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1. X-ray and neutron reflectivity
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- X-ray refractive index .I

Refractive Index:
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n*(w)=1+

For x-ray's, the refractive index is always smaller than 1:

~1-10" <1
Adding dispersion and absorption correction:
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aw for different media

n<l




ngle for total reflectio

Since n < 1, total reflection occurs at:

For all angles a < o, the wave can not penetrate into the
medium, but at o there is an evanescent wave travelling
along the interface

evanescent
wave
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Critical angle for total reflection

Since n < 1, total reflection occurs at:

cos a,

=CcoSa, =n
cos(

For all angles a < o, the wave can not penetrate into the

medium, but at o there is an evanescent wave
along the interface

travelling

Medium 1
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Critical Scattering Vector

Scattering vector is defined as:

Q=47ﬂsina =2ksina

Accordingly the critical scattering vector is:

0. =47ﬂsinac = Zk\/l—cos2 o, = \/4k2(l—n2)

=~ \4k*25 = J16m,p,

The critical scattering vector is no more a function of the
wavelength. It is entirely determined by the property of the
material and in particular by the electron density p..
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' Fresnel reflectivity B

ForQ,<Q.,R=1,

For Q,> Q. R=R;

The reflectivity drops with Q#, for scattering vectors Q >> Q..
This applies for perfectly flat interfaces.

100 [
10° —
102;— ,:
103;—

104 L

Reflectivity, R(q,)

10% £

106 i | | | | |
0.00 0.05 0.10 0.15 0.20 0.25 0.30

q, (A7)




.snel reflectivity for Si
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Reflectivity from a thin layer:
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lectivity from a multila-l
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.flectivity and Bragg ran.l
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Back transformation from
reflectivity data to electron
densities and thickness
profiles is the ultimate goal.
However, the back
transformation is not always
uniquely possible.
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Reflectivity of rough surface

Master formular yields for a Gaussian roughness a damped
Fresnel reflectivity:

R(Q,)=R.(Q,)exp(-Q;c”)

R((Q,) is the Fresnel reflectivity of the ideal surface.
Roughness adds a damping factor, similar to the Debye-
Waller factor:
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-:)ecular diffuse scatterin'l
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ecular scattering from r
Interfaces

Perfectly specluar surface,
100% reflection, mirror image

Perfectly rough surface,
100% diffuse scattering, projector wall

LSS

Partially reflecting and scattering from
rough surface
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-fuse Scattering .I

Scattering function in the Born approximation:

S(©)=[{p(0)p(R))e ™ d"R
Pair correlation function:

G(R) = <(p(0) - <P(0)>)(P(E) - <p (E)>)>
= (p()p(B))~ (p(O) p(R))
= (p)p(R))-(p(0)

Inserting:
Su@= (pO) " TR+ [C(R)™ R
Specular Reflectlon Diffuse Scatterlng
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Height-height correlation function

Z(R)

W;R

Height-height correlation function for a single self-affine,
fractal surface:
C(R) = {z(0)z(R)) = " exp[-(R / §)""
G = rms roughness
¢ = cut-off length:
for R > &, interface appears smooth,
for R <&, interface appears rough, fractal behavior

Suy (0) = ZRZELT) [fexp( 02C(R)) - 1exp(iQ,R)d" R

Q:
;) S.K. Sinha, E.B. Sirota, S. Garoff, and H.B. Stanley, Phys. Rev. B 38 2297 (19883 ¢ 1)
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Transverse scans

Transverse scan from an FePt film on GaAs

Intensity (log)




Transverse scans

Transverse scan from an FePt film on GaAs
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Snell's law for specular
reflection:
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-fractive Index for neutrons.l

Snell's law for specular QM potential step for the
reflection: z-component of the kinetic
energy.
neutron beam

Ei
0 Z
] k Nuclear potential:
"= S y,, _ t 27z'h2
sin Y ki Vn 7]\[ b
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2 sin® Yo k E, E -V, 4r
n = - — 2 — — — 1 __QNAbCOh
sIn” y, L L k.

l l l

Ranl!

N,= nuclei number density

b., = coherent scattering length of nuclei A

Notice thatn <1, only for b, , 20

Total reflection only for b, , 2 0




eflectivity from a non-magnetic, I

flat sample
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For Q,< Q. R =1, only for b >0, i.e. for coherent

scattering length.




Substrate
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on Reflectivity
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2. Polarized neutron reflectivity
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tic potential of neutrons
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tic potential of neutrons
r potential)

Initial state and polarization of

V., (2)=-4, é(z)‘ neutron out side of the sample:
Y
=—4n|u, | M (Z)‘ _ B
5 H
27th & y
= pm (Z) | g
" State and polarization of neutron

inside of the sample:
A

Y

i B,M
¢
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etic potential of neutrons
or potential)

Initial state and polarization of

V. (2)=-i E(z)‘ neutron out side of the sample:
Y
m n Y
= —4n|u,|\M (Z)‘ _ B
27’ & y
=——p,(2) >
, State and polarization of neutron
Total neutron — sample potential ~ 'nside of the sample:
(independent of the angle ¢): vt

2 H o
V=V, 4V, ==N,(b+p,) /{ :




-rc'jdinger eguation .I

Potential for polarized neutron scattering at magnetic

samples:
V: V++ V+— :@NA bcoh+pY pX
V_+ V__ mn pX bcoh o pY

Inserting in Schrodinger equation:

2 2
Sl
V_ W_

Yields the respective reflectivities R**, R~, R*-, R™.




