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From real space images and geometrical optics to wave behavior and diffraction patterns:
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Principal Uses and Advantages of Neutron Reflectometry
(NR):

* 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.

* NR is an established probe of the nanometer scale structure of both hard and
soft condensed matter lamellar systems of interest in physics, chemistry,
biology, and polymer and materials science



Part 1. Basic neutron reflectometry (NR) concepts

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

Part 3. The phase problem, direct inversion and
simultaneous fitting — including an example
of how a unique solution for a physical structure
can be obtained
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Specular reflection: p(z) = <p(x,y,2)>xy
Non-Specular reflection: Ap(x,y,z) = p(x,y,z) — p(z)

(AFTER NFDERK ETAL)



FORRA

T T T
JUBA|OS Y|Nq

300

SUIBYO u0qIed0IPAY
J190edS / 18U)8)

0.20

200

100
Distance from Si surface, z (A)

0.15

0.10
momentum transfer, Q, (A™)

.....
LA

[0}

£ o

: 5

°

a M &
H..n\ Y = {4
B s £, 28 23
o1 S8 Fe B9
88 25 g 32
c o © O [e0} P
w9 = g0 s
00D Q o>
o508 2 2w
A =v2a e} 0 o
| | | O >0 o O 7T
O+~ CC Q Qa X

Iy /4 ‘Aunnos|jey

Reflected

— r..:.:.:HHHHHHH: - —
\ 100 120 140
AE @ . o
w distance / A
S wn
R
o O
m =
(oF
N

=
S
5%
'S © m
£S5

B

F. Heinrich, M, Ldsche  Biochimica et Biophysica Acta 1838 (2014) 2341-2349



SCHULZ, WARR, BUTLER, AND HAMILTON PHYSICAL REVIEW E 63 041604

A

o
ff

L
':‘"‘ nc"'..

i"ﬁr)w‘: 4

g

& D i
< < 6 <C
©

= [= E=
= A =
— o~ . —~
) N, N
oo (<o N i o

T i T
z z z

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 alkyl 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).



N=20
d=2
A=60 A

LOG INTENSITY (arb. units)

N

1
" 270 2.90 3.10 3.30 350

Iy

1

(

|

o

V2 g (Vo) (i (M) |
—(Q P e (6d)D) [ | 4 (6&/2)

Specular reflectivity measurements are conventionally taken to
mean elastic diffraction over a region of sufficiently low values of Q
that sensitivity to structure at inter-atomic length scales is
insignificant. Continuing a specular scan to high enough Q
eventually allows the interatomic structure of, say, a superlattice

to be revealed.
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lllustration of the inverse relationship between the maximum value of Q up to which the reflectivity
IS measured and the spatial resolution in the corresponding SLD depth profile. Resolving smaller
features in the profile in real space requires collecting reflectivity data up to larger values of Q in
reciprocal space. The statistical accuracy in the measured reflectivity also affects the level of
uncertainty in the associated SLD profile model to which the reflectivity data are fit.



10 ¢

0.1}
0.01 ¢

Reflectivity

le-05 ¢
le-06 -
le-07 |

Reflection from the surface of 1e-08
a semi-infinite homogeneous
block or “slab” of material (a
possible substrate).

Reflectivity vs Q

0.001 ¢
0.0001

I I
'‘qr_Al203 sub.d'

Q. =16mp

I I I

0.1 0.2 0.3
Q (Inverse Angstroms)




Layer of thickness D on
semi-infinite substrate or
“backing”.
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Specular Reflectivity

The reflection amplitude r(Qz) is expressed as

+ 00

r(Qz) = [4m/ (iQz)] f Y(z) p(z) exp(-ike.z) dz

- 00

where y(z) represents the wave function
everywhere within the scattering potential. The
exponential exp(-ikg,z) represents the outgoing
wavefunction. In the first Born approximation
(BA), y(z) is replaced with a wave function of the
form of an undistorted incident plane wave
exp(+ikyz). Substituting Qz = kg, - ki, , we obtain

+ 00

un(Q0) = 4/ Q1 | p(2) exp(-iQ2) dz

- 00
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Expanding k* = ko* - 4mp, ki + k,° + k,° + 4np =
Kox® + Koy® + ko> . Now if p = p(z) only, then dp/ox
and 0p/dy , which are proportional to the gradients
of the potential or forces in the respective
directions, are equal to zero. Thus, no force acts
along these directions to change ky and k, . Then
kx = kox and ky = kg, are "constants of the motion".
Substituting W(r) = exp(ikoxx) exp(ikoyy)W(z) into
[grad® + k*] ¥ = 0 gives

[0%/0z° + k. 1Y(z) = 0 where k,” =k, - 41p(z) .

