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Polarized Neutron Reflectometry
1. A primer of the 1D technique

The Spallation Neutron Source complex in Oak Ridge



The Neutron has Both Particle-Like and Wave-Like Properties

« Mass: m,=1.675x 1027 kg

« Charge = 0; Spin = %

* Magnetic dipole moment: u, =-1.913

» Nuclear magneton: py = eh/4mtm;, = 5.051 x 102" J T

» Velocity (v), kinetic energy (E), wavevector (k), wavelength (1),
temperature (T).

E =m V%2 = kgT = (hk/2r)?/2m; k =2 /A = m_Vv/(h/2T)

Energy (meV) Temp (K) Wavelength (nm)
Cold 0.1-10 1-120 04-3
Thermal 5-100 60 — 1000 01-04
Hot 100 - 500 1000 -6000 0.04-0.1

A (nm) = 395.6 /v (m/s)
E (meV) = 0.02072 k? (k in nm")



Thermal Neutrons

Advantages <O

1) Ay ~ Interatomic Spacing

2) Penetrates Bulk Matter (neutral particle)
3) Strong Contrasts Possible (e.g. H/D)
4) E,, ~ Elementary Excitations (phonons, magnons, etc.)

5) Scattered Strongly by Magnetic Moments

Disadvantages ~ )

1) Low Brilhance of Neutron Sources-Low Resolution or Intensities; Large Samples; Low Coherence;
Surfaces Difficult

2) Some Elements Strongly Absorb (e.e. Cd, Gd, B)
3) Kinematic Restriction on ()} for Large E Transfers

4y Restricted to Excitations < 100 meV



The photon also has wave and

particle properties

E=hv =hc/l= hck
Charge =0 Magnetic Moment =0
Spin=1

E_(keV) A (A)
0.8 15.0
8.0 1.5
40.0 0.3

100.0 0.125



Brightness & Fluxes for Neutron &

X-Ray Sources

Brightness dE/E Divergence Flux
(s'm’ster™) (%) (mrad®) | (s'm?)
Neutrons 10 2 10 x10 10"
ROtating 1020 0.02 0 5 . 10 5 % 1014
Anode
Bending 27 20
Magnet 10 0.1 0.1x5 5x10
Undulator
(APS) 10* 10 0.01x0.1 10




Scattering amplitudes: Neutrons
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Perfect & Imperfect ,,Mirrors®




Basic Equation: X-Rays

Helmholtz-Equation & Boundary Conditions

AE(7) + k* n2(7) E(F) = 0



Refractive Index: X-Rays

reo(10%em ) 3(10) pufem™) ac(?)

Vacuum 0 0 0 0 Q(Z) = <Q($,y, Z))w,y
PS (CgHy), 9.5 3.5 4 0.153

PMMA (C;H30,), 10.6 4.0 7 0.162

PVC (C,H;Cl), 12.1 4.6 86 0.174

PBrS (CsH;Br),  13.2 5.0 97 0.181 .
quutzsi0) 180107 esta 85 oz0z2 (  EIECTrON Density
Silicon (Si) 20.0 7.6 141 0.223 - |

Nickel (Ni) 72.6 27.4 407 0.424 PrOfIIe "

Gold (Au) 131.5 49.6 4170 0.570

E=8keV A=154 A



X-Ray Reflectivity: Principle

Visible Light |

Reflectivity: , y
n,>1 n,

X-Ray n,

Reflectivity:

n,<1 n,




Total External Reflection
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Single Interface: Vacuum/Matter

Fresnel- Reflected P = B kl 2 k £,2
Amplitude
Formulae - A ki tk
/ Transmitted O 2 kl 2

n=1 Amplitude L= A
| ko +k
n .k 1,z T Mz

Wave- -
Vectors ki 2 ksin o
ki, = k(n® — cos ozl)l/ :

7
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107°

Roughness Damps Reflectivity

o=10A N\

A=154A

sharp interface
— —error—function (NC)
— - —errar—function (BS)

— - tanh—profile

o



z1

Total Reflection at Surfaces

Refraction index:
n (A)= K, (inside the media) / k,;(outside)

=1 Kinetic energy of a free particle:
El = hz k212/2mN

Inside the media with potential V, k,, is (in most cases)
smaller (conservation of energy):
hz k222/2mN +V= El

k
n(}\‘) ~ “ => Ky = (Ky1” - 2m NV/7’L12)1/2
S
Sa Connection to microscopic properties:
For neutrons (and X-rays) with Fermi pseudo potential: V= 2x #*N b/my

wavelengths of a few A,

. . H . H 3
almost all materials have an optical with — N: number density [at/icm’]

b: coherent scattering length of the

index slightly smaller than 1. nuclei in the material [fm]
=> Total reflection up to a critical Critical angle for total reflection is reached, if E,=V !
Ogrit = Sin*A(N- b/m)2 = cos™n

angle ©,,; (7.

or
Qeri¢ = 47 sin® /A = 4(w N- b)l/2



Calculation of the reflectivity
at a potential step

Potential VV

€= | eXp(-ik;2)

EXP(IK1Z) m—) t exp(ik,z) wp

Depth z

Solution of the quantum mechanic problem:

