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You have all done reflectometry

- Light reflected from the top and
bottom of the film interferes

- Certain wavelengths interfere
constructively

incident sunlight
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Surface Reflection Is Very Different From
Most Neutron Scattering

Normally we work out the neutron cross section by adding
scattering from different nuclei
— We ignore double scattering processes because these are usually very weak

This approximation is called the Born Approximation

Below an angle of incidence called the critical angle, neutrons

are perfectly reflected from a smooth surface

— This 1s NOT weak scattering and the Born Approximation is not applicable to
this case

Specular reflection is used:

— In neutron guides
— In multilayer monochromators and polarizers
— To probe surface and interface structure in layered systems



Why Use Neutron Reflectivity?

* Neutrons are reflected from most materials at grazing angles
 If the surface is flat and smooth the reflection is specular

— Perfect reflection below a critical angle

— Above the critical angle reflectivity is determined by the variation of scattering length
density perpendicular to the surface

— i.e. we can determine the “average” density profile normal to the surface of a film on
the surface

Images courtesy of M. Tolan & T. Salditt



Various forms of small (glancing) angle neutron reflection

Specular reflectometry
Depth profiles
(nuclear and/or magnetic)

Off-specular (diffuse) scattering
In-plane correlated roughness

Magnetic stripes

Phase separation (polymers)

Glancing incidence diffraction
Ordering in liquid crystals

Atomic structures near surfaces
Interactions among nanodots

A~0.1-100nm

Viewgraph from M. R. Fitzsimmons



Neutron Reflectometers
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Refractive Index for Neutrons

27h?

The nucleus - neutron potential is given by :  V(r) = bS(r) forasingle nucleus.

e o — 27k’ 1
So the average potential inside the mediumis: V = i o where p = E b,
m volume &

p 1s called the nuclear Scattering Length Density (SLD) - the same one we used for SANS

. . nkg
The kinetic (and total) energy of neutron in vaccuumis £ = 5 0
m

2,2 _
Inside the medium the total energy is 5 +V

m

. _ Wky RKT - BED 2k’

Conservation of energy gives 2m0 =, +V = ™ + J; 0 or kg —k* =40

Since k/k, = n =refractiveindex (by definition), and p 1s very small (~ 10° A%) we get :
n=1-2p/2x

Since generallyn < 1, neutrons are externally reflected from most materials.




Only Neutrons With Very Low Velocities
Perpendicular to a Surface Are Reflected
kik,=n
The surface cannot change the neutron velocity parallel to the surface so:

k,cosa =kcosa'=kncosa' 1. n=cosa/cosa’

Neutrons obey Snell's Law

Since k> =k, —4mo  k’(cos’ a'+sin’ a') = k; (cos’ a +sin” @) — 4mo
ie. k’sin*a'=k sin®a-4mp or k’=k,_ -4mo

The critical value of £, for total external reflection is k,, = M
Forquartz k™" =2.05x107 A"

. critical
(2”/;]’) SIn acritical = kOZ =

ko
a. ... (°)=0.02A(A) for quartz \

Note: «a_....(°)=0.1A(A) for nickel N‘
k

How do we make a neutron bottle?




Reflection of Neutrons by a Smooth Surface: Fresnel s Law

k;r krr

Y1 = ayel YR = age’

continuity
of y &yatz=0=> 20 »
a,+a,=a, (1) tnz [ Ao/ - S

components perpendicular and parallel to the surface::
a,kcosa+aykcosa =a,nkcosa’  (2)

—(a, —ay)ksina = -a,nksina’ (3)

(1) & (2) =>Snell'sLaw: |cosa =ncosa’

(1) & (3) => (a, —ay) _,Sna _sma k..

(a, +ay) sma  sma  k,

soreflectanceis givenby | r=a,/a, =(k, -k, )/(k. +k,)




What do the Amplitudes ai and a; Look Like?

For reflection from a flat substrate, both ag and a; are complex when k, < 4mxp
|.e. below the critical edge. For a, = 1, we find:

0.5 F

—
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0.01 0.015 0.02

»

Real (red) & imaginary (green) parts of ay
plotted against k,. The modulus of ay, is

plotted in blue. The critical edge is at

ko~ 0.009 A7. Note that the reflected wave 1s
completely out of phase with the incident wave
atk,=0

0.005 0.01 0.015 0.02 0.025

Real (red) and imaginary (green) parts
of a;. The modulus of a; 1s plotted in
blue. Note that a; tends to unity at
large values of k,, as one would expect
and that the transmitted intensity peaks
at the critical edge.



