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w The compound DyMngGe, erystallizes in the hexagonal HiFe Geg-type structure (Phimmem). It orders antifer-
o o o romagnetically at Ty, =420 K but there is a second magnetic phase transition near 100 K. Neutron diffraction
ot O— —O has shown that the high temperature magnetic structure is 2 triple flat spiral consisting of ferromagnetic Dy
© £ — 1 ¢ layers and ferromagnetic Mn layers coupled antiparalielly in a three-layer sequence Mo+ ), D —), Mn{+ ).
‘_#;tz.é* The moment direction is perpendicular to [01] but the direction in the basal plane changes by a constant angle
iy =2ag, on poing from ope unit cell w another, The wavevector length of the incommensurate structure s
temperature dependent and equal o g, =0.184 at 293 K, which comresponds to d, = 66" Helow T, =100 K the
wavevector length remaing constant (g, =(L163) and the magnelic structure 15 an incommensurate inple-cone
._vfzzzf}' structure in which both the Dy and Mn soblattices have a ferromagnetic component along the ¢ axis. These
o 0 0 components are antiparallel and lead o a2 net moment in the ¢ direction of 2005} pe per formula unit. The
= — - miagnetic sotherm at 4.2 K, studied in fields up w 35 T, suggests that below 22 T the cone angle (357 for B=10)
C o O gradually decreases. Above 212 T the magnetic isotherm shows a lincar behaviour characteristic of bending of
w the antiparallel rare earth and 3d sublaitice moments 1owands each other. The intersublattics coupling constant
derived from the high field slope of the isotherm equals Jp, g k= =91 K.
« Hexagonal P6/mmm a=b=5.21A, c=8.15A 10
-~ ]
- Kagome layers of Mn (magenta). Dy atoms (yellow) at § 6
origin of unit cell (grey boxes). i,
. .. b3
« Two magnetic transitions: T,=420 K and T,=100 K. 2
0 . ;
- Exercise will refine 11 K data using an incommensurate ¢ 100 200 300 400
propagation vector (k). _ o T ®
Spin density wave vs canonical (spin spiral) Fig. 1 Temperature dependence of the magnetization of
Alternative of two propagation vectors considered as DyboyGe; measured in 2 field of 0.1 T,
extension to model. OAK RIDGE |}g x| seatarion
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Experimental details of measurements on DyMn Ge,

* Neutron powder diffraction collected on DMC at PSI, Switzerland.
- A=1.7037A

* Background file: dy _nuc_background.BGR
This can be created from winplotr, but file is already generated for
this example.

- Manually input instrument parameter files U, V, W, asym1 (irf file not
needed)

* CIF file obtained for crystal structure from ICSD: dymn6ge6 nuc.cif
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Steps for magnetic structure determination:

1. Import known crystal structure and input instrument parameters to
create PCR file for Nuclear phase

2. Refine crystal structure at 11 K (EdPcr / Winplotr )

3. ldentify magnetic reflections and determine propagation vector (k-
search)

4. Use crystal structure and propagation vector to perform symmetry
analysis to find the allowed irreducible representations (IRs) and
Basis vectors (BVs) for magnetic phase. (SARAh / Basireps)

5. Select a magnetic model and add it as additional phase(s) to the
crystal structure refinement (EdPcr / SARAhO )

6. Refine both nuclear phase and magnetic phase(s) (Fullprof)
7. Visualize the magnetic structure model (FpStudio)  %QAKRIDGE | e



Step 1: Refine the crystal structure of DyMn Ge,

- Additional intensity ologzk |
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Step 1: Refine the crystal structure of DyMn Ge,

Use EdPCR to create the input file for FullProf (.pcr):
 Import the crystallographic information file (CIF) dymn6ge6_nuc.cif

2 FullProf Suite ToolBa — a =
| File Programs  Settings FP Dimensions

£ = Gl 225 [0 [0 [ 55 R & Q In the new “simple
Working Directory: CA\Users\cr9\Dropbox (ORNIS r_2016\Dy_Nuc_only\ Code File: | Type: | Date: |17/05/2016

calculation template”
window select “Neutron”

Simple Calculation Template

Type Impart Files

Hray T.OF. Ascii Cif Shelx
Instrumental R esolutio 1

® Detault values

" IRF File |

¥ Editor of PCR Files

File Editor Exit

183 o 1

Tools Templates Help

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

1( Fu”IPro f ‘ Type of Pattems, profile, background, diffraction
| geometry, user-given scattering factors
M . PCR |

Cell Parameters/ Spaceloup I Atomns |nformation ]

Phase name, type of calculations WET), ATZ,
contiibulion to patterns, symmelry,

| a | b ‘ ® | alpha beta | gamma |

Nurmber of cycles, relaxation fact I
IS @l EE=s, (EIEE T B, EEEes|(® |5.226200 5225200 a.1853m [50.000 [30.000 [120.000 |

Constraints defintions, adding. deleting.
modifying. .

pattems and phases (atoms and profils)]
Space Group: |PB/mmm [~ Magnetic Phase
Murmber of tatal Operatars: i] E

Mur Symmetry Phase |~

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

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

Copyright (=] 2002-2005, JGP - JRC

Profiles: 0 |Phases: 0 |17/5/2016 |16:5443

27N\
Cancel

HIGH FLUX | SPALLATION
%UAK RIDGE ISOTOPE | NEUTRON

National Laboratory | REACTOR | SOURCE



Step 1: Refine the crystal structure of DyMn Ge,

EH Editor of PCR Files

File Editor Togleesemplates Help Exit

I 2 el WHHEEE Y @ X
 Information

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

Tupe of Patterns, profile, background, diffraction

; - Patterns
geametry, user-given scattering factors ..

| FullProf

Phase name, type of calculations [JET], ATZ, Phazes
contribution to patterns, symmetry.

Mumber of cycles, relaxation factars, access to Fefinement
patterns and phazes [atoms and prafile)
Constraints definitions, adding, deleting,

w Constraints
madifying. ..

Fixing range of parameters, distances, angles,

- 3 - Box/Restraints
maghetic maments and linear restraints

Output options for patterms and phaszes:
Reflection lists, Founer, distances, BWS. .

| P |
[ A== |
==
=
| B |
=

Cutput

Copyright [c) 2002-2005. JGP - JRC

Ch\Users\crd\Dropbox (ORNL\Mag_Str_20164Dy_Nuc_onhy\dymnégeb_nuc Profiles: 1 |Phases: 1 |1'.-'f 5/2016 |1'.-": 457

After each step click “OK" to get back to main EAPCR
window and save to ensure the changes are accepted.
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Step 1: Refine the crystal structure of DyMn Ge,

rex COITOT OT FLR FIES

File Editor Tools Templates Help Exit

— ped

YOk 22 @ M5

l:ihp[r Inhp" | @‘ x

Open tabs “Patterns”,

" Infarmaticn

Title, type of job: Rietveld. Integrated Intensities, 1
a

Sirnnlated b li

diffractio

Information

Fatterm: 1.1 “wieight: I 1.0000

Profile Data Information: Pattern 1

Data File / Format | Refinement / Simftion I Pattern Calculation/Peak Shape I

Data File: IE: WU zershorIDropbox (DRMLAag_Str_200165\Dy_Muc_onlyhdemnGget_nuc

] ATZ.

Coess o

|

3.

Browse... |

— Format
© D14/028 (0ldFarmat) ¢ Free Format [2thetal, step, 2ThetaF)

= D1A/D2B/3T2/G42 7 Twio Asis Instrument, G41
D18 [0 Format] G545 Format
 D1B/D20 " Socabim Software

« " Synchroton [Brookhaven)

Synchroton [DBWS Software)

" ariahle Time ¥-ray Data
%Y SIGMA [XYDATA)

™ sCelerator [PAMN alytical)
1515 multi-bank nomalized

SN

Cancel |

then “DataFile/Peak shape”

) and select “DMC/HFPR (P.S.1)”
Steps 1,2,3

Next select “Pattern

Calculations/Peak Shape” tab and

General

Phases

Refinement

Constraints

change peak shape to Gaussian

_ Phases |
_ Fefnenent_|
__ Contants |
_BowResuins |
 oup | Steps 4a-4b

7/ 5/2016

4b

il SHF " Global SHP

— Scattering Yariable

& 2Theta " T.0F. [microzeconds) " Energy (ke

—Range

Theta_min: I 1.0000 Theta_max: I 150.0000 Step:l 0.0200

R ange of calculation of a single reflection in units of FaHM: I 20000

Incident beam angle at sample surface (2]: I 0.a00

oK. Cancel HIGH FLUX | SPALLATION
_l _I — DGE ISOTOPE NEUTRON
¥ National Laboratory | REACTOR | SOURCE




Step 1: Refine the crystal structure of DyMn Ge,

= Editor of PCR Files -

File Editor Tools Templates Help Exit
M0k 2 s @ W0 "

1ation

9 X

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

, background, diffractiol
attering factors ...

Patterns Information

i~ Information ﬁ Profile Data Information: Pattern 1

ﬁ’attem: 11 Welght:l 1.0000 Data fie/Paak shape '
Data File / Format | Refinement / Simulation  Pattem Calculation/Peak Shape |

Open tabs “Patterns’,

13 . ” J_il _!J L’ XJ _u !_U Evcluded Regions <
t h e n D ata F I I e/ P e a k S h a p e Itisl  Previous  Add Del Nest Last Geomety/IRF e

a n d Se I eCt b D M C/ H F P R ( P. S . I )” User Scatt. Factors @ 2Theta ¢ T.0F. [microseconds) " Energy (keV)

Range

Ste pS 1’2’3 _ ok | cenca | : ;heta_mfin: l| | '1.0?00. o 'Th(:t:;\‘rln:; 150.0000 Step: 0.0200
’ ange of calculation of a single reflection in units of ; £.0000
Close tabs by selecting OK

x| & CodefilSHP € Global SHP

Incident beam angle at sample surface (2): 0.000

0K l Cancel |

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




Step 1: Refine the crystal structure of DyMn Ge,

* From main window of EAPCR select
“Patterns” tab, click on “Data
file/Peak shape” and then select
“Neutron — CW (Nuclear and
Magnetic)”

Under “Wavelength” from drop-
down select “User defined” input
1.7037 for A, and A, and 1 for (12/I1)

Steps 1,2,3,4

 Close tabs (select “OK”) and save.

File

]

o]

:

Editor Tools Templates Help Exit

EQQ% ngj@ ﬁ[&‘g}gég% G, In

Pattern: : 14 Wwheight: | 1.0000

Profile Data Information: Pattern 1

Data File / Format  Refinement # Simulation l Pattern Calculation/Peak Shape]

Simulation / Refinement Dat33
" Pattern Calculation [¥-Ray]

i %

* Meutron - Cw [Muclear and Magnetic " Pattem Calculation [Neutran - T

" Meutron - T.0.F [Nuclear and Magretic) " Pattern Calculatio

Wy
@ﬂ A | 170700 A4 | 1703w (IEHID

n [Meutron - T.O.F)

4

Constraints

Box/R estraints

Output

5/2016 |16:21:51

Cancel

OAK RIDGE
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Step 1: Refine the crystal structure of DyMn Ge,

* From main window of EdPCR
select “Phases” tab, click on
“Contribution to patterns” and then
select “current phase contributes to
the pattern”

Steps 1,2,3

ren Editor of PCR Files

File Editer Tools Templates Help Exit

Pattern Contribution Information for Phase 1

Patterm 1 IPattem 2 | Fattern 3 | Pattern 4 | Pattemn 5 | Fattern & | Pattern 7

¥ Curtent Phage contiibutes to the pattem

 Type of Pattern 3

v MNeutran [Constant 'Wavelength

" Pattern Calculation [X-Ray]

ear and Magnetic

" Pattern Calculation [Meutron - T.0.F.)
" Neutron [T.0.F)
Nuclear and M agnetic

" Paltern Calculation [Neutron - Constant 'Wavelength]

|
et

x

1

egrated Intensities,

ground, diffraction
g factors ..

ons [JBT), ATZ,
ey, ..

