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Short-range magnetic order in two-dimensional cobalt-ferrite nanoparticle assemblies
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Magnetic order in two-dimensional islands of spherical 21 nm cobalt-ferrite (CoFe,O4) nanoparticles is
studied by magnetic force microscopy and spectroscopy. Images obtained at a temperature of 105 K clearly
reveal the presence of repulsive and attractive areas on top of the islands. Monte Carlo simulations on hex-
agonal arrangements of nanoparticles have been carried out and are consistent with the experimental findings.
The simulations show that the magnetization patterns are determined by a competition between interactions
among the nanoparticle magnetic dipole moments and alignment of the individual moments along the easy
axes of magnetization. At an elevated temperature of 500 K, it will be shown that dipole-dipole interactions
lead to short-range ferromagnetic order, which fluctuates rapidly in time due to thermal excitations. Upon
reduction of the temperature to 105 K, the dipole moments are forced toward the easy axes of magnetization,

thereby increasing the amount of disorder.
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I. INTRODUCTION

Magnetic nanoparticles have the potential to be utilized in
several applications, with probably the best known being the
use of thin films of magnetic nanoparticles in data storage
devices.! Recently, it was demonstrated that magnetic nano-
particles may also be applied in magnetoelectronic devices.?
Biomedicine is another example of an area of application of
magnetic nanoparticles, for contrast agents in magnetic reso-
nance imaging, for drug delivery, and for magnetic
hyperthermia.>* The properties of the individual particles as
well as their mutual interactions determine important fea-
tures of the nanoparticle systems, such as storage capacity
and switching field. Here, we demonstrate short-range mag-
netic order in a two-dimensional assembly of cobalt-ferrite
nanoparticles.

Powerful chemical techniques have recently become
available for the preparation of well-defined, magnetic nano-
particles with specific shape and size as well as with a high
degree of crystallinity.>® Because of their nanoscale dimen-
sions, it is energetically unfavorable for the particles to break
up in more than one magnetic domain. The particles are,
therefore, said to be single domain and they carry a large
magnetic dipole moment. Three-dimensional systems, such
as, e.g., dispersions of interacting magnetic nanoparticles,
have been studied by a variety of experimental
techniques’~!? and by simulations.'>!* In particular, their dy-
namics has been the subject of considerable interest: the in-
teractions between the magnetic dipoles of the particles may
lead to slow dynamics such as long relaxation times, aging,
and memory effects.'>~!7 The results have been interpreted in
terms of spin-glass-like behavior. Recently, such behavior
was also observed in very dilute systems, where it was at-
tributed to the energy barriers caused by the anisotropy of the
individual particles.!®

Dispersions with magnetic nanoparticles can be used to
prepare dense, two-dimensional assemblies of particles.!%?
Since the particles contain a surfactant layer, they are gener-
ally separated by a few nanometers. This means that ex-
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change interaction between nanoparticles, even in these
dense assemblies, is negligible and their mutual interactions
are, therefore, dominated by long-range dipole-dipole inter-
actions. Spin-glass-like behavior has also been demonstrated
for these two-dimensional systems of nanoparticles.”!~23 It
has, furthermore, been discussed that dipole-dipole interac-
tions may lead to long-range order in the orientation of the
dipoles.?*?* For two-dimensional systems of nanoparticles at
vanishing temperature, calculations have shown that the
structure of the assembly determines the type of order, with a
hexagonal lattice resulting in ferromagnetic order and a
square lattice in antiferromagnetic order.”

The magnetocrystalline anisotropy energy of a magnetite
nanoparticle, i.e., the energy originating in a misalignment of
the magnetic dipole moment with respect to the easy axes of
magnetization, is known to be low. This means that the mag-
netization pattern of an assembly of spherical magnetite
nanoparticles is mainly determined by collective dipole-
dipole interactions. We have recently shown that for two-
dimensional islands of spherical 21 nm magnetite nanopar-
ticles, the moments arrange themselves in flux-closure
structures.?® In the present study, results will be presented for
two-dimensional islands of spherical 21 nm cobalt-ferrite
nanoparticles. Unlike magnetite, the magnetocrystalline an-
isotropy energy of cobalt-ferrite is considerable and intro-
duces energy barriers in the individual nanoparticles. The
magnetization pattern, therefore, is determined by a compe-
tition between dipole-dipole interactions and alignment of
the moments along the easy axes of magnetization. With the
help of Monte Carlo simulations, the magnetization pattern
of a hexagonal arrangement of nanoparticles has been stud-
ied. Significant differences have been observed for high and
low temperatures, differences that are ascribed to the strong
temperature dependence of the magnetocrystalline aniso-
tropy energy of the particles.

