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Abstract

Monodisperse surfactant-coated iron nanoparticles are used to form both disordered nanoparticle assemblies and ordered face-
centered cubic nanoparticle crystals. The structural order is probed by small angle X-ray scattering, and the magnetic scattering is studied
using small angle neutron scattering. The magnetic scattering corresponding to different length scales is interpreted in terms of collective

correlations among the particles within the assemblies.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Monodisperse magnetic nanoparticles in self-assembled
structures are of technological importance for possible data
storage media [1], and are a model system for the study of
magnetic interactions in artificial ferromagnets [2—4]. In the
nanoparticles proposed for data storage media, the main
experimental goal has been to generate the high coercivity
L1, phase of FePt in an ordered array, and interactions
between particles are undesirable.

In contrast, with strongly interacting Fe or Co nano-
particles, the structure within the assembly plays a
significant role in the collective magnetic behavior [2-4].
Compared with exchange interactions within a bulk
ferromagnet, the magnetostatic interactions between par-
ticles are weak, but it is possible to have a purely dipolar
ferromagnet [5—7]. There have been numerous experimental
studies of magnetostatic effects in concentrated dispersions
of monodisperse particles [2-4,8-14]. A typical concen-
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trated sample is a self-assembled array with nearly close-
packed, surfactant-coated particles and a volume fraction
of between 25% and 45%. The upper limit to the volume
fraction is limited only by the thickness of the particle
coating and the size of the particles.

Little is known about the details of the spin arrange-
ments within these assemblies. Dilute frozen ferrofluids
have been shown to behave like dipolar spin glasses [15]. As
the nanoparticle concentration increases and the interac-
tions strengthen, theories predict that face-centered cubic
(3D) and hexagonal (2D) assemblies will have a ferromag-
netic ground state at 7 = 0K. [16] At elevated tempera-
tures, or with less perfectly ordered assemblies, the length
scale of magnetic ordering will presumably be reduced, but
so far there has been little quantitative data.

The most common signatures of collective behavior in
magnetometry measurements involve a broadening of the
zero field-cooled magnetization curve and a shift in its peak
to higher temperature. The coercivity and remanence show
more complex changes. The most sensitive magnetic
properties to magnetostatic interactions are the time-depen-
dent magnetic relaxation and the frequency-dependent
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susceptibility [4]. Because small angle neutron scattering
(SANS) is sensitive to magnetic moment orientations on a
very short time scale (~107''s) [17], and because it is
sensitive to the length scale of magnetic ordering, it offers a
unique tool to address important questions regarding the
spin structures within interacting nanoparticle assemblies.
Here we describe our SANS investigation of iron nano-
particles that consist of either disordered arrays or ordered,
face-centered cubic (FCC) crystals.

2. Experimental methods

The synthesis of Fe nanoparticles has been described in
detail elsewhere [4,18,19]. The particles used in this study
were made in a low boiling point solvent, decalin, rather
than dioctyl ether. This leads to particles with less
crystalline internal structure due to dissolved carbon and
a lower specific magnetization (s~120emu/g). Nanopar-
ticle crystals were grown by slowly diffusing a poorly
coordinating solvent into a stable dispersion of Fe
nanoparticles in toluene using the method of Talapin
et al. [20]. Comparison samples with different degrees of
order were made by growing the nanoparticle crystals over
a four-week period [2,3], and by rapidly evaporating the
solvent to create a thick composite with glassy ordering.
The glassy sample was formed from 8.6+ 0.7 nm particles,
and the nanoparticle crystal samples were made from the
same batch of 8.540.7nm particles. Both samples had
similar coercivities (~2000e) and remanence ratios
(M;/M~0.10—0.14) at 10K. Compared with the SANS
nanoparticle crystals, the small angle X-ray scattering
(SAXS) sample was grown with a higher 2-propanol:to-
luene volume ratio (1.8:1 versus 1:1).

The nanoparticle assemblies were characterized magne-
tically by SQUID magnetometry at low temperatures.
Transmission electron microscopy was used to determine
the particle size, while SAXS and SANS were used to find
the length scale of structural ordering in the nanoparticle
crystals, which were too thick to be electron transparent.
Because neutrons are also sensitive to magnetic moments,
SANS was used to determine the length scale for magnetic
ordering in the nanoparticle crystals. SAXS measurements
were taken at the Brookhaven National Synchotron Light
Source beam line X21B using transmission geometry, with
an X-ray wavelength of 0.1211 nm. SANS data were taken
at the NG-7 spectrometer at the NIST Center for Neutron
Research. Details of the SANS measurements are provided
elsewhere [18].

