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Outline of this presentation:

------------------------------------------------------------------------------------------------------------------

<>  Brief summary of specular neutron reflection theory

<>  Phase-sensitive neutron reflection and direct inversion

<>  Uncertainty due to data truncation and counting statistics

------------------------------------------------------------------------------------------------------------------

<>  Example of phase-sensitive neutron reflectivity measurement -- organic photovoltaic
      films, lipid bilayer biomimetic membranes, giant magnetoresistive films

------------------------------------------------------------------------------------------------------------------

<>  Interaction-free measurement -- can this quantum phenomenon be applied to
      neutron reflectivity measurements?

------------------------------------------------------------------------------------------------------------------



  

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 SLD 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.



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.
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What distinguishes neutron reflectometry as a special diffraction technique?

>  planar reflection geometry for scattering from thin films

What makes it a powerful probe for scientific investigations of condensed 
matter?

>  tailored samples synthesized by various deposition techniques (e.g., molecular beam

    epitaxy, chemical vapor deposition, Langmuir-Blodgett, self assembly, spin coating)

>  intense cold neutron sources and accurate and efficient measurement devices (e.g., for

    quantitative determination of wavevector transfer and polarization)

>  an accurate theoretical formalism for analysing reflectivity measurements

>  calculation capabilities (e.g., molecular dynamics simulation) for relating scattering length density

    profiles to corresponding compositional or magnetization distributions

>  the particular sensitivity of the neutron to different isotopes (notably hydrogen and

    deuterium) and atomic magnetic moments and also its high penetration length in

    condensed matter  (the same properties that make the neutron so valuable in other

    scattering techniques)



>  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.



  



     Sedimentary rock layers in Pennsylvania (photo by Jerome Wyckoff):
     note biolayer at top and tethering structure at bottom.
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“Statistical Analysis of Phase-Inversion Neutron Specular Reflectivity”, N.F.Berk and
C.F.Majkrzak, Langmuir 25, 4132 (2009).

“Statistical Analysis of Phase-Inversion Neutron Specular Reflectivity”, N.F.Berk and
C.F.Majkrzak, Langmuir 25, 4132 (2009).







  

Clockwise from above: NG-1 polarized beam
reflectometer, the ANDR instrument, and the
NG-7 horizontal reflecting plane machine.





  



  

At the top of the figure are photographs of Jerome Karle (on the left) and Herb Hauptman (on the right) who together received a Nobel
prize for helping solve the phase problem in x-ray diffraction by crystals.  If these photos are analyzed as density maps and Fourier
transforms are calculated, the phases and amplitudes of the corresponding “structure factors” are obtained.  In the lower half of the
figure, the picture on the left results from combining the Hauptman phases and Karle amplitudes for the original photos whereas that
on the right is obtained vice versa.  This demonstrates that the essential information is predominantly contained in the phases.
The example above is from R.J.Read, University of Cambridge (www-structmed.cimr.cam.ac.uk/. . ./Fourier.html).
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The Cell Membrane

Essential Biological Functions
Immune response
Cell metabolism
Neurotransmission
Photosynthesis
Cell adherence
Cell growth and differentiation 

Potential Commercial Applications
Drug response monitoring
Chemical manufacturing
Biosensing
Energy conversion
Tissue engineering 

Polar

Polar

Non-polar

Water

Water



  

Models of Hybrid Bilayer Membranes

Used MD simulations and scattering length density profiles
 to obtain structural models of biomimetic membranes.

with M. Tarek, NIST NCNR

Roughness



  



  



  



  



  



  

D.J.McGillivray et al., “Structure of Functional Staphylococcus Aureus Alpha Hemolysin
Channels in Tethered Bilayer Lipid Membranes”, Biophysical Journal 96,1547 (2009).

F.Heinrich et al., “Composition-Space Model for the Investigation of Complex Molecular
Architectures near Interfaces with Scattering techniques”, J. Chem. Phys.: BioChemical
Physics, (Submitted 2010).
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As recounted in the “Scientific Background”
material referred to on the left side of the page,
prior to the discovery of the GMR effect by 
Gruenberg, polarized neutron diffraction 
studies  of magnetic superlattices revealed
an unambiguous coupling between magnetic 
layers across intervening nonmagnetic
spacers.  The interlayer coupling (IEC) observed
in this neutron diffraction work was explained in
terms of long-range exchange interactions, for
example, the RKKY (Ruderman Kittel Kasuya
Yosida) interaction.  Interestingly, the underlying
mechanism responsible for GMR was thus 
known about before the effect itself was
discovered!  Much of the original neutron 
diffraction work was performed at the NIST (then
NBS) neutron scattering facility by scientists
including James Rhyne, Ross Erwin, and
Julie Borchers, some of whom continue related
forefront research today at the NCNR.
This is an example of the continuing importance
of neutron scatttering as a fundamental
probe of condensed matter.





















  

Example of polarized
neutron reflectometry.
(After Kevin O'Donovan
et al..)



  



  



  



  



  



  



  



  



  



  



  



Wave interference patterns produced by monochromatic laser light diffracting through
a triple slit aperture for various intensities – L.Page (www.vias.org/physics).  This is a
dramatic illustration of wave-particle duality.

http://www.vias.org/physics


M.W.Davidson and M.Abramowitz, micro.magnet.fsu.edu.





  



  



  



  

Number of neutrons required to obtain a given transmission T and corresponding uncertainty
dT in a conventional measurement.



  



  
Number of incident neutrons required in an IFM to achieve dT/T = 0.01 for various cycles m:
red curve is for conventional transmission measurement. 



  
Number of neutrons absorbed in an IFM required to achieve dT/T = 0.01 for various cycles 
m: red curve is for conventional transmission measurement. 



  

Transmission measurement with dT/T = 0.01: number of neutrons incident and absorbed in:
a) IFM for m = 100 cycles (blue and green curves respectively; b) conventional measurement
(red and black curves, respectively).



  

Summary and Conclusions

<> Phase-sensitive neutron specular reflectometry (NSR), 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.  In a sense, phase-sensitive NSR with direct inversion
is effectively a type of imaging.

<> Neutron reflectometry 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.

<> “Interaction-Free Measurement” (IFM) is an interesting quantum
phenomenon which might find application in NR -- further 
investigation, however, is needed. 
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