Heinz Maier-Leibnitz Zentrum

Heinz Maier-Leibnitz

FRM II N -
f\ Forschungs-Neutronenquelle M LZ

(Magnetic) Small Angle Neutron Scattering
Theory, Instrumentation and Applications

0.08
(i)
g
O
00808 0 0.08 003
qX(A-]) ¢ *— ®
.- [r=R+1I
S. Muhlbauer ( 2
Czech-Bavarian Mini School, 19.10.2020
| MLZ is a cooperation between:
2 :2s Helmholtz-Zentrum 'I'Im

’ (L]
‘ J U L I C H Geesthacht
Zentrum fiir Material- und Kiistenforschung Technische Universitat Miinchen

RRRRRRRRRRRRRRRRR M



FRM II
Forschungs-Neutronenquelle
Heinz Maier-Leibnitz

Acknowledgments

L ————

MLZ

Heinz Maier-Leibnitz Zentrum

Research at large scale facilities: A team effort!

P. BOni

C. Pfleiderer
F. Jonietz
Adams
Kindervater
Reimann

. Backs

. Mettus
Haslbeck

BRG] —

. Rosch

. Garst
. Wolba

W< >

A. Wilhelm
S. Semecky
M. Schulz

K. Zeitelhack

I. Defendi

W. Petry

U. Reinecke

R. Gilles

X. Brems

M. Dembski-Villalta

SCES TUM
E21/E51

Koéln

Karlsruhe

FRM IT

U ) — UL R

Z2< T

U.

<mxPm

. Heinemann

. Busch

. Beldowski

. Listing

. Heims
Borchers
. Musilak
. Siemers
Hedde
Hubscher

Demirdis
Pipich

M. Forgan
Holmes
Blackburn
. Laver

. Furukawa

. Soda
. Kagamida

Keiderling

R. Cubitt

HZG

JCNS

Birmingham

RIKEN

HZB

ILL

Small Angle Neutron Scattering, S. Muhlbauer 19.10.2020



A

FRM I .
Forschungs-Neutronenquelle O u tI l n e Ml Z

Heinz Maier-Leibnitz Heinz Maier-Leibnitz Zentru m

SANS - Basic Concept & Theory

SANS - Instrumentation

SANS - Resolution & Intensity

Applications & Examples of SANS:

— Soft Matter

- Hard Matter

- Magnetism of nanoscale materials

- Emergent nanoscale magnetic structures of
strongly correlated electron systems (SCES)
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SANS: Diffractometer specialized for small scattering angles

Large correlations in real space Low Q small scattering angles
20A to 40.0004 ~1 R1to ~104 A1
Velocity selector Collimation Sample ap. Sample Detector 2 position
(i) — |
] . v . . ' | ,. HJH )
gl;h':rr\ggog:idey | D ) i Evacuat}:—*ijdb :cattering
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Properties of neutrons Xoray | - —
Interaction with the nuclei
(strong interaction, pointlike) ® c
o O

Neutral particle, deep
penetration (window materials
for extreme environment)

Isotope sensitivity

No radiation damage to samples

Sensitive to magnetism
(spinl/2 particle)

Energy and momentum match
elementary excitations and
interatomic distances of
condensed matter

Low brilliance (many orders of
magntitude compared to X-
rays)

Brilliance cannot be scaled up
easily
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Table 1.2: Properties of the Neutron.

Physical quantity Quantity Dimension

Mass 1.675- 10727 kg

Charge 0 C

Spin 1/2 h

magn. dipol moment o = —=1913 pg  pr = %

nuclear magneton L = 0.505 - 10723 erg/G
Lpgx =3.15-107" MeV/T

life time (free neutron) 886 s

kinetic energy E = %-mw? meV

Small Angle Neutron Scattering, S. Muhlbauer 19.10.2020
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Forward scattering - Why is it useful?

Backscattering Forward scattering Phase function for different x

Scattered
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:> Lots of intensity scattered in forward direction
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Neutron diffraction: Neutrons interact with
individual nuclei with scattering length b

:> SANS: large structures/low q: Averages over
large r

Scattering length b :> Scattering length density p = Z? bi
. T

p(r) = b;o(r — ry)

Example: water

—
:

Scattering length density: Useful description for
SANS, USANS, GISANS and reflectometry