Penetration Depth

In the absence of absorption, the penetration depth becomes infinite at large
enough angles

Because k, is imaginary below the critical edge (recall that kZ2 = kgz —4mp),
the transmitted wave is evanescent

The penetration depth A=1/Im(x)  '"F—

1042—' At? 'S

Around the critical edge, one may

N

tune the penetration depth to probe = '"¢
different depths in the sample 102;__’J i

101 1 1 1 1 | 1 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1




Measured Reflectivity

- We do not measure the reflectance, r, but the reflectivity, R given by:

R = # of neutrons reflected at Qz =r.r* S -

. Braslau et al.
# of incident neutrons PRL 54, 114 (1985)

Adssdd,

.

l.e., just as in diffraction, we lose phase
information

S
-~

e

1 -Ray Reflectivity

Fresnel Reflectivity1

T vrremy :

- Notice, also, that the measurement averages  *
the reflectivity over the surface of the sample: '’

-8 " 2 | N " 1

I.e. measured reflectivity depends on 0 015 030 o045

5(2) = % [dx[dyp(x..2)

YT

Measurement

Measured and Fresnel reflectivities
for water — difference is due to surface

roughness



When Does a “Rough” Surface Scatter Diffusely?

Mv Y —

boundary between rough and smooth: A¢ = n/2

- Rayleigh criterion

path difference: Ar =2 h siny
phase difference: A¢ = (4xh/A) siny

that is h <A/(8siny) for a smooth surface

g=) 32! 7%

whereg=4nhsiny/A=Q,h




Surface Roughness

- Surface roughness causes diffuse \ /' 2

(non-specular) scattering and so S I ﬁ
reduces the magnitude of the | X
specular reflectivity |

-

1

« The way in which the specular reflection is damped depends on the length
scale of the roughness in the surface as well as on the magnitude and
distribution of roughness

Note that roughness

\
Ww | \¢‘ n (\Z) introduces a SLD
MW W ﬁ\ N profile averaged over

the sample surface

“sparkling sea”model  each piece of surface
-- specular from many scatters indepedently
facets -- Nevot Croce model

~
I

2k ki.o"
Rpe



Fresnel’ s Law for a Thin Film

r=(Kg,-K1,)/(K,+Ko,) is Fresnel’s law

Evaluate with p=4.10% A2 gives the
red curve with critical wavevector
given by kg, = (4np)'2

If we add a thin layer on top of the
substrate we get interference fringes &
the reflectance is given by:

i2k, 1
Fop 1€

r= 12k .t

1+ 7, r,e

and we measure the reflectivity R = r.r*

If the film has a higher scattering length density than the substrate we get the green
curve (if the film scattering is weaker than the substance, the green curve is below
the red one)

The fringe spacing at large k,, is ~ w/t (a 250 A film was used for the figure)



Multiple Layers — Parratt lteration (1954)

-  The same method of matching wavefunctions and derivatives at

interfaces can be used to obtain an expression for the reflectivity of
multiple layers

2ik. ..z
z,j+14j
Y - R; _ o2k Pt X e
ST L7, X e e
J Joj+1<% j+1
h kz,j _kz,j+1 vacuum 1
ZJ z,j+1 layer 2

Start iteration with :
RN+1=XN+1=O and Ti=1 layer  j

(i.e. nothing coming back from inside

substrate & unit amplitude incident wave)

layer N

layer N+1

Image from M. Tolan



Dealing with Complex Density Profiles

Any SLD depth profile can be
“chopped” into slices

The Parratt formalism allows the
reflectivity to be calculated

A thickness resolution of 1 A is
adequate — this corresponds to a
value of Q, where the reflectivity
has dropped below what
neutrons can normally measure

Computationally intensive!!

Slicing of Density Profile
6(2)%2(6J_6J_1>/ TN
) /

/ \
~ - )4 \
o /

-~ \
~N. /
— 7

~

W

Image from M. Tolan



Kinematic (Born) Approximation

We defined the scattering cross section in terms of an incident plane wave & a
weakly scattered spherical wave (called the Born Approximation)

This picture is not correct for surface reflection, except at large values of Q,

For large Q,, one may use the definition of the scattering cross section to
calculate R for a flat surface (in the Born Approximation) as follows:

number of neutrons retlected by a sampleof size L, L,

number of neutrons incident on sample (= PL, L sinx)

dk dk
_ a. _ 1. fdad§2= 1. fda il
LL sma LL smaJ dQ L.L smaJ dQ k,sna

becausek =k,cosa so dk_ =-k,smada.

