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|. Basics of SANS technique - outline

1.1 Introduction

1.2 Conventional Small Angle Scattering (SANS)
Scattering cross section, scattering length,
Scattering law, pair correlation function ,General
results,Particle scattering, Polydisperse
systems,Structure factors

1.3 Magnetic scattering

1.4 Polarised neutrons: POLARIS, SANSPOL,SANS

1.5 Instrument




Small Angle Neutron Scattering

Monochromator Sample Detector
AN \

Collimator
= 0 ®
d I. . \
A d 20

0.52nm 0.5-300nm 0.1-20°

fluctuations of density,
composition, magnetization




Nano-analytics on length scale 0.5 nm

TEM (Transmission electron microscopy)
- : Wolor:1
FIM (Field ion microscopy)

SAXS (X-rays): Interaction with electrons:
Scattering length: b, = 7*0.282 10™"* cm

SANS (neutrons): Interaction with nucleous
Scattering length: b, ( 'H: -0.2, *D: +0.5)
Between neutron spin and magnetic moment p.
Scattering length: by..= 0.27 *10™"%




Scattering cross-section M

Q=4x sin O/A
Scattering vector

3
EEEEM 1(Q) = T3 bibexp [iQr;]

m Scattering length density: nuclear w(r) =2 cib; p
magnetic  1(r) o> ¢ M p;
Correlation function v() =non(r) / <>

(@)= <> I+ drexpli @]
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The prefactor <n?> in a two-phase system

phase 1 n, = 2c;b/Q); volume fraction f
phase 2 n, = 2.c;b; /Q; volume fraction (1-f)
average scattering length density
<n> = fn1+(1-f) n2
Deviation from <n>:
61= M1 = <n> = (1-f)(n2-n1)
60=M2-<n>=  f(n2m)

Mean square fluctuation of scattering length densities

<n®> =8 + (1) 8,° = f(1-f) (1-n2)°




Nuclear contrast-matching

Scattering from different parts of particle
(Micelles in solvents)

a) Isotope mixtures of solvents

1O

b) Isotope substitution (H by D) in molecules

10



Scattering law M

Q) = <n’> fy(r)d’r exp [i Qr]
For isotropic, centro-symmetric scatterers
<exp [i Qr]> = sin(Qr)/Qr

1(Q) = <n> [y(r) 4= rdr sin(Qr)/Qr
Fourier transform
v(r) = (27%°<n?®>)" [ 1(Q) Q% dQ sin(Qr)/Qr

Limits
o0 ! ¥(0) = 0
0: y(0)=1

r
r
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Pair distance distribution function p (r)

Dmm(

p (N=4nr’y (r)

> r >Dmax

p(r)=0

e.g: spheres of Radius R

Correlation function and PDDF

N
[=}

=
&l

o
ol

o
[=}

/

™

p(n)

o
[=}

0,2

04 0,6 0,8 10

r/ 2R
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General results from SANS M

“Invariant”, independent of shape:
[1(Q) @% dQ = 2% <>

Extrapolation to Q = 0:
1(0) = <n*> [ y(r) 4x r*dr = <n®> V,

Combination = Volume:
1(0) /[ 1(Q) Q*dQ =V, / 2n°

Guinier-approximation ( small Q) = Radius of gyration
Q) = <n®> [y(r) 4n r*[1- Q?r?/ 3!+..] dr

1(0) exp (-R,> Q?/ 3)

[y(r) r*dr /[ y(r) r*dr

R,

Porod-approximation (large Q) = Surface S:
y(r) < 1-Sr/d V+.. = 1(Q) < S/ Q*

13



Real space versus reciprocal space M

S Q|

27/Q, 271G,
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Particles Scattering : Spheres M

Guinier-approximation:
(for QR, < 1.5)

Q) = An? Vi exp-(R,"Q7/3)
lh, =AN°V,°

Ry, =(3/5)"* Ry

do/dQ

Porod approximation:

(for QRy > 2.5)

1(Q)=2nAn’ S*Q* =P Q*
107 o S =4nRy ,V,=413R,

Combination

Ry*=91,/2P

Q) = An”V,* [3(sin(QR)-(QR)cos(QR))/(QR)T*
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Form-factors for special shapes

— SPHERE \m
AR
— DEBYE \/ \V \/ \ V\/\m
witn V \ U V
\\

Cylinders of length L and radius Rc
F4(Q) = V’An’exp(-Q°R 2/2) / (QL)
Flat particles with area A and thickness T
FA(Q) = AT*An? [sin(-QT/ 2) / (-QT/ 2)* / (QT)?
Random coil (Debye)

F(Q) =2/ (QRy)* [(QRy)*1 + exp(-Q°R 4*)]

Critical fluctuations (Ornstein-Zernicke)

F3(Q)=1/[1+Q%*?%] with =R/ /3

16



Poly-disperse multi-phase systems

Form-factor: F(QR) = An V(R) f(QR)

, O9 ‘.. O
grain - |\) ...Q. 114 O | fractal ||
boundaries [ O~ 00
.... 00e@| surfaces|
Q09 - 0000
00000
OO 0000000
nano Slore
crystal | | 900@ _ | .
..... AAAAR pores | b NE P
... AAAAAAAA N {
...Q AAAAAAAA SNy ™
® O\ aaaaazn e
magnetic
nano crystal

I(Q) =/[F,%(QR) N, (R) S, (QR) dR ® Res(Q)

contrast | l
volume

shape-factor|

size-distribution |

structure factor ‘

instrument resolution

<
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Inter-particle correlations M

Q)= <|F(Q)|2> {1+ | <F(Q)> | 2< | F(Q) | 2>(S(Q)-1)}

D=2*R ¢=0.1
monodisperse hard-spheres

. F(Q
1(Q)=N V2 Ap? | F{(QR) |2 S(Q o
(Q=N V*4p*|Fy(QR) | S(Q) S o)
S(Q)=1-8¢ Fs(Qd) o

al

Volume fraction )
0=4/37R*/d F(Q)*S(Q)

o 2 4 6 8 10

OR
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Structure factor S(Q)

S(Q)=1+ N, J[g (r) -1]exp (iQr) dr
Pair correlation function g(r) :

g(N=1 + (1/2n2N,) J[S(Q)-1] sin(QR)/QR Q2dQ

S(Q) =1 ideal gas
S5(Q) <1 repulsive potential:

Excluded volume, electrostatic repulsion
S(Q) > 1 attractive interaction

In practice
‘ S(Q! OL) = |(Q,OL) measured / I(Q,O")non-interacting

for diluted samples

19



Magnetic scattering M

Magnetic amplitude

p=(ye?/2mc?) g S f (Q)=0.27 102 cm/pu; M| f_(Q)

Magnetic scattering lengh density

=0.27 102 cm/ug > M+, ¢c;/ Q;

Magnetic contrast

ANmag= Nmag(Particle) - n,,,(matrix)

Nmag

20



Magnetic contrast variation

Magnetic Scattering from different parts

a) Change of magnitude and /or direction of
applied magnetic field

ORI dITs

—>

Magnetic contrasts

Aﬂcore oC M1' Mmatrix M1l M1 £ - le 0
ANgnen € My= M atrix M,* 0 M,~-M,+
} 1

Ane.sn o My- M, M,~-M,- M,*-M,* M,*-M,
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Magnetic particle scattering: ML

M- : Projection of magnetization onto a
plane perpendicular to the scattering vector Q

X

Detector plane
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Magnetic particle scattering : ML

M- : Projection of magnetization onto a
plane perpendicular to the scattering vector Q
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Magnetic particle scattering : ML M

M- : Projection of magnetization onto a
plane perpendicular to the scattering vector Q
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Non polarised neutrons (SANS)

(Q) = A(Q) + B(Q) sin? «

A(Q)+B(Q) Nuclear scattering
|
A(Q) X F2N o« Ar|nuc2

Magnetic scattering

B(Q) oc F2y oc An,q2

Q) < An,,? + Anpag® sin? o

25



Polarised neutrons: Production

Transmission-Polariser

P= (n*-n")/ (n*+n’)
Critical angle for total n-
reflection: r
O;(y [mrad ]=m™* 1.73 A
O +y[mrad ]= 0.7% &

H
R 7 (SM) 74 (SM)
1[\! _ y (Ni)
. |

Polarisation opposite
to magnetic field

26



Polarised neutrons M

Polarisation

P= (n*- n’) / (n*+n") n* Neutron spin opposite to H//z

Magnetic amplitude

p=(ye?/2mc?) g S f_(Q)=0.27 10-'2 cm/p; |M| f_(Q)

Atomic scattering amplitudes

ass’ =<s’|b,—p, M.l o|s>

M./ : Component of the magnetic moment perpendicular to Q

c: neutron-spin operator

Spin-non flip a(++)= b - p ML= a(-) = b+pMlL?z
Spin-flip a(+-) =-p(MLx+i MLY) a(-+) = - p(M_L*-i M_LY)

27



SANS with polarised neutrons M

Amplitudes

Spin-non flip a(++) = An, - pA ML= a(--) = Any + pA M2

Spin-flip a(+-) =-p(AMLx+iAMLY) a(-+)=-p(AML*-i AMLY)

p=0.27 102 cmipg | AM | £,,(Q), F = AnyV,f(Q) , Fy=p V,f(Q)
F(++)= F - F,, A M2 F(--)= Fy + F A M2

F(+-)= -Fy, (A ML*+i AMLY)  F(=+)= -F,, (A ML* -i AM.LY)

28



SANS with polarised neutrons M

Amplitudes

Spin-non flip a(++) = An, - pA ML= a(--) = Any + pA M2

Spin-flip a(+-) =-p(AMLx+iAMLY) a(-+)=-p(AML*-i AMLY)

p=0.27 102 cmipg | AM | £,,(Q), F = AnyV,f(Q) , Fy=p V,f(Q)
F(++)= F - F,, A M2 F(--)= Fy + F A M2

F(+-)= -Fy, (A ML*+i AMLY)  F(=+)= -F,, (A ML* -i AM.LY)

Intensities (for M_LY=0)

l++(Q) = <|F++|2> 1--(Q) = <|F-- [2>

| +-(Q) = <|F +-|2> I-+(Q) = <|F-+|2>

29



SANS with polarised neutrons M

M- : Projection of magnetization onto a
plane perpendicular to the scattering vector Q

P/M/H/z

IML|=|M| sin a
M1z =]|Ml| cos (90°-a)
| M| sin(a)
| M | sin?q,

M1x =|MLl]|sin(90°-a)
| M | sin a cos a

MLy =0

30



POLARIS: SANS with analysis of polarisation M

Spin non-flip scattering (for M_LY=0)

1++(Q) = (F, - Fysin?a)2? ||1-(Q)= (Fy+ Fy sinZa)?2

Spin -flip scattering (for M_LY=0)

| +-(Q) = (F,, sina cosa)? I-+(Q) = (F,, sina. cosa)?
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SANSPOL and SANS M

Without polarisation analysis of scattered neutrons

I*(Q) = <|F*[2> +<|F*[2> =F 2+ {F2 - 2F, Fy}sina
Q)= <|F-[2> +<|F+|2>= F2+ {F2 + 2F, Fy}sina

Anisotropic scattering profile
Q) = A(Q)+ B*(Q) sin?a

Magnetic-nuclear cross term

Q) - I(Q) = 4 FF,, sin%o.