3. Results and discussion

The intensity versus scattering vector determined from
SAXS is sensitive to the higher charge density of the Fe
cores. A sample of 8.5nm particles grown by nanoparticle
crystallization shows all the expected peaks of an FCC
crystal, with a lattice spacing of 16.5nm and an average
edge-to-edge interparticle spacing of 3.2nm (Fig. 1). In
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Fig. 1. Angle-averaged SAXS intensity as a function of Q, for rapidly
quenched assemblies and nanoparticle crystals that have a FCC lattice
structure. Both samples were made from 8.5nm Fe nanoparticles. The
wavelength was 0.1211 nm.

contrast, the sample grown by rapid solvent evaporation
shows only one clear peak, which is near, but above, the
position corresponding to the close-packed (1 1 1) reflection
for the crystal. In the more dilute particle assembly, a
scattering peak corresponding to the inverse minimal
distance of approach is observed, as has been reported
earlier [21]. As the particles begin to form more ordered
arrangements and constructive interference between planes
of particles becomes more significant, this peak shifts to
lower angles.

SANS is sensitive to both nuclear and magnetic structure
of the sample and thus can detect variations in the latter
that arise from changes in temperature or application of a
magnetic field. Compared with the angular range shown in
the SAXS data of Fig. 1, the range of scattering vectors
Q =4nsin0/A is much smaller. SANS is therefore less
useful for the determination of the structural order of these
nanoparticle assemblies. However, the crystalline sample
shows evidence of the (111) peak at 0.80nm™~' and the
(220) peak at 1.27nm™", which are consistent with a FCC
structure with spacing ~13.6nm (Fig. 2(a)). This corre-
sponds to 8.5 nm particles with an edge-to-edge spacing of
1.1 nm, the same separation obtained in previous SAXS
measurements on nanoparticle crystals [2,3]. The reason for
the larger separation found with the SAXS sample is not
clear, but could arise from differences in the amount of
surfactant coating the particle surfaces.

Unlike the SAXS intensities, the SANS signal shows an
increase in intensity with lower Q or 6. Fig. 2(b) shows that
most, though not all, of this low Q intensity for the glassy
sample disappears when a large magnetic field is applied at
both 5 and 150 K, indicating that this signal is magnetic in
origin. Above the blocking temperature of the nanoparti-
cles, the magnetic signal due to correlations should be
negligible. While 150 K exceeds the blocking temperature
for SQUID magnetometry measurements on these particles
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Fig. 2. (a) SANS intensity versus scattering vector Q for a nanoparticle
crystal and a glassy assembly of Fe nanoparticles. (b) SANS intensity
versus scattering vector Q for the glassy assembly of Fig. 2(a), at different
temperatures and applied fields. All data are angle averaged.

[4], the measurement time is much shorter for neutron
scattering, and the particles may still be effectively blocked
for the SANS results of Fig. 2(b). In addition, magnetic
signal from individual, now uncorrelated particles may be
observed.

Magnetic correlations within the nanoparticle assemblies
are highlighted by subtracting data taken at 5T. This
approach also assumes that most of the magnetic moments
are aligned parallel to the 5T field and do not contribute to
magnetic scattering. At the diffraction peak, differences in
intensity A/ =I(0T) — I(5T) depend on the angle 0
between the scattering vector Q and the applied field H
(Fig. 3(a)). From neutron scattering selection rules [18], the
high-field magnetic intensity at the diffraction peak will be
minimal for 6 = 0° and 180° if the particle moments are
aligned with the field. Fig. 3(a) shows that the angular
dependence is Al o sin’0), as expected when moments align
parallel to the applied field. We note, however, that the
oscillation in the nanoparticle crystals is sharper than that
in the glassy assembly. Previous work has shown that the
spins in the shells of partially oxidized particles can become
canted perpendicular to the applied field and have
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Fig. 3. Angular dependence of intensity difference AI = I(0T) — I(5T) at
SK, for the nanoparticle crystals and glassy assemblies. (a) Average at
0 =0.80nm~! (the diffraction peak), corresponding to a length scale of
7.85nm. (b) Average at Q = 0.12nm™~', corresponding to a length scale of
~53nm.

increased rather than decreased scattering perpendicular
to Q at the diffraction peak position [18]. The particles
discussed here were minimally oxidized, but can still be
expected to have roughly 0.5nm of iron oxide on their
surfaces, which appears to be insufficient to support
magnetic order.

