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Multi-k magnetic structure situations

> Inhomogeneous sample or multiple magnetic

ground states with similar energies
- two or more non-equivalent k vectors that
can be freated as multiple magnetic phases

> Structures where different moment components are DyMn,Ge,
described by different k-vectors (canted helical structures) K1=(0,0,0) ,

- hon-equivalent k vectors that can be
looked as two mo%]ﬂﬁza@hqses

Intensity (arb. units)

200
=~
n
B °
4 o | @
o
o

—

10 12 14 1f61 18 2.0
4rsin@/ (A7)

k2=(0,0,0.165)

avin o o
: : 2-k- order i
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P \q%\/\ Skyrmion lattices
- distinct k-vectors applies to different magnetic sites rF S
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. . ]= , ,]2 2= 12, , &
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2k- order in the Shastry-Sutherland lattice of BaNd,ZnO4
Y. Ishiiet al, 10.1103/PhysRevMaterials.5.064418

= Oa Ty = 1.80(5) K. [4/mcm (#140)

(a) o
Nd (b)
[+] . o ° .
& Atom X v Z usio
Ba 0 0 0.25 0.5(1)
Ndl  0.1736(2) 0.6736(2) 0 0.11(6)
e Zn 0 0.5 0.25 0.33(9)
c ° & a 01 0 0 0 0.3(1)
l::- ©  ne < I 02 0.3547(1) 0.8547(1) 0.1312(1) 0.66(6)

data measured at 250mK and 2.5K: difference data 250mK - 2.5K
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Use the steps given in previous examples to create a crystal model for fitting
the nuclear peaks

load the model from [CSD35%06.cif, and use the "hb2a_2p41A_resolution.irf” and
data file “BN/O_0p25.dat” ( in X-Y-Err format / Ins 10)

o I Excluded regions (LowT HighT)

File  Progra FP Dimensions Tools  EditResults  Help Lk

eV e L T L E ] EFY ETr e \@ il 72.50 74.00
Worl :JgD:trle\Mg netic Structures\MAGSTR_Worksop\2024\Amplimodes\ Code File: |f||j of - Type: [per . [16/07/2024 B ,l ,l 0.00 ] 50.00

N ELR s LR E Y 0 Aluminum peaks due fo sample holder are ignored
= in this example

{ Simple Calculation Template

1 Tyee Import Fi
1 ’V Xiay Newtron TOF. ’V Asci | o Shebe |
3000
Instrumental Resol 1
I i B
i ,: i i @ Defautt val B ENZO_nue.prf :
==l e Al i i o 1. ¥obs
- _— 2. Yeal
4 | IRFFe Browse T fteveaie
= = 2000 | t Brasgpoeition
= - 2 L :
” 4 Cell Parameters/ SpaceGroup  Atoms Information § B i
269 .
< L |
& B i ]
Copyright (c) 2002-2005. JGP - JRC Lo || T=2 B i 2 E IE3 =
Aom #1_[Bal Ba  |0.00000 0.00000 0.25000 0.00000 0.12500 431 1000 I~ 1
C:\Magnetic Structures\MAGSTR Worksop\2024\0Garlea 2k_example\ICSD: om#2 [Nl R 05739 0.00000 000000 025000 g - 4
- N
Aom#3_ |20t 20 |0.00000 0.50000 0.25000 0.00000 0.12500 R = g
ftom #4_[01 0 |0.00000 0.00000 0.00000 0.00000 0.12500 = o J 4
tom £5_[02 B 085450 [REIRE 0.00000 0.50000 L P Y A . 1 i
o | .
£ Ry iz z L1 B e ||e B I [ Il I \ [ I T R R
ftom 1
fom £2
Aom #3
Arom #4 S \
0 20 40 60 80 100 120
OAK RIDGEl ‘ g 26 (%)
% Ntional Laboratory | REACTOR | SOURCe]| 0K Cancel

The resulted PCR file for fitfing the nuclear contribution in: BNZO_nuc.pcr

%OAK RIDGE | g sox | seacanon . - :
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Use the BNZO_nuc.prf to select the magnetic peaks and find the k-
vector using the k-search program

File Plot Profiles Options Xspace Calculations Ext Applications Tools Help

H & M Por B3 %0 R W FP P 3 W &% sm BR P2 A Ll

jormation Infrastructure. Chi2

#(C) 2022 by FIZ Karlsruhe - Leibniz Institute for Information Infrastructure.

2a0 [ FIETUNITIEL
BNZO_nuc.prf :
220 L] 1. ¥ohs
@ 2. Yeale
= 200 -]
c 3. Yobs-Ycalc
J. 180 4. Bragg_position
8 - —
=
) 160 -
B 140 | £
=
] 120 Title \mjc; 2022 by FIZ Karlsnuhe - Leibriz Institute for Information Infrastructure. Chiz
c
- Lattice Type
100 . u P! l4/mecm
Cell Parameters 73597 673897 -
co w w R w | 6.73557 673557 1151961 S0.0000 S50.0000 $0.0000 s & e bEse diEsrEr
Tolerance
— 1 1 —L oF/ahee) | 039
K
10 15 20 25 30 as 40 a5 50 55 60 Qﬂﬁlma,} [0005 0005 0005
2theta (deq)
Number of Points | 100 100 100
{Na" Nb" Nc”
IR K Q e M 1)
Wavelength | 241000
Peaks allocation: Insert peak {CW) # Dit 1(TOF)
+ Short Output ¢ Long Output " No output of intermediate: calculations
[V Search only special k-vectors oK Cancel
i i 1
-1000 B
n mn AN £n i T

finish

The determined propagation vectoris k = ('2, 'z, 0)

%OAK RIDGE | {ieHsex | seaeanon . - :
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Explore the possible magnetic models compatible a single k = (2, 2, 0),
using the MAXMAGN in BCS

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

Load structure from ICSD35906.cif

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

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

included

Please, enter the label of the space group of the -
MAXMAGN provides the possible magnetic space paramagnetic phase (parent group) [chaose it | [140 |
groups that can be assigned to a 1-k commensurate
magnetic phase assuming that the magnetic MAGNEXT |

. - MAGNEXT

symmetry is 8 maximal one. The space group of the Please, enter the propagation vector k: ky [05 | ky[05 | k[0 |
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 the
program provides the constrains for the different
possible symmetries and cif-like files can be

produced. These files permit the different alternative

(x,x+1/4,0 | my, My 0) (%, %+1/4,0 | my,-m, 0) Cpmimm (#65.490) .
(x+1/4,%,1/2 | My,-M,y,0) (-x+1/4,%,1/2 | my,-m,,0) [ Go 1o a subgroup | £ASOr Properties
(x.x+3/4,0 | -my,my,0) (%,-%+3/4,0 | -my,my,0) SR Hnre 2tz
Nd1_1 Nd 0.08700 0.33700 (x+1/4 x+1/2,1/2 | -my,m,, 0) (-x+1/4,-x+1/21/2 | -my, m,, 0) | _
0.00000 (x+1/2 x+1/4,0 | -m,,m, 0) (-x+1/2,-x+1/4,0 | -m,,m, 0) 16 (My,-M,,0) My =
(x+3/4 x,1/2 | -my,;m,,0) (-x+3/4,-x,1/2 | -my,m,,0)
(x+1/2 x+3/4,0 | m, -m,. 0) (-x+1/2,x+3/4,0 | m,,-m,,0) : =
(x+3/4,x+1/2,1/2 | my,-m,, 0) (-x+3/4 -%+1/2 1/2 | my,-m,,0) D
2 —
(x+1/4.%,0 | my,-my 0) (x+1/4,-%,0 | my -m,.,0) 2 1§
(X, x+1/4,1/2 | my,-m,, 0) (x,-x+1/4,1/2 | my,-m,,0) -
(0174 %+1/2,0 | -my,,my,0) (x+1/4,-x+1/2,0 | -m,,m,,0)
Nd1_2 Nd 0.16301 0.08700 (% X+ 304,172 | -my,m,, 0} (%,-%+3/4,1/2 | -my,m,,0) R _
0.00000 (X3/4,0 | -My My, 0) (x+314,%,0 | -m, My, 0) 1 R FRET
(-x+1/2 x+1/4 1/2 | -my,m,, 0) (x+1/2,-x+1/4,1/2 | -m,,m, 0)
(-x+3/4 x+1/2,0 | my,-my,0) (x+3/4,-x+1/2,0 | my,-m,,0)
(-x+1/2 x+3/4,1/2 | my,-my, 0) (x+1/2 -x+3/4,1/2 | my,-m,,,0)

Save the MCIF file corresponding to the MSG
C,mca (#64.480)
Transform to standard: 1/2a-1/2b,c,-1/2a-1/2b;1/4,0,0

3, OAK RIDGE |1gisx | soaesron
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Create a PCR from MCIF using the FullProf ToolBar

B FullProf Suite ToolBs - O
File  Programs  Settings  FP Dimensions  Tools  EditResults  Help o) bes file Tkper - Notepad
™ B - File Edit Format View Hel
Y B0 :
rﬂ E os:; pon it Tty L] (o] *’;L,‘,, K 9.02 ©.00  09.00 0.0 ©.90  ©0.00 ©.90000  ©.90 ©
Working Directory: | C:\Magnetic Structures\MAGSTR Worksop\2024\0Garlea_2k_example\ Code File:  |bes file 1k Type mcf  Date [16/07/2024 |

- ] Nuclear and Magnetic Structure of: bcs_file 1k VARY mxmymz

!