General
Patterns

I Use special control of parameters for peak overlap, rejected reflections for cunent phase

Brindley coefficient: | 0.0000

Global weight of the integrated intensity data vs profile data: I 0.0000

I 0.0000
I 0.0000

Factor for excluding reflections [ | < Factor * Sigmall] I

‘wWeights are divided by reduced Chit2 of precedent cycle:

Cancel |

~ Peak Shap
IGaussian ;I ;I
& Codefil shp ¢ Global shp
lated automaticaly ¢ Provided by user
~ Intensit
Reflection list IAulomaticaIIy generated from the Space Group symbol LI ( Contribution to Patlemsl

OAK RIDGE

HIGH FLUX
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National Laboratory | REACTOR

SPALLATION
NEUTRON
SOURCE



Step 1: Refine the crystal structure of DyMn Ge,

* From main window of EdPCR Rt :
select “Patterns” tab, click on B P T
“Background type” and then o e
select “Linear Interpolation | | [ v
between a set background points
with refinable heights”

ackground Information .
Ste S 1 2 3 Background Mode .
ox/Restraints
PS 1,2,

= " B-Coefficients palynarnial function

(" 12-Cosfficients polynomial function Origin of the polphomial: 40,000 Output

° C | O S e t a b S ( S e I e Ct k¢ O K” ) a n d comigl | Detweike (i2cosi e pol_l.,lnomia.l furctions (6-coeff u

(" 12-Coefficients Fourier-cosine series

Ci\Users! 016 [16:21:51

S ave " Fourier Filtering MNurmber of pairts taken for Fourier Fiker: D.DDDDB
: . _ 3
ackgral

A background file can now be
loaded.

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




Step 1: Refine the crystal structure of DyMn Ge,

T Editor of PCR Files -

- Select “Refinement” tab on .
main l“EdPCR WmdS)W- S UOH% A W EEE Y e X
Then “background” and
“Import from Background |

010 » ESD.
Atomic | 1.00 Anisotropic | 1.00  Profile | 1.00 Global | 1.00

File”. Import g

(11 7
y n C a'C g ro u n B G R " Each cycle [~ Braga R-Factor excluding reflections limiting excluded regions Constraints
LI L]
— e Linear interpolation between a set of Background Points: Pattern 1
2 Boxr/Restraints
| Pattem 4 | Patiefe | Patis r
Interpolation Method
Output
' Linear Interpolation " Cubic Splines Interpolation

Background E Importing Background File
~ Information 1+~ <« Mag_Str_2... > Dy_Nuc_only v O Search Dy_Nuc_only

Instrumental
Number of Points: | 10
« Select OK and save - el B
S . Micro-4bsorption | Theta T ~ 3 S Date modified

General

Pattems‘ |

= z 5 A D Type
1 0000 D000 Refine All Fix &ll ¥ Quic

data points: I—UE 2 0.000 0.000 | - 2P & dy_nuc_background.BGR 5/17/2016 11:59 AM  BGR Fil
3 0.000 0.000 Import from Background File ' ) »*
4 0.000 0.000f = £

[ Desv <

_ 0K | Cancel | Ele narne lm v I ‘ Background Input File
e e | T
r e— 7
= — -

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




Step 1: Refine the crystal structure of DyMn Geg

» Select “Refinement” tab again
on main EdPCR window [1].
Increase number “Cycles of
refinement” to 6 [2]

Then select “Profile” [3] and
alter Scale, Overall B-factor, U,
V, W and along with a,b,c cell
paramaters set them all to refine
by checking the boxes (4).

* [5ab]: Select “Asymmetry
Paramaters” tab and “Asymm1”
to refine

* Select OK and save.

- Reflections ordering

File Editor Tools Templates Help Exit

AP ] EEEICES

eeeee

[~ Relaxation Factors for Shifts

i n o 2
Forced Temination when shifts < | 010 » E.S.D.

Others: None ﬂ

Atomic | 1.00 Anisotropic | 1.00  Profile | 1.00 Global | 180 |

& Orly at the first cycle ¢ Each cycle I Bragg R-Factor excluding =
~Factor
| | Scale | | Overall B-factor | I 4
Patten | pattem 2 | Pattern 3 | Pattem 4| Pattem 5 | Pattem | v Phase 1 |Phace 2| Phase| | [Costficents | 10000 | To00v |
Refinement weighting model Atoms ~ Cell Parameters
@ Least Squares Background 3 =Pattems | | a | I b | | c | [ alpha ] ] beta [ | gamma _H
T~ M Likelirocd e | Coefficients [ 5.226200f 5226200 | 8.165301fw | 50.000 | s0.000f | 120.000
 UnitWeights P I Profik
—— Refine All
Rieduction factor of number of data points: | 0[5 Fial
T | e [ e [
Coefficients | 1.000000f | -1.000000f | 0.500000f | 0.000000] |
0K Cancel
' Shape Paramets
= : ~ l I [ || [ L
o2 - | Coefficients | rl rl rl rl
- -
- : ™ Refine FwHM for second wavelength
.. “ e [ [ w ] v T[] w 1] _Cancel |
— I I [k |

i~ Factor

| [ scale [ overlBactar | |
| Cosfficients | 100.00f | 1.0000[% |

- Cell Parameter

[ | B | b [ ] ¢ [ e [ [ bea [ gama [ ]
| Cosfficients | 5.226200 | 5.226200[% | 3165301)% | 50.000 | 50000 | 120,000 |

FiHM ¢ Shape Paramsters || Asymmetry Parameters  Preferred Orientation

Refire Al
Fix &ll

W < A [ 2ym [ awm [ |
| Coetficierts | P.020000f [ 0.000000] | 0.000000 | 0.000000] |
HIGH FLUX | SPALLATION
[ [ e [T p [T e T[] P T[] OAK RIDGE ISOTOPE [ NEUTRON
[costicents_| o [ I I Eacel National Laboratory | REACTOR | SOURCE




Step 1: Refine the crystal structure of DyMn Ge,

~wternal EAPCR Text Editor - Users\crd\Dropbox (ORML)\Mag_Str_2016\Dy_Nuc_onhy\dymnbgeb_nuc.per]

mplates Hel

» Select the PCR bhutton:

H
* Files => DAT-file: ., PCR-file: dymn6ge6_nuc =
tJob Hpr Hph Hba Hex Hsc Hor Dum Iwg Ile Ias Res Ste Hre Cry Uni Gor Opt Aut
1 ] 1 38 a ] a ] a a a a a a ] a a a 1
L]

-
tIpr Ppl Ioc Hat Pcr Ls1 Ls2 Ls3 HLI Prf Ins Rpa Sym Hkl Fou 3ho Ana .
a ] 1 a 1 ] L ] a 3 8 5] L — /5] 5] L]
L]
* Lambda1 Lanmbda2 Ratio BEkpos Wdt Cthm nuR AsyLim larz 2nd-muR -> Patt# 1 L]
1.70837008 1.703700 1.00008 Lo_808 HG68 06.0668 1.2860 180.08 -66688 0.0000 the pcr fl Ie
L]
L]

*HCY Eps R_at R_an R_pr BR_gl Thmin Step Thmax PSD Sent@
6 @8.18 1.88 1.868 1.88 1.@8 1.8888 8.8208088 158. 608088 a.@aa a.@aa
L]
*2Theta/TOF/E(Kev) Background for Pattern#t 1
2.1380 4318.08000 0.60 - -
- Edit the values circle
5.11088 4111 . 868008 a.68
649080 3316 .008008 a.88
7.4108 3361.00008 a.68
8.9300 3427 .00800 a.68
11.1808 3471.0000 a.08
12.7868 3471.0000 a.68
13.20808 3471.00800 a.68
1478080 3515.0000 a.08
17.1868 3515. 0000 a.68
19.30868 3581.0000 a.68
20.1808 3626.0000 a.08
20.98088 3846 . 0000 a.68
23.2008 3891 ._0000 a.68
26.9008 3692.0000 a.on
29.68088 3670.0000 a.88
31.00088 36920000 a.68
33.4000 3692.0000 a.on
36.008088 3758 . 00008 a.88
39._1008 3846 0000 a.68
41.9008 3824. 0000 a.on
42 ._.368688 3802 .0000 a.68
43_78088 3844 0000 a.88
47 .3808 3846 . 0000 a.68
48.20688 3648 . 0000 a.68
48 _9808 3581 .08808 a.88
55.08088 3581.0000 a.68
55.08688 36260000 a.68
63_48088 3626008008 a.88
66838688 3648 . 0000 a.68
71.58088 3802 .0000 a.68
75.1808 3603 .0000 a.08
¥6.98088 3603 .0000 a.68
78.7008 3515 . 808008 a.68
¥9.1808 3515.0000 a.08
§2.50808 3581 .0000 a.68
#2.8008 3581.0000 a.68
’
]
9 tNumber of refined parameters

Zero
@.040008

e Sytos Code Sysin Code Lambda Code MORE ->Patt# 1
.8 B@.080808 4.8 B.00000 8.8 0.0000008 a.0a ] OAK RIDGE HIGH FLUX | SPALLATION
ISOTOPE NEUTRON

= NIACT miimbne = 4 % Mmand N Maann Frie Mot bnnt 4. A an

Line:10 Colk:d0 MUM | INs National Laboratory | REACTOR | SOURCE




Step 1: Refine the crystal structure of DyMn Ge,

* PCR file is set-up for SCIE-L P O 7 L
refinement. .

i

‘ Load EditPCR Mode Run Exit

* Press circled tab and [ nase: : z

=> Bragg R-factor: 19.7556
- => RF-factor : 13.0817
refinement run
e e e u S. => Convergence reached at this CYCLE !!!!: CYCLE No. 1
=» R-Factors: 10.9 1.8 Chiz: 177. DW-Stat.: 0.0%9%6
- = d : 1.26 1.75954
1 N u m ber Of CyCIeS Set to 6 In =i Ezﬁigiiional Rietveld R-factors for Pattern: 1
=> Rp: 31.9 Rwp: 36.6 Rexp: 2.75 Ch

W

earlier step, more cycles can oy Lol i e Jres commi e TS
be performed by pressing | S e s e spase

“Run” until it readS: “Normal :d}: = ormal end, final calculations and writing.)
end, final calculations and 2 TR S50 mma:

ertlng L __” % => END Date:18/05/2016 Time => 17:52:42.091

WoW

Cyale: = Chiz: 177 . Ay Mo .dat

i
1
HIGH FLUX | SPALLATION
National Laboratory | REACTOR | SOURCE




Step 1: Refine the crystal structure of DyMn Ge,

* Open PRF file created after
each refinement.