Sum signal = | (non-polarised SANS )

(I*+ 1)/ 2 = F,2*F,2 sinZa
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Nuclear scattering contrast

<n> Qe °

Nuclear n(r)...=2cib;/Q;

ATI(") nuc = M nuc (particte) = M nuc (matrix) J L

v
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Nuclear and magnetic scattering contrast

<T’|> ‘t t*] \
Nuclear f

n(r)nuc=zcibi/Qi
Magnetic
N(Nmag=0.27 10T ¢, M*;/Q; t+ N

ATI(") nuc = M nuc (particte) = M nuc (matrix) J L

Aﬂ(") mag — 1] mag (particle) = T\ mag (matrix)

A

v
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Polarised neutrons: SANSPOL

<n> @

Nuclear n(r)...=2cib;/Q;
Magnetic n(Nm=2CiM*;/Q;

A

An(r) =1 (particle) = M (matrix)
M (particle)(~) = Tue + M mag

Contrast
variation

v
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Polarised neutrons: SANSPOL

<n> @

Nuclear n(r)...=2cib;/Q;
Magnetic n(Nm=2CiM*;/Q;

A

An(r) =1 (particle) = M (metrix)
M (particle)('l') =TNnuc =M mag

Contrast
variation

v
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Polarised neutrons (SANSPOL) M
Monochromator
AL Collimator Sample \etector
0 ‘

SB<L

Polariser Flipper

1(Q) (<) oc Any? + {Any? + 2AnyAny} sinfa
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Polarised neutrons (SANSPOL) M
Monochromator
AL Collimator Sample \etector
o :

Polariser Flipper

1(Q) (+) oc Anp2 + {Any? - 2AnyAny} sinfa

38



SANSPOL Instrument V4 M

velocity transmission magnetic area
selector polariser guidefield collimators spinflipper sample detector

Th. Keller et al (2000) Nucl. Instr.
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Il. Applications M

1. Magnetic colloids:
“Ferrofluids”

40



Magnetic Liquids

Magnetic core

Nonmagnetic
shell of surfactant

Carrier liquid

Applications

Magnetic ,,drug-targeting“ Diagnostic Therapy: Hyperthermie

) Immunoassays .
c h emo *'I'."ilh\'.lllll'lll‘l rll'lﬂif"‘-'."r"]'rll'lll"!hll

/ . therapeutika

Transport in strong Change of relaxation time Reverse of magnetisation in
H- field-gradient (SQUID) ac field:(400kHz):local increase of
temperature to 50-55°C

férroﬂ uid

41




Questions M

Core: Shell:
Size, Density, Composition,
Shape, Distribution? Density, Thickness,
Shielding,?

Magnetic Nanostructure:
Moment-value , orientation,
single-domain, interfaces?

Solvent Aggregation:
Penetration? formation of chains,

influence of magnetic field?

42



Materials M

Ferrite
Charge
Dext
extrane C,.H, NO,

L-M

o] |09 pg/at

HZO C12H26

Concentra o -
vol.%

43



2D-SANSPOL scattering patterns M

e.g. Co-Ferrofluid

Q) = A(Q)+B(Q) sin2a

—_—
A(Q) = F,2 H
BYQ)=F\2- F.Fy
B(Q) =F,*+ F,Fy

i+l

A.W. Physica B 297 (2001) 226 - 233
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SANSPOL sector perpendicular to H

—
'

I(L)=A(Q)+B¢ (Q)

Intensjty [cm |

M |
0.1

Ll
1

-1
Momentum transfer [nm ]

Flipping ratio (on/off)

Flipping ratio I(-) / I(+)

1.5+

=
o
1

I
o

T T LR |
0.1 1

-1
Momentum transfer [nm ]
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Combined contrast variation M

H/D mixtures and SANSPOL

| [[E @
1 [e][e] @

AW,1999,00,01

Aﬂ(i) =7 nuc 4 nmag

= Nsolvent

46



Contrast variation in Co-Ferrofluids

g
surfactant =
0.1L .
Solvent 10 3 — - D_
- :a —— 0
C7Hg- C7Dg T ) —®— 14% D
L, —&A— 43% D
5 — % -100% D
S 1t -
Q) : {d03 o
({) -“7"#
[7p] " (««
2]
(@]
o
(@)
I=
501} ]
"C—U‘ o
(&)
(7))
& ——

-1
AW, Physica B(2001)226-233 Momentum transfer [nm -]
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Density profile in Co-Ferrofluid

| —p

=]
/ ANg®) = 1 NUC £ 1 MAD - i
( ) ~

Anz = lenuc =~ Nmatrix

M’,

Shell 2(R+dR)

Volume distribution

— —&— core
30_2_ core+
3
b
@0.1
prd
00 med &
0 5 10 15
Radius [nm]

AW, J. Appl.Cryst. 33 (2000) 428-435

Density profile

nuc
< 8 r-rrrrrrrreeeeee . nz
2 , independent
g sf 100% D of solvent:
o | '
i S 43%D 7 ﬂ
g L T]l ——— k4
S 2f :
o | . .
s .| | Shell is
(@] .
£ ™ n, 1| impenetrable
g o e for solvent
v ke -

-101234567 8 91011
Radius
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Optimization by simultaneous fits

SANSPOL intensities

I(on) =F¢?+{Fy* + 2F Fu}
I(off) =Ry +{Fu* - 2F Fu}
I(on)-l(off) =4F, Fp

SANS intensities
I(nuc) = F?
I(mag) = Fy°

using contraints on parameters e.g.:
An, (on) = An, (nuc)+ n,(mag)
An, (off) = An, (nuc)- n,(mag)

Software
SASFIT (J. Kohlbrecher)

MATHEmatica (A. Heinemann)
FISH (R. Heenan)

49



Magnetic single-domain particles

Field variation of magnetization in
superparamagnetic
particles

g 616, = L(Mo,V ptoHq | KT)

- H Langevin function:

‘ L(x)=coth(x)-1/x /
0 300 Bo:pu?;?-:] 1200 1500

50



Field variation of SANSPOL cross-term

Ibs
- B
| e | o
5 e =z
S =
g ©
s =
'('7::5 *H=0019T : 04
o -3 I
R T£02
_4 0 2 4R(Mm8 10 oM i
BH=0998T 0.0k
01 02 QmY 1 2 3 00 02 04 06 08 1.0 12
Magnetic field [T]

AW, Physica B (2001) 226-233 Super_parama_gnetl_c behawou_r
A. Heinemann et al AOC(2004) of non-interacting single domains
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Diluted poly-disperse systems

I- (on) - I* (off)

100 —
0.4 : o,
& s | b)
e S |
et
2 g 0
3 8 |
S 5 4l
% > |
N =
o £
©
S 0.1

Q[nm’]

Probes only Additional non-magnetic
magnetic particles contributions: micelles
| Heinemann et al JAC 2002

Heinemann et al JAC 2002
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Magnetite-FF: Contrast Variation M

103§------ T of nl_'

_ = y %o | Magnetic
IE 102 gllle:Laurin./Malipal-Doppelhull o O — An* 0.70 | core-shell
3 ‘v\ 9 4t ! - .

2, N = particles

S N N
© 0 2 4 6 8 10 12 14
§ 101_ . Ra}diusl[nm]l
o i 10¢
o Z 8
G 10°+ T ol %o Magnetic
e é 5, ] 070, aggregate
‘= : = i
e : 2
® Al N
(‘;’)10 3 % 4 8 1216 20 24 =
_Radius [nm]
[ ) 10
10% 0 il - Non-
0.1 1 g ° 0.70] magnetic
= 4l — .
1 = _ micelles
Q [nm 7] i |
% 1 2 3 4 5 6 7
M. Kammel , A. Hoell, AW., JMMM 2002 Radius [nm]
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Interparticle correlations: Structure factor S(Q)

S(Q)=1+ N, J[g (r) -1]exp (iQr) dr
d(r) : Pair correlation function

S(Q) =1 ideal gas
S5(Q) <1 repulsive potential:

Excluded volume, electrostatic repulsion
S(Q) > 1 attractive interaction

In practice

‘ S(Q, 0") = |(Q,OL) measured / I(Q!O")non-interacting

for diluted samples
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Field induced ordering M

Non-polarised neutrons, H=1 T

For Co-
concentrations
above 1 vol. % :

Peaks !

disappear
at H=0

A.Wiedenmann et. al. Phys Rev E 2003
55




3 vol.% Co-FF:SANSPOL M

Polarised neutrons

90°

56



Q3= 0.24 nm'1

Sectors of 2D-SANSPOL

3

o
[~}

w

—
o
]
T

Scattering cross-section [cm™']
— —
(=] o
[=] -
L T

o

—
=

Momentum transfer [nm'1]

Momentum transfer [nm"]

. 10k 10
v : ]
x 2 ]
v
o v .'_l—i -F
. % :
a *‘ 1 5'1 0’ 3 "“"w 3 5.102
v 'S5 T 18
v . -0‘3 v o '%
Aa v .0 % {1 @®
s S 3
f 1 910 LN ¢ E ?1101
1P ey ]9
1 9 yc 10
HB % 12
e Y {=
e v B
: : c 0
"éaa 5&%10 v 810
v v jw
v w0,
aaii aaal A 10‘1 aiial i e sl A
10" 10° 10" 10° 10

Scattering cross-section [cm ]

30°
i .
3 v
5 o
L v
5 v" ﬁ&:’
a""w ¥
&
3 S :
10" 10°

Momentum transfer [nm"]

10’k
10° 3
B
L ng]g& é o
1 4 2
107 s Vv E
[ A
#;%
10°k a 1
E A& b
A J
A\ J
10'1 aal i aal i i
10" 10°

