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What Single-crystal diffraction?

Crystal and 
magnetic structurePeak intensities

(reduced data)

Detector images
(raw data) Reciprocal space

(processed data)

Lattice parameters, 
k-vectors 
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Why Single-crystal diffraction?

Advantage:

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

• Unambiguously determine the k-vector – superlattice or satellite peaks

• Less samples – mg vs g

• Faster order parameter measurement

• Less neutron absorption due to small size, no isotope needed for H, Li, even Eu, Sm, (sometimes Gd) et al,

• Magnetic field phase diagram – know the field orientation

Disadvantage:

• You need a single crystal
• Data collection can be more time consuming
• Extinction, domain, twining, etc.

Always Good to combine both X-ray Neutron powder and single-crystal diffraction!
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Yan Wu (IS) Yiqing Hao (IS) Emily Kroll (SA) Jie Xing (SA)Xiao Hu (CIS)

DEMAND HB-3A at HFIR

Topics: magnetic structures, magnetic phase 

transitions and possible accompanied structural 

changes, order parameters and phase diagrams. 

Four-circle mode

1 

m

m

Two-axis mode 

CCR

4 K< T < 700 K 

H < 0.7 T (permanent magnet)

Hemisphere Q-space coverage

Orange Cyrostat/ Cyromagnet,

3He / Dilution insert

60 mK < T < 300 K 

H < 6 T

Smaller Q-coverage

Half-polarization capability

Polarized incident beam using S-bender

Polarization ratio 93% to 98%

Motorized optical rack to switch between polarized / 

nonpolarized neutrons
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Capability of HB-3A DEMAND: New Magnet

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

Paired with the 4 K - CCR.

Maximum field 2.5 T.

Vertical coverage +/- 20 deg. Mounting stack engineering & design: 
Gregory Warren, Rudy Thermer
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Recent Highlights of HB-3A DEMAND

T. Chen et al., Nature Communication, 17, 2914 (2026)

E. Cheng et al., Nature Materials, 25, 602 (2025)

M. Marshall et al., Nature Communication, 14:3641 (2023)
Y. Gu et al., Phys. Rev. B, 110, 064403 (2024)

P. Rejnhardt et al., JACS, 147, 26830 (2025) 

Magnetic structure studies 

use 80% beam time.

Diffuse scattering Multi-q order in topological magnet

High pressure hydrogen bond

Structure and magnetism in vdW material
Local site susceptibility
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Example: Incommensurate/commensurate structure of (Mn,Co)WO4
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Example: Magnetic structure in 17% Co-doped MnWO4

Feng Ye et al., Phys. Rev. B, 86, 094426 (2012)

SG: P 1 2/c 1 

a=4.77 Å  b=5.72 Å  c=4.92 Å  β=90.9o
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Explanation to Fullprof single crystal data file (k = 0 peaks)

header

body

H, K, L Int σ(Int) n(4)

Title

Format 
control 
code(1)

Wavelength , 
Ityp(2), Ipow(3)

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

2 Ityp - always use 0 (for integrated intensity), see Fullprof Manual, page 138

3 Ipow – use 0 for normal single crystal data, 1 for twinned single crystal data, 2 for integrated powder data, see FP manual, Page 138.

4 Number of crystal domains. Use >1 if the peak belongs to a different domain. See FP manual, Page 139 for twinned crystals.

