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ABSTRACT

Using grazing incidence scattering methods allows for depth profiling near surface structures very efficiently
Dosch (1986). In parallel, layered structures have been used as resonators to enhance the wave field Kozhevnikov
et al. (2007), Khaydukov et al. (2011), Kozhevnikov et al. (2011) and Nesnidal and Walker (1996) that
directly increases the scattered intensity too. Third, the combination of these methods with neutron spin echo
spectroscopy allows for near surface studies of dynamics Jaksch et al. (2015) and Frielinghaus et al. (2012) that
can be correlated to tribological effects on the molecular level. This field of science, the tribology, — so far — has
been driven mainly by the surface force balance that measures the macroscopic response of the system (latest
research employs also AFM) Raviv et al. (2003) [1], Chung et al. (2016) [2] and Mocny and Klok (2016) [3]. The
progress of this method was to reach the nano-scale distances that were necessary to obtain information about
the friction of the nano-structures. The proposed method of grazing incidence neutron spin echo spectroscopy
gives access to much more detailed information of molecular response to confinement by one or two hard walls,
and therefore would pave the way for very rich and precise tribological comparisons of theory with experiments.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Complex fluids display a rich behavior at their interfaces to other
materials that has been studied experimentally [4-12] and theoreti-
cally [13-15]. Practically, one often conducts reflectometry or grazing
incidence small angle scattering experiments to obtain the structure
in the normal and lateral dimensions. Close to the interface one finds
an interphase of modified structure [4] compared to the bulk phase
depending on the system. So for instance there can be oriented liquid
crystalline order in the interphase while the bulk shows only short-
range order without orientation [16] The evanescent wave in a GISANS
experiment is used to highlight a certain region of depth A next to the
interface. Varying this scattering depth A, allows for depth profiling in
much more detail compared to simple reflectometry experiments. At this
stage, the near-surface structure might support specific contact-sensitive
applications of complex fluids.

The idea of highlighting different regions next to the interface was
then transferred to neutron spin echo spectroscopy [17], where the
dynamics of microemulsions was analyzed as a function of depth A.
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Practically, the dynamics were three times faster than the bulk, which
was explained by the confinement of the lamellar membranes adjacent
to the interface. The volume conservation leads to a faster feedback
of the neighboring membranes and/or the solid interface. This finding,
then, was connected to the lubrication effect, which means that parallel
lamellae can slide off along the interface faster than the disoriented bulk
structure. From this example the general topic of tribology was raised.
GINSE measurements will open a new research area on friction effects
that now can be analyzed on the nano-scale [18].

At this point the field of tribology that has been mainly driven by
the surface force balance that measures the macroscopic response of the
system [1-3] will get deeper insight from a new method.

The instrumental elements that were developed to accompany the
new findings in GINSE experiments are discussed in this manuscript.
On the one hand, neutron experiments need to relax the resolution
in order to observe reasonable intensities on the detector. This is
especially prominent for NSE experiments, because the method requires
very high statistics with spin polarization analysis [17]. On the other
hand, grazing incidence scattering experiments require the slit geometry
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at the entrance aperture and for the sample to define the incident
angle (and the scattering depth A), which reduces the number of
neutrons dramatically On top, the evanescent wave is only seen by
the near surface structure within a distance of 40 to 100 nm, which
heavily restricts the scattering volume. The first experiments sufficiently
overcame the problem by huge interfaces and by samples that scatter
intrinsically strong. The boundary condition at total reflection used in
the grazing incidence method yields a factor of 2 for the immediate
amplitude of the evanescent wave at the interface which results in an
intensity gain of 4 compared to a plain illumination of the boundary
layer.

Neutron waveguides have been developed to increase the scattering
intensities from a highlighted zone even further [18]. In principle, two
situations must be distinguished: The structure of interest lies within
or outside the waveguide. The first situation limits the use of the
waveguide to one specific application, while a separate waveguide with
the intensity enhancement outside would be of wider interest for a whole
set of samples, because the complex fluid next to the waveguide can be
replaced easily. The manuscript summarizes the recent developments
and highlights the waveguide as the missing part for studying tribology
effects of complex fluids in contact with solids.