File Plot Options Points Selection Xspace Calculations Rietveld plot options Text External applications Tools Help
=W R IF|  Per] 55! 8] FP e 55 B [0 5 | e s B 558 2| | s | [ | 3¢

« Several “extra” peaks or == ;
Intensity Is present. Comparing L
with high temperature data < ]
show these are magnetic. i ;

* The next step Is to determine

how these magnetic peaks are

related to the nuclear peaks.
OAK RIDGE | igrvx | seasanon
National Laboratory | REACTOR | SOURCE




Step 2: Determine the propagation vector (k “wave vector)

B& FullProf Suite ToolBar
File Programs Settings FP Dimensions Runa Script  Help

E-_ = = 4" 1k ED ED e N - %
= E sgre/.m rer ‘e il ﬁ a4 I s =3
Working Directery: ChlUsers\cr?\Dropbox (ORNL}Mag_Str_2016\Dy_MNuc_onlyt Code File: Type: Date:  |17/05/2016

* Open prf with WinPLOTR-2006 from FPtoolbar.
(Otherwise open WINPLOTR then load the .prf file using
File-> Open Rietveld/Profile file (.prf) )

[B&l WinPLOTR-2006 Version: 0.50-2012
File Plat Profiles Options Xspace Calculations Ext. Applications  Teols  Help

] H & Lt Por b 8 B 83 FP Per 33 W & s | B A2 &
« Zoom into low 2theta range to
observe magnetic scattering. | .. _

* To select peaks for k-search click: o
Calculations 2peak detection 2enable I oo |

Then:

Calculations >peak detection 2insert
peak

User curser to select peaks at 2theta
9.9,13.9 and 26.1 deg.

* Run k-search by selecting
Calculations ->peak detection 2>save e e g

peaks 9 K_SearCh Format Peaks allocation: Insert peak M= 112 X= 14may Y= -40371
OAK RIDGE

National Laboratory

uni

DDDDDD

Intensity (arb.

00000

Ztheta (deq)

REACTOR
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Step 2: Determine the propagation vector (k-wave vector)

Along with the peak positions the Input
parameters for K SEARCH are loaded
from the refinements.

Run k-search by selecting OK, save .sat
file and then “Yes” to run k-search.

No solution are found with the “Search
only special k-vectors” box ticked
Indicating the solution is not
commensurate.

Uncheck the “Search only special k-
vectors” box and rerun k-search

k=(0 0 0.165) appears a good candidate.

Note — an alternative solution exists for
this particular sample with two
propagation vectors that goes beyond
Initial publication in literature.

ﬁ Input parameters for K_SEARCH

Title |DyM nBGed

Lattice Type P B

Cell Parameter | 520613 520613 815143 90.0000 90.0000 120.0000

Talerance
[TOF /2theta] 0.300

[k i . ) | 0005 0005 0005

MNumber of Points | 100 100
[Ma® Mb* Mo

100

W avelength | 1.70270
[Chd] / Dtt1[TEIF]

" Mo output of intermediate calculations

bt Jukput " Long Output
rch only special k-vectors
k

HIGH FLUX
ISOTOPE

Bl REACTOR

SPALLATION
NEUTRON
SOURCE



Note

* Following slides use complex output for SARAN.

» This can make interpreting the BVs potentially more complicated than
keeping everything real, but for this example it is the most direct way

to a solution.
But the solutions for selecting “yes” or “no” are equivalent and a

worked example is shown at the end in Supplemental material.

LLLLLLLLLLLLLLLLLL
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Step 3: Symmetry analysis

- Use SARAh (or Baslreps) to generate the Irreducible Representations
(IRs) and basis vectors (BVs) associated with the propagation vectors,
crystal structure and magnetic atom positions.

"7 SARAh- Representational Analysis

° O pe N SARAh _ Re p rese ntatl 0 n al an alySIS File DefineParameters Calculate View OutputFiles  View Basis Vectors Herlp “Video Help®  New Features!

¥

SAREh coRepresentaticnal Analysis

» Under “Define Parameters” input: , | e

L |£| Please reference the use of 5SARARh as:

> “Space group” No. 191 or H_M Symbol P 6/m m m )
> “K-VeCtOr” O O 0165 MNa. 191 . MIGCPHI‘_EI“
>"Atoms”Dy 0 00 womin e ¢ o] oo coonsintes

Mn 0.50 0.2504 -
. " and preas 'Tab’
T i i coordinates

* Run program using “Calculate”
Select directory where the created output :
files will go (i.e. current directory). % e

Edit Atam | Accept Change
Atam ® Y

Some pop windows will appear during o— >
calculation. For source of IR select

Kovalev and “No” so the solution will be )
complex. T S i

What appear to be complex IRs can be made real (these are type-'A").
! % Do you wish to use similarity transformations?
(Mote: While this operation may make symmetries easier to understan

answering 'Yes' or 'No’ give equivalent solutions.}
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Step 3: Symmetry analysis

 SARANh outputs several files to explain the allowed symmetries.

* From pdf created from .tex file:

IR BV Atom BV components
Ma mye My My,  fmyy iy,
Ty 1 0 0 12 0 0 ]
I's 1 & i 0 ] 0 ]
g 1 3464 -3.464 0 0 0 0
Table 1: Basis vectors for the space group P 6/m m m with ky; =
(0, 0, .165). The decomposition of the magnetic representation for the Dy site

(0, 0, 0)is Tpgag = 0TI 1TI 400 400 4172 4072, The atom of the primitive

basis is defined according to 1: (0, 0, 0).

* [, and I form the common IRs.
Both (Sc -axis) and [ (ab-plane) will be
neede Note complex BVs.

« The Mn is split into 2 orbits (3 atoms at
z=0.2504 and 3 at z=0.7496). For this
exercise we will fix both orbits to be the
same (in or out of phase). This reduces
the free parameters to make the
problem more tractable. Moreover for in
this kind of compound generally the Mn-
Mn interactions are ferromagnetic
suggesting constrained orbits.

IR BV Atom

iy

AN

BV components

iy

172y

1720 i1,

Table 2: Basis vectors for the space gronp P 6/m m m with ky;

Ly o, 1 0 0 1 0 0 0
2 0 0 4 0 0 0

| ) [l i (] (] il

s #, 1 2 0 0 0 0 0
2 2 2 0 0 0 0

3 0 2 0 0 0 0

Ty s 1 2 4 0 0 0 0
2 2 2 0 0 0 0

+ 2 &

rs o, 1 2 9 0 0 0 0
2 0 1 0 0 -1732 0

3 1 0 0 172 0 0

¥, 1 2 2 0 0 0 0
2 2 1 0 3464 -1.732 0

3 a1 2 0 1.732 3464 O

¥, 1 0 1 0 0 1732 0
2 2 0 0 0 0 0

3 1 0 1732 1732 0

¥ 1 2 1 0 3464 -1.732 0

P 2 0 0 0 0

3 1 -1 0 1.732 1732 0

PR — | — 1 0 0 D
2 0 0 -2 0 0 0

3 0 0 2 0 0 0

¥, 1 0 0 0 0 0 0
2 0 0 3464 0 0 0

3 0 0 -3464 O 0 0

(0, 0, .165).The decomposition of the magnvti(' 1‘L~pr<.‘s~'<.‘11rati011 for the Mn site
(.5, 0, .2504) is Tppay = (}r‘ - ].1"] - 11'5+ ll"l —r?].'z+ 11} Th{ atoms of the

nonprimitive basis are de hn{ d 1cco1d]1l:+ to 1: (.5, 0, .2504), 2:

3: (0, .5, .2504).
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Step 4: Adding the magnetic phase

* Open SARAN-Refine.

« Under “Fullprof Controls” [1]
select “Load SARAh MAT file”
and open file created by SARAh
(sarah191.mat)

* Under “Common Irreducible
Representations” check boxes
next to both I'(2) and I'(5) and
press select to associate all BVs. [2]

™7 SARAh-Refine

File GSAS Contrfls  FullProf Con

r@fs  Topas Controls  View basis vec

tors  Tools Help *Video Help™

Mew Features!

-+
%
g
3

dit FullProf 2K *.PCR File

~ EREROORRERE

ANTR)W()
A()T(S)w(2)
nr( 1w3)
2)T(2)w(1)
2)T(3) ¥(2)
2)T(4) (3)
2)T(5) ¥(4)
2)T(5)w(5)
2)T(5) ()
2)T(5)W(7)

O a2) T(6) T(8)
[ a2) T(6) ©(9)
M A3 T2) T(1)
AR TE) T(2)
Oa@) T4 ¥(3)
M A3 T(5) T(4)
M AR T(5) T (5)
W A2 T(3) T(6)
M A3 T(5) ()
[ A3 T(6) T(8)

Select Basis Vectors

Select &)l

Unzelect &l

[ AR T(6) (@)

1] Generate model PCH phaze
" Powder 3
" Single Crystal

2] Edit PCR/Replace Basis Vectors
PCR undefined

Select PCR | |

Make FST file

(Option:

2b’_c fic tEI
clect

Cloze

« Create the magnetic phase part of the PCR file by selecting “OK” next to
“Generate model PCR phase” [3]. This creates a file “sarah191.pcr” that
can be copied and pasted into the crystal structure pcr file from Step 1.
Note: only open the created “sarah191.pcr” with a text editor and not

EJPCR.

S

Shubnikov and Mormal Point Group Information
Pt Group Shub Pt Gp Shub Group  BMS Label

Clklhb ector label in the
S S BER R
Shbkﬁpthl

The symmetry of a basiz vectar will be highlighted
when it is selected.

N!A d ates that the basis vectar doe

hay IdF' it or Shu h k Group. EI.v‘B
d t change of is required. See Ist2 file for

plt
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Step 4: Adding the magnetic phase

* Open “sarah191.pcr”’ with a text editor
(notepad, notepad++) and open the text of the
structural refinement “dymn6ge6.pcr”.

« Change the number of phases to 2 since we
will now have a nuclear and magnetic phase.

[1]

« Copy and paste the created magnetic phase
just before line
I 2Th1/TOF1 [2]

 Make sure there are no blank lines before or
after the pasted section.

External EdPCR Text Editor - [C:\Users\cr9%Dropbox (ORNL}\Mag_5tr_2016\Dy

File Edit Search
EHd®C | XaBE9

COMH 5

t Current global Chi2? (Bragg contrib.) = 214.8

t Files =2 _DAT-file: dymnége6.dat, PCR-file: dymnégeé

tJob Np ha Hex Msc Nor Dum Iwg Ilo Ias Res Ste N
1 8 a a a a a a a a a

e 1

*Ipr Ppl TOC HMat Pcr Ls1 Ls2 Ls3 HLI Prf Ins Rpa Sym H
pr Fp pa 3y

i} @ 1 i} 1 i} 4 a i} 3 8 @ a
[
* Lambda1 Lambda2 Ratio Bkpos Wdt Cthm
1.783700 1.703700 1.00000 40.800 5.0000 0O.0000

*
*tMCY Eps R at R an R pr R gl Thmin Step
6 818 1.8 1.806 1.88 1.488 3._a080 a._1068
1 ]
*2Theta/TOF/E{Kev) Background for Pattern#t 1
3.1388 4318._8008 a_a8
o noARr L4444 AGAR A AR

t Zero Code Sytos Code sSysin Code Lambda Code MORE ->Patt# 1
0. 64000 6.6 0.00000 6.0 0.00000 0.0 0.000000 .00 ]
'

* Data for PHASE number: 1 ==> Curren t R_Bragg for Pattern#t 1: 19.75
'

Nat Dis Ang Pr1 Pr2 Pr3 Jbt Irf Isy Str Furth ATZ Huk HNpr Hore
5 a 8 8.8 8.8 1.8 a a a a a 927.738 a 8 a
'
P 6/mmm <--Space group symbol
tatom  Typ X ¥ 2 Biso Occ In Fin N_t Spc /Codes
Dy1 Dy 6.00000 0.000OOD 0.00000 0.00000 6. 04167 [:] [} ] [:]
0.00 0.680 6.00 0.08 0.00
Fn1 Hn 8.50000 0.PAAEA B.25848 0.80808 8.25088 a 8 a a
0.00 .60 .00 0.00 0.00
Gel Ge 8.33339 B8.66670 ©.08888 0.80808 08.88333 a 8 a a
a.88 a.88 8.88 a.88 a.88
Ge2 Ge 6.333230 0.66670 0.50000 0.00000 06.08333 [:] [} ] [:]
a.88 a.88 8.88 a.88 a.88
Ge3 Ge 0.00000 0.PAAEA B.34538 0.80808 08.88333 a 8 a a
0.00 .60 .00 0.00 0.00
t---———-> Profile Parameters for Pattern # 1
t Scale Shape1 Bov str1 Str2 Str3 Strain-Hodel
117.38 6.00008 1.72597 0.00000 0.00000 0.00000 ]
21.0088088 8.088 81.808 a.a88 a.888 a.808
H u u W X ¥ GauSiz  LorSiz Size-Hod:
1.702209 -1.352255 8422342 06.000000 0.000000 0.000000 0.000000 ]
31.0808 41.0808 51.888 a.808 a.800 a.a88 a.888
b alpha beta q. #Cell Info

a c anma
5.206125 5.206125 8.151433 90.000000 90.000000 120.000000
11.0080808 11.08888 61.88008 8.806808 8.6806800 11.88888

* Prefi Asy3 AsyYL

8.88 a.a8 71.88 a.88

2Th1/TOF1

2Th2/TOF2 Pattern to plot

Line:84 Col:1 NUM | INS

magnetic
phase

HIGH FLUX | SPALLATION
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Step 4: Adding the magnetic phase

« The correct profile parameters were refined for
the nuclear phase and should be copied into
the magnetic phase. Paste in the line before
I Propagation vectors:

+ Close and save the Text of the pcr with both the
magnetic and nuclear phases.