Fresnel equations

Reflectivity R=|r 2= (ki-ky)/ (ki+ks) exp(i2kiz) | 2

Transmission T= |t |2=| 2k; / (Ky+ko) exp(i2(K; - k,)z) |



Example: Potential of a multilayer

Potential V
A
r exp(-ik,2)
G
exp(ik,z) t exp(iKyZ) smmp
L

—

At each interface one has to take into account:

Depth z

- Refraction effects
- Multiple-scattering effects



Neutron Reflectivity

Reflectivity of Layered Structures

unpolarized

10° T T T T T T

Si substrate

soved s svooed sooued 3o ool

500 A Nb on
Si substrate

AT T ITTTT AT AT |

I ' I ' I '
[30 A Nb /50 A Fe]*123
on Si substrate

e |

q A"

000 004 008 012 0.16 0.20

res:2x 10° A*

/ 1Y
G

500 A Nb

[

/
\

30 ANDb
50 A Fe

(x12)




Neutron Reflectivity

®: angle of incidence
k| = 27/A A: wavelength

Q=-k + k;
IQ|=4=nsSin®/ A




The Filter/Collimation System of POSY |

Neutron spectrum of POSY I:  25A>A>14 A

Frame overlap filter:
reflects A > 14 A out of the beam

I Analyzer
I I Sample Detector
I
1 ot g
H 1 v



Reflectivity of Magnetic Layers
Fermi pseudo potential:

V =271 1N (0p+/-Dpnag)/ My

Po;[ential \Y with b,,.: nuclear scattering length [fm]
bmag: Magnetic scattering length [fm]

(1 pg/Atom => 2.695 fm)

oo N: number density [at/cm®]

nuemag my:  Neutron mass
Vi ' Viuemar]
A 4
>
Depth z

Spin“up’ neutrons see a high potential.
Spin“down” neutrons see a low potential.



Bragg’s Law for Periodic Layered Structures

constructive interference if: 2d sin® =n A

d: double layer thickness
®: angle of incidence
K| = 2n/A n: order number (0,1,2,...)
A: wavelength

d ... magnetic

mag*

periodicity

¢ |

d sin® example:
antiferromagnetic coupling
of magnetic layers



Neutron Reflectivity

Polarized Neutron Reflectivity of
Layered Magnetic Structures

polarized
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We would be better off

if diffraction measured
phase of scattering
rather than amplitude!
Unfortunately, nature
did not oblige us.

Picture by courtesy of D. Sivia

Figure 1.3

A grapiie illustration of Etha phaee probhles: [a) amf () are Lhe
originel imsges. (c) i@ the (Fourier} reconsirectian vhich kss fhe Fourier
phaver af (&) &l Fourier amplifwles =l W3 (e} i@ the Feonndbruction «LLD
ghe phares of (B) and the ampldiiifes of (&).
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Calculation of Reflectivity

Slicing of Density Profile

(2R (6,0 S

L \
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Slicing
&
Parratt-lteration

Reflectivity
from
Arbitrary
Profiles !

» Drawback:
Numerical Effort !



: Mathematical
description Computational
: of density rendexring

profile

Calculation of
trial reflectivity
from rendered
profile

Update of the Comparison of
density trial with data

o BOTH MODEL — DEPENPENT

R MmoceEL - INPEPENPENT
FlT7I/Ne ME THoPS AN BE AsSERP

(FIourE AFTER BERK MATKREAK)
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Polarized neutron reflectometry
2. Magnetic surfaces and multilayers

The ILL/ESRF complex in Grenoble. Reactor core



RKKY INTERACTION IN MULTILAYERS
Interlayer exchange coupling

* Period of osc1llat10ns is related to spannmg vectors of the Fermi
surface of the x

L P. Bruno, J. Phys. Condens.
7 (I (I Q Matter 11 (1999) 9403

* Long period (=18A, Fe/Cr)
e Short period (=2A, Fe/Cr)
* Only observed for very smooth interfaces

Review: M.D. Stiles JMMM 200 (1999) 322



QuickTime™ and a
TIFF (LZW) decompressor
are needed to see this picture.



crgs/(:m2

Coupling strength period

110y AFMITAFM2 FM Coupling period of is
longer than 18A for
AFM - PMrAFM Fe/Cr(110)
A 4
® (100)
o (211)

3O+

103

3
:



QuickTime™ and a
TIFF (LZW) decompressor
are needed to see this picture.



Interlayer exchange coupling

The exchange coupling J between ferromagnetic layers
across a non-ferromagnetic spacer 1s oscillatory.
* Ferromagnetic coupling —

* Antiferromagnetic coupling -

 Biquadratic coupling

AN\
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The Filter/Collimation System of POSY |

Neutron spectrum of POSY I:  25A>A>14 A

Frame overlap filter:
reflects A > 14 A out of the beam

Analyzer
: Sample Detector
it T
H 1 v



Feflectivity

Feflectivity
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S.S.P. Parkin et al,
APL 58, 1473 (1991)

Fig. 6. (a) PNR of {Fe(32A)/Cr(10A)},, in a magnetic
field of 4kOe. Solid triangles: spin +. Open triangles: spin
—. The magnetic moments of the Fe layers are canted, and
the AF component gives rise to the spin-independent peak at
q=008A , the F component to the peak at ¢ =0.143 A .
(b} Effect of the magnetic field on the AF peak of
{Fe(20 A)/Cr(10 A)},,. Solid dots: spin averaged reflectivity
at H=4kOe. A field of 14 kOe saturates the sample, causing
the disappearance of the AF peak at g=0.11A ' (open
dots) (see ref. [43]).