II. EXPERIMENTAL METHODS

Spherical monodisperse cobalt-ferrite (CoFe,O,4) nano-
particles were prepared according to a modified procedure
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reported by Sun et al.,”’ by combining a high-temperature
decomposition route with seed-mediated growth. Using this
growth procedure, particles up to 25 nm could be prepared
from small seed particles (5 nm). The particles were subse-
quently dispersed in cyclohexane in the presence of oleic
acid and oleyl amine. The particles used in the present ex-
periments had a diameter of 21.1 =2.7 nm as determined by
transmission electron microscopy (TEM) using a Philips Tec-
nai 12 microscope at an accelerating voltage of 120 kV. The
magnetic dipole moments of the particles were determined to
be 1.1 X 107'® A m2. The moments were obtained from mag-
netization curves of a strongly diluted dispersion of the par-
ticles, and were measured at room temperature using an al-
ternating gradient magnetometer [AGM; Micromag 2900
(Princeton Measurements Corporation)]. With the known
value for the bulk magnetization of cobalt-ferrite of
4.25X10°> A/m,?® one finds that the moments correspond to
a magnetic diameter of 17.0 nm. This reduced magnetic di-
ameter is most likely caused by a weakly magnetic oxidic
layer with a thickness of about 2 nm. The particles were
deposited by placing a known volume of the nanocrystal
dispersion on atomically flat highly oriented pyrolytic graph-
ite (HOPG), followed by solvent evaporation (drop casting).
Capillary forces active during the drying process led to the
formation of two-dimensional, arbitrarily shaped, monolayer
islands consisting of typically ten to several hundred nano-
particles. The samples were subsequently introduced into an
ultrahigh vacuum chamber with a base pressure of better
than 1 X 107! mbar and equipped with an OMICRON VT
AFM/STM. The measurements have been carried out with
commercially available conducting cantilevers, with Si tip of
apex radius about 25 nm and covered with a magnetic
40-nm-thick CoCr film. The cantilevers have a resonance
frequency of 70 kHz and a force constant of 2 N/m. Before
the experiments were taken, the samples were annealed for
about 2 h at a temperature of 500 K to prevent adherence of
the tip to surfactant molecules at the nanoparticle surface.
Without this procedure, tip crashes made scanning-probe ex-
periments very difficult. We have no indications that this
heating procedure led to sintering or growth of the nanopar-
ticles.

The topography of the sample was studied with noncon-
tact atomic force microscopy (nc-AFM) in frequency modu-
lation mode. In this mode, the interaction between tip and
sample induces a shift in resonance frequency of the oscil-
lating cantilever. The amplitude of the cantilever was kept
constant during the experiments and was estimated to be
10-20 nm. Since the amplitude is in the range of the char-
acteristic length scale of the interaction forces, the measured
frequency shift is directly proportional to the force exerted
on the tip.?? This implies that positive frequency shifts cor-
respond to repulsion, negative frequency shifts to attraction.
Contact-potential differences between tip and sample were
corrected for by applying an appropriate potential to the tip.
In addition to the nc-AFM experiments, magnetic force spec-
troscopy (MFS) and magnetic force microscopy (MFM)
were carried out. In MFS, the frequency shift of the cantile-
ver is measured as function of the tip-sample distance for
specific lateral positions. In MFM, the frequency shift is
measured while the sample is scanned at elevated height. In
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FIG. 1. (Color online) (a) AFM image taken at room tempera-
ture of a 380 X 310 nm? area of a HOPG surface with a monolayer
island consisting of 70-90 21 nm spherical cobalt-ferrite nanopar-
ticles (bright area). The image was taken at a frequency shift of
—29 Hz. The vertical scale ranges from O nm (dark) to 26 nm
(bright). The inset is a TEM image. (b) MFS curves measured at the
positions indicated in (a).

this constant-height mode, the contribution from van der
Waals interactions to the force is strongly reduced.