Momentum transfer [nm™]
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Anisotropic in-plane structure factors

(Q,a)

| (model)

Structure factor S(Q,a)

—0— 9(0°
—0— 60°
—o0— 3(°

ﬁ 00

Peaks at

Q,= 0.33 nm-*
Q,= 0.57 nm-’
Q3= 024 nm'1

Streaks at

Q=0.0 nm-
Q,= 0.29 nm-"

Momentum transfer [1/nm]
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Neutrons parallel to H M

Radial averaged SANSPOL

Model fits at high Q
from diluted samples
using form-factors
alone

Scattering cross-section [cm™]

) sl R |
10 10°
Momentum transfer [nm'1]
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Neutrons parallel to H M

Radial averaged S{-\N?POL Stucture factor (n // H)
,Debye-Scherrer ring
— 2.0 P

Y
8)
]

Scattering cross-section [cm‘1]
S(Q,90°)=l, ()1, (high Q)

-
o
]

N saaal N 2 -1 2 2 A a2 aaal
10" 10° 0.01 0.1
Momentum transfer [nm'1] Momentum transfer [nm'1]
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Nature of field induced ordering

Hexagonal symmetry

(1-10) Q,= 0.57nm"

@) o Qzl Q1=\/3
i RS R P pyp—
@)
H  100] < (010) (0 0 1), (0 0-1)
(-110) a,..=21.3 nm

Q (hkl) = 27 /{4(h?+k? +hk)/3a2 + |2/c?} /2 Chex— 26.1 Nm

61



Pseudo-crystalline hexagonal ordering

Texture type |

\v &

Turn around [110] direction
of magnetic field
by 90°

Particle moments M // [110] along H

62



Field induced ordering M

Pseudo-crystalline hexagonal particle alignment
Texture type | Texture type Il

R, =3.8 nm, d=1.9 nm

Ao, = 21 NmM
A.Wiedenmann, A. Hoell, M. Kammel, Phys Rev E 2003 —
Y Chex= 29...70 nm
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Field induced ordering: 1 vol.% Co-FF

Diffraction planes perpendicular to H

._h A Q= 0.29 nm-

-0.58 -0.29 0 0.29 0.58 Q,

64



1 vol.% Co-FF: Field induced ordering

Diffraction planes perpendicular to H
A Q= 0.29 nm1

Chain-like
structures

Nearest neighbour
distances

c(1D) =2rn/AQ
=21 nm

=ahex

-0.58 -0.29 0 0.29 0.58 Q,

65



Ordering- 1st step:chaining

SANSPOL Co-3 vol.% Intensity I(QLH) at low Q:

H

o
w

T

=
o
N
T —TTTTTY

H
o
=}
| —r—rTrr

SANS scattering cross-section [cm™]
H
o

[EEN
o
fiN

10" 10" |
Momentum transfer [nm ]

Co-existence of

uncorrelated chains with (Q) < Q1
hexagonal ordered domains $(Q,90°) >1
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Ordering - 15t step:chaining

Particle size
<R.> =3.8 nm, d=1.9 nm d gpen

Shortest possible distance [:Rr
11.4 nm

core

OBSERVED :

Diffraction planes from
quasi-1D chains

o (1D) =27 /AQ= 21 nm

G(1D) =ahex

G1p > 2(Rcore + dshell)
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Second example: Co-L9

SANS H=1T

MFT 162355 e I W Ty S R
134
50 i
120 o 1 Q sector 0.37-0.39 nm™ l.
' 45 - * il
00 ] 372 40_' .~ . s
19.6 A ’ .
H i
a0 10.3 g -2:' T f
. i 2% - ]
2 . 544 2 B 5] ! ) ]
— 287 =2 E . &
. g - ™~ »
20 & . g * i
40 151 1 ~. 7 e 5 o 1
15 Yt e win, S -
0797 4 i
20 10 4 ’ ! "‘Iﬂ" il
042 | |
e o i e e e e e S L B m e m s e
" p " 5 o0 50 0.221 -120-90 -60 -30 0 30 60 90 120150 180210240270 300
Pixels azimuthal angle

Confirmation of hexagonal symmetry
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Field dependence of ordering

6 vol.% Co in Oil L9

Pixels

162355

134

0.6

37.2

19.6

10.3

5.44

a0 B0
Pixels

uow pys y s4uno

Intensity

95

SANS H=1 T Saturation

85
80 4
75
70
65
60 4
55
50
45
40 3
35
30
25
20
15
10 3

54

0_

90

e 0.36-0.39 nm"
wl v 0.27-0.30 nm”

s 4

v

e

v
v
A
'V
«V
d@
X,

O O T T T R NS I (U N I R AU T A A A A Y

-

azimuthal angle

1 (Q,00 ) = [ F,,2L%(x) sin2a+F,?] S(Q,a)

+ [2L(x)/x-sin?a(L?(x)-1+3L(x)/x)] F,,?

L4 S (R OIS A B G (LSRG B I . S (AN O
-120-90 -60 -30 0 30 60 90 120150 180210240 270 300
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SANSPOL : Co-L9 M

I(+)- 1(-)) / sin2a. 2D Gaussian fits

MFT 162355

At H=1T:

390
102
26.6
6.96
182

Hexagonal ordering

0.476

uow pig | s4uncy

0.124

Apex = 18.9 NM

0.0325

0.0085

0.00222 Chex = 21 l9 nm

=4 F\F,, L(xX) S(Q,a)
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At H=0

Isotropic scattering:
no peaks

|
o
w
|

Cylinders
L=80 nm R=4.3 nm
(5-6 core-shell
particles)

/

o
[y
|
(4

. . -1
Scattering goss-sectlonJcm ]
ot

Y : Spontaneous formation
of chains

1(Q) ~Q1

=

o

o
WY |

10™ 10”
Momentum transfer [nm]
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At H=1 T

Anisotropic scattering
peaks

=
o
w
T

Perpendicular to H
Q,=0.28 nm-*

[y
o
N
T

Sectors * 30°
Q,= 0.38 nm-'

|
)
-
T

Scattering cross-section [cm™]

Co-existence with chain
segments

[N
o

(=}
b |

10™ 10°
Momentum transfer [nm] | (Q) ~Q'1
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I(H)-I(H=0)

55

50-.
41
w04
35-.
30-
25-'
20-.

15

0.1

0.2

-1
Momentum transfer [nm ]

0.3

—T——TTT
04 05 06 O

7

0.8

Gaussian fit parameters

T | Wi | |
" SANS 90° —
] _— A
e :
/'/ —m— area
—e— position
- widths
i <
-l ’_____._____._. o—o—0-0 ® L |
b A —AA— A, A h
0.1 R - . .
1E-3 0.01 0.1 1

Magnetic Field [Tesla]

Shift of peak

=25.5 nm
=21.9 nm

c(0.005T)
c(1T)

Area: ~ L?(x) Langevin
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Structure evolution in magnetic field

SANSPOL sector 30° I(on)-l(off)

i "
s 90° Q
L . S ] a 90° Q
m 00297 S, 3 ° 30° Q
0.005T |4 g | —w— 30°- Chains
©
— ©
~ a
c - = 14
=) ] @
= S
= . £
] | = 0
c
3 T T T T T
£ 0.0 0.1 0.2
7 Magnetic field [T]
- ) Hexagons:
SR - Contrast ~L(x)
2 Cylinders:

0?1'072'0f3'0T4'075'0f6'0f7'078'OTQ'1.0 .
get aligned along H

Momentum transfer [nm"]

A. Wiedenmann. A. Heinemann JMMM(2005) 74



Transition from chain-like to lamellar ordering

Competition between magnetic dipol-interaction
and thermal energy

Presentrange 1.4 <y<38

Computer simulations (MSA):
Chaining in head-to tail conformation (de Gennes)

Lateral attractions
Molecular dynamics predicts close-packed structures (Hess)

75



Application of POLARIS M

SANSPOL with Polarisation Analysis

A. Wiedenmann Physica B 2005
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3He filter M

Spin selective neutron absorption:
(Passell, Schermer; 1966)

3HeT + nl > [*He*] > t + p + 0.76 MeV
o™ ~ 3000 barn - A[A]

3HeT + nT — 3HeT + nT oTT ~5barn

Advantages:
. Unlimited angular acceptance
. Broad range of usable wavelength
. No deflection of neutrons

. Polarisation of white beams
77



Compression of polarised °He @

1,0 " - 1,0
- ,/,
Piston compressor at _5 o . o
University of Mainz 88 ]
50,4 04 &
|¢_§ 021, ! 10,2 g
0,0 0,0 =-U
0 éO JLO 60 80 100
Lp-2 [Abarcm]
Neutron polarisation P, Transmission
P, =tanh( x Py, ) T(+) = exp[-x (1 - Py)]
T(-) =exp[-x (1+ Py,)]
T, =exp[-X]

Neutron optique filter thickness: x=N, ocL=0.0733pAL
/8



Performance of 3He filter

3He polarisation from flipping-
ratio n’/n*
P..= 1/2xIn (n"/ n*)

Decay with time:
P..(t) =Pgyexp [-t /1]
P..(0) = 41 %

C t=40h D

Transmissions

T (on) = 6-8%
T(off) =25-18%
T, =14%

Neutron polarisation
60% - 38%

o PHe
04Fp P (0=P exp(-t/t)) |
—&— T(on)
—w— T(off)
S
= 0.3 -
©
D
[
K . .
o
1
) § \ ]

e
0.1F o
A

0 500 1000 1500

Time [min]
p(3He) =0.5 bar, A=0.6nm, L=9cm
= x=1.905
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Outlook:Polarisation analysis at V4

2d-Detector 3He filter coil sample | flipper | polarizer

n* H
\ 'off
T+ (off) =1 N n*
P e ) e on I
T- ((I)-ln) = m—> \\ l n-
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Outlook:Polarisation analysis at V4

2dDetector SHe filter

coil sample

T+ (off) <1
PHe e
T-(on)>0 I

flipper

polarizer
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Outlook: POLARISation analysis at V4

2dDetector SHe filter

coil sample

T+ (off) <1
PHe e
T-(on)>0 I

flipper

polarizer
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Magnetic single-domain particles