« To check the phases were added correctly run
a refinement. Since no intensity has been
added to the coefficients for the magnetic
phase this should give the same refinement as
for just the nuclear phase, but with a comment
to indicate zero intensity is coming from one of
the phases.

nnnnnnnnnnnnnnnn
nnnnnnnnnnnnnnnn
nnnnnnnnnnnnnnnn
nnnnnnnnnnnnnnnn
uuuuuuuuuuuuuuuu

fHumber of refined parameters

t Zero  Code  SyCos  Code SySin  Code Lambda  Code MORE ->Patt# 1

nnnnnnnnnnnnn

<--Space group symbol
Y 2 Biso

[} .50000 00000 .25040 .30000 1.00000 0.000 0.000 0.000
.68 6.06 .60 6.06 .68 6.08 .68 6.00

[}
t 2Th1/TOF1  2Th2 fTOF2 Pattern to plot
3.000 82.900 1

[

SPALLATION
NEUTRON
SOURCE

OAK RIDGE

National Laboratory

HIGH FLUX
ISOTOPE

REACTOR



Step 5: Fitting a magnetic model: SDW

<--Space group symbol for hkl generation
* Nsym Cen Laue Ireps H_Bas
5 1 18 -3 5

I
-
£a

I
-

H geat(ﬂ%—lgaginarg(1) indicator for Ci
fn v e 2 1(2) _T(5)

- Consider first a real only solution I'(2) mon o o wfb 2 oo o2 2 0 0 1 0 2
that will yield a spin-density-wave for 7l R | O T T T T T
the incommensurate k-vector. Al A | A T A T A A A A A

- As discussed fix MN2 to be 2 EOSCANH | RN S R B
proportional to MN3 [1] AN RENEEEERREE

* Model with I'(2) corresponds to C1. T |
Put anti-parallel moments on Dy and ma lo o offp & 5 2 2 % 2 b 2 8 8 4
Mn as shown in [2]. 75l TR | O e O 0 B

* Close and save. 1IRE RERRREERERE

* Run the refinement until it has loton Top Meg vek & ¥

Ch C5 C6 c7 [4:] c9

Converged. Ig'H MDY 1 @ B.Bglﬁigg ﬂﬂg?gg l]l]gl]gg [1.33{]33 -

a.088 a.088 a.888 a.688 a.008 a.6888 -

a.ae a.aa8 a.88 a.88 a.08 a.88

HN2 MMHI 2 @ 0.50080 0.00000 0.25040 0.30088 -
a.88 a.88 a.08 a.88

a.088 Bmgna a.888 a.688 a.008 a.6888 -
a.a§ b a.88 a.88 a.08 a.88 -

HN3 Mg 6.00000 9.50800 0.74060 O.30088 -
6.88 a.88 a.08 6.88 -

a.068 Fruan 6.888 a.668 a.008 0.888 -

a.a8 ]- a.a8 6.88 a.88 a.08 a.88

Biso

HIGH FLUX | SPALLATION
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Step 5: Fitting a magnetic model:

Spin structure can be visualized by opening
fst file for magnetic phase (created name
ends in 2) with FPStudio.

Visualized unit cells can be increased to
follow the SDW as the magnitude of the
moment varies along c-axis.

Check prf file and fst to see '(2) model

Recall neutrons measure the moment
perpendicular to Q. So intensity at these
reflections correspond to c-axis spins.

Zero intensity at 10 and 14 degs
corresponding to (001) reflections. Only ab-
plane will give intensity.

The spins form a SDW. To define a helical
structure the Real and Imaginary
components have to be orthogonal. As an
example edit the BVs in the pcr file for the
Dy atom to create a helical structure.

SDW

units)
[} s
(=] (=]
(=] (=]
’g T 1 T ’g

g)(gzrb.
(=]
(=]

Ilalll
=]

[
=
=

B
=]

Intensi

(=]

OAK RIDGE ||

National Laboratory

"+ FpStudio Ver-2.0

File Crystal Structure  Magnetic structure
DS > H@

B oo x| »f

MM AL HOR T nBay
N

B [ =
g
/en  —eo

'#
~
9

l} 4_}_ | ||

C:WsersicriiDroobox (ORNLYMaa 5tr 2

i
(T“‘m

SPALLATION
NEUTRON
SOURCE
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Step 5: Fitting a magnetic model.
Helical

« Consider ab-plane spins only I'(5).
Note complex nature.

- Reasonable starting model given
knowledge of compound is to have
Dy-Dy and Mn-Mn ferromagnetic and
Dy-Mn antiferromagnetic.

» This is achieved using BV(1) and
BV(2) for Dy (c2,c3 in Fullprof) and
BV(3) and BV(5) for Mn (c3,c5 in
Fullprof).

Combining these BVs will give spins
for Mn along the b-axis.

« Save and refine.

F -1 <-——3pace group
! H=ym Cen Lawe Ireps H_Bas=
5 1 10 -3 5
! Beal (D) -Imaginary(l) indicator for Ci
0o oe o0
!

symbol for hkl generation

I K, ¥, E

ERFR 0 o 1z IE g 0 3.46 -3.5 0 I o o o 0 0 0
BRI o o o g I I I I I o o o
ERFR 0 o L F3 Z 0 £ -z 0 o 1 o
BRI o o o o 0 o o o o r1.73 0 m
ERFR 0 o L F3 Z 0 Z o o
BRI o o o o 0 o o o o o o o 0 o o
S -Y, K-Y, I
BRSR o o o o 0 o o o o o o o 0 o o
BAFI 0 o o o 0 0 o o
BRSR o o 4 1 0 o -1 -1
BAFI 0 o o1.73 0 0 .73 1.73
BRSR o o o o 0 o o
BAFI 0 o o o 0 0 0 0 0 o o o 0 0 0
SYMM -H+T+1, -K+1, 2
ERFR 0 o o o 0 0 0 0 0 o o o 0 0 0
BRI o o o o 0 o o o i : : :
ERFR 0 o L o 1 0 -2 o m
BRI o o o o -1.7 o o o
ERFR 0 o o o 0 0 : : : o o 0 0 0 0
BRI o o o o 0 o o o o o o o 0 o o
ST -Y+1, K-T+l, Z
BRSR o o o o 0 o o o o o o o 0 o o
BRAZFI 0 o o o 0 0 0 0 0 o o o 0 0 0
EBASR 0 o o o 0 0 0 0 0 o o o 0 0 0
BAFI 0 o o o 0 0 0 0 0 o o o 0 0 0
BRSR o o 4 1 0 0 -1 -z o o 1 0 -z -1 o
BAFI 0 o o1.73 0 0 -1.7 -3.5 0 r1.73 0 -3.5 -1.7 0
ST -H+Y, -K, Z
ERFR 0 o o o 0 0 0 0 0 o o o 0 0 0
BRI o o o o 0 o o o o o o o 0 o o
ERFR 0 o o o 0 0 0 0 0 o o o 0 0 0
BRI o o o o 0 o o o o o o o 0 o o
ERFR 0 o L o 1 0 Z 1 0 -1 -1 o 1 -1 0
BRI o o o o -1.7 0 -3.5 -1.7 r1.73 1.73 0 -1.7 1.73 o
1
!2tom Typ Mag Vek X ¥ Z Bi=o Qo
! 4 c CE 7 L co MagFh
oYl MDY3 1 © O.00000 O.0CO00 O.0OCOC O.30000 1.00000
0.0 0.0 0.0 0.0 0.00
g.oe0 OO0 QL0000 O.O000  O.000 OQ.000 O.00000
0.0 0.0 0.0 0.0 0.0 0.0 0.00
MHZ MME3 2 0 0.50000 O.00000 O.Z5040 O.30000 1.00000
0.0 0.0 0.0 0.0 0.00
0. 000 g.o00 O.000 QL0000 O.000 O.0O0000
0.0 0.0 0.0 0.0 0.0 0.00
MHE3 M3 0.00000 O.50000 O.74560 0.30000 1.00000
0.0 0.0 0.0 0.0 0.00
0. 000 g.o00 O.000 QL0000 O.000 O.0O0000
0.0 0.0 0.0 0.0 0.0 0.00

Y
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Step 5a: Fitting a magnetic model =3

P
- Check prf file and fst to see fit for the [(5) 7 4.0
model with chosen BVs. G Ll
* Intensity at 10 and 14 degs corresponding '?1 )
to (001) reflections. : Izl
; ; j?’:t
* Spin structure can be visualized by 71U A f
opening .fst file for magnetic phase ;
(created name ends in 2) with FPStudio. *?Egm
* Visualized unit cells can be increased to 1zl
follow the Helical Mn and SDW Dy. .f:‘
\ AN E-:
- To define a helical structure the Real and .
Imaginary components have to be St §
orthogonal. This occurs for the chosen of bt E
BVs of Mn. 1!
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HIGH FLUX
ISOTOPE
National Laboratory

SPALLATION
NEUTRON

REACTOR SOURCE



Step 5a: Fitting a magnetic model

* Neither ['(2) or I'(5) alone is a suitable
model, so combine both by allowing c1
[I(2), BV(1)] to refine, along with I'(5).

« The model now gives intensity to all
measured peaks.

¥ FullProf Program - ] X

Load

=
=>

Edit PCR Mode Run  Exit

Conventional Rietweld R-factors for Pattern: 1 [
Rp: 14.6 Rwp: 15.8 Rexp: 2.75 chiz: 33.2

=> Global user-weigthed Chi2Z (Bragg contrib.): 35.3369

= ———————— > Pattern# 1

=> Phase: 1

=> Bragg R-factor:  8.8906%

=> RF-factoxr : 6.0228%

=> Phase: 2

=> Magnetic R-factor: 12.3464

Normal end, final calculations and writing...

