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Magnetic characterization of spherical, oxide-free, bcc iron nanoparticles synthesized with B-diketone
surfactants has been performed. The results of this characterization, which included particles with
diameters ranging between 2 and 5 nm show that the nanoparticles have an average anisotropy of
1.9 x 10° + 0.3 x 10° J/m?, which is more than an order of magnitude greater than the magnetocrystal-
line anisotropy of bulk iron. Despite their unusually large anisotropy, these particles can have
saturation magnetizations of up to 210 A m?/kg (slightly lower than bulk iron). High-energy X-ray

Iron diffraction data indicates that the Fe particles have a distorted bcc lattice, which could, at least in part,
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explain the magnetic behavior of these nanoparticles. Dipolar coupling between particles, while
present, is weak and cannot account for the high anisotropy of these nanoparticles.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Understanding the differences between nanoparticle and bulk
magnetism is a major challenge, particularly when in contact with
strongly interacting surfactants. Many phenomena not detected in
bulk materials manifest themselves on the nanoscale and have
important implications to the harnessing of magnetic nanocompo-
sites in practical applications. Developing an understanding of
magnetism in iron nanoparticles, particularly surfactant-coated
and chemically-synthesized nanoparticles, is particularly difficult
because the iron surface is highly reactive and easily oxidizes.
A number of research groups have synthesized high-quality iron
nanoparticles, but they typically have an oxide layer present on the
surface and/or strongly interacting ligands. As a result, these
nanoparticles are reported to have saturation magnetizations (sq¢)
well below that of bulk iron [1-5]. One recent publication does
report very high o, values for small iron nanoparticles that exceed
the bulk value and have an effective anisotropy greater than bulk
[6]. These results are instructive in attempting to understand our
own results and are further discussed below.

In this paper, spherical iron nanoparticles synthesized with a
B-diketone surfactant (2,4-pentandione) are characterized using
superconducting quantum interference device (SQUID) magneto-
metry and high-energy X-ray diffraction. This synthesis of iron
nanoparticles is based on the thermal decomposition of iron
pentacarbonyl, where careful control of the iron precursor to
surfactant ratio allows the synthesis to yield bcc iron nanoparticles
with diameters ranging from 2 to 10 nm. Air-free chemistry and
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sample preparation techniques have been followed in order to
ensure that no oxide layer is present on the surface of the
nanoparticles throughout their characterizations. A more detailed
description of the nanoparticle synthesis, in addition to character-
ization data, is presented elsewhere [7].

Due to the use of a surfactant that binds less strongly to the
iron surface than ligands commonly used, nanoparticles smaller
than 5nm in diameter with B-diketone surfactants have o
values as high as 210 Am2/kg (for bulk iron os,=222 A m2/kg
at 0K) [8]. A magnetization curve of a 5 nm iron nanoparticle
sample (size determined by transmission electron microscopy) is
displayed in Fig. 1. By measuring the o, of the sample as a
function of temperature from 300K to 5K, we can perform a
minor extrapolation to determine the 0K oy, value, allowing
comparison to common 0K literature values. Based on the
determination of the mass of Fe in this sample we calculate the
0sq Of the sample at 0 K to be 210 A m2/kg. Despite the bulk-like
0sqr Values, our characterization shows that these nanoparticles
have an effective anisotropy that is more than an order of
magnitude greater than bulk iron. Surprisingly, this high mag-
netic anisotropy is constant within the range of diameters
characterized (2-5 nm), an unexpected result in a system where
surface effects might be expected to dominate magnetic proper-
ties. In an attempt to understand the origins of this anomalous
behavior, we collected high-energy X-ray diffraction (XRD) data
to examine the atomic-scale structure of the nanoparticles.