2. Instruments

Neutron reflectivity measurements have been performed at MARIA
at FRM2 in Garching [19]. This instrument uses neutron velocity selec-
tor with a 10% bandwidth for highest intensities. We used wavelengths
of 10 and 5 A for higher (incident angle o; < 1.5°) and lower (a; > 1°)
resolution. The vertical entrance and sample slits were of 2 mm x 5 cm
size (1.5 cm at sample). The samples were kept in closed cells with a
sample thickness of 0.5 mm, but large areas of ca. 13 x 5 cm at a silicon
slab of 15 x 8 x 4 cm3. The neutrons impinge through the silicon, get
reflected at the solid/liquid interface and leave through the silicon. The
whole cell is heated to 26 °C through a water mediated heater. The
sample is aligned and positioned by a hexapod. More details of the
instrument can be found in Ref. [19].

Neutron spin echo spectroscopy experiments have been performed at
the J-NSE, Garching and the SNS-NSE, Oak Ridge. The first instrument
used a single wavelength of 8 A (10% velocity selector) while the second
one used a wavelength band of 5 to 8 A. The latter analyzed the actual
wavelength by time of flight analysis to a resolution of ca. +0.1 A.
Both instruments were equipped with an additional entrance aperture
of 2 mm x 6 cm. Close to the sample cell (as described above) unwanted
neutron paths were blocked using boron and cadmium based materials.
Acquisition times for one scattering vector and the full range of Fourier
times were ca. 1 day. Further details of the instruments are found in
Refs. [20,21] and [22].

3. GINSES measurements

Two example measurements of relaxation curves for the systems
SoyPC in D,0O [18] and a bicontinuous microemulsion, both adjacent
to a hydrophilic silicon surface, are shown in Fig. 1. We used the two
proposed tools, i.e. a neutron prism and the resonator simultaneously for
this measurement. The lipid L-alpha-phosphatidylcholine from soybeans
(SoyPC) forms well ordered lamellar bilayers close to the solid-liquid
interface [23]. While the Bragg peak of this structure is well pronounced
and quite sharp, the bilayer relaxations are observed much better
at scattering vectors deviating from the Bragg peak, which virtually
shows no dynamics (DeGennes narrowing). This implies the use of Q-
values with low intensities, where, however, a reasonable fluctuation
dynamics signal dominates the scattering and grazing incidence neutron
spin echo experiments can be performed. Thus, the resonator was
extremely important to obtain meaningful statistics. Interestingly, the
asymmetry of incident and exit angles lead to a rather small in-plane
scattering vector that made collective long-wavelength modes visible,
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Fig. 1. The relaxation curves measured by grazing incidence neutron spin echo spec-
troscopy of lamellar lipid bilayer stacks (left) and of a bicontinuous microemulsion with
lamellar near-surface ordering (right). The scattering depth was 200 and 240 A. While
the incidence angles were below the critical angle of total reflection, the exit angles were
at considerable values according to the indicated Q (or Q,). This asymmetry lead to in-
plane Q) vectors that are essential for the physics of well oriented lipid bilayers (left) but
negligible in the case of microemulsions (right, where omitted).

Resonator

Fig. 2. The scattering geometry of a grazing incidence neutron spin echo spectroscopy
(GINSES) experiment using a neutron prism and a resonator that is ideally suited for
pulsed neutron sources. The sample is a microemulsion adjacent to the layered resonator
structure. The green area inside the microemulsion indicates the enhanced evanescent
wave. The detector plain shows a typical scattering image of a microemulsion. The red
open dot indicates the typical Q-vector of the GINSES experiment.

that possessed enough elasticity to overcome the usual over-damping
of soft matter systems. These modes allow for energy dissipation over
large distances, and might explain the stability of cartilage in joints. The
cartilage consists of proteins and lamellar lipid arrangements [24,25].

The set of the prism and resonator also allowed the strongly scatter-
ing microemulsion to be characterized at higher scattering angles, where
the intensities decrease considerably (Sketch in Fig. 2). While first mea-
surements without resonator were successfully analyzed at intermediate
scattering vectors, where the collective and single-membrane modes still
mix, the experiments presented here allow for analyzing smaller length
scales where only single-membrane modes meet the theoretically well
developed model of Zilman and Granek. The confinement conditions by
the solid surface lead to an extension by the theory of Seifert [17]. The
intensity gain of the microemulsion through the resonator was ca. 3.

