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Part 1: Basic Reflectometry Concepts

<> diffraction versus real space imaging

<> probing structure beneath the surface boundary
<> wave/particle behavior

<> coherence length -- plane waves and wave
packets

<> specular reflection from a flat object
<> scattering length density (SLD) depth profiles
<> spatial and Q resolutions

<> non-specular scattering



Principal Uses and Advantages of Neutron Reflectometry:

* For the specular condition, provides the chemical (isotopic) scattering
length density (SLD) depth profile along the surface normal with a
spatial resolution approaching half a nanometer.

* With polarized neutrons, provides the vector magnetization depth
profile of a ferromagnetic material.

* Isotopic contrast, particularly applicable to hydrogen and deuterium.

* A non-destructive probe which can penetrate macroscopic distances
through single crystalline substrates, making possible reflection
studies of films in contact with liquids within a closed cell.

* As a consequence of the relatively weak interaction between the
neutron and material, a remarkably accurate theoretical description
of the reflection process and quantitative analysis of the
data is possible, although the Born approximation is often not valid

and an “exact” or “dynamical” formulation is required.



Importance of Sample System Preparation

> The great success in using neutron reflection/diffraction to study thin film systems of
hard condensed matter, in particular the structures and fundamental interactions in
magnetic materials, is largely due to the ability to tailor, with atomic-layer accuracy and
precision, single-crystalline, layered sandwiches and superlattices (using vapor
deposition techniques such as molecular beam epitaxy in ultra-high vacuum). Advances

in film deposition techniques and lithography continue at a remarkable rate.

> Similarly, neutron reflectometry in principle can be applied as a probe to further our
understanding of the structure and function of molecules in lipid membranes, of
relevance in biology and bioengineering, when comparable control over the fabrication
of model systems is achieved. Great progress has been made toward realizing this goal
in practice. However, we are still at a relatively early stage of development in our ability
to engineer soft condensed matter films on atomic and nanometer scales. Progress can be
expected as efforts in creating and manipulating membrane / molecular systems

accelerates.

> Employing phase-sensitive methods in reflectivity measurements ensures a unique
scattering length density (SLD) depth profile. Additional application of hydrogen /
deuterium substitution techniques and comparison with molecular dynamics calculations
assures a correspondingly high degree of certainty of obtaining an unambiguous

chemical composition depth profile.



Why is specular neutron reflectometry so special?

<> Neutron reflectometry (NR) is a valuable probe of the
structure of both hard and soft condensed matter in thin film
or multilayered form -- particularly for hydrogenous and
magnetic materials. NR can see beneath the surface and
provide quantitative structural information from everywhere
within the film on a nanometer scale.

<> Both “forward” and “inverse” scattering problems for
specular neutron reflection are mathematically solvable,
exactly, from first-principles quantum theory. The
mathematically unique solutions are thus far only possible in
one dimension and for non-absorbing potentials of finite
extent.

<> Phase-sensitive neutron specular reflectometry,
employing references, enables direct inversion of composite
reflectivity data sets to yield a unique scattering length
density depth profile for an “unknown” film of interest,
without fitting or any adjustable parameters.

<> The spatial resolution and accuracy of the SL.D profile
thereby obtained is limited only by the statistical uncertainty
in the measured reflected intensities and truncation of the
reflectivity data sets at the maximum value of wavevector
transfer attainable.



Number of reflected neutrons _ r [2
Number of incident neutrons

Reflectivity =

Incident Beam Non-Specular
| Reflected Beams

l v Specular
¥ Reflected Beam
S 0, =

2 Transmitted Beam

Specular reflection: p(z) = <p(x,y,z)>xy
Non-Specular reflection: Ap(x,y,z) = p(x,y,z) — p(z)

(AFTER NFDERK ETAL)
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FIG. 1. (Color) Schematic diagram of adsorbed layer structures consisting of (A) spherical micelles, (B) cylindrical micelles, and (C) a
bilayer, including the film thickness = and interaggregate spacing d. Also shown are examples of neutron scattering length density profiles
normal to the interface, B(z), corresponding to each structure at the quartz/D,0 interface at a fractional surface coverage of 0.55. The
head-group and alky! tails of the surfactants have different scattering length densities, but because of the arrangement of the molecules this

is only apparent in the bilayer 8(z).

single-crystal quartz block and reflected from the quartz-
solution interface were recorded as a function of angle of
incidence. The off-specular background, including any signal
due to scattering from the bulk solution [15], was subtracted
to give the reflection coefficient of the surfactant-coated in-
terface. All solutions used were above their critical micelle

B. TTAB + 200mM JC. DDAB

or aggregation concentration, a condition which leads to a
saturated adsorbed film at the solid-solution interface.