From the definition of a cross section we get for a smooth substrate :

a0 _ fd? fdf'e’@“-f') =p’ 4n” LL 60O, so R=16a"p* /0’
dQ Q2 X"y X y z

z

[t1s easy toshow that this is the same as the Fresnel form at large Q,



Reflection by a Graded Interface

Repeating the bottom line of the previous viewgraph but keeping the z - dependence
6'722' Up(z)elQZZdZ — 6” dp(Z) elQZZdZ
O: o: vV d

equality follows after intergrating by parts.

where the second

of pgives: R =

If wereplace the prefactor by the Fresnel reflectivity R ., we get the right answer

for a smooth interface, as well as the correct form at large Q,

2
R — RFUdp(Z) eiQZZdZ

dz

This can be solved analytically for several convenient forms of do/dz such

as 1/cosh? (z). This approximate equation illustrates an important point :
reflectivity data cannot be inverted uniquely to obtain p(z), because
we generally lack important phase information. This means that models

refined to fit reflectivity data must have good physical justification.



Comparison of Neutron and X-Ray Reflectivity
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Neutrons often provide better contrast and don’ t damage samples
X-rays provide better Q resolution and higher Q values

Viewgraph courtesy of M. Tolan



The Goal of Reflectivity Measurements Is to Infer a
Density Profile Perpendicular to a Flat Interface

In general the results are not unique, but independent
knowledge of the system often makes them very reliable

Frequently, layer models are used to fit the data
Advantages of neutrons include:

— Contrast variation (using H and D, for example)
— Low absorption — probe buried interfaces, solid/liquid interfaces etc
— Non-destructive

— Sensitive to magnetism
— Thickness length scale 10 — 5000 A

Issues include
— Generally no unique solution for the SLD profile (use prior knowledge)

— Large samples (~10 cm?) with good scattering contrast are needed



Analyzing Reflectivity Data

We want to find p(z) given a measurement of R(Q,)
This inverse problem is not generally solvable

Two methods are used:

Modelling

Parameterize p(z) and use the Parratt method to calculate R(Q,)

Refine the parameters of p(z)

BUT...there 1s a family of p(z) that produce different r(Q,) but exactly the
same R(Q,): many more p(z) that produce similar r(Q,).

This non-uniqueness can often be satisfactorily overcome by using additional
information about the sample (e.g. known order of layers)

Multiple measurements on the same sample

Use two different “backings” or “frontings” for the unknown layers
Allows 1(Q,) to be calculated
R(Q,) can be inverted to give p(z) unless p(z) has bound states (unusual)



Model of the chemical structure and refinement procedure.

Intelligent

design Calculate
SLD profile

X-ray SLD [A?

—Real X-ray SLD [A7]
~Imag X-ray SLD [A7]

' ' A / '
100 200 300 400 500

Depth into sample [A]

—

Q

N
X-ray reflectivity * @

Calculate
.90 005 01 015 0:210.:25 03 035 04 reﬂeCthltY

QAT]

X-ray reflectivity

Compare ] o
and - |—fitted

perturb 005 01 015 02 025 03 035 04
QAT




Perils of fitting

10° - .
——Model 1 107 - —
107 —— Model 2 — IV
<L 4x10° |
- >
> 107 3
s S 3x10°
S 10°) < f
Ko 2
e S 2x10° - k_
107 + o
o)
10° - T 1x10° -
%]
10'6 | | | | | | | 0 | | ) ) ‘ |
0O 0.02 0.04 0.06 0.08 0.1 012 014 .50 0 50 100 150 200 250
QA" Depth into sample [A]

D. Sivia et al., J. Appl. Phys. 70, 732 (1991).



Direct Inversion of Reflectivity Data is Possible*

- Use different “fronting” or “backing” materials for two
measurement of the same unknown film

— E.g. D,0O and H,O “backings” for an unknown film deposited on a quartz
substrate or S1 & Al,O; as substrates for the same unknown sample

— Allows Re(R) to be obtained from two simultaneous equations for
2 2
‘R1‘ and‘Rz‘
— Re(R) can be inverted to yield a unique SLD profile
 Another possibility is to use a magnetic “backing” and
polarized neutrons

