
ORNL is managed by UT-Battelle, LLC for the US Department of Energy

Magnetic Structure Workshop

Huibo Cao

Neutron Scattering Division, ORNL

Oak Ridge National Laboratory

Oct. 3- Oct.7, 2022

Single crystal neutron diffraction



22

Single Crystal Diffraction
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Single Crystal Diffraction

Advantage:

❖ More detailed information by measuring well separated Bragg peaks in 3D reciprocal space —

Magnetic form factors 

❖ Less samples – mg  VS  g    

❖ Larger molecules and unit cells ---- complex magnetic structures

❖ Less neutron absorption due to small size, no isotope needed, such as for H, Li, even Eu, Sm, et. al. 

neutron “block” elements. Intensities corrected by applying the proper absorption correction, like the 

single crystal X-ray

❖ Unambiguously determine the k-vector –superlattice or satellite peaks (commensurate and 

incommensurate), dimensionality of scattering (rods, planes, etc.)

Disadvantage:

❖ Need to grow a single crystal

❖ Data collection can be more time consuming

❖ Extinction, domain, twining

Always GOOD to combine both X-ray/neutron  powder and single crystal diffraction! 
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Cao H.B., Chakoumakos B.C., Andrews K.M., Wu Y., Riedel R.A., Hodges J.P., Zhou W., Gregory R., Haberl B., Molaison J.J., Lynn G.W., "DEMAND, a Dimensional 

Extreme Magnetic Neutron Diffractometer at the High Flux Isotope Reactor", Crystals, 9, 1, 5 (2019).

1) four-circle mode 2) two-axis mode Extreme sample environment

Beam:
a) High Flux: 2.2 x 107 n/cm2s         
b) High Resolution: δd/d =δQ/Q~0.2%

i)  Unpolarized neutrons 
ii) Polarized neutrons by S-bender SM and He-3 polarizer

Ultra-low 
temperature
T ~  0.05 to 700 K

High magnetic field 
H ~ -6 to 6 T 
(vertical)  

High pressure
P ~ 0 to 10 GPa

Electric field
E ~ 0-104

voltage/cm

Large area detector 500 (hori) x 500(vert), 3(1) columns 
position-sensitive but magnetic field insensitive

DEMAND instrument (multi-modes)

https://doi.org/10.3390/cryst9010005


55

Spin up/down Intensity vs. temperature

Polarized neutron diffraction

Capabilities of DEMAND at HB-3A HFIR

Weak ferromagnetism, local magnetic susceptibility, and magnetization density map

Physical Review Materials , 4, 064419 (2020). Physical Review B, 101, 184417 (2020).
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Thermal neutrons =============Cold neutrons================➔ SANS

High Q-resolution

Single Crystal Diffraction
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Single Crystal Diffraction

1.58 
mm

Crystal: 0.33 x 0.33 x 0.2 mm  (0.2 mg)

High flux
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Data collection

Corrected Integrated Intensities

h   k   l     Intcorr (∝ F2)   σ

10 reflections for each refining parameter

Fixed lattice parameters  used in data analysis

Lattice parameters

k-vector

Integration

Lorentz correction

Absorption correction

Structure solution

Single Crystal Diffraction
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https://www.youtube.com/watch?v=mBEiDP-Rz8sNiTe2O5

Single Crystal Diffraction

PhysRevB.100.144441.pdf

Use the magnetic symmetry with Bilbao crystallographic server

https://www.youtube.com/watch?v=mBEiDP-Rz8s
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Single crystal diffraction example NiTe2O5
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Single crystal diffraction example NiTe2O5

1 Pnma

2

3

4

1 2

NiTe2O5_powder X-ray.cif
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Single crystal diffraction example NiTe2O5

1

2
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Single crystal diffraction example NiTe2O5

1

Try all possible magnetic symmetries, 
sometimes need to go lower symmetries for 
a solution. Here I pick the “Pnma” as the 
right option since I have tried all of them.
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Single crystal diffraction example NiTe2O5

1

2

1
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Single crystal diffraction example NiTe2O5

bcs_file_23269.mcif

bcs_file_23269.pcr
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bcs_file_23269.mcif
bcs_file_23269.pcr

Single crystal diffraction example NiTe2O5
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Single crystal diffraction example NiTe2O5

bcs_file_23269.pcr

Copy the created pcr to the folder with the data file (.int), then select the bcs_file_23269.pcr

