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Ensemble magnetic behavior of
interacting CoFe nanoparticles
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Ferromagnetic nanoparticles in the 10-14 nm size range are examined for their size and
interaction dependent magnetic properties. From X-ray magnetic circular dichroism the
orbital-to-spin magnetic moment ratio is determined and found to decrease significantly
with particle size. This is in accordance with previous complementary studies on smaller
particles and highlights the difficulty of fitting to a simple core-shell model. Vibrating
sample magnetometry experiments on samples with more than 1000 particles per square
micron show a wide distribution of blocking temperatures from 50 to greater than 650 K.
This is attributed to the dipole-dipole magnetic coupling forces between particles. The
blocking temperatures show an unexpected negative correlation with increasing particle
density.

Keywords: magnetic nanoparticle, XMCD, orbital moment, dipole interactions, superparamagnetism, long range
order

1. Introduction

Almost uniquely, micro and nanoscale magnetic particles have held cross-disciplinary interest for
leading physicists, chemists and biologists alike for more than half a century [1-3]. Today in physics
new phenomena and applications continue to emerge; recent investigations have uncovered meta-
stable ferromagnetic states measured in individual nanoparticles [4], surface mediated particle
interactions and anisotropy [5-7], interactions in arrays of patterned nanoislands known as
artificial spin ice [8-10] and applications related to hyperthermia-based medical treatments [11].
There remain many fascinating questions to be answered, particularly regarding particle ensembles
with interaction forces present. Here we present an X-ray magnetic circular dichroism (XMCD)
and vibrating sample magnetometry (VSM) study of densely packed pure CozgFe;o nanoparticles
grown by in situ gas-aggregation technique.

Several studies in recent years have considered the enhanced orbital moment predicted [12, 13]
and observed [14, 15] in sub 12 nm diameter single domain particles. The enhancement of the
orbital moment is highly size dependent and clearly marks the territory between magnetic atoms
obeying Hund’s rules, and bulk-like ferromagnetism with highly quenched orbital magnetism. For
magnetic nanoparticles the orbital moment is expected to be enhanced at the surface atoms due
to reduced coordination number. This compresses the d-band, enhancing spin () and therefore
orbital (m;) moment through the spin-orbit (SO) coupling mechanism. The small size can also
lead to quantum size effects which increase SO mixing, increasing mj even when m is saturated
[16, 17]. XMCD is an element specific technique that allows the contribution of m; and m; to the
total moment to be elucidated. We will consider the mechanism for enhanced orbital moments in
light of the data presented in this paper.

An important industrial application of ferromagnetic nanoparticles is in permanent data
storage, this has recently reached a new level with next generation designs based on nanoscale bit
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patterned media [18]. To realize and optimize storage media a
highly detailed understanding of the particle anisotropies and
interactions is vitally important. In the second part of this paper
we use a superconducting quantum interference device (SQUID)
VSM to investigate the anisotropies and interactions of densely
packed nanoparticles. We find large in-plane anisotropies due
to the dipole-dipole coupling forces between particles and a
surprising negative correlation between anisotropy and particle
density.

2. Particle Growth and Characterization

CozoFe;o nanoparticles were pre-formed in vacuum using an
Oxford Applied Research gas-aggregation cluster source. This
instrument uses a specially modified magnetron sputtering
source to super-saturate metallic vapor in an inert gas
atmosphere, pre-forming particles in a 5-15nm diameter size
range [15]. This source is fully integrated into a multi-target high
vacuum sputtering system, allowing great flexibility of multilayer
growth before and after nanoparticle deposition. The particles
are deposited at energies well below 0.1 eV/atom, and are not
deformed on impact with the substrate [19]. The particle size
distribution is modified by the growth conditions and throw
distance; further, many of these particles are charged and these
have been passed through a quadrupole mass filter to refine
the selection. Atomic force microscopy (AFM) calibrations show
the particle diameter distribution has a FWHM of 6 nm. In
this study particles are deposited onto polycrystalline sputtered
MgO and capped with a 4 nm film of Al to prevent oxidation
during sample transfer (Al is chosen as a material with a
long electron escape depth for XMCD purposes). The samples
are grown on commercially produced thermally-oxidized Si
wafers.

