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Colloidal iron nanoparticles with a core size of 10.6 nm were examined using magnetic force
microscopy. Surprisingly, single nanoparticles were more prominently visible in magnetic force
gradient images than clusters. A simple qualitative model is proposed to explain this observation,
speculating that the local field produced by a cluster of particles may be sufficient to align their
moments in the plane of the cluster, even though the particles are superparamagnetic. An alternative
possibility of spin glass formation within clusters is also considered. Calculations performed with
nanoparticles represented as single dipoles appear to match experimental data quite well. ©2003
American Institute of Physics.@DOI: 10.1063/1.1593219#
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I. INTRODUCTION

Metallic magnetic nanoparticles have recently been
tracting a great deal of experimental and theoretical inte
due to their potential use in practical applications such
magnetic storage and ‘‘spintronic’’ devices1 and because the
represent, in many ways, an intermediate state of matter
tween bulk and atom. With regard to magnetic data stor
in particular, an understanding of the magnetic behavior
structures on this length scale is necessary in order to o
come the ‘‘superparamagnetic limit’’ that the technology w
ultimately run into in its drive toward higher bit densitie
Unfortunately, knowledge of nanoparticle materials can
easily be deduced from knowledge of their bulk counterpa
Indeed, particle properties can, in some cases, be radic
different2 as increased magnetic moments due to enhan
spin and orbital contributions, as well as surface effects,
arise.3 The aforementioned superparamagnetism, where t
mal energy becomes greater than the anisotropy energy
single-domain material resulting in a randomly fluctuati
magnetic moment, is also common in materials on t
scale.4

Aside from the nanoparticle properties themselves, in
actions between nanoparticles arranged in arrays can be
important in determining the properties of a system. In
current investigation, nanoparticles were deposited ont
substrate such that the resulting array was disordered,
regions of clustering and regions containing single nanop
ticles. These assemblies and their interactions were stu
using atomic force microscopy~AFM! and magnetic force
microscopy~MFM!, the latter producing unusual observ

a!Electronic mail: fran.pedreschi@dit.ie
3440021-8979/2003/94(5)/3446/5/$20.00
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tions which we hope to shed light on using a simple parti
interaction model.

II. EXPERIMENTAL DETAILS

The iron nanoparticles used in this work consisted
10.6 nm iron cores stabilized by the polymer polyisobute
~product name SAP 295!. They were produced using the in
verse micelle technique, in this case by thermally decomp
ing iron pentacarbonyl, Fe(CO)5 in a decaline solution with
the polymer.5 The resulting polymer shell on the nanopa
ticles is approximately 10–12 nm thick, but is somewh
flexible, resulting in an average nanoparticle diameter
;30 nm. Transmission electron microscopy images taken
the creators of the nanoparticles showed that the metal
consisted of two distinct regions. Subsequently, solutions
the nanoparticles were examined using MWssbauer
spectroscopy,6 which determined that these two regions co
sisted of oxide only, rather than iron and iron oxide.

Nanoparticle deposition was by means of the meth
described by Michelottoet al.7 which involves placing a so-
lution of the nanoparticles onto a substrate inclined at
angle within in a sealed container containing a vaporous
mosphere of the same solvent used for the nanoparticle
lution. The resultant flow of the solution over the substra
results in an evenly distributed film of nanoparticles. In t
present work, the method was effected by placing solve
soaked tissue paper in the bottom of a petri dish containin
slightly inclined glass slide~in this case;10° with the hori-
zontal! acting as a sample holder. An inverted petri dish w
then used as a lid to contain the saturated atmosphere. In
way, a solution of the particles was deposited onto an
clined silicon substrate that was previously spin coated w
the polymer Formvar to modify the nanoparticle surface
hesion~the degree of surface adhesion must not be too g
6 © 2003 American Institute of Physics
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as the nanoparticles will then not flow over the surface, bu
must also not be so low that they will not stick at all!. This
approach allows for slow controlled solvent evaporation a
resulted in an evenly spread monolayer film.

The resulting samples consisting of a monolayer of ir
nanoparticles were examined by AFM and MFM using
Digital Instruments Nanoscope IIIa. The tips used were co
mercial cantilevers from Digital Instruments, magne
etched silicon probe type, withL5225mm, Fo571
2100 kHz.8 The AFM topographic images were obtained
the tapping mode, whereas for the MFM images the
called ‘‘lift mode’’ was applied.9 This works by scanning a
single line of the sample in topographic tapping mode us
the magnetic tip, then applying the lift offset and performi
a magnetic measurement. This is repeated line by line o
the selected sample area. This removes any possibility
the particles are being moved by the tip, as it would
apparent when the tip performed its topographic scan
each successive line. The magnetic force gradient was m
sured in the frequency shift mode.9