III. EXPERIMENTAL RESULTS

Experiments on monolayer islands of cobalt-ferrite nano-
particles were first carried out with the sample at room tem-
perature. A typical result of a nc-AFM image is shown in
Fig. 1(a). The size of the island indicates that it consists of
approximately 70-90 nanoparticles. The TEM image (inset)
illustrates the low polydispersity of the particles and their
single-crystalline nature: the different contrast of the indi-
vidual particles results from their crystalline orientations
with respect to the electron beam. The MFM image is not
shown, since on top of the island only strong attraction was
observed with virtually no contrast variations. This indicates
that with the magnetic tip directly above the island, its stray
field significantly affects the magnetic moments of the nano-
particles. This behavior is confirmed by the force-
spectroscopy curves shown in Fig. 1(b). Force curve 1 was
measured above the HOPG substrate and shows attraction for
all distances due to van der Waals forces. The attraction ob-
served above the island of nanoparticles, on the other hand,
is significantly stronger (curves 5 and 6). Weak repulsion
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FIG. 2. (Color online) (a) AFM image taken at a temperature of
105 K of an area of 700 X 385 nm? of a monolayer island of spheri-
cal 21 nm cobalt-ferrite nanoparticles (bright area) on top of a
HOPG substrate. The image was taken at a frequency shift of
—10 Hz. The vertical scale ranges from 0 nm (dark) to 35 nm
(bright). (b) MFM image of the same area taken in constant-height
mode at a distance of 40 nm above the HOPG substrate. The verti-
cal scale ranges from —4 Hz (dark) to 2 Hz (bright). (c) Force
curves measured at the positions indicated in (a).

was observed only at the edge of the island as illustrated by
curves 2 and 3. The magnetic interaction for these curves,
which is obtained when the van der Waals interaction is sub-
tracted, seems to be repulsive for virtually all distances. It
should be noted that, as illustrated by curve 4, at the edge the
measured interaction between tip and nanoparticles is not
always repulsive. The results shown in Fig. 1 are reminiscent
of what we observed at two-dimensional islands of magnetite
nanoparticles.’® The interpretation, therefore, can be along
the same lines: the dipole moments of the individual particles
are blocked due to dipole-dipole interactions and, for cobalt-

PHYSICAL REVIEW B 77, 024423 (2008)

ferrite, also due to anisotropy. This may lead to repulsion of
the magnetic moment of the tip at the edge of the island.
Directly above the island, however, the stray field of the tip
is sufficiently strong to reorient the dipole moments of the
nanoparticles leading to long-range attraction. Comparison
with our previous magnetite results (Fig. 3 in Ref. 26) shows
both repulsion and attraction measured at cobalt-ferrite is-
lands are signifantly weaker. This is consistent with the mea-
sured value for the magnetic moment of the cobalt-ferrite
nanoparticles that is a factor of 2 smaller.

For cobalt-ferrite, it is well known that the anisotropy
energy strongly increases with decreasing temperature.’”
Several experiments were carried out at temperatures signifi-
cantly below room temperature. A typical result obtained at
an island of 150-200 cobalt-ferrite nanoparticles at a tem-
perature of 105 K is shown in Fig. 2. MFM experiments
were carried out in constant-height mode at a distance of
40 nm above the HOPG substrate. The MFM image shown
in Fig. 2(b) clearly shows that above the island, not only
attractive (dark) but also repulsive (bright) areas are present.
This result is markedly different from the results obtained at
room temperature, and is supported by force-spectroscopy
experiments taken in the attractive as well as in the repulsive
areas [Fig. 2(c)]. Obviously, at this reduced temperature, the
anisotropy energy barriers in the particles are sufficiently
high to prevent reorientation of the dipole moments by the
stray field of the tip. The repulsive and attractive areas are of
rather arbitrary shape and typically contain of the order of
10-20 nanoparticles. With the finite size of the tip limiting
the lateral resolution to approximately 40 nm, the actual size
of the areas may be somewhat smaller. Similar results were
obtained for islands of different size and at other tempera-
tures (70-135 K).

