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Neutron diffraction

Neutrons 61 G}

Revealing magnetic structures

Magnetic peak
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(111) Magnetic peak
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Local magnetic structure

* The short-range local magnetic correlations are important for
understanding exotic properties in advanced condensed matters.

Spin order in diluted

Spin fluctuations in Spinstripe correlations in
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Local structure probe
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Pair Distribution Function (PDF)

 Local structure probe.
- PDF gives the probability of
finding an atom at a distance

r” from a given atom.
« Neutron, x-ray, electron.....
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1D-PDF data processing

(a)

Integrated 1D data

Intensity (a. u.)

Scattering vector: M}
Q = 4rsin(f)/\ ey

(b)

Structure function
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Why do we need spallation neutron source?

. Low-Q: mostly Bragg peaks.

~—~

- High-Q: weak diffuse scattering. ;
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Local structure probe

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

Atomic PDF
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mPDF theory

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

d 2
d_g = §N5(5 + D (ro)?f? + (yro)?f* X 2 {Aij

Sinkry; smrcru  COSKT; }

i) *Tij (’Cru) (Krij)z

Self-scattering (i=j)
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mPDF theory

* Reduced structure function F(x) = k[S(x) — 1]

1 3 SIN K7 sin Kr;  COSKT;
F — X E A. Y1 RB.. — el
W=NassT1) ~ [ "y "( Ky K )}

i
« mPDF via Fourier transform

2% . mPDF contains both spatial and
fr) =— ] diF(k)sinr orientational magnetic correlations.
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mPDF theory

Vi . .
i ;Of Q[%NSS(S + 1)(yr,)’f2(0) B 1} sin OrdQ (1) Experimental mPDF
1 ' |
N ZS(S + 1) Z|: o(r — r’J) + Bl/ l3j O(r,} — ’”)i| (2) Simulated mPDF

X-ray Fr =21 exp(2mi(hx + ky + 1z))e 2"
- f_(Q) is the magnetic form factor: Neutron Fy =Y byexp(2mi(hx + ky +1z))e™?"

Magnetic Fpy; = af exp(Zm’(hx + ky +12))e 2"



mPDF

Ferromagnetic Antiferromagnetic
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f(A")

1D structure
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DiffPy.mPDF

* DiffPy Community  Publications Products « B 02_mPDF_simpleFit.py

mpdf

The diffpy.mpdf package provides a convaenient method for computing the magnetic POF (mPDF) frorn magnatic structures numpy as np

and performing its to neutron total scattering data, The mPDF is calcutated by an MPDFcalculator object, which extracts ort matp lotlib, nvpl ot as Dlt

the spin positions and spin vectors from a MagStructure object that the MPDFcalculator takes as input, The MagStructure | di ffpy . mpdf

abject in turn can contain multiple MagSpecies cbjects, which gensrate magnstic configurations based on a difipy. struc- f divTpy.structure import loadStructure

tura object and a set of propagation vectors and basis vectors provided by the user. Alternatively, the user can manually 1 diffpy.srfit.fitbase import Profile, FitContribution
dafine a magnetic unit call that will be used to generate the magnetic structure, or the magnetic structure can be defined rom diffpy.srfit.fltbase import FltRecipe, FitResults

simply as lists of spin positions and spin vectors provided by the user,

. Mrd-oegpd! gy (- Wwktop! - ool

#1 jusr [oinfenv pythan

L S _

® Inpart necessary fusctions

(mcif, ffparamkey='Mn2"')

rotplabli.peiet v of e  Total POF a fit = 4.44 # il the value
: ' TWOF alpha_fit = 90.2175 # fill in the
“ . - . = g;;d - mstr.struc. lattice. 2+a_fit # multip]
" . N wual 4 :
X : ) mstr.struc. lattice, «a_fit
: " .
o T\t <amtotntog ov ompecid $
. L—._- A “{

%
st ¢ f ! : mstr.struc. lattice.c = 2+«a_fit
) ' : § mstr.struc.lattice.alpha = alpha_fit