CPU Time: 0.328 seconds
0.005 minutes

END Date:23/05/2016 Time => 13:52:06.774

Cyele: 1 Chiz: 33.2 dymnéges . dat
S0000 o
40000
30000
20000
10000 |

o (L] Wl [ L B L TR T AR T TR TN R TR TR T X

10 zo 30 20 50 &0 70 so

2Theta

F -1 <--3pace group symbol for hkl generatiom
! H=vm Cen Lawe Irep= H_Ras=
5 1 10 -3 5
! Beal (D) -Imaginaryil)] indicator for Ci
0o oe o0
1

I K, Y, E

Eaf. 0 0 1 € €& D3.46-2.5 0 0 0 D
E®T © © © © © © © © © © © O
EAf. © © 4 2z O 2z -z 0 O 1 D
E®T © © © © © © © © © 0173 O
EAf. © © 4 2z O 2z -z 0 -z D0 D
E®T © © © © © © © © © © © O
e ¥, K-¥, 2
EaTR. 0 0 O ¢ © © © © © © O
EAfT © © © © © © © © © © © D
EAf7. © ¢ 4 1 © 0 -1 -z 0 -1 -1 D
EAfT 0 0 O01.72 0 0-1.7-2.5 01.731.73 D
EA7. © © © © © © © © © © © O
EAfT © © © © © © © © © © © D
TN -H4E+L, -H4l, I
EAf. © © © © © © © © © © © D
E®T © © © © © © © © © © © O
Eaf. © © 44 © 1 © 2z 1L 0 -z D0 D
EAfT © © ©0 ©0-17 ©0-3.5-1.7 © © © D
EAf. © © © © © © © © © © © D
E®T © © © © © © © © © © © O
YN -¥+l, H-Y+l, Z
EA7. © © © © © © © © © © © O
EAfT © © © © © © © © © © © D
EA7. © © © © © © © © © © © O
EAfT © © © © © © © © © © © D
EAf7. © © &4 1 © 0 -1 -z © © 1 D
EAfT © @0 0172 ¢ O0-1.7-2.5 0 0173 D
TR -H4Y, -H, I
EAf. © © © © © © © © © © © D
E®T © © © © © © © © © © © O
EAf. © © © © © © © © © © © D
E®T © © © © © © © © © © © O
Eaf. © ¢ & © 1 0 2z 1L 0 -1 -1 D
EAfT © © 0 ©0-17 0-2.5-1.7 0173173 O
)
2tom  Typ Mag Vek X ¥ z Ei=c  Occ C1
! ca Cs CE 7 b co MagEh
D¥YL MDYZ 1 0 0.00000 O.00000 O.00000 0.30000 1.00000 1.0
0.00 0.00 0.00  0.00 0.00 o1l
0.000 0.000 O0.000 O0.000 O0.000 0.000 O.00000
0.00  0.00 0.0 000 000 000 .00
MHZ  MMNZ Z O 0.50000 0.00000 0.Z5040 0.30000 1.00000 -1
0.00 0.00 0.00  0.00 0.00 £l
0.000 ©0.736 O0.000 O0.000 O0.000 0.000 O.00000
0.00 1100 0.00 000 000 0.00 .00
MHI  MMNZ Z O 0.00000 0.50000 0.T4060 0.20000 1.00000 -1
0.00 0.00 0.00  0.00 0.00 £l

o000 0736 0.000 o000 o000 o.o0r 000000
0.0 11.00 0.0 0.0 0.0 0.0 o.oo

o o
o o
-2 -1
-3.5 -1.7
-2 -4
o o
o o
o o
1 -1
-1.7 1.73
o o
o o
o o
o
- -
o
o o
o o
o o
o o
o o
o o
-z -1
-3.5 -1.7
o o
o o
o o
o o
1 -1
-1.7 1.73
CZ
oo b.363
00 1ol.00
oo 0. ooo
100 (UL
oo 0. ooo
100 (UL

ca

-1.480
Z1.00

0.73€
11.00

0.73€
1100

4

r
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Step 5b: Fitting a magnetic model (visualize)

Reload

| I:’l. |f i | l | || | \
fitaid] ?W%oo m% l' “&LJ)OT% L,
T ‘. T 1 ﬂl

SDW for Dy
Helical for Mn

Pitch of the rotation can be altered and unfixed
from the real components to create a cycloidal
structure, but this doesn’t improve the fit.

The magnitude of the magnetic moment size at
any specific position can be seen with Fpstudio
under:

“Magnetic structure”>’list moments

File Edit Search
&G

Structugseg fMagnetic structure  Options  Help
> {2 (e Gpen

=

H FILE for FullProf Studio: generated automatically by FullProf
tTitle: HMagnetic Phase

SPACEG P 1

CELL 5.206289
BOX -8.15 1.15

{

LATTICE P

[ 9.680808
SYHM x,y,z

MSYM wu,v,w,8.8

HATOM DY¥1_1
SKP

HATOH DY¥1_2
SKP

HATOM DY¥1_3
SKP

HATOM DY1_4
SKP

HATOHM DY¥1_5
SKP

HATOM HMH2_1
SKP

HATOM HMH2_2
SKP

HATOM HH2_3
SKP

HATOM HMH2_4
SKP

HATOM HMH2_5
SKP

HATOM HH3_1
SKP

MATOM MH3_2
SKP

HATOM HMH3_3
SKP

HATOM HH3_4
SKP

MATOM MH3_5
SKP

K

1

5.206289 8.1480893 98.00808 90.0000 120.0000 DISPLAY MULTIPLE
-8.15 1.15 -8.15 9.15

8.800088 a.16500

Dy A.00000 0.00008 B.008060 SCALE 1.8 GROUP

1 -1.43962 7.79939 7.43255 @.00000 0.00008 O.00800 a.80008
Dy G.00608 0.600868 B.00860 SCALE 1.8 GROUP

1 0.0008@ 0.000008 0.00008 @.00000 0.00008 O.00800 a.80008
Dy 1.00088 1.600008 0.000808 3CALE 1.8 GROUP

1 0.00080 O0.00008 0.60808 @.00608 0.000800 0.00860 @.08008
Dy 1.00088 1.600008 0.000808 3CALE 1.8 GROUP

1 0.0008@ 0.000008 0.00008 @.00000 0.00008 O.00800 a.80008
Dy G.00608 0.6068680 B.00880 SCALE 1.8 GROUP

1 0.0008@ 0.000008 0.00008 @.000008 0.00008 gro08e0 b.0000808
Hn a.50000 0.00008 ©.25848 SCALE 1.8 GROU ENUELOP

1 0.80088 -1.67071 -1.02814 -1.95966 -0.95184 & 6060686808 b.008808
Hn A.00600 0.50008 B8.25848 SCALE 1.8 GROUP o

1 0.80088 -1.67971 -1.92814 -1.908367 -0.99183 0.00008 a.80008
Hn A.50608 0.5008680 B8.25848 SCALE 1.8 GROUP EHUELOP

1 0.80088 -1.67971 -1.92814 -1.95966 -A.95184 0.00008 a.80008
Hn 1.00088 1.508008 0.25048 SCALE 1.8 GROUP EHUELOP

1 0.00080 O0_00008 0.00000 @.00008 0.000080 O.00800 @_o0ae0a
Hn -8.500800 -0.50088 0.25048 SCALE 1.8 GROUP EHUELOP

1 0.80088 0.00000 0.00008 0.00000 0.00008 B.00800 g.80008
Hn @.00008 0.500800 B.74960 SCALE 1.8 GROUP EHUELOP

1 0.80088 -1.67971 -1.92814 -1.95966 -A.95184 0.00008 a.80008
Mn -8.500800 -9.50088 @.74968 SCALE 1.8 GROUP ENUELOP

1 BA.8A0BA -1_.67971 -1.92814 -1.90367 -A.99183 @A.80660 a_aapea
Hn 1.50088 1.600688 0.74968 SCALE 1.8 GROUP EHUELOP

1 0.80088 -1.67971 -1.92814 -1.95966 —-0.95184 0.00000 a.80008
Hn 8.508088 @.508688 B.74968 SCALE 1.8 GROUP EHUELOP

1 0.0008@ 0.000008 0.00008 @.00000 0.00008 O.00800 a.80008
Mn A.50000 0.00008 B.749680 SCALE 1.8 GROUP ENUELOP

1 0.0008@ 0.000008 0.00008 @.00000 0.00008 O.00800 a.80008
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Alternative solution with two k-vectors

« While the magnetic fit to SDW or Helical is good, it is not the final solution.

 An alternative solution is to use two propagation vectors, k1=(0,0,0) and k2=(0,0,0.165).
Rodriguez-Carvajal & Bouree EPJ 22, 00010 (2012)

| DyMn(Geg, G=P6/mmm
wl NP L a~521 A, c~8.15 A
» Check with SARAh the solutions for k=(0,0,0). i =5 | /' | 5; lT i
' : S M L om b
—>The same IRs are solutions as previously used. W ALY e

« The physics tells us k=(000) is the FM c-axis.

Figure 19. Powder diffraction pattern of DyMn,Ge, at 11K taken at DMC (PSI) with 42 = 2.425 A. The first
propagation vector is k; = (0,0, 0) and the second one is k; = (0,0, ) with 6 ~ 0.1651(4). quite close to & = 1/6.
The calculated nuclear diffraction pattern is shown as a continuous line.

 [(2) corresponds to k1 and I'(5) corresponds to k2.

 This solution is included in the folders, but can be readily produced by following the previous
steps in this example.
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Alternative solution with two k-vectors

SR RULIEULIETLIBILIRTLINTLE

PCR-file: dymmbget

s Hex Hxc Nor Dum Iwg Ile Ias Bes Jte Hre Cry Uni
8 ¢ 0 ©¢ o0 ©¢ © o © © 0 ©0 O©

Change number of phases to 3.

'Tpr Ppl Toc Mat Per Lel Lal L=d HLI Prf Ins Bpa Sym Hil Fou Sho

- Create the 3@ magnetic phase by copying and pasting the 0o o1to 10 40 835000 0 o0

! Lambdal

1 Lambdad Bati Bkpos Wt Cth muf A=

Current magnetlc phase- 1703700 1.'.‘E3'.‘I:E 1.EEE:E '!I:.IE‘EE 5.0000 I:.I:I:-:I: 1.Z800 18
!

