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Scattering from surfaces
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Figure 1. Roughness and inter-di↵usion: In the left panel a continuous line can be drawn between the two
materials, wheres in the right panel isolated islands exist. The integrated number of yellow and blue circles along
the horizontal direction is the same. Specular reflectivity can not distinguish between the two scenarios.

This manuscript is structured as follows: First the scattering geometry and the peculiarities of OFF-
Spec and GIS is explained on a specific example of polymer micelles self assembling at a solid bound-
ary. Then the distorted wave Born approximation (DWBA) is outlined and finally some scientific
examples are presented.

1.1 Scattering geometry

The scattering geometry in neutron reflectometry (NR) is usually defined in cartesian coordinates with
the z direction along the normal of the interfaces. The x-direction is in the scattering plane and y is
perpendicular to x and z (see Figure 2). In the case of a buried liquid interface a neutron beam may
pass trough a silicon wafer, get scattered at the solid-liquid boundary and detected by an area detector.
Note, since the absorption of neutrons in silicon is low and the scattering potential of deuterated
liquids is large, such experiments can be performed in a straight forward way with a minimum loss in
flux and a critical momentum transfer of total external reflection present.
The intensity scattered at the same incident and exit angles (red arrows in Figure 2) is the specular
reflectivity and contains the information about the SLD profile along the surface normal. Intensity
scattered at di↵erent exit angles but still in the scattering plane (symbolized green) is usually called
OFFSpec and intensity registered for exit angles out of the scattering plane is small angle scattering
(SAS). The three components of the scattering vector Q, along the x, y and z-direction, are calculated

Interface
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Figure 2. Scattering geometry for GIS experiments from the solid-liquid boundary [5].
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Fig. 1 Experimentally measured phase diagram of P123 solved in
water reproduced from Ref. 15

by a more hydrophilic shell (PEO)16. If the critical volume
fraction is reached, these agglomerates may assemble into
crystalline structures15. The phase diagram of P123 (see
Figure 1) with respect to temperature and concentration was
established in Ref.15 and exhibits a cubic and a hexagonal
phase for the micellar crystal. We found that the transition be-
tween the cubic and the hexagonal phase shows a pronounced
thermal hysteresis 22.
The P123, purchased from Sigma-Aldrich, was used without
further purification. The polymer was solved by 28 % in
weight in deuterated water for an increased scattering contrast
for neutrons (molar ratio equivalent to 30 % P123 in H2O)
at a low temperature of 6 �C under constant stirring until a
homogenous solution was formed. Subsequently the sample
was filled into the pre-cooled sample cell in the liquid state
(T < 14 �C) to prevent shearing of the crystalline phase.
To provide a well-defined interface, a silicon wafer was
terminated with a hexamethyldisilazane (HMDS) coating
adsorbed from the gaseous phase, resulting in a contact angle
to water and air of approx. 75�. The neutron data have been
recorded while heating the sample from 5 �C to 66 �C and
subsequent cooling to 5 �C. From rheometry measurements
we know that the transition temperature between cubic and
hexagonal phase does not depend on the heating and cooling
rate.

3 Experimental details

All measurements were carried out at the reflectometer
ADAM at the Institut Laue-Langevin (Grenoble, France)26.
Figure 2 shows the scattering geometry, schematically. The
incident neutron beam penetrates a silicon wafer through the
narrow side. After reflection at the solid-liquid interface and
scattering at the micellar lattice the intensity is registered by
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Fig. 2 Schematic illustration of the scattering geometry. The solid
and dashed lines symbolize diffuse and specular scattering
geometry, respectively.