2. Experimental procedures

Both DC magnetization and AC susceptibility (y) measure-
ments were completed on a Quantum Design MPMS-7 SQUID
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Fig. 1. Magnetization curve of an iron nanoparticle sample measured to be 5 nm
in diameter through transmission electron microscopy (TEM). Based on the
determination of the mass of Fe in this sample we estimate the g, of the sample
(at 0K) to be 210 A m2/kg.

magnetometer using samples of 1 wt% iron or less dispersed in
frozen solvent (dioctyl ether). Temperature sweeps were per-
formed by zero-field cooling the sample and then measuring the
magnetic moment as a function of temperature under the
influence of a weak magnetic field (1 mT) during warming and
subsequent cooling. AC magnetic susceptibilities were measured
using an AC field of 0.35 mT and no DC field component. Precise
masses for each sample were determined destructively, by form-
ing the phenanthroline/Fe?* complex, and spectrophotometri-
cally quantifying the concentration of a known dilution [9].
Magnetic data plotting, analysis, and fitting were performed using
Igor Pro (WaveMetrics, Inc., Lake Oswego, OR, USA).

High-energy X-ray diffraction experiments were carried out
on beamline 11-ID-C at the Advanced Photon Source (APS),
Argonne National Laboratory using X-rays of energy 114.496 keV
(4=0.1083 A) and a two dimensional detector (mar345 image
plate). For the diffraction measurements, iron nanoparticles in
dioctyl ether were sealed in glass capillary tubes under an inert
atmosphere. The high flux from the synchrotron radiation X-ray
source allowed us to measure the weak diffraction patterns of our
iron nanoparticles with very good statistical accuracy. Addition-
ally, the higher energies of synchrotron X-rays made it possible to
reach higher scattering vectors (Q). Both the high flux and ability
to reach high Q are necessary for the success of the pair distri-
bution function (PDF) analysis described later [10]. The X-ray data
reduction and conversion to atomic PDFs was completed using
the program RAD [11]. Structure modeling was performed using
the program PDFFIT [12].

3. Results and discussion

The first indication that the iron nanoparticles studied had
anomalously high magnetocrystalline anisotropies were their
measured DC blocking temperatures (Tg), which were almost
two orders of magnitude higher than what similarly sized
nanoparticles with bulk iron’s magnetocrystalline anisotropy

would have. The T; is the temperature at which a superparamag-
netic particle’s moment can reorient itself with the applied field
in the timescale of the experiment. From the Néel-Brown model
for the relaxation of magnetic nanoparticles, it can be shown that
blocking temperature depends on the product of the nanoparticle
volume and anisotropy [13]. For the magnetometer’s DC mea-
surement time (t) of 100s (which is typical for most instru-
ments), the Tp for nanoparticles with cubic anisotropy follows the
following equation:

B K,V )
™ 4k In(100/70)
where Kj is the first coefficient of magnetocrystalline anisotropy,
V is the particle volume, kg is the Boltzmann constant, and 7, is a
constant referred to as the attempt time which should fall with
the accepted range of 107°-10~12 s [13-18]. Fig. 2 displays zero-
field cooled (ZFC) curves measured using DC magnetometry for
iron nanoparticles with diameters of 2.3, 3.1, 3.4, and 4.5 nm
(as determined by fitting the field dependent magnetometry data
with a Langevin function and confirmed with TEM). Within the
figure, moments are normalized for ease of comparison between
data from different samples. Values of Tz can be recorded by
determining the peak location in each ZFC curve. The values of Ty
scale with the volume of the particles as Eq. (1) would indicate.
Blocking temperatures from this DC magnetometry data are
plotted as a function of particle diameter in Fig. 3. A dashed line
of blocking temperatures resulting from a constant K; and
70=10"1%5 is co-plotted with measured values of Tz and pro-
vided as a guide. These DC blocking temperatures are compared
to a curve displaying the calculated blocking temperatures for
hypothetical bcc Fe nanoparticles with a measurement time (7) of
100 s, a value of 1o=10"1%s, and the bulk value of K; for bcc iron.
In all cases, Tp (and therefore K;) for the synthesized Fe nano-
particles are well above those calculated using the values of bulk
Fe. The measured blocking temperatures also lie along a line of
constant anisotropy, suggesting that this anomalous property
is not dominated by either surface effects (which would be
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Fig. 2. ZFC curves measured using DC magnetometry for nanoparticles with
diameters of 2.3, 3.1, 3.4, and 4.5 nm. The moments for each curve are normalized
for ease of comparison.
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strongest in the smallest nanoparticles) or dipolar interactions
(which should increase with larger particle diameters).