IBCY Ep= B at B an R pr B gl Th=min Jtep Thn

€ 0.50 1.00 1.00 1l.00 1.00 a.0000  0.lo0000 BZ.&

* Alter the propagation vector of phase 2 to k=(0,0,0) and et S
make all coefficients apart from C1 zero. i.e. k=(0,0,0) - ' s

BATR ¢ © ¢ © ¢ ¢ ¢ © ¢ © 0 © o © ¢
corresponds only to (2
- SO -¥+1, H-¥+L, 2
BA"R ¢ © ¢ © ¢ ¢ ¢ © ¢ © ¢ © ¢ © ¢
BAST ] ] ] [] ] ] ] ] ] ] o ] ] ] ]
BATR ¢ © ¢ © ¢ ¢ ¢ © ¢ © 0 © o © ¢
BASI ¢ © ¢ © ¢ ¢ ¢ © ¢ © 0 © ¢ © ¢
* For phase 3 make C1 values zero
EASI 0 0 0173 0 0-1.7-35 0 017 0-3.5-17 0
- I -H+Y, -K, T
l.e k=(0,0,0.165) corresponds only to '(2) .
. y y . . BASI ¢ © ¢ © ¢ ¢ ¢ © ¢ © 0 © ¢ © ¢
BATR ¢ © ¢ © ¢ ¢ ¢ © ¢ © 0 © o © ¢
BASI ¢ © ¢ © ¢ ¢ ¢ © ¢ © 0 © ¢ © ¢
28 ¢ © 4 © 1 ¢ 2z 1 ¢ -1 -4 © 1 -1 ¢
- - - BT 0 0 0 0-1.7 0-23.5-1.7 0L73L7F  0-1.71.7F 0
* Refinement now is improved further |
. titom  Typ Mag Vek X ¥ z Bisz 0o a1 cz ca
: e s ce o7 ce ce MagEhR
D¥L  MD¥Z 1 O 0.00000 0.00000 0.00000 0.30000 1.00000 0.411 0.000 0000
0.00  0.00  0.00  0.00 0.00 111.00 0.00  0.00
T FullProf Program 0.000 0.000 0.000 O0.000 0.000 0.000 0.00000
Load EditPCR Mode Run it 0.00  0.00 0.00 0.00 0.00 0.00 0.00
= Global user—ssigthed hiz (sragg comtrib.): 22,1550 2 M3 20 0.SIGED G.GGGGE 0.IS0M0 0.00000 1.0000) 0.3 0000 0.ic
= oo > Patternt 1 0.000 ©.000 0.000 0.000 0.000 0.000 0.00000
=> Phase: 1 0.00 000 0.00 0.00  0.00 000 0.00
=> Bragg R-factor: 5.36094 MHI  MMNZ I 0 0.00000 0.50000 0.74860 0.30000 1.00000 -0.288 0.000  0.000
=> RF-factor 3.86119 000  0.00 0.00 0.00 0.00 101.00 0.00  0.00
=> Phase: 2 0.000  0.000 0.000 C.000 0.000 0.000 0.00000
=> Magnetic R-factor: 7.07828 0.00  0.00 0.00 0.00 0.00 0.00 0.00
=> Phase: 3 I — + Profile Parameters for Pattern & 1
=> Magnetic R-factor: 16.0767 ! Zcale Shapel Bow sexl sexz Stx3  Strain-Model
=> Normal end, final calculations and writing... 55044 0.00000 0.0EELZ  0.00000 0.00000  0.00000 o
51.00000 0.0o0 0.0o0 0.0o0 0.0o0 0.000
: T v W H ¥ GauSiz  LorSiz Size-Model
— CPU Time: 0.244 seconds 1.832143 -1.580736  0.468040 0.000000 0.000000  0.000000  0.000000 O
-5 0.006 minutes 61.000 71.000 21.000 0.0o0 0.0o0 0.0o0 0.0o0
' a 3 = alpha beta gazma #ell Info
. 5.206085 5.Z06085  B.128457 50.000000 50000000 120.000000
=> END  Date:23/05/2016 Time => 14:47:03.103 41.00000 41.00000 5100000  0.00000  0.00000  41.00000
! Prefl  Brefz 2oy A=yz  Reyd  Ampd
0.00000 0.00000 0.01425 0.00000 0.00000 0.00000
Cyele: 1 Chiz: zo0.8 dymneéges.dac 000 0.00 .00 0.00 000 000
! Bropagation vectors:
B 0.0000000  0.0000000  0.0000000 Propagaticn Vector 1
5 500004 0.000000  0.000000 0000000
|
40000 ! Data for DHASE mumber: @ == Current §_Bragg for Datternd 1: 0.00
|
4 S0000 Magnetic Phaze
: |
» 20000+ INat Diz Mom Brl PrZ Bed Jbt Izf Isy Sz Furth ATZ vk Npr Moze
E 10000 4 ) 3 o 0000010 1 -1 -z o o 0.000 -1 o o K RIDGE HIGH FLUX SPALLAT'ON
: o C bt b et el e e . ¥ opace growp spmbol fox BEL genesvien 1Lab TR SGURRON
: | Hem nal L.aboratory | REACTOR | SOURCE
10 20 30 40 50 &0 70 80

Z2Theta



Supplemental Material:

» Fit solution using only real BVs outputted from SARAh Representational
Analysis

* More Intuitive, but requires knowledge of system.
- Makes BVs for commensurate and SDW easier to interpret.

* Imaginary component can be added to create e.g. Helical,
BUT care should be taken to make sure it is appropriate (loose
symmetry constraints).

% OAK RIDGE | sgiie | i

al Laboratory | REACTOR | SOURCE



Step 3(Real IRs): Symmetry analysis

« Use SARAh (or Baslreps) to generate the Irreducible Representations (IRs) and
basis vectors (BVs) associated with the propagation vectors, crystal structure and

magnetic atom positions.
* Open SARAh- Representational analysis

* Under “Define Parameters” input:
“Space group” No. 191 or H_M Symbol P 6/m m m
“K-vector’ 0 0 0.165
‘Atoms’Dy 0 0O
Mn 0.5 0 0.2504

* Run program using “Calculate”
Select directory where the created output
files will go (i.e. current dlrectoryg. _
Some pop windows will appear during
calculation. For source of IR select
Kovalev and “Yes” so the solution will be
easier to interpret, although not imaginary.

s

t a) be complex IRs can be made real (these are type-'A").

o you wish te use similarity transfermations?

Mote: While this operation may make symmetries easier to understand,
answering 'Yes' or ‘No’ give equivalent solutions.)

Q

i ‘What appear to
H
(

D

™7 SARAh- Representational Analysis

File Define Parameters Calculate View Output Files  View Basis Vectors  Help  *Video Help™  Mew Features

¥
SLRAh Represer aly:
L.5. Wills May 11
W Flease referen h SRRREh
B.5. Wills,Phy {2000}
Program availabl
www.ccpld.ac.uk
Ha. 191 .
Atom coordinates:
H-M Symbal [P 6/mmm o Search | ********
Pairt Group [0 gk 1 o En atom na
d press 'Tab
Mumber Hermann-| b4 aughin Paint Group E 0 the ﬁci @
pace de
184 FPGEcc C [ 2
132 g gg ; g Evhtom Positions @
187 P -tm2 D 7
188 P -6 2 D 3
189 P-62mn D 3 Edit Atam | Accept Change
150 F -6 2cC D j Atom ®

Delete Atom
m
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* From pdf created from .tex file:

IR BV Atom BV components
Tl s |, Ma WE i),
'z 1 ] 0 12 ]
TN | ] 3 0 i
¥, 1 [3464 1732 0 0

Table 1: Basis vectors for the space group P 6/m m m with ki,

(0, 0, .168).The decomposition of the magnetic representation for the Dy site
(0, 0, 0)is ['pgag = 0P} +103+00L+0I + 172+ 0. The atom of the primitive

basis is defined acc rding to 1: (0, 0, 0).

* [, and I'; form the common IRs.
Botrar c-axis) and [ (ab-plane) will be
needed.

The Mn is split into 2 orbits (3 atoms at
z=0.2504 and 3 at z:O.7496?. For this
exercise we will fix both orbits to be the
same (in or out of phase). This reduces
the free parameters to make the problem
more tractable. Moreover for in this kind
of com][qound generally the Mn-Mn _
interactions are ferromagnetic suggesting
constrained orbits.

Step 3(Real IRs): Symmetry analysis
« SARAh outputs several files to explain the allowed symmetries.

(.3,

R

(0, .5

Table 2: Basis

vectors for the

0, .2504) is Cpg o, = 0T
nonprimitive basis are defined according to 1: (.5,

, -2504).

+1T4

space
.165).The decomposition of the magnetic representation for the Mn site
+ 13 4

IR BV Atom BV components
T o |, M| im), imp  im
Iz 1 [1] | 4 1 0] 0]
0 ( 4 i 0 0
‘ 0 0 4 i 0 0
I's 'L"‘-_> 1 2 0 ] 0 0 0
-2 =2 ] ) 1 )
0 2 0 ] 0 0
PRRTN 2 | 0 0 0 0
2 -2 ] { 1] ]
4 ] Ll [l {l {l
s 4 1 1 2 3 ] ] 0 0
-2 1 ] ] | (
] -1 ] 0 | (
1,"‘5 1 0 -3 ] 0 ( (
-3 0 0 [ [
-3 0 0 [ [
W, 732 0 0 | |
0 732 ] { ( (
3.464 1.732 0 0 0 0
- | 3464 -1.732 il i 0 0
-3.464 -1.732 ] ] | (
-3.464 -1.732 ] ] ( (
T ) 0 ] 0 | |
| -3 0 | |
] 0 ] ( |
iy I 1.732 0 | |
[ 1.732 ] | (
( -3.464 ] [ [

group P 6/m m m with kj

II'} + 2I'2 + 1. The atoms of the

0, .25

1), 2: (.5

b, 3, .2804),
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Step 4(Real IRs): Adding the magnetlc phase

ectors Tools Help *Video Help™ Mew Features!

) ) i\ ]" 5 Wi 3 A(3) T(6) (9 1) Generate model PCR phase
r ) y (%) {s" Powder 3
W] i1)
3 " Single Crystal
v A(3) o4
¥ A3

2] Edit PCR/Replace Basis Vectors
PCR undefined

* Open SARAh-Refine.

* Under “Fullprof Controls” [1]
select “Load SARANh MAT file”
and open file created by SARAhO

S

Shubnikov and Mormal Point Group Information
Pt Group Shub Pt Gp Shub Group  BMS Label

(Sarahlglmat) AGIT(E) w'; | | <
- Under “Common Irreducible o | [ el RS
Representationsn CheCk boxes Zk)’_E ehfic tC N:]A y; tlyt;ctlth b t d -

next to both I'(2) and I'(5) and
press select to associate all BVs. [2]

- ‘Ltt hng s q fed See 52 e fo

 Create the magnetic phase part of the PCR file by selecting “OK” next to
“Generate model PCR phase” [3]. This creates a file “sarah191.pcr” that
can be copied and pasted into the crystal structure pcr file from Step 1.
Note: only open the created “sarah191.pcr” with a text editor and not
EdPCR.
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Step 4(Real IRS):
Adding the magnetic phase

* Open “sarah191.pcr” with a text editor (e.g.
notepad++) and open the text of the structural
refinement “dymn6ge6.pcr” (either from
EdPCR or text editor).

« Change the number of phases to 2 since we
will now have a nuclear and magnetic phase.

[1]

« Copy and paste the created magnetic phase
just before line
I 2Th1/TOF1 [2]

 Make sure there are no blank lines before or
after the pasted section.

E External EdPCR Text Editor - [C:\Usershcr@\Dropbox (ORNL)\Mag_5tr_2016\Dy

File Edit Search
DE A= % 2aB9

COMH 5
t Current global Chi2? (Bragg contrib.) = 214.8

t Files =2 _DAT-file: dymnége6.dat, PCR-file: dymnégeé
tJob Np ha Hex Msc NHor Dum Iwg Ilo Ias Res Ste N
1 8 a a a a a a a a a

*
tIpr Ppl TUC Hat Pcr Ls1 Ls2 Ls3 NLI Prf Ins Rpa Sym H

e 0 1 8 1 ® 4 @8 @ 3 8 0 0
L ]
* Lambda1 Lambda2 Ratio BKpoS wdt Cthm
1.703700 1.763700 1.00000 40.000 5.0000 0.0000
*
*HCY Eps R_at R.an R _pr R gl Thmin Step

6 818 1.8 1.806 1.88 1.488 3._a080 a._1068
1 ]
*2Theta/TOF/E{Kev) Background for Pattern#t 1
3 1388 4318._8008 a_a8
ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ A AR

L Col Syto SySin  Code Lambda  Code MORE ->Patti# 1
B Bhﬂﬂﬂ B 6 o. 00003 B 0 a. BBBBB 0 0 B Bﬂﬂﬂﬂﬂ .00 ]
L

ent R_Bragg for Pattern#t 1

1
tHat Dis nng Pr1 Pr2 P 3 Jht Ir F Is| y St Fu th RTZ Huk HNpr Hore
5 a 27.738 a 8 a

+
P 6/mmm <Sp g pyhl

t Typ Occ In Fin N_t Spc /
Dy1 Dy a. ﬂﬂﬂﬂﬂ a. BBBBB a. BBBBB ﬂ ﬂﬂﬂﬂﬂ 6. 04167 [:] [} ] [:]
0.00

8.58 ﬂ ﬂ.ﬂ ﬂ 8.25 ﬂ ﬂ.ﬂ ﬂ 8.25088
a. 00 a. Bﬂ a. BB a. ﬂﬂ .00
EEEEE 8.3333 B.6667 a.80808 8.0008! 08.88333

ﬂ.ﬂﬂ ﬂ.ﬂﬂ ﬂ.ﬂﬂ ﬂ.ﬂﬂ a.88

Ge2 Ge 6.333230 0.66670 0.50000 0.00000 06.08333 [:] [} ] [:]
a.88 ﬂ.ﬂﬂ ﬂ.ﬂﬂ a.88 a.88

EEEEE 8.088088 8.8 8.3 8.08088 08.88333
0.00 B Bﬂ B BB 0.00 0.00

t-——————> Profile Parameters for Pattern # 1

t Scale Shape1 str3 Strain-Hodel

117.38 a. ﬂﬂﬂﬂﬂ 1. 72597 a. BBBBB a. BBBBB a. 00003 ]

uuuuuuuu
G usiz  LorSiz Size-Modi

uuuuuuuuuu

"7=>insert

magnetic
phase
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Step 4(Real IRS):
Adding the magnetic phase

« The correct profile parameters were refined for the
nuclear phase and should be copied into the magnetic
phase. Paste in the line before

| Propagation vectors:
_ Copy
Close and save the Text of the pcr with both the

magnetic and nuclear phases.