— Y
' i : pEs Y3 mstr.struc.lattice.beta = alpha_fit
A e i Ny ! ' mstr.struc. lattice,gamma = alpha_fit
taarwie (U]

mstr.makeAlLl()

fit_file LY4T20_RUN19625_Gr, fg
r, gcalc, _, _, gdiff = np. (fit_file, skiprows=12).T
gobs = gcalc + gdiff

r(d) amag = 1.0+adiff # we

o 1 Spaces Python

200+ OF

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

20



f(A2)

Normalized v.s. Unnormalized

DiffPy.mPDF
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DiffPy.mPDF

Different spin directions
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Contents lists available at Sciencelnec

Nuclear Inst. and Methods in Physics Research, A

journal homepage: vwww slasvior samilscateinims

Multi-physics instrument: Total scattering neutron time-of-flight 6 )
diffractometer at China Spallation Neutron Source =

Juping Xu ™", Yuanguang Xia ", Zhiduo Li ", Huaican Chen ", Xunli Wang ', Zhenzhong Sun ",
Wen Yin ™

* Devues of A Fawrgy Pans, (Teess Acodeny of Samcm (CASL I 200048, (o

¥ Spelionon NMeatraw Source Solewe Coeer (SNSSC), Dosgruaon SZAS00, Chana

Sohod of Mechanxcs! Brgreeray Dovgnan Livhenky of Technolegy, Somgpaan 52900, Ofess
* ixporrwent of Mirso e Makrah Soeace Oy Undeoraty of Moy Norg B3 Tor Oiee Ancear, Nowdoon, fheyg Aeg. Ohen

Table 1
Parameters of the MP1 detectar array,
Detector Secondary Scattering 'He Number Numbset Cakulated Estimuted
hank No. flighs path angle tube of ‘He of 'He d/Q Q range
12 26 syle tubes/ tubes,/ @~1 A (LS
(m) (Degree) modules modules
"
Bank01 282 29504 as - 201 - 0.1-2.7
mx1/2
nch
Bank(2 2319 12.54 Type an/12 (] 0459
2m 17.62 120
Hank03 1772 314225 ato, 3204 96/12 21% 1.1.22
2008 05 mx1
inch
Bunkod 1.351- 51.25- 486 11214 1.3% 1,834
1599 67.32
Bank05 1.131- &§1.55- T2/9 11214 0,5% 2.7-40
1.220 105.18
Bankit 1166~ 121 80~ 3274 648 0.55% 1.6-58
1191 145,51
Bank(7 1232 157.47- Typed: /8 64/8 0.39% 4162
1314 17000 20 atm,
03 mx 1
inch
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(Angstrom)-?

10

RUNO0019625_bank2 - RUN0019625 bank7

| = RUNOD019625_bank2 spec 1
| RUNOD19625_bank3: spec 1
| —— RUNO0019625 bank4: spec 1
I = RUN0019625_bank5: spec 1
= RUNO0019625_banké: spec 1
= RUNO0019625 bank7: spec 1

JL

0.0

2.5 5.0 7.5 10.0 12.5 15.0 17.5

d-Spacing (A)

Experiment setup
Sample Environment: CCR06

MnO data

1000 + —— Bank 2
~——— Bank 3
—— Bank 4
04 —— Bank 5
Il —— Bank 6
| —— Bank 7 |.
—2000 ~ J La U..A.J\J\-A.-—A.A.am-
—3000 A I_LL
0 5 10 15 20 25

Q (A 1

(Angstrom”™-1)-*

800 A

600 -

400 A

200 -

LY4T20_RUN19625 sq

= LY4T20_RUN19625 sq: spec 1

L/ F—

5 10 15 20 25 30
q(A-)

Data collected at March 2023 @ MPI

Sample holder: 9mm vanadium can

Sample install: He glovebox
Sealed ring: In
Neutron wavelength: 0.1-4.5A

Courtesy of Juping Xu (CSNS)
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(Angstrom)~*

RUN0019626_bank2 - RUN0019626_bank7
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Reciprocal space data analysis