Scattering length density: ,Average interaction
potential® for neutrons

Small Angle Neutron Scattering, S. Muhlbauer 19.10.2020
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Vi=1+1
Assume a general two phase _

system N Jpr Vg
p(r) = 3

p2 1n Vo

2
SANS measures inhomogeneities of dy 1 '*'-q"’d
:> scattering length density dQ( qa) = v(pl '02) o an

:> Principle of Babinet:
Same coherent
scattering of these
samples

Contrast variation and contrast matching

Opo
o

Natural contrast Shell visible Core visible

:> Mixture of H20/D20, isotope variation very useful for soft matter samples

Small Angle Neutron Scattering, S. Muhlbauer 19.10.2020
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A 1
2o\@) =11 - p2)’

Split up the integral over
the sample
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Fig. 2. Observed (@) and calculated ( ) scattered inten-
sity I(Q) as a function of momentum transfer Q for a charged
micellar  dispersion: 003 moldm *  hexadecyltrimethyl-
ammonium chloride in D,O at 313 K. The functions P(Q) and

S(Q) are discussed in the text. (1 barn sterad '= 10 2% M?
sterad ).

Measurement signal:
Convolution of P(Q) and S(Q)

f i "drl
Vi

dQ( q) =

2v2

/

Form factor P(Q)

Interference of neutrons
scattered at the same
object

Shape, surface and
densitiy distribution of
objects

Structure factor S(Q)

Interference of neutrons
scattered from different
objects

Arrangement or
superstructure of
objects

b

N
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Lets assume a very diluted sample of randomly distributed
identical scattering objects: No structure factor!

Form factor P(Q) Patterson function:
Convolution of an object with itself

Interference of neutrons
scattered at the same P(r) = /P(ﬁ}ﬂ(rz) dV. withr =r; — 1o
object

Characteristic function (2D): Orientational average of P(r) ~(r) = 91

FT of Patterson function: Scattering signal
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Diluted spheres - Random oriented diluted cylinders
10’ 10
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The form factor yields information about:
Shape, size (distribution), SLD contrast (profile)
and volume concentration of scattering objects.

But:
Prone to overfitting due to lack of independent
parameters!

Small Angle Neutron Scattering, S. Mihlbauer 19.10.2020
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Low and high Q limits: Porod and Guinier regime
Form factor for diluted cylinders Porod scattering for
radius 304, length 4004 smooth surfaces and
No structure factor! Q>»1/D
10'
- i I(q) < (¢)~"
10" ﬁ\\\%‘qm . lim (/(q) 4) >
- 11111 . = —
Guinier region : \\\ *g— 14 !
10° |
Z 10° < ' A\
= |
- jaanil \/\\ g
) | v AN Guinier scattering for dilute,
10 UV N monodisperse and isotropic
10° . solutions of particles:
107 QRG «1
0.001 0.01 0.1 1 —(gRg)*
q (A—l) lr((]) — I(O)f 3
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polarization optional
detector
optional TISANE *0.5x0.5m’
kY
velocity Selector 1 )
neutron guide - 8= ____ S {).5 m
————
cold neutron -—f'"--:'% : 1-20m gqe?;?:ﬁl?
source - , . ' I 1x1m’
° =245 m velocity K collimation "o x1m
. ' selector 2 .* T
supermirror . ‘.
vertically S-shaped ..

neutron guide

- -
+

collimation length (1m; 1.5m; 2m; 3m; 4m; 6m; 8m; 10m; 12m;14m;16m; 18m; 20m)

attenuators 4000 mm 4000 mm 4000 mm 4000 mm 2000 mm 500
mm
3 $ I t : $ sample
[ 1 1 [ I I I
m] [RE=— h_ 7;@
T ———] o
F— =| 1000
mm
«—>
3000 mm 20000 mm to sample >
m  collimation track Fe/Si polarizers with m = 2.5
B spin flipper B | nose with various apertures

B background apertures —=

#*— laser

neutron guide
o pre-apertures of telescope nose (sword)
= lenses (MgF,) optional

Small Angle Neutron Scattering, S. Muhlbauer 19.10.2020
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attenuators 4000 mm 4000 mm 4000 mm 4000 mm 2000 mm 500
L. : : ! ! e
[ [ [ [ I [
| I] LF :@
L —— —
L —{ 1000
mm
-—>
3000 mm 20000 mm to sample >
T . m  collimation track Fe/Si polarizers withm = 2.5
Ve|0C|ty Selector B spin flipper B | nose with various apertures
| background apertures == neutron guide
#¥— laser o pre-apertures of telescope nose (sword)

mEm lenses (MgF,) optional

Collimation: Define resolution and intensity

Aperture system/neutron guides (supermirror)

Alignment extremely critical

Well-defined and homogenous wavelength /divergence profiles
Transmission polarizer for the use of polarized neutrons

Parasitic background scattering has to be avoided (whole collimation
system is evacuated, edge scattering, incoherent background)

Small Angle Neutron Scattering, S. Muhlbauer 19.10.2020
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Provide necessary sample
environment (similar to any other
neutron diffractometer or
spectrometer)

Parasitic background scattering has
to be avoided (extremely critical!)