Because there is no change in the potential in the x-
or y-direction, there can be no momentum changes
in these directions either. The ideal slab geometry
with p = p(z) only thus gives rise to the coherent
"specular” reflection of a plane wave which is
described by a one-dimensional wave equation:

[0%/0z2° + Ko,” - 41tp(2) 1P(z) = 0
In this specular case, 0; = 0z = 0, |k = |kg, and Q =

2ksin® = 2k, . Also, a refractive index can n, can be
defined through n,” = 1 - 4np(z)/ko.” .
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Part 2: Applications of NR to studies of the
nanometer 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
another lecture on polarized neutrons)

-- chemical interdiffusion (e.g., 58Ni/62Ni)
-- metal hydrides
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iomimetic membranes have been
developed as models of living cell
membranes, and this has applications in the
quest for biocompatibility of inorganic materials in
biologically active mediums, such as coatings for
artificial organs. A membrane consists of a lipid
bilayer (two lipid layers) where hydrophobic carbon
chains form the inside of the membrane and their polar
head groups the interface with the aqueous surrounding
medium. A supported membrane-mimic consists of a lipid-
like bilayer, typically attached to a single-crystal substrate,
with access to water only at the top surface [1, 2]. Here
we use neutron reflectometry to study a system in which
water has access to both sides of a membrane-mimic
attached to such a substrate, thus making the system a
closer mimic to a real cell membrane.

The system devised by Liu et al. [3] consists of a
water-swellable polyelectrolyte that electrostatically binds
to the substrate and acts as a “cushion” for the membrane,
not unlike the cytoskeletal support found in actual mamma-
lian cell membranes. The lower half of the membrane-
mimic is a terpolymer that attaches to the polyelectrolyte.
A phospholipid layer forms on top of the terpolymer and
the bilayer is finally chemically crosslinked for added
stability. The system is shown schematically in Fig. 1.

Neutron reflectivity measurements were performed at
the NG-1 vertical stage reflectometer to obtain the compo-
sitional profile at every step of the assembling process of
the membrane-mimic which consisted of three stages: a)
polyelectrolyte multilayer (PE), b) polyelectrolyte multilayer

Phospholipid

Terpolymer

M T R S B
= Folyelecolyle Mulliayer-
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Fig. 1. Schematic diagram of a hiomimetic membrane. The
phospholipid layer at the top combines with the terpolymer layer to form
amembrane-mimicthat in turn resides on the water (blue dots)
permeable “cushion” polyelectrolyte multilayer. The latter attaches
electrostatically tothe Au-capped substrate.
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plus terpolymer (PE+TER), and c) polyelectrolyte multi-
layer plus terpolymer plus phospholipid layer
{PE+TER+PC) [4]. The spatial resolution attained was
approximately 10 A, about half the thickness of a mem-
brane bilayer, making it possible to distinguish the two
layers of a membrane but not the structure of a single
layer.

A unique compositional profile of the biomimetic film
with no a priori knowledge of the sample’s composition is
obtained by measuring the reflectivity of equivalent
samples made onto two substrates [5]. The substrates
used were single crystal silicon (Si) and sapphire (AL,04)
coated with chromium (Cr) and then a gold (Au) layer to
allow the polyelectrolytes to bind to a similar surface on
both wafers.

Figure 2 shows the compositional profiles for the PE,
PE+TER and PE+ TER+PC assemblies in a D,0 atmo-
sphere at 92 % relative humidity. The figure shows that
the hydration of the PE layer is almost unaffected by the
addition of the terpolymer and the phospholipid layer. Also,
upon the addition of the phospholipid layer to the PE+TER
assembly, the composite PE+TER+PC assembly shows an
increase in thickness of approximately 30 A, consistent
with the formation of a single phospholipid layer at the
surface. It is also clear that the addition of a phospholipid
layer onto the terpolymer layer rearranges this region
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Fig. 2. Compositional profile of biomimetic membrane in a D,0
atmosphere at 92 % relative humidity at various stages of assembly on
Au-capped substrate: only polyelectrolyte (PE), polyelectrolyte and
terpolymer (PE+TER), polyelectrolyte, terpolymer and phospholipid
(PE+TER+PC). The compositional profile is given by the scattering
length density, SLD, profile when using neutrons.
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Fig. 3. Scattering length density profiles (top) and water fraction
(bottom) for PE+TER+PC under indicated conditions.
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significantly, since the terpolymer layer only becomes
apparent afler the phospholipid layer is added. It is possible
to verify with an independent technique (contact angle)
that the terpolymer was in fact deposited because it forms
a hydrophobic outer layer. The outer surface becomes
hydrophilic once the phospholipid layer is deposited onto
the terpolymer layer.

