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Cobalt and magnetite nanoparticles were studied with small-angle x-ray and neutron scattering methods

under grazing incidence for analyzing their structural and magnetic correlation on silicon substrates. The

Co nanoparticles are in the ferromagnetic state while the iron oxide nanoparticles are superparamagnetic

at room temperature. After spin-coating the iron oxide particles with a diameter of 20 nm and a very

narrow size distribution of only 6% show very nice self-ordering on silicon substrates with nearly perfect

six-fold symmetry as can be derived from scanning electron microscopy (SEM) images and from

grazing incidence small angle x-ray scattering results. In contrast the dropcasted cobalt nanoparticles

show a much higher roughness and less ordering. The corresponding SEM images and grazing incidence

small angle neutron scattering maps with polarization of the incident beam reveal less pronounced

structural and magnetic correlation.VC 2011 American Institute of Physics. [doi:10.1063/1.3661654]

I. INTRODUCTION

Magnetic nanoparticles exhibit attractive properties for

potential use in different fields such as for biomedical and bio-

technology applications,1–3 for high-density magnetic memory

systems, or for spintronic applications.4,5 Such nanoparticles

are mostly based on FeO or Fe3O4 iron compounds.6,7 For the

future, however, they could be substituted by nanoparticles of

materials with a higher saturation magnetization such as Co,

CoFe, or FePt (Refs. 8–11) nanoparticles. Besides biocomp-

ability, for applications nanoparticles should also exhibit well-

defined magnetic properties depending on shape, size, and

composition. In particular for magnetic memory and spin-

tronic applications well-ordered monolayers are required.

Furthermore, often agglomeration of the ferromagnetic nano-

particles is encountered, which hampers self-assembled order-

ing on substrates. Self-organization into ordered arrays very

much depends on their size, magnetization, ambient medium,

and other parameters12,13 and is subject of current studies.

Direct imaging methods such as transmission electron micros-

copy (TEM) and scanning electron microscopy (SEM)

provide important information about shape, distribution and

on lateral ordering of nanoparticle complexes deposited onto

substrates.14,15 However, these methods are restricted to the

image of the top layer and do not provide sufficient depth

sensitivity to record short and long range correlations in three

dimensions. This is particularly important, if nanoparticles

form layered or crystal-like 3 D structures. Furthermore, these

methods are not sensitive to the magnetic order and magnetic

correlations.

We employed scattering methods for getting insight into

the in- and out-of-plane ordering of magnetic nanoparticles

on a silicon substrate. We combined grazing incidence small

angle neutron scattering (GISANS) with polarized incident

beam (PGISANS) with polarized neutron reflectometry

(PNR) in order to gain simultaneous access to information

on the structural arrangement over a broad range of length

scales in the lateral direction as well as in the transverse

direction. In addition, non-resonant grazing incidence small

angle x-ray scattering (GISAXS) was performed for struc-

tural analysis of nanoparticle arrays.

II. SAMPLE PREPARATION AND CHARACTERIZATION

For the assembly of nanoparticles into mono- and multi-

layers on a substrate several methods are available. The most

simple one is dropcasting of a colloidal solution of nanopar-

ticles onto a substrate and subsequent evaporation of the

solvent. By repeating this dropping procedure three-

dimensional assemblies can be achieved. Figure 1(a) pictures

a multilayer structure of 13.5 nm oleyl amine stabilized Co

nanoparticles, which are drop-deposited on a SiO2 substrate.

Since the evaporation-induced assembly is a complex, non-

equilibrium process requiring precise control of numerous

factors, high surface roughnesses and a lack of ordering may

result.21

Another possibility for the preparation of wide range

assemblies is the spin-coating process that allows for uniform

distribution of the nanoparticles and controllable density of the

layers. The spin coating method was used to prepare wide areas

of ordered mono- and multilayer assemblies of FeO-

nanoparticles, as shown in Figs. 1(b) and 1(c), respectively.