INat Dis Ang Pr:
ey Y

B C DOWS\SYSTEM32\cmd exe
Jbt Irf Isy Str Furth ATZ Nvk Npr More
2 @ 2 B 0@ .00 @ 7 0

1
C_Amca number:64.488 <--Magnetic Space group symbol (BNS/UNI symbol & number)
[Transform to standard: 1/2a-1/2b,c,-1/2a-1/2b;1/4,0,89
[Parent Space Group: I4/mcm IT_number: 140
[Transform from Parent: 2a,2b,c;8,0,0|
! Nsym Cen N_Clat N_Ant]

8 2] E 4

! Centring vectors
©.50008 ©.50008 6. 00a0e)|
@.75000 ©.25000 ©.50000)
©.25800 ©.75000  ©.50000
! Anti-Centring vectors
@.00000 ©.50000 . 6eooe|
0.50000 ©.00000 . Beaoe|
8.25000 ©.25000 . 50000
@.75e00 ©.75000 . 50000
I Symmetry operators
X, ¥, Z,+]]
“X,-Y 2,1
=X, =¥, Z,+]]
%Y, -2, -1
¥, %, z+1/2,+1
~y+1/4, x4l /4, -7 4]
-y+1/4,-x+1/4,z, -1
¥, X, -Z+1/2,-1

!
IAtom Typ Mag Vek X 4 z Biso Occ N_type Spc /Line below:Codes

. .
Modify the created PCR with the correct T T S N gy
1 betall beta22 beta33 betal2 betal3 beta23 /[ Line below:Codes
. _I_ _I_ _I_ . f _I_- f _I_h | Ba 10 600D  0.0P0GP  ©0.25000 ©0.00000 0.25000 @ O #
Ins rUI | len pOrOI | Ie er In Orl | lO Ion rOI N e | W3 1 @ .as:ﬂgém 9.3372{3% a.aaagé% a.oaagé% 9.2593@365 1 8 &
| PCR fol | 0.00 0.00 0.0 2.00 2.00 .
nUC eOr_ | e. .Bgt.agg -Q.ng-)gg B.BBE.)BB B.ag&?gg B.Bg?gg B.Bgt?gg B.aga.agg <-MagPar
3 1 @ . 08700 ©.00000 ©0.00000 0.25000 1 @
00000 00800  ©.00¢ 808 a.agégg 000 80080 <-MagPar
. . 000 0.60 i L 0.0 i E
Make sure to maintain the new supercell e
0 8 - : @.00000 O. - 0 @

(20, 2a, ¢) | g b C . .
13.4723 13.4723 11.5195 : '

H Ln 88, Col 46 100%  Windows (CRLF)

OAK RIDGE | et et . o .
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Perform the refinement on the BN/O_0p25.dat data

3000 T T T T T
I E i 00—
oo | — e ] O O
g - .
= - |
5 [ ] ° °
g 1000 |- —
g i ]
E [ A . |
o L ] °
B e U U o o 1 (A L T A RN AR TRV R TR N
i e Y T ]
71000 i 1 'l 1 1 'l ] h ° °
0 20 40 60 80 100 120
L. O
a
lAtom  Typ Mag Vek X Y Z Biso Occ MN_type Spc/Fftype /I ° —0 L]
! Rx Ry Rz Ix Iy Iz MagPh / Line below:Codes
! betall beta22 betail betal? betal3 beta23 / Line below:Codes
Bal Ba 1 © 0.00000 ©0.00000 ©.25000 ©.00000 ©0.25000 @ @ #
0.00 0.00 0.00 .00 0.00
o3 oRre e.aes 6. : ' The single k-model consists of two Nd
1.75624 -1.75624 ©.00800 ©.00000  O. : sites with very different moments.
-31.00 31.00 @.00 .00 . .
Nd1_2 IND3 1 @ .16301 ©.08700 0. ; : One Nd moment is neorly Z€er10,
0.00 .00 . . , .
-0.12001 ©.12001 ©.00000 ©0.00000  ©. : which can't be explained
21.00 .00 .00 : : :
Znl  In 1 © 0.00000 ©.25000 ©.25000 ©.00000 ©.25000 @ @ # Con5|der|ng the same
8.e0 8.00 8.00 8.e0 8.00 i i
1 n 1 ] A ARRGE A ARRAR B ARRARA B ARRRA B L5808 A 6 # CI’YSTO”OQI’OphIC enVIronmenT
#QOAK RIDGE | g sox | seacanon _ o _
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Explore the possible magnetic models compatible a double-k,
(2, Y2, 0) and (', -2, 0) using the k-SUBGROUPSMAG

STl e Load crystallographic information
from ICSD35906.cif

k-Subgroupsmag: Magnetic subgroups compatible with some given propagation vector(s) or a
supercell.

Select the MSG
_ Err:;e;r;he serial number of the space group of the parent paramagnetic PC4/ nCC (# 'l 30 .433)

The program k-Subgroupsmag provides the Choose an alternative magnetic group
possible magnetic subgroups of the space group of
a paramagnetic phase (gray group) which are

i i 1
possible for a magnetic ordering having a known Introduce the magnetic wave vector(s)

D“’pag?’“on vector. The program proyides the set of Give th B0 DY S — ; Subgroups of the paramagnetic space group Mimem1' (N. 140)
;rllab%r;gﬂ; ?EebegzgEgjpggaln%gaggnigggvé;%ltgseses) n (Give the components of the wave vectors in a fractional form, nim) Lowest magnetic space graup to consider PN 11)
- 2 k1 [0.5 kqy|0.5 ks |0 : ;
both cases, more information about the classes or 1*: : 13’: : 12: : Magnetic propagation wave-vectors (0.5,05,0)(05-050)
subgroups can be obtained. Koy [0.5 Koy |-05 ka0 . . . »
aretp & = i List of subgroups that fulfill the given conditions
Other alternatives for the input of the program: Kax | | K33~‘| | ks |
Show the independent vectors of the star

« An alternative parent (non gray)} magnetic group

can be chosen. [ Choose the whole star of the propagation vector 5 S o - - ™ e =
- Instead of the whole set of subgroups, the output N Group Symbol Transformation matrix roup-subgroup Sr MEMDErs Of || jrreps [agNeUC Struciure models
can be limited to subgroups having a chosen index the Conjugacy Class (MAGMODELIZE)
common subgroup of lowest symmetry, common | Optionally give also non-magnetic modulation wave-vectors | 1 -1 0 1-:2 _ Conjugacy Class Get irreps
noint aroun of lowest svymmetrv or arouns which 1| Podainme (No. 137.517) é é 2 L g 4=4x1 ‘ | ‘ ‘ a
Parent space group: /4/mcm (No. 140) 2 | Peasimbe (No. 135.493) i -t g 1"5 A=4x1 [ Conjugacy Class | || Getirreps | 0
Lattice parameters (Angsiroms and degrees): a=8 73622 b=6.73622 c=11.51950, alpha=90_, beta=90 , gamma=90_ o o 1 0
Atoms: Please select the magnetic ones 3 | Podylnbe (No. 133.469) ( S g) d=dx1 [Conjugacy Class | || Getireps | o
o 0 1 o
it i ic? 1 -1 0 0 - N
N Atom name Atom type Wyckoff Position Coordinates Magnetic? 4 | Pooimme (No 131 445) ( R 1fz) d=dx [Conjugacy Class | || Getirreps | O
1 Bai Ba 4a 0.00000 0.00000 025000 O ELN :
1 -1 o o - .
2 Ndi Nd 8h 0.17399 0.67399 0.00000 5 | Pgaince (No. 130.433) ( S ) 4=4x1 [Coniugacy Giass | [ Gatirreps |
3 Zn1 Zn 4b 0.00000 0.50000 0.25000 O 1 -1 0 i) n .
6 | Podimnc (No. 128.409) ( 2 o 0) 4=ax1 [Conjugacy Class | || Getirreps | o
4 o1 0 4c 0.00000 000000 000000 (]} 0o o0 1 0
5 02 0 16 035458 085458 0 13111 [0 7 | Poainne (No. 126.385) ( SR “ﬁ) 4241 [Conjugacy Class | | Getirreps | o
0 0 1 0
Praimee (No. 124 361) 4=4x1 ‘ Conjugacy Class | ‘ Get irreps ‘

3, OAK RIDGE |1gisx | soaesron
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Select the MSG P-4/ncc (#130.433)

Atomic positions, Wyckoff positions and Magnetic Moments

Modify the created PCR with the correct instrument
i e B B parameter information from the nuclear_PCR file.