» To check the phases were added correctly run a
refinement. Since no intensity has been added to the
coefficients for the magnetic phase this should give the
same refinement as for just the nuclear phase, but with
a comment to indicate zero intensity is coming from
one of the phases.

Paste

1 Zero Code Sycos
08.84000
L

Code Sysin Code Lambda Code MORE ->Pati

8.0 0.00800 8.6 0.00008 6.0 0.000000 .08 a

* Data for PHASE number: 1 ==> Curren t R_Bragg for Pattern#t 1: 8.88

t

1

tHat Dis Ang Pr1 Pr2 Pr3 Jbt Irf Isy Str Furth ATZ Huk Hpr Hore

5 a 8 68.8 6.801.8 8 i} a a a 027._738 a a 8

t

P 6/ n <{--Space group symbol

tAtom  Typ X v 2 Biso occ In Fin N_t Spc

Dy Dy 8.80000 O.8P0B0 O.08080 0.08880 8. 88167 a a 8 8
8.88 8.88 8.88 8.88 8.88

Hn1 Hn 8.58000 O.88080 08.258083 0.08800 8.258008 a a 8 8
8.88 8.88 8.88 8.88 8.88

Ge1 G 8.33338 B.66670 O.08080 0.080080 8.88333 a a 8 8
8.88 8.88 8.88 8.88 8.88

Ge2 Ge 8.33338 B.66670 0.580080 0.080080 8.88333 a a 8 8
8.00 8.00 6.00 6.00 6.00

Ge3 G 0.80000 0.80000 0.343%4 0.08000 8.88333 ] a 8 8
8.00 8.00 6.00 6.00 6.00

1----——-> Profile Parameters for Pattern # 1

]
* Data for PHASE number:
]

1 ==> Curren t R_Bragg for Patterntt 1: 1.00
Magnetic Phase
tAatom Typ HMag Vek X ¥ 2 Biso Occ c1 cz
* [H [H Ca [ c8 [H-] HagPh
D¥1 HDY¥3 1 8 -00088 .000A8 .G000B0 .30080 1.868088 a.088 8.888 1
6.00 a.0a a.e0 6.0@ 8.8 0.00 8.08 1
a.088 8.888 8.088 8.0688 8.088 8.8688 .a8e88
0.008 a.88 6.00 a.0a a.e0 6.0@ 8.8
HH2  HHH3 2 8 -50088 .@00A68 .25848 .30080 1.868088 a.088 8.888 1
6.00 a.0a a.e0 6.0@ 8.8 0.00 8.08 1
a.088 8.888 8.088 8.0688 8.088 8.8688 .a8e88
0.008 a.88 6.00 a.0a a.e0 6.0@ 8.8
FH3  HHHN3 3 8 -880888  .50808 74968 30080 1.868088 a.088 8.888 1
6.88 a.0a8 a.88 8.08 a.88 0.00 8.a8 1
a.088 8.888 8.088 8.0688 8.088 8.8688 .a8e88
6.008 a.88 6.88 a.0a8 a.88 8.08 a.88
*-——-——-> Profile Parameters for Pattern # 1

* Propagation vectors:
MLEELET) - 800008
8. 8.

.1650088 Propagation UVector 1
a.
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Step 5a(Real IRs):
Fitting a magnetic
model: SDW

Consider first a solution that will yield a spin-
density-wave for the incommensurate k-
vector. (BVs real)

As discussed fix MN2 to be proportional to
MN3 [1]

Start model with ['(2). There is only one BV,
corresponding to coefficients C1 in Fullprof.
There is evidence for a ferrimagnetic
component along the c-axis so put anti-
parallel moments on Dy and Mn as shown in

[2].
Close and save.

Run the refinement until it has converged.

P -1
! H=ym
5 1 10 -3

Cen  Lawe Ireps H_Bas

! Beal (D) -Imaginmary(l) indicator for Ci

<--Zpare group symbol for hkl generatiom

e.ooff)

o0 0 0
! r(2) _I(5)
T H¢
BRSR o o0 1z o 3 0 3.4 1.73 0 0 0 o o o 0
BASI o o ] o o o 0 o o o o o o o 0
BRSR o o g Z 3 o o0 -3 0 b 1.73 0 -3.5 -1.7 0
BASI o o ] o o o 0 o o o o o o o 0
BRSR o o g o z o 0 0 0 0 0 o 4 Z 0
BASI o o ] o o o 0 o o o o o o o 0
o -, K-T, E
BASR o o ] o o o 0 o o o o o o o 0
BRSI o o ] o o o 0 0 0 0 0 o o o 0
BASR o o L1 0 -1 o o0 -3 b 2.46 1.72 o -2.5 -1.7 0
BRSI o o ] o o o 0 0 0 0 0 o o o 0
BASR o o ] o o o 0 o o o o o o o 0
BRSI o o ] o o o 0 0 0 0 0 o o o 0
I N+T+1, -H+l, 23
BRSR o o ] o o o 0 0 0 0 0 o o o 0
BASI o o ] o o o 0 o o o o o o o 0
BRSR o o - N 1 o o0 -3 0 o -1.7 0 -3.5 -1.7 0
BASI o o ] o o o 0 o o o o o o o 0
BRSR o o ] o o o 0 0 0 0 0 o o o 0
BASI o o ] o o o 0 o o o o o o o 0
o +l, H-T+l, E
BASR o o ] o o o 0 o o o o o o o 0
BRSI o o ] o o o 0 0 0 0 0 o o o 0
BASR o o ] o o o 0 o o o o o o o 0
BRSI o o ] o o o 0 0 0 0 0 o o o 0
BASR o o L1 1 1 0 -1.7 1.73 b 1.72 1.72 o 1 - 0
BRSI o o ] o o o 0 0 0 0 0 o o o 0
e N+Y, -, Z
BRSR o o ] o o o 0 0 0 0 0 o o o 0
BASI o o ] o o o 0 o o o o o o o 0
BRSR o o ] o o o 0 0 0 0 0 o o o 0
BASI o o ] o o o 0 o o o o o o o 0
BRSR o o LN ) gt o 0 1.73 3.46 o 1.73 0 o 1 3 0
BASI o o ] o 0 o 0 o o o o o 0 o 0
1
'2tom Typ Mag Vek X ¥ Z Bi=o ca
! [ C§ CE 7 C8 ]
0¥l MrY: 1 ¢ o.00000 O.00000 O.O0O0OO00 O.30O000 0. 000
(i (i (i (i o.0o
o.000 O.000 2 O.000 2 O.000 O.000 O.000
(i (i (i (i (i (i
MHZ MEI z 0 O0.50000 O.0O0O000 O.25040 O.320000 0. 000
(i (i (i (i o.0o
o.000  O.000 2 O.000 2 O.000 O.000 O.000
0.0 (i (i (i (i
M3 W) o000 0.50000 0.74560 O.30000 0. 000
(i (i (i (i
0. 000 o0 o.000 0 O.000 2 O.000 @ O.000
o.00 000 0.0 o.00

|:.|:|:1|:.|:|:

¥
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Step 5a(Real IRs):
Fitting a magnetic model: SDW

Check prf file and fst to see fit for the ['(2) model.

Recall neutrons measure the moment perpendicular
to Q. So intensity from I'(2) at reflections with H or L
equal to zero, e.g around 206=22°.

Zero intensity at 10 and 14 degs corresponding to
(001) reflections. Only ab-plane spins will give
Intensity for these reflections.

Spin structure can be visualized by opening .fst file

for magnetic phase (created name ends in 2) with
FPStudio.

Visualized unit cells can be increased to follow the
SDW.
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Step 5a(Real IRs): Fitting a magnetic model: SDW

SYMH X, ¥, 2

oy m L
- Consider ab-plane spins only [(5). &% o"2 o, 4 4 4 o4 4 4 s b
- Reasonable starting model given = 2 & 3 o5 o : B
knowledge of compound is to to st vet, e,z 000t
have Dy-Dy and Mn-Mn Sk 8 o A 2 1 : S 8|81 soas 17 s
ferromagnetic and Dy-Mn LA A e
antiferromagnetic. S N R ST S B S I S I
 This is achieved using BV(1) for
Dy (c2 in Fullprof) and BV(3) for e R s s s s o s s s b 0 o
Mn (c3 in Fullprof). I R A T
o Save and reﬁne_ IEFISI a a a a §] a §] a §] a §] a §] a §]

*Atom Typ Hag Uek X ¥ Z Biso Occ CH c2 h:3
4 C4 C% Ch C7 R co MagPh
D¥1 MD¥3 1 B8 0.00008 0.0000Q 0.00BOA A.30808 1.900080 B.668 1.8 B8.864
a.88 .88 .88 .88 A.04 A.04 .88
A.0008 A.0008 A.0008 A.0008 A.0008 6.06068 0.00000
a.88 a.88 a.88 .88 .88 .88 A.04

HH2 HMHMMZ 2 © ©.50000 D.DOPOP 0.25040 0.30000 1.008080 ©_.080 ©.00
0.08 0.08 0.08 0.08 8.60 6.60 6.8
9.6080 0.000 0.000 0.000 ©.008 ©.808 O.00000
0.00 0.00 0.00 0.00 0.00 0.00 6.00
MH3 MHNZ 2 © ©.60600 D.50000 P.74950 0.30008 1.008080 ©.080 6.0 )
a.a8 a.08 a.08 a.08 a.00 B.80 @8.808§ 7/11.8 E HIGH FLUX | SPALLATION
6.600 0.0 0.0 0.008 ©.808 ©_008 O.00O00O ISOTOPE | NEUTRON
0.08 0.08 0.08 0.08 0.08 0.08 8.00 tory | REACTOR | SOURCE




Step 5a(Real IRs): Fitting a magnetic model: SDW

* Check prf file and fst to see fit for the
[(5) model with chosen BVs.

* Intensity at 10 and 14 degs
corresponding to (001) reflections.