Polarized Neutron Reflectivity

(R™-R7) c M, R*=R" o M ?



log ol NSF-Retlectivity)

T I

&
log, (SF-Reflectivity)
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() 002 0.04 006 R 0.1

QA

Fig. 3. Spin-polarized neutron reflectuvity measured in re-
manence for a superlatiice [Fe(52 ACr17 A)]. The sample
exhibits strong spin-flip scattering which, when modeled with
the non-spin-flip intensity, reveals that successive Fe layers
align symmetrically with respect to the sample anisotropy axes
forming an angle of 507,

A. Schreyer et al, PRB 52, 16066 (1995)



Fe/Nb: reduction of the exchange by charging with hydrogen
F. Klose et al, PRL 78,1150 (1997)
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SPIN-FLOP TRANSITION IN MULTILAYERS
Spin-flop Transition in Bulk Antiferromagnets

A bulk antiferromagnet undergoes
a 1t order “spin-flop” transition if a
sufficiently high field is applied
along the easy-axis

— First predicted by L. Néel
Ann. Phys. (Paris) 5 (1936) 232

« Spin-flop:
— Reorientation of AF component
perpendicular to easy-axis

— Finite magnetization along field

Bulk
H < HSF

— Bulk
H=Hg;



Spin-flop Transition in Finite Antiferromagnets

In a finite AFM there 1s a surface spin-flop TT a;T . T $ ¢
transition at a field below the bulk spin-flop _- ll | ! I iV
transition. 122222
D.L. Mills and W.M. Saslow, Phys. Rev. 171
(1968) 488

Spins near the surface rotate into a flopped state TH T T T T i
and creating an AF domain wall. l ,,,,l, ll ,H

The wall penetrates through the system until it
reaches the center

The spin-flopped region expands throughout.
F. Keffer and H. Chow, PRL 31 (1973) 1061 TT T

i

3]

S.Rakhmanova, et al.,
PRB 57 (1998) 476



Spin-flop Transition in Finite Antiferromagnets

,
o OQOYOPOOVOOEOOOMAOE N.Papanicolaou,

m OOOOOOOROROROROOTOC 1-01’”133*1‘3?;3;“- Matter
s OOOOOROOROGOOe00 1P
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0 OCROCOCOROCOCORCOEOROM

Wall divides system in two (anti-phase) 180 .
domains separated by a T . |Hs |Hg
“discommensuration” : | |

C. Micheletti et al. PRB 59 (1999) 6239 & = ‘ \

I I

Domain wall moves toward center by pairs 3 ‘ ‘ ‘ ll
of layers switching N | i

L. Trallori, PRB 57 (1998) 5923 oH b '||I1_z 12? S—



Experimental Evidence of Surface Spin-Flop Transition

* Fe/Cr(211) superlattice used as template [ . _r,.---—.-_

for finite uniaxial antiferromagnet — sgumD I,ff} ';
. Eﬂ 0 —— L ,,.-:-'-_'II:J - .. |

« Comparison between MOKE and - A

SQUID confirmed surface-initiated spin- A

=

flop transition R (a)
R.W. Wang et al. PRL 72 (1994) 920 : T

Epitaxial (211)

Cr (100 A) /" Fe(144)
— . Cr(114)
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Reflectivity

Polarized Neutron Reflectivity Experiment
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Bragg Peak Intensities

5 Simple AFM ordering
Roc 22 sin[qd2N /2] -
sin[qd/?2] 9 [_,'
Max. at: gz = 2t/d -
Min. at (q - gg) = £[1/(2N)]27/d —_—
in[qdN /2] 2 Anti-phase domain
.| sin[q 2
— - d(N/2+1/ -
“a{sm[qd/z] } <cof[qdN/2+1/4]  —
Min. at: = Qg ___ —
Max. at: (q - Qg) = £[1/N]27/d . —



Reflectivity

Polarized Neutron Reflectivity Experiment
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Number of layers

20

Analysis of Bragg Peak

[
N

ek
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Distance of the domain
wall from bottom

1.4
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SPRING MAGNETS
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Micromagnetic model
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Fig. 16. (upper panel) Neutron reflectivity data taken from an exchange spring magnet. (lower panel) Schematic diagram showing the
evolution of the magnetization in the soft layer at the coercive field, as deduced from neutron scattering data. Adapted from Ref. [273].



Sample

® 20nm Cr on MgO(110)

e 35nm Co_Sm,

® 20nm Fe

® 10nmCr

- E. Fullerton et al.,
APL 72, 380 (1998)
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Polarized neutron reflectometry
3. Toward 3D: domains and nanostructures

The pulsed
reactor at
The Joint
Institute for
Nuclear
Research
Dubna:
Instrument
layout




New Magnetic Anisotropy

W. H. MEIKLEJOEN AND C. P. BEAN
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F16. 1. Hysteresis loops at 77°K of oxide-coated cobalt particles
Solid line curve results from cooling the material in a 10 O0(

oersted field. The dashed line curve shows the loop when cooled ir
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QuickTime™ and a
TIFF (LZW) decompressor
are needed to see this picture.