a position sensitive detector. The dashed arrows in the figure
symbolize specular reflectivity (incident beam angle equal
to the exit beam angle) with information about the density
profile along the surface normal. The geometry to access
diffuse scattering, providing information on the in-plane
correlations in the micellar structure with different incident
and exit beam angles, is symbolized by the solid arrows. The
scattering geometry is described in Ref.27 in more detail.
The sample was confined in a liquid cell with the surface
treated silicon wafer on one side and an aluminum plate on
the other. The total sample thickness was 1 mm, however, due
to the scattering geometry the neutron beam penetrates only
a few tenth of micrometer from the silicon surface into the
liquid. The two plates were sealed by a cadmium spacer and
temperature control was realized by circulating coolant from
a chiller thru an aluminum cooling attached to the silicon
wafer. The design of the sample cell is described in Ref.28.
The incident beam was collimated by slits of 1 mm at a
distance of 2102 mm along the horizontal direction resulting
in a divergence of 0.057� (FWHM). However, for an incident
angle of 0.9� the resolution is determined by the sample
footprint and is 0.04� or DQz = 0.02 nm�1 and DQx =
3*10�4nm�1. Along the vertical axis the full profile from
the focusing monochromator was used. The wavelength was
0.441 nm. A position sensitive detector (PSD) collected the
specular and diffusely scattered intensity. In this way both
the depth profile of the scattering length density and the
in-plane correlations are probed via neutron reflectivity (Qz)
and diffuse scattering (Qx), respectively (see Figure 2). The
out-of-plane structures are resolved on a nm length scale,
whereas diffuse scattering probes a µm length scale in the
plane of the interface along the x-direction27. By varying the
incident beam angle in the given set-up a depth of up to 50
µm in the sample from the interface is probed.
The center of the detector was set to a scattering angle of
1.82� and fixed during all measurements. Since the PSD at
ADAM covers 6� in scattering angle the specular reflected
intensity was always monitored. The incident beam angle was
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Solar cells - microphone separation

composition of PTB7:PC71BM blend films.11–14 Besides morphology
information, also the molecular dynamics, which occurs on a timescale
of pico- to nanoseconds, was probed for these systems. Quasi-elastic
neutron scattering (QENS) was performed to study the molecular
dynamic behavior of P3HT and PCBM and the relaxation processes at
different temperatures, to be able to optimize the efficiency of the exci-
ton transport in the active layer.15–17 Experimental details of QENS
can be found elsewhere.18 However, to date, research mainly focuses
on morphology analysis rather than on the molecular dynamics of
bulk-heterojunction organic solar cells because insights into the inner
structure already enable a deep understanding of the mechanism of
energy conversion and allow for considerable improvements of the
solar cell performance.19–22 Because the active layers of organic solar
cells typically have a film thickness of about 100nm or even less,23 per-
forming SANS experiments typically suffers from a small scattering
volume due to the transmission geometry.24 In order to overcome this
drawback, a grazing incidence geometry can be applied.6,7,25 Grazing
incidence small-angle neutron scattering (GISANS) has been demon-
strated to be a very powerful advanced scattering technique for the
investigation of organic solar cells. Using GISANS, the advantages of
neutrons, such as good scattering contrast, are combined with a graz-
ing incidence geometry, which allows probing the inner morphology
and vertical composition of thin films. This perspective letter focuses
on advanced neutron scattering techniques used for studying the inner
structure and morphology-performance relationship of organic solar
cells. Studies performed by the M€uller–Buschbaum group and their
collaborators are given as examples to illustrate the potential of
GISANS and TOF-GISANS for the investigation of organic solar cells.
Moreover, the power of QENS studies is briefly reviewed.

Typically, an incident neutron particle with an angular frequency
xi and a wave vector ki impinges onto the sample and then exits a
scattered neutron particle with an exit frequency xf and a wave vector
kf . Therefore, the momentum transfer can be expressed as p ¼ !Q
¼ !kf " !ki; where ! ¼ h=2p, with the scattering vector Q¼ kf "ki,
and similarly, the energy transfer can be expressed as E¼ !xf "!xi,
and then, Dx¼xf "xi. For a wavelength k, an incident angle ai, an

exit angle af ; and an out-of-plane angle W, the scattering vector
Q¼ðqx; qy; qzÞ has the components qx¼ 2pðcosWcosaf " cosaiÞ=k,
qy ¼ 2pðsinWcosaf Þ=k, and qz¼ 2pðsinaiþ sinaf Þ=k.6 In a GISANS
experiment, the neutron beam impinges onto the thin film at a fixed
shallow angle (typically below 1&), and the scattered intensity is
detected with a two-dimensional (2D) detector. An example for typical
2D TOF-GISANS data is given in Fig. 2. The values for the q-range