Next, AC magnetometry experiments were performed on all
four samples of iron nanoparticles. The AC susceptibilities were
measured in a series of zero field cooled (ZFC) curves at the
following frequencies: 0.1, 0.3, 1, 3, 10, 30, 99.9, 300, and 997 Hz.
Real (a) and imaginary (b) AC susceptibilities for a 2.3 nm
diameter iron nanoparticle sample are displayed in Fig. 4.
To improve readability, only five frequencies are plotted. From
these curves we can determine the blocking temperature for the
nanoparticle sample as a function of the frequency of the applied
field. In AC ZFC data, the experiment time is dictated by the
frequency of the applied field, unlike DC ZFC data, where the time
to reorient is the timescale of the experiment. Once again, we take
Tp to be the peak moment in the ZFC data set.
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Fig. 3. Plot of Ty vs. particle diameter for a series of Fe nanoparticles of different
sizes. A dashed line of blocking temperatures resulting from a constant K; and
170=10"1%s is co-plotted with measured values of Tz and provided as a guide.
These blocking temperatures are compared to a curve (solid line) displaying what
theory would predict for bce Fe nanoparticles assuming a measurement time () of
100's, a value of To=10"1%s, and the bulk value of K; for bcc iron.
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Our AC data shows that the Ty increases with the measure-
ment frequency, as expected in a thermally activated process.
If the particles are assumed to be noninteracting, they should
obey the Néel-Brown model, and the relaxation time (t) can be
plotted as a function of 1/Tp and fit with the following Arrhenius
function [14,19]:

Ep
T=ToexXp(

where 1 is the attempt time, Ep is the activation energy required
to reverse a particle’s magnetization, kg is the Boltzmann con-
stant, and T is the temperature in Kelvin (in this case Tg). Ep is
equal to the product of the first coefficient of magnetocrystalline
anisotropy (K;) and the particle’s volume (V) in the case of a
material with uniaxial anisotropy. In the case of cubic anisotropy
where the easy directions lie along the cube edges (as in bcc iron),
K; should be replaced by K;/4 [13,14].

A plot of the natural logarithm of the relaxation time vs. 1/Tg
for the set of 3.1 nm diameter iron nanoparticles is displayed in
Fig. 5. From the slope of a linear fit (dashed line) to this data we
determined the particles have a K; value of 7.7 x 10%+ 0.4 x
10 J/m3, which is over two orders of magnitude greater than the
value for bulk iron (4.8 x 10* J/m?) [13]. From the Y-intercept, we
determined that 7o=4.1x10"2°+0.2 x 1072%s, which is too
small to have physical meaning and far outside of the typical
values of 7o (107°-107125) [13-18]. Values of K; and 7, deter-
mined for the remaining samples (along with their mean dia-
meters) are listed in Table 1. In all cases, K; is more than an order
of magnitude higher than the magnetocrystalline anisotropy for
bulk iron. However, since all of the determined values for g
are well below the typically accepted range, the validity of the
Néel-Brown model and the assumption of non-interacting particles
in our samples is brought into question.

To understand and quantify the degree to which the measured
magnetic properties have been perturbed by dipolar couple we
have analyzed the data using several relevant approaches, includ-
ing determining the model-independent empirical parameter @,
modeling as a power-law spin glass, and finally fitting as inter-
acting particles using the Vogel-Fulcher law.

