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Reflection from a Planar Interface

Reflection and transmission of neutrons:

k = 21'[/}\ kicr ksr
K;
kOSI'
P1
P17 P2 0; / / 0,
Z
P2 »_vy
X Kk,

The initial neutron with wave vector k. may undergo specular reclection (sr), off-
specular reflection (osr), incoherent reflection (icr) or transmission (t), which
change its wavevector but not its energy (elastic scattering).

In specular reflection, the reflection angle O; equals the incident angle ..

For a homogeneous material the potential is the same all over the x,y-plane —
consider only z-component of k. (largest application today is disordered surfaces)
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Neutron wavefunction

Schrodinger ezquation for an elastically scattered neutron:

() () =Bu() (D

Y¥(r) is the neutron wavefunction
E is the neutron energy — does not change in elastic scattering

V(r) is the nuclear potential of the material which the neutron travels through:

& -
V(r)= zbjé(R—rj) (2)
2wm \ S
V(r) = is only non-zero when neutron position R = r; (nuclear radius ~10-">m)

-> nuclei scatter like point objects (have no form factor)
Scattering length density in a homogeneous material:

' th constant
P (Z) =Enfbf V(r) = Yo Potential (3)
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Neutron wavefunction

The neutron wavefunction is a complex plane wave:

(averaging over y) ?/j (x, Z) = eikxl/j (Z) (4)

k, is the wavevector that describes the neutron motion parallel to the interface

— does not change in elastic scattering

()

Combining (1) and (4): d Z/J
0z’

where qz(z)_&z BV (2)]-K (6)

is the momentum transfer or scattering vector normal to the interface.
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" Reflection from a Planar Interface

Aq =2q; .
k =2T1T/A
94
P17 P2 P1
P2

In specular reflection, the reflection angle O; equals the incident angle 0..
For a homogeneous material the potential is the same all over the x,y-plane —
consider only z-component of k.
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Reflection and Transmission coefficients

The neutrons are partially reflected and transmitted:

( (igyz) (—iq z) " > ()
e + re 7=
)= L O

. S

Where r and t are the reflection and transmission coefficients. The boundary

condition is that ¥(z) and its derivatives are continuous at z=0: (8)
l+r=t and q, —q," =q,t
q,and g, are the scattering vectors above and below the interface. This gives:
— 2
9 and f = 1t (9)
q, T4, 49 t 4,

These are the Fresnel reflection and transmission coefficients.
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The neutrons are partially reflected and transmitted:

Aq = Q = Z(h\\\ Kk, reflection
= 2Kk,sin0 |

P4 q., = k;sinf,

P2 {/'Y
< X

For elastic scattering:

0, k, = k,cos0, = k,cos0,

qz, = K,sin6,

k, transmission

kiz _ k)? +ql-2 (10)
Using (6) : kl? _ SJZZm (E—Vl.) (1 1)



P 5
‘Q and Scattering length density

The refractive index is the ratio between the wavevectors in 2 media:

K, _cost  gpell’s ( 1 2)

Hy,=—" or "y,
k, cosd, Law

Using (3), (1 1) and the de Broglie relation for the neutron energy (h2/2mA?) gives the neutron
refractive index and its relation to the scattering length densities of the two media.

AZ
n,=1-— —
12 2.7z('02 o) (13)
Total reflection occurs when 0, = 0 for transmission and the critical reflection angle is
5 14
cosl, =1-—(p,-p,) (14)
27

4rsing,
0.=— (15)

The critical momentum transfer vector q_ depends on p; and p, for any A.
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Reflection from a homogeneous thin film

The neutrons are partially reflectedkand transmittelc{i:
1 1

27T .
=—n7.S1n 6.
/))l A 1 1 l

B phase thickness of the film

6y
5 n is the neutron refractive index
2
T is the film thickness

The reflection amplitude and intensity are given by:

2, 2
Iy +Fyy + 28,1, c0820

1+ (7,,7,,)° +27,7,, OS2 3 ( 1 6)

2i8
Hy, T 1€
154

R =

R=|R[ =
1+ 7,r,.e” -

The intensity maxima and minima occur at cos2f=%1, which allows the film
thickness to be estimated from the separation of minima in q:

27T
-2 (17)
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Reflection from a multilayer film