R "=R"™+R"™

R =R +R"

R"—R =R™-R—

R"+R =R +R  +2R"

Spin Asymmetry :

R"—R R™—R~
R'+R R"+R +2R"
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ctivity and Asymmetry
Ingle thin ferromagnetic film

Reflectivities :

R" and R™ :

Spin Asymmetry : X
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F. Radu et al. submitted QA




--spin flip (NSF) scatterin'l

For an inclined
magnetization follows:

s4(0.. 7(p))

= 54(0.,42(0))sin ¢
My
‘ ]\2‘ H,

Y

v X

NSF — scattering measures the Y-component of the
magnetization vector: My (longitudinal component)




--flip (SF) scattering

R™ =R ~cos’ ¢~ My Y

SF — scattering measures the X-component of the
magnetization vector: M, (transverse component)










ction rule for magnetic
ron scattering

2610 =) sin (0. (7)

40

m

Magnetization components parallel to the scattering
vector are not visible to the neutrons!
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a. Thin films

b. Superlattices and roughness
c. Exchange bias

d. Magnetic patterns




f2 nm Fe film on 150 n
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FeNb MBE1214: low temperature T =1.5K

b —4——uun 3
1, @@h ~ddn
= %@@ s
e} 0,1 < o Ly —o—dun =
= T e
o ;
E -
e} 0,01 5 \ E
= 3
o
@
N
T 1E-3 J
e 3 E
S
o
e ]
—  1E4
1E-5 T T T T I T T T T ' T
0,00 0,05 0,10 0, 15

0,20

Amount of magnetic material: 103 emu




-retation of results -I




retation of results

Reflectivity

QOO0 005 010 0415 0.20
y
QA ]




retation of results

Reflectivity

QOO0 005 010 0415 0.20
y
QA ]




retation of results

Reflectivity

QOO0 005 010 0415 0.20
y
QA ]




Reflectivity

pretation of results

0.1
0.01 1
1E-3 §
1E-4 4
1E-5 4

1E-6 -

005 010 015 0.20
y
QA ]




pretation of results

1 Profile +
3 o 3 Profile -
2 01 2 B,.=22 777 Oe
& 0.011 > X .
O 3 =
2 153; :
5 el g [
& 1E-41 13 |
1E-5 4 S
5 S o-
]-E'6 1 ' 1 ' 1 L 1 ' 1 ' 2
0.00 005 010 015 0.20

500 0 500 1000 1500 2000

QA ] 2 [A]




ar and magnetic density
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ciprocal space maps in the
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Magnetic roughness in Co/Cu
superlatties

Q, [x10°A™
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Q,[A] QA7

S. Langridge, J. Schamlian, C.H. Marrows, D.T. Dekadjevi, B.J. Hickey, PRL 85, 4964 (2000).
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Intensity (arbitrary units)

ansverse scans across
If-order AF peak

0
Qx (x103 A

Spi (O) = DWJ A2 e [S +m+ Sm]

s = structural roughness
m =domain distribution roughness

sm =cross term contains magnetic
roughness

Diffuse scattering due to:
* domain size distribution
 orientational domain distribution

Diffuse scattering diminishes in high
fields




New 3He Spin-Filter

Ken Anderson, ILL
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New 3He Spin-Filter

Ken Anderson, ILL

Gaﬁ =5 bI]
Y
* G .=16500 bn E

Polarizer
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New 3He Spin-Filter

. Ken Anderson, ILL
@) M =5 bI]

é * Gan=16500 bn

Polarizer

10329390 ASd

3He spin-filter technique is very useful for the polarization analysis of off-
specular scattering. Compared to solid-state analyzer, the spin-filter covers a
wider angular range and is free of small angle scattering.




AF-coupled Co/CoO multilayer
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F. Radu et al. (2005) unpublished




change bias effect

Exchange interaction of a F and AF layer across a
common interface

T>Ty

Magnetization

AF-layer, T > Magnetic field
TN
1. F-layer saturation in positive field
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2. Field cooling of AF below T
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AF-layer

2. Field cooling of AF below T
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MOKE measurements of a CoO/Co
bilayer

2nm CoO
Co —»

0,50
'S5 0,48
<.0,46
S
E 0,44
g 042
S 0,40
Y
0,38 :
1200 -900 -600 -300 O 300 600 900 1200
Magnetic field (Oe)

1. magnetization reversal
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MOKE measurements of a CoO/Co
bilayer
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MOKE measurements of a CoO/Co
bilayer
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1. Nucleation and domain
wall movement:

L DC

2. Coherent Rotation:
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3. Domain formation:
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Diffuse scattering from CoO/Co
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Do we still need PNR?
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- XMCD and XRMS .I

* Element specific

« Spin and orbital moment
analysis

‘/ Fluoreence o \Jggnetic scattering (XRMS)

» Vector magnetometry
(similar to MOKE)

« Environment of magnetic ion
Loadlock (metallic versus ionic)

window
 High time resolution (ns-ps)

 High spatial resolution (x-ray
microscopy: 10-20 nm)

Topview

Vacuum

Differential chamber

pumping stage

beam

Alignment

system Detector
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YES, PNR Is still required!

The only method to provide depth resolved absolute magnetic
moments

Sensitive to magnetic induction (including stray fields in
domain walls and screening fields in superconductors)

No interference with optical terms, and no independent
determination of optical parameters required

Born approximation is sufficient for analysis at Q > Q,

Vector magnetometry is measured in the same field
configuration

Deep interfaces and layers are accessible
Polarization analysis of diffuse scattering possible

Coherence length of neutrons on the order of magnetic
domain sizes (several um), providing access to fluctuation
terms.
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