III. RESULTS

Figures 1~a! and 1~b! show topographic and magnet
force gradient images, respectively, taken over the same
gion of the sample. Comparison of the two scans reveals
unusual effect: It can be seen that while individual nanop
ticles are visible on both scans~square selections!, nanopar-
ticles gathered in clusters are strongly visible in the to
graphic image only~circle selections!. On close observation
the magnetic force gradient image does show a slight clo
ness that appears to represent the perimeter region o
clusters. This ‘‘cluster edge effect’’ is just visible in the circ
selections of Fig. 1~b!, which was scanned at a lift height o
5 nm. Below this height, the van der Waals and capilla
forces that comprise a topographic image were apparen
the magnetic images, and both AFM and MFM were ve
similar; and above 5 nm, the cluster edge effect was
observable but lateral resolution was diminished. The clou
ness is brighter on the left- of the clusters than on the rig
hand side This is especially noticeable in the center of
circled region on the right-hand side of Fig. 1~b! which ap-
pears to be a gap between two closely spaced cluster fo
tions. It was hypothesized that the cluster edge effect
likely due to a symmetry-breaking effect at the border of
cluster of nanoparticles. From magnetization measurem
of these nanoparticles in solution,6 it was evident that the
blocking temperature is around 270 K.

IV. ANALYSIS

In seeking to explain why the nanoparticle clusters g
little MFM signal compared to isolated nanoparticles, tw
possible explanations can be considered. It was first hyp
esized that the dipole interaction of the nanoparticles w
arranged in clusters might be strong enough to prevent
nanoparticles from aligning with the tip as it passed over~as
long as the tip is sufficiently high!. Isolated particles with
appreciable spacing from their neighbors would experienc
weaker dipole interaction and be more easily aligned by
Downloaded 02 Jan 2008 to 131.155.108.71. Redistribution subject to AI
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tip, which should therefore feel a greater force gradient. T
cluster edge effect could be a manifestation of symme
breaking at the edge of the cluster: The in-plane alignmen
the moments in the clusters is disturbed due to the loss
symmetry at the edge, resulting in a more freely orien
magnetic moment of the outermost particles which ha
fewer nearest neighbors than those within the cluster. This
turn, would then produce a larger force gradient between
tip and these outermost particles. An alternative explana
is that the weak local interactions produced by the partic
in a cluster would not be strong enough to align them aga
the interaction of the tip, but would instead cause the form
tion of a spin glass system with arandom distribution of
dipoles. This would have almost no net magnetic field o

FIG. 1. ~a! Topographic and~b! magnetic force gradient images of colloida
iron nanoparticles on a Formvar-coated SiO2 substrate. Single particles ar
visible on both images~squares! while clusters are clearly visible on the
topographic scan only~circles!. A slight cloudiness, or cluster edge effec
appears to represent the perimeter region of the clusters in~b!.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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the time scale of an MFM measurement, and therefore
most no interaction between the clusters and the tip wo
result. Again, the cluster edge may preferentially inter
with the tip in this case due to a reduction in nearest nei
bor count.

A model was developed in C11 using Borland C11
Builder 4 and calculations were performed to investigate
effects observed. The nanoparticles have;10 nm iron cores
and on this length scale should effectively be single dom
and it is highly probable that they are superparamagneti
room temperature. As the spacing between the cores
minimum of;30 nm due to the polymer coat, the interacti
should be limited to dipolar only. The system was theref
modelled simply as a collection of interacting magnetic
poles. The nanoparticles are described as large atoms
therefore, they are described by a single dipole with a v
low anisotropy. A sample was constructed consisting
seven particles: An arrangement of four nanoparticles i
232 cluster, two nanoparticles in a 132 cluster, and a
single isolated nanoparticle, as shown in Fig. 2. This arran
ment serves to illustrate the contrast between single nano
ticles and clusters. The cluster sizes in the experime
MFM image are sometimes larger, but the effect manife
itself in clusters of two nanoparticles and more, as long
the constituent nanoparticles are closely spaced. Altho
the polymer coat, which is slightly flexible, might allow th
particles to be a bit closer than 30 nm, such variation can
be adequately characterized from the experimental MFM
ages so 30 nm was chosen as the fixed particle separati
the clusters.