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

No. 1 reason of the “non 
reflection found” error

Each intensity is an integration of a 3-D peak
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Explanation to Fullprof single crystal data file (k ≠ 0 peaks)

header

body

H, K, L Int σ(Int) n

Number of 
k-vectors

k1 = (0.217, 1/2, -0.46)

k2 = (-0.271, -1.2, 0.46)

nk

Q = (H, K, L) + k(nk). E.g., (H, K, L) = [-1 0 0] and nk = 1 means Q = (-1, 0, 0) + (0.217, 0.5, -0.46) = (-0.783, 0.5, -0.46)
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Outline

MnWO4.cif

MnCoWO4.pcr
MnCoWO4_5K.cif

MnCoWO4.mcif

_5K_cm.pcr

5K_AF4.int

sarah14.pcr

_5K_incm.pcr

5K_AF2.int

Always start from the 
crystal structure!

k = (0.5, 0, 0)

k =(0.217, 1/2, -0.46)

Nuclear_5K.int

AF4.mcif

AF2.mcif
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Step 0.1, Load .cif file into EdPCR
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Step 0.2.1, Changing the .pcr into single crystal format
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Step 0.2.2, Changing the.pcr into single crystal format
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Step 0.2.3, Changing the .pcr into single crystal format
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Step 0.3.0, Integrity check

Single crystal pcr shows “Intensity” rather than “Profile”
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Step 1.0, Refine the scale factor

Refine the 1st Scale factor, Set 
all remaining parameters to 0

2nd, 3rd, .. Scale factors are used for multiple 
crystal domains
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Step 1.1, Save .pcr and Run Fullprof

Always save
Constantly backup
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Step 1.2, Validation of the crystal structure

2𝑑𝑠𝑖𝑛𝜃 = 𝜆 →
𝑠𝑖𝑛𝜃

𝜆
=

1

2𝑑
= 4𝜋𝑄 

R-factors

Repeat “Run” till converge

Calculated peak Intensity
Measured
Difference

Recommend read: Toby 2006, 
R-factors in Rietvield: How good is good enough?



2020

Step 1.3, View refinement results in Winplotr

Observed vs calculated (more often used) Q vs Intensity

Open the .prf file in either version of Winplotr

Missing extinction factor!

The initially diffracted beam interacts 

again with the same planes, 

reversing its path and interfering 

destructively with the incident beam. 

This reduces the net intensity of the 

outgoing diffracted beam. It is most 

significant in low-angle strong 

diffraction peaks in large, near-

perfect crystals.
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Step 1.4, Refine the extinction factor and atomic positions

Refine both the SF and the 
extinction parameter
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Step 1.4, Refine the atomic positions and B-factors

For structure factor calculation, see Fullprof Manual, pp58

Baniso and atomic occupancies can be 
refined based on need of study and 
confidence in data quality. For this 
example, refining only Biso is suffice
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Step 1.4, Refine the atomic positions and B-factors

Almost there but something feels off.. 
Because we forgot the Co-doping!
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Step 1.5, Adding Co atoms

Add a new atom
Copy whole line of Mn, change Occ to 0.4 (80%)

Paste to new atom, change new atom to Co and set Occ = 0.1 (20%), refine Occ

Save and edit .pcr (or open .pcr in any text editor). DO NOT RUN REFINEMENT!

We want to replace some Mn by 
Co without changing the total 
occupancy 

Occupancy in Fullprof is defined related to 
the SG symmetry and Wyckoff positions. In this 
case, P 2/c has 4 symmetry operations. Mn1 
and W1 are at 2e and 2f Wyckoff positions. 
Hence their occ in Fullprof are 
2(atom)/4(symmetry operations) = 0.5

It probably is written this way because someone wanted to 
simply loop through all symmetries and duplicate all atoms 
when generating a unit cell..

Nominal is 83% Mn and 17% Co
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Step 1.6, Constraining Mn and Co

Copy the control code of Co occ (151.00 in this case), 
paste it to Mn, change it to negative

Control code defines the refining parameters 
and the constrains among them.

In this case, 151.00 means Co occ. is constrained to the 
15th parameter in refinement and will itinerate by the 
relative speed of 1.00; -151.00 means Mn occ. Is 
constrained to the same parameter but will itinerate by 
the relative speed of -1.00.