Figure 3 (top) shows the profile for the PE+TER+PC
assembly under 92 % relative humidity in 100 % D,0 and
in 50/50 D,O/H,0. The overall thickness change due to the
intake of water, in going from dry (not shown) to 92 %
relative humidity, was found to be 20 A. Figure 3 (bottom)
shows the water fraction in the assembly under 92 %
relative humidity. This is obtained by assuming that the
distribution of each component in the layers is unaffected
by having either D,0 or 50/50 D,0/H,0. From the figure it
can be seen that the polyelectrolyte multilayer has a 40 %
water uptake. This is a significant amount of water, which
suggests that the polyelectrolyte multilayer can work as a
“cushion” for membrane-mimetic systems. The terpolymer
and the phospholipid layers contain an average of 10 %
water, which is also significant, suggesting that these
layers are not tightly packed.

The method of making equivalent samples on two
substrates to obtain a unique compositional profile has a
built-in congruency test, particularly useful in checking the
reproducibility of the samples as well as the quality of the
films. The test is to compare the calculated imaginary part
of the complex reflectivity from the obtained profile with
the corresponding data, as is shown in Fig. 4 for the
PE+TER and PE+TER+PC assemblies. From Fig. 4 it is
concluded that the PE+TER samples are homogenous and
essentially identical while for the PE+ TER+PC assembly, the

P
006 92 % humidity D,

0.03

Im
=
T

i = PETER

0.0

003 b

003
-0.06

== PE+TER+PC

0 005 01 015 02 0% 03
QAT
Fig. 4. Imaginary part of the complex reflectivity, Im r(Q), data

(symbols) and calculated curves (lines) obtained from the SLD profiles
for the PE+TER and the PE+TER+PC assemblies showninFig. 2.

absence of true zeros, as indicated by the calculated curve, is
suggestive of a small degree of sample inhomogeneity.

The system from Liu ef al. has many characteristics
desirable in a biomimetic membrane. It is a single mem-
brane-mimic attached to a significantly hydrated soft
“cushion” support that allows some membrane proteins to
function. Thrombomodulin, a membrane protein relevant to
blood-clotting, is being studied in this membrane-mimic
environment to further develop biocompatible coatings for
artificial organs [6].
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The next series of slides shows a NR study of the location of water
within a particular biomimetic membrane of interest to a vascular
surgeon (who is attempting to develop synthetic replacements for
arteries and veins in medical applications). Such synthetic vessels
must have bio-compatible coatings which won't foster an immune
system response.
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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
amembrane-mimic that in turn resides on the water (blue dots)
permeable “cushion” polyelectrolyte multilayer. Thelatter attaches
electrostatically to the Au-capped substrate.

(W(fr)k of Ursula Perez-Salas, K. Faucher, E. Chaikof,
et al.
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Fig. 3. Scattering length density profiles (top) and water fraction
(bottom) for PE+TER+P C under indicated conditions.

After a number of different 1reﬂe(:tivit13_fI measurements with various
aqueous reservoir contrast values for H20 / D20 ratios, it was
possible to deduce, from the analysis of that data, the water

distribution across the thickness of the film structure. As shown in the
figure above, the water is found to reside primarily within the poly-

electrolyte layer.
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Supported Lipid Bilayers
A model system to mimic the structure
and dynamics of cell membranes.

Aqueous

Proteins in Lipid Bilayers

o 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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- random or ordered distribution?