IV. NUMERICAL METHODS

To study the origin of the repulsive and attractive areas in
the measured MFM images, Monte Carlo simulations have
been carried out on a hexagonal arrangement of 60 nanopar-
ticles. This area is of similar dimensions as, e.g., the region
in the lower left corner of the experimental image shown in
Fig. 2(a). The most important energies that determine the
magnetic structure of the sample are the dipole-dipole energy
of all pairs of particles and the anisotropy energy of all par-
ticles. The dipole-dipole energy E,; is given by

M 3(m; - ) (m; - 7yy) = (m; - my)
Edd=_4_02< s ol ROV
7Tl'<j I’ij

with 7; and m; the magnetic dipole moments of the particles
i and j, r;; the distance between particles 7 and j, and 7; the
unit vector pointing from particle i to particle j. Concerning
anisotropy, we assume that magnetocrystalline anisotropy
dominates and that the cobalt-ferrite nanoparticles have cu-
bic anisotropy, with the first anisotropy constant K;(7) being
temperature dependent.’® Higher-order anisotropy terms
were not taken into account in the simulations. This yields

the anisotropy energy’! E,,
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with myj for j=1,2,3, the components of the magnetic mo-
ments along the cubic axes and V the volume of the
particles. For the temperature dependence of K;(7), we used
the empirical Briikhatov-Kirenski relation for bulk
cobalt-ferrite3>-3*

K ((T) = K,(0)exp(- aT?), 3)

with the temperature T in K, K;(0)=19.6 X 10° J/m?, and
a=1.9X 107330 The anisotropy constant being positive im-
plies that the easy axes of magnetization of a nanoparticle
coincide with its three cubic crystal axes. E,, becomes 0 for
a magnetic moment aligned with one of the easy axes, and
positive for all other directions.

The orientation of the crystal axes of each particle was
taken to be random with respect to the orientation of the axes
of all other particles. During the simulations, the particles
were not allowed to move: only the moments rotate inside
the particles (Néel rotation). Assuming either a random con-
figuration of initial dipole moments or a configuration calcu-
lated in a previous run, the direction of all moments was
varied in a random way. If, upon variation of an individual
moment, the energy of the system was lower, the step was
accepted; if the energy was higher, the step was only
accepted with probability equal to the Boltzmann factor
[exp(-AE/kgT), with AE the change in energy of the sys-
tem]. In each run, all moments were varied 10* times. With a
typical attempt frequency for variation of the moments of
10°-10'% 571,23 this means that the simulation takes place on
a time scale of the order of 1-10 us. Assuming the magnetic
moment of the tip to be perpendicular to and pointing toward
the sample, the force exerted on the tip can directly be cal-
culated from the configuration of moments of the nanopar-
ticles. To be able to compare to experimental MFM images,
the force was calculated on a two-dimensional grid in a plane
parallel to the island of nanoparticles and subsequently trans-
formed to frequency shift.?’ For the absolute value of the
moment of the tip, we used 2.5X107'7 A m?. This value
gives frequency shifts of a few hertz as observed in the ex-
periments, and is close to values reported in the literature for
similar tips.??