First, to determine whether our samples were exhibiting spin-
glass type behavior or that of interacting superparamagnetic
nanoparticles we assessed the value of the model-independent
empirical parameter @. This parameter relates the shift in the
temperature of the maximum in )’ or y” (Ty;) with the measured
frequency, f, for an AC susceptibility data set using the following
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Fig. 4. Real (a) and imaginary (b) AC magnetic susceptibilities (y) of a 2.3 nm diameter iron nanoparticle sample. Data was also collected at 0.3, 3, 30, and 300 Hz

but are not displayed.
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Fig. 5. Plot of the natural logarithm of the measurement frequency (f) vs. 1/T for a
2.3 nm diameter iron nanoparticle sample. The data are fit with the Néel-Brown
model described by Eq. (2) (dashed line) and the Vogel-Fulcher law (solid line).

Table 1
Fitted parameters for both the Néel-Brown and spin-glass power-law models
along with values of @ evaluated about f=30 Hz.

Sample Néel-Brown Spin-Glass Power-Law
Diameter & 7o () Ky (10° 14 (s) Te (K) zv
(nm) Jjm?)
23 008 11x10"" 34+01 13x10°* 86+02 10.2
3.1 006 41x107%° 7.7+04 65x1077 398+17 9.6
34 006 59x107%° 66+02 16x10"° 40.7+113 135
4.5 005 52x107%° 80+04 34x10°% 111.9+116 55
equation:
AT,
o=_ "M _ 3)
TuAlog(f)

For this set of samples, @ was evaluated about f=30Hz
(therefore the value of Ty, at f=30 Hz was used). The values of ¢
(also displayed in Table 1) for all of the iron nanoparticle samples
lies within the range for interacting superparamagnetic nano-
particles (0.05-0.13), with a trend toward smaller values as the
particle diameter increases [20]. This trend toward smaller values
indicates that the degree of dipolar interaction increases with the
particle size; however, values of @ remain larger than those found
in conventional spin glass systems (0.005-0.015) [21,22].

Although the values of @ suggest that Ty is varying with
respect to changes in the measurement frequency more than in a
spin-glass system, fitting the data with a spin-glass model could
provide additional assurance that these nanoparticle systems are
not acting collectively as a spin glass. The data was fit with a
model based on dynamical scaling near a phase transition, in this
case, near the glass transition temperature, T,. The equation
describing this power-law behavior is

v
T="Tp E—M f]} (4)
g

where once again, 7q is the attempt time, and Ty, is the tempera-
ture of the maximum in )’ or y” [22,23]. The product exponent zv
is called the dynamical exponent. Fitting of the nanoparticle data
with this power-law (plots not shown but fitting results are listed
in Table 1) yielded good quality fits, however the values deter-
mined for 7o bring into question the validity of a spin glass model
for these Fe nanoparticle systems. Although all of the values
found for the dynamical exponent (except for the 3.4 nm particle)
are within the accepted range of values (4-12) [22], the values of
7o are all many orders of magnitude larger than the expected
values (107'°-10~'%) [16]. Because of these unphysical large
values of 7 the existence of a phase transition to a glassy state in
our samples can be discounted.

While a spin glasslike state does not exist in the iron nano-
particle samples considered here, it is clear that there is a degree
of dipolar interactions between the individual nanoparticles
comprising each sample. The Vogel-Fulcher law accounts for
dipolar interactions by including a term Ty, which is the strength
of the particle interaction (in K). The relaxation time is defined in
the following manner using the Vogel-Fulcher law:

E
=T ®

All terms except for Ty are identical to the terms defined in the
Néel-Brown model or Eq. (2). A plot of the Vogel-Fulcher model
fit to the AC susceptibility data for the 3.1 nm sized sample can be
seen in Fig. 5 (solid line). This sample had a value of K; equal
to 1.8 x 10+ 0.4 x 10°J/m>, 1p=1.3x 1071+ 0.1 x 10~ !5, and
To=28.8+3.2 K. For all four sizes of iron nanoparticles, the
Vogel-Fulcher model yielded excellent fits and the results can
be seen in Table 2. As the diameter of the particles increased, their
magnetocrystalline anisotropy remained constant, with a mean
value of 1.9 x 10°+ 0.3 J/m>. The degree of particle interaction
(To) increased as the particles’ diameter became larger, which is to
be expected. However, the values of 79 remained within an
acceptable range of physical values. The only sample for which
a questionable value of 7o was measured was the 4.5 nm sample,
whose value (5.1 x 10714+ 1.7 x 10~ % s) was outside of the most
accepted range of (107°-107'2s) [13-15,17,18]. Other authors
do suggest that reasonable values of 7o could be as low as 10714 s
[16,21]. It is clear that from the value of Ty (65.4 +25.4 K) and
from its value of & discussed earlier, that this sample has the
largest degree of dipolar interactions. The value of @ for this
sample (0.05) suggests that this particle has dipolar interactions
strong enough that it is on the verge of becoming a weakly
coupled spin-glass. For this reason, the Vogel-Fulcher law may
not provide as good of a fit as with the other three Fe nanoparticle
samples, which the larger errors of the fitted parameters suggest.
Nevertheless, this sample’s value of K; (2.1 x 10° + 1.5 x 10°) is no
larger than the three smaller samples.

A mean value of K;=1.9 x 10°]/m> for all the nanoparticle
samples studied gives them a magnetocrystalline anisotropy over
an order of magnitude greater than the value for bulk iron
(4.8 x 10*J/m3) [13]. Since the Vogel-Fulcher law accounts for
dipolar interactions, the large anisotropy cannot be attributed to
particle-particle interactions. If the large anisotropy was caused

rzroexp{

Table 2
Parameters determined through fitting AC magnetometry data with the
Vogel-Fulcher law.

Diameter (nm) 7o (s) Ky (10° J/m3) To (K)
2.3 3.0x 10712 2.2+0.9 28+23
3.1 3.1x10°1° 14+0.6 30.7+44
3.4 1.3x10~ 1 1.8+04 28.8+3.2
4.5 51x10"14 20+1.6 65.5+254
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Fig. 6. Experimental atomic PDF for a micron sized (bulk) iron sample and two
iron nanoparticle samples. Model PDFs are displayed as a dashed black line.

by a surface mediated effect, the values of K; should vary
inversely with the particle diameter, but this was not the case.
This lack of variation with size led us to explore the possibility
that the enhanced anisotropy may be caused by some intrinsic
material property of the nanoparticles.

In an effort to understand the anomalous anisotropy in these
iron nanoparticles, we studied their atomic-scale structures using
high-energy X-ray diffraction, analyzing the data using the PDF
approach. The plots of the experimental atomic PDF as a function
of radial distance and the curves generated from structure model-
ing appear in Fig. 6. The models were based on the crystal structure
of bcc Fe. We studied three samples: micron sized (bulk) Fe, 10 nm
diameter Fe nanoparticles, and 4.5 nm diameter nanoparticles. The
results from the modeling of the data appear in Table 3. Both of the
nanoparticle samples have a correlation length much less than
their diameters, indicating that the bcc-type atomic ordering is not
maintained across the entire nanoparticle. Both nanoparticle sam-
ples also have an expanded nearest neighbor distance and higher
root-mean-square fluctuations in their atomic positions than bulk
bcc iron. These results indicate that the nanoparticles have an
expanded and distorted bcc-type structure.