Magnetic Thin Films

 Spin valve thin film structures

] FM - Pinned
are used as magnetlc SEeNSOrs AFM (a)

o Use Giant Magnetoresistance
(GMR) effect

m (x10 ~ emu)
-~ ©

« Key components:
— Interlayer exchange coupling

— Exchange bias coupling between
FM and AFM

AR/R (%)

200 0 200 400 600 800
H (Oe)

Dieny et al., PRB 43 (1991) 1297
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AF/F Double-Superlattice

}

AF

Interface

Model exchange bias system

Configurable structure
Tunable coupling
Tunable anisotropy

Tuning of the physical properties
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- Major Loop at room temperature
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o Minor loop from +12 kOe at room temperature
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- Dependence of the Exchange bias field, He
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Exchange bias in thin Co/CoO bilayers

Exchange Bias

« After field cooling through T

magnetization loop is shifted. Polycrystalline CoO(33 A)/Co (139 A)/Si

1.0

e Coercivity increases.
0.5 1
Co/CoO
2"’ 0.0
P . . s T " "
 Additional training effect. : -
-0.5- = = . -
T |
» Observation of spin . @" T=10K
dependent off-specular 2000 1000 O 1000 2000
scattering. H [Oe]

te Velthuis et al JAP 87 (2000), 5046
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1. Coherent Rotation: PNR

HG}(

2. Nucleation and domain
wall movement: R 4

- ++
+ H,,

3. Domain formation:

HG}(

Figure 24: Sketch of three different possibilities for the magnetization reversal
from negative saturation field to positive saturation field. This corresponds to
only one branch of a magnetic hysteresis in an ascending field. Panel (a) shows
schematically a reversal via a coherent rotation of the magnetization vector
together with the respective specularly reflected intensity at a fixed scattering
vector. In panel (b) domain nucleation and growth is assumed, and in panel (c)
the reversal occurs via domain formation. For more details, see text.




Spin Flip Reflectivity

C00(33 A)/ Co (139 A)/ Si [Co(164 A)/CoO (20 A)Y/Au(34 A),./AlLLO,
+ ' ' '
X .. T 10 K M. Gierlings et al., PRB 65, 092407 (2002)
>
=
% 1 CoO(30A)/Co(170A)/
O Ti(2000A)/Cu(1000A)/AL,0,
fw—
S:J R. Radu et al., IMMM 240, 251 (2002)
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Figure 28: Left panel: Magnetic hysteresis of a CoO/Co bilayer taken at a
temperature above the blocking temperature Tj; Right panel: y? - values eval-
unated from PNR measurements taken at the designated remanent points and
indicated in the left panel. For temperatures above the blocking temperature,
v? is essentially one. After field cooling to 10 K the x? value remains one for
the untrained magnetization reversal, but assumes values smaller than one in

the trained state, indicative for the development of a angular distribution of

domains. From Lee et al. [97]



Lateral domain distribution
Statistical Measure of Lateral Magnetic Moment Distribution

2 = 2 2 = 2 2
re=<M/>=<M;>c=1-<M > -<M,>

Case: Single Domain <M;2> = M,? I
x*=0
<M,> ~ 0 | 4

Case: Aligned domains <M;?> ~ 0 .
B il |
<M,> ~ 0 AN
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Case: Non-aligned domains <ML2> 70 %
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Magneto-Optical Imaging

light intensity
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Ulrich Welp, Materials Science Division, ANL
Physica C 203 (1992) 149, PRL 86 (2001) 4386
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Exchange biased Co/CoO thin films

Sample: CoO(33 A)/Co (139 A)/Si, polycrystalline
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S.G.E. te Velthuis et al., JAP 87 (2000) 5046; W.-T Lee et al, PRB 65 (2002)
224417; Ulrich Welp et al, JAP93 (2003) 7726;
Invited talks: PNCMI'02, PNCMI'04



ong trained curves (H = 0)




Room temperature

Arkegr g L8 il  Along easy axis reversal
ol S R dominated by wall movement

: SN B T ;  Along hard axis domains of
Con i a8 similar size. But here the

“#%o27 % domain pattern does change
with field.



Comparing images with opposite M,

Difference

The magnetization rotation within Co domains in the
biased state (24K) is different than along hard axis at RT.



« MO Image is dominated by contrast between components of M
1 H.

e Contrast from M L H does not change sign when cycling
through hysteresis cycle, provided each domain always rotates
towards same direction.

* Images of opposite remnant states show that in biased state
(24 K), Co domain magnetizations are directed in the same
orientation.

* Only unidirectional anisotropy (imposed by coupling with CoO)
oriented at an angle with respect to H can cause this rotational
behavior in FM domains.



Summary

Co/Co0O

* Magnetic hysteresis loops can be understood with the
observation of the formation of domains.

e Once the domains are formed, the magnetization reversal
behavior becomes one of uncorrelated rotation of domains
magnetizations.

- Rotation direction always the same in each domain.

— Distribution of unidirectional anisotropies imposed
by coupling with CoO.