(0,0,1/410,0,m,) (0,0,3/4 | 0,0,-my)
Ba1_1 Ba 0.00000 0.00000 (0.1/2,1/410,0,-m2) (0,1/2,3/4 ] 0.0.mz)
0.25000

s o ’ The new supercell is the same as for the 1k structure

o |- : (20, 2a, ¢)

(1/4,1/4 314

10,0,0) (1/4,1/4,1/4
Ba1_2 Ba 0.25000 0.25000 (1/4.3/4.3/4 | 0

10

10,

,0,0) (
0,0) (1/4,3/4,1/4
0,0)(
0,0)

0.75000 (3/4,1/4,3/4
(3/4.3/4.3/4

314,1/4,1/4
314,314,114

cooo

(x3+1/4,0 | mym,,0) (x,-%+1/4,0 | mym,.0) -
(X#1/4X,0 | My, 0) (X+1/4,%,0 | My -115,0) = bes.file 2ipe ‘ -
(x+1/4x112 | -my,-my,0) (x+1/4,-x,1/2 | -my,-m,,0) File Edit Format View Help
x4 112 | my-my 0) G x+ /4,172 | my-m, 0
(xex+ [ my-my.0) (x,-x+ | my,-my,0) | Zero Code SyCos  Code SySin  Code Lambda Code MORE -»Patt# 1

(%X¥3/4,0 | -my-m,,0) (,x+3/4,0 | -my,-m, 0)
(X114 %+1/2,0 | -y, My 0) (x+1/4,%+1/2,0 | -my m,..0) a.0e @.08 6.08 @.00 a.0e 0.80 ©.00000 8.0 @

(6+1/4.501/2,1/2 | My My, 0) (+1/4,%+1/2,1/2 | my, m,,0)
Nd1 Nd 0.08700 0.33700 (X x+3/4,112 | -my, My, 0) (x,%+3/4,1/2 | -my, my,0) 1 M M,.0)
0.00000 (c+1/2,x+1/4,0 | -my -my, 0) (x+1/2.-x+1/4,0 | -m-m,,0) xy
(x+3/4,x,0 | -my,my,0) (x+31d.-x,0 | -my,m, 0)
(0314 X,112 | my,m,,0) (x+34,-x,1/2 | My, My, 0)

for PHASE number > Current R_Bragg for Pattern# 1

and Magnetic Structure of: bcs file 2k VARY mxmymz

(X#12 X0 1/4,112 | My My, 0) (-1/2.%+1/4,1/2 | -my, my,0) INat Dis Ang Prl Pr2 Pr3 Jbt Irf Isy Str Furth ATZ vk Npr More
(x+1/2x+3/4.0 | my,my,0) (x+1/2,-x+3/4,0 | mymy,0) 7 © ©00.p0.01.0 18 ® 2 B8 @ 0.ee@ @ 7 @
(x+304 x+1/2.0 | my -, 0) (c+3/4 x+1/2,0 | my -m, 0)
“*3”;‘3*1@;/sz\'myrmx‘og (—x:?:g,—x:;mg\rmy‘—mxbO) number:130.433 <--Magnetic Space group symbol (BNS/UNT symbol & number)
(x+112,x+3/4,1/2 | my-my, 0) (x+1/2,-x+3/4,1/2 | my-my.0) ransform to standard: 1/2a+1/2b,-1/2a+1/2b,c;8,1/4,0)

R - Parent Space Group: I4/mcm IT number: 149
ransform from Parent: 2a,2b,c;8,8,0|
! Msym Cen N_Clat N_Ant]

Create a PCR from MCIF using the FullProf ToolBar

0.50000  @.50000
EH FullProf Suite ToolBa - m] ! Anti-Centring vectors
©.00000  ©.50000
8.50008  ©.060000

: 2;; i?;ﬁ & @ ﬁﬁ @ @ @ . M,ﬁ! % %“.M \.;J i @ ! Symmetry operators

X,¥,Z,+]]

File  Programs  Seftings  FPDimensions  Tools  EditResults  Help

TR BE

Working Directory: C:\Magnetic Structures\MAGSTR_ Worksop\2024\OGarlea_2k_example\ CodeFile:  |bes_file 2k Type:  |mcif Date:  |16/07/2024

I T S TTR =Y

¥,X,z+1/2,+1]
¥ox,-2z+1/2,-1
-y, -X,-z+1/2,-1
-X,y,-z+1/2,-1
X,-Y,-z+1/2,-1
-X,¥,Zz+1/2,+1]
X,-y,z+1/2,+1

Typ Mag Vek X Y z Biso 0Occ N_type Spc  /Line below:Codes]
Rx Ry Rz Ix Iy Iz MagPh / Line below:Codes]
1 betall beta22 beta33 betal2 betal3 beta23 / Line below
Bal_1 Ba 10 0.00000 0.00000 0.25000 ©.00000 0.12500
0.00 0.00 0.00 0.00 8.00)
Bal 2 Ba 10 ©.25000 0.25000 ©.75000 ©.00000 ©.12500
.08 0.80 @8.08 .08 0. 00|

Nd1 JND3 10 0.08700 ©.33700 ©.00000 ©.00000 ©.50000
0.08 0.00 0.8 0.08 0.00]
2.00000 2.00000 ©.00000 ©.00000 0.00000 ©.00000 ©.00000 <-MagPar|
0.00 0.80 0.00 0.00 0.80
0.25000 ©.00000 Q.
Q.08 0.00 @.80 Q.08 0.00

OAK RIDGE | et et . o .
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Perform the refinement on the BN/O_0p25.dat data

3100

Constrain mx = -my to force the moments ™ St
2300 | 5 oot =

ortfhogonal to Nd bonds T f e
$ g E

| sé 1500 - E
latom  Typ Mag Vek X Y i Biso Occ N _type Spc/Fftype /Line be % 1100 | =
! Rx Ry Rz Ix Iy Iz MagPh / Line below:Codes z 00 é E
! betall betal2? betal3 betal? betal3 beta23 [/ Line below:Codes F 3
Bal 1 Ba 1 8 6.p0000 ©.0000@ ©.25800 ©.00008 ©.12508 8 8 # W o kL l i =
8.e00 8.8 8.e8 a.ee 6.ee . 3 E

Bal 2 Ba 1 @ 8.25008 B.256008 8.75680 B.06000 @8.12560 B B # I T Y e R R TN (M RN T AR AT 3
8.e0 8.e0 8.e8 a.ee 6.e0 s00 L . ] . . =

Ndl  JND3 : .08700 0.00000 : ! 2 40 o0 s 100 120

g.ee 8.a6e

-1.23859  1.23859 . Bgsae 8. 00088
-21.808 21.88 &.0e 8.60

inl Fily| 1 @ 6.00000 ©.25800 ©.25880 ©.600080 ©.25088 8 8 #
a.08 8.00 8.0 8.e0 8.0a

011 0O 1 @ 6.00000 ©.00800 ©.00BB@ ©.000B0 @ ©.12580 8 8 #
8.08 8.0 8.e0 8.ee 8.0

012 0 1 @ 8.25600 ©.25800 ©.560000 ©.00060 ©.12580 8 g #
a.08 2.0 g.e0 a.ee 8.0

02 0 1 @ @.17729 8.42729 ©.13111 ©.eeeee 1.o008e 8 g #

a.08 2.0 8.0 a.ee 8.0

The double k-model consists of uniform
moment on Nd sites with ferromagnetic dimers. b
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Creating the 2k- order moder using Irreps with SARAh

Calculate the Irreps and Basis vectors for D e ¢=-Sracs gremp Srbel e . germmm

I Nsym Laue Ireps N_Bas
2 1 1 -2 1

each k vector contribution fo the | Real(0)-Inaginary(1) indicator for Ci
double-k : ("2, 2, 0) & (Y2, -'2, 0) !