V. NUMERICAL RESULTS AND DISCUSSION

As discussed in Sec. II, before carrying out the experi-
ments, the samples were annealed at 500 K. We first present
results for simulations at this elevated temperature. A typical
result is shown in Fig. 3(a), for which a random configura-
tion of initial dipole moments was used. The arrows in the
figure correspond to the in-plane components of the mo-
ments. Calculated dipole-dipole energies and anisotropy en-
ergies are tabulated in Table I. The image reveals that, al-
though some of the moments have significant components
out of plane, most of them arrange themselves in plane. The
gray areas, where the moments point in (close to) the same
direction, illustrate a few of the areas where short-range fer-
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FIG. 3. (a) Calculated configuration of magnetic moments for a
hexagonal arrangement of 60 spherical 21 nm cobalt-ferrite nano-
particles at a temperature of 500 K. The arrows indicate the direc-
tion of the magnetic moments with their length representing the
in-plane components (when an arrow is as large as a nanoparticle,
this means that its moment is fully in plane). The gray areas indicate
a few of the areas where short-range order is present. (b) Simulated
results after another 10* steps using the same easy axes for magne-
tization for all particles and the final moments as shown in Fig. 3(a)
as input.

romagnetic order is present. The order originates in dipole-
dipole interactions, which tend to bring the system in a flux-
closure-type arrangement.”® Magnetocrystalline anisotropy at
this elevated temperature also plays a role (see Table 1), al-
though its energy barriers obviously do not prevent short-
range order to be formed. This, in fact, is not surprising when
thermal energy at this temperature, kz7=43 meV, is com-
pared to one of the energy barriers in the particles: for rota-
tion of the dipole moment in a plane containing two of the
three easy axes of magnetization, the barrier’®3’ becomes
K,(T)V/4=128 meV. For the calculated magnetization pat-

TABLE I. Calculated average dipole-dipole energies and mag-
netocrystalline anisotropy energies per particle (Ef,=E;;/60 and
E' =E,, /60, respectively). The second column gives the initial
configuration of moments used (either random or from a previous
run). Also given is the anisotropy constant multiplied by the volume
of a particle. The energies in the last three columns are given in
meV.

T
Initial moment  (K) K\(T)V EL, EP
Fig. 3(a) Random 500 513 -90  +37
Fig. 3(b) Previous 500 513 -93 435
Fig. 4(a) Random 500 513 -95 +35
Fig. 4(b) Previous 105 49x10* =75 492
Not shown Random 105 49X10* 22 +85
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FIG. 4. (Color online) (a) Calculated configuration of magnetic moments for an arrangement of 60 spherical 21 nm cobalt-ferrite
nanoparticles at a temperature of 500 K. An arbitrary configuration of initial moments was used at the start of the simulations. The arrows
indicate the direction of the magnetic moments, with their lengths representing the in-plane components (when an arrow is drawn as large
as a nanoparticle, this means that its moment is fully in plane). The gray areas indicate a few of the areas where local order is present. (b)
Calculated configuration of magnetic moments at a temperature of 105 K. The final moments as shown in (a) were used as input and, in
addition, the easy axes of magnetization were kept the same. (c) Same results as shown in (b) with, in addition, the MFM signal calculated
for a tip moving at a distance of 40 nm above the substrate (area 235 X 210 nm?). Colors range from dark (-2.1 Hz) to bright (+2.3 Hz).

tern, the average dipole-dipole energy per particle amounts
to a value only slightly larger than 2kz7T. This means that
even in areas where short-range order is present and where
the dipole-dipole energy per particle may be somewhat
larger, the individual moments will rapidly fluctuate by ther-
mal excitations. This is illustrated by Fig. 3(b), which is the
result of the simulation shown in Fig. 3(a) after another 10*
steps. Clearly, the magnetization pattern has completely
changed. These rapid thermal fluctuations are also the cause
that flux closure for the whole system of nanoparticles is not
reached.

We next discuss the behavior of the dipole moments when
the particles are cooled to a temperature of 105 K. The role
played by magnetocrystalline anisotropy is expected to sig-
nificantly increase because of its exponential dependence on
temperature [see Eq. (3)]. To mimic the experimental proce-
dure as good as possible, first, a simulation was carried out at
500 K; the final moments were subsequently used as input
for the simulation at 105 K. The positions of the particles as
well as their easy axes of magnetization were the same in
both simulations, thereby assuming that the particles did not
move during the cooling process. Typical results are shown
in Figs. 4(a) and 4(b), respectively, for 500 and 105 K. In the
simulation at 500 K, several areas with short-range ferro-
magnetic order can be identified. Upon cooling, these areas
seem to preserve their short-range order, but the moments
become more disordered and the average dipole-dipole en-
ergy per particle slightly decreases (see Table I). Since, at
this reduced temperature, the anisotropy constant has in-
creased by almost 2 orders of magnitude, this behavior can
easily be understood in terms of a reorientation of the dipole
moments in the direction of one of their easy axes of mag-
netization. In this way, the average anisotropy energy per
particle remains low (even lower than the value at 500 K, see
Table I). Since the energy barriers are very high compared to
kgT, they are virtually impossible to cross by thermal exci-
tations and the magnetization pattern, therefore, will be ther-
mally stable. Important to note is that the presence of short-
range order at this reduced temperature is a consequence of