— . — Si or Al,O; substrate
80~ J
Unknown film \ /
~— H20 or D20 —

* Majkrzak et al Biophys Journal, 79,3330 (2000)



Polymer-Decorated Lipids at a Liquid-Air Interface*

SLD Profiles of PEG-Lipids

1.3% PEG lipid 4.5% PEG lipid 9.0% PEG lipid A 1
in lipids in lipids in lipids 810° 3
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brush transition main effect seen with x-rays \

Neutron Reflectivities

X-Ray Reflectivities
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*Data courtesy of G. Smith (LANSCE)



Diffuse Scattering

If an interface 1s rough 1t will scatter 0,

both specularly and diffusely .

diffuse

specular
0, P

0, = k(cos, —coseoz%(ef _02)=0.(6,-6,)/4

If 6, -6, =1°~0.02radians
0. ~0.0050, =10~ nm" e

=

1.e. the 1n - plane length scale

probed can be ~ 1 micron!!

If the roughness of neighboring interfaces is
correlated, the diffuse scattering will appear
as constant-Q, ridges extended 1n Q,

v
>

lated vs. correlated (conformal) fluctuations
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Image from G.Brotons & L. Belloni
(CEA/SACLAY).



Grazing Incidence Diffraction

In principal, grazing incidence diffraction can be used to probe lateral
(in-plane) structure

This is difficult with neutrons for several reasons:
— Collimation in x-y plane is needed leading to low intensity

— Hard to prevent the beam going in or out through the sample edge and picking up
bulk order rather than surface order

A few experiments have been done

New techniques such as neutron
spin echo may make this type of
study easier




Observation of Hexagonal Packing of Thread-like Micelles
Under Shear: Scattering From Lateral Inhomogeneities

NEUTRON

BEAM QUARTZ or SILICON

- 1

1

INLET ;
HOLES o /
2N TEST SECTION |_2

______________ o)

TEFLON LIP OUTLET
‘ \ / ‘ T

RESERVOIRS

TEFLON

g
Scattering pattern
implies hexagonal

A~
M
< > JS% ~— Upto — -
© o Microns
symmetry
~—~ L g S o _‘HZO\P;\
L N

Thread-like micelle

W. A. Hamilton, P. D. Butler, S. M. Baker, G. S. Smith, John B. Hayter, L. J. Magid, and R. Pynn; Phys. Rev. Lett., 72, 2219 (1994)



Planning a Reflectivity Measurement

Simulation of reflectivity profiles using e.qg. Parratt is essential
— Can you see the effect you want to see?

— What is the best substrate? Which materials should be deuterated?

If your sample involves free liquid surface you will need to use
a reflectometer with a vertical scattering plane

Preparing good (i.e. low surface roughness) samples is key
— Beware of large islands

Layer thicknesses between 10 A and 5000 A

— But don’ t mix extremes of thickness



END
Questions?



Vesicles composed of DMPC molecules fuse creating almost a perfect
lipid bilayer when deposited on the pure, uncoated quartz block™
(blue curves)

When PEI polymer was added only after quartz was covered by the lipid

bilayer, the PEI appeared to diffuse under the bilayer (red curves)

Scattering Length Density

Neutron Reflectivities _Profiles
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* Data courtesy of G. Smith (LANSCE)




One can also think about Neutron Reflection from a Surface as a

1-d Problem

AWAWARITININAWATATAWARAWAWA
VARVERVERVAN N VARVEAVIRVIRVERVERVIRY

T —

V(2)=2 n p(z) 7 2/m,

SN/ k2=k,2- 4 p(z)
substrate

Where V(z) is the potential seen by
the neutron & p(z) is the scattering
length density

7z Film ‘ Vacuum




This Lecture

Why use neutron reflectivity?

Refractive index for neutrons

Neutron reflection by a smooth surface

Neutron penetration depth

Effect of surface roughness on specular reflection
Reflection from a surface covered by a thin film
Reflection from layered films — the Parratt method
The kinematic approximation

Reflection from a graded interface

Comparision of x-ray and neutron reflection
Exact determination of SLD profiles

Science examples

— Polymers & vesicles on a surface

— Lipids at the liquid air interface

— Boron self-diffusion
Rough surfaces and correlated roughness
Grazing incidence diffraction

An example of GID: shear aligned worm-like micelles