For a multilayer film with several sublayers with different scattering length density:

Po

P1

P2

P3

P4

The Fresnel reflection coefficient r can be
modified to include the effects of interfacial

roughness: —11(202

r=re’ (18)

For each layer the reflected amplitude is
described by a characteristic Abeles matrix:

I ei/”u—n 7}+ ei/?’(j—l) T

[M j] T (19)

7

The total reflection amplitude is given by the product of all the layers

[M]=1:[Mi

The reflection intensity from a layer is given by:

R = Mol
J

2
+

m, iy,

(20)

(21)
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The Experiment

Since q = 4115in0B/A, reflectivity R(q) can be measured in two ways:
1) using a monochromatic beam and scanning the angle of incidence 0

2) using a polychromatic beam covering a range of g-values at any given 0

In method 2 the range of q is measured simultaneously, which allows structural changes to be
monitored as a function of time.
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The Experiment

Since q = 4115in0B/A, reflectivity R(q) can be measured in two ways:

1) using a monochromatic beam and scanning the angle of incidence 0

2) using a polychromatic beam covering a range of g-values at any given 0

In method 2 the range of q is measured simultaneously, which allows structural changes to be
monitored as a function of time.
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The Experiment

Since q = 4115in0B/A, reflectivity R(q) can be measured in two ways:

1) using a monochromatic beam and scanning the angle of incidence 0

2) using a polychromatic beam covering a range of g-values at any given 0

In method 2 the range of q is measured simultaneously, which allows structural changes to be
monitored as a function of time.

g~ 1° H
y : 5 Si wafer
2 - & :
R A | e
+ + ' 0, ~ 4° :
Ty N ! ? :
T -4 His o 11 20A A 2A
& MRS <. :
! # 4-*,4 :lﬁg‘-& # i
g Py .
+ b W eTT :
3+: + o ty t‘. :* }j.}fi :
20 A A 2A F R, y o -;&ﬁf’:n ” §
" T il Bl B £ tﬁq
9= T o B . T
0.1 0.2




EUROPEAN
SPALLATION
SOURCE

The Experiment

Since q = 4T11SinO/A, reflectivity R(q) can be measured in two ways:

1) using a monochromatic beam and scanning the angle of incidence 0 (x-rays)
2) using a polychromatic beam covering a range of g-values at any given 0 (neutrons)

In method 2 the range of q is measured simultaneously, which allows structural changes to be
monitored as a function of time.

When using polychromatic beam, the neutron wavelength distribution is determined from their
time-of-flight, since the neutron velocity depends on their wavelength:
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The Experiment

Reflectivity R is the ratio of reflected intensity over the incident beam intensity I;/l, - when
both are measured with the same beam parameters (slits) this also normalises data.

Reflected beam I x 10 R \

e ==

If the incident beam travels through an absorbing/scattering
medium (such as a silicon wafer or a window), the
incident intensity or a transmission function is measured

through this.



The Experiment

Reflectivity R is the ratio of reflected intensity over the incident beam intensity I./l:

|) below the critical Q,R= |
2) for a time-of-flight experiment, only ~10% of the incident beam is reflected as above the

critical angle the intensity falls with ~Q-*

R [ 7 | The critical g value is a property of the materials:
W " | for silicon p; = 2.07 x 10-6 A-2
o | for D,O p, = 6.35 x 10-6 A-2

Io ““\‘\ IR x 10 _|

o Q. 5i-D,0) = 0.0147 A-!

1| p, > p; > total external reflection (Q: why?)

Wavelength A
RedW3 Green:Wa

e - i Q, ~0.0147 A-! (Si -D,0)
JE . _ o r \
N o/ Ix A ~10.35 A >
ot = %
ke

%ﬂ\\ it ! W i MW i M“
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The Experiment

Neutrons penetrate many materials easily, but...they are strongly scattered by liquids
(incoherent scattering), and also absorbed by some materials.

