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We report the magnetic response of composites formed by dispersing Fe nanoparticles in a polymer. Trans-
mission electron microscopy reveals the formation of chain-like entities of nanoparticles. The magnetic re-
sponse (hysteresis, remanence ratio, exchange bias, etc.) is in general nonmonotonic as a function of the
particle concentration in the composites. The coercivity and remanence go through a maximum, while the
exchange bias and magnetic relaxation rates go through a minimum, with increasing concentration. The effects
are interpreted as being a consequence of a competition between an increasing anisotropy due to the formation
of the chain-like entities that tends to increase the remanence, etc., and the weakening of these effects at higher

concentrations due to the interactions between these entities.
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I. INTRODUCTION

The effects of interparticle interactions for assemblies of
magnetic nanoparticles have become the subject of great in-
terest in recent years. Both the dipolar and exchange interac-
tions can occur between nanoparticles depending on the in-
terparticle distances and agglomeration. The dominant
interactions in dispersed magnetic nanoparticle assemblies in
insulating matrices are dipolar interactions,' while exchange
interactions may occur for systems where particles are in
contact. There have been many studies concerning the simu-
lation of these interactions, but there have been relatively
few experimental reports. In real systems, due to distribu-
tions in particle size, particle clustering, and random magne-
tization orientations, results on these interactions have been
conflicting. For example, several researchers have reported
an increase in the blocking temperature Ty, as a result of
dipolar interaction, with increases in nanoparticle
concentration,>* while others have reported a decrease in Ty
with particle concentration.’> Similarly, the remanence for in-
teracting particle systems had been found to decrease by
some researchers,®’ while it was found to increase by
others.® Special interest has come to focus on the variation of
interparticle effects in magnetic nanoparticle and polymer
composites due to their potential applications. A variety of
results on the coercivity variation in polymer composites
have been reported that describe independent, decreasing,
and nonmonotonic trends with concentration.>”!! A variety of
results on the effects of self-aggregation and chaining of the
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nanoparticles'? have also been reported in the composites’
assemblies. In view of the lack of clarity on the effects of
interparticle interactions on the coercivity, remanence, mag-
netic relaxation, exchange bias, etc., and the relative impor-
tance of the self-aggregation effects in such assemblies, it
appears useful to study the response of nanoparticle polymer
composites with varying particle concentrations coupled
with a microstructural analysis to correlate the structural and
magnetic features.

The goal of this work was to investigate particle interac-
tions for Fe-oxide passivated Fe nanoparticles. Particle inter-
action effects were investigated by dispersing the particles in
a polymer, polymethylmethacrylate (PMMA), at different
concentrations. These concentrations were compared to the
case of the same sample of pure Fe-oxide passivated Fe
nanoparticles pressed into a pellet. The interaction effects are
shown to lead to a nonmonotonic variation of most of the
magnetic response including the coercivity, remanence, mag-
netic relaxation, and the exchange bias effects. These fea-
tures are explained in terms of competing tendencies of the
interparticle dipolar interactions and chaining effects be-
tween the nanoparticles.

II. EXPERIMENT

All of the Fe nanoparticles studied in this work were pre-
pared by an inert gas condensation (IGC) technique.'® To
form Fe/PMMA nanocomposites, Fe nanoparticles were dis-
persed by sonication into a solution of PMMA polymer and
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acetone. Typically, there is an optimal power for sonication.
A high power sonication tends to cause reagglomeration.
Therefore, the sonication processes were performed close to
the optimum power and for short time intervals in order to
avoid reagglomeration. The solution was then spin cast until
it hardened into a thick film. The particles were dispersed in
five concentrations of 4.0, 3.0, 1.5, 1.0, and 0.5 mg of Fe in
100 mg of PMMA polymer. Characterization of the nano-
composites was carried out with transmission electron mi-
croscopy (TEM), and x-ray diffraction (XRD). Magnetic
measurements were carried out in a dc extraction magneto-
meter, using a Physical Properties Measurement System
(PPMS) apparatus by Quantum Design Corporation.

III. RESULTS AND DISCUSSIONS
A. Structural and magnetic properties

Figures 1(a)-1(c) show cross-sectional TEM images of
Fe/PMMA nanocomposite samples with 0.5, 1.5, and 4.0 mg
Fe nanoparticles in 100 mg PMMA polymer. In the images,
the particles are found to occur in small agglomerates and
chains separated by distances of several hundred nanometers.
The lengths of the chains themselves vary between 70 and
400 nm. With increasing concentration of the Fe particles in
the composite, the concentration of the chains appears to
increase as does the tendency to form side branches. The
particle size distribution