Neutron Scattering cross-sections *

spin-non-flip ++, --
spin flip + -, -+

do/dQ(ij)(Q,0,X) = C; S(Q,0) + D;F,2(Q)

a Y Y

a Nuclear Misalignment
H Magnetic of magnetic
contributions moment

* R.M.Moon,T.Riste, W.C. Koehler(1969) and R.Pynn, J.Hayter (1983)
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do/dQ (ij)(Q,a) =C; S(Q,a) + D;; F,2(Q)

a(x)=L(x)/x, b(x)=L3x)-1+3 a(x) =M,V uoHes / KT

i] Cij Dii
POLARIS
I(++) [F\, L(x) sin?2a - F,]?2 asin?2a — b sina
I(- -) [F\, L(X) sin2a + F]?2 asin?2a - b sinta
I(+ -),I(-+) [F,, L(x) sin a* cos a] 2 a(2- sin2a) - b [sina* cosa] 2
SANSPOL
I(+) [F2L2(x) - 2F,F\L(x)]sin? a+ F 2 a - b sin2q
I(-) [F2L2(x) +2F,F\L(x)] sin2a+F 2 a - b sin2q
I(-) - I(+) 4 F,F, L(x) sina 0
SANS
(Q) Fo2 L2(x) sin?a + F 2 2a - b sin2a

84



do/dQ (ij)(Q,a) =C; S(Q,a) + D;; F,2(Q)

a(x)=L(x)/x, b(x)=L3x)-1+3 a(x) =M,V uoHes / KT

i] Cij Dii
POLARIS
I(++) [F\, L(x) sin?2a - F,]?2 asin?2a — b sina
I(- -) [F\, L(X) sin2a + F]?2 asin?2a - b sinta
I(+ -),I(-+) Purely magnetic Purely magnetic
SANSPOL
I(+) [F2L2(x) - 2F,F\L(x)]sin? a+ F 2 a - b sin2q
I(-) [F2L2(x) +2F,F\L(x)] sin2a+F 2 a - b sin2q
I(-) - I(+) 4 F,F, L(x) sina 0
SANS
(Q) Fo2 L2(x) sin?a + F 2 2a - b sin2a
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Concentrated sample: SANSPOL M

Field induced ordering?- Non-perfect alignment of M?
5 vol % Co-FF in C;D; H=0.05T

Co-FF-5 vol % No filter

1000:
] v oI,
_ 10,
£
O,
>\100-
8
S
15
QLH: 1,(-) < I.(¥) % 104
S(Q, 1) 3
Q.= 0.28 nm-
Q/H: 1,(-) = [,(+) )
S(Q, /1) 01 T T T T T
Q,. = 0.32 nm" Momentum transfer [nm™]
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Concentrated sample:POLARIS

Field induced ordering?- Non-perfect alignment of M?
5 vol % Co-FF in C;D; H=0.05T

Spin-flip spin non-flip

QiH: 1,(-) < I,(+)
QIH: () < I(%)

S(Q, 1) Qpax
S(Q, /) Quax

0.28 nm™' only in I(+)
0.32 nm™! only in I(+)

Scattering intensity [cm™]

[EEN
o
T

=
LELEL R |

| —=— with filter
—e— with filter 1(-),
- —v— with filter 1(+)
[ —— with filter 1(-)

o
=

0.01

01
Momentum transfer [nm™]
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POLARIS [(-): spin-flip M

1.{(Q) =F 2 {[L%(x) S(Q) - L?(x)+1-3L(x)/x] [sin?a.*cos?a]+(2- sin?a)L(x)/x}

1.(Q) - =F,2S(Q,a) (Sina*cosa)?

244
2.2
2.0
1.8
164
1.4
124
1.0
0.8
0.6 o o~

0.4
00 N &3P @
&3 '.: oo ..‘.m‘h- B Sonlo :r.‘
& d OC;QDO o %
o o
| I © 1 l

024°

0.0
180 150 120 0 60 30 O 30 60 90 10 150 180 -180-150-120 -90 -60 -30 O 30 60 90 120 150 180
Angle o

AW Physica B 2005 Arolee

sf

S(Q)-1 and 1_(Q +-AQ)

sf scattering at Q=Q +

0.4
064
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Polarisation analysis using 3He filters

Uniaxial polarisation analysis in SANS:
Additional contrast variation technique

Imperfect alignment of magnetic particle moments

Field induced correlations S(Q,a):
Separation of purely magnetic contribution
and purely nuclear contributions
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Summary: Nanostructures in Ferrofluids M




Competing interactions M

Magnetic dipol-interaction versus thermal energy

5 -« from uni-axial to lamellar close-packed
actures (Hess)
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Il. Applications

2. Amorphous magnetic alloys:

Soft magnetic materials
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Soft magnetic alloys M

Fe,; : Si ;5 :B;,Nb; Cu,: Amorphous ferromagnetic alloy

Improvement of soft magnetic properties by heat treatment

Magnetisation m, M / Tesla

o
o

o
~

Fe,..Si...B:.Nb.Cu,

-0.10

-0.05 0.00 0.05

m, H/ Tesla

0.10

Soft magnetic
properties
Tc, He, Ms

i

Magnetic
microstructure

M(R)
I

Crystalline
Nanostructure
<R>, N(R)
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Magnetic contrast variation

6.4 T T T T T
7; 5.6
Is 4.8
t 4.0
E 3.2 L~ 10
~ 2.4 L_, ]
= =
’;‘ 1.6 Em
E_,O.B f
13
: S
._c P~
€ —
c N
£ > 014
fi ]
2
s
i 9 | geee _
0.0 0.2 0.4 0.6 0.8 1.0 001 T ' T T T T T
400 500 600 70
Magnetic field / T Temperature / K

Ferromagnetic single domain in ferromagnetic matrix
Magnetisation ratio y(T) = Ma™/ Mer
Effective magnetic field M_«(T)
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100] ]
— f 1 An™a9(core) / An™9(shell)
= f
S, : = 3:
s 10 Reduced magnetisation
; inside the shell
S 1t E
2 1  Bin(Q) <4[AQ*B(Q)] °°
g i 1  Additional non-magnetic
g OLlE E phase

001k | r

0.1 1

Momentum transfer[nm‘l]
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SANSPOL :Fe-Si-B-Nb-Cu 2 % n-Fe,SI

0.01 g~

[EY

m

w
I

H

m

N
T

Scattering cross-section [cm'l]

1E-5 Lat . . NP |
0.1 1

Momentum transfer [nm'l]

A.W. Physica B (2001) 226-233, Heinemann et al 1999
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Diffusion zone: Enrichment of Nb

Contrasts for magnetic
core, shell and matrix

AN, & = qn,nue 4 mag o (@)

An,®) = npNue + a0 - (B

M = Np™* £ 0™

Density profile Size distribution

e 12 e
2 1. M- ] :
g 10_: A\ A 4 VVVVVVVVVT N ;
% 84 vvvvl g
5 oar T e
S 6l nuclear ““I 2

’rlzmag/ ’r‘lmag = 03 % 4£LAI].A+A~AA~AA~AA~AA-1 aas %
- Q

ma mag — =

Mm g/nl 9=0.7 2 2 magnetic =
5 S
§ 0 = L) = L) = L) = L) . L) . v . L) . v . N 1 N 1 N
2] 01 2 3 456 7 8 9 0 5 10 15

Radius / nm Radius / nm

Weak magnetization in the interface between n- Fe,;Si matrix




Magnetic particle scattering

M- : Projection of magnetization onto a
plane perpendicular to the scattering vector Q

X B (AM , z)
IML|=|M]|sina

M.z ML| cos (90°- (a+p))

I
| M| sin(a+p)
| M | sin a sin(a+p)

MLx =| Ml]|sin(90°-(a+p))
| M | sin o cos (a+ f3)

MLy =0
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Results: Soft magnetic metallic glasses

Diffusion controlled enrichment of Nb around nanocrystals:
magnetic dilution:

ll ll | | | nl(ir) — nlnuc + nlmag

Weak magnetic interlayer reduces ferromagnetic
coupling between matrix and nanocrystals

99



Ndg, Fe, Co 5, Al,, alloys M

Magnetic Properties
Non-magnetic
Soft-magnetic

hard-magnetic
versus

compositions and cooling conditions
Mold-casting
Melt-spinning

Magnetic and crystalline microstructure
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Present example :

Nd60F920C010A|10

Magnetization at H=1T

20-

Magnetizatiomn (Am-/kg)

30-.\'
\

Tc1

ol |
o |
---
||

Nd Fe Co Al

10 10

T~

I\-
~

0

Kumar et al. 2002

100

200

300

400

Temperature (K)

500
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Non-polarised SANS in Ndg,Fe,,Co,,Al,,

1000 p—r—r—rrmrrr————rrrry

H=1T

[EEN

o

o
I

[EEN
o
"' LJ v 9 T oees

Almost isotropic
patterns

Near Tc,: Decrease
of I(Q) atlow Q

Weak magnetic
] contribution

0.0 b
0.1 1

Momentum transfer [nm™]

Scattering cross-section [cm™]
[EEY

0.1}
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Scattering cross-section [cm™]

SANSPOL in Ndg,Fe,,Co,,Al,,

I(on) and |(off)

=
o
N

=
o
N

H
) )
N =]

On

0 1 1
Momentum transfer [nm'1]

Intensity difference I(on)-1(off) [cm™]

I(on)-l(off)

(o)
']

0.1

1
X
Momentum transfer [nm ]
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Ndg,Fe,,Co40Al,4, M

Volume distributions Scattering contrasts

1 v I v L v J v 02 T v T v T v 1 v !

18y

” Nd_Fe, Co Al

-0.14 .

I
g
c
— (o)
= o
S, o
g s 1
Z <R>=1.8nm S 009 4 -
o <R>=7.0nm 5
> c & A
> -~ D
£ —A—F
0
®
14

L~

-0.2 +———————r—T——7——1
0 5 10 15 20 0 100 200 300 400 500
Radius [nm] Temperature [K]
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Scattering length densities in Ndg,Fe,,Co,,Al,,

oK 300K 468K
1.0-T<Tc1 — _T>T1 ——— .T>TC2 —
o
>
c
—
<1 o5t
~
(@)
(4]
E ]
— . |
0.0 ] L | gosecsesscsecees |
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Microstructure model Nd;,Fe,,Co,,Al,,

Fe-rich
crystalline phase

Nd-rich
amorphous phase
f3
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Nanostructure NdgFe,,Co,,Al,, T>T,

Nd-rich Nd-rich Fe-rich
Amorphous crystalline crystalline
f, f, and f,
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Nd60F920C01 0A|10

Tc, < T < Tc,

‘(b

@

@

+—r

10 nm

Nd-rich

amorphous
paramagnetic

Fe-rich
crystalline
Magnetic domains

Pinning centers

Hard magnetic
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Nd60FQZOCO1 0A|10

Nd-rich Nd-rich Fe-rich
amorphous crystalline crystalline
ferromagnetic ferromagnetic ferromagnetic

Soft-magnetic
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Results Nd-Fe-Al-Co alloys M

. Nanosized Nd-rich crystalline and amorphous
particles embedded in Fe-rich ferromagnetic
crystals.

