic structure in Mag2Pol

Symmetry 2@ @

Box: & 0.00 2 - 200 2 b: 000 T - 2002 ¢ 000 2 - 1002 [ Domain: 1

Space group Cell: a= 477000 b= 572000 c= 4.92000 =
View along: | custom Rotation axis: 0 0 1 direct step(®): 5 (<] |4 (1302 0o
P 2/c a= 90.000 f=  90.900 y= 90.000
. .
Number of symmetry operators: 2 z Number of irreps: 1 = OMH nght CIICk 1.0 add anOther phase

X ¥ z u v w (] .
'W

1 x )y £z 2] u ) v C)w (2) o.000

2 x )y z+1/2 u v ) w 0.000 ‘0

do

oS,
LD :
o P o |
Atoms g @
Jd
Number of sites: 5 C J‘ ‘I ‘ J‘J
Atom X ¥ z B occ plot color R S p . J
1 MMNZ  0.50000 0.68490 0.25000 0.008 0.833 . 10 1.0 i J‘— )
2 W 0.00000 © 0.18010 0.25000 0.010 1.000 . 10 1.0 ‘! ‘ ‘-J
3 |0 0.21100  0,10360 0.94040 0.009 1.000 ] 10 1.0 W b .
4 10 0.25100  0.37544  0.39400 0.009 1.000 [ 10 1.0 .‘ ‘ J P
5 |CO 0.50000 @ 0.68490  0.25000 0.008 0.167 10 1.0 ‘ ‘ J‘ ‘|
Spins g @ = o
Propagation vecter: =  0.500  0.000  0.000 +q #-q Z‘ 4 4
Spin Rx Ry Rz Ix Iy Iz s .
1 MMN3 -1.464 0.000 1.927 0.000 0.000 0.000 0.000

kli JNANN AW N AN § W)

National Laboratory



Step 3.8, Plot incommensurate magnetic structure in Mag2Pol

File Generate Structure Fit Geometry Form factors Tools View Help

AEEH S SE ALY I # e

) HE% SHF)EE0ER0¢ BRSO
T Multi-Q structure
Box: a: 0.00 - - 200 - b: 000 - - 1..00 5 c : - 200 2 [f  Domain number: 1 =

View along: custom(Z] Rotation: ©0 | 0 1  direct Step: | 5 <] [0 @ 0> > Zzoom: -60

v

Jeo ﬁ%&vf 2
9 ﬁ :

’e\‘;?ﬁ. ,

3

Déf%
£
G

%OAK RIDGE
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