Puzzle:

Given that:

 Domains larger than coherence length contribute to
specular intensity

 Domains smaller than coherence length contribute to
scattering

« MO imaging shows domains are 5-10 pm
» Lateral coherence length ~50 pm

Does the Co/CoO film exhibit off-specular scattering?
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POLARIZED NEUTRON REFLECTOMETRY
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The FRM2 reactor “ATOMEI” in Munich



Exchange biased Co/CoO thin films

Sample: CoO(33 A)/Co (139 A)/Si, polycrystalline
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Components of the scattering vector in grazing incidence geometry
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Geometry at grazing incidence

¢ Resolve with PSD
@ Resolve with Spin Echo

coarse collimation /

ight collimation ™ | g
tight ||# t%// y\lz/x

g, = (2n/A)( cose; - COSx; )
d, = (2n/4) sing
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Alternative ways of presenting the off-specular scattering

=
0.07——— , , . ——, 5
el
I
! T
] ] %
.’
I
! o
! -
i (=1}
| —
T
=,
o
g
()
S
, =
Ol ap rad
Fig. 4. Contour plot of an AF Fe/Cr multilayer, as a function of the =
angles of incidence i, (=H) and scattering o, (=), The large p=
peaks on the diagonal are AF [4]. —20 =10 ﬂ_.ﬂ_l 1.0 *aﬂ-a
QA7) 10

Fig. 5. Contour plot of an AF Fe/Cr multilayer, as a function of g,
;. The strong innermost peak along the line g, = 0 is AF; the outer
weak one is structural [5].



Magnetic off-specular scattering
4 terms can be counted: I**, I, I+, I~



First magnetization reversal

= EVA reflectometer at ILL with polarized *He cell for polarization analysis
i
)

* Predominately non-spin flip reflectivity
» Weak spin flip off-specular scattering

* Domain wall rapidly moves into film,
leaving behind small domains




Along trained curves (H = 0)

= Spin flip reflectivity + scattering
= Scattering is not symmetric for
two spin flip cross-sections

« Domain patierm appears not to
change

OO0 OO oS  DOo20N0

] 0015 B Y (a J e
K = 2sin (i [A-1]



Subsegquent magnetization reversals
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Exchange bias in thin Co/CoO films
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Fe/Cr(001) superlattice
Top: experimental map (I)
Bottom: calculated map
Right:magnetic structure
V. Lauter Pasyuk et al,
PRL 89, 167203 (2002)
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pistorted Vwave born Approximation
(DWBA)

— . m

Reflectivity Scattering



Correlated magnetic

Top view

Magnetic domains in
[Cr(9A)/5"Fe(70A)]x12

multilayers

O.Nikonov, V.Lauter-Pasyuk, B.Toperverg,
H.J.Lauter, L.Romashev, E.Kravtsov, V.Ustinov
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Q, [x10°A™]

0.04 0.08 0.12 0.16 0.20
Q, [A™]
Figure 33: Partial reciprocal map from scattering of a Co(2 nm),/Cu(2nm) mul-
tilayer with 50 repeats. Here the reciprocal space is rotated by 90 compared
to the schematic shown in Fig. 77. (a) Scattering pattern taken in remanence.
The half order peak at Q. = 0.075 A—1! arising from antiferromagnetic coupling
is clearly wvisible together with diffuse scattering surrounding this peak in the
Q. and Q). direction. The first order peak at twice the wave wvector is the first
order multilayer structural Bragg peak. (b) The corresponding measurement
in a saturation field of H = 700 Oe. The nuclear peak appears wider than the
specular ridge because of instrumental resolution. The inset shows the specular

reflectivity for the low (open symbol) and high (closed symbol) field data. (from
Ret. [121])

S. Langridge et al, PRL 85, 4964 (2000)
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A. Bergmann et al Phys.Rev.B 72, 214403 (2005)
simulation based on the Distorted Wave Born approximation



Fe implanted in yttrium stabilized zirconia
Fe crystals grown during annealing
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Figure 46: (a) Optical microscopy picture of an arrangement of Co disks in a
square lattice with a 10 ym period [170]. The length of the white bar corresponds
to 20 um. The inset (upper left corner) shows an AFM image of a single disk.
In the lower right corner the in-plane directions are defined. (h) SEM picture
of an array of Co bars [171]. The white marker corresponds to 20 pm.



Array of permalloy disks, and their magnetization
S. Bader, Rev. Mod. Phys. 78, 1 (2006)






S.D. Bader Rev. Mod. Phys. 78, 1 (2006)



Figure 48: Surface topography of arrays of Cog zFeq g stripes obtained with an
atomic force microscope shown in a 3-dimensional surface view. The displayed
area i3 20 x 20 ym?. (a) Narrow stripes with a width of 1.2um and (b) wide
stripes with a width of 2.4um.
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Figure 51: (Kerr microscopy images taken below H.. (a), at H, (b), and above
H. (c) with the magnetic field aligned parallel to the stripes. The plane of
incidence results in a top-down magnetooptical sensitivity axis perpendicular to
the stripes. The curly arrows indicate the mean magnetization direction as well
as the presence of ripple domains. (From Ref. [182]).