- influence on surrounding lipids (location,conformation)
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o . Multiplying the reflectitivities of the previous slide by Q* enhances
Specular neutron reflectivity data sets collected from a lipid bilayer the differences between the data obtained with and without melittin.
membrane with and without exposure to melittin. Even on this log
scale, significant differences are observable all across the reflectivity
curves. Measurements of the reflectivity were obtained over nearly
eight orders of magnitude and out to a Q of 0.72 inverse Angstroms
-- which corresponds to a real space resolution of a fraction of a
nano-meter in the SLD depth profile.
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Fig. 1. Cartoon of a sparsely tethered bilayer lipid membrane (stBLM). Following the for-
mation of a self-assembled monolayer of PEGylated lipidic tether molecules, grafted to a
gold surface via thiol bonds, the bilayer is completed using either vesicle fusion or rapid
solvent exchange. Sparse grafting of tethers is achieved by co-adsorption with PME. This
sketch also shows the structure of a membrane-associated protein, GRASP55, whose ori-
entation and membrane penetration have been determined with neutron reflectometry
[19].
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A sampling (on this and the next slidez of more recent specular
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molecules attached to or embedded in lipid bilayer membranes. These , . ;
results are remarkable -- if not spectacular (at le}élSt in my opinion)! Example: Dengue Virus Envelope Protein
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Typical reflectometry data for tBLM experiments
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Comparison of experimental data with results from:
+ MD simulation
+ Monte Carlo conformational search (SASSIE) results

NR data measured on NG7, and best-fits for GRASP association with lipid membranes, project with A. Linstedt, Univers

y of Pittsburgh

Future Challenges:
- Ensemble averaging, integrating
NR and simulation
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The neutron is a spin-half quantum
object and possesses a corresponding
magnetic moment. Its wave function
must therefore be described as a
“spinor” which is composed of two
terms, each representing one of two
possible spin “eigenstates”. In a
magnetic field, the energies associated
these two eigenstates are different.
This can have significant consequences
for the interaction of the neutron with
magnetic fields and materials.

So our description of a neutron gets a
bit more complicated when we have to
take into account its spin and moment.
But, as | hope you will see, that added
complexity makes the neutron a more
sensitive and useful probe of matter,
even that which is not itself magnetic.

The magnetic SLD is a product of the
number of magnetic atoms per unit
volume times their characteristic magnetic
scattering length (usually designated “p”)
-- or is proportional to a macroscopic
magnetic induction field “B”.
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Figure 1.12: Schematic depiction of specular neutron reflection for polarized
beams.

[_j_maa— FVir(z) - E] Yi(2) + Vee(2o(z) = 0 (156)
pma V-~ B[00+ Vs = 0

where, as in the nonmagnetic case, the total energy E of the neutron is
conserved so that there is no explicit time dependence. In matrix notation
we can write Equation 1.56 as

(3 (3 )23 D) ()

(1.57)
where the net potential operator V = Vi + Vi1 has a magnetic contribution
VM written in terms of the Pauli matrices of Equation 1.38 as

—ué - B=—p (6,8, +,B,+5,B,)

<(1) (1))Bx+(? Bi)By+(é _01>Bz] (1.58)

W =

For polarized neutrons, solving the
Schroedinger equation of motion --
say for specular reflection, as we
have done previously in the absence
of magnetic fields -- now requires a
simultaneous solution of a pair of
coupled equations. This takes into
account the possibility that a scatter-
Ing event or interaction will involve a
change in the neutron's spin eigen-
state from “+” or “up” to “-” or “down”
(or not). Note that the nuclear and
magnetic SLDs or potentials are
additive and thus result in an
Interference in some cases that is
neutron spin-dependent.

The potential energy or SLD can no longer be
described as a scalar quantity but is, instead,
represented by matrix -- the neutron moment
itself is a vector operator composed of 2 x 2
so-called “Pauli” matrices.
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Setting £ = h?kZ/(2m), the coupled equations of motion 1.56 can be
rewritten in a form analogous to Equation 1.15 for the nonmagnetic case:

{% - % — 47TP++(Z)] Vo (2) —dmpi_(2)p_(2) = 0 (1.62)
[% u QI - 47”’(2)} Y-(2) —dmp_1(2)Y4(2) = 0O

by , An A Az Ay
= _ H Agr Azp Az Axy
St | Ll Ay Ap Ay As
St An Ap A Au /),

where

At the end of the day, we can arrive at a
similar, but somewhat more complicated,
relationship between transmitted (T _, T ),

reflected (R,_, R ), and incident (I_, 1 )

wave amplitudes which are now
spin-dependent. Just as we did for the
non-

polarized case, any arbitrary SLD profile
can be rendered into slices of constant SLD
(the “sliced-bread” analogy) for piece-wise
continuous solution by imposing the
boundary conditions of continuity on the
wave function and its first derivative at each
interface.