1

2

3



1818

Single crystal diffraction example NiTe2O5
1

2

3
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Single crystal diffraction example NiTe2O5

1

2

3

4

5

6

1

2

3

4
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Single crystal diffraction example NiTe2O5

1

2

3

1

2
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Single crystal diffraction example NiTe2O5
1

2
“Run” the refinement and then “Exit”
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Single crystal diffraction example NiTe2O5

1

Extinction effect
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Single crystal diffraction example NiTe2O5

1

Extinction effect
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Single crystal diffraction example NiTe2O5

1

2

3

4

5

After “OK” all the 
changes, “Save” 
and “Run” the 
refinement again

“Run” the 
refinement until 
convergence 
reached and 
Normal end. 
Then “Exit”

Check the 
fitting quality
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Single crystal diffraction example NiTe2O5

1

2

3

4
5

Refine all the 
atomic parameters
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Single crystal diffraction example NiTe2O5

1

2

Open the .pcr file in a text 
editor, flag Lambda/2 (half 
lambda contamination) on 
by change the “code” “0” to 
“1”. Then do the refinement 
again
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Single crystal diffraction example NiTe2O5

Open the .sum file generated from the refinement to see the 
refined atomic and ordered moment parameters. The 
parameters can be found in the .cif and the .mcif files too.
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Single crystal diffraction example NiTe2O5

1

FpStudio can visualize the results

Vesta is another software can read the .mcif
or .vesta file generated from FP refinement
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Single crystal diffraction Magnetic Structures in Mn1-xCoxWO4

Phase with both Commensurate AF and Incommensurate AF is selected: 17% Co-doping MnWO4

Feng Ye et al., Phys. Rev. B (2012)

P 1 2/c 1        a=4.77 Å    b=5.72 Å     c=4.92 Å     β=90.9o
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Nuclear structure of Mn1-xCoxWO4 refined by FullProf

Create .pcr file from .cif file

1-load 

.cif

2-open

3

4-save
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Nuclear structure of Mn1-xCoxWO4 refined by FullProf

General-TAB

1

2

4-save

3
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Nuclear structure of Mn1-xCoxWO4 refined by FullProf

Pattern

1

2

3

4

5

6

7-save
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Nuclear structure of Mn1-xCoxWO4 refined by FullProf

Phase

1

2

3

7

9-save

4

5

6

8
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Nuclear structure of Mn1-xCoxWO4 refined by FullProf

Refine

1

2

3

6

8-save

4-all zero

5-all zero

7

9- Go back to the scale factor 

tab (see flag-3) and be sure it is 

clicked on for refining.  And save 

again.
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Nuclear structure of Mn1-xCoxWO4 refined by FullProf

1-select the 

created .pcr file

2-open

Refine
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Nuclear structure of Mn1-xCoxWO4 refined by FullProf
1-Run 

Fullprof

3-exit

2-run until 

convergent

Refine
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Nuclear structure of Mn1-xCoxWO4 refined by FullProf

1-Open 

EDPCR

2

3

4

5

6

7

8

9-exit

Refine
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Nuclear structure of Mn1-xCoxWO4 refined by FullProf

Refine
1-Run 

Fullprof

3-exit

2-run until 

converge
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Nuclear structure of Mn1-xCoxWO4 refined by FullProf

Refine Run Winplotr

extinction
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Nuclear structure of Mn1-xCoxWO4 refined by FullProf

Refine

1

2

7-exit

5

3

4-extinction

6-save
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Nuclear structure of Mn1-xCoxWO4 refined by FullProf

Refine
1-Run 

Fullprof

3-exit

2-run until 

convergent
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Nuclear structure of Mn1-xCoxWO4 refined by FullProf

Refine
1-Open .pcr file in text 

editor

3-occup. refine 

with constrain

3-lambda/2 refine

4-Save 

& exit
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Nuclear structure of Mn1-xCoxWO4 refined by FullProf

Refine
1-Run 

Fullprof

3-exit

2-run until 

converge
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Nuclear structure of Mn1-xCoxWO4 refined by FullProf

Refine
1-WinPlotr/2006

2-FPStudio

More 

parameters 

can be 

refined, such 

as 

“anisotropic 

extinction 

model” and 

“anisotropic 

displacement

s”, which 

depends on 

your physics 

and the 

number of 

reflections.

Here it is good 

enough for 

the magnetic 

structure 

determination

.
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Commensurate magnetic structure of Mn1-xCoxWO4

Create the magnetic phase using SARAh-Representation Analysis

1-Input str. Inf.