The cationic surfactant tetradecyltrimethylammonium
bromide (TTAB) forms nearly spherical micellar aggregates
consisting of approximately 80 molecules in bulk solution.
Small angle neutron-scattering measurements [16] give mi-

FIG. 2. 200X200-nm’ AFM
tip deflection images of (A)
spherical TTAB aggregates ad-
sorbed onto quartz from water so-
lution, (B) cylindrical TTAB ag-
gregates adsorbed onto quartz
from an aqueous 200mM NaBr so-
lution, and (C) planar DDAB bi-
layer adsorbed onto quartz from
water solution. Long-wavelength
undulations visible in (B) and (C)
arise from roughness in the under-
lying quartz.
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free film
Then, once we know My(L):
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(Courtesy of Norm Berk)



Fresnel Reflectivity
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"Soft" substrate

Smooth transition:
interlayer diffusion
roughness

/rms width = 3.5&
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Uniform slab
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Multilayer on Si
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Electron diffraction pattern from a double slit -- one electron at a t

(courtesy of Dr



large-scale heterogeneity laterally averages reflectivity

r=(4n/ (iQ) —oof T ®Wkz (2) <p(x.y,z)>x,y elKZ dz

<pOY,2)>x.y = (1/A) oo [[* p(x,y,2) dxdy



EXTENDED LIQUID
HYDROGEN COLD SOURCE

B
A
=
=
=
=
)
o
N
CRYSTAL
MONOCHROMATORS

PAIR OF
APERTURES

Figure 9



Reflectivity

Reflectivity

Reflectivity

Figure 13
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Polarized neutron reflectometer at NIST



Part 2: Applications of NR to studies of the
nano-scale structure of thin film materials

<> Soft condensed matter:
-- polymers
-- bio-membranes

-- organic photo-voltaic films

<> Hard condensed matter:

-- magnetic materials (to be discussed in
a following lecture)

-- chemical interdiffusion (e.g., 58Ni/62Ni)
-- metal hydrides
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Supported Lipid Bilayers
A model system to mimic the structure
and dynamics of cell membranes.

Proteins in Lipid Bilayers

¢ Difficult to characterize by traditional
x-ray crystallography.

® Play a crucial role in cell function
- regulate ion and nutrient transport
- engage in binding, signalling and
cell recognition
- participate in cell fusion events.

Biosensors (Anne Plant & coworkers)



Melittin in Hybrid Bilayer Membranes
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Water-soluble membrane-associated proteins

>50% of biological NR beam time
for biomedical applications using
tBLMs

Active projects (last 2 cycles):

- Dengue

- Gaucher’s disease

. GRASP GRASP orientation at a tethered bilayer lipid membrane (tBLM)
- HIV Gag & antibodies as determined by NR

+ RSV & MLV

+ Neurotransmitter Collaborative staff involvement:

- OmpA/LA + experimental planning
« Parkinson’s disease + substrate preparation
« PTEN Tumor surpressor + tether synthesis

- T-Cell receptor * neutron measurement

*+ data analysis

Bulent Akgun, Frank Heinrich, Mathias Lésche, Duncan McGillivray, Hirsh Nanda, David VVanderah

Typical reflectometry data for tBLM experiments
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NR data measured on NG7, and best-fits for GRASP association with lipid membranes, project with A. Linstedt, University of Pittsburgh

Bulent Akgun, Frank Heinrich, Mathias Losche, Duncan McGillivray, Hirsh Nanda



Example: Dengue Virus Envelope Protein

< 1.0
60 \ Lipid Bilayer
|‘ substrate
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P | —— headgroups
bf:_. ‘ Protein (spline fit) <
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Visualization. Project with Mike Kent, Sandia National Labs.

- Monte-Carlo Markov Chain uncertainty analysis
- Composition-space modeling of the bilayer
- Free-form fitting of structurally unknown components of the architecture i
« Usage of PDB structure files for position and orientation of rigid proteins

Bulent Akgun, Frank Heinrich, Paul Kienzle, Sushil Satija

www.ncnr nist.gov/programs/reflect/

Combining NR with Molecular Simulations

T T T
. [wtPTEN on PC:PS bilayer|

o
T

distribution from simulation:
= full-length wi PTEN n
—— C2 loop (282-312)

—— C-term tail (352-411)
crystal structure residues

=]
T

neutron scattering length density, p,, (108 A2)
o
=]

0.6
0.4
0.2
0.0
1 1 1 1 1 1
40 60 80 100 120 140
z g distance from Au surface, z (A
MD simulation snapshot of PTEN tumor suppressor A)

association with a PS-containing lipid membrane Comparison of MD and NR results, Shenoy, S. et al.. J. Struct. Biol. 1-15 (2012).