SYMM L, Y, 7
BASR 1 =il 4]

Edit the PCR file to combine the BV for both BASL___ 0 0 0
k vectors. See the provided PCR s B @ ¢

T L] BASR =il 1 <]
Irreps_2k_BNZO.pcr BASL o o o
PAGR S S 2]
&;I ] ] ]
]
SARAQN webRefine — FullProf lAtom Typ Mag Vek X Y z Biso Occ c1 c2 c3
_ _ _ _ ! ca s o (o7 c8 9 MagPh
vatssteo ot oGk s happen o 5 o s, Lokt a4l st SHTateges for v ottt f e e e cresonon evon ) g ND1  IND3 1 1 0.17363 0.67363 0.00060 0.10000 1.00000 1.135 |0.000 0.000 #
your file so that its path contains no special characters: special characters and those with PHP commands, etc can fail validation checks. 9.80 .00 2.e0 9.00 9.00 11.80 2.80 0.00
ETR—— @.000 ©.000 0.000 ©.000 ©.000 ©0.000 0.00000
9,00 a,00 0,00 9,00 J,00 9,00 9,00
,-*P\LA ‘ ND2 JND3 2 2 ©.32637 0.17363 ©.00000 0.1000@ 1.00000 1.135 0.000 0.000 #
0.00 0.00 0.00 9.00 9.00 11.00 0.00 0.00
G.000  0.000  0.000 0.000 0.000 ©.000 0.00000
@.00 @.00 0.00 9.00 0.00 @.00 @.00
R > Profile Parameters for Pattern # 1 ----> Phase # 2
I Scale Shapel Bov stri str2 str3  Strain-Model
Method 2. Basis vectors combined according to stationary vectors B.3069980 8.00000 B.00000 @.00000 0.00000 0.00000 5}
Select command (generate template for magnetic phase for per: edit per with magnetic phase present): 21.00000 0.600 @.000 6.000 0.000 0.800
! u Vv W X Y Gausiz Lors
(1. pouder format v [2 make template per ] -8.075852 0.000000 0.046673 0.000000 0.000000 0.000000 0.0e
LI Nd3 Ty mywy LI Ng3Tymy wy [ Nd3 Tgmy wy LINd3 2Tamy vy [ Nd3_2T5m vy 9.00 Q.00 0.00 0.00 0.00 0.00
LI Nd3 Ty my v LI Nd3Tsmy vy I Nd3 Tgm; vz LINd3_ 2T3my w1 LI Nd3_2Tgmy vy ! a b [« alpha beta gamma # Ccell Info
O N&3 T3y vy 0 N3 Tmy vy O NG 2T my vy O Né3_2T3my vy O Nd3_2T5my vy 6.736217 6.736217 11.519499 90.000000 90.000000 90.000000
U Nd3T3my w2 U Nd3T7my vy 0 Nd3_2T my vy L Nd3_2Tym; vy L Nd3_2Tgm; vy Q. 0. Q. 0. 9. 0.
8 G Ty O Na3 Tym vy g 2inmey W N2 I Prefi pref2 Asyl Asy2 Asy3 Asy4 s L DL
(Your browser should be set to ask for the download location so the per file can be overwritten. Please look in 4. Help and strategies’ for an explanation/help ) 0.00000 ©0.00000 0©.00000 0©.00008 0©.00000 ©.00000 ©.00000 ©.00000
CleeelDll2 CleeelDll2 Cleeell2 Cleeell2 Cleeell2 Cleeell2 Cleeell2 G
S | Propagation vectors:
Table. Stationary vector groups (stationary vectors, symmetry groups, and symmetry operations): §.5000000 0.5000000  0.0000000 Propagation Vector 1
N Stah:ai:): :?ctnr Black and white point group Nan;alzpfjglzgmup Normal s);m2maljry:pemtmns Primed symm:lry operations e R agaeag g . eageea a . eeaaaa .
0.5000000 -0.5000000 @.0000000 Propagation Vector 2

8.000000 0.000000 0.000000
I 2Th1/TOF1 2Th2/TOoF2 Pattern to plot
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Creating the 2k- order moder using ISODISTORT
(basis functions refinement under magnetic space group constraints)

https://iso.byu.edu/isodistortform.php

Method 2: General method - search over specific k points m Q)

Types of distortions to be considered ©) ) Specify kpoint: | X. k13 (1/2,1/2,0) v| o be o do

] .) strain: O
Displacive:  all ] none["] Ba2+{_) Nd3+_) Zn2+] 0249
Occupational-all ] none[ ] Ba2+[ ] Nd3+(] Zn2+[] 02 Change number of superposed IRs: 1 @
Magnetic: all " none | Ba2+_ | Nd3+ Zn2+ | 02{]
Rotational:  all_] none"] Ba2+_| Nd3+_] Zn2+H_] 02

Important: You must click on Change to implement any changes in the above type of distorti Choose an IR and OFD {ﬂ ptiﬂnal}:

IR-| mX2- mk13td v

Finish selecting the distortion mode by choosing an order parameter direction @

4-) @P1 (a:a) 130.433 Pdincc.1'_C[rP4/mcc], basis={(1,-1,0),(1,1,0),(0,0,1)}, origin=(-1,1/2,0), s=4, i=4, k-active= (1/2,1/72.0),(1/2,1/2.1) ]
(CP3 (a;0) 64.480 Cmca.1"_A[Fmmm)], basis={(1,-1,0),(0,0,-1},(1,1,0)}, origin=(1/2,0,0), s=2, Fh k-active= (1/2,1/2,0) | «— double-k model
(TC1 (a;b) 56.375 Pcen.1'_C[Ccem], basis={(-1,1,0),{-1.-1,0),(0,0,1)}, origin=(-1/2,0,0), s=4, i=8, k-active= (1/2,1/2,0),(1/2,1/2.1)

«— single k model

IR: mX2-, mk13t3
P1 (a:a) 130.433 Pdincc. 1"_C[rPd/mcc], basis={{1.-1,0),(1,1,03,(0,0, 1)}, origin=(-1,1/2,0), s=4, i=4, k-active= {1/2,1/2,0),{1/2 1i2,1)
5) Lattice parameters of undistorted supercell: a=9.52645, b=9.52645, ¢=11.51950, alpha=50.00000, beta=50.00000, gamma=50.00000

| interactive viewer | () Save interactive distortion @ () Save interactive diffraction @ () CIF file @ () Distortion file @ (" Domains @ () Primary order parameters |

(") Complete modes details @O TOPAS.S5TR @@ FULLPROF.per @ () IR. matrices (7 Subgroup free

Enter mode and strain amplitudes: @
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Creating the 2k- order moder using ISODISTORT (cont)

Edit the saved PCR file to update the input lines and the profile parameters
the provided PCR file prepared using this method is: “Isodistort_2k_BNZO.pcr”

AMPLIMODES for FullProf FIX xyz

!
INat Dis Ang Prl Pr2 Pr2 Jbt Irf Isy S5tr Furth ATZ Mvk Npr More
7 © ©v.ee8ele -6 B8 2 B 5 9139.152 @ 7 @

Pd/ncc.l' C[rP4/mcc] number: 138.433  <--Magnetic Space Group Symbol (UNI symbol and BNS number)
Transform te standard: 1/2a-1/2b,1/2a+1/2b,c;8,8,8 <--Basis transformation from alt setting to standard BNS
Parent space group: I4/mcm IT number: 148 <--Nonmagnetic Parent Group

Transform from Parent: 2a,2b,c;1,1/2,8 <--Basis transformation from parent to current setting
1

IAtom  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
1 betall beta22 beta33 betal2 betal3 beta?23 / Line below:Codes
Bal 1 BA 8 @ g.50088 8.75080 ©.25880 ©.5080@ @.25000 8 1
8.09 0.80 8.88 8.8 0.00
Bal 2 BA 8 @ 6.25088 ©.00080 ©.7588@ ©.5080@ ©.25000 a 1
8.9 8.80 8.0e 6.0e 6.08
Mdl 1 IND3 1 @ 8.58699 ©.08699 ©.0080@ ©.5080@ 1.00000 1 2
8.09 0.80 8.88 8.8 0.00
6.00800 ©0.00000 ©0.00000 ©O.00000 O.00008 ©.00088 @ ©.00080 <-MagPar
8.0 a.e9 a.00 8.80 g.0e g.0e 8.00

| Basis Vectors of Magnetic Symmetry Modes for each atom 1 ﬂ.mplitades of Magnetic Symmetry Modes