The asymmetric setting of the GINSES experiment (Fig. 2) goes back
on the condition of the incident angle «;, which must be below the
critical angle of total reflection «,. So the exit angle a, is much bigger
than «;. This causes a small in plane Q-vector component Q; that is
essential for the observation of the viscoelastic behavior of lipid bilayer
stacks, but negligible for microemulsions. The normal component Q, is
always dominating.
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Fig. 3. The GISANS intensity ratio of a bicontinuous microemulsion with lamellar order
adjacent to the solid-liquid interface [16]. The solid line corresponds to the theoretical
ratio of the Laplace transformations of the bicontinuous and lamellar zones I /1, =

Toure/ Tinterphase-

4. The depth resolution

The scattered intensity of an evanescent wave in the (fluid) sample
can be described by a simple matrix element that arises from the
(distorted wave) Born approximation [35] according to:

- - 2
I « <exp(—ikfF)|p(F)|exp(ik,-?xy—z/A)) .

Here we separate the real and imaginary part of the incidence wave
vector, while we assume that the wave vector % r of the final (scattered)
wave is real, i.e. the exiting wave is not tunneling. The scattering depth
for neutron scattering experiments is given by [16]:

-1/2
A= [47r~A04(1—ai2n/aL2,)] / .

Here, Ap is the scattering length density difference between the sample
and the other hemisphere, and the critical angle of total reflection is
a, = A\/Ap/z, with A being the neutron wavelength. This concept for
the scattering depth holds for negligible absorption (that most materials
have) and for exiting waves at rather large angles (considerably larger
than a,).

If the sample has small correlation volumes (smaller than A), the sub-
volumes scatter independently, and the collected scattering signal from
an interphase and the bulk corresponds to a Laplace-transformation of
the two zones [26]. One obtains:

Iinlerphase & éx(l - CXP(—2Z/A))

Ty & & exp(—2Z/ A).

The correlation volume &3 is connected to the correlation length &. The
argument of the exponential is doubled, because the modulus of the
matrix element is squared. The often discussed intensity ratio from bulk
versus interphase characteristics displays a linear asymptote with an
extrapolated intercept that exactly agrees with the interphase thickness
Z This strong simplification might lead to slightly wrong (10%-20%)
results, and mainly has to be seen as a first guess tool.

Experimental data points for the abovementioned intensity ratio
are depicted in Fig. 3. The bulk scattering results from an isotropic
Debye-Scherrer ring from the bicontinuous microemulsion, and the
lamellar interphase is represented by a Bragg peak that indicates similar
repeat distances compared to the bulk. The linear extrapolation to the
virtual zero intensity determines the interphase thickness of ca. 40 nm,
while the suggested Laplace transformation would lead to a lamellar
interphase thickness of ca. 85 nm

The second experimental result is the relaxation times measured
by GINSES of the same microemulsion at different scattering depths
(Fig. 4). The intensity ratio from the structural analysis (Fig. 3) gives
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Fig. 4. The relaxation time of the microemulsion dynamics at different scattering depths
A [17]. The interpolation curve is obtained from the intensity ratio of the static scattering
(Fig. 3). The rightmost tick indicates the bulk sample (of virtually infinite thickness
compared to the nano-scale).

rise to the interpolation curve that interpolates between the interphase
and the bulk relaxation times of 45 and 135 ns. Thus, the structural
interpretation agrees between the static and dynamic scattering.

4.1. The first tool: the neutron prism

A neutron prism used for grazing incidence scattering experiments
allows for correcting the incidence angle as a function of wavelength
according to the critical angle of total reflection [27], which is extremely
important for pulsed neutron sources with broad wavelength bands in
use. The latter is a linear function of the neutron wavelength according

to a, = Ay/Ap/x, while the incidence angle correction 6,;, is a quadratic
function of the wavelength according to:

p A
6exil = 60 - ; ) ;

Here § is the incident angle of a beam with respect to the base of the
prism, which basically is not corrected. The sharp angle ¢ at the base
of the prism must fulfill the condition 1 > &£ > §, 6,;, (all angles in
radian). The obtuse tip of the prism is pointing down in this notation.
The correction of the incident angle with respect to the critical angle is
possible, because the considered wavelength band is distributed around
finite wavelengths where a parabolic dependence can be considered
to be locally linear. The range of scattering depths is considerably
narrowed by the correction. This correction was used at the spallation
source SNS in Oak Ridge for grazing incidence neutron spin echo
experiments on microemulsions at a hydrophilic silicon surface. There
the wavelength band spanned the range from 5 to 8 A. Alternatively the
prism can also be used for classical instruments at reactors, where the
typical wavelength distribution is +5% or +10%. Then, angles very close
to the critical angle a, can be accessed with the wings of the wavelength
distribution not leading to neutrons that penetrate the sample deeply.
This would also lead to sharper reflectivity curves of selector-based
reflectometers.

