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During the practicum we will try to reproduce the one of the
neutron diffraction experiments performed during 1946-1951 for
which C.G. Shull was honoured with the Nobel Prize in 1994. We
will perform neutron diffraction experiment with MnS using powder
diffractometer HRPT/SINQ. From the analysis of the nuclear and
magnetic Bragg peak intensities and positions we will verify the
crystal and magnetic structures of manganese sulfide MnS and
determine the size of the magnetic moment on manganese.
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Neutron Diffraction by Paramagnetic and Antiferromagnetic Substances
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Oak Ridge National Laboratory, Oak Ridge, Tennessee

(Received March 2, 1951)
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F1c. 4. Neutron diffraction patterns for MnO taken at liquid
nitrogen and room temperatures. The patterns have been cor-
rected for the various forms of extraneous, diffuse scattering
mentioned in the text. Four extra antiferromagnetic reflections
are to be noticed in the low temperature pattern.




HRPT/SINQ nowadays
A=1.15A, MnO @ 2K.

Rhombohedral distortions are explicitly seen

R-3m and k=003/2

viLLuMryr 69, NUMDERK 4

raction by Paramagnetic and Antiferromagnetic
A=1.057A

C. G. SuuLL, W. A. STRAUSER, AND E. O. WoLLAN
Oak Ridge National Laboratory, Oak Ridge, Tennessee

(Received March 2, 1951)
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HRPT, 1.9A, MnS @ T=2K, pseudo-cubic fm-3m
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Some experimental details of neutron
diffraction experiment at HRPT/SINQ



SINQ hall

The spallation neutron source
SINQ is a continuous source - the
first and the only of its kind in the
world - with a flux of about 104 n/ & ‘;7"';"
cm?/s. Beside thermal neutrons, a 1 7
cold moderator of liquid deuterium % '
(cold source) slows neutrons down
and shifts their spectrum to lower
energies.




Spallation, SINQ 590MeV protons,

Pb target

Spallatlon intra-nuclear inter-nuclear
cascade cascade
© [*.‘
=4 ? t-h- - %ﬂ'g ? :‘
O cascade ¢ y 4 ¢
fast 7 o L 1 particle(s) L:-*"

o Flsslon

(W Target)

10 103 102 10" 1
Energy (MeV)

® Spallation 800 MeVp+*

highly excited
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Calculated, from G.J. Russell, Spallation physics—an overview, Proceedings of ICANS-XI

10-18 sec

nucleus evaporation
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SINQ hall

bk Elephant is:
onant Shielding of the direct

: neutron beam also from
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diffraction instruments
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Neutron (thermal) flux from the D,0
moderator, Maxwellian at 90°C (HRPT,TRICS)

N
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T=90°Q
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e/
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Total: 5 -107 1/cm?/s/mA
at SINQ current 2mA: 108






HRPT layout
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High Resolution Powder Diffractometer
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Ge single crystal
monochromator. 7 motors




Monochromator cuts narrow wavelength range
from the “white” flux. HRPT A=0.94 - 2.96 A

Intensity of Bragg scattering from big

7
single crystal: Lorentz factor, 4210 .
. . T=90°C
extinction, geometry, ... 1 &)
9 Y 5.5 TN = - = 1.8A(T = 293K, 200)
' 2mkT
3 L
S Flux
I~ f(A)AXC(A,0) ~(f (\) A*°C"(0) 2 257 FO) = %e—i”
~ ol <A
= _ 2
s gl
15t
=
for fixed monochromator take- =L
off 20 for HRPT °
0.5% Q
O 1 1 1 1 1
0.5 1 1.5 2 2.5 3 3.5 4 4.5

A A

Total: 5 -107 1/cm?/s/mA
at SINQ current 2mA: 108

16



Monochromator cuts narrow wavelength range
from the “white” flux. HRPT A=0.94 - 2.96 A

Intensity of Bragg scattering from big
single crystal: Lorentz factor,
extinction, geometry, ...
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Reminder on nuclear and magnetic
neutron structure factors
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Approximate crystal and magnetic structures
of MnS below Néel temperature




neutron diffraction experiment (A=const)

Nuclear structure factor Magnetic structure factor
F(q) = ) b(r;)exp(iar;))  F(q) o > (Sol, - exp(iqr;)
j ™~ L
atom position and spin