. 61 20 K +  obs
Magnetic Bragg peak R § Sl
i =4 3 —— diff
81 / Bank 2 20K g : —— Bragg
- s 3OO -
- =]
36_ ';_% Q- | I B O A | EH BE INTE XN
>
g 4 4
i)
L
o 4- .
-c—ac x + 0DS
é o 8 — = 1 300 K — calc
S - Z " I —— diff
A :;* — Bragg
g,
’ 2 4 6 8 10 12 ?:; S #:.;-
QA ?'gg 04
Z | | N 1 Y Y T | I {6 A O |
S s HN_*_,J\/\,/\,_._/\,_/\,/\/\/\/\/\

2 4 6 8 10 12
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G (A9

400 A

300 A

200

100 -

-100

—200

-300

Real space atomic PDF data analysis
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— 20K
—— 3ODK
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7.5

16.0
r(A)

12.5

15.0

17.5

20.0

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

400 F

200

0

G(A?)

=200

-400
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~-200

-400 }

— Calc
— Diff J

Magnetic PDF

300 K — Exp
— Calc
\A/\‘ n Diff
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Software framework

Co-Refinement Mode , ,
Fit against the

DiffPy.structure i total PDF data :
= Load structure e sssssssssssssssssssssssmEEennnnd r

DiffPy.srfit DiffPy.mpdf

- Compute atomic PDF - Compute magnetic PDF

Combine atomic +
magnetic PDF

FitRecipe
- Set up atomic and magnetic
structure parameters

: 29
- Set up Instrument parameters



Software framework

Toggle Mode i Iterative fit
: against atomic :
: and magnetic :
PDF data :

DiffPy.structure
- Load structure

FitRecipe FitRecipe
- Set up atomic structure - Set up magnetic structure
: SEIEITIEETE parameters
- Set up instrument parameters - Set up instrument parameters

30



Magnetic structure

Set up initial magnetic structure
« Magnetic basis vector = [1, -1, 0]
« Magnetic propagation vector = [0, 0, 1.5]
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Q=25 A

Co-refinement Toggle
R, = 0.086 R, = 0.085
400 A ' O G(r) data 400 A O GI(r) data
— Total fit —— Total fit
—— mPDF fit —— mPDF fit
200 - e 200~ :
— O i 0 i
b
< = [
& oug ~200 - 5 b2
e ~— ™ r 0
- > g P -2
- = T [ 4
—400 - —400 A % 2 /4
o 2
el ]
' " \2\«._\__ _4—2
~600 1 2087 o

T Al ¥t

2.5 5.0 7.5 10.0 12.5

r (A) | r (A)
« Co-refinement and toggle algorithms perform similarly well. 32
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G (A?)

G (A2

400 1

200 4

—200 A

—400 A

—600 4

O G(r) data
—— Total fit
=— MmPDF fit

200 4

100 4

—100 A
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—400

O G(r) data
—— Total fit
= mPDF fit
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Different Q
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=— mPDF fit
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G(r) data
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= MPDF fit
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No lorch

400 +

200 A

—200 A

—400 -

—600

O G(r) data
—— Total fit
= mPDF fit
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r(A)

Qmax = 25 A-1
R,= 0.100

G (A72?)

Lorch function

400 +

200 A
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m— MmPDF fit
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MnTe

« Short-range antiferromagnetic correlations enhanced thermoelectric material.

300

A Al Al )
Diffusion + magnondrag_, «
-
L

-
.', < Diffusion PM 1

> Dllfus|on AFM x=0.01

o (uV/K)

paramagnetic of A7

MnTe 100K 10 C ® outofplane
¥ inplane

a (uV/K)

G(A™?)

s _ - x=0.06 ]

64 Y + a0t 3 -
0 .....'f--; 4 1 L

0 200 400 600 800 1000

‘1 ¢ ¢ T(K)

y
v oy t + *| R Baral, et al., Matter, 2022, 5, 6.
— Y.Zheng, etal, Sci. Adv, 2019, 5, 9.