FIG. 2. 2D TOF-GISANS data of thin films based on P3HT:PCBM processed with-
out a solvent additive (a), (c), (e), and (g) and with 5 vol. % 1,8-octanedithiol (b),
(d), (f), and (h) measured with different neutron wavelengths (given at the right
side), thereby covering different (qy, qz) ranges. The sample horizon (dashed line),
the Yoneda region, the specular peak, and the direct beam are indicated in panel
(a). Scattering features in the Yoneda region along the qy direction are marked by
red arrows (c) and (d). Reproduced with permission from Wang et al., Adv. Funct.
Mater. 28, 1800209 (2018). Copyright 2018 Wiley-VCH.

FIG. 1. Energy conversion mechanism in an organic solar cell shown from a kinetic
point of view (left) and as a simplified energy diagram (right): (I) photon absorption
and generation of an exciton, (II) exciton diffusion toward the interface, (III) exciton
dissociation at the donor (blue): acceptor (orange) interface and separation of the
electron–hole pair due to the electric field and material disorder, (IV) charge carrier
transport toward the corresponding electrodes, and (V) extraction of the generated
photocurrent at the anode (gray) and the cathode (dark blue). Blocking layers
(bright gray) are introduced between electrodes to achieve selective contacts for
charge extraction.

Applied Physics Letters PERSPECTIVE scitation.org/journal/apl

Appl. Phys. Lett. 116, 120504 (2020); doi: 10.1063/5.0003997 116, 120504-2

Published under license by AIP Publishing

composition of PTB7:PC71BM blend films.11–14 Besides morphology
information, also the molecular dynamics, which occurs on a timescale
of pico- to nanoseconds, was probed for these systems. Quasi-elastic
neutron scattering (QENS) was performed to study the molecular
dynamic behavior of P3HT and PCBM and the relaxation processes at
different temperatures, to be able to optimize the efficiency of the exci-
ton transport in the active layer.15–17 Experimental details of QENS
can be found elsewhere.18 However, to date, research mainly focuses
on morphology analysis rather than on the molecular dynamics of
bulk-heterojunction organic solar cells because insights into the inner
structure already enable a deep understanding of the mechanism of
energy conversion and allow for considerable improvements of the
solar cell performance.19–22 Because the active layers of organic solar
cells typically have a film thickness of about 100nm or even less,23 per-
forming SANS experiments typically suffers from a small scattering
volume due to the transmission geometry.24 In order to overcome this
drawback, a grazing incidence geometry can be applied.6,7,25 Grazing
incidence small-angle neutron scattering (GISANS) has been demon-
strated to be a very powerful advanced scattering technique for the
investigation of organic solar cells. Using GISANS, the advantages of
neutrons, such as good scattering contrast, are combined with a graz-
ing incidence geometry, which allows probing the inner morphology
and vertical composition of thin films. This perspective letter focuses
on advanced neutron scattering techniques used for studying the inner
structure and morphology-performance relationship of organic solar
cells. Studies performed by the M€uller–Buschbaum group and their
collaborators are given as examples to illustrate the potential of
GISANS and TOF-GISANS for the investigation of organic solar cells.
Moreover, the power of QENS studies is briefly reviewed.