Minimize neutrons travelling in
j1> air (few cm can be too much)

windows (single crystalline

Avoid Aluminum neutron
[ sapphire is better)

Get rid of scattering at edges
(use conical slits)

Small Angle Neutron Scattering, S. Muhlbauer 19.10.2020
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!

Vacuum vessel for detector to provide lowest possible background

Sample detector length

adjustable (select Q-range) Typical length 10-40m

Interior completely covered with

3 "
One (or several) He” position neutron absorbing Cadmium

sensitive detectors (typical 1m?
with 5mm resolution)

Small Angle Neutron Scattering, S. Muhlbauer 19.10.2020
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Raw data

1mK¢

13500

Cd strips for
calibration

; ’ 12000
T T
10500

9000

7500

|
|

— .
E

- llltw'u“rw

Air cooling
for detector
electronics

90000

80000

70000

Array of 128 position sensitive 3He Reuter Stokes Joooco
tube detectors 50000
8mm X 8mm position resolution (charge division) «
Detector distance from 1-20m, moves on rails

Maximal count rate 4MHz

Small Angle Neutron Scattering, S. Muhlbauer 19.10.2020
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SANS - Resolution

5\
fT ~ 0.05 — 0.1

Detector

Selector

Angular resolution
Monochromaicity
Detector resolution

Source aperture

Gravity

What is the largest object SANS can detect

(limit small Q)?

Foray, =as=a and L, =

: OQ N 9772”1

Largest object:

Sample aperture

Treat as G an distributi _ 5()? B O\ N cos? 0662
} reat as Gaussian distriputions: QQ = \2 20

002 562 D oa
_ 50 ~ | — —
< 0 > 0.0025 + < > :> Angular resolution: ¢ 5T

For large scattering angles (large Q)
wavelength resolution dominates.

Lo=1L

4 2Ta

Qmm ~ 09— ~ N5

A AL

27 B
50

n%

AL

0]

On D11, ILL: L=40m, A=15A [> D= 5um

Small Angle Neutron Scattering, S. Muhlbauer 19.10.2020
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oA dr
~ 0.05—0.1 ) = 4)\ sin ¢/

~ (
O
[
(&}
O
- 9]
L, L, .
Selector Source aperture Sample aperture
0.0001 llll' L] L} III'III L L] L] lllll'
< .
~ 107 =
b
<
o
5 r
° 107 | =
(1]
@
o
=4 -7
- 107 L 4
-
Y
[+ ]
o
c 10° | - A
<
2 %
- . min
10-9 l l A A A L) ll ' A A A L. AL ll
0.001 0.01 0.1

Q@i
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<$ McStas simulation

¢®  measurements

Intensity [ 10" s~ cm™]
= N W A 0 o~ 00 W

e, T,

2 4 6 & 10 12 14 16 18 20 P 4 P 3 10 12 14 16 18

Coll [m] A[A]
Intensity: Quadratic decrease with source Wavelength: Decrease of
to sample distance (collimation length) intensity with A~
- 00 _Ar 27a
OQ ~ —Qmin ~ 09— ~
Qmin A AL

Small Angle Neutron Scattering, S. Muhlbauer 19.10.2020
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Source Sample Detector
Aperture Aperture — — —
Nouteon Velocity
guide selector I Collimation I
Typical SANS dataset: | =
.Sample (at different L) PR
.Water (abSO|Ute Scale’ Fsamplc - [B4C [samplc—EC - 184(‘] 1
. . real o
SOI'd angle Correctlon) (d_2> _ (d_E) Tl"samplc Trsamplc—EC Esample
dQ/). . . F.\dQ Iyo—Isac  Mo-ec—Ipc| |
Empty sample sample =+ Hho { Triyo Trity0-EC } ehy0
holder/cuvette
a L h
.BaCkg round (empty ( )1000 .....' e Sp' If;-:ile size distribution. [a.u.]
: T 910
beam/blocked beam)
100 705
:> F|_t model of_the sample (conv. E 10 T I 00
with resolution to the dataset) 2 Redlus o)
o
©
® SANS-1
0.1 —Fit
0.01+ ————r Ty — =
0.01 0.1 Q [nm] 1

Small Angle Neutron Scattering, S. Muhlbauer 19.10.2020
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SANS: Diffractometer specialized for small scattering angles

Large correlations in real space Low Q small scattering angles
20 to 400004 ~1 A1 to ~104 A2

Wy B SRS RS A,

SANS tells you the statistical average of:
— Shape of scattering object
— Size (distribution) of scattering objects
— Surface of scattering objects
— Scattering length density (distribution)
— Arrangement (Superstructure?)