We believe the distortion of the bcc-type structure, and
expansion of the nearest neighbor Fe-Fe distance is, at least in
part, related to the anomalous anisotropy in the iron nanoparti-
cles. An isotropically expanded crystalline iron lattice would be
expected to induce a higher magnetocrystalline anisotropy,
though the magnitude of the expected increase is not clear [24].
Any breaking of the local cubic symmetry would naturally cause
an even greater anisotropy increase. While the results of our
modeling, shown in Fig. 6, use an isotropic distortion of the
lattice, the solution is not unique, and further study is necessary
to reveal the nanoparticle’s structure in detail.

Ab initio calculations may be the best way to determine
whether the observed expansion in Fe-Fe distances and substan-
tial structural disorder explain the anomalously high anisotropy
measured. Absent this modeling, we cannot definitively state that
this is the case, but the evidence points to this conclusion. Other
possible explanations including dipolar interactions, surface ani-
sotropy, and shape anisotropy do not appear to be the dominant

Table 3
Results from modeling PDF X-ray diffraction data of one bulk and two nanoparticle
iron samples. The two nanoparticle samples are labeled according their diameters.

Sample Fe-Fe distance (A) Correlation length? RMS atomic position
fluctuation (A%)P

Bulk Fe 2.48(1) Tmm 0.005

10nm Fe  2.56(2) 2nm 0.052

45nm Fe 2.56(2) 1nm 0.052

2 The correlation length is estimated by the distance at which the experi-
mental PDFs decay to zero.

Y RMS atomic fluctuations are estimated by a Gaussian fit to the first peak in
the experimental PDFs. Note in bulk Fe they are mostly due to thermal disorder.

causes of the enhanced anisotropy. Both surface anisotropy and
dipolar interactions are strongly size dependent, and are incon-
sistent with our observation of size-independent anisotropy.
Surface anisotropy is enhanced in smaller particles due to the
high surface to volume ratio. Conversely, dipolar interactions are
very strongly dependant on particle size, with the strongest
effects seen in large particles and concentrated samples [25].
Additionally, the Vogel-Fulcher law treatment of the data should
have accounted for the effects of dipolar interactions. Finally,
shape anisotropy cannot provide the large anisotropy enhance-
ments we observe. Using standard approaches to calculate shape
anisotropy [13], we calculate that the maximum shape anisotropy
for a prolate iron spheroid is less than 1 x 10° J/m?, which is only
about half of the effect observed. For the spherical particles
discussed here, with aspect ratios of less than 1.1, the effect of
shape anisotropy is only on the order of 10* J/m> and is therefore
negligible.

The structural changes of the iron nanoparticles we see are
reminiscent of a recent publication by Margeat et al. that attributed
high anisotropy in iron nanoparticles to a polytetrahedral structure
[6]. While this system is qualitatively similar, the K; reported is
considerably lower than seen in the current study (5.2 x 10° J/m> vs.
1.9 x 10° J/m>). It is tempting to assume the structure observed here
must similarly be polytetrahedral, but our PDF data was reproduced
well by a distorted bcc model, and our pair distribution function
bears no resemblance to the one published by Margeat et al. Still,
there is precedent for high anisotropy in iron nanoparticles being
caused by structural changes.

Other effects must be causing our particles to have a lower g4
than bulk iron since an expanded Fe-Fe distance should lead to a
higher magnetic moment per iron atom [26]. Because the smaller
particles have lower o, values than the larger particles, it is
likely that quenching of the surface magnetism is causing the
decrease in o4 Further experiments are underway to investigate
the effect of different surfactants on both the magnetic and
crystalline properties of Fe nanoparticles.

In conclusion, we have shown that chemically-synthesized
iron nanoparticles with pentanedione surfactants have o, values
only slightly less than bulk iron, yet have anisotropies more than
an order of magnitude greater than bulk iron. This anomalous
magnetic anisotropy remains constant with respect to particle
size. Results of PDF analysis of synchrotron XRD data are con-
sistent with having a distorted bcc-type structure and a longer
nearest neighbor distance than bulk bcc iron, which we believe to
be at least in part responsible for the large magnetic anisotropies
in these particles.
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