Compared to the dropcasted sample the surface roughness ofa)Electronic mail: k.theis-broehl@rub.de.
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the 20 nm oleic acid stabilized FeO-nanoparticles is clearly

reduced. This results in a better reflectivity that is necessary for

the PNR measurements. The organization process of magnetic

nanoparticles on a surface is a complex interplay between inter-

particle interactions and external forces that is still not totally

understood. For example because of their magnetism compared

to FeO nanoparticles one of the future challenges is to achieve

highly-ordered wide range mono- and multilayer Co and FeCo-

nanoparticle assemblies.22 Figure 1(d) shows a monolayer of

7 nm FeCo-nanoparticles that are stabilized with a mixture of

oleyl amino and oleic acid. Comparable to the results of FeO

nanoparticles here also only a very small number of lattice dis-

tortions can be found that may result in a reduced surface

roughness of a multilayer assembly.

III. SCATTERING METHODS

Neutrons, deeply penetrating into the film are either

specularly reflected from the mean optical potential or scat-

tered in off-specular directions due to fluctuations of the

potential within the coherence ellipsoid. At grazing inci-

dence this ellipsoid is highly anisotropic.16,17 Its long axis

(x-axis) is parallel to the projection of the incident beam

onto the surface. At grazing incidence it may reach an exten-

sion up to 100 lm. The two other axes of the ellipsoid are

within the range of only 10–100 nm. One of them (the

z-axis) is normal to the surface while the other one (the

y-axis) is within the surface plane and normal to the reflec-

tion plane. Traditionally, in reflectometry and in particular in

PNR, the resolution along the y-axis is almost totally relaxed

so that the scattered intensity containing specular reflection

and off-specular scattering integrated over the y-direction is

measured as a function of incident and scattered wave vector

projections normal to the surface. In contrast, GISANS, or

better PGISANS, requires a point-like beam collimation pro-

viding almost equal resolution in z- and y-directions, compa-

rable with that of PNR along only the z-axis. Therefore both,

NR and GISANS, probe comparable out-of-plane length

scales but different in-plane length scales. Thus, on first sight

it appears that PGISANS provides more complete informa-

tion than PNR. This, however, may only be true if the

GISANS signal is recorded over a range of incident wave

vectors as broad, as is usual in reflectometry. In practice, the

GISANS signal is usually recorded at very few incident

wave vectors providing some fragments of information on

the nano-system. Reflectometry adds some essential frag-

ments of missing information, in particular, on the depth

profile of the mean optical potential averaged over the large

coherence length in x-direction, as well as on long range

correlations of fluctuations around this mean value. PNR

data are valuable not only in view of completeness of infor-

mation on nano-system arrangements, but are absolutely

required, as we shall see, for a quantitative theoretical

description and interpretation of data taken with GISANS.

IV. PNR RESULTS ON CO NANOPARTICLES

The PNR measurements were carried out on the reflec-

tometer ADAM (Refs. 18 and 19) at the Institut Laue Lange-

vin (Grenoble, France). The incident beam with a fixed

neutron wavelength of k ¼ 0:441 nm was collimated down

to 0.25 mrad, and the polarization of the incident beam was

determined to be around 98% and the efficiency of polariza-

tion analysis of the final spin states was about 90%. Figure 2

shows the non-spin flip (NSF), R66, and spin-flip (SF), R6�,

specular reflectivities from a sample with 18 layers of Co

nanoparticles with a diameter of ð13:561:0Þ nm, measured

in saturation (the saturation field HS � 200 mT was deter-

mined from the hysteresis, measured via alternating gradient

magnetometry). The NSF reflectivities probe the magnetiza-

tion projection onto the applied field guiding the neutron

polarization, while the SF reflectivities are sensitive to the

magnetization components perpendicular to the field direc-

tion. However, in saturation the SF intensity visible in Fig. 2,

can totally be attributed to the non-perfect polarization effi-

ciency of the spin analyzer. Therefore, we conclude that the

magnetization of the Co nanoparticles is well aligned with

the external field and the NSF reflection curves R66 record

the depth profiles of either the sum or the difference of the

nuclear and magnetic scattering length density (SLD). On

the reflectivity curves no trace of Bragg peaks as expected

FIG. 1. SEM images of the top surface

of self assembled spherical nanoparticles

on substrates. (a) 3 monolayers of

ð13:5 6 1:0Þ nm Co nanoparticles, self-

assembled by repeated drop coating; (b)