Iy +ry
I +7r_
1.109
Iy —ry) ( )
(I —r_)
A;. (1.110)



Polarized Beam Reflectometer (PBR) at NIST
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The above diagram illustrates a particularly useful configuration resulting in the ability to
determine not only the magnitude of the net magnetization in each of the successive planes in
a layered material, but also the direction of that magnetic moment.
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Two basic magnetic structures and their corresponding Q (nm")
spin-dependent polarized neutron reflectivity curves
(after Ankner, Schreyer, Majkrzak, and Zabel).
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Two more magnetic structures and their

corresponding spin-dependent polarized
neutron reflectivity curves (after Ankner,
Schreyer, Majkrzak, and Zabel).
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New directions in science - synthetic superlattices

The same developments in physical vapor deposition methods were also being applied

to the fabrication of composite layered systems (in some cases with atomic layer accuracy
by molecular beam epitaxy) that do not occur in nature but which could be tailored to study
fundamental physical phenomena in a controlled, systematic way.

T Crystallographic Direction By means of molecular beam epitaxial
[007 . : .
growth in ultrahigh vacuum and other thin
5 film deposition techniques, it is possible
5 to construct synthetically layered systems
= £ tailored to study specific types of inter-
x actions of interest in hard condensed
Lo 5 matter. For instance, how two separated
= ‘ : “S‘% & regions made up of ferromagnetic atomic
@’ < = planes interact with one another across
: ~—————————  an intervening region of atomic planes of
Strain e ) . . . .
® & I @ @ | g @ < £ a material that is superconducting or semi-
' - b E 2 conducting can be studied by analysis of
o hydrogen . o B the polarized neutron reflectivity -- as a
@ @ @ e @ 2 2k function of temperature, applied magnetic
s ki = = < B . . . A
ke P 3 = field magnitude and direction, or other
- 4 decijon . - g 8 58 parameter such as the thickness of the
& P @ @ @ e intervening layer.
. There exists a considerable body of work
> on systems prepared in this manner.
]
£
S
<
&
=

Epitaxial Growth of Superlattices



Superlattice structures of alternating layers of various rare earth elements such as Gd, Dy, Y,
and Ho were found to have numerous interesting and sometimes relatively complicated
magnetic structures and phase diagrams.
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Figure 3. Schematic of typical growth process for a Gd -Y,, superlattice.
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Figure 4. In-plane epitaxial structure between rare earth(0001) and Nb(110) crystals.
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Figure 7-1. NSF (open circles) and SF (filled circles) scattering from a [Gd, 4 - Y o] superlattice
as described in the text. The data have not been corrected for instrumental polarizing and
flipping efficiencies (the SF scattering at the (002) position is predominantly, if not entirely,
instrumental in origin). The SF scattering which appears at values of Q corresponding to a
doubling of the chemical bilayer spacing (odd-numbered satellites) is consistent with an
antiferromagnetic alignment (for an applied field approaching zero) of neighboring ferromagnetic
Gd layers as depicted schematically in Figure 7-2. (After Majkrzak et al. (1986)).
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Part 3: The phase problem, direct inversion
and simultaneous fitting -- including an
example of how a unique solution for a
physical structure can be obtained

<> 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 SLD
profile for specular reflection is possible

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



The Phase Problem

In general, the probability of finding a neutron
described by a wave function i(z) at a position z is
given by

Probability(z) = W(z) W(z) = |W(z)?

Therefore, for a wave function of the form yi(z) =
A exp(+ik,z) = A[cos(k,z) + i sin(k,z)]

Probability(z) = A'exp(-ik,z) A exp(+ik,z) = |A[

-- all the phase information contained in the
argument of the exponential function is lost!

And the only measurable quantity is the reflectivity
reA(Q2)]” = T8A(Q2) TBA(QY):

+ 00

rea(Q2)I” ~ |[471t / (IQz)] f p(z) exp(-iQ.z) dz|”



Two very different model

scattering length density (SLD or p)
depth profiles but which have one
common layer segment (labeled
“reference”).
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Figure 10.

The specular reflectivity as calculated for the
two different SLD depth profiles shown on the
preceding slide. One reflectivity pattern is
labeled with “x” symbols, the other with “+”.

There are only relatively small discernible
differences between the two.
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Figure 11.
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However, the reflection amplitudes corresponding to the two
different SLD depth profiles are markedly different — an

6e-05 - indication of the importance of phase information.
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TiO in situ: Wiesler, et al.
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Inverting reflectivity

Inverse scatiering

Trial + Error Problem
| 2
¢ d N
= -—
@ P
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Phase Determination With Surround Variation

p+p,
p+p,
2
(Unique) |~ e 1 "x1,
rX

Majkrzak & Berk, 1998
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