Many solid materials are almost transparent to neutrons and can be used to deliver the
beam to buried interfaces, e.g. the solid-liquid interface

many kinds of sample cells and environments are

used for liquid surfaces, e.g.
G 5 A typical solid-liquid flow cell:

air-liquid troughs Langmuir troughs Aluminium holder

\ 13
) e |

liquid trough/flow cell

Silicon crystal

Aluminium holder

Si (111):80%50%10 mm

multi-rack for S/L cells  overflowing cylinder
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Reflection data analysis

Building model structures to represent the system

Optical matrix calculation to fit theoretical reflectivity to experimental data

Parameters: film thickness, scattering length density, roughness

From these is is possible to work out the volume fraction ¢ or the water fraction (1- §)
IOlayer = ¢IOS +(1_¢)IOW

Contrast variation: simultaneous fits to several data sets are used to obtain
* the fraction of a component in a multicomponent film
* the location of components in a multicomponent film

* deuterium labeling to create contrast between components
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| Reflection data — what does it reveal?

Neutrons reflection measures the film thickness and scattering length density.
From these is is possible to work out:

* the area per molecule A and the surface coverage [ per unit area.

volume of water

4 - nl, T = 10%°
tlayer (1_¢) A.NA

* number of molecules per unit area
* the density of a material

 orientation of a molecule from thickness
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Data analysis

Installation and Introduction to Motofit
Building models and fitting data in Motofit:

Manual vs fitting algorithms
Using constraints

Co-refining multiple contrasts

Introduction to projects



lgor Pro graphing/fitting package

http://www.wavemetrics.com/

Home

Products

Order Search

News

User Resources

Support

IGOR Pro 6.2 New
Features

IGOR Pro 6 Brochure
(PDF, 4.4MB)

Product Updates

The latest release of
IGOR Pro is version
6.22A.

The latest release of the
Japanese version of
IGOR Pro is 6.22].

The latest release of the
XOP Tookit is version
6.02.

IGOR NIDAQ Tools MX
1.05 now available.

The latest release of

IGOR PI‘O 6 is an extraordinarily

powerful and extensible scientific graphing, data
analysis, image processing and programming
software tool for scientists and engineers.

SeoDetai | Ty Now | Buy Now-

Macintosh and Windows Platforms
Journal-quality scientific graphs

3D and volume visualization

Flexible image display

Handles large data sets very quickly

Extensive scientific and engineering data analysis
Curve fitting, peak fitting

IGOR XOP Toolkit

Allows a C
programmer to
extend IGOR Pro.
Add operations,
functions, menus,
dialogs, and windows
for data analysis,
data acquisition or
other purposes.

IGOR NIDAQ Tools MX
Acquire data directly

into IGOR Pro.
Supports data
acquisition devices
made by National
Instruments.

IGOR Filter Design

Laboratory
Design FIR (Finite

Impulse Response)
and IIR (Infinite

Impulse Response)
filtere and tn annlv



lgor Pro graphing/fitting package
Install Igor 6 using one of the installers:

setuplgor6.exe - for Windows PC
lgor6-2.dmg - for Mac

* general scientific graphing, progamming, instrument control
and peak/curve fitting.

* Demo version runs Motofit analysis for NR — can save text files
but not experiment files



Motofit by Andrew Nelson

http://motofit.sourceforge.net/wiki/index.php/Main Page

1avigation

= Main page

= Community portal
= Current events

= Recent changes
= Random page

= Help

search

"Go | [ Search

page discussion view source history
Main Page

Motofit and Reflectometry(scattering) resources Wiki.

This Wiki describes the use of Motofit to analyse X-ray and neutron reflectometry data, although there is some information on other scattering techniques.

Contents [hide]

1 Motofit

11 Featres Optical matrix modeling of reflectivity

1.2 Software available
1.3 Download address

14 Publatins * neutrons and X-rays

1.5 Screenshots
1.6 Acknowledging Motofit

© 7 Bemehmaring Motof * Genetic curve fitting algorithm

1.8 Motofit manual

* simultaneous fitting of multiple
contrasts (incl. pol neutrons/X-rays)



Download address for Motofit

http://sourceforge.net/projects/motofit/

Download
motofit_installers4.zip contains:
motofitinstaller.exe - for Windows PC

motofitinstaller.dmg - for Mac

(also contains Platypus data reduction software)



Instructions to fit data in Motofit

1. start lgor
2. from the Motofit menu — “load Motofit”

" Igor Pro File Edit Data Analysis Macros Windows Table Misc plliig Platypus Help
8 00 Table0: Load Motofit package

Unused [*] B Unload Motofit package
Point :

i Execute Crnd...