K. Theis-Brohl et al, Phys. Rev. B71 (2005)



Neutron intensities
periodic stripe array
H=43 Oe

~f1dcg)

K. Theis-Brohl et
al,

Phys. Rev. B67,
184415 (2003)
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Figure 47: Intensity of the first-order off-specular satellite peak as a function of
decreasing field H applied along the positive = direction of rectangular bars (lett)
and along the positive y direction of rectangular bars (right) [see Fig. 46(b)].
Prior to this experiment, the bars were saturated along the negative x direction.
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K. Temst et al, Superlattices and Microstructures 34, 87 (2003)
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Figure 23: Selection of magnetic nanostructures investigated by polarized neu-
tron reflectivity experiments. (a) Exchange coupled superlattice with antiferro-
magnetic order; (b) dilute magnetic semiconductor as spin-aligner in semicon-
ductor heterostructures; (c) laterally patterned magnetic films; (d) bilayer of a
ferromagnetic film on an antiferromagnetic substrate with exchange bias at the
common Interface; (e) spring magnetic consisting of a top soft magnetic layer
on a hard magnetic layer, where twisting occurs only in the sott layer and in an
opposing external magnetic field.
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The SNS is being built at Oak Ridge, Tennessee by a partnership of 6
national laboratories. It will be a national user facility dedicated to neutron
scattering research. In operation, the 1.4 MW accelerator system will provide
1 GeV protons that impact on a liquid mercury target to produce neutrons by
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Neutron Scattering and
Nanostructures-References

Available online at www sciencedirect.com
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Spin-echo angular encoding
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Spin-echo angular encoding:
no scattering case

spin sample spin
polarizer position analyser
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ALL SPINS ALL SPINS
ARE PARALLEL: ARE PARALLEL AGAIN:
FULL POLARIZATION POLARIZATION

‘SPIN-ECHOQO'’ 1S BACK
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Spin-echo angular encoding:

scattering by the sample

spin spin
polarizer analyser
-B,

FULL DEPOLARIZATION!
POLARIZATION



A\ ARGONNE

NATIONAL LABORATORY

Spin-echo angular encoding:
scattering by the sample

spin spin
polarizer analyser

the same depolarization
P; <P,
FULL independently of
POLARIZATION initial trajectory

P;

DEPOLARIZATION !
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Spin-echo angular encoding:
the equations

Neutron spin phase after both precession zones:

(one before, one after the sample)

2y, Bd-cot@®sing

G~ Gy B

N
_{7/an/1- cot@}(Zﬁsingoj
- v A
RO q

y

The polarization is:

P( é) - [ S(qX’ Qy’ qZ)COS( @y)de/] S(qX’ Qy’ qZ) de ~ G (y)

In our experiments:
SE length & is tuned mechanically by changing ®



Spin-echo angular encoding:
the experiment

° 0y
@ ,,,,,,,,,,,, e Sy [

X 1
Pf 1,0- V 0.5 P
PI 018' Lj . f
| 0
FULL 0.6- o

0,4_: Q ) <:| REAL-SPACE

Q

0,2'- o o @@RIREM?”@N

005100 200 300 400 500 FUNCTION
d~cot® [nm]
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Geometry at grazing incidence

* Resolve with PSD
@ Resolve with Spin Echo

coarse collimation

tight collimation

g, = (2n/A)( cosa,- cos,;)
q,= (21/A) sing



S

THE SAME POLARIZATION IN DIRECT AND SPECULAR BEAMS
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EVA transformed into a SERGIS prototype instrument

experimental

shutter
and attenuators
main monitor neutron
shutter counter  spin

polarizator
) E'..‘-r

4
S \

_arm
coil 1 %nd coil

first spin-echo

second spin-echo
_arm
coil 3and coil 4

&

NEUTRONS
FOR SCIENCE

2D position
sensitive
detector

EaN - 2nd st samtple - R multiclhannel mhaglr:jetic
beryllium- ¥ position analyzer  shielding
fer B . @ . - = . -
A |
= — G ‘ i - 1L -
| o] [ @ =7 ]
| I—t& < Ts
| o,
T : = o|o
1= h: - c : | EE
S N T 7/2 spin magnetic o||K I r
3 st i rotator shielding o|lN e |
. o 1 slit || [ - - | I
e i D > R i ;
L & L I ] - ; :
! e | | | |
PamnN | | I |
| | | | | |
B . a i
—>: 3:4— 2800 : 400 . 1730 : :
! 3400 I 2620 |
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EVA during the transformation to SERGIS

. . Beam size 50x5mm
Z’LZ;E % Wave numbers covered:
B 10109 40102 A
Max. SE time in classical
configuration (®=0) 0.07ns
Max. spin echo length 4500A

5:{7n3d2-cot®}

y
L (neutron wavelength) 5.5 A
v (neutron velocity) 720 m/s

O (tilt of precession coil) 50°

=i
resonance

— 7_—:_____...'2: 07/2004, B (magnetic field in leg) 78 G

‘-_-

o m— d (Iength of precession leg) 50 cm
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Beam geometry

PSD-Y 10° 10 10% 10° 10°
r ‘7r777 1 1 1 1 -150
£125
3 £100
)
? L %
50
05
25 50 75 100 125 150
10°
10™
N
2
107 -
107 ,

25 50 75 100 125 150 50 75 100 125 150

PSD-Y PSD-Y

PSD-Z



First SERGIS experiments at the dedicated set-up EVA

In transmission geometry (SESANS)

» colloids of polystyrene (PS) spheres PR .."‘:.;: oo
. structured Al,O, film Sgee?
In grazing incidence geometry (SERGIS)
« Dewetted polymers on Si Y
>< homopolymer dPS _—