monolayer of 20 nm FeO nanoparticles

and self assembled by spin coating; and

(c) 4 monolayers of 20 nm FeO nanopar-

ticles self assembled by spin coating.

FIG. 2. (Color online) PNR data taken from 18 layers of Co nanoparticles

with a diameter of ð13:5 6 1:0Þ nm deposited on a Si substrate. Data are

taken in a high field as to magnetically saturate the sample. The solid lines

represent fits to the data points.

102207-2 Theis-Bröhl et al. J. Appl. Phys. 110, 102207 (2011)
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for the periodic layered superstructure of the film is detected,

while well resolved Kiessig fringes result from a 50 nm thick

SiO2 layer on the substrate.

The specular PNR data were fitted to a theoretical model

by using a least squares routine allowing simultaneous evalua-

tion of all four measured reflectivities in one cycle.16,23 The fit-

ting reveals no tendency of nanoparticle layering. The fitted

nuclear and magnetic SLD profiles are depicted in Fig. 3. For

comparison nuclear and magnetic SLD values for Co, oleyl

amine and CoO are indicated in Fig. 3 with dashed lines. The

magnetic contribution to PNR is related to a ð298 6 7Þ nm
thick continuous layer. The best fit was achieved for a magnetic

SLD of the film of Np ¼ ð0:75 6 0:06Þ � 10�6 Å
�2

and a nu-

clear one of Nb ¼ ð0:36 6 0:08Þ � 10�6 Å
�2
. The fit (Fig. 2)

also shows that the magnetization of the Co nanoparticles is

completely aligned with the applied field, i.e., the sample is in

saturation. This allows one to immediately determine the Co

content of 18% by using the theoretical value for Co

Np th
Co ¼ 4:27� 10�6 Å

�2
, a center-to-center inter-particle dis-

tance of 16.5 nm as also determined from the PGISANS meas-

urements (see below) and assuming a nearly fcc packing of the

nanoparticles.20 For a thinner nanoparticle film with only 3

layers of the same Co nanopartices, the fitting procedure yields

a thickness of the nanoparticle layer of ð49 6 3Þ nm and very

similar SLDs as for the 18 layer sample. From the reflectivity

data it can also be inferred that the Co nanoparticles have a di-

ameter of 13.5 nm. This is in good agreement with the

ð13:5 6 1:0Þ nm derived from TEM-analysis.

Note, that specular PNR resolves the SLD depth profile

averaged over the lateral projection of the coherence length

lc � 100 lm. PNR can reveal layering via Bragg reflections

only if the SLD laterally averaged over scales larger than lc
varies periodically. Therefore, we conclude that layering of

the nanoparticles is not extended over large length scales. It,

however, cannot be excluded that fluctuations exist within

domain-like areas that are much smaller than lc. This hypoth-

esis was examined with small angle neutron scattering prob-

ing lateral and transverse scales down to 100 nm.

V. PGISANS RESULTS ON CO NANOPARTICLES

The PGISANS experiments were performed on the

small-angle machine D22 (Institut Laue Langevin (Grenoble,

France)) in polarized mode. The collimation base of the inci-

dent beam with k � 1:0 nm and Dk=k ¼ 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 13,46 nm nanopar-

ticles (as determined previously via TEM) at q � 0:5 nm�1.

An additional slit of 1� 10 mm2 was placed in front of the

sample for background reduction. A horizontal electromag-

net with the field oriented along the beam provided the

desired magnetic fields. Then polarization of the incident

beam was determined to 91% in a magnetic field of

H ¼ 180 mT and to around 84% at H ¼ 70 mT. No polariza-

tion analysis of the scattered beam was applied.