M_MODES 2 MA MODES 2
! Nm  Atm Irrep Mx My Mz Coeff AL mX2- 3.9097968 21.006000
1 Nd1.1 mX2- 9.913100 -9.013100 ©.000000  1.000000

A5 mX2- 3.987968 21.888888

2 Ndl1_1 mX2- B.813188 8.813188 ©.888888 1.888888

=>» Magnetic Moment Components and Standard Deviations

« Geft the refined moment value

Atom Mx sMx My sMy Mz sMz M sM
* * 1 .
from *.sum or *.out file:
Nd1l 1 1.3794 @.8147 ©.0eee 0.9147 ©.0000 6.8888 1.3794 8.8815
3, OAK RIDGE |1gisx | soaesron
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3-k magnetic structure in honeycomb system Na,Co,TeQ,

Orders with k = (1/2, 0, 0) below ~25

Single k structure consist of a zigzag-

Na,Co,TeOg (#1.645)

view in Jmol

Download mcif file .
Download vesta file (all atoms) type order described by the MSG

Download vesta file (magnetic atoms only)
Pc2,2,2, (# 19.29) in (20,b,c) lattice

| submit to STRCONVERT |

Phys. Rev. B 104, 184415 (2021)

Supposition of k1+ k2 + k3

k1= (1/2,0,0), k2= (0, 1/2, 0), k3= (-1/2,1/2,0),
\—b a & b—» a E f *‘
$,OAK RIDGE || ssinon
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Experimental evidences of the triple-k order in Na,Co,TeO,

KrOger et al. Phys. Rev. Lett. 131, 146702 (2023) Yao et al. Phys. Rev. Res. 5, L022045 (2023)
the magnetic Brillouin zone in a multi-g state differs External perturbation (e.g., in-plane
from those of the corresponding single-g states. magnetic field, strain, etc.) can be expected to

- different symmetries of the magnetic excitations selectively populate the domains if the zigzag
f ground state is realized

x4 \)(

] \C) ‘ . ‘ —
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Simulate data using the reported single-k structure

Use the provided mcif file “Na2Co2TeOé6_Tk_model.mcif” to create a PCR file and run it
in simulation mode, using the default experimental settings, to create a diffraction profile

FE £y pp

b ; h => Generating reflections for pattern: T
File  Programs  Settings  FP Dimensions d EditMgults  Help T nd of pretiminary arinase nambex: :
= : =
5 Brl
E-|= o i
=> Control file *.por: Na2Co2Te06_ik_model
1

; . y . ) => Pattern: 1 Na2Co2Teo6_ik mode
Working Directory: | C:\Magnetic Structures\MAGS TO 3k-example, ———odeFilei[Na2Co2Te06 Tk model  Type: [pcr Date: [16/07/2024 e e ach point for pattern: .

>>> CYCLE: 1

- => calculation of Yi for all points + Normal Matrix & Vector...
__mode - [m] X => calcul £ : 1
- S T R i T iacions s wricing...
File Edit Format View Help => Contribution to Yi for phase: 1
COMM PCR-template automatically generated by mCIF_to PCR for: Na2Co2Te06_lk_model "
|! Current global Chi2 (Bragg contrib.) = 9999999.0 D SR e ag i sseonds
1 Files => DAT-file: , PCR-file: . .
i!]ob Npr Nph Mba Mex Nsc Mor Dum Iwg Ilo Ias Res Ste Nre Cry Uni Cor Opt Aut > END | Date:19/07/2024 Time => 17:00:53.566
| 3 7 1 6 2 #& 1 @& @ @ @ @ @ @ e e e e 1
cvele: 1 chiz: ©0.00 NazCo2Teo6_1lk_modsl
| !Ipr Ppl Ioc Mat Pcr Lsl Ls2 Ls3 NLI Prf Ins Rpa Sym Hkl Fou Sho Ana N
3 1 e @ @ 8 -3 @ 0 0 o @ @ @ poo#Eeee
ElS £ 200004
|| Lambdal Lambda2 Ratio Bkpos Wdt Cthm muR  Asylim Rpolarz 2nd-muR -> Patt# 1 ; 15000
- 1.900000 1.900000 ©.00000 30.000 15.0000 0.00000 ©.0000 180.00 0.0000 ©.0000 ]
: 10000
I!NCY Eps R_at R.an R pr R_gl Thmin Step Thmax PSD Sent@ ? s000
| 1 9.82 1.ee 1.00 1.ee 1.00 2.0000 8.8200 130.0000 @.000 @.o0@ H
1 i ° L B B T T D e T e
P

2Theta/TOF/E(Kev) Background for Pattern# 1
2.00 lee.8e

@.0@
20.00 lee.ee @.ee
B 48.00 lee.ee e.ee
80.00 lee.8e @.0@
lee.ee 1lee.qe @.00
4 13@.0@ lee.ee e.ee 4 WinPLOTR [CDIPX UMRG226 Rennes/ UL Grenoblel B
R Fie] Plot_Opions PoinsSlction Xspace _Calclations il ot ptons_ Tt Extenl applcations _Tocls_ Hlp
| I Excluded regions (LowT HighT) for Pattern# 1 Ove e ‘ O ‘ U O e §  cpmpmemtic & ] = X
i Openrawatatie
| e.00 2.00 1 o et
N 130.20 180.86 . T "yo£e e by mCIF_to_PCR for: Na2Co2TeO6_1k_model
ata in a “dat” file =
] INumber of refined parameters || B
 aectsecion
Zero  Code  SyCos  Code SySin  Code Lambda Code MORE -»Patt# 1 || B — e
e.00  ©.00 ©.00 ©.00 ©.00 ©.00 0.80000 ©.00 @ e T 4 e pemitten
svednass.. > vt s muticurs e
e > amedmxviie

Data for PHASE number: 1 Rt save data 53V e

: ] . . .
: One such file is provided &= =
Nuclear and Magnetic Structure of: Na2Co2Te06_lk_model VARY mxmymz S -

pint

Export graphics:

T
| |
INat Dis Ang Prl Pr2 Pr3 Ibt Irf Isy Str Furth ATZ  MNvk Npr More M M || = Il
13 0 ©0.00.01.8 10 @ 2 @ 0 g.eee @ 7 o ST
1 ;
P_C2.12 12 1 number:19.29 <--Magnetic Space group symbol (BNS/UNI symbol & number) T E 2000 | 1 I 1w ‘ 1 1 a
Transform to standard: a+b,b,c;1/4,1/4,1/4 N( :TO '| |< mOdel do.l.o . ~ " M A Il .L .l
Parent Space Group: P6_322 IT_number: 182 — — — . ] F T e
Transform from Parent: 2a,b,c;0,0,0 -4000
0 20 40 60 120 140

100
20(9

! Nsym Cen MN_Clat M_Ant [} )
a ] a 1 1 O

%OAK RIDGE | 56 | Reasson : _— :
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Explore the possible magnetic models compatible a triple -k :
(2, 0, 0), (2, 0, 0) and (-'%, 2, O) using the k-SUBGROUPSMAG

k-Subgroupsmag: Magnetic subgroups compatible with some given propagation vector(s) or a supercell.