Intensity (arg. unitg

« Spin structure can be visualized by 1l
opening .fst file for magnetic phase . T
(created name ends in 2) with | 1.1
FPStudio. N FrEs
T, -‘\ - F T
 Visualized unit cells can be increased P Pt
to follow the SDW. =T
e ‘}f
OAK RIDGE | {#gH 5o | seaseaion
National Laboratory | REACTOR | SOURCE




Step 5a(Real IRs): Fitting a magnetic model: SDW

SYHH X, ¥, 2
BASR 8 a 12 a 3 8 3.4 1.73 8 8 8 8 a a a
. = BASI 8 a a a a a a 8 8 8 8 8 a a a
* Neither ['(2) or ['(5) alone is a A A A
: . BASR 8 a I a 2 a a 8 8 8 8 8 4 2 a
suitable model, so combine both by N T T T T T T T A B T
allowing c1 [[(2), BV(1)] to refine. e T O T A T T -
BASR 5] a LS a -1 a a -3 B 3.46 1.73 8 -3.% -1.7 a
. . . BASI a8 a a a a a a a8 a8 a8 a8 a8 a a a
- The model now gives intensity to 2R O T T T S S S
all measured peaks. A I I I R R R R A B A
BASR a8 a 3 -2 1 a a -3 a8 8 -1.7 8 -3.5 1.7 a
BASI 8 a a a a a a 8 8 8 8 8 a a a
BASR 8 a a a a a a 8 8 8 8 8 a a a
BASI 8 a a a a a a 8 8 8 8 8 a a a
, SYMH -¥+1, 5-Y+1, 2
= I . T 1, S i — 1 5 " & ¥ BASR*, ® © 8 8 © © © 8 8 8 @8 9 @8 @8 @8
}ﬁ‘i!l{iy’l!}i{'i[[{i;" BASI © © © ® © © & @8 @8 @8 @8 6 @ @8 @
(P A 5, A 1), T 4, A G 4, i r y 7 A 4 BASR 8 a a a a a a 8 i} i} i} i} a a a
BASI a a a a a a a a a a a a a a a
BASR 5] a 3 1 1 a-1.7 1.73 B 1.73 1.73 5] 1 -1 a
BASI a a a a a a a a a a a a a a a
SDW SYHH -X+¥, -X, 2
BASR 5] a a a a a a 5] 5] 5] 5] 5] a a a
BASI a8 a a a a a a a8 a8 a8 a8 a8 a a a
BASR 5] a a a a a a 5] 5] 5] 5] 5] a a a
BASI a8 a a a a a a a8 a8 a8 a8 a8 a a a
| BASR i} a LS -1 a B 1.73 3.46 B8 1.73 i} i} 1 2 a
J . | : . . ‘ ?RSI a8 a a a a a a a8 i} i} i} i} a a a
:fﬁjﬁlc,\yﬁw.ﬁf_ T ﬂ‘q'luﬁJ‘ﬁ i b b il tatom  Typ Mag Uek X v 2 Biso  Occ c1 c2 c3
LTTTeI4TTT802 9 00000080080 a 1T 1] T ' c4 €5 c6 c7 c8 co MagPh
| [ A 1 J [ |V h'lj'“‘*“ﬁm”lﬂ”jﬁijj D¥1 HDY¥32 1 8 0O.00088 9.00000 A.000080 6.30068 1.886808 1.0808 3.0861 a.e08

! sl !
| S | i’ iy n ol 'l 0.00 .00 0.00 a.00 0.00 911.88  91.00 .00
I ‘ ‘ { ] i 0.008 ©.086 0.800 ©.008 ©0.800 6.008 O.00800
9.00 .00 0.00 .00 0.00 a.00 0.00

* The magnitude of the magnetic I N T I S,

moment size at any specifc _ I Y R I R o L L
position can be seen with Fpstudio
under:

“Magnetic structure™>"list
” OAK RIDGE
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Step 5b(Real IRs): Flttlng a magnetlc model: Helical

« An alternative to a SDW | “L If @ Copy highlighted Paste
(varying spin magnitude) is Sy e 3 st 1 ;

e 1 EEE ¢ 0 P EE 0 3 paeElTE o0 O R TR T
. . f . mst o ¢ o o 0 © © © o o » © o © © o o o o o 0 0o o o © &0
am 2 » 2.5 1. z - 7 -2.5 -1.7
rotating spins forming a me . o o[ . . o o ;o o T
. . am 2 2 z z
helical or cycloidal structure. BN R -
IO ¥, K-¥, Z
m=m o © o @ © © © © © © o © © © © o o o ©o © © ©° o © © o o
5 5 BT o ¢ ©  © © © © © © © © © © © © © © © © © © @0 I S
° TO deflneahellcal Structure EA"R ¢ © 4 @ -1 © 0 -2 034173 0-35-17 0| 0 -1 © © -3 03.461.7F O -3.5-1.7 O
. BAST o ¢ ©  © © © © © © © © © © © © © © © © © ©° @0 ¢ o ¢ 0
AS
the Real and Imaginary msr o o o [N . . . o o o o o o o o o
SO -HAT+l, -Xel, I
t h 't b BASR ¢ ¢ © © © © © © ©® © © © © © © © © © © © © © ¢ © © © 0
Componen S have 10 e BAST ¢ ¢ © '© © © © © ©® © © © © © © © © © © @© © © ¢ © © © 0
: c Az iy = - 3.5 -1. -2 - 1.7 -3.5 -1.7
orthogonal. This dictates the et o o o (SUEE R . . . o o o o o o e o b
) BASR ¢ ¢ © © © © © © ©® © © © © © © © © © © @© © © ¢ © © © @0
ChOICe Of BVS BAST ¢ ¢ © '© © © © © ©® © © © © © © © © © © @© © © ¢ © © © 0
. SO -F+l, H-T+L, I
mor o o o [N . . . . o o o o o o o o
Az
- Copy and paste C2-C5 and mor o o o [N . . . . o o o o o o o o
. . EA®<L o0 ¢ 4 1 1 @-17173 01721972 © 1 -1 @ 1 1 0-171.7F 0173172 o0 1 -1 @0
make these new CoeﬁICIentS Bx8I ¢ © © © © © © © © ©® © © © © © © ¢ © © © © © © © © © 0O
SO -H+Y, K, Z
(C6-C9) imaginary by adding o o o [N c . . o : . . . . o o
. . . B8 ¢ ¢ © © © © © © © © © © © © © © © © © © © © ¢ © © © @0
AS
1s to the circled indicator. =SB 409090909099 RPN EERERRE
BAST ¢ ¢ © © © © © © & © © © © © © © © © © © © © ¢ © © © 0

Alter N_bas to 9 R I L e
1

OF1 MIY3 0 0.00000 O.00000 O.00000 ©.30000 1.00000 ©O.647 2Z.862 0.000
0.00 000 0. 00 000 0.00 111.00 S1.00 0.00
o.000 0000 O0.000 O0.000 O0.000 O.000 O.00000
0.00 000 0.00 000 0. 00 000 0.00
MNZ M2 Z 0 0.50000 0.00000 O.Z5040 0.30000 1.00000 -0.476 O0.000 O.680
0. 00 000 0. 00 000 0.00 12100 0.00 10100
0.000 0000 O0.000 O0.000 O0.000 O.000 000000
000 000 000 000 0. 00 000 0.00 HIGH FLUX | sSPALLATION
M2 MO 2 0 0.00000 O.50000 0.74060 0.20000 1.00000 -0.476 O0.000 O.6C0 1SOTOPE NEUTRON
000 o.00 0. 00 o.00 o.00 12100 000 101.00 REACTOR SOURCE

o.o0o 0.ooo o.o0o 0.ooo o.o0o o.o00  O.00000
(L el (L el e el e
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Step 5b(Real IRs): Fitting a magnetic model: Helical

» Fst file can be edited to show

envelope.

Reload

File Magnetic structure  Options

Help

File Edit Search
[= e B9

H FILE for FullProf Studio: generated automatically by FullProf
*Title: Magnetic Phase

SPACEG P 1

CELL 5.286226 5.286226 8.147879 00.09600 90.6080 126.0008
BOX -8.15 1.15 -8.15 1.1% -8.15 6.1%

{

LATTICE P

K 6.068088 6.0680088 B.16588

SYHM  X,y,Z

HSY¥H u,v,w,B8.8

HATOM DY1_1 Dy G.00068 ©.60008 O.88068 SCALE 1.8 GROUP
IKP 1 1 8.808880 6.55141 6.38451 F.55596 3.77798 6.
HATOM DY1_2 Dby G.00088 0.0A0A0 O.086888 SCALE 1.8 GROUP
SKP 1 1 0.60808 6.06080 0.068668 G.08060 ©.80808 6.
HATOM DY¥1_3 Dy 1.00080 1.00000 0.00000 SCALE 1.0 GROUP
SKP 1 1 0.60808 6.00000 0.060008 G.06060 ©.80800 6.
HATOM DY1_% by 1.0680880 1.80808 0.080808 3SCALE 1.8 GROUP
SKP 1 1 0.90808 06.00868 B.080088 f.0P6B0 ©.00688 8.
HATOM DY1_5 Dy G.00068 ©.60008 O.88068 SCALE 1.8 GROUP
IKP 1 1 9.80080 0.000600 0.080000 6.00000 0.80808 0.
HATOM HHZ_A1 Hn G.58008 0.0A080 B.25848 SCALE 1.8 GROUP
SKP 1 1 B.83658 -1.36435 -1.45472  -2.86576 -1.08337 8.
HATOM MH2_2 HMn 6.00000 0.50000 0.25048 SCALE 1.0 GROUP
SKP 1 1 B.83658 -1.36435 -1.45472 -2.86576 -1.608337 6.
HATOM MH2_3 Hn 6.580808 0.580808 06.25848 3CALE 1.8 GROUP
SKP 1 1 B.83658 -1.36435 -1.45472 -2.86576 -1.88337 8.
HATOM MN2_4 Hn 1.008086 1.506688 6.25848 SCALE 1.8 GROUP
IKP 1 1 9.80080 0.000600 0.080000 6.00000 0.80808 0.
HATOM HH2_5 Hn -0.58088 -0.580808 B.25848 SCALE 1.8 GROUP
SKP 1 1 0.60808 6.06080 0.068668 G.08060 ©.80808 6.
HATOM MN3_A1 HMn 6.00000 0.50000 O.749680 SCALE 1.0 GROUP
SKP 1 1 -8.83658 -2.17695 -1.45472 -2.86576 -1.08337 6.
HATOM MH3_2 Hn -0.5808008 -0.58008 O.74968 3SCALE 1.8 GROUP
SKP 1 1 -B.83658 -2_17695 -1_45472 -2.86576 -1.88337 8.
HATOM MN3_3 Hn 1.50080 1.806688 6.74968 SCALE 1.8 GROUP
IKP 1 1 -8.83658 -2.17695 -1.45472 -2.86576 -1.88337 8.
HATOM HH3_& Hn 8.58088 0.58080 B.74968 SCALE 1.8 GROUP
SKP 1 1 0.60808 6.06080 0.068668 G.08060 ©.80808 6.
HATOM MH3_5 HMn 6.50000 0.00000 O.749680 SCALE 1.0 GROUP
SKP 1 1 0.60808 6.00000 0.060008 G.06060 ©.80800 6.
¥

OAK RIDGE

DISPLAY HMULTIPLE

ENUELOP
88080
ENUELOP
8680806
ENUELOP
868080
ENUELOP
88068
ENUELOP
88080
ENUELOP
8680806
ENUELOP
868080
ENUELOP
88068
ENUELOP
88080
ENUELOP
8680806
ENUELOP
868080
ENUELOP
88068
ENUELOP
88080
ENUELOP
8680806
EHUELOP|
868080

HIGH FLUX
ISOTOPE

National Laboratory | REACTOR

SPALLATION
NEUTRON
SOURCE