Figure 4 shows data collected at an incident angle of

1:1�, well above the critical angle of total reflection. The

sample was measured in magnetic fields of 110 mT (Ref. 24)

and without field. The panels in the left column of Fig. 4

show the difference Iþ � I� between the intensity distribu-

tions I6ðqy; q
0
zÞ (Ref. 25) for Co nanoparticle films with 18

layers (top left) and 3 layers (bottom left). The panels in the

right column illustrate the scattered intensity distribution for

the sum Iþ þ I� being equivalent to scattering of unpolar-

ized neutrons for the Co nanoparticle films with 18 layers

(top right) and 3 layers (bottom right). The bright spot

images the direct beam and below the horizon at

qz ¼ 0; qy ¼ 0 and is surrounded with an extensive halo of

small angle scattering in case of the thicker and with a

weaker one in case of the thinner nanoparticle film. The

specularly reflected beam is seen as a bright spot at

qz ¼ 0:012 Å
�1

and the Yoneda peak at qz ¼ 0:006 Å
�1

are

disposed to the right from the horizon line.

Among the other prominent features displayed in the

maps, one can distinguish the scattering intensity concen-

trated into rings centered around the incident beam and along

the vertical line disposed just to the right from the line of

low intensity. The latter fixed to the glacing angle of

FIG. 3. (Color online) Profile of nuclear and magnetic scattering length den-

sities plotted as a function of distance from the sample surface. For compari-

son nuclear ðNbÞ and magnetic (Np) SLDs for Co, CoO, and oleyl amine

(C18H37N) are shown.

FIG. 4. (Color online) PGISANS data taken with a spin flipper in front of

the sample. Difference (Iþ � I�) between scattering intensities I6 with alter-

native polarization (left column) and their sum (Iþ þ I�) (right column).

The difference was taken at fields of 110 mT. In the top row measurements

from a Co nanoparticle film with 18 layers is shown and in the bottom row

measurements from a film with 3 layers. The intensity is plotted in a color

code that preferentially works out differences in intensity in a particular in-

tensity range and is based on log-scale.
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scattering af ¼ 0 corresponds to forbidden scattering along

the sample surface (sample horizon), while the position of

the former one is determined by the critical angle ac of the

total reflection for neutrons scattered at the glancing angle

af ¼ ac. The scattering intensity strongly varies over the ring

and along the vertical line af ¼ ac revealing maxima at the

points where this line intersects the ring, or the horizontal

line qy ¼ 0. The enhancement of SANS along the line

af ¼ ac constitutes the Yoneda effect, which is at the inci-

dent angles ai � ac due to the constructive interference of

mainly two different scattered neutron waves. The first one

is refracted through the mean optical potential after scatter-

ing from nano-particles. The other wave is firstly scattered

from nano-particles toward substrate. Then it specularly

reflected from the interface with the substrate into the same

direction, as the first scattered wave. At the scattering angle

af ¼ ac both waves are exactly in-phase.

The well pronounced Debye-Scherrer rings assume short

range paracrystalline-type order in the nanoparticle positions

within the plane perpendicular to the film surface. Such an

arrangement assumes no orientational order over appreciable

distances, but a positional order extending over distances longer

than in liquids. A quantitative interpretation is based on simula-

tions of the PGISANS data with a program based on the dis-

torted wave Born Approximation (DWBA.) In DWBA all

distortions of incoming and scattered neutron waves due to the

optical processes, i.e., refraction and reflection, are accounted

for exactly, while scattering of those distorted waves from

nano-particles is taken in the first Born approximation.

From the simulations of the PGISANS data (see Fig. 5)

we gain the following parameters. First, the radius of the

Debye-Sherrer ring defines the inter-particle distance that

was found to be 17 nm. Short-range correlations are quanti-

fied by the width of the Debye-Scherrer ring. From our simu-

lations we infer a very small correlation length of about the

inter-particle distance, meaning that over a short length scale

Co nanoparticles are densely and almost randomly packed.