Judging by the field dependence in Fig. 2(b), the lower Q
region has a significant magnetic component. Since these O
values correspond to length scales larger than a single
particle, these data contain information about the inter-
particle magnetic interactions within the assemblies. Many
groups have observed sizeable magnetic scattering at low
values of Q for nanoparticles [17,21,22] and nanocrystalline
materials [23-27], but the interpretation of its cause and its
functional form is still under debate. Isolated monodisperse
particles should have a spin correlation function propor-
tional to exp(—rxpr), where r is a distance comparable to
the particle radius and i, is the inverse of the intraparticle
magnetic correlation length. The Fourier transform of
the correlation function leads to a Lorentzian-squared
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dependence of the intensity on Q. An empirical Lorentzian
factor has been used to account for the additional intensity
at low Q [17,21]:

Imag(Q) =

A 32 ' O

+
(Q2 + K}th)z Q2 + Keorr
Here the length scale of the correlations between
particles Leorr = 1 /Kcorr. Using this approach, our data
for the glassy sample at 5K would suggest correlated
regions over 100 nm, in analogy to multi-grain correlations
reported in nanocrystalline alloys [24,27]. However, this
picture may be too simplistic for the current data, as the
quality of fits to such a functional form is imperfect. While
the particles are monodisperse at the 5-10% variation
level, some scattering from small clusters of coalesced
nanoparticles might distort the low Q signal.

In addition, the combination of a Lorentzian-squared
and Lorentzian SANS lineshape has been interpreted in
amorphous TbFe, as arising from a combination of
scattering from static regions plus dynamical scattering,
respectively [28]. The lower Q magnetic scattering from our
Fe nanoparticle assemblies could be dynamic in origin as
well. The fluctuations could include both spin waves within
the particles plus collective fluctuations in the moments of
multiple coupled particles.

Magnetic X-ray circular dichroism (XMCD) measure-
ments on 9 nm Co nanoparticle assemblies have also shown
field-dependent reductions in scattering at Q values below
the diffraction peak [13]. The results were interpreted in
terms of an antiferromagnetic orientation of neighboring
particle moments, which would effectively double the
lattice spacing. In our case, antiferromagnetic correlations
in the SANS data would appear as a magnetic peak
centered near Q = 0.40nm~'. Since the scattering in this
region is broad, antiferromagnetic correlations, if present,
are short ranged.

Instead, in our SANS data, magnetic scattering intensity
in 0T persists over length scales corresponding to
many particle diameters. However, as shown in Fig. 3(b)
for Q=0.12nm~!, away from the diffraction peak,
Al = I(0T) — I(5T) does not have much angular depen-
dence for either the crystal or for the glassy assembly. For
the crystal sample, this result is consistent with an
interpretation involving interparticle correlations in 0T.
The application of a large magnetic field should dramati-
cally increase the magnetic correlation length among the
particles, and the magnetic scattering depicted at Q =
0.12nm~! in 5T should go to zero. For the glassy sample,
this interpretation is less clear because some of the
scattering in this low Q@ region might be expected to
originate from individual particles that are not in well-
formed arrays. A dependence of AJ  sin’0 is expected to
some degree. While it is likely that the low Q scattering for
both the glassy and crystal samples involve long-range
interparticle magnetic correlations, it is still an open
question.

4. Conclusions

Monodisperse Fe nanoparticles in crystalline and glass-
like assemblies were studied by small angle X-ray and
neutron scattering. SAXS was useful for characterizing the
degree of structural order within an assembly, for
determining the average interparticle spacing, and for
identifying possible lattice structures. SANS revealed fewer
details about the lattice structure but provided a measure-
ment of a magnetic length scale that may be associated
with long-range interparticle interactions.

There have been numerous efforts using SANS to
determine a magnetic correlation length scale in nanos-
tructured materials. In our nanoparticle assemblies that
should have only magnetostatic interactions, we see some
evidence of long-range magnetic correlations, based on the
decrease in the magnetic scattering intensity at low Q
values with the application of a magnetic field and the
angle dependent data at different Q values. However, a
cleaner signature is necessary to obtain more quantitative
information.

In future work we will apply these SANS techniques to
higher moment particles to determine whether it is possible
to observe magnetically stable regions within an assembly.
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