The particle anisotropy takes the form of a constant
plied magnetic field of random orientation for each partic
This has a simple cosine dependence, whereas the aniso
of a uniaxial superparamagnetic particle, in fact, has a co
squared dependence. There was no easy way to put thi
sine squared dependence into the model. In practice, it

FIG. 2. A screen print of the model used for calculations in plane view~top!
and elevation view~bottom!. The tip is represented as a three-dimensio
array of dipoles arranged into a rounded pyramid shape~small circles!. The
coated nanoparticles~large circles! form various structures such as fou
nanoparticles in a 232 cluster, two nanoparticles in a 132 cluster, and
single isolated nanoparticles. Various distributions of such particles w
tested.
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found that the difference between low and zero anisotropy
the form in which is applied here, was negligible and mos
not observable at all. Of course, given that the dependenc
the anisotropy is incorrect, this may have no real mean
For these reasons, the anisotropy was actually set to ze
the calculations.

The tip is modeled as a three-dimensional array of
poles arranged into a rounded pyramid shape, as show
Fig. 2. The magnetic moment of each tip dipole is fixed
value and direction, pointing vertically downward. These
ements do not interact with each other during calculatio
The nanoparticle dipoles are allowed to interact with ea
other and with the tip dipoles. The separation between
poles in the tip is 8 nm in thex, y, andz directions. This has
no correspondence to the actual tip domain sizes, but all
reasonably accurate modelling of the shape of the tip. T
measured magnetization of the tip was spread over thes
poles, so the actual magnetization of each tip dipole is c
culated dynamically, depending on the number of dipoles
the chosen tip size. In practice, tips with approximately
3104 dipole elements were used, corresponding to a py
mid with a length of side of around 350 nm. While this
smaller than the real tip dimensions, it was found to be
necessary to use larger tips in the model as they had
obvious effect on the image and considerably slowed ca
lation time.

Each nanoparticle, at positionr , is initialized with a
user-defined magnetic momentm of random orientation. Ini-
tially, theH field generated at each nanoparticle center by
tip is calculated using Eq.~1!, summing over all tip elements

H i5
3~m.r !r i2mir

2

4pr 5
, i 5x,y,z. ~1!

This field is then used to calculate the nanoparticle magn
zation using the Langevin function, Eq.~2!, which allows a
form of temperature dependence to be included in the mo
~The temperature was set to 298 K for the purposes of
Langevin function!

M5MsFcothS mH

kT D2S kT

mH D G . ~2!

The interactions of the nanoparticles are now conside
with the H field at each nanoparticle center being calcula
by summing the interactions from all the other nanoparticl
This H field is added to the tip-induced field to produce
overall field, and the magnetic moment of the nanopartic
is then recalculated. The magnetic energy of the system
also calculated at this point. The calculation then itera
using the calculated nanoparticle magnetization to reca
late theH field at each nanoparticle. The magnetic energy
compared after each iteration, and the loop exits when th
minimized. The nanoparticle states are then reinitialized,
the process is repeated so that several random starting p
are considered. The final lowest-energy state is selected
the force is evaluated between the tip and sample dip
summing these interactions over all dipoles in the syste
The tip is then moved vertically over a predetermined d
tance, corresponding to the oscillation amplitude, and

l

re
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calculation procedure is repeated, allowing the force grad
to be calculated. The tip is then moved over the sample
face in thex2y plane and the force gradient is calculated
each point. The result is then represented in an image f
that can be compared to the experimental data.

This rather simple model ignores the effect of van d
Waals forces which can influence topographic AFM inter
tions and capillary forces which occur due to a layer of a
sorbed moisture that can bridge the tip and sample in am
ent AFM. However, both forces are marginal at the cho
tip–sample separation and so their effect can be consid
negligible.10

The lift height was set to 5 nm with an oscillation am
plitude of 2 nm~i.e.,61 nm from the equilibrium position o
the tip!. The quantitym, the magnetic dipole moment wa
taken from Ref. 11 to be 6.32310219A m2, where magnetic
hysteresis measurements were fitted to the Langevin func
to estimatem for two interacting hemispherical iron particle
Although the MWssbauer study suggested that the nanop
ticles in this case were iron oxide, not iron, it is the clos
indicator to a possible value for particles of a similar size
those used in these experiments. Consideration of the a
age nanoparticle volume for a radius of 10 nm and the b
magnetization of iron (17073103 A/m) gives an upper limit
of approximately 9310219A m2 for the magnetic dipole
moment of the nanoparticles, considering that oxide form
tion is present. This is consistent with values used here
seems, in general, thatm may be four or five orders of mag
nitude greater than the atomic value.11,12 The tip magnetiza-
tion was set to 400,000 A m during all calculations, whi
was experimentally determined for the tips used here follo
ing the same procedure as that outlined by Carlet al.13 This
agrees reasonably with magnetizations used in calculat
of other ferromagnetic materials.14 The tip shape was
rounded with a radius approximating 25 nm, which match
the tip specifications. The nanoparticle saturation magnet
tion was then varied and force gradient images were
tained.