>4 blend of homopolymers dPS and PpMS
><| diblock copolymer dPS-b-PpMS



ARGONNE

NATIONAL LABORATORY

SESANS results: Polystyrene spheres

2.5% polystyrene balls in 3:1 D,0/H,0

2mm thick cell % —exp[G(6) - G(0)]
- -1 L] a0 20z
- dfl@ Ve, t(Ap) f2(OR)
§

L) L) L) L) L) L) L) L) I 1
-50 0 50 100 150 200 250 300\ 350 400 450

§ [nm]

1D projection of the real space autocorrelation function
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Comparison with D-22

1':”:”:”:":' E T T T T 1T T 171 T T T T T 17T L= |
: : Latex sample :
Small angle 10000 L -E%mple;ditigtﬁrﬁr'ﬁm Exposure times ]
- F Eait Latex 5 mins -
Scattering C = Solvent 5 mins
1000 £ -
at D-22 : - Scattering curves are Iateai - solvent
2 No detector correction
from a2 mm cell 100 E = Scaled together "by eye" |
. 0 . _-___

containing 2.5% g 10 L = 4
3 % E
latex balls C 1
Lt sample-detector 2m 3
300 nm diameter : ] 2 = 10 :
into a solution “OE - E
(P. Timmins, ILL) - | | i
0 0.01 0.1 1
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Anodized Aluminium Oxide (AAQO)

Top view

l

I I ith
1
Sample: Al,O5 from

Tao Xu (ANL) Bottom view —

—

i

~~
o
dal
|
N
o
L — Y
S ¢ ¥
=
s, 1 v ¥y

T 30 nm

D,, pore-to-pore distance = ~120nm
D, pore diameter =50-60 nm

t, barrier layer thickness =~20nm

[, length of pore ~ 30 microns
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SANS results: Anodized Aluminium Oxide

Small angle scattering from AAO
as a function of the angle
of the film’s normal to the incident beam.

Size of the beam: 2 x 2 mm
Neutron wavelength: 5.5 A
Sample/detector distance 2.75 meters
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Geometry of scattering from one element of the AAOQ lattice.
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2-dimensional scattering pattern of AAO

T
&0, beam size 18x2 nfm
S4¢f] (used for spin-echo scan
g0
Eqe]
Em‘;_
P T . e
20 40 6O BD 100 120 140 160
Im:nl:-:l (e
R 54002 20 a1
27308 L;-‘lﬂ 40
11852 E |
280 B0
4572 L~
5 |
=2121 3_‘1-5-3 B0
- _ |
5 B 100
s g -
120 120

140

160
20 40 B0 80 100 120 140 160 4 10" 10 10" 100 10
harizontal PSD channels meaan Intensity per pixel
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AAO. Correlation function in real space

we= W _FFT Forier transform of S(q)
0.8 m= Spin Echo result
== Spin Echo * 63nm wide gaussian

i i i i i i
0 100 200 300 400 500
Spin echo length [nm]
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SESANS results: Anodized Aluminium Oxide

Reciprocal Space (SANS)

Intensity map ~ S(Q)

SANS: D. =2 /AQ =

100 nm 300,0

176,6
104,0
61,2
36,0
21,2
1255
7,4
4,3
25

15

2x2 mm2 beam

Reciprocal & Real Space
(Spin Echo SANS)

Polarization map ~ G(y)

| V .: ; . \ l -
1.2 ¢ | . 1 L ! —] . 1 .
1 M iy L \ AL I

0.8 ’ g I RN A byl e by ii:*.-‘
‘ ‘ |l

04 ||||I|I|I|II"‘ H L
. Illl\l“ ”‘IWHHHI |I|l|"'“"'||“"|'|""~ lllllllllllll.lll""'l‘w
d lll u I U iy

0.4

| “‘M v,

-0.2 : ‘t )
1‘ -

04 i : I’ {f I'(

l|||| s, Ji RANNS Y

-0.6

0.2

L O O O o o o o o o =

0
9
8
7
6
5
4
3
2
1
,0
,1
2
3

-50 O 50 100 1;119 % 250 300 350 400 450
d

10x2 mm?2 beam
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Spin-echo set-up for grazing incidence geometry
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a)

1.5
reflection plane
-1.0
0.5

+0.0

. deg

4 F-0.5

r-1.0

-1.5

5 43 2 1
intensity, a.u.

a) scattering geometry. The incident
beam (I) impinges on the sample
surface at a shallow angle a;
transmitted (T), specular (S) and
diffuse (YY) intensities are
simultaneously recorded by PSD.

1.5
b) . detector plane
1.04
0.5. T AP
=1 | Moty e d
S | g
LDD' o g
05 £
L m‘ .
-1.04
¥
-1.5 : T Ly T - T : T

15 10 05 00 05 10 15
Q. deg

b) Image taken by 2-dimensional PSD
during real experiment. The size of the

incoming beam at the sample position
was 302 mm2,
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Dewetting of polymer-blend films from Silicon

a) b)

ALY
]
e it
Sy Wk ol

A

00+
AFM picture of drops of 3
d-polystyrene/
polyparamethylstyrene 1k
on silicon 0

2001

Zoomed AFM picture

Model of scattering
length densities as
seen by neutrons
(GISANS)

Model of scattering
length densities as seen
by X-rays(GISAXS)

A comparative study of P. Muller-Buschbaum et al., Physica B283,53 (2000)
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Homopolymer dPS (deuterated polystyrene)

pancake-type droplets
A

< >

P. Muller-Buschbaum et al.
J. Phys.: Cond. Mat. 17 (2005) S363-S386

—_—
=

(nm)

um h (nm)
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Diffraction figure in transmission and reflection geometry