Correlation length (A)
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G (A9

Different exposure time

200 - P—s N

—— 4h

—  Bh

o LA 8n

v
—200 -
—400 -
—600 -
—800 -
~1000 -
0.0 2.5 5.0 75 100 12.5 150 175  20.0
r (A)

@MPI
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MnTe - different exposure time

8h 6h 2h
R, =0.113 R, =0.114 R, =0.113

O GI(r) data O G(r) data O GI(r) data
200 + = - —— Total fit 200 + —— Total fit 200 = v — Total fit
: —— mPDF fit —— mPDF fit : — mPDF fit
100 - 100 - 100 -
h 0 e 0 o 0
< < i
(U] (V] (O]
—~100 A —~100 - —100 -
—200 - —200 —200 -
_300 A T T T T T T T T _300 A T T T T T T T T _300 1 T T T T T T T T
2.5 5.0 7.5 100 125 15.0 17.5  20.0 2.5 5.0 7.5 100 125 15.0 17.5  20.0 2.5 5.0 7.5 10.0 125 15.0 17.5  20.0
r(A) r(A) r(A)
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MnTe - different exposure time

a (A) 4.138 4138  4.139

c (A) 6.682 6.682  6.680
U, .. (A2) 0.0067  0.0068 0.0068
Upss (A2) 0.0132  0.0132 0.0124

Ugqq (A2) 0.0055  0.0055 0.0055
Ugss (A2) 0.0068  0.0067 0.0066
Corr. L (A) >1000 >1000 >1000

R 0.113 0.114 0.113

W

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



G (A~?)

MnTe

Same exposure time

20K 100K 10 C ® outof plane
Y inplane
O G(r) data 200 - O G(r) data
200 + 2 : — Total fit = : —— Total fit .
o : — MPDF fit —— mPDF fit < 8 - ++
L
100 100 1 5 +
C
B . +
. i g | 1t
©
g
—100 A 100 - 5 4 - +
S Y ;
2007 200 Y + + + + +
2 - v 4 4
4 \ 4 A4
_300~ T T T T T 1 X T T T T T T T T T T
2.5 5.0 7.5 100 125 150 17.5  20.0 2.5 5.0 7.5 100 125 150 17.5  20.0 T T T T
r(A) r(A) 350 400 450 500

« The short-range antiferromagnetic correlation persists
above Néel temperature.
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DiffPy

Community

Publications Products «

SR e 1 adann oY N ».,M_.J,..',
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PDFgui 2.X
« Support mPDF refinement

« Ul visualize magnetic structure
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Auto search for the best structures from an experimental
PDF.

nmfMapping

Disentangle structural phase components and their ratios
from sets of PDFs or powder diffraction patterns.
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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.
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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.




MnO

« 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.
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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 withl temperature.

A 15 K

(a) T

- g =2
(’rm (A )

d&™%)

010 20 30 40 50 60
r (A)
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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Atomic and magnetic PDF refinements of the monoclinic model for three fitting ranges. (¢)-(¢) Refinement results when only the atomic structure is
included in the model. The mPDF d(r) is seen in the difference curves, which are multiplied by two for clarity. (d)-(f) Results of co-refinements of the
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B. Frandsen, et al., J Appl. Phys., 2022, 132, 22.
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Co-refinement v.s. Toggle
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« Co-refinement and toggle algorithms perform similarly well.



MnO 20K-300K
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mPDF

I (b?) I
Gtot(r):f{Q( - K 2)}"‘*7:{Q T 2] dS
N,(b)*  (b) Na(b) d(r) = Cy X f(r) * S(r) + € x .
r

= G,(r) + d(r)/N,(b),

where C, and C, are constants related by C,/C, = —1/(2n)"*

where  G,(r) is the atomic (nuclear) PDF and in the fully ordered state, * represents the convolution

d(r) = F{QI,(Q)} is a quantity that we will call the ‘unnor- operation, and S(r) = F{f,(0)} * F{f.(Q)). The quantity
malized mPDF’, since it does not involve division by the F{f.(Q)} is closely related to the real-space spin density.
magnetic form factor f_(Q). A straightforward application of Roughly speaking, d(r) is equivalent to the proper mPDF f(r)
the convolution theorem reveals that twice broadened by the spin density with an additional peak at

- - low r produced by the derivative term in equation (6). The two
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