_ Enter the serial number of the space group of the parent paramagnetic phase:
Chi It i i P
The program k-Subgroupsmag provides the possible magnetic subgroups of 00se an allemnative magnetic group (GIVE the «
the space group of a paramagnetic phase (gray group) which are possible for
a magnetic ordering having a known propagation vector. The program Infrod th i k1x |U_5 | kh,. |U | k1z |[] |
provides the set of magnetic subgroups or a graph showing the subgroup- ntroduce the magnetic wave vector(s)
tree (grouped into conjugacy classes). In both cases, more information about (Give the components of the wave vectors in a fractional form, n/m) Koy | | ko | | ks, | |
the classes or subgroups can be obtained K. 05 k K Y
1x| ‘ 1y ‘U | 1z |U ‘ k k k
Other alternatives for the input of the program: Kae [0 | kay[05 | Koz [0 ‘ 3x | | 3y | | 3z | |
+ An alternative parent (non gray) magnetic group can be chosen. kax[-0.5 | kay[05 | kaz[0 | Show the independent vectors of the star
+ Instead of the whole set of subgroups, the output can be limited to ST s E ek .
subgroups having a chosen common subgroup of lowest symmetry, common Choose the whole star of the propagatlon vector
point group of lowest symmetry, or groups which belong to a specific crystal O Choose the whole star of the propagation vector
class

s Further ractrictinng an the citharniin lictiaranh concidarina nhucicral

P65221' (N. 182)

P10 11 Load crystallographic information

{0.5,0,0).(0,-0.5,0),(-0.5.0.5,0)

List of subgroups that fulfill the given conditions frO m . n U C_N O 2 C OQTe O 6 . C if, ’

Group-Subgroup|| Other members of irreps Magnetic structure models
index the Conjugacy Class P {MAGMODELIZE)

N Group Symbol Transformation matrix
Parent space group: P8322 (No. 182)

2 0 o 1 - - R - - - - - f
1|PB322 (N0 182 183) ( PR D) B=4x2 | Conjugacy Class | \ Gel irreps Lattice parameters (Angstroms and degrees). a=5.25870, b=5.25880, c=11.16980, alpha=90.000, beta=90.000, gamma=120

0 0 1 0

—— - Atoms: Please select the magnetic ones
2 |PB522' (No. 182.182) ( b 2 a n) 8=dx2 | Conjugacy Class | ‘ Get irreps 0

v O 3 0 N Atomname Atom type Wyckoff Position Coordinates Occupancies Magnetic?

2 0 0 1 " .
3 [PBy22 (No. 182.181) ( 5z o n) 8=4x2 [ Conjugecy Class | | Getimeps O 1 Tet Te 2 0.33333 0.66667 0.25000 1 O

0 0 1 0

— n - : 2 Cot Co 2b 0.00000 .00000 0.25000 1
4 %322 (No. 182.179) a 2 a 8 8=dx2 | Conjugacy Class | ‘ Getirreps 0

0 o 1 0 3 Co2 Co 2d 0.66667 0.33333 0.25000 1

2 0 0 1 " T .
5|| P8y (No 173.131) ( i 3 & n) 16=4x4 | Conjugacy Class | ‘ Getireps 0 4 o o] 12i 064910 -0.02250 0.34540 1 a

0 0 1 0

5 Na1 Na 12i 043000 0.59400 -0.07700 0.093 O
2 0 0 1 " T
_ Conjugacy Class Getireps
6| P63 (No. 173.129) ( S 3) 16=4x4 (Coniugecy Il e o 6 Na2 Na 12i 069900 0.06650 -0.00210 0.258 O
7 Na3 Na 2a 0.00000 0 00000 0.00000 038 O

3, OAK RIDGE |1gisx | soaesron
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Select the MSG P652'2' (#182.183). Note that the magnetic lattice becomes (2a, 2a, c)

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

[N [ Group(BNS) [ Transformation matrix [General positions|  Properties [Magnetic structure Create a PCR from MCIF

using the FullProf ToolBar
Altematives (domain-elated) IR COm P semplate sutomsticelly genersted by wI_to PR for: b 3-mocel

=» DAT-file: , PCR-file:
Nph Mba Mex Nsc Nor Dum Iwg Ilo Ias Res Ste Nre Cry Uni Cor Opt Aut
1 6 2 @ 1 @ @ © @ e @ @ © e e @ 1

=} pl Toc Mat Pcr Lsl Ls2 Ls3 NLI Prf Ins Rpa Sym Hkl Fou Sho Ana
3 8 1 @ 1 @ 8 @ © -3 12 @ @8 @ @ e @
1

! Lambdal Lambda2 Ratio Bkpos Wdt Cthm muR  Asylim Rpolarz 2nd-muR -> Patt# 1

Atomic positions, Wyckoff positions and Magnetic Moments

N Atom Oceupancy New WP Multiplicity | Magnetic moment | Values of My, My, M, agpeee 1.900000 ©.00000  30.000 15.0000 ©.00€00 ©.0020 139.90 ©.0060  ©.0000
Te1_1 Te 0.16667 0.33333 0.25000 1. (16,113,114 1 0,0,m,) (5/6,2/3,3/4 | 0,0,m,) 2 , . ]
Hos R_at R_an R_pr R gl Thmin Step Thmax PSD Sent@
1 (113,116,314 | mymy,m,) (1/6,5/6,1/4 | 0,mg,m,) 62 160 1.0 1.00 1.00 2.0000 0.0200  130.0000  ©.002 ©.000
Te1_2 Te 0.33333 0.16667 0.75000 1. (113,203,344 | -m,,0,m,) (2/3,1/3,1/4 | m,,0m,) 6 . ,
(5/6,1/6,3/4 | 0,-m,,m,) (2/3,5/6,1/4 | -my,-m, m,) 12Theta/TOF/E(Kev)  Background for Pattern# 1
2.00 100.00 0.00
(0,0,1/4 | my,0,m,) (0,0,3/4 | -m,,0,m,) Mool 20.00 160.00 0.00
Co1_1 Co 0.00000 0.00000 0.25000 1. (0,112,114 | Mymym,) (0,1/2,3/4 | my,my,my) 6 (My,0,M,) o 10.00 100.80 0.0
2 (102,112,114 | 0.memy) (1/2,1/2.3/4 | 0,-m,m,) 2= [0 80.00 109.00 0.0
100.00 100.00 0.00
Co1_2 Co 050000 0.00000 0.25000 1 (1/2,0,1/4 1 0,0,mz) (1/2,0,3/4 | 0,0.m;) 2 (0,0,M;) 130.080 1680.88 8.00
!
Co2_1 Co 0.16667 0.33333 0.75000 1. (1/6.113,3/4 | 0,0,m,) (5/6,2/3,1/4 | 0,0,m,) 2 (0,0,M,) | Excluded regions (LowT Highl) for Pattern# 1
0.00 2.00
3 (13,106,114 | mymy,m,) (1/6,5/6,3/4 | 0,memy,) M=l 13606 156,00
Co2_2 Co 0.33333 0.16667 0.25000 1 (1/3.2/3 174 | -m, 0.my) (2/3,1/3,3/4 | m, 0.mg) 6 (M, My, M) M= !
(506,116,114 | 0,-m,,m,) (2/3,5/6,3/4 | -Mg-my,my) =0 X
. .
(xyz| mx,my‘mz) (x-yz+172 | 'mxrmy,mz) ! 4] !Number of refined parameters
f"’yﬁ':,'zz | ’mx+Tv=m¥’"‘2) (’x*y’y*f:fy 2”’,‘5’”?”’"%‘“2) | Zero Code  SyCos Code SySin  Code Lambda Code MORE ->Patt# 1
01_1 0 0.32455 0 48875 0 34540 1 (XY XHA2Z | MMy My Mg) (Y X112 7172 | ey, My M) 12 . . @.08 ©.88  0.08 ©.00 ©.00 ©0.00 0.80000 ©0.00 ©

(X, -x+y+1/2 -7 | mx,mx-my,mz) (X x-y+1/2 -z+1/2 | -mx‘-mx+my‘mz) |
(-y+12 x-y+112z2 | —my,mx—my,mz) (y+172 -x+y+1/2 z+1/2 | my,—mx+my,mz) 1
(y+1/2 x+1/2 -z | 7my,—mx,rnz) (-y+1/2 x+1/2 -z+1/2 | my,mx_mz) 1

Nuclear and Magnetic Structure of: becs_3K-mod
1

N -
INat Dis Ang Prl Pr2 Pr3 Jbt Irf Isy Str Furtk” ATZ Nvk Npr More
20 @ 9@eee0l10 12 © 2 @ @ g.ee0 @ 7 @

There is no need to adapt instrumental configuration in the b 323 mmberi132185 < Hagnesic Spce group ssbot BIS/UE el & mnber

Transform to standard: a,b,c;1/2,0,0

PCR file because the data was created from the same Pt Space Group: P62 gt 182

! Nsym Cen N_Clat N_Ant

default setting. Change the Job to *1" (for Rietveld fitting) e e

I Symmetry operators

.

1] 1] XYy Z,+
and “NCY" to 10. Also remove VARY mxmymz comment. P
4 -x,-x+y+1/2,-z,-1
$,OAK RIDGE || ssinon
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Perform a consfrained refinement on the “dafa no2co2teoé 1k model.dat” data

@3 FullProf Program

e Constrain the in_p|cme and out of p|Qne moment S Eeeionat Rarveia Smcrors for mrtamms 1

=> Rp: 0.363 Rwp: 0.784 Rexp: 6.21 Chi2: 0.159E-01
=» Global user-weigthed Chi2 (Bragg contrib.): 0.1635E-01
1

components to be equal for all sites. D

= Bragg R-factor: 0.1985
=> RF-factor : 0.1664

« Refine the scale factor since the size of unit cell is

o
d |ffere n.l- =5 Contribution to Yi for phase: 1
.