Comparison of experimental data with results from:
« MD simulation

- Monte Carlo conformational search (SASSIE) results
Future Challenges:

- Ensemble averaging, integrating
NR and simulation

Joseph Curtis, Mathias Ldsche, Hirsh Nanda
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Fig. 1. Schematic diagram of a biomimetic membrane. The
phospholipid layer at the top combines with the terpolymer layer to form
a membrane-mimicthat in turn resides on the water (blue dots)
permeable “cushion” polyelectrolyte multilayer. Thelatter attaches
electrostaticallyto the Au-capped substrate.

(Wcl)r)k of Ursula Perez-Salas, K. Faucher, E. Chaikof,
et al.
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PE+TER+PC at 82 % humidity

I
50150 D,0 f HyO e
100 % D0 |

Scattering length
density (x106A2)

o b O 0= O - N W & o

Water Fraction

200

Fig. 3. Scattering length density profiles (top) and water fraction
(bottom) for PE+TER+P C under indicated conditions.



Nanoparticle distribution in polymer-based
solar cells affects solar cell performance: A
neutron reflectivity study

Jonathan Kiel!, Brian Kirby?, Charles Majkrzak?,
Brian Maranville?, Michael Mackay?

Thursday, August 20th, 2009

1) Michigan State University, Department of Chemical Engineering and Materials Science
2) National Institute of Standards and Technology, Center for Neutron Research
3) University of Delaware, Materials Science and Engineering

- : MICHIGAN STATE
@ UI\HVERSITYOF DELAWARE NIST Center for Neutron Research



Components of organic solar cells

)
Back electrode .
. Active Layer
e donors/acceptors
e blocker v 4 o ™\
' ! ﬂj P3HT
\ » . » s\ Poly(3-hexylthiophene)
; so,u' SOH so,u' O
,Oa\ o PCBM
& J

\ PEDOT:PSS )

hv

* Exciton diffusion length ~10 nm

* PCBM:P3HT morphology very important



What is the morphology of the active layer

Energy Diagram of
Organic Solar Cell

3.3eV

4.2eV

Idealized morphology

4.8eV

5.0eV

5.1eV

PEDOT:PSS
ITO

Actual morphology

4
K. M. Coakley, M. D. McGehee, Chemical Materials, 2004
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PCBM Volume % Comparison

|
100 | T ; : T . o
®, * Simultaneous fitting
n .
8oL 1308 and PSNR calculations
= - *
B E; show great agreement
;50_ —2.55
Q (7=]
5 5« High PCBM
e 120§ g )
g4or 3 concentration at
=5 -
S 115% substrate
2011 _5—2500 RPM Simultaneous Fit =
—8— 2500 RPM PSNR Calculation 10 >’,.° .
. 1 , J | ' * High PCBM
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Diblock copolymer lamellar nanostructures —
R.Jones, B.Berry, and K.Yager (NIST Polymer
Division) and S.Satija, J.Dura, B.Maranville et al.
(NCNR).

Side-view scanning-electron micrograph of laser-interferometry-
Eroduced silicon substrate with 400 nm channels, spaced by 400 nm
or a total repeat distance of 800 nm.
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Neutron diffraction from silicon with channels but without polymer.
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Diagram of expected orientation of lamellae, based on position with
respect to the channels. Silicon substrate with etched channels is
displayed in gray, with lighter and darker regions corresponding to the
two polymer components of the lamellae.
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Part 3: The Phase problem, Direct Inversion
and Simultaneous ﬁlttlng

<> ambiguous SLD profiles from reflected
intensities

<> measurement of reflection amplitude via
references yields unique solution -- one-to-
one correspondence with SLD profile

<> given the reflection amplitude, exact, first-
principles inversion to obtain unique SLLD
profile for specular reflection is possible

<> simultaneous fitting of multiple composite
(sample + reference) reflectivity data sets
can lead to unambiguous solution as well



Log, IR(Q)’

R%peated fits of reflectivity data from a Ti/TiO film system on
a Si substrate in contact with an aqueous reservoir (Berk et al.).



TiO in situ: Wiesler, et al.
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Berk & Majkrzak, 1995



Inverting reflectivity

Inyerse sm:m‘nf
Prob lom

Trial + Errer

—) |l

C.F. Majkrzak and N.F. Berk, Phys. Rev. B 52, 10827 (1995).
V.-0. de Haan, et al., Phys. Rev. B 52, 10830 (1995).
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Phase Determination with 3 References
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FORMALISM = ALLOWS A ComfposiTE
POTENTIAL TO BE EXPRESSED AsS A PRODPUCT
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EOURIER TRANSFORM
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