. They are paramagnetic between T_,and T ..

. They act as pinning center for magnetic domains

(hard-magnetic behaviour).

. Below T, they are ferromagnetic with higher
magnetization than Fe-rich crystals.
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Hahn-Meitner Institut Berlin GmbH

-

Magnetic Nanostructures Investigated by
Small Angle Neutron Scattering

Albrecht Wiedenmann

VIII School of Neutron Scattering
~Francesco Paolo Ricci*
Structure and Dynamics of magnetic systems

http://www.hmi.de/bereiche/SF/SF3/methods/sans/index_en.html

25.09-6.10.2006 Santa Margerita di Pula (Italy)




111. Practice of SANS M

1. Instrument v4

2. SANS-Experiment,

Data Reduction and analysis

3. Tutorial and problem class




SANSPOL Instrument ( V4 at hmi )

velocity  transmission magnetic area
selector  polariser guidefield  collimators  spinflipper sample detector
0.39<A<2 nm

8%<AAIL<18%

1-16mM
4/'
16m, 12m, 8m, 4m, om, 1m
2D- 3He -PSD:

Curved neutron guide: 64 cm*64 cm
Meutor= 0-39 NM 1cm?/pixel




SANSPOL Instrument V4

velocity transmission magnetic area
selector polariser guidefield collimators spinflipper sample detector

Th. Keller et al (2000) Nucl. Instr.




SANSPOL components M

Transmission-Polariser A> 0.48 nm

V-shaped | =1.8m, a = 8.33 mrad

CoFe/Si Supermirror m = 2

FeNdB magnets: 7*100mm H=1kGs
Magnetic guide field

Permanent magnets NdFeB on steel rods

Steel plates ST37, H=10 Gs in centre
Spin-flipper

B,=100Gs , dB/dI=3Gs/cm

RF-coil 1=5cm, 3 w/cm:

o= YB,= 300kHz =Larmor frequency

B,=20Gs




Collimator

16 m - o
12 m P o
8m . »
4m o -
2m o
TM e
R & 1< 1<
R3 >
Neutrons_> | I || || |
R2 Sample
v N O34 [ —
R1IL 1 1 1
T T T T
R2 R1 L
- aperture ¢Q vacuum-tight connection & lamp + laser

[—— neutron guide polarizer

Transmission -Polariser




Transmission-Polariser M

Critical angle for total

reflection:
O wpy[Mrad J=m * 1.73 A
O (any[mrad ]= 0.7% A

Rvlsm | |vTsm) N
1A l A l \ ) 1KGs
2y _ o
: t
a_1FeCo-
SM

A
v

1.8 m

o = 8.33 mrad m=2




Theta (rad)

0.10

o
o
ol

0.00

Of= a

ill polarizer with 8m collim

Wavelength [A]

= @,(down)
|| = &(up) .
- O .
Fully polarised
A>59A |
o 2 4 s 10 12 14 16 18 20

28-08-2004

Albrecht Wiedenmagn |



Divergence of incident neutrons

Critical angle for total Prototype Fe-Si SM
reflection: m=3.8

O; wpy[mMrad ]=m* 1.73 A
O (any[mrad ]= 0.7* A

e ————
Oy = o £ Siv sm
/ﬁ
or collimators:
] olvV = ¢ /tL

For neutron guides m=1

Siv=1731 Decrease of Polarisation

28-08-2004 Albrecht Wiedenmagn |



Theta (rad)

0.10

o
o
a

0.00

Divergence from collimators

Of= a = ¢/L
il polarizer with 8m collim
=0 _(down)
|| =0, (up) |
—, 1 |
Fully polarised
A>0.6 A |
<|) ; :1 (|3 E|3 | 1|o 1|2 1|4 1|6 1|8 | 20

Wavelength [A]

28-08-2004

Albrecht Wiedenmfﬁn |



Divergence from a neutron guide

Ni-guide: m=1  O4= a * 1.73*A

ILL prototype polariser behind a Ni-guide

— @ (down)
008} ——©_(up)
o Partly
polar. Ot
S .
g .l < Fully polarised |
o A>T7.9A
2
— | \
\
0.00 |- 1
v
0.2.4.6.5.8.10.12.14.16.18 20
Wavelength [A]
Albrecht Wiedennﬁn |

28-08-2004



V4 polariser behind a neutron guide

Ni-guide: m=1  O4= a * 1.73*A

V4-m=2 polariser behind a Ni-guide

T T T T+ cherxtide — +—— +  +——+——

— 0 (down)
0.08 | —— 0O (up)

-_— 0

eff

Fully polarised
A>4.5 A

Partly
polar.

Theta (rad)
o
:
1

®eff

0.00 |-

6 8 10 12 14 16 18 20
Wavelength [A]

28-08-2004

Albrecht Wiedenmfﬁn



Magnetic guide-field M

Neutron 'R ”

guide H=10 Gs Wil

NI- 1 B S TR
A 100 nm |

NdFeB magnets

13



Spin-flipper M

B,=100Gs dB/dI=3Gs/cm
t , B

Begi= B )\
- wyly N

Y

\4 vV v VY v

®y= yBy= 300kHz -0y 1y

14



Performance of SANSPOL

100 - ' _ ' _ ' . ' ' ' i
— 1 . u ] “
S 90- m . . . A
S 80+ i
7 ) 1
= 70- . o
% ] —o— Transmission ]
§ 60 1 —m— Polarisation 2m Collimation .
= 50- —m— Polarisation 12 m Collimation -
c d i
O
= 40 - -
0 )y -
C:U 30 - i
(@] b -
O 20 o
10 - O -
| ] v | ] v | ] v | ] v | ] J 1 T T T T
4 §) 8 10 12 14 16 18

Wavelength /A

T. Keller, T. Krist, A. Danzig, U. Keiderling, F. Mezei, A. Wiedenmann

J. Nuclear Instruments A451(2000), 474-479
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lll. Practice of SANS

2. SANS-Experiment,
Data Reduction and analysis

16



Choice of Q-range

Guinier-approximation:
(for QR, < 1.5)

1(Q) = An V exp-(Ry"Q13)
|0 —AT] 8

R, =(3/5)"

do/dQ

Porod approximation:

(for QRg>2.5)

Q= 2nén’ $*Q* =P Q"
S =4nRy ,V,=4u/3Ry
Ry'=91,/2P

1] Ry=1nm

1(Q) = 9 An*V,*[(sin(QR)-(QR)cos(QR))/(QR)°T’

17



‘olﬁualm ,SanrJ[Q

Cndrauee
Window

Choice of Q-range
=

2.: ‘Zcu.
Lulu ’ﬂcu
]W':n: 0.3‘11

K.‘u’ i‘: &
z

Li oo ¢
q :Z'ﬂu

@, Extended Q-range: Different sample-

QCLCCLor ’-"-.IJ.-’.‘"- Al
Example: demixion in amorhous alloys

® 1=0.6am . F2m, L,=12m + Lift of detector by 0.2m L= 72

® 2 =0.6nm , I2m, L;=2m 120
X A=0.6nm , I=4m, L,=4m e
~ A=0.6nm 3 l=8nl, L1=8m '-ffo
flowrneat fac\(h VA
. ‘*ﬂl"‘w”,"ﬁh -
v.'
1.250 "_-

-t.m00l ! | | |

-5.,000 -3.000 1.000
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Intensity versus resolution

Real space
Ay, ;
e
SOURCE 5"(93
Axs Ax, __l-d"
- ' ——
s by, — Al
2 {
cli"b*;"':lg Js=m.,.sg, A, =ax04
/12
Ax,-dy /L

2
A'nn'ds- e Momentum space

- L] = 27/

l ; 4 ! 0 timized
: = C'lg{s s'-lz i | p
LrLodibe T > Conditions:
L e - =
L : d=2d,
L
44Q15=T£!'(
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Practice: Intensity contributions

A
L1
’
w o, &
o — e s
- .

. Seawm=——
B / Sop
Somple

3 5 PsD
T, = Pods 200 a2 o4 Ty (de)
IS - C(?’) 'A'IT; (&i)s

Tpo = Scatbivy fow Seuple hotder
b " L)dcpﬂd:’:u sample Fawsnwision
To = Sowsple indepeuddush vicise

Scalbaic 9 ,:-Mn alr, elechoutc noue ...

Jkwsily_at Yl clecdor
_l;-_-_z;-f-re‘—?—?_f: T‘L

o
1;_/{@«;44‘:;0 Scr:dl.a‘uy eror sechiouw of Sowple

(%) DL, % T
dss CON -4 T,

1. Secabei 3 wille SM’IC + holdw - :-L_..:D

L Seabbiug of holdes abue SR Y
3. Residual noise B
Y Trewswidion of souph ~holde —+  Tg
S Trausmision of hotte alonr T
6. Wloolik Colibyokion &¢)

Must be mecsured .’L, eads
Sptchwck. mu}-‘guMbu L, f; ‘{:; d-?/>/..
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Transmissions

Calculated
T= exp-(Giot ts /Ps)

t; : Thickness of sample
ps : Atomic density
O : Total cross section

Ot = Oabs(A) T Ocon™ Oinc
Gas(A): absorption cross section (tabulated for A=1.8A)
Gabs(A1) / Gaps(A2) = A1 / Ay

. * X Jelech-
Measured : Direct beaw : 2 (cgu.b) e

TR s S (oeuts) weilliont
. wby | witucut <

e Attenuation of primary beam f, = 10..200
o Saturation corrrections
I (true)= I (measured) *[1-t,* I(measured) ]
e Good collimation (small profile- low contribtions of
scattering contained in primary beam)

‘ MY~ willout saupk

o

— w:l‘b £ m’k

.2/’5,

Privece bectw
LanSfensr

| Scalkiug Cowkihubious

A L/

and

o 1 2

(I & * |
1 .