Instructions to fit data in Motofit

3. Motofit menu — “Fit reflectivity data”

__.' Igor Pro File Edit Data Analysis Macros Windows Table Misc [ ey Platypus Help $ K11 O a |

8 00 Table0: Load Motofit package
Unused [»] Unload Motofit package
Foint

Fit Reflectivity data

Load experimental data

Co-refine Reflectometry Data

Change settings

SLD calculator

create local chizmap for requested parameter
Fit batch data >
About
Manual

Transfer data from old version to new version

MotoGlobalfit >

! Execute Crod..




Instructions to fit data in Motofit

4. choose g-range, no. of points contrast etc.

enter plot parameters

Enter number of data points for Enter minimum g-value (AA-1) for
SO0 0.00%
Enter maximum g-value (Ar-1) for Enter ®%resolution (dg/q):
0.5 5
How many points do you want in Which plot mode?
~0d logR vs Q -
Which mode?
' solventpenetration =

| Cancel | | Continue . Help |




Instructions to fit data in Motofit

~ @ IgorPro File Edit Data Analysis Macros Windows Graph Misc Motofit Platypus Help ¥ W11 O @ @ D 3 =« 100%Ep ¢

‘ Autoscale H Q range Plot type | logR vs Q + | snapshaot H restore H refresh ‘ [ Fit T Constraints T thickness estimation T plot control 1
|_| Append residuals Dataset
| 05 |oad data ‘ dataset| _none_ s Save fits
L =14
i . ° ° Plotting
|2 reflectivity —
I 3 type| logR vs Q : resolution do/g % | 5 @ Add cursor
o
: . Fitting
- — _ l? e . - . ?
5 Do fit Genetic .| [ use dQ wave? O F!t with constraints?
6 || use error wave? || Fit between cursors?
-7 = T T T T | Model
0.1 0.2 0.3 0.4 0.5
: . numlayers 1 Model | coef_theoretical_R # | Save Load
Q(A ) b scale 1 O
e 00 Scattering length density bkg le-07 | o E | O make multilayer?
304 layer thickness SLD solvent roughness
) fronting INF 0 ]
5 2.5 1 25 O [3.47 O [o |00 [4 O
e 2.0 backing INF 2.07 O 4 O
= 1.5
[
@ 1.0 S I d (Z)
T | T | T | P
-10 0 10 20 30 40
distance from interface (A) —

#|oadMotofitPackaged )
splotCaloref()



Instructions to fit data in Motofit

distance from interface (A)

it Data Analysis Macros Windows Panel Misc Motofit Platypus Help BN O @ @D 3 = « 100% =D
8 00 Reflectivity Panel
Aitoscale Q range Piot type | logR vs Q snapshot T refrosh ' Fit ] Constraints T thickness estimation T plot control ]
|_| Append residuals | Eniseet
04 ‘ load data dataset| D20_surfacel & Save fits
] reflectivity
4 type| logR vs Q : resolution dg/q % |5 |7 Add cursor
U . 2
Fitting
-6 = ? e .
— Do fit [ Genetic y U use dQ wave? e F!t with constraints?
| | use error wave? | | Fit between cursors?
_8 —
T T T T Model
0.1 0.2 0.3 0.4 !
N ) numlayers 1 Model | coef_theoretical_R : | Save Load
— .Q(A.) ﬁl scale 1 O
S 1g length density bkg 1e-07 O e 10.350177 | || make multilayer?
3.0- layer thickness SLD solvent roughness
fronting INF 0 1
"t 1 |25 |0 [3.47 O [o |0 (4 O
s backing INF 2.07 O 4 O
)
3 S I d (Z)
I | T T T
0 10 20 30 40

o|oadMotofitPackaged
eplotCalcrefi )

<




Instructions to fit data in Motofit

To modify the appearance of the graphs , double click on e.g. the data

Modify Trace Appearance

Trace Mode

theoretical_R | Markers =

D20 surfacel R
Size: Auto o _
Thick: 0.50 || Opaque
| stroke Color: .

Color: .
| Set as f(z)... |

Grouping: | None ™ | | Hide Trace
™ Error bars... (¥ Gaps
|| Offset...