Intensity in the detector

do
%
—~ x F(q)F(q)-¢(H —q)
df)
momentum transfer or )
scattering vector q = k' —k
n-beam
A7 811’1(9) v %‘b(&?\e 2t
q= ,0 =0.. <90deg. k| = K| =20
A )
B 47
maz = 7 large gmax —> good spatial resolution

A
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Magnetic structure

Examples
Ik=[0,0]
k=[0,0] AFM
; FM A A oA
K| ¥ ¥ ¥ Oth cell/‘(1 /‘( o ‘(
Oth cell p 4 2 p 4
¥ ¥ ¥ ¥ P P A(
¥ ¥ ¥ ¥ AR AR
' 4 o o ¥
So1 = Sz + 5y

So1 = Sz + 5y o o
02 = —So1

V. Pomjakushin, Symmetry constraints in magnetic structures PSI'l 3



Examples of magnetic structures. Propagation vector formalism kzO0.
Magnetic mode S, is specified in zeroth block of the cell == parent
cell without centering translations

Magnetic moment N S(t,) = Re (CSO€2witnk) ~ cos(2mtnk -+ )
below a phase transition
. . amplitude orl
Oth cell with many atoms in general mixing magnetic mode
s coefficients
e E.g., atom1 So1 = €y
* ) ? : * atom2 Sps = €,

L b l=rininy Site) = Ceyeos(mling +tny))

? * ? So(ty) = Cey cos(m(tng + tny))

—e)|  Co—| —o» 1

th»=1n'1orns

Pomijakushin, UFOX 7-8 July 2016 University of Salerno 2016



Approximate crystal and magnetic structures
of MnS below Néel temperature

single propagation vector

k=[1/2,1/2,112]

cubic, Fm-3m: Mn-atom 1n (000),
three other Mn-atoms are generated
by F-centering translations




Scattering from magnetic structure
with propagation vector k

In ND experiment we measure correlators of Fourier transform of magnetic lattice

d <><(1f“(q)-F*(q)+ ) S(H £k~ q)

IBragg peak at
structure factor q=HFk

F(q) x Z So; - exp(iqr;)

W= (k)
\< L \ )

(52
b wew peala»g at
IR

V. Pomjakushin, Symmetry constraints in magnetic structures PSI'I3
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Practicum problems

MAGNETIC ORDER IN MnS

5. Practical course at SINQ

5.1 Manganese sulfide MnS

- rock salt crystal structure

- jonic crystal: Mn**, §*

- lattice constanta=5.199 Aat T=4.2 K
- space group Fm3m

- electronic configuration of Mn**: 3d°

- Néel temperature Ty = 161 K

- long-range antiferromagnetic order: antiferromagnetic stacking along (111) of
ferromagnetic planes

- therefore doubling of the magnetic unit cell with respect to the crystallographic unit cell

25



Task 1: positions of nuclear Bragg peaks, indexing of the peaks

5.2 Neutron diffraction of MnS at room temperature

Yor aU WQML/\(@WM% OA H?\’PT\UQ W%Q WYL /\:42?6?7\

(4> —_—

A = 2dp; Sin Oy Bragg law

A: neutron wavelength, d;,;;: d-spacing of scattering plane hkl
Ox1: (half) scattering angle of reflection hkl in diffraction pattern

a
d =
VR F Rt I <Z]
a: cubic lattice constant, h, k, [ indices of scattering plane
. 21 —_
Ther = a (h,k, 1) FQA ke — \’K Cr})

corresponding vector in reciprocal space ; & uOcl/Q oaé F@Froa& lofria

@ Tasks: I<2@>
STys IS0k

@ | - measure a diffraction pattern of MnS at T = 300 K in the paramagnetic state
At
@ | -determine peak positions @, d-spacings and indices (h, k, [) fmyh/observed peaks

Coherent elastic cross section for nuclear neutron diffraction:
= \ _&s)l; 4T RwO
Z|F'fhkl| 5@ - Thi_éi_?/—ﬂ Q =Thwt o~ ‘

Thkl
Q scatterlng vector, Tyy;: reciprocal lattice vector defining scattering planes

S(Q — Thr) —> peak position given by crystal lattice (unit cell)

26



All the calculations/fits of experimental integrated intensities and peak
positions will be done with “fit’ program under HRPT linux-computer
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Task 2a: Calculation of structure factors and Bragg peak intensities and comparison
with experiment