the order already present at 500 K, with the dipole moments
of the nanoparticles remaining at an “energetically favorable
side” of the energy barriers during the cooling process. To
confirm this picture, we carried out simulations at 105 K that
were started with an arbitrary set of initial moments. The
dipole moments, indeed, were not able to cross the energy
barriers, resulting in the absence of short-range order and in
an average dipole-dipole energy per particle very close to 0
(see Table I).

The results of the simulation at 105 K are shown again in
Fig. 4(c), together with, in the background, the calculated
MFM signal. Bright areas in the image indicate repulsion;
dark areas attraction. An important observation is that bright
and dark areas in the MFM image cannot be related, one to
one, to areas of short-range order or to transitions between
such areas [compare, e.g., the location of the gray areas in
Fig. 4(b) to the MFM spots in Fig. 4(c)]. This shows that an
interpretation of a MFM image of a system of interacting
dipoles is less straightforward than the interpretation of an
image of magnetic domains in ferromagnetic materials.?®
The size of repulsive and attractive areas in Fig. 4(c) is in the
order of 5-10 nanoparticles. This size, as well as the rather
arbitrary shape of the areas, is consistent with the experimen-
tal results shown in Fig. 2(b). We conclude that the contrast
in the experimental MFM image originates in configurations
of magnetic dipoles similar to the ones in the simulations.

We finally discuss some important implications of the
present work. Zero-field-cooled experiments on assemblies
of nanoparticles have frequently been used to determine val-
ues for nanoparticle magnetic moments.”> Moments consid-
erably larger than any possible moment of the individual
particles were recently reported.3>*? The results were inter-
preted in terms of strongly interacting dipoles that increase
the observed “effective” moment. The areas of short-range
order in this work correspond to the “correlated clusters” as
discussed in Ref. 40. We have, furthermore, shown that re-
pulsive and attractive areas in MFM images of interacting
dipoles cannot directly be related to ordered areas. This
should be taken into account in the interpretation of MFM
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images of one- and two-dimensional assemblies of interact-
ing nanoparticles as discussed elsewhere.*'*> We finally pro-
pose that the occurrence of areas of short-range order in two-
dimensional assemblies of nanoparticles may be of use for
magnetic data storage purposes. It has been discussed
elsewhere' that for the use of two-dimensional assemblies of
magnetic nanoparticles, it would be “highly desirable that the
ordered particles have a common magnetic easy axis.” The
present results illustrate that in assemblies of nanoparticles
with cubic anisotropy, a relatively high degree of short-range
order can be achieved without their easy axes being aligned.
This may open interesting possibilities for future application
of such particles.

VI. CONCLUSIONS

We have shown that the magnetization pattern of an as-
sembly of cobalt-ferrite nanoparticles is determined by the
competition between collective dipole-dipole interactions
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and alignment of the dipole moments along the easy axes of
magnetization. The role of thermal fluctuations on the mag-
netization pattern was discussed. The observed, rapidly fluc-
tuating, short-range ferromagnetic order at elevated tempera-
ture originates in an average dipole-dipole interaction
strength, which is only a factor of 2 larger than thermal en-
ergy. Upon cooling the assembly of nanoparticles, short-
range order is preserved, but with a significant increase in the
amount of disorder. It was finally shown that, for interacting
dipoles, it is not allowed to make a one-to-one correspon-
dence between contrast in a measured MFM image and or-
dered areas.
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