4.2. The essential tool: a neutron resonator

Layered structures to obtain constructive interference have been
considered already for neutrons with the sample of interest being within
the layered structure [28-30], and for light waves with the sample
being outside [31]. The development of the neutron resonator described
below aims at the enhanced scattering from samples being adjacent
(but outside) to the resonator, and is apparently presented for the
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first time. Because the physics of the resonator and of the reflectivity
scale simultaneously with the used wavelength, the representation of all
results in O-space would be natural. Additionally, the incidence angle
correction by the prism leads to a rather well irradiated resonance for all
wavelengths that is furthermore supported to a larger entrance aperture
towards zero incidence angles. The resonator will work properly as long
as the critical Q, of total reflection is bigger than the Q-values of the
resonance(s), i.e. Q, = 4z(4p/7)'/? > Qo = 0.011 A~ Qo1 =
2z /d (with d being the repeat distance of the layered structure). The
separation of the layered structure from the sample makes the usage of
the resonator more universal, and allows for reusing the costly parts.

The base material that covers the upper hemisphere is still silicon,
due to its purity, its ability for layers being sputtered on top easily, and
for its scattering length density (2.07 x 1076 10\‘1) being in a reasonable
range between fully hydrogenous (ca. —0.6 x 10~6 Al) and deuterated
(ca. 6-7x 10~5 A-1) soft matter samples. Apart from that, rather large
silicon slabs can be obtained at relatively low cost that allow for large
interfaces and large scattering angles. Especially for grazing incidence
neutron scattering experiments, the large sample is important because
even the most powerful neutron sources are left behind the modern
synchrotrons. This is also why the development of the neutron resonator
with gain factors of about 10 is highly important.

The studied double layers consist of titanium and platinum while at
all multiples of double layers there is one finishing layer of titanium.
These two materials are ideally suited for the sputtering, and serve
for rather low and high scattering length densities (i.e. —1.91 and
6.36x 1076 A-1) even at natural isotope abundances.

The first resonator that we produced had three double layers with
a single finishing titanium layer. From simulations with the BornAgain
package [32] we can see the mechanism of the resonator (see Fig. 5). The
critical angle of total reflection is at around 0.5° (where the neutrons
fully penetrate into the heavy water), still representing the scattering
length density difference between silicon and heavy water. The repeat
distance of the double layers is placed at scattering angles below the
critical angle (i.e. Qyy; < Q. representing the first order Bragg and
the critical scattering angle with Q, = 4rsin(a,)/4 and Qyy, = 2x/d
with d = (130 + 320) f\), such that here the resonances are observed.
Interestingly, three distinguished resonances appear corresponding to
one, two and three maxima in the waveguide. The corresponding
evanescent wave is strongly enhanced in the heavy water. The original
idea of this resonator was that three different incident angles could be
chosen for still different scattering depths. However, for the first GINSE
experiments all three resonances were irradiated for highest intensities,
neglecting the possibility of different better defined scattering depths.
Accidentally, the number of complete double layers corresponds to the
number of resonances, while the elementary magnitude is the overall
thickness of the whole resonator structure that can host the according
number of resonances. Apart from that, it became obvious that the sharp
resonances collimate the incident beam further. When we discuss gain
factors, we refer to usual collimations of ca. 0.03° without resonator
such that the maximal possible gains lie in the range of 10. We are aware
that within the resonance amplifications can be 100 and 1000 or more,
but they do not directly translate to realistic gain factors since they apply
for very narrow divergence bands of incoming neutrons covering only a
small subband of the actually used illumination