Cli

Do It lo Cmd Line To Clip | Help | | Cancel |




Instructions to fit data in Motofit

To start building a model structure, add the number of layers you thlnk
you will need

l—Fn—lL Constraints | thickness estimation T plct control

Then put in starting points load data | daraser DZ0-surtece’

fo r th € Param ete s type| logR vs Q i resolution dg/q % E@ Add cursor

Fronting: Dofi | (conte 3 o e

the material through which o

the beam en te rs nur:llayers 41? Model | coef_theoretical_R : | Save Load
bkg 1e-07 1 w2 '0.350177 | | make multilayer?

Talon fonting  INF o
BaCkI ngo 1 |25 ||j 347 4 |D |D 4 [
L]

the material behind the e ? 3
. Insert arter wnicn layer
interface

insert after which layer?

1

| Cancel | | Continue |




Instructions to fit data in Motofit

The parameter table creates a coefficient wave which is used to calculate
the theoretical reflectivity |

.r—ﬁ't—~|L Constraints [ thickness estimation [ plot control

Cataset

resolution: experimental R  coteset(D20surfacel
type| logR vs Q i resolution dg/q % E@ Add cursor
Background: fitted, can have |
been subtracted or not. Oofic et ) (o oo v O Fit etwamn s
roughnesses are for the e i Model Cost_theoretmlR <) | save || Load
bkg 1e-07 [ w2 '0.350177 | | make multilayer?

interface to the previous layer
i.e. the first box is for the
fronting material surface i L — -

insert after which layer?

1 |25 |0 [3.47 O [o |00 [4

L1 O

insert after which layer?

1

Fit curves and coefficients
can be saved and re-loaded
as text file.

| Cancel | | Continue |




Two ways of using Motofit

1. Build a layered model and vary parameters
until you find a fit

2. Fitting with either Levenberg-Marquart or
Genetic algorithm does the variation
automatically

To get familiar with the fitting, best to start with
the manual option.



Using Constraints

* linear constraints: e.g. two roughnesses must be the same

* Fit parameters numbered in sequence from the top

8 m 'r‘—"'i'

Reflectivity Panel

( Fit T Constraints T thickness estimation T plot control ]

Add constraint

Remove constraint

K9=K12

Model

1 [numlayers 1 Model | coef_theoretical_R | Save Load

7 |scale 1

3 |bkg 1e-07 »210.350177 | make multilayer?
layer thickness SLD solvent roughness
fronting INF 4 o

5|1 25 3.47 Yo 4

9 |backing INF 10 |2.07 11 12 [4




Fitting

* To hold a parameter constant, tick the box
next to it. For example, hold the sld of D20,
because you know what it is.

* |f you found a good fit manually, tick all
parameters to hold them, then choose the
data set you want to fit, and do a Levenberg-
Marquart fit — this saves the fit curve, model
and sld curve.



Fitting

* To do a Genetic fit, choose which variables to
hold, then click on Do Fit. This gives a table in
which you give the limits within which the
algorithm varies each parameter in turn. Try
to be realistic and only use this when

relatively close to a fit — won’t work from a
mile away.



Fitting Multiple contrasts

* From the Motofit main menu, choose “Co-
refine Reflectometry data”

* This gives you a panel into which you can add

two or more data sets (e.g. the same surface
in H20 and D20)

* You can link parameters in the two contrasts
that you want to have the same value — e.g.
the thickness of a layer.



Saving, exporting, graphics

you can save your work in an Igor experiment file
(.exp) — this keeps all your data, fits and models
in one package.

you can write notes about the experiment by
selecting in the Windows menu “new...” —
Notebook.

you can export data as a text file — either the
reflectivity, sld or each x and y wave separately.

save your plots as image files by “save graphics”



Projects

1. Alipid bilayer multiple contrasts
2. Atwo-component membrane + protein

3. A multilayer substrate + SAM + lipid
monolayer

Download data + resources from:

https://www.dropbox.com/s/775jja8b657uml5/
Reflection tutorial data.zip?dI=0




1.Lipid bilayer

* Lipid bilayer on a silicon wafer

e Lipid = DMPC Dsw i
p o/;(\o*,_‘

* Contrasts: PSS SS S
a) DMPCin D20/H20

b) chain-deuterated DMPC in D20/H20

- on individual substrates



1.Lipid bilayer

Task 1: calculate the sld for

Silicon, Silicon dioxide, H20 and D20

The headgroup and chains of DMPC and dDMPC
Task 2: calculate the expected critical Q

for Si-D20 and Si-H20

Task 3: How would you build a model structure of
this sample? What parameters do you need?