Typically, an incident neutron particle with an angular frequency
xi and a wave vector ki impinges onto the sample and then exits a
scattered neutron particle with an exit frequency xf and a wave vector
kf . Therefore, the momentum transfer can be expressed as p ¼ !Q
¼ !kf " !ki; where ! ¼ h=2p, with the scattering vector Q¼ kf "ki,
and similarly, the energy transfer can be expressed as E¼ !xf "!xi,
and then, Dx¼xf "xi. For a wavelength k, an incident angle ai, an

exit angle af ; and an out-of-plane angle W, the scattering vector
Q¼ðqx; qy; qzÞ has the components qx¼ 2pðcosWcosaf " cosaiÞ=k,
qy ¼ 2pðsinWcosaf Þ=k, and qz¼ 2pðsinaiþ sinaf Þ=k.6 In a GISANS
experiment, the neutron beam impinges onto the thin film at a fixed
shallow angle (typically below 1&), and the scattered intensity is
detected with a two-dimensional (2D) detector. An example for typical
2D TOF-GISANS data is given in Fig. 2. The values for the q-range

FIG. 2. 2D TOF-GISANS data of thin films based on P3HT:PCBM processed with-
out a solvent additive (a), (c), (e), and (g) and with 5 vol. % 1,8-octanedithiol (b),
(d), (f), and (h) measured with different neutron wavelengths (given at the right
side), thereby covering different (qy, qz) ranges. The sample horizon (dashed line),
the Yoneda region, the specular peak, and the direct beam are indicated in panel
(a). Scattering features in the Yoneda region along the qy direction are marked by
red arrows (c) and (d). Reproduced with permission from Wang et al., Adv. Funct.
Mater. 28, 1800209 (2018). Copyright 2018 Wiley-VCH.

FIG. 1. Energy conversion mechanism in an organic solar cell shown from a kinetic
point of view (left) and as a simplified energy diagram (right): (I) photon absorption
and generation of an exciton, (II) exciton diffusion toward the interface, (III) exciton
dissociation at the donor (blue): acceptor (orange) interface and separation of the
electron–hole pair due to the electric field and material disorder, (IV) charge carrier
transport toward the corresponding electrodes, and (V) extraction of the generated
photocurrent at the anode (gray) and the cathode (dark blue). Blocking layers
(bright gray) are introduced between electrodes to achieve selective contacts for
charge extraction.

Applied Physics Letters PERSPECTIVE scitation.org/journal/apl
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Published under license by AIP Publishing

K. S. Wienhold, X. Jiang, and P. 
Müller-Buschbaum


Organic solar cells probed with 
advanced neutron scattering 
techniques


Appl. Phys. Lett. 116, 120504 (2020) 



Micellar self assembly

(111)
(022)

(-111)

(200)

(311)(222)

Attractive interface Repulsive interface

M. Wolff et al., Phys. Rev. Lett. 92, 255501 (2004).



Magnetic colloids

10

nominal value35 we determine a content of 14% of CoO
which is expected36 for the nanocomposite synthesis.12 If
CoO forms a shell surrounding of the Co nanoparticle28 then
its thickness of 1.0 nm is in perfect agreement with that de-
termined from the temporal devolution of the saturation mo-
ment of the nanoparticles.

Although we did not find nanoparticle layering we are
still able to determine the approximate number of layers in
our nanoparticle compound to be 24 by considering the lat-
tice plane distance of 16.1 nm as deduced from the
POLGISANS measurements and the total film thickness of

392 nm as determined from the fits to the PNR data. From
this number it can be concluded that each of the 20 drop-
pings resulted in slightly more than one particle monolayer.

Specular PNR measures the SLD profile along the surface
normal averaged over the lateral projection of the coherence
length lc!100 !m. PNR can reveal layering via Bragg re-
flections only if the SLD laterally averaged over scales larger
than lc varies periodically. Therefore, we conclude that lay-
ering of the nanoparticles does not extend over large length
scales. However, the possibility of layering over domainlike
areas smaller than lc cannot be excluded.

Such domains should manifest themselves via off-
specular scattering concentrated in particular regions in the
reciprocal space where the transverse wave-vector transfer
matches the layer thickness.37 This is however not the case
and only weak Yoneda scattering attributed to some rough-
ness of the outer interface was detected at low incident and
exit angles. The intensity of off-specular scattering caused by
domains depends on their lateral size and on the number of
layers in which fluctuations of the SLD due to domains are
correlated periodically.