=> CPU Time: 5.244 seconds
=> 0.087 minutes

11 y+1/2, -x+y+1/2,z+41/2,+1 => END Date:18/07/2024 Time => 21:37:49.705
12 -y+1/2,-x+1/2,-z+1/2,-1
! Cycle: 2 ChiZ=2: 0.159E—0ldata naZcoZ2teo6_ 1k modsl .dat
lAtom  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 E‘ 25000
! betall beta22  beta33 betal2 betal3 beta23 / Line below:Codes 5‘ 0000
Tel 1 Te 10 @.16667 B©.33333 0.25000 0.00000 0.16667 a 0 # S
.00 .00 .00 0.00 .00 ; Ry
Tel 2 Te 10 8.33333  B.16667 0.75000 0.00000 ©.50000 a 0 # 100004
@.80 @.80 @.00 9.00 0.00 H scoo|
MC02 1 © 0.00000 : NN =
B.BB g o [ ) [ O R e N O e O N T T
.30936 .00000  0.47022 i —sooo-]
ll_BB B_BB 31_89 . 10 =20 20 40 S0 &0 70 80 S0 100 110 1z20 120
MCO2 1 @  0.58000 FameEs
@.00
.00000 .00000 -0.47022
0.00 0.00 -31.00 . 26000 - . . . . . . -
10 8.16667 i - 3
6.60 . 23000 - bes_3k-model pri =
.6eePe  0.47022 oo E oL E
0.00 31.00 g — 3 Yomsveaic E
1 8 9.33333 E 17000 :_ 4. Bragg_position 5
a.ee 5 = 3
.30936 -8.47022 S 14000 F =
11.00 11.00 -31.00 8.00 8.00 0.00 0.00 % L1000 - E
011 0 10 8.32455 09.48875 0.34540 0.00000 1.00000 ] 0 # 2 E E
8.80 8.80 8.00 0.00 0.00 2 s 3
012 0 10 8.51125 ©.83580 ©.34540 0.00000 1.00000 @ 0 # S - ]
@.00 @.00 @.00 0.00 0.00 5000 | =
013 o 10 0.16420 0.67545 0.34540 0.00000 1.00000 ) 0 # 8 E
0.00 0.00 0.00 0.00 0.00 2000 E
014 0 10 8.82455 0.48875 0.34540 0.00000 1.00000 a 0 # | 3
s T T A L O e A A A A A R LR I LR R T 3
-4000
(1] 20 40 60 80 100 120 140

26 (%

HIGH FLUX
ISOTOPE
REACTOR

SPALLATION
SOURCE " Magnetic Structure Determination Workshop, Duke Univ., July 2026

%OAK RIDGE

National Laboratory




Triple-k order in Na,Co,TeOy

each of the two non-identical Co sites of the parent structure is divided into
two additional magnetic sites (with multiplicities 6 and 2),

leading to 4 magnetic sublattices.
Use FullProf Studio or Vesta to visualize

Mco11=(2.32, 0, -0.5) ps,
Mco12= (0, 0, 0.5) ps,
Mco21= (2.32, 2.32, 0.5) s
Mco22= (0, 0, -0.5) ps.
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Constructing the 3k-structure of Na,Co,TeQ,, using ISODISTORT

'\ Single k= (1/2, 0, 0),

zigzag-type order
described by
P-2,2,2, (# 19.29)

Triple — k

described by
P6,2'2" (#182.183)

Load crystallographic information from
“nuc_Na2Co2TeOé.cif”

Select magnetic distortion for Co

Use Method 2 and select M (1/2,0,0)

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

ISODISTORT: search

Space Group: 182 P6_322 D6-6, Lattice parameters: a= 5.25880, b= 5.25880, c= 11.16980, alpha=90.00000, beta= 90.00000, gamma= 120.00000

Default space-group preferences: monoclinic axes a(b)c, monoclinic cell cheice 1, orthorhombic axes abc, origin choice 2, hexagonal axes, SSG standard setting
Te1 2c (1/3,2/3,1/4). Co1 2b (0,0,1/4), Co2 2d (1/3,2/3.3/4), O1 12i (x.y,z), x=-0.35090, y=-0.02250, z= 0.34540, Na1 12i (x.y,z), x= 0.43000, y=-0.40600, z=-0.07700,

Include displacive O, magnetic Co distortions

Types of distortions to be considered @

strain: O

Displacive:  all_]none{"] Te[] Co[ ] Ofg Na]
Occupational: all_] none["] Te["] Co["] O] Na_]
Magnetic: all_Jmone ] Te["] Coffd O] Na_)
Rotational:  all "] none["] Te["] Co["] O] Na[]

Important: You must click on Change to implement any changes in the above type of distortions to be considered.

Method 1: Search over all special k points m ®@

Crystal system(s): triclinic_] monoclinic[_] orthorhombid”] tetragonal "] trigonal_] hexagonal ] cubid_]

Space-group symmetry; N0 choice ¥ | Conventional lattice: N choice

Method 2: General method - search over specific k points m @

Specify k point: M, k12 (1/2,0,0) va= b= o= # of independent incommensurate modulations= 0

Emo

Important: You must click on Change to implement any changes in the number of superposed IRs.

Change number of superposed IRs: 1

Magnetic Structure Determination Workshop, Duke Univ., July 2026

* | Primitive lattice; no choice



ISODISTORT: irreducible representation

Space Group: 182 P6_322 D6-6, Lattice parameters: a= 525380, b= 525880, c= 11.16980, alpha=90.00000, beta= 90.0000C
Default space-group preferences: monoclinic axes a(b)c, monoclinic cell cheice 1, erthorhombic axes abce, origin choice 2, hex
Tel 2c (1/3,2/3,1/4), Co1 2b (0,0,1/4), Co2 2d (1/3,2/3.3/4). O1 12i (x.y.z), x=-0.35080, y=-0.02250, z= 0.34540, Nal 12i (xyz
Include displacive O, magnetic Co distortions

k point: M, k12 (1/2,0,0)

Choose an IR and OPD (optional):

IR:| mM2, mk1212 v | opD: ©] o« « Select the IR mMM2

ISODISTORT: order parameter direction

Space Group: 182 P6_322 DB-5, Lattice parametars: a= 5.25380, b= 525880, c= 11.16980, alpha= 90.00000, beta= 90.00000, gamma= 120.0000
Default space-group preferences: monoclinic axes a(b)c, monoclinic cell choice 1, orthorhombic axes abe, origin choice 2, hexagonal axes, S5G st
Tel 2c (173,213 1/4), Co1 2b (0,0, 1/4), Co2 2d (1/3,2/3.3/4), 01 12i (xyz), x=-0.35090, y=-0.02250, z= 034540, Na1 12i (xy,z), x= 0.43000, y=-0.4
Include displacive O, magnetic Co distortions

k point: M, k12 {1/2,0,0)

IR: mM2, mk12t2

Finish selecting the distortion mode by choosing an order parameter direction (7)

@P1(a;0:0)19.29 P2_12_12_1.1'_C[C222_1], basis={(2,1,0),{0,1,0),(0,0, 1)}, origin=(1/2,1/4,1/4), =2, i=6, k-active= (1/2,0,0)
[ = - G SN }/)_'I 'I_::]II—")))_'II h::]l'-tl'C::i L J st L ALY |“ Or g-m:l'l il E‘.ﬂ_';'l/ | T = TR R N T
(OP3(a;a:a) 182183 P6_32'2' basis={(0,-2,0),(2,2,00,(0,0,1)}, origin=(0,0,0), 5=4, i=8, k-active= (1/2,0,0),(0,1/2,0),(1/2 1/2,0) .