2-calculate
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Commensurate magnetic structure of Mn1-xCoxWO4

Create the magnetic phase using SARAh-Refine

6

1

2

3

4

5

7

8

Generate magnetic phase 

in sarah13.pcr

We will create the magnetic 

phase .pcr file from nuclear 

structure .pcr by inserting 

the sarah13.pcr
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Commensurate magnetic structure of Mn1-xCoxWO4

Create the magnetic .pcr

all-zero

all-zero

all-zero

sarah13.pcr
MnWO4_nuclear_5K.

pcr
insert/replace

commag.pcr
Save as



4848

Commensurate magnetic structure of Mn1-xCoxWO4

Commag.pcr
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Commensurate magnetic structure of Mn1-xCoxWO4

Commag.pcr
1-select the 

created .pcr file

2-open
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Commensurate magnetic structure of Mn1-xCoxWO4

Commag.pcr 1-open .pcr file

8-save

6

2

3

4-click on

5-2sigma

7
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Commensurate magnetic structure of Mn1-xCoxWO4

Commag.pcr

6-save

4

7-close

1

2

3-click on and initial values

5
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Commensurate magnetic structure of Mn1-xCoxWO4

Commag.pcr 1-Run Fullprof

3

2-Select the 

data
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Commensurate magnetic structure of Mn1-xCoxWO4

Commag.pcr

2-exit

1-run until 

converge

3-

FpStudio
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Incommensurate magnetic structure of Mn1-xCoxWO4

Commag.pcr sarah13.pcr
Generated with k= (0.217 0 -0.46)

incommag.pcr
Save as
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Incommensurate magnetic structure of Mn1-xCoxWO4

1-use unique axis b as 

imaginary component

2-refine C3

3-Save & exit

incommag.pcr
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Incommensurate magnetic structure of Mn1-xCoxWO4

incommag.pcr

3-open .pcr

4-Save

1-select the .pcr

2-open

5-exit
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Incommensurate magnetic structure of Mn1-xCoxWO4

incommag.pcr 1-Run

2-open



5858

Incommensurate magnetic structure of Mn1-xCoxWO4

incommag.pcr

2-exit

1-run until 

converge

3-FpStudio
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Incommensurate magnetic structure of Mn1-xCoxWO4

incommag.fst

1-open 2-save4-reload 3-exit
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Incommensurate magnetic structure of Mn1-xCoxWO4

incommag.fst Box limits
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What is the magnetic structure at 5 K?

Combine two magnetic structures together 
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Atomic displacements and 
thermal motion in triphylite -
lithiophilite, Li(Fe,Mn)PO4 solid 
solution

Huibo Cao
Bryan Chakoumakos 

Neutron Scattering Science Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee
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(Goodenough and Kim 2010)
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Fe3+PO4

Delacourt et al. (2005)LiFe2+PO4
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Triphylite – lithiophilite

(LiFePO4 – LiMnPO4) occurs 

naturally as large crystals in 

granitic pegmatites, which are 

noted for their giant crystal 

textures.
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Olivine

Structure-Type
M1M2TX4

Pnma
M1

M2

T

atom site position ADP

M1 4a -1 0 0 0 U

M2 4c .m. x ¼ z U

T 4c .m. x ¼ z U

X1 4c .m. x ¼ z U

X2 4c .m. x ¼ z U

X3 8d 1 x y z U

Structural parameters:  

20 isotropic

43 anisotropic
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Neutron diffraction refinement details

Scattering Lengths

Li -1.90 fm

Mn -3.73 fm

Fe   9.45 fm

O    5.803 fm

•We need to measure about 450 unique reflections to get a good refinement, i.e., data to 

parameter ratio ~ 10:1.

•Orthorhombic symmetry allows us to collect one octant of the full sphere of reflections.
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O1

O2

O3
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Principal Mean Square Atomic Displacements 

for Li in Triphylite Li(Fe0.04Mn0.96)PO4
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Triphylite LiFePO4

TN = 52 K

M = 4.6 µB
along b axis

Collinear antiferromagnet
Santoro and Newnham, 

Acta Cryst. (1967) 22, 344.

Lithiophilite LiMnPO4

TN = 34 K

M = 4.3 µB
along a axis

Collinear antiferromagnetic 
Li et al. 

Phys. Rev. B (2009), 79, 144410. 

Magnetic Structures
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Thanks !

Questions to caoh@ornl.gov

mailto:caoh@ornl.gov