Off-specular scattering probes lateral length scales within
lc!100 !m but not smaller than a few hundreds of nano-
meters. The absence of quasi-Bragg off-specular scattering
strongly suggests that layering does not extend over an ap-
preciable distance in depth and/or that the lateral size of the
domains with a layered structure is smaller. Due to kinematic
and coherence restrictions PNR cannot distinguish between
these two alternatives and excludes layering over smaller
scales. This hypothesis was examined with small-angle neu-
tron scattering "see below# probing lateral and transverse
scales below 100 nm.

The absence of layering over a broad range of lateral and
transverse scales is, for well monodisperse nanoparticles, a
quite unexpected result due to experimental and theoretical
arguments. One is that correlations in the interparticle posi-
tions are clearly seen in Fig. 1. The other is that on a large
scale the film has a rather flat surface and the thickness is
well matched to the number "20# of particle spaces deter-
mined from the SEM images. Surface and especially interfa-
cial fields from the flat substrate should induce layering.
However, in the present case these fields transferred from the
substrate and correspondingly from the free surface to the
interior of the total film are not sufficient to defeat the en-
tropy factor and to induce layering into the ensemble of the
inner particles. The deterioration of layering may also be
caused by random dipolar interparticle interaction which in
the case of Co particles is much stronger than in the previous
studies in Ref. 21 where the steric and van der Waals inter-
actions prevail. In our case the latter obviously provide only
short-range 3D order as follows from the combined analysis
of SEM and POLGISANS measurements.

The POLGISANS experiments were performed on the
small-angle machine D22 $Institut Laue Langevin "Grenoble,
France#% in polarized mode. The collimation of the incident
beam with "&1.0 nm and #" /"=10% was set to 5.6 m and
the detector distance was chosen to be 6 m in order to be
optimized to catch the SANS from the 13.2 nm nanoparticles
"as determined previously via TEM#. An additional slit of
1$10 mm2 was placed in front of the sample for back-
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FIG. 5. "Color online# POLGISANS data taken with a spin flip-
per in front of the sample. Left column: difference "I+− I−# between
scattering intensities I% with alternative polarization and their sum
"I++ I−#. The difference was taken at fields of 180 mT "first# and
70 mT "second# and the sum "third row# was taken at both fields. In
the bottom row scans along qz! for qy =0 are shown. Right column:
line scans along qy at qz!=0.26 nm−1 corresponding to the maps in
the left column.

THEIS-BRÖHL et al. PHYSICAL REVIEW B 78, 134426 "2008#
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The self-organization of the nanoparticles combined with the
deposition procedure is expected to end up with a multilay-
ered superstructure, as reported for ferrofluids21 and nano-
composite self-assembling polymers.22

The magnetic properties of the sample were examined
with an alternating-gradient magnetometer !AGM" with the
external field applied parallel to the sample surface. It is
found that the sample is in a ferromagnetic state at room
temperature and exhibits a magnetization of M
=479!35 emu /cm3 in saturation. The hysteresis loop de-
picted in Fig. 3 reveals a coercive field of 8 mT.31

SEM and AGM data alone are not sufficient for a com-
plete picture about the structural and magnetic behavior of
the particle film as they do not provide information on the
the lateral and transverse distributions of the magnetic mo-
ment neither over the individual nanoparticle nor over the
sample volume.

The missing information on the nanocomposite film is
accessible with polarized neutron scattering. In particular, the
combination of PNR and POLGISANS allows us to directly
examine the interparticle organization, as well as intrapar-
ticle properties, e.g., the magnetization distribution. One of
the great advantages of neutrons is that their nuclear and
magnetic scattering lengths are known with high accuracy
for all elements and isotopes. This allows us to determine
precisely the distribution of density and magnetization on an

absolute scale. The use of polarized neutrons is especially
helpful due to their remarkable sensitivity to the magnetic
properties of the system provided by the strong variation in
the scattering contrast with alternation of the neutron polar-
ization direction.