I i L 3 2
i i 1 1 1 3 f L i
ﬂl L] 1 i i i ‘ L] 1]

8 H 3 I 3 18 1 1
% 4 i H I We vz sk 4w H

H H oM e oum oy oms
b 3 | & 141 s dns ek 193 4 H
at ! i H 33 1230 509 1Sm 47y ¢
Il 1 138 i8es H H
Bl 1 i t HE1sm ag i H
] 3 1s)  oas a0} 53 “r i
:?i i : ; 1: n: a5 e e | l
;zl i i o 4 1 ; = ; :

1 3 [}
i 3 2 S 1
il i + 1 1] 3 ] i 1
BT . ] 1 i t ¢ i
Cambr "
i te ks JLalipe s J0.0
F ._|

beam-center

Measurement of empty can with attenuator ;=270

500. o J
0,100E+04 0
0.200E+04 0
LEVEL. .. TYPL
CHE»L00 ,
LEVEL...TYPE &

LEVELLD rvex

LEVELS . rver
cueg

@}’o
Mvuiu&'ou af_ ceter a-[. ?WW.L‘J s
. - S I(Ki H.') . x«i

% E T(xy)

! 3 éﬂmﬂ 'y,
. zl_(’;'h)
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Calibration of absolute intensity

CO=GMNs0)- a2 df
!
dg/L
k“)'b!. L#ow« Cb” 51&”
E um'ut owdorels Wit lewowou (JJ/J).)

@ l-) 0 .’."ur.. = Abe llu/d
J(."l) ota \:Mdallu J",c = rh"‘/“
Ucoliwunk scalhiuy duthputus o/ &
T()=CH) -(-T)ler -«
al("%.—aumn‘lhd Meribreus aw realbec!

i !
oo o 9 o ~ot-y2 melotic Coukda
o nudliyle soutbiug .
oo Vauwdivue ¢ auﬁu (% étu;u& du
- fo SAUS iupantior

- [‘t‘ Jucvetrin A4 uUco Lt g‘

* (om prsibiity of  « -6?«:6/
o Domus Sphu wsdl  gveu 5k 7/&-“"'
- l S -
(%)- i (o) F %‘, Poreel

° Clua cavbau :  Well ~kuow pre colibralecf
Q-de’wdwda

e @rowics -
Direed beaww Auensure urews

= #(;) P, 0 a2
wis  Qbuale nfador )&()) ’c.nowu:
‘f (ﬂ _ é‘@;uuh)c{ Slrous Mmﬂi

uunw
g £0)-ax= T, /fﬁq(h)
No calibroliow a_f Suelividual cells :

s0) !
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Data reduction : cell by cell corrections

Anisotropic raw data: Anisotropic reduction procedure:
"SC 16", A = 1.2 nm, SD = 16 m / 4 m (water) « corrected intensity

( S-Cd )) _( SB-Cd J

Transmission(S Transmission(SB)/) , ScalingFactor(W)
( w-cd J s [ WB - Cd ] ScalingFactor(S)
Transmission(W

I=

Transmission(WB)

» error of corrected intensity

Al= ‘j -acs) -aw)2+( ;Wls'aws)2+( js‘;mss)2+(%-as)2
holder water cell

sample
150 min, 26 n/s 180 min, 16 n/s 120 min, 93 n/s * masking

» result: corrected anisotropic data file

empty cell cadmium
120 min, 64 n/s 180 min, 2.4 n/s

mask

23



Azimutal averages M

ks Radial averages in angle segments

L ey |

F &

FE B

A3 .14

HaA

AFAH

AE

Cuts starting from beam-centre

10 T T T T B III‘“-‘H-:I
o y,
. "
iop Yo
x ﬂﬁ"ﬂ
10dp E
L]
4y
). 1 1 1 1
ap ax [ B [f ag 11
1]
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Data reduction software: BERSANS

BergSANS - Main program
—Anisotropic data——————— lsofropic data———————— CAccessaries—————— . —Cliphoard 2 —Final sele
Flot and Mask | Plat and Merge | List headers | == Marked == | 1 (16190371 :I == arked - J 161835/
B 1E19037 20 —————a 1 1618367
Data reduction | Radial averaging | Modify headers | ==al=<_ | 2lie1g0arn | - \ 161837/
| | | 3161904110 q 1618387
Transmission Merge Impart | (16190430 \ 1618387
=7 Search =2 i EENEE \'e 161840/
Beamcenter and Area | Expart | == harked == | 5161905720 “ atfed == | 1618417
—[161906 * 0 1618427
=al= || 8ierr (0 =l || |1510435
“ 831
T . 0 0| = L. om
[Data selection Processin |Preferences| Info | Exit . 06
E BersSANS - Anisotropic data files: Plot . o(\ - ol x|
| I Dat> ‘0‘\ wask ‘ Cut ‘
1247
IEE e — —Selected———
[ i (0 e ¢|
: \) SB4211 T
“ 16184301
0 16184401
— 161844511
\\ a6 | 161846/ 1
R 161847 11 AUt play
W52 TE1848 11 -
W35 16184901
W2 | 161850 /1 Backward
Tie | 161851 11 -
.T 161852101
| rA 16185311 stop
R 16185411 w
L5 16185511  ororard
[N TE1856 11
[ B 161857 /1 Time [s]:
[ K 16185811 1 =
[ Mask £ : =1
i 161 1
16186211 == Select == |
; TE1863 11
] 20 40 B0 o0 100 120 AmAnEA i ll
318 data files 0 data files
= Data manager Data manager
| . . e o
By Print | E save | g clipboard




Data analysis: Model fitting (SASFIT, FISH..)

1(Q)=N/ {An V,(R) f(QR)} S(QR,) N(R) dR & RESU(&)

Size distribution ‘

Inter-particle Interference ‘
Particle shape factor O

Contrast: AN =Npariicle MMatrix Instrument resolutic'

()
09:

Analytical functions
N(R): e.g. lognormal distributions: <R>, o
f(QR) sphere,ellipsoids,core-shell, cylinders..
S(QR): hard sphere potential..

Non-linear least-squares fit

xo= 2 {(I(Qi)exp - (Q))carc JWi¥ ~ <Ry>, 04,f1 4 <R>, 0, .f;

Npsss
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Data analysis: (Inverse Fourier transform)

7t 7F
61 6

5k 5F

‘- iF

IF iF

21 £F

- 1 E

e : ITP
(] 0.1 0.2

Collimations Effect
« Wavelength Eftfects
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Pair distance distribution function p (r)

p (1)=4r Py (1)
e.g: spheres of Radius R
;é: 2,0
r=0 g |
p(r)=0 g
Dmm( . r>Dmax % 05
p(r)=0 S ..
S

0,2 0,4 0,6 0,8 1,0

r/ 2R

o
[=)
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111. Practice of SANS M
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Example 1: Contrast (n,-n,) M

Suspension of latex (CgHg) in D,O

Latex Heavy water
Molecular weight 104 20
Number of electrons 56 10
Mass-density/ gcm™ 1.0 1.1

Scattering length density

(X-ray) 0.281e-12 *56N,/104 0.281e-12*1.1*10N,/20
Neutrons N, /104 (8b.+8by)  1.1*N,/ 20(2bp+by)

Contrast X-ray (n41-n2) = -0.195 ¢'® cm™
neutrons  (n4-13) = -4.970 ' cm™

30



Example 2: Contrast-variation

10

Scattering lengths densities |

n (H,0)= -0.56 e'° cm™

n (D,0)= 6.34 '’ cm™ o
D,0 / H,0 mixtures %A 4

with volume fraction f D,O £ | conastmahing point -
no(F)= (-0.56 (1-f) +6.34 f) 10"° cm™ /
Intensity oo oz o0& o o3 10

\ll(Q) o (T]1'T]0(f)) volume fractionD20
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Example 3:Sintering of nano-ceramics

Sample n-Al,O, CVS production:
- 45mol%Al, 05 55% Zr,O; pressed 800MPa

mooj
100 5

Cvfkonferenzen2003Tutorial HM group 178-1150 b

@/ nmt-1

2e-024 1

powiR 3]

@ 1e-024 5

Cvfkonferenzen2003/Tutorial HMI group 172

20

40
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Example3:Sintering of nano-ceramics

Moments of distribution

comtrilution: 1 | Previous Next | Add | Remaove : tt_:ltalc
Loghlorm = | Parameter Range... Sphere - | Parameter Range... |
parameter; fit |parameter; distr  fit
N= [114595e025 A Y| W | R- | Al ¥| + o
s= [045251 Al Y| ® | Alyfv 4
b= [0 Al v| 2 | Al ¥ v o
RO= (313247 A| ¥| ® | eta- [53304010 Al Yl v 4

adjustment sensitivity: 1.10000000023

J

| L1

Apply | Step | Run fit |

1. scatt. contrib.: calc yes
LagMarm aphere
<R 1> = 43403 <R B = 11936 4

<R72» = 231189 <R"B» = 144147
<R"3» = 151127 <R"7> = 2.13335e+006
<R74» = 121239 <R"8» = 3.85619e+007

F_lc=08.0223 lc=534582
F_li=k53656 li= 430272
F_Ac=10.08654 Ac=314235221923
F_WF = 48436 Wh = 227705365117
F_FRG=1h.35k FG=12.6693037221

with int{Loghorm(R).B=0.infiniy) = M)

Logharm{R) = N R {-p) exp-In(R-n{R0) "2/ (25" 2))

R2=<R8> [<R%>=16.3
RG=(5/3)0°R=12.7

Number density: n, (1-f)= N 10%> =1.14 10* T cm~

Volume fraction: f(1-f)=n,4/3n <R3> =1.15 4/3n 151.12 10%*10-*'= 0.07
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Guinier approx.:

[(Q) = 10 exp-Rg"2*Qn2/3)
Guinier radius RG = 11 6391
farward scattering [0} = 842 284
chisg{Guinier) = 13.7106

Porod approx..

() = cO+cd™CD-4)
background ¢_0 = 0.0067 1764
Forod constant ¢_4 = 0.59151
potential law D=0
chisg{Forod) = 0.858553

integral structural parameters:

carrelation length lc = 121618
correlation area Ac = 206.135
intersection length li = 864719
Porod wolume %F = 4114.79
Porod radius RP = 9.94076

specific suface 504 = 0459318
scattering invariant Iny = 404046
integrated intensity il = 156416

(0 _max = 0.02844

Q_rmin = 2.398

Guinier radius: 11.65 nm

Invariant =f(1-f)/2n?An?
An=5.33 1019 cm-2
f(1-f)=4.04 10%Y/ 2n?An?