Resource: HERCULES Neutron reflectivity.doc



Molecular volumes and sld

d54-Dimyristoyl phosphatidylcholine: C;cH;gDs,NOgP — MW 732.265

Group V (DPPC)/ A’ V (DOPC)/ A’ V (POPC)/ A’
CH; 53.57+x0.91 52.79+0.4 50.41+0.77
CH, 27.93+0.1 28.13+0.09 28.24+0.17
C=C 45.91+0.69 42.1+£2.31
COO Carbonyl 43.58+1.05 37.4+1.28 38.43x1.47
C;H; Glycerol backbone (65.47+2.11 81.62+2.96 72.48+2.28
PO, Phosphate 66.36+2.95 51.05+6.31 52.12+2.23
CsH 3N Choline 107.62+2.49 129.68+5.25 120.68+2.98
H,O0 29.5+0.5 29.5+0.5 29.5%0.5

Total 1215.79+14.27 1322.19+20.52 1255.78«17.12

Experimental [7-10]

1232

1295

1267

D D Dy D

D,

D, D D D2 O

D,



1.Lipid bilayer

Data (DMPC datafiles.zip):

Silicon surface 1: Silicon surface 2:
- D20_surfacel.dat - D20 surface2.dat
- H20_surfacel.dat - H20 surface2.dat

- d54DMPC_D20_surfacel.dat - pMPC D20 surface2.dat
- d54DMPC_H20_surfacel.dat - pMPC H20 surface2.dat

_oad files into Motofit
Cit structure of each Si-SiO2 surface first

~it each bilayer data in both contrasts
Compare structure of DMPC and d54DMPC




1.Lipid bilayer

Q 1: Can you fit DMPC and d54DMPC to the
same structure?

Q2: What is the area per molecule for DMPC
and d54DMPC?

Q3: How would you estimate the error in
determining the area per molecule from this
data?



2. Two-component bilayer + protein

Lipid bilayer on a silicon wafer

Lipids = chain deuterated DMPC and egg
sphingomyelin (SM)

Contrasts: D20/H20
Protein: equinatoxin Il



2. Two-component bilayer + protein

Task 1: calculate the sld for SM

Task 2: Build a model structure that allows you
to find out what mol fraction of SM the bilayer
contains.

Task 3: Estimate the scattering length density of
the protein equinatoxin in H20 and D20 — use

Equinatoxin_sequence.docx

Protein_volume&sld_calculation.xlsx



2. Two-component bilayer + protein
Data (DMPC SM datafiles.zip):

- Silicon_D20.dat - d54DMPC_SM_D20_2.dat
- Silicon_H20e.dat - d54DMPC_SM_H20_ 2.dat

- d54DMPC_SM_D20_1.dat - hEquinatoxin H20 2.dat
- d54DMPC SM H20 1.dat

- hEquinatoxin_D20 1.dat

Fit structure of Si-SiO2 surface first
-it both sets of bilayer data in both contrasts

~it effect of protein



2. Two-component bilayer + protein

Q 1: What is the fraction of SM in the bilayer?
Q2: What is the error in determining this?

Q3: What effect does the protein equinatoxin
have on the bilayer structure?



3.Multilayer + SAM + monolayer

A multilayer substrate on a silicon wafer
Self-assembled octadecyl monolayer
Lipid monolayer = DMPC + DOGS-NTA
Contrasts: D20 + CMSi (matched to Si)



3.Multilayer + SAM + monolayer

Task 1: Calculate sld and D20 content of CmSi?

Task 2: Build a model structure that allows you
to fit the multilayer substrate + SAM

- Si—Si02 — Cr — Au — octadecyl monolayer
- how thick is the SAM?

Task 3: Based on the first fit — find the structure
of the lipid monolayer

Q: what would make fitting these structures
easier?