Velocity selector Collimation Sample ap. Sample Detector 2 hosition

iy —_—
< >

(i) 2

o i |

—& ~ 00

1 L ¢
< L. : L, > ‘
Neutron guides/ ~ \* Evacuated scattering
collimation D tube

Small Angle Neutron Scattering, S. Muhlbauer 19.10.2020



FRM II | '
n Forschungs-Neutronenquelle Ml Z

Heinz Maier-Leibnitz Heinz Maier-Leibnitz Zentrum

Applications & Examples of SANS:
- Soft Matter

Small Angle Neutron Scattering, S. Muhlbauer 19.10.2020
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Polyisoprene - Polystyrene Diblock Copolymer Phase Diagram

Two (or more) homopolymers units linked by covalent bonds
Microphase separation: Complex nanostructures phases
=) Flory-Huggins segment-segment interaction
=) Degree of polymerization SANS pattern:
=) Volume fraction Aligned by shear

om0 = 120°C ® T=Us°C
0020~ L - .\ lj\';'- g 'o*‘."-
iz 1 C L "
Im3m —b | HEX |} fe 000 §&’§ 2 ‘G
{3 HE 1 * T, g P d
40 — 0020 LR . -.”'"‘: .,_dé
\‘ -I -0.040 —- '
\. ! T T 1 ' u'l:n T T T T x
0040 0020 O 0020 0040
Z 30 — \'\ / 9 |
\ / z
x \ (o) T=210°C ) Ta2l°c
\
20 — \ ' P Ay
N, / . é
~. e 4 :
oL S N, (Wl
Disordered B e
| | l l I | | | l Figure 10. Contour plots of SANS patterns for the sample

IS-68 in three different ordered states (A, D, B). A nearly
featureless pattern (a) was observed in state A (120 °C), which
is attributed to a parallel orientation of lamellae with respect
to the shear plane. After heating the sample to 145 °C (state
D) and application of dynamic shearing (y = 0.1 57! with |y| =
300%), a weak hexagonal scattering pattern was observed (b),
This is consistent with a hexagonal in-plane arrangement of
perforations in the minority (PS) layers. Further heating the
sample to 210 °C, without shear (state B), produced a
predominantly four-peak pattern (c), which transformed into
result (d) when a shear rate of 2.2 s7! was applied. The
azimuthal relationship between the combined 10 reflections
in (¢} and (d) is consistent with the SANS data reported for
sample IS-39 (ref 22) and the Ja3d space group symmetry.

Spheres Cylinders o N Perforated Fisiahi Macromolecules, Vol. 28, No. 26, (1995)

Layers Physics Today, p. 32, Feb. (1999)
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Applications & Examples of SANS:

- Hard Matter
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Co-Re alloys for ultra high temperature / high stress applications (turbine
blades) Precipitation growth and ageing by means of SANS.

2000 T T T T T T T T T T T % or P \
18004 > . \
< 1600 .
p
=
u
8 1400 -
£
[0}
[
1200 - _
Fiaure 2.1.2: Micrograph from Co-Re-Cr-Ta-C alloy showing various carbide morphologies.
1 .f|N738|N939 IN792 DS 1 (a) The lamellar Cro3Cg type carbides are present with their orientation relationship to the
U700 matrix. Inset: Area diffraction pattern. (b) Fine dispersion of TaC, embedded in eCo
1000 T T T 1 T T T T T T T matrix, between the Cry3Cg lamellae. The inset shows a TEM image of the TaC precipitates.
1970 1980 1990 2000 2010 2020 2030 Adapted from [17]
Year
Precipitation hardening 100000 gprer————rrrrrr—is
3 =7 100000 3 —
3 5 1\ 3 =
a) Precipitate 10000 1 a ‘%2 1 10000 -; E. %1
Yo oo N\
b " 3 0 1 1000 4 o1
e 100+ 3 o ] 5 ]
. . 0 = E . | ' ' ; -0 1003 2 0y ——
Dislocation G 10 3 40 . 80 120 3 g ] 80 120 ]
> > 2 ] Diameter [nm] ] o 10 3 Ve, K Diameter [nm] 3
CD N " 3 3 ] 3
E 3 —= E -
' 1 o 723 Kbefore in-situ ] s 14 3
0.1 7 © 1173 K[0-60 min] 3 3 & 723 K before in-situ g
1 - 1173 K [60—120 mln] .. s_.:_” ' ] 01 °© 1373 K [U—BUmin] N . -
' @ 0.01+ = 1173 K[120-180 min] - i + 1373 K[60-120min] e “'r:_’_ E
1 © 11723 K [240-900 min] 1 - 1373 K [840-900min] o ]
1= = Incoherent + Porod BG 0.01 = 723 K after in-situ 4
0.001 47 —— T —T—rrry 4 = =Incoherent + Porod BG 3
I I
0.01 0.1 1 0.01 0 1 ;
Q[nm™ Q[nm’]