=0.07

Example3 :Sintering

log(1{Q})

SRSES

6.5

of nano-ceramics

% Guinier

om
pow( QS nmA-1,2)

{2 powl G/ nm*-1,4)

0.8

= e
+= [a5}
I I T T

=
)
'

|

b L L L L B L AR A
U
)
=
o
(@

powi QS nm-1.4)
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Example 4: 2 D-scattering pattern

background

<20 sans 1

empty beam

& Radial SANS Inten

Correction for
background,
efficiency.
Beam center
Cuts and

radial averages
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Example 4 : Co-FF in Toluol (43%D)

2 D-fit;
I=A+B* sin?a.
or segments:

I(Q/TH)=1,,.(Q)
(QLQ) =A+B*

Momentum transfer nm™

36



10 -2

Scattering length densities [10"¢cm 7]

6l 100% D

4r 43%D ]

L ‘ .

2L ]

0.- m[ -.
)

1
N
1

[o¢]
)

[ |

[ |

| —»
! I

ctore 2R’

/An1(i) = 111"”° + 111mag = Nmatrix

\Aﬂz = nznuc ~ Nmatrix

<+ —>

Shell 2(R+dR)

Core-shell model

Fsnen(Q) = [(Any-An,) £, (QRY)
+ Anz fsph(QR)] Vp

foon(x) =3 [sin (x) - x cos(x)] / (x)*

-10123 4567 8 91011

Radius

Scattering length density profile in Co-Ferroqui
]
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Example 4 :Co-FF in Toluol (43%D)

Scattering length densities

1. Solvent: 43% D / H mixture of Toluene:
n(x)=-0.7(1-x) + 6.8 x n(solv) =3.0 10" cm-2
Non-deuterated shell (C,,-H,,-N-O,) n(shell) = 0.3 10" cm-2
Nuclear sld (Co)
Q(Co)=0. 0.01099 nm3/at,
b= 10"'2cm n(Co) =2.56 10" cm-2
4. Magnetic sld Co

m,=1.715 pg/ atom

n(mag) =0.27 102 my/ Q n(mag) =4.3 101 cm-2

W

Contrasts for SANSPOL

core - solvent :An, (on) = n(Co) +n(mag) - n(solv) =2.56+4.3-3.0= 3.83 101°
An, (off) = n(Co) - n(mag) - n(solv) =2.56-4.3-3.0= -4.70 100
Shell-solvent An, = n(shell) - n(solv) = 0.3-3.0 = -2.73 1010
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Example 4: Co-FF in Toluol (43%D)

Fit of nuclear scattering (I1(Q) // H)

parameter:
N= [B59203e-027
s= |0.184157
p= |0
= |3.50445

D fAlwi-5ANSdaten/DETEKTOR/F olarisation/marz99/afd-nuc . dat

- - |- |

- (= |- |-

fit

L L L L

parameter:
R= |58
dR=|1.90082
etal= |-4.3030be+00Y
eta2z = |-27e+010

39



Example 4: Co-FF in Toluol (43%D)
1(Q) —on (I perp. H)

Parameters from LogMorm .—ll Parameter Range... Sphencal hell i —ll
+ Nuclear fit parameter: fit parameter:
‘ N= |§53203e-027 Al ¥| R=
‘ s= |0.184157 Al ¥ dR=|1.90082
¢ p= |0 Al V| etal=|-4.30306e+009
¢ 350495 A| ¥| 4 | etaz= [27e+010
*
¢
*e .i"‘......‘.
™
*
* 20,
e "‘l‘liiiliii'm
| 1 1 1 I I | 1
1
Q/ nm-1
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Example 4: Co-FF in Toluol (43%D) M

I(on) same parameters —except n,(on)

. '_ <
D fAlwi-SANS contribution: 1 _ll Previous Mext | Add |
+ LogMorm - | Parameter Range... apherical Shell i = |
parameter; fit parameter;

N= [f59204e-027 Al ¥ N R=
' s= [018415 Al ¥ ® dR=[1.50082
g 1 p= |0 Al ¥| etal= |3.8e+010
: 350495 Al Y| B | etaz- 272010
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Example 4: Co-FF in Toluol (43%D)

|(off) same parameters —except n,(off)

contribution; 1 _ll Previous

Next | Add | Remove

LogMarm —l| Parameter Range...

parameter: fit
N- [s53203e027 4| ¥|
s= [0184151 Al ¥| o
p= o Al ¥| 1
RO= [350435 Al ¥ 4

=pherical zhell i —ll Paramet

parameter:

R= [0 Al ¥|
dR= [1.90082 Al ¥
etat= [35185e+010 4| V|
eta2= |-2.7e+010 Al Y|
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Example 4: Co-FF in Toluol (43%D)

Optimisation by simultaneous fits

I(on)

|(off)
and

I(nuc)
or I(mag)

using contraints on parameters e.g.:

An, (on)= An, (nuc)+ n,(mag)
An, (off)= An, (nuc)- n,(mag)

Software: SASFIT (J. Kohlbrecher , PSI)

FISH (R. Heenan ISIS)
MATHematica (A.Heinemann, hmi)
Max Entropie: (Tatschev, hmi)

43



Example 4: Co-FF in Toluol (43%D)

Distribution of core size

46-027 =

3e-027 =
T 260271
= n

1e-027 o

D fAlwi-SANSdaten/DETEKTOR/Polarisation/marz 99/afd-off. dat

Moments of distribution

1. scatt. contrib;
LagMarm
<R"1>» = 365744
<R"2» = 14.0692
<F"3» = R B2R7
<B4 = 226.693
F_lc=4.08264
F_li= 34946k
F_Ac=415243
F_WP=422335
F_RG=4535495

calc: yes
Spherical shell i
<R"h» = 957 413
<R"6>» = 418278
<R 7> =18902 4
<R™8> = 883531
lc=2.721706bbbG7
li = 295945

A= k06064235721
WP = 17983847565
FiG = 356003079399

RG2=<R8> [<R6>=21.1
R=(3/5)°°RG=3.6 nm

Number density: n, (1-f)= N 1042 =6.59 10> T cm™

Volume fraction: f(1-f)=n 4/3n <R3>=6.59 4/3r 55.5 10%°10-*!= 0.0015
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Problem class

1.) Calculate the nuclear and magnetic scattering contrast of ferromagnetic Co-particles
wiith fully aligned magnetic moments in a solvent of a mixture of 40% D,O and 60% H,O0.

H,O: density 1 g/cm?3
D,O: density 1.1 g/cm?3

H: Scattering lenght b= -0.374 10-*?cm

D: Scattering lenght b= 0.667 10*?cm

O: Scattering lenght b= 0.581 10-12cm

Co: Atomic volume ©(Co)=0. 0.01099 nm3/at, Scattering lenght b= 0.278 10*?°cm, Magnetic Moment m0 = 1.715 uB/
atom
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V. New developments-Dynamical SANS

Monochromator Sample Detector
AN \

Collimator
% Q

A d 20 |
04-2nm 0.5-300 nm 0.1-20°

Spacial fluctuations of Dynamical .
density, composition, fluctuations- .
magnetization What time range
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Dynamics of ordering and relaxation

Relaxation of field-induced order:
Time-resolved SANSPOL

Ordering and re-ordering in
oscillating external field:

Continuous stroboscopic SANS
Pulsed stroboscopic ,, TISANE“

a7



Time-resolved SANSPOL M

Je+3
2.7e+d

I t .t 24e+3
B Intensity
1.Ge+3

7
o
)]

1.be+3

1.2e+3

S 10 15 Time /s
Decay of nuclear and magnetic RSttt
correlations measured in time -

slices of 0.1s

Duty cycle 15-30 s




MFT3N1: 6% Coinoil L9 H=0.5T

SANS cross-section SANSPOL Difference cross-section
#Hiedenmannkinetic seattering 5 m 7-00-11018 2_mft3nl B=8 0.94 31538 #riedenmannkinetic scattering 5 m 7-08-11018 2_mft3nl B=8 0.24 3:1253§

Je+3

120
1.8e+3

1.6e+3

I 2.7e+3
2.4e+3

: @ @A
— + Fq14de+3
‘A 2.1e+3
B0 1 1.8e+3 E 11.2e+3 g
g c0 {1.5e+3 ;: E% {1e+3 g
{1.2e+3 2 -go0 2
40 200 Aa00
GO0 / 400
) m
300 200
u 0 0
20 4n &0 a0 100 120 20 40 &0 g0 100 120
Pixels Pizels
Magnetic and Nuclear correlations Magnetic-Nuclear correlations

+ Misalignment of magnetic moment
+ Nomagnetic contributions

| Albrecht Wiedenm@gn



SANSPOL Differences M

Loss of inter-plane Loss of intra-plane
correlations correlations
‘] . ——— 10001 ————]
10 1 ] o = 900 ] O(,=30°:
{0 ] ]
.4%103- g
g é’ 100+ Q ]
g g ] r
§102 § %
E 4V
] X
LT 1
Wi 1:, '
I
b
10" 10 . —
107 0.01 0.1
Momentum transfer [A™] Momentum transfer [A™]

Chain segments remain partly aligned along remanent field

Albrecht Wiedenrrg’aﬁn |



Time dependence of I(+)- I(-)
Sectors a = 90° (QL H)

T+ T T * T T+ T " 1 1
300000 _

m 0017 A" 1=294s 1 intra-chain
Q ® 0.028 2.41 .
S 250000- A 0034 239 1 correlations
5 . v 0.041 2.48 i
S 200000 - 0.050 2.39 T Z3s
2 0.066 1.94
(7]
E 150000 - 7
9' Hexagonal
3 100000- 1 Inter-plane
z _ i
. | correlations:

T2 S

time [s]

Exponential decay:  I(t)=l,+A exp "
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Time dependence of I(+)- I(-) M

Sectors a = 30°

60000 — i
25000  Q=0.017A" 1= - )

200007 e 0.029 ; .

#0907 4 0.034 320s | ] Hexagonal
40000 - v 0.041 2.54 1 .