X-ray spectroscopy was carried out on the U4B line at
the NSLS VUV synchrotron source in Brookhaven National
Laboratory. The samples were mounted at normal incidence
to the beam and measured in total electron yield (TEY) mode
through a drain current contact painted onto the sample
edge. For XMCD measurements the beam was set at 70%
polarized and XAS scans were taken with the nanoparticles
magnetically saturated parallel and anti-parallel to the beam,
at each monochromator setting, using an applied £0.5 T field.
Magnetometry measurements, on the same sample set, were
carried out in Leeds on a Quantum Design SQUID-VSM.

For the precise size determination of the particles it was
necessary to check each sample, ex situ, using atomic force
microscopy. An example micrograph is shown in Figure 1A.
Due to the capping layer the particle diameters are significantly
overestimated by simple conversion from measured area,
moreover the crowded particles widened the relative size
distribution. The average particle size from sample to sample
is retained however, and the mean size can be scaled to
uncapped particles grown in the same conditions. The relative
mean particle diameters between samples are therefore accurate
to 0.1 nm but there maybe an overall systematic error of £1 nm.
More information on the AFM analysis is included in the
Supplementary Material. Transmission electron microscopy on

FIGURE 1 | (A) AFM micrograph of crowded nanoparticles, the scale bar
represents 400 nm. (B) TEM image of a single 10 nm diameter particle and
inset a model drawing of the appropriate Wulff reconstruction.

similar particles shows them to form the expected bcc crystalline
structure with the appropriate lattice parameter. This is shown in
Figure 1B. The particles form polyhedra governed by the Wulff
construction rules [20], with (110) and (100) faces energetically
favored. Greater than 90% are found to rest with a (100) face
parallel to the substrate, as shown in the example image inset in
Figure 1B.

3. Size Dependence of Orbital Moments

To test the predictions of enhanced orbital moments in large
nanoparticles, six samples with various average particle diameters
D were deposited as described in the previous section, and
measured with XMCD spectroscopy. A typical spectrum (D =
10.4 nm sample) is shown in Figure 2, the total electron yield
(TEY) signal has been normalized to the post-edge background.
The L3 and L, peaks are clear and without detectable secondary
peaks for all samples, within the resolution of the instrument the
nanoparticles have not oxidized either from the atmosphere or
the oxide layer below.

To translate the TEY absorption spectra into spin and orbital
moments, the sum rules, as developed by Thole et al. [21] and
Carra et al. [22], must be applied to the integrated L3 and L, peak
intensities. Due to the non-linear electromagnetic absorption
profile and the short electron escape depth (A = 1.7 nm in Fe
[23]), asymmetric saturation effects on the two peaks are known
to distort the signal and should be corrected for Nakajima et al.
[23]. Saturation affects the orbital moment most strongly since
this depends on the difference of the L3 and L, integrated peak
intensities, it acts to reduce the measured orbital moment. In
a continuous film the correction is a relatively straight forward
process, for nanoparticles the more complex geometry makes the
correction more difficult and less accurate [24-27]. Not only does
the saturation effect change with size, but the precise radial profile
of magnetic moments within the particle governs the average
moment determined and has the opposite trend to the saturation.
We use a correction factor for rj5 of 1.15 in this study, a balance
between the competing size effects [25]. The fairly small size
range studied means that any errors in this will be primarily
systematic.
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FIGURE 2 | Showing a sample intensity and difference XMCD spectrum
at the Fe edge. The large MCD signal from the densely packed clusters
enables an accurate determination of the m;/ms ratio. The data has been
normalized to the post-edge signal.