Dissertation L. Karge, TU MiUnchen
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Applications & Examples of SANS:

- Magnetic SANS
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Magnetism on the nanoscale (30A -30004)

g NV

Magnetism of materials that are Emergent nanoscale magnetism of
inhomogneous on the nanoscale. spatially homogeneous materials.
Nanoscale magnetism is Nanoscale magnetism emerges due to
imprinted by imhomogeneous (emergent) electronic correlations of
material/sample properties. SCES, competing interactions or

superconductivity

e.g.: Nanoparticles, ferrofluids,

sintered NeFeB magnets, granular e.g.: Superconducting VL, skyrmions,

magnetic recording media, nanodots, complex charge / stripe order due to

competing FM/AF interactions....

magnetic steels....etc

D =14 nm

R B e e R
Tew Ve ala Tl gt B
.. 2 3 -

Small Angle Neutron Scattering, S. Mihlbauer 19.10.2020
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Magnetic SANS is sensitive to the deviation of the mean magnetization:

Nuclear grain microstructure :> Spatial variation of magnetization

\ Dissertation D. Mettus,
Univ. Luxembourg

=) Deviation of the mean spin direction
=) Deviation of the mean magnetitude of the magnetization
=) SANS: 3D Fourier transform of the magnetization distribution

M(r) = {M,(r), M,(r), M,(r)}
+0o0 +o00 00

1 — o

— 00 —00 — 00

Attention: ,Nuclear" signal in present additionally!

Small Angle Neutron Scattering, S. Muhlbauer 19.10.2020
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Goal: Relating the microstructure and magnetic properties is of high interest.

Unpolarized magnetic SANS cross-sections

Qo (bH |N|* + |M,|" + | M,|* cos” 0

_|_

ﬁ,ﬂ|2 sin? 6 — CT,, sinf cos 9)

dx) (=21 12 L T 12 w2 TF 2.2
— =K (bH (N2 + | M, |2 sin? 6 + [M,|? cos? ¢
{.' -’

+|M.|> = CT,, sin  cos 6’)

Use magnetic selection rule
(anisotropic scattering pattern)

Saturate the sample with high fields
to surpress magnetic scattering

Use SANSpol (half polarized) and
POLARIS (full polarization analysis) for
a full picture/ discrimination of SF/NSF
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intensity).

(@) WoH; = 0.02 T (d) poHi=11T

(b) poH; =015 T (© pwoHi=12T
03

gy (om™)
)

-02 o
0.2
- -03 -08
-0.04 002 000 002 0.04 02 - 203 -02 -0.1 00 01 02 03 <06 -04 -02 00 02 04 06
gz (nm™) q: (om™) 9: (m™) q: (hm™) 0.0

(€) poH;=0.02T (N uoH=015T (@) toH=1.2T (h) poHi=11T
100

60
40
20

0

y (nm)
. ¥ (nm)

-40

-60,

_30—%00—200—100 0 100 200 300 _20—0200 =100 0 100 200 _10—0100 -50 [ 50
z (nm) n n

z (nm) 2 (nm)

100 -60-40-20 0 20 40 60
z (nm)

Fig. 2.12 (upper row) (a)-(d) Contour plots of normalized dXy,/dQ (Eq. (2.58)) at applied
magnetic fields as indicated (ko L Ho; H,/AM = 1; Hy is horizontal). For /lz([[R) and
Mzz(qR), we used the form factor of the sphere with a radius of R = 5nm (Eq. (2.78);
S(g) = 1). (lower row) (e)-(h) Corresponding two-dimensional correlation functions ¢(y, z),
which were computed according to Eq. (2.91) (H,/AM = 1).
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