Neutrons, deeply penetrating into the film, are either
specularly reflected from the mean optical potential or scat-
tered off specular due to lateral variations of the potential
within the coherence ellipsoid. At grazing incidence this el-
lipsoid is highly anisotropic.23,24 Its long axis !x axis" is par-
allel to the projection of the incident beam onto the surface
and may reach an extension of up to 100 "m. Along the
other two directions the coherence is in the range of
10–100 nm. One of them !the z axis" is normal to the sur-
face, while the other one !the y axis" is within the surface
plane and normal to the reflection plane. Both, NR and
GISANS, probe comparable out of plane but different in-
plane length scales.

The PNR measurements where carried out on the reflec-
tometer ADAM !Refs. 25 and 26" at the Institut Laue Lange-
vin !Grenoble, France". The incident beam with fixed neu-
tron wavelengths of #=0.441 nm was collimated down to
0.25 mrad and the polarization efficiency was around 95%.
Figure 4!a" shows the non-spin-flip !NSF", R!!, and spin-
flip !SF", R!$, specular reflectivities measured at 10 K in
saturation at 280 mT. The NSF reflectivities probe the mag-
netization projection onto the applied in-plane field guiding
the neutron polarization, while the SF reflectivities are sen-
sitive to the in-plane magnetization components perpendicu-
lar to the field direction. However, in saturation the SF in-
tensity visible in Fig. 4!a" can totally be attributed to the
polarization efficiency. We conclude that the magnetization
of the Co nanoparticles, either induced or remanent, is well
aligned with the external field and the NSF reflection curves
R!! record the depth profiles of either the sum or the differ-
ence of the nuclear and magnetic scattering length density
!SLD". As the SiO2 and the Si are nonmagnetic the polariza-
tion dependent signal can totally be attributed to the mag-
netic moment of the Co nanoparticles. The magnetic signal is
particularly pronounced in the spin asymmetry !SA"= !R++

FIG. 1. SEM image of the top surface of a sample with 20 layers
of self-assembled Co nanoparticles coated with organic oleyl amine.

FIG. 2. Particle size distribution as deduced from TEM mea-
surement of the same Co nanoparticles as used for preparing the
nanoparticle film. The fit to the data !black line" results in an aver-
age diameter of 13.21!1.81 nm.

FIG. 3. Magnetization reversal of the 20 layers of nanoparticles
on a SiO /Si substrate performed with an alternating-gradient mag-
netometer at room temperature.

THEIS-BRÖHL et al. PHYSICAL REVIEW B 78, 134426 !2008"

134426-2

−R−−! / "R+++R−−! depicted in Fig. 4"b! on a linear scale. On
the reflectivity curves no trace of Bragg peaks as expected
for a periodic superstructure21,22 is detected, while well re-
solved Kissing fringes resulting from a 50 nm thick SiO2
layer on the substrate are visible.

The specular PNR data were fitted to a theoretical model
by using a least-squares routine allowing simultaneous

evaluation of all four measured reflectivities in one cycle.32

In contrast to Refs. 21 and 22 and our expectations from
SEM, fitting, indeed, reveals no tendency of nanoparticle
layering. The results of the fits are summarized in Table I and
the fitted nuclear and magnetic SLD profiles are reproduced
in Fig. 4"c!. For comparison the nominal values of the
nuclear and magnetic SLDs for Co, oleyl amine, and CoO
are indicated in Fig. 4"c! with dashed lines. The magnetic
contribution to PNR is related to a 354 nm thick continuous
layer sandwiched between a 34 nm cap and a 4 nm base
layer with reduced nuclear and magnetic SLDs. The best fit
was achieved for a magnetic SLD of the film of Np
= "1.17!0.07!"10−6 Å−2 and a nuclear one of Nb
= "1.23!0.06!"10−6 Å−2. The fit for the measurements at
280 mT #Fig. 4"a!$ additionally shows that the magnetization
of the Co nanoparticles is completely aligned with the ap-
plied field, i.e., the sample is in saturation. From the value
Np=1.17"10−6 Å−2 one can directly determine the satura-
tion magnetization M =CNp=403!24 emu /cm3 of the
sample by using the conversion coefficient,