Coherent elastic cross section for nuclear neutron diffraction:

foTraling () GV

Thkl
Q scattermg vector, Tp;: reciprocal lattice vector defining scattering planes

6(Q — Typr) —> peak position given by crystal lattice (unit cell)
Fz,,,: structure factor of unit cell

_B.(Q <
Fap =z@ieﬁh”&i - @ 6L< /”l)) , M e &K\B[Z c}:at\ %3:2 (@

cii: atomic coordinate of i-th atom in real space, sum runs over all atoms in unit cell
bd’i5 scattering length of atom at position d;

d;

2
Intensity ~ |FThkl| - peak intensity is mainly given by arrangement of atoms in unit cell

Tho  cum cinn  gyee aJL

edome  wn unt e,

For Mns: by, = -3.73fm, b = 2.85 fm 1fw= 40 cun=

d-vectors: Mn: Jl= a(0, 0, 0) sz= a(0, %, %) F'C%Jr@f‘
d3= a(yz, 0, yz) szl.: a(%I Vz, O) L\&%l ) (?)
S do=a(% %, %) d.=a(%, 0, 0)

d,=2a(0, %, 0) dg=2a(0, 0, %)
28



Task 2b: Calculation of structure factors and Bragg peak intensities and comparison
with experiment

—

Iz(z@) A weanvuied iw g Q;(Periww+ \ Q

For cylindrical geometry of the powder sample container the integrated intensity of the

scattered neutrons of the Bragg peak at |§| is given by
arume: A (@>i Y (6)

C: scale factor, A(0): absorption factor, L(8): Lorentz factor, mult: multiplicity

_ 4Irkue
~

do 2
1(Q) =C - A(8) - L(8) - =C - A(6) - L(6) |F (@) mult

1
L() = sin @ sin 260 (‘;)

The Lorentz factor L(0) is a geometrical correction depending on the scattering geometry.

Tasks:
@ /7(\\\7)[»(!\2.”

2
e | -calculate |F?hkl| for (h,k,1) =(1,1,1), calculate the multiplicity

@ | - calculate |F?hkl|2 for (h, k,1) =(2,0,0), calculate the multiplicity

¢ | - compare ratio of I({T;14) / I(lfzooD with the measured intensity ratio

29



Task 3: Indexing of the magnetic Bragg peaks. Calculation of magnetic structure
factors and determination of the value and direction of the Mn-spins.

5.3 Neutron diffraction of MnS in the magnetically ordered state

@ Tasks: /or ( ower T

® | - measure a neutron diffraction pattern of MnS at T = 50 K in the magnetically ordered state
¢ | - compare this date with the paramagnetic pattern at room temperature
Jiont 3

= | - index the magnetic peaks, i.e. find (h, k, 1) for;,ach magnetic peak

- based on the indices, what is the magnetic unit cell compared to the crystallographic one

o Ui @4 (L) Jor (110)-peak amd -
“d GJZ,. (4G) Yos L2 gk Pﬂa\\é Api}mc\mw&/l,\,

2272
/

Cowz{&'r s 1((1/@ L col o letions
° \)\JL\LJ/\ ditzaton 047\: CAN &}4 @7&(/&‘{2/6{?




Task 3: Indexing of the magnetic Bragg peaks. Calculation of magnetic structure

factors and determination of the value and direction of the Mn-spins.
/

Coherent elastic cross section for antiferromagnetic order

~ z |F1v1,hkl|25(é> - fM,hkl)

TM hkl

Fy nia: antiferromagnetic structure factor

othanla. ( (> getua «gorvw@\ (4) wxjd“ l”“ll
\\(k;t:&é 04? lb[l \N%a e 2awme <code #C‘-‘;\of Cs

The intens%f the magnetic Bragg peak at |§M| is
l

1(Qu) = C-A(0) - L(O) - |Fyyy|* - mult (4’U> A (63 - 1 {
" ™~ W\Aé—[-\p@cu{«& A D /fyr 5 S >hbao.\(

] Car ¢ {
Fy. =—roz i0md; i \'\>and [, = <ﬁ M) (\(L> %UM @Xf o \Utwa

JEX
where /i is the magnetic moment in units pz and 1, = -0.54-10™* cm, QM = Tyl

The 2um fann oves  Wu-adows

N Mo G o enflain ol
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