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

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

Save, reload, run
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Step 1.7, Refine the Mn and Co occupancy

Note the constrained parameters are showing red
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Step 1.8, half lambda refinement

set lambda/2 to 0.01 and give an unused control code

Check numbers of parameter here

Lambda/2 contamination comes from the higher 
order reflection of the Si (220) monochromator. It only 
exist for the ~1.54 Å wavelength and can be 
drastically reduced using a PG-filter.

Without PG filter: ~1% to 2% in flux
With PG filter: ~0.05% to 0.1% in flux

Save, reload, run



2828

Step 1.9, Finalize the refinement
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Step 1.10, Output the .cif file
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Step 1.11, Visualize the Results

MnCoWO4_5K.sum

MnCoWO4_5K.prf

MnCoWO4_5K.fst MnCoWO4_5K.cif

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

https://cryst.ehu.es/
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Step 2.1.1, Generate a magnetic .mcif for k = (0.5, 0, 0)

Space group P 2/c (No. 13)

k = (0.5, 0, 0)

.

.

.

Scroll to bottom and “Submit”
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Step 2.1.2, Generate a magnetic .mcif for k = (0.5, 0, 0)

Start by selecting the 
maximum Magnetic Space 
Groups (MSGs)

.

.

.

Do “Include structure data” 
and Submit

Note they are the same MSG but of 
different super cell selection. This is 
because the parent SG is monoclinic, 
hence a- and c- axis can have 
multiple choices.
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Select the refinement output .cif file and Upload

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

Choose Mn as the magnetic atom

Not choosing Co is fine because they are the same site hence it 
does not affect the magnetic space group analysis. 
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Step 2.1.4, Generate a magnetic .mcif for k = (0.5, 0, 0)

Download the whole .zip file
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Step 2.1.4.1, How to fast examine a .mcif file

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

Save and Open the edited .mcif file in Vesta:
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Step 2.2, Convert an .mcif into .pcr

Use mCIFtoPCR web tool Or, use the local executable 
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Step 2.3.1, Changing the .pcr into single crystal format
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Step 2.3.2, Changing the.pcr into single crystal format
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Step 2.3.3, Changing the .pcr into single crystal format
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Step 2.4.0, Integrity check

Single crystal pcr shows “Intensity” rather than “Profile”
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Step 2.4.1, Setting the SF and extinction parameters

Use nuclear refinement’s SF/4 (22 because unit cell doubled)

Extinction parameter also divided by 4

Note the MSG .pcr is now using a 2*1*1 super cell (a = 9.54)
double unit cell → double numbers of atoms → 4 times F2

Extinction correction parameter was also multiplied by F2:

(Fullprof manual did not mention which “empirical formula in SHELX” was used, 

but they all make use of the xFc2 term, where x is the extinction parameter)

(From nuclear refinement)
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Step 2.4.2, Setting the magnetic atoms

Copy B-factors from nuclear refinement

Refine magnetic moment sizes

Change atom type to MMN3
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Step 2.4.3, Run refinement

magneticAF4_5K.int is indexed using 
the 2x1x1 MSG supercell

H are doubled in this datafile. E.g. (-5 0 0) here is (-2.5 0 0) 
magnetic peak in the original cell
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Step 2.4.4, Refinement results
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Step 2.5.1, Add Co atom back

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

Delete VARY mxmymz

Change Nat to 5

Copy whole block of Mn 
atom to below, change Mn 
into Co, MMN3 into MCO3

Copy Mn occ and Co occ 
from nuclear refinement

VARY mxmymz: This keyword auto refines all 
symmetry-allowed magnetic moments
And override any manual set constrains

Another often used keyword: mag_only, 
only calculate magnetic intensities

Nat: number of atoms
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Step 2.5.2, Save, Reload, Run

Only marginal change in the results 
because Co and Mn have very 
similar magnetic form factors.
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Step 2.6, Visualize the results

MnCoWO4_5K_cm.sum

MnCoWO4_5K_cm.prf

…_5K_cm.fst …_5K_cm.mcif

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

Select the correct convention of Space group No.13 (P 1 2/c 1)