35000 1 0.050 1.86 T Intra pla_ne _
30000 - . < 0.067 1.75 ] correlations:

25000 -
20000 -
15000 -
10000 4

1 1T~32s

SANSPOL Intesnsity difference

5000

0 | ' | ' | ' | ' | ' | ' | ' | ' |

Exponential decay: I(t)=l,+A exp V"

A. Wiedenmann, U. Keiderling, R. P. May, C. Dewhurst Physica B 2006
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Time-resolved SANSPOL M

Switch-off of B:

Slow decay of field-induced ordering (few seconds).
*Fully reversible relaxation onto equilibrium
Single exponential decay:

Time constants depending on Q and B, .,
t(intra-chain) > 1 (in-plane) > 1 (inter-plane)

Switch-on of B:

Reordering follows B-sweep rate@ss too 19
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Response from oscillating magnetic field

B(t)=B,*sin (2nvt +¢)

Frequency v=50 - 2200 Hz Trigger for list-mode data

Duty cycle: 3-5 orders acquisition in 2 D detector

of magnitude shorter
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Continuous stroboscopic SANS

| | | 2D- Detector:
/ ™\ VAN § / D Time stamped recording of
‘ ' each scattered neutron

Sample

S Oscillating magnetic field:
oscillating magnetic contrast

AR NSRRI
time Continuous monochromatic flux

Distance

toe [MS] = A[nm]* L,[m]*2.52778
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Distance

Continuous stroboscopic SANS at V4

Wavelength distribution A\ /A= 0.11

At

RN N TN

IS
:?//

N

NURINIRER/ RN/ R

time

Relative time spread:
Atg IT=AN *trop *ve

Damping
A=0.6 nm, L,=4m
| N 100 Hz
] 93% |

600 Hz
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Pulsed time-involved SANS (TISANE) -

T,=T,
o s ap ok
VVVIWVNVV VAV

A

Distance

Chopper

At time Pulsed polychromatic beam
A 0.2-1.6 nm
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Pulsed time-involved SANS (TISANE) -

R.Gahler et al 1984

Sample

) /%

Lf WH \/ \ /] \Detector
NN NNNANNDNANN

‘ AVAVAVLIAVAY

@
o
c
2 (
"
a L,
! Chopper
At, time

All neutrons scattered at the sample in the same oscillation state
are recorded in the same time channel
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Pulsed time-involved SANS (TISANE) -

R.Gahler et al 1984

Sample

_ N
Lf WH \/ \ /] \Detector
AN NN NMANNDA NN
‘ (AVAVAVLIAVAY,

©
3]
c
3 T, =T, Li(L+L,
o L At. =AG T,
Tp/Te=Lo/Ly Atg=AteLyL,
Tp /T = (Ly+Lo) / L
. Chopper
At time
Relative time spread: independent of

At. IT.=A¢ (L+L,) / L, frequency
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TISANE@NEAT M

L,=13 m, L,=4 m, v (max)=666 Hz , v,(max)=2800 Hz

_ /5
Lf WH \/ \/ \Detector
AUTAWAWA NN 7 AWAWAWIZAWAWA
{AVAVAVATAVAY,

o "? Sample

Q

c

©

w T. =T, L,/(L+L,)

o L At = At LJL,

Tp/Ta=Lo/lLq At =0.018T,
! Chopper
At time
Relative time spread: independent of v, !

2.3%

At IT_=0.018 (L,+L,) /L,
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TISANE@NEAT M
L,=13 m, L,=4 m, v (max)=666 Hz , v,(max)=2800 Hz

_ /5

Lf WH \/ \/ \Detector
ENNNNNNANNDANN

‘ {AVAVAVATAVAY,

Sample

)
3]
c
s
"
5 L
! Chopper
At time
nominal t..s=TN_, Deviation T, (N_-1)

Precision: fort_.=1h Av/v<107 e.g. 1531.393(5) Hz
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Results: Continuous stroboscopic SANS

v.=100 Hz B,= 20 mT

MFT3N1-13 915001

Frequency of response
twice of B-field

(=Y
o

integrated detector intensity /pixel

ul

m]

e

Full area: 100 Hz 20 mT

O
O
a
O
O
O
=]
[m]
[m]

20mT

-20mT

v T
60 80 100

Time channel
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B,= 20 mT
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Results: Static SANS M

A&

Intensity
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Results: Continuous stroboscopic SANS

v.=100 Hz B,= 20 mT 7100 Hz, 20 mT |

OO

MFT3N1-13 916001

N
S

90°

Sector box intensity

il

20m T

Frequency of response
twice of B-field

w

0,0 . 0,2 . 0,4 . 0,6 . 0,8 . 1,0
Time*frequency
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Results: Continuous stroboscopic SANS

v.=300 Hz B,= 20 mT

MFT3NI-13

917001

10 -

vl

integrated detector interfsity /pixel

Full area

9
O 100Hz
o 300Hz
o
8 ) ) ) ¢ ) ) ¢ )
0 20 40 60 80 100

Time channel
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Results: Continuous stroboscopic SANS

ve.=300Hz B,2= 20 mT 300 Hz, 20 mT |

MFT3NI-13 917001

N
e

SANS box intensity
=
o1

Damping of oscillations
with increasing frequency 0'0'0'2'0'4'0'6'0'8'1'0

Frequency * time
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Results: Continuous stroboscopic SANS

v.=600 Hz B,= 20 mT

MFT3NI-13 908003

Damping of oscillations
with increasing frequency

integrated detector intensity /pixel

20

40 60
Time.channel

80 100
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Results: Continuous stroboscopic SANS

Vg = 600 Hz BO= 20 mT ' 600 Hz, 20 mT I

MFT3N1-13 908003

Damping of oscillations I I

with increasing frequency -+
OO 0,2040,6081,0

. Frequency * time
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Continuous SANS M

1 100 Hz, 20 mT 200 Hz, 20 mT
N o=90°
20
> a= 0°
2
o 151
<
s
(@)
o
2 20
Z ]
7))
15-
AT,

00 02 04 06 08 1000 02 04 06 08 10
Frequency * time
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Pulsed TISANE: -

300 Hz, 16 mT 900

600- o, =
Py
= ) .
2 o= 0
Q
c 5001
S
o
Q
n
W 500!
Z N Oo A .'... O OO O
< 0:.{“;"9@.-'._..‘-‘-._%.?.::;?:9‘.:', e
(£ ' @' ™ . n
|_

500

L] H (b)

00 02 04 06 08 1000 02 04 06 08 1.0
Frequency * time
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Magnetic single-domain particles

Superparamagnetic behaviour

G/Goo= L(MchpHOHeff/ kT)

Langevin function:

L(x)=coth(x)-1/x

0 300 600 900 1200 1500
H [Afem]

Known from SANS:
V, Particle volume
M., Magnetic particle moment
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Magnetic single-domain particles M

Static SANS cross-section

[ F,,2L%(x) sina + F\?] S(Q,a)
+ F 2 [2L(x)/x — (L?(x)-1+3 L(x)/x )sin%a]

R. Pynn et al (1983), J. Kohlbrecher , AW 1997
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Magnetic single-domain particles M

Static SANS cross-section

N . qQ Magnetic and Nuclear correlations
‘ . - =
s\ @+ Misalignment of magnetic moments
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Magnetic single-domain particles M

SANS cross-section in oscillating field

B(t)=B, sin(2nv t) +B,,

T

x(t) = MV, B(t) / kT)

|

f {1 F,2L2(x) sin0 + F,2] S(Q,0)

+ F o2 [2L(X)/x — (L2(x)-1+3 L(x)/x )sin%]}
D(AA,v)dAA
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SANS box intensity

20

[
o

N
o

151

Stroboscopic versus static SANS

dynamic

Static

200 Hz, 20 mT

a=90°, B=20 mT

a=0, B=20 mT

— TaiisT Sl TeleT i T e R T ST T W T RS- —

T e |

R

—

’ (a)

00 02 04 06 08 1000 02 04 06 08 10
Frequency * time
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Magnetic single-domain particles M

SANS cross-section in oscillating field

B(t)=B, sin(2zvt) + B

f* f { [ F,2L2(x) +2 F,,F,L(x)] sinZa + F 2} S(Q,a)

+ F 2 {L(x)/x = (L2(x)-1+3 L(x)/x )sinZo }D(AL,v )dAL
Oscillating part

+ (1-f) U

static
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Fraction of freely rotating moments

fraction of freely rotating particles [%)]

100 ~
80 -
60 -

401

0

500 1000 1500
Frequency vg [HZ]

2000

2500
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Fraction of freely rotating moments

fraction of freely rotating particles [%)]

100 -
80-
60-
40-

20 -

continuous

pulsed TISANE

500 1000 1500 2000
Frequency vg [HZ]

2500
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Relaxation mechanisms M

Neel-relaxation of single particle moment

a; — H

v =T exp (KV,./ kgT)

éBrown-rotation of single particle

15 = 47N a3/ kgT)

Albrecht Wiedenmgfaﬁn



Relaxation mechanisms

Néel-relaxation of particle moment

=10°s

K (fcc-Co) = 2.6 10°J/m?
R.=(4.2 4.4 4.6) nm
=02 3.5 80)s
Brown rotation of single particle

= 0.1-0.2 Pas

ahc— 6.0 -7.0 nm

=160 - 100 p.s
- VB =1000-1600 Hz

Albrecht Wi edenmgu_ﬂn |




Relaxation mechanisms M

Néel-relaxation of particle moment

a; — H

Magnetic moments
almost blocked
inside particle

éBrown-rotation of single particle

Observed threshold

for free rotation
Vobs =1000-1600 Hz
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Attractive interactions M

Dipole-dipole interaction
Excluded volume interaction
with non-magnetic micelles
and




Formation of ordered domains

Dipol-interactions:
In-plane, intra-chain:
Epp(a)/kgT = 285 K
Inter-plane:
Epp(c) lkgT =82 K
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Relaxation: Rotation of ordered domains




Relaxation: Rotation of ordered domains




Mechanisms and dynamics of field-induced ordering
in Co-Ferrfluids determined by Brownian relaxation

Dynamical processes in nanoscaled inhomogeneities
are observable by time-resolved SANS

Limitation of continuous techniques: AA/A
Pulsed TISANE technique: Sub-millisecond range

Complementary to Photon correlation spectroscopy
(PCS,XPCS), Forced Raleigh scattering, ac-y

Closes the gap between inelastic neutron scattering/
Mossbauer (10-12- 106 s) and static measuremets

A. Wiedenmann, U. Keiderling, K. Habicht, M. Russina, R. Gahler PRL 97 057202 (2006)
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Conclusion M

Combining “SANS, SANSPOL, POLARIS “
Contrast variation technique for magnetic materials

Weak magnetic versus strong nuclear contributions
and vice-versa:

Density profiles, interfaces
Sign and magnitude of contrast

Separation of magnetic and nuclear contributions

Dynamics in nanoscaled materials in sub-ms range
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