The ratio of orbital moment m; to spin moment my is
the most robust measurement that can be taken from an
XMCD spectrum, since this does not depend on details of
the background correction or material band structure (here
the dipole contribution mr to the spin moment is neglected,
this has been measured to account for < 5% of similar
structures [28]). The saturation corrected ratio 7, = my/mq
has been plotted in Figure 3A for all six samples as a function
of size. The error in the diameter is calculated as the standard
error in the mean for the measured distribution. Although
the data is somewhat scattered—probably due to the particular
arrangements of particles for different size distributions—there
is a negative correlation between 1 and size (Pearson’s r
coefficient = —0.71), this tails off for the largest samples close to
the bulk value for Fe [16, 31]. The m; values are known [26, 28]
to be close to bulk and to vary little over this size range, therefore
we attribute the drop in 75 to a reduction in m;.

Figure 3B shows our data in the context of various other
studies on supported nanoparticles. Our data extends this size
range to larger particles than have been looked at before. The
obvious model to fit to these data is a core-shell type structure
whereby a central core of atoms have bulk-like moments (rﬁ“lk),
and a thin shell (width d) of surface atoms, with reduced
coordination numbers, experience enhanced orbital moments
(rfsurf). This leads to:

surf bulk surf 2d ’
my/ms =" + ("ls — 1 ) <1 — B) , (1)
where D is the particle diameter (the result is the same if the
particles are modeled as cubes rather than spheres). The black
dashed line in Figure 3B shows a fit using Equation (1) to the
data, r}’s“lk is fixed at 0.044 [31]. Only the outermost layer of atoms

are expected to have a reduced coordination so d is fixed at an
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FIGURE 3 | (A) m/ms ratio plotted against scaled mean particle diameter as
found by AFM. The bulk Fe mj/ms ratio is shown as a blue dashed line. In (B)
the results of our study are combined with data from previous studies

[25, 28-30]. The black dashed line is a fit using the model described in the text.

atomic width of 0.3 nm. The model is clearly flawed. For small
particles the sharp decrease in surface enhancement is reasonably
well predicted, for larger particles there should be very little
enhancement. Moreover our data shows a very steep decrease
in orbital moment; changes, if they do occur in this size range,
would be expected to be quite gradual for a large range of d and
rlss“rf values. To fit the data correctly d would have to be in the
region of 8 nm, clearly unphysical in this model. A further feature
not predicted by the droplet model is the broad asymmetric peak
structure in the r;; data seen between 2 and 14 nm, peaking at
around 8 nm. Changes on this broad scale could potentially be
due to changes in the shape of the particles with size.

Edmonds et al. [14] have found that for small particles
the orbital moment can be reduced if the particles are more
densely packed. Here however, we find no correlation between
the particle density and rg. Likewise aberrations due to
crystallographic strain have previously been cited as reasons
for unusual orbital moments [26, 27], in these samples on
polycrystalline MgO this is not likely to be an issue.

In summary we have seen a rapid change in orbital moment at
a critical size range of 10-14 nm, decreasing to close to the bulk
value for the larger particles. This does not fit to a simple droplet
model, a more sophisticated theoretical approach is required.
The precise changes in 3d band structure for reduced coordinate
atoms at this size will be critical to determine this transition.
Further experiments on temperature dependent moments at this
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size range could also prove interesting in terms of examining
degeneracies in the energy spectrum at this size.

4. Magnetometry of Interacting
Nanoparticles

The same set of samples all subsequently underwent SQUID-
VSM studies. This is a very sensitive technique, able to detect the
magnetic moment from a few nanoparticles per square micron.
Information on the anisotropy and particle size distribution
can be obtained through temperature dependent studies of the
magnetization.