Input incommensurate wave vector

Use atom coordinates from the structure unit cell

http://fermat.chem.ucl.ac.uk/spaces/willsgroup/web-

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

Select all basis vectors and output a pcr

Select “single crystal”

2 IRs, each has 3 basis vector

0.125333 - 0.992115i = e -0.23*2pi*i
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G0: {(x, y, z), (-x,y,-z+1/2), (-x,-y,-z), (x,-y,z+1/2)}

Gk: {(x, y, z), (x, -y, z+1/2)} 

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

Symmetries in the P 2/c SG

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

Two magnetic atoms in a unit cell.
The two atoms are connected by (x, -y, z+1/2) 
– an element in Gk, means they are restrained by 
magnetic symmetry related to this operation.

Mn1 (0.5 0.68 0.25)

Mn2b- (0.5 -0.68 0.75)

Mn1c+ (0.5 0.68 1.25)

(x, -y, z+1/2) 

(x, -y, z+1/2) 

M

Ma2 = Me -0.46*2πi

Ma

By applying (x, -y, z+1/2) twice, Mn1 translates one unit cell 
along c. By the definition of propagation vector, it gains a 
phase factor of e-0.46*2πi

a2 = e-0.46*2πi → α = e-0.23*2πi or –e-0.23*2πi

Which are the two 1-D IRs of the little group Gk 
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Step 3.2.1, Making an incommensurate .pcr for refinement

• Open the nuclear refinement .pcr, save a copy and rename it.
• Open SARAh_sg13, change Nvk to -1.
• Replace the contents between Nat line and Scale Factor line using the sarah_sg13.. file 
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Step 3.2.2, Making an incommensurate .pcr for refinement

• Leave the Scale Factor, Extinction Parameters and Lattice parameters untouched
• Ensure the wave vector is (0.217, 0.5 -0.46) – consistent with the data file
• Copy the lines below the lattice parameters into the refinement pcr before the x-lambda/2 line.
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Step 3.2.3, Making an incommensurate .pcr for refinement

• Refinements → Intensities 
• Fix the scale factor and extinction Parameters. They should be 

same with the nuclear refinement
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• Refinements → Atoms 
• Change atom type to MMN2
• copy Mn’s B-factor from the nuclear refinement
• Refine C1, C2, C3. Save pcr, save as a new file, run

Step 3.2.4, Making an incommensurate .pcr for refinement
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• Refine Bravely

Step 3.3.1, Refining the incommensurate magnetic structure
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• It looks like only C2 has a significant moment. 
• fix C1 and C3 to 0 for now, choose C4 and C6 instead:

Step 3.3.2, Refining the incommensurate magnetic structure
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Step 3.3.3, Refining the incommensurate magnetic structure

• Again, refine bravely:
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Step 3.3.4, Refining the incommensurate magnetic structure

• It seems we have some improvements in both R-factors and the moment size.

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

• To fix this, we make C2 imaginary, looking for a helical magnetic structure instead of cosine-wave.
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Step 3.3.5, Refining the incommensurate magnetic structure

• Refine bravely till it converge:
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Step 3.4, Illustrate the result

MnCoWO4_5K_incm.sum

MnCoWO4_5K_incm.prf

…_5K_incm.fst …_5K_incm.mcif
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Step 3.5, Plot incommensurate magnetic structure in FPStudio

• Open the .fst file using text editor, add Keyword: ENVELOPE at the highlighted position
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Step 3.6, Plot incommensurate magnetic structure in Mag2Pol
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Step 3.7, Plot incommensurate magnetic structure in Mag2Pol

Right click to add another phase
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Step 3.8, Plot incommensurate magnetic structure in Mag2Pol 

Multi-Q structure


	Slide 1: Single Crystal diffraction and Magnetic Structure Determination Examples using Fullprof    
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65