(C1 (a;b;0) 4.10 I-:'2_1.1'_a[-F’2_1]: basis={(2,2,0),(0,0,-1),(-2,0,0}}, origin=(0,0,0), s=4, i=24, k-active= {15:1}:0}:(0.‘15:1}} = Trl ple_k mOdel
(C2 (ab;a) 20,33 C2'2°2_1, basis={{2,0,0),(2,4,0),(0,0,13}, origin=(0,0,0}, s=4, i=24, k-active= (1/2,0,0),(0,1/2,0},(1/2,1/2,0}

(81 (a;bc) 4.7 P2_1.1, basis={(-2,0,0),(0,0,-1),(0,-2,03}, origin=(0,0,0), s=4, i=48, k-active= (1/2,0,0),(0,1/2,0},(1/2,1/2,0}

T Single-k model
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« Save the 3k model into FullProf PCR see the provided file “NCTO_3k_Isodistort.pcr”
ISODISTORT: distortion

Space Group: 182 P6_322 D6-6, Lattice parameters: a= 525880, b= 5.25880, c= 11.16980, alpha= 90.00000, beta= 90.00000, gamma= 120.00000
Default space-group preferences: monoclinic axes a(b)c, monoclinic cell choice 1, orthorhombic axes abc, origin cheice 2, hexagonal axes, SSG standard setting
Tel 2c (1/3,213,1/4), Co1 2b (0,0,1/4), Co2 2d (1/3,2/3,3/4), 01 12i (x.y.z), x=-0.35090, y=-0.02250, z= 0.34540, Na1 12i (xy.z), x= 0.43000, y=-0.40600, z=-0.07700, occ=

File Edit  View
M MUUES 12
! Nm Atm Irrep Mx My Mz Coeff

1 Col_1 mM2 £.000000 ©.P000RG ©.954360  1.008000
0.25800, Na3 2a (0,0,0), occ= 0.38000 1 Col 2 mM2 £.000000 ©.000000 -0.018300  1.000000
Include displacive O, magnetic Co distortions 2 Col 1l mM2 0.000000 ©.0000E0 ©.000000 1.000000
k point: M, k12 (1/2,0,0) 2 Col 2 mM2 -0.033300 ©.000000 0.000000  1.000000
IR: mM2, mk12t2 3 Co2_1 mM2 £.000000 ©.000000 ©.918360  1.000000
P3 (a:a:a) 182.183 P6_322', basis={(0.-2,0,(2,2,0).(0,0,1)}, origin=(0,0.0), s=4, i=8, k-active= (1/2,0,0),(0,1/2,0),(1/2,1/2,0) S ol e o o L
Lattice parameters of undistorted supercell: a=10.51760, b=10.51760, c=11.16980, alpha=90.00000, beta=90.00000, gamma=120.00000 1 sz_z iz _8:888888 8:888888 8:888888 1:888888
-“ (") Save interactive distortion @ (C) Save interactive diffraction @ () CIF file @ (") Distortion file @ () Domains @ (") Primary order parameters i EEH E:; Sgggggg ggggggg gggi;gg igggggg
I (O IR matrices () Subgrauptree 6 Co2_1 mGM2 ©.000E00 ©.000080 ©.831788 1.60000808
) 6 Co2_2 mGM2 £.0000G0 ©.000000 ©.031760  1.000000
et mode ana stain amplitudes: @ 1 Amplituaes of Symmetry Modes
. o hoeiee L i A A_MODES 12 2
P6_322[1/2,0,0)mM2 (a;a;a) 182.183 P6_32'2', basis={(0.-2,0),(2,2,0),(0,0,1)}, origin=(0,0,0), s=4, i=8, k-active= (1/2,0,0),(0,1/2,0),(1/2,1/2,0) Max_Amplitude 3.3000
2 [Co1:b:mag)A2(a) Al GM1 8.600000 6. 0ea0ee
A2_GM1 .0000080 0.000000
A3_GML .000080 9.000000
? [Cot:b:mag]E(a) A4_ML 9.0090000 ©.08099000
A5_M1 .000000 ©.000000
2 [Co2:d:-mag]42(a) a6 M1 0.000000 0.000000
A7_M1 0.000000 0.000000
2 [Co2:d:mag]E(a) ¢ A M1 @.oeoooe ©.oooa00
A9 M1 .086600 0.600000
A10_M1 0.000000 0.600000
A11_M1 0.000000 0.000000
. . . A12_M1 .000000 0.000000
The PCR from Isodistort has slightly different  montiues of egretic Symetry odes
y MA_MODES 6
. . . . A13_mM2 1.414690 11.000000
setfings in the experimental input (wavelength e
’ A15_mM2 1.414690 11.000000
. . Al6_mM2 -5.659220 -21.000000
A17_mGM2 . -
background points, etc. It isrecommended to e
. . L > Profile Parameters for Pattern # 1l ----» Phase # 1
copy that front section from the previous PCR e
’ 8.2499923 oleooee 0.0PEEE ©0.00000 0.00000  O.00000 8
d ._I_h f2 _I_ | d _I_h _I_ _I_h 31.00000 0.000 8.000 8.600 0.0600 0.000
1 U Vv W X Y Gausiz LorSiz Size-Model
mO e WI mCI pcr OO ’ O n ensure O e 8.176020  -@.1978@9 0.091458 @.800000 2.030039 0.000000 0.000000 8

Job to "1” (for Rietveld fitting) and “NCY*" to ey P T e g et

18.51768@ 10.517600 11.169799 90.000000 90.000000 120.000000  #box -0.15 1.15 -8.15 1.15 -8.15 1.15
nonzero.

The B-factors also needs to be checked (the Refine the amplitudes of magnetic
program pUTS some default volues). modes and the scale factor

OAK RIDGE | et et . o .
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« Geft the refined moment value
from *.sum or *.out output files

X Y z Biso Occ
Atom Tel_1 TE 8.83333 8.e6667 8.2568880 8.0e008 a.588ee
Atom Tel 2 TE 8.33333 B.66667 B.258808 8.0e088 8.16667
Atom Col 1 MCO2 @.000080 0.08080 B.2508808 8.00080 8.16667
Moment(mx,my,mz): ©.00088 8 .06000 B.87(3)
Atom Col_2 MCO2  B.50000 8.eeaee 8.2568880 8.0e008 a.588ee . .
Moment (mx,my,mz): -2.309(5) 0.00000 -8.289(8) FullProf Studio created p|C1‘U|’e
Atom Co2_1 MCO2 @.16667 B8.33333 B.2508808 8.00080 8.58000
Moment(mx,my,mz): 2.389(5) 8 .06000 B.289(8)
Atom Co2_2 MCO2 @.33333 8.e6667 8.75a888 8.0e008 8.16667
Moment(mx,my,mz): ©.00088 8.06000 -8.87(3)
Atom 01 1 O 8.83530 B.82455 B.34548 8.00080 1.0868808
Atom 01_2 O 8.83580@ 8.32455 8.34548 8.oe0e8 1.0808068

« Or from the created FullProf Studio file
NCTO_3k_isodistort 1 _Irrep_M1.fst

M3TM OV, U,W,Y0.0

MATOM Col_1 Co ©.000008 ©.e0088 ©.25088 SCALE 1. GROUP

SKP 1 1 g.00880 ©.800008 8.86594 ©.e0080 ©.e0080 6.e0888 ©.e0088

MATOM Col_2 Co ©.560008 ©.e0088 ©.25088 SCALE 1. GROUP

SKP 1 1 -2.38943 ©.0000e -8.28917 ©.e0080 ©.e0080 6.e0888 ©.e0088

MATOM Co2_1 Co B.16667 ©.33333 ©.25080 SCALE 1.8 GROUP

SKP 11 2.38943 ©.0eeee ©.28917 0.0600@ ©.0ece8 0©.60000 0.0eoea

MATOM Co2_2 (o 8.33333 ©.66667 ©0.75000 SCALE 1.8 GROUP

SKP 1 1 g.00880 ©.00000 -8.86594 ©.e0080 ©.e0080 6.e0888 ©.e0088

L

o
)/}
3 OAK RIDGE g1 sitiion | - |
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Optional homework:
« |load the single-k file of Na,Co,SbO, from MagnData (entry# 1./88)
and create the 2k magnetic structure (see result in the entry # 2.116)

k1 Ex%wé‘" Naai{J;ShOE p ilf—m - NEZC{};'LEOE (m)
R | Ffffjfi
k2 bty [ va tgl‘ { B
Llsbadly | A |
f fj: fﬁ fj; 1. | ttl lt” i
o Lo

V. O Garleq, C. Sarkis, Acta Cryst. B (2025) 81 11 - 27
DOI: 10.1107/52052520624009831

% OAK RIDGE| g1 | et
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https://www.cryst.ehu.es/magndata/index.php?this_label=1.788
https://www.cryst.ehu.es/magndata/index.php?this_label=2.116
http://dx.doi.org/10.1107/S2052520624009831
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