§ & specular
s peak

Fig. 6. Scattering in the transmission
angd in the reflection geometry. - I,
§ ’ S e Yoneda
angles peak

Transmission Reflection

LA

GISANS from
Ox | cosd;- cosd; COSICOSP - COSY,; copolymer droplets
D22(ILL), 8 hours

dy sinY,sing cosI,sing

d, sind; + sinJ¢cos@ | sinS;+ sinY,
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Reflectivity experiment

specular peak + Yoneda peak

yellow: a; > o,

specular peak tail
+ Yoneda tail

Scattering is better separated
from specular & direct beam than
In transmission geometry

Yoneda anomalous scattering
(enhanced diffuse scattering)



Contamination of the signal

. . indexes:
— ]R PR T ]D PD R — refernce (specular or direct beams)

P — polarization

| — intensity
])exp I I D — diffuse scattering
R + D exp — measured
! 107
S% ROI
R
| 7
10'3
19
1 g
4
] I <
10°
-1 0
ai i aC ai > OCC
“Yoneda peak”

“Yoneda wing”
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Calculated scattering at grazing incidence

| 025 00
theg} 00 10 075 P (deg)

Columnar geometry of

FIG. 5. The diffuse structure factor for columnar structures
with the same correlation function as in Fig. 4 plotted as a func-
tion of B and ;. The radius is R =10004, the angle of in-
cidence 2, =0.5 and the index of  refraction
n=1=6.1X10"%+ix10"",

the density fluctuations
The scattering pattern
IS quite similar at all angles
In the plane of

Rauscher, Salditt and Spohn, PRB 52, 16855 (1995)
specular reflection
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15

1,0

0,5

0,0

-0,5

SERGIS results: Homopolymer

fffig%%

L} i
o
i 2§§?§ . iéif
2i0.60 (Y] g ¢ §§ + J
IR
-10 6 10 20 | 30 40 50

0,8-
0,6-
0,41
0,21
0,0-
_0’2_'
_0’4_'
-0,6+—

50 0 50 100 150 200 250 300 350
o[nm]j
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SERGIS results: PpMS (polyparamethylstryrene).dPS
BLEND 3:2

P. Muller-Buschbaum et al.
J. Phys.: Cond. Mat. 17 (2005) S363-S386

SERGIS

cd
—

Tegolution” ~ 7/ |
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log(Int) (a.u.)
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SERGIS results: Diblock Copolymer
poly(styren-block-paramethylstryrene) P (S-b-pMS)

P. Muller-Buschbaum et al.
J. Phys.: Cond. Mat. 17 (2005) S363-S386

L o
T

[A\Y]
e

SERGIS
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Comparison of samples

T
i HOMOPOLYMER
1,24 gg . e ® pancake-type _
1,04 8 . droplets (A ~ h?) SO,
0 8——#532 .
0] 9690
—p_ 06 2o 558 ¢ BLEND
° 041 e O . i T ® pancake-type il

0] %, f ) droplets (A ~ h?) SIC;
L
0.27 T . §§§ I O ‘spherical’ _
-0,4- ) 5 droplets (A ~ h1) SIO;
0,61~ . . . .
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polarization

hight, arb. un.

1.0+
0.8
0.6
0.4
0.2

EXPERIMENTAL DATA AND CALCULATED CORRELATION FUNCTIONS

BLEND SAMPLE

L=15nm d=490 nm

<>

00

1.2

1.0
0.8-
0.6-
0.4-
0.2-
0.0-

0.2
-0.4-
-0.6-
-0.8

-1.0

LB LB

0

S N

50 100 150 200 250 300 350 400
y, nm

hight, arb. un.

polarization

DIBLOCK COPOLYMER

d=580 nm lDB=65 nm

0.2-
0.0

0.2
0.4
-0.64
-0.8

-1.04

T T

0

uuuuuu { ELJLINL I N L N R B B N N B N N B T T T T
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SERGIS findings on droplets of copolymer on silicon:

»SERGIS detects 2 periodicities at the surface
»The first Is related to the droplet/droplet distance
» The second to a vertical layering of the copolymer

Does the copolymer layering
micelles

propagate from droplet to dropléjgg
,% @ surface micelles ég b%:\@

Image from:

“dewetting Behavior of a block F”MA ?E %@@f @ ég 'gé:a@}

copolymer/homopolymer ijj gé
thin film on an immiscible

homopolymer substrate B. Wei, J. Genzer and R.J. Sontak

Langmuir 20, 8659 (2004)
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The mother of all experiments:
Membrane Protein Structure/Function

ALPHA-HELIX PROTEIN
SERGIS is an excellent probe i L ?}w
For near surface GLYCOLIPD ¥ Y]
i i ; p 7 |\ OUGOSACCHARIDE /=
2-dimensional correlations ' 1

a

iy f'lrl E\\Jj
=
Range: Snm-1um. (% 5\ \ J

SIDE CHAIN-. 0 [
!‘ |

g

Several instruments
Active or planned

(IRI Delft, ISIS,FRM2,
J-Parc,NIST,SNS...)

GLOBULAR

At SNS it should have PHOSPHOLIPD PROTEN /

HYDROPHORIC /
~100 times the power of e P
EVA - CHOLESTEROL