From this result, we simulated the off-specular scattering in a
reflectometry experiment, where the incident and exit angles («; and
a,) are varied (Fig. 6). Along the specular reflectivity line the 2nd order
Bragg peak appears around 0.9° while the critical angle is around 0.7°.
The intensities in between drop stronger in the simulations compared to
the experiment which might be an issue of resolution. The structures
in the perpendicular direction arise from surface roughness, and are
nearly invisible One observes further expressions of the resonances at
either small incident or at small exit angles (¢; or « < a.). The two
characteristic sinusoidal lines in the horizontal and vertical direction are
another expression of the roughness: While the periodicity is connected
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Fig. 5. Intensity distributions in the resonator for different incident angles «; at different
depths z inside the structure (4 = 8 A). There are the following materials involved: silicon
(z < 0), four titanium layers of 130 A thickness (for the top one we assumed an oxidization
layer of 30 A), three platinum layers of 320 A, and heavy water (z < 1480 A). The critical
angle of total reflection lies at around 0.5°, where the neutrons fully penetrate the heavy
water. Three resonances are observed with differing numbers of maxima in the waveguide
(1, 2, and 3).

to the double layer periodicity of the resonator structure, the intensity
decay with increasing angles is connected to the in-plane correlation
length &. Experimentally, these features are a little stronger which might
be connected to a larger &.

The experimental and theoretical specular reflectivities are com-
pared for the resonator against plain heavy water and the soyPC lipid
bilayer stacks in heavy water (Fig. 7). The important second order Bragg
peak is observed for an incident angle larger than the critical angle
of total reflection. Higher order fringes are partially covered by the
measurements, but much weaker than the simulations would predict.
This is due to imperfections (roughness and material diffusion) of the
resonator structure on small length scales and instrumental resolution.
For the resonator against the soyPC stacks, the SoyPC scattering adds up
incoherently on top of the resonator structure due to the separation of
length scales (i.e. 450 A vs. 60 A). The lipid bilayer stack was modeled
by 76 and 20 bilayers on top of each other with a repeat distance of
56 and 62 A, respectively. This modeled the broad Bragg peaks of the
lipid structure reasonably well, although we see that the measurement is
affected by finite resolution due to the wavelength spread (FWHM 10%)
and soft matter structures usually appear with broader peaks. Apart from
the imperfections of the resolution/size distribution effects, incoherent
and instrumental background becomes an issue at reflectivities around
1073 and below.

Very important is the intensity dip within the plateau of total
reflection [29]. Here, neutrons are scattered from the enhanced wave-
field by the sample that are then finally missing in the specular reflex.
This is a proof for the resonator working properly. This kinematic
effect is not simulated by the distorted wave Born approximation that
only covers kinematic effects for the specular reflectivity, i.e. the wave
distortions in the normal direction.

The understanding of resonances dates back to mechanical systems
over laser resonators and nuclear scattering effects to the actual multi-
layers for enhanced scattering intensities. All of them have in common,
that the energy of impinging fields is collected to yield a higher energy
density in the resonator. This does not contradict the Liouville theorem,
because the density of phase space is not directly correlated with the
density of energy.

The obtained gain factors of ca. 3 in the GINSE experiments (NSE
count rates for microemulsions at reactor sources grow from ca. 20
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Fig. 6. Simulated and experimental off-specular scattering of the resonator with surface roughness (rms = 0.1 nm, correlation length ¢ = 1 pm, and the hurst parameter = 0.8 [33,34],

4 =6 A, constant background added to theory).
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Fig. 7. (a): Reflectivity of the resonator against plain heavy water (1 =8 A) scaled by 10°
(open boxes, with errors within the symbol size). One observes the second order Bragg
peak of the wave guide structure at around «; = 1°() Higher order fringes (@) ... ‘) of
the simulations (solid line) are partially expressed by the measurements. (b): Reflectivity
of the resonator against the lamellar soyPC lipid bilayer stack (crosses). The additional
important first order Bragg peak at o; = 4° (m) arises from the lipid bilayers (the second

order (@) is partially covered by the measurements).

to 60 and 100 counts per second) are lower than the maximal gains
of 10 from the simulations. Current developments are ongoing with
reduced waviness of the silicon wafers, because we assume that cor-
relations at 1 to 10 pm distances are important for the construc-
tive interference. Thus, we are optimistic to present the experimental
proof for the maximal gain of ca. 10 in the near future. By this
the way will be paved for extensive studies of tribological effects
on the molecular level using grazing incidence neutron spin echo
spectroscopy.
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