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Structure-Property
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Atomic Structure 

Y. Shirasaki, et al. Nat. Photonics 2013, 7, 1.

Magnetic Structure

Tunable optical properties  
in quantum dots

A. Bogdanov and C. Panagopoulos. Nat. 
Rev. Phys. 2020, 2, 9.

Magnetic skyrmions for 
spintronic applications



Neutron diffraction
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Complementray to x-rays

Neutrons

Revealing magnetic structures

Magnetic peak

Low T

High T



Magnetic structures
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MnO

7C. G. Shull, W. A. Strauser, and E. O. Wollan. Phys. Rev. 1951, 83, 2.

(111) Magnetic peak

Low T

High T

discovery of antiferromagnetism.

Antiferromagnetic
Low T

Paramagnetic
High T

Néel temperature 116 K

MnO



Local magnetic structure

• The short-range local magnetic correlations are important for 
understanding exotic properties in advanced condensed matters.
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Spinstripe correlations in 
cuprate superconductors

Spin fluctuations in 
frustrated magnetism

Spin order in diluted 
magnetic semiconductors



Local structure probe
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Pair distribution function

Conventional diffraction
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Local structure probe

• Total scattering technique

10



5.11Å
4.92Å

4.26Å

3.76Å

2.84Å

2.46Å

1.42Å

• Local structure probe.
• PDF gives the probability of 

finding an atom at a distance 
“r” from a given atom.

• Neutron, x-ray, electron…..

Pair Distribution Function (PDF)

- Data
- Model
- Diff

Sub-nanometer resolution



1D-PDF data processing
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Scattering vector:

Integrated 1D data

Structure function

PDF

X-ray

Neutron

TOF Bank Detectors

2D Detector

PDFgetN, PDFgetX



Why do we need spallation neutron source?
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Q =
4πsin θ

λ

∆r~
π

Qmax

• Low-Q: mostly Bragg peaks.

• High-Q: weak diffuse scattering.

• We need short-wavelength (high-
energy), to get large Qmax.

• To improve real space resolution ∆𝐫.



Local structure probe
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Atomic PDF Magnetic PDF

Local magnetic structureLocal atomic structure

• In a neutron total scattering experiment, we can obtain both!



mPDF theory
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The orientationally averaged magnetic scattering (Blech and Averbach. Physics, 1964):

Self-scattering (i=j)

B. Frandsen, X. Yang, S. J.L. Billinge, Acta Cryst. A, 2014, 70, 1
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mPDF theory

• Reduced structure function

• mPDF via Fourier transform
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• Atomic PDF

𝑓atPDF(𝑟) = (1/𝑟𝑁)∑𝑖≠𝑗𝛿 𝑟 − 𝑟𝑖𝑗

𝐹(𝜅) = 𝜅[𝑆(𝜅) − 1]

mPDF contains both spatial and 
orientational magnetic correlations.



mPDF theory
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• fm(Q) is the magnetic form factor

Experimental mPDF

Simulated mPDF

𝐹ℎ𝑘𝑙 = ∑ fj exp൫2𝜋𝑖(ℎ𝑥 + 𝑘𝑦 + l𝑧))𝑒−2𝑊

𝐹ℎ𝑘𝑙 = ∑ bj exp൫2𝜋𝑖(ℎ𝑥 + 𝑘𝑦 + l𝑧))𝑒−2𝑊

𝐹ℎ𝑘𝑙 = ∑ qjfMj exp൫2𝜋𝑖(ℎ𝑥 + 𝑘𝑦 + l𝑧))𝑒−2𝑊

X-ray

Neutron

Magnetic



mPDF
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Ferromagnetic Antiferromagnetic

Negative peakPositive peak



mPDF
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1D structure 3D structure



DiffPy.mPDF
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https://www.diffpy.org/products/mPDF.html



DiffPy.mPDF
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Normalized v.s. Unnormalized Qmax effect Finite correlation length



DiffPy.mPDF
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x

z

y

[1 1 -2] [0 0 1]

[0 1 1] [1 1 1]

Different spin directions



Multi-physics instrument, CSNS
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• The first total scattering neutron diffractometer in China.



MnO data
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Data collected at March 2023 @ MPI

Courtesy of Juping Xu (CSNS)

20 K

• Sample Environment: CCR06
• Sample holder: 9mm vanadium can
• Sample install: He glovebox
• Sealed ring: In 
• Neutron wavelength: 0.1-4.5Å

Experiment setup



PDF
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Mn-O

Mn-Mn

Qmax=10 Å-1

Qmax=31.5 Å-1

Qmax=20 Å-1



MnO data
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300 K



Reciprocal space data analysis

27

Bank 2

20 K

300 K

Magnetic Bragg peak



Real space atomic PDF data analysis
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Magnetic PDF

20 K

• After fitting atomic structure, the magnetic 
signals left are prominent.