Figure 4A presents hysteresis loops in-plane (IP) and out-of-
plane (OOP) for a sample at room temperature (the loop shapes
were repeated for all measured samples). The hard axis is OOP,
though shows a small hysteresis, probably due to a few separated
or misoriented particles. The easy axis is IP and all IP directions
are found to be equivalent. The particles are polyhedra in shape
and not distorted on impact, they are not expected to display
significant shape anisotropy. Magnetocrystalline anisotropy in
bee Fe is along the (100) axes, therefore would be expected to
orient approximately one third of the particle moments OOP
(due to the aformentioned particle (100) deposition preference);
this does not accord with the OOP hard axis observation. In fact,
as we shall see later, the dipole-dipole magnetic interaction energy
between particles has a far larger energy contribution than the

magnetocrystalline term. In two dimensional arrays of magnetic
nanoparticles the dipole interaction is known to preferentially
align moments parallel to the plane of the distribution. This
explains the rotational magnetic isotropy within the plane [32].

To investigate the anisotropy further, temperature (T)
dependent (in-plane) magnetization loops were measured on
samples from 10 to 400 K, these are plotted in Figure 4B for a
representative sample (with particle density 1600 um~2). Using
a simple model of non-interacting uniform particles, the coercive
field H, is expected to follow a T%> relationship [1]:

T\ /2
H.x1-— (—) R
Tg

where Tp is the particle blocking temperature, above which
the particle is in the superparamagnetic state. The extracted
coercivities are fitted using Equation (2) in Figure 4C. Using
this method, sample blocking temperatures in the range Tg =
320-500 K are derived.

This is a surprising result, the blocking temperature Tg is
expected to be much lower than room temperature. Using a crude
estimate of Tg &~ KV /25kp (V the particle volume) with bulk
magnetocrystalline anisotropy for bcc Fe of K = 3.3 peV/atom
[33], gives Tg ~ 120 K for a 12 nm diameter particle. Previous
experiments on similar particles [15, 34] have given blocking
temperatures in the range 50-150 K.
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FIGURE 4 | (A) Hysteresis loops for nanoparticles taken at 300 K.
Applied field is in three perpendicular directions as indicated. The easy
axes are randomly oriented in-plane. (B) Magnetic hysteresis data for
representative sample for temperatures ranging from 50-395 K, the
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inset shows the complete loops, saturating fully at 0.9 T. (C) Derived
Hc plotted against 71/2 The linear fit gives a blocking temperature Tg
of 420 K. (D) Mr/Ms plotted against temperature. This predicts a
blocking temperature of 450 K.
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The simple model assumptions could mean that the blocking
temperature has been badly estimated, however looking at the
remanent moment data plotted in Figure 4D, it clearly does not
show that the loops have fully closed. Extrapolating the trend
down to a closed loop with M, = 0 gives a blocking temperature
of 7450 K, this is close to the estimates found from the coercive
fields.

Zero field cooled—field cooled (ZFC-FC) measurements were
made in the same temperature range using a standard protocol
[35]. The results for the 1600 particles L m 2 sample are shown
in Figure 5. In the ZFC, as the sample warms, particles unblock
and a small 10 mT field orients them, giving an increasing
average magnetic signal. The sample is then field cooled (red) and
warmed again in zero field, generating the green field warming
(FW) curve. From the ZFC-FC loops it is obvious to see that the
sample is not fully in the superparamagnetic state at 400 K, there
is not the Curie 1/T drop in magnetization. This was true of all
of the measured samples.

The differential of FC-ZFC and FW is plotted in the lower
panel. At each temperature the moment drops by an amount
proportional to the number of particles that transition to the
SP state at that temperature, therefore —d(FW)/dT should be
proportional to the number of particles with Tg = T. By similar
arguments —d(FC — ZFC)/dT is a similar measure, proportional
to the distribution of blocking temperatures [36]. Assuming a
roughly symmetric distribution shape we are evidently a small
fraction of the way to unblocking all of the particles. There is
obviously a very broad range of blocking temperatures present
within the sample that extends well beyond 400 K. Two of the
samples were measured up to 700 K and found to remain partially
ferromagnetic. Again this broad distribution is surprising. The
particle volumes range from roughly 1000-2700 nm?, so if bulk
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FIGURE 5 | Top panel: ZFC-FC measurements shown for representative
sample, plus field warming (FW) plotted in green (see text for details of
protocol). Bottom panel: the temperature derivative of the FW and ZFC-FC as
indicated, this shows a wide distribution of the particle blocking temperatures.