C = % 2#$2

%n%0mn
% & 344, "1!

composed of fundamental constants: the Planck constant $,
the magnetic moment of the neutron %n, its mass mn, and the
permeability of vacuum %0=4#. The value of the magneti-
zation extracted with neutrons is slightly smaller than that of
M =479!35 emu /cm3 estimated from the AGM measure-
ments. Note that for the determination of the magnetization
from the PNR data information on the film thickness is not
necessary as PNR directly measures the magnetization and
not the magnetic moment as magnetometry does.33

The magnetization extracted with both methods is less
than that of bulk Co "1446 emu /cm3!. This fact has a num-
ber of reasons. First, Co occupies only a certain part of the
nanocomposite. Second, the Co particles are partially oxi-
dized. Third, the moment distribution may have a depth pro-
file across the film thickness.34

The fit value of Np immediately allows us to determine
the Co content to "27!2!% by using the nominal value for
Co, NpCo

th =4.27"10−6 Å−2. With a lattice plane distance of
16.1!1.1 nm as found from the POLGISANS measure-
ments "see below! and by assuming a face centered cubic
packing of the nanoparticles,9 the diameter of the Co core
can be determined to be in average 14.1!1.0 nm. For the
center-to-center distance of the nanoparticles we found
19.7 nm being in perfect agreement with the value found
from SEM. Comparing the nuclear SLD from the fit with the

TABLE I. Results of the fits of the PNR data concerning thickness, nuclear "Nb! and magnetic "Np!
SLDs, and nominal SLD values of Co, CoO, and oleyl amine.

Fit results Theoretical values

Top layer Particle film Wetting layer SiO2 Si substrate Co CoO Oleyl amine

Thickness "nm! 33.9!0.5 353.9!2.6 4.0!0.1 49.8!0.1
Nb "10−6 Å−2! 1.01!0.64 1.23!0.06 −0.20!0.07 3.48 2.14 2.27 4.31 −0.043
Nb "10−6 Å−2! 0.95!0.63 1.17!0.07 0.40!0.05 0 0 4.27 0 0

FIG. 4. "Color online! "a! PNR data taken at 10 K with the
sample in saturation. The lines represent best fits to the data. "b! SA
presented on the linear scale to illustrate purely magnetic contribu-
tion: the solid line shows the result of a calculation with the param-
eters determined from the fit. "c! Profile of nuclear and magnetic
SLDs plotted as a function of distance from the sample surface. For
comparison the nuclear "Nb! and magnetic "Np! SLDs for Co, CoO,
and oleyl amine "C18H37N! are shown.

SELF-ORDERING OF NANOPARTICLES IN MAGNETO-… PHYSICAL REVIEW B 78, 134426 "2008!

134426-3

Phys. Rev. B 78, 134426 (2008)



Colloidal self-assembly

The conversion to Qx and Qz at each measured angle is
made using the following expressions:

Qx ¼
2!

"
ðcos #f sin $Þ; ð6Þ

Qy ¼
2!

"
ðcos #f cos$$ cos #iÞ; ð7Þ

Qz ¼
2!

"
ðsin #i þ sin #fÞ; ð8Þ

where $ is the angle between the projection of the scattered
beam on the vertical plane and the direct beam. It is important
to note that each detector image contains some three-
dimensional information, but as Qy is small the data are
essentially two dimensional in Qx and Qz space; however, the
signal with different Qz values also contains information from
different Qy. Fig. 3 shows the scattering pattern at several
selected angles close to the critical angle recorded for the PS3
latex at the silicon/D2O interface at the D22 instrument.
Similar scattering patterns (different Q values) were recorded
for PS11 with NG3 SANS.

Several orders of Bragg peaks which are equally spaced in
Qx are an indication of a highly ordered sample. The Bragg
peak positions correspond to the d spacing of the (111) planes
(with an uncertainty of 15% due to the detector pixel reso-
lution) for a face-centred cubic structure, which are aligned
parallel with the interface, as observed in a previous study
(Hellsing, Kapaklis et al., 2012).

For a single wavelength and no angular dispersion, below
the critical angle, the evanescent wave can penetrate a few
nanometres into this sample, which is not sufficient to obtain a
signal from the particles. However, scattering from the sample
appears below the critical angle. This occurs because neutron
scattering instruments work not with a single wavelength but
rather, even for a ‘monochromatic’ instrument, with a distri-
bution around the set wavelength in order to provide sufficient

intensity, and there is also a range of incident angles. The
shorter wavelengths will penetrate into the sample below the
critical angle and can be scattered, while the mean wavelength
is still below the critical angle and would be totally reflected.
As a result, the penetration depth and consequently the
intensity close to the critical angle are smeared depending on
the shape of the angle and the wavelength distributions. The
longer-wavelength neutrons with lower energies are also,
generally, absorbed more in the sample.

In order to determine the intensity that corresponds to
scattering from a certain depth of the sample, our model
assumes the scattered intensity to be a product of

(a) the contrast in scattering length density at each depth of
the sample (!%) and

(b) the intensity profile of the wave, either evanescent or
transmitted, at that specific depth.
Knowing the concentration, shape and structure of the
particles, the fractional occupancy of the material at each
distance from the interface can be calculated. Slicing the
sample into planes parallel to the reflecting surface, the scat-
tering length density (SLD) of each plane is then calculated as
%z and the SLD contrast as a function of depth z is then

!%ðzÞ ¼ %D2O $ %ðzÞ: ð9Þ

Fig. 4 shows the SLD profile calculated for 9 wt% PS3 (R =
72 nm) latex in D2O, i.e. lattice parameter a = 400 nm which is
separated with a gap zg ¼ 212 nm from the solid interface.

The intensity of the evanescent wave at a depth of z as a
function of wavelength and angle is calculated as

Að"; #Þ ¼ A0ð"; #Þ expð$z1=e=jzjÞ; z< 0; ð10Þ

where z1=e is the penetration depth of the evanescent wave, # is
the angle in the distribution around #i and A0("; #) is the
initial intensity of the wave. Note that the reason we use the
absolute value of z is that, in this paper, z increases moving
away from the reflecting interface towards the crystal and the
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Figure 3
Scattering intensities recorded close to the critical angle from 9 wt% PS3 latex in D2O against a silicon surface with D22. Density measurements showed
that the particles were dispersed in a 15:85 mixture of H2O:D2O. Using the scattering length density of this combination the critical angle measured with
" = 1.4 nm was 0.8'. The rectangles around the first-order Bragg peaks represent the regions of interest chosen to estimate the relative intensities plotted
in Fig. 5. The intensities are normalized to the measurement time and shown on a loge scale. The vertical strip along the central part of Qx on the right
side of the figure shows the integrated peaks as an example for #i=#c = 1.07.
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One dimensional GISANS

Potential improvements:

Optimised setup

Zero scattering substrates

Depth resolution, at least, challenging



Dedicated GISANS instrument SAGA

3700 m

Reference ISCS

High resolution instrument

Full brilliance of ESS

Beam port S5

Possible detector distance: 70m

6 Å minimum wavelength

Bandwidth: 4Å

Natural 𝜆 resolution: 2-3%

GISANS has been identified as capability gap of ESS

Opportunity for a dedicated GISANS instrument SAGA



Unique opportunities for:



Summary

Opportunities for science (Sweden):

Surfactant and lipid self-assembly
Advanced polymer coatings
Nanoparticle stability and deposition
Materials science and energy
Life sciences – food and medicine
Hard condensed matter physics
Quantum materials 
Magnetism

Instrumentation:

Existing capabilities are limited/not optimised

Ongoing developments:


One dimensional GISANS

Low background substrates

Resonance effects


Opportunity for a dedicated instrument (SAGA) @ ESS