300 K

Atomic PDF fit



Software framework
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Co-Refinement Mode

DiffPy.structure
- Load structure

DiffPy.srfit
- Compute atomic PDF

DiffPy.mpdf
- Compute magnetic PDF

Combine atomic + 
magnetic PDF

FitRecipe
- Set up atomic and magnetic 

structure parameters
- Set up instrument parameters

Fit against the 
total PDF data



Software framework
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Toggle Mode

DiffPy.structure
- Load structure

DiffPy.srfit
- Compute atomic PDF

DiffPy.mpdf
- Compute magnetic PDF

Iterative fit 
against atomic 
and magnetic 

PDF data

FitRecipe
- Set up atomic structure 

parameters
- Set up instrument parameters

FitRecipe
- Set up magnetic structure 

parameters
- Set up instrument parameters

Atomic Magnetic



Magnetic structure
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Set up initial magnetic structure
• Magnetic basis vector = [1, -1, 0]
• Magnetic propagation vector = [0, 0, 1.5]



Qmax=25 Å-1
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Co-refinement

Rw = 0.086

Toggle

Rw = 0.085

• Co-refinement and toggle algorithms perform similarly well.



Different Qmax

Qmax=10 Å-1Qmax=15 Å-1

Qmax=20 Å-1Qmax=25 Å-1Qmax=31.5 Å-1

Qmax (Å-1)

R
w



Lorch function

Qmax (Å-1)

R
w

Qmax = 25 Å-1

Rw= 0.085

No lorch

Qmax = 25 Å-1

Rw= 0.100

Lorch



antiferromagnetic paramagnetic

Néel temperature 307 K

heating

R. Baral, et al., Matter, 2022, 5, 6.
Y. Zheng, et al., Sci. Adv., 2019, 5, 9.

MnTe

• Short-range antiferromagnetic correlations enhanced thermoelectric material.



Different exposure time

36

20 K

@MPI



MnTe - different exposure time
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2h
Rw = 0.113

8h
Rw = 0.113

6h
Rw = 0.114



MnTe - different exposure time
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20 K 8h 6h 2h

a (Å) 4.138 4.138 4.139

c (Å) 6.682 6.682 6.680

UMn11 (Å2) 0.0067 0.0068 0.0068

UMn33 (Å2) 0.0132 0.0132 0.0124

UO11 (Å2) 0.0055 0.0055 0.0055

UO33 (Å2) 0.0068 0.0067 0.0066

Corr. L (Å) >1000 >1000 >1000

Rw 0.113 0.114 0.113

• High-quality mPDF data can be collected in 2 hours at MPI. 



MnTe
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20K 100K 400K

Same exposure time

• The short-range antiferromagnetic correlation persists 
above Néel temperature.



DiffPy
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https://diffpy.org

Release of PDFgui 2.0



PDFgui 2.X
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• Support mPDF refinement

• UI visualize magnetic structure

MnO.mcif



PDF in the Cloud

42https://pdfitc.org L. Yang, et al. Acta Crystallogr. A (2021)

Monthly Active User

User Distribution



Summary

• The MPI instrument is capable of collecting high quality 
mPDF data.

• The mPDF may serve as a promising method for 
exploring local magnetic correlations in complicated 
condensed matters.

43Thank you!
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MnO

• Early neutron diffraction studies showed that MnO has 
the cubic rock-salt structure (s.g.: Fm-3m) at high 
temperature, and rhombohedral phase (s.g.: R-3m) at 
low temperature. （Shull et al., 1951; Roth, 1958）

• The antiferromagnetic spin arrangement in MnO is 
compatible only with monoclinic or lower symmetry 
(Shaked et al., 1988), so the true structural symmetry 
must be lower than R-3m.
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MnO
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• In 1949 Clifford Shull and Ernest Wollan showed the magnetic structure of MnO, 
which leads to the discovery of antiferromagnetism.

• The spin alignment axis lies within the (111) plane, and the spin direction reverses 
between adjacent sheets along the [111] direction.

• Clifford Shull won the Nobel Prize in Physics in 1994.

courtesy of ORNL



MnTe
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Atomic v.s. magnetic PDF

• mPDF is lower in frequency and characteristically 
broader than the atomic PDF due to the effects of the 
magnetic form factor.

• mPDF changes more dramatically with temperature.

48
B. Frandsen, S. J.L. Billinge, Acta Cryst. A, 2015, 71, 3.
B. Frandsen, et al., Phys. Rev. Lett., 2016, 116, 19.
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50

B. Frandsen, et al., J Appl. Phys., 2022, 132, 22.



Co-refinement v.s. Toggle
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20 K no mPDF fit Co-refine mPDF fit Toggle mPDF fit

a (Å) 3.161 3.161 3.161

c (Å) 7.628 7.619 7.618

UMn11 (Å2) 0.0050 0.0056 0.0056

UMn33 (Å2) 0.0044 0.0066 0.0064

UO11 (Å2) 0.0061 0.0060 0.0051

UO33 (Å2) 0.0057 0.0063 0.0066

Rw 0.30 0.086 0.085

• Co-refinement and toggle algorithms perform similarly well.



MnO 20K-300K
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Qmax=25 Å-1, Use Lorch



mPDF
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