magnetocrystalline anisotropy is dominant then we might expect
the largest blocking temperature to be a factor of ~ 2.7
greater than the smallest. Assuming a symmetric distribution
of moments our gradient data suggests a mean blocking
temperature range of at least a factor 4. The anisotropy energies
calculated range from < 1 peV/atom to more than 10 peV/atom.

The answer may lie in the magnetic interactions between
particles. Figure 6A plots the areal cluster density vs. the average
blocking temperature extracted from the H. vs. T fits. While
there was no correlation between Tp and average particle size
(as found in some previous work [37]), here we see a weak
negative correlation between Tp and the density of particles on
the sample (Pearson’s r coefficient = -0.80). Plotting M,/M; at
395 K as a function of cluster density also yields a negative
correlation, again indicating the particle anisotropy is related to
the density of particles on the sample. Cluster density in these
cases is determined by using the total magnetic moment of the
sample divided by its area and dividing that by the calculated
magnetic moment of a 12 nm particle (assuming a bulk moment
of 2.4\Lp per atom [38]).

Figure 6B shows a simulation of 12 nm particles randomly
dispersed over a surface at a density of 3000 wm™2. The
probability distribution of the nearest neighbor radius r for a
given particle, follows Poisson’s distribution as [39]

P(r) = 2mrNy exp(—rrerA) (3)

where N, is the areal particle density. At this density the sample
is not quite at percolation, but approximately 75% of the particles
are touching at least one neighbor.

Long range magnetic dipole interaction forces between
particles are likely to be significant due to these close contacts.
Naively one would guess that the dipole interactions would create
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FIGURE 6 | (A) Nanoparticle areal density plotted vs. Tg (left) and My /Ms ratio
at 395 K (right). Both are a measure of the effective anisotropy of the sample
and show a negative correlation with particle density. (B) A simulated random
deposition of particles onto a surface at a density of 3000 uwm=2, the clusters
are not quite at percolation.
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a glass-like structure, with randomly oriented moments fixed
in place by the dipole fields from the nearest neighbors. The
mutual magnetic dipole potential energy between two particles
is proportional to Moméust /r® where mg is the total particle
magnetic moment and r is the center-to-center distance. This
energy equates to a temperature of between 300-3000 K for
adjacent 12 nm particles (the high sensitivity of the calculation to
rand myy gives a high variation in the approximate calculation).
This energy scale is much greater than the magnetocrystalline
anisotropy energy scale at ~120K but fits with the 300-500 K
blocking temperatures derived from our H vs. T data. This effect
has been seen in high density samples before by Fauth et al. [27],
in this case the particles were deposited on a Cu(111) surface.
In that work, the broad anisotropy range was attributed both
to agglomerated interacting particles and substrate mediated
interactions. In our case with an insulating substrate we rule out
this latter effect. Ebbing et al. [40] also see blocking temperatures
enhanced by a factor fivefold, in their case due to induced
magnetization of a Pt cap. In our samples with an Al cap of low
spin-orbit coupling this is unlikely to be the case. We therefore
attribute dipole-dipole interaction forces to the origin of the
large mean and standard deviation of blocking temperatures
observed.

This interaction picture fits the large blocking temperatures
but does not however agree with the relative densities between
samples. These were seen to be negatively correlated with the
blocking temperatures. This is an interesting effect and difficult
to explain, it requires further investigation. The complex network
of interactions could be highly dependent on the particle density
and size distribution.

5. Conclusions

We have studied the magnetic properties of densely packed
CosoFe7o nanoparticles. XMCD spectroscopy combined with
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