Figure 3 shows the results of these simulations. T
force gradients were of the order of 1023 N/m. As the satu-
ration magnetization of the nanoparticles is varied from
3105 to 13106 A m the response of the isolated nanop
ticles becomes prominent in the images as the interactio
the nanoparticles in the clusters reduces their influence
the MFM tip. These images are similar to the experimen
MFM images, although the resolution is noticeably low
The progression from a dominant cluster response to a do
nant single nanoparticle response can be seen in the tr
tion from Figs. 3~a! to 3~c!. A slight edge effect is also vis
ible around the clusters, consistent with expectatio
although not as prominent as that visible in the experime
MFM image of Fig. 1~b!. The effect of instrument resolutio
was also studied by reducing the tip radius to 10 nm,
though this is an impractical value for commercial tips
present. There was more lateral contrast in the resulting
ages but, otherwise, the images were unchanged.
Downloaded 02 Jan 2008 to 131.155.108.71. Redistribution subject to AI
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V. DISCUSSION

The authors are well aware that any system, such as
is likely to be quite complex and that the present mode
insufficient to solve the system in any great detail. The a
here was to produce a simple, largely qualitative, model t
would give insight into thegeneralbehavior and trends in
such a system, where the MFM results were clearly unus
This goal has been achieved in that the simple model u
here did produce images similar to those observed w
MFM. Which of the proposed hypotheses for the obser
tions is correct, interparticle interaction within clusters
spin glass formation, is less clear. Both effects would like
produce similar images in MFM studies.

If the tip is removed from the calculation, by setting th
magnitude of all its dipoles to zero, the particles always
tain a state of random spin distribution, which appears
have no pattern with successive reinitializations of the s
tem. When the tip is present, the particle dipoles at fi
glance seem to also fall into a random distribution, but wh
reinitializing the model does produce a different dipole d
tribution, it is not as pronounced as the variation obtained
the absence of the tip. There seems to be a degree of un

FIG. 3. Simulations of the interaction of an MFM tip with the various typ
of particle cluster considered.Ms for the tip is about 43105 A m through-
out. The images represent particleMs values of ~a! 13105 A m, ~b! 5
3105 A m, and ~c! 13106 A m. The progression shows the increasin
prominence of the single particle. The particle positions are indicated
dots.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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lying order, which depends on the position of the tip, a
increases in magnitude if the magnetization of the tip is
creased. It does remain some way short of the total orde
that would be expected from the first hypothesis, but is
the completely random behavior expected of a spin g
either—it appears to be somewhere in between.

Despite the qualitative success, the model clearly
some significant limitations. A number of arbitrary assum
tions are made about the particle properties and those
need to be considered or neglected, for example, there i
consideration of the internal structure of the particle. A
though internal structure is very important in determining
exact behavior of a particle and the origin of the unus
properties, one can argue that the MFM responds to dip
forces which are relatively long range and is, therefo
largely incapable in its current form of imaging intern
structure. This, in itself, does not justify the absence of
ternal effect considerations but the single domain superp
magnetic character and the presence of the polymer s
which limits interparticle interactions to dipolar, constitu
reasonable justification.

A greater problem is the form of the magnetic anis
ropy. Calculations were initially carried out with fields of
to 10 A m. It was found that this variation had little effect o
the generated images, and higher anisotropy seemed t
duce an instability in the calculations, requiring more ite
tions to reach the energy minimum which, in some cas
dramatically increased calculation time. Setting the anis
ropy to zero also had no effect on the generated images
slightly reduced the instability. For that reason, images g
erated with zero anisotropy are presented here. It was n
that increasing the anisotropy tended to reduce the abilit
the tip to align the isolated particle, making the images
3~b! and 3~c! more difficult to obtain. This would be ex
pected, as increasing the anisotropy reduces the super
magnetic behavior of the particles. In addition it would
expected that the external field is larger than the anisotr
field. It may then be assumed, at least for particles clos
the tip, that the internal anisotropy has little significan
Although this seems to be a somewhat circular argumen
that the angular dependency of the anisotropy used he
incorrect to begin with, it is hoped that the argument still h
validity. Certainly, the reproducibility of the images wou
seem to suggest this.

The final impression is that the model used is ve
simple, while the system being modeled is so complex t
Downloaded 02 Jan 2008 to 131.155.108.71. Redistribution subject to AI
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complete theoretical treatment is not currently attainab
Despite this, the model does give very good agreement w
the MFM data though it is still not conclusive in determinin
the underlying reason for the observed effects. It sugg
that the cluster particles may be forming a spin glass-t
system, but with a slight degree of ordering caused in
presence of the magnetic tip. Further investigations are
derway, both experimentally and computationally, to he
elucidate this issue.
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