On the other hand, from our simulations we also conclude

that the particle density fluctuates with long-range correla-

tions extended over 400 nm. Those density fluctuations may

qualitatively already be recognized in the SEM images.

VI. GISAXS RESULTS ON FE-OXIDE NANOPARTICLES

We have performed GISAXS measurements on the self

assembled monolayers of Fe-oxide nanoparticles, the corre-

sponding GISANS measurements will follow in due time. For

the GISAXS experiments, we used the beam line ID-10b at the

European Sychrotron Radiation Facilitiy (ESRF, Grenoble,

France) with a fixed photon energy of 7956 eV and a wave-

length of 1.559 Å at a glancing incident angle of 0:2� with a

slit width of 30 lm. A CCD camera with pixel size 60 lm and

resolution of 0:0095� captured the scattered intensity.
Figure 6 shows the GISAXS pattern for a monolayer (left

panel) and a multilayer film (right panel). In both cases we

observe pronounced rings of intensity and Bragg peaks centered

on these rings. The circles again resemble Debye Scherrer rings

from short range positional ordering of the nanoparticles in the

y� z plane. On top of these rings we observe Bragg peaks that

occur due to the long-range structural ordering in the y-direction.

From the width of the Bragg peaks we estimate an average long

range order domain size of about 120 nm, which is in very good

agreement with the grain size estimated from the SEM pictures.

The difference between the monolayer and the multilayer case

is that the Bragg peaks in the former case substantially streak

out into the z direction, being equivalent to truncation rods in the

case of atomic monolayers. This is an indication of the high per-

fection of the lateral ordering arrangement of the nanoparticles.

FIG. 5. (Color online) PGISANS data taken with a spin flipper in front of the sample at a film with 18 layers of Co nanoparticles with a diameter of

ð13:5 6 1:0Þ nm (top row) and simulations of the respective PGISANS data (bottom row). The two left columns present data taken at a magnetic field of 110

mT and the right two columns present data taken in remanence. The first and the third column present intensity maps of the up state (Iþ) and the second and

the fourth column intensity maps of the down state (I�).The intensity is plotted in a regular color code log-scale.
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VII. SUMMARY

In summary, we have investigated the structural and mag-

netic properties of self assembled magnetic nanoparticles, in

particular of Co- and Fe-oxide nanoparticles ranging from single

monolayers up to 18 monolayers. We discussed the differences

between simple dropcasting and spin-coating of magnetic nano-

particles. Via spin-coating the surface roughness is reduced lead-

ing to a higher reflectivity. We have successfully performed

PNR and PGISANS experiments on dropcasted self assembled

Co nanoparticle films. Dramatically enhanced sensitivity with

respect to the structural organization of the magneto-organic

complexes is achieved in our experiment via the spin contrasting

of their magnetic core. The PNR scans show well pronounced

Kiessig fringes with strong magnetic contrast, while Bragg

peaks expected from the periodic layering of the nanoparticle

monolayers could not be discerned. The PGISANS maps dis-

play well pronounced Debye-Scherrer rings with strong mag-

netic contrast, indicative for short range lateral order. Again,

Bragg reflections from lateral long range magnetic order of the

magnetic nanoparticles could not be observed. Quantitative

description of the 3 D arrangement of the nanocomposite films

is accomplished via fitting of PNR and simulations of the PGI-

SANS data. Simulation of the PNR data revealed that the Co

nanoparticles have a diameter of 13.5 nm, which is in good

agreement with the results of the TEM measurement. Fe-oxide

nanoparticles exhibit superior lateral ordering as compared to

the Co-nanoparticles and also the layering is better. GISAXS

measurements not only exhibit the Bragg peaks from the lateral

order but also show a structural coherence length, which

matches very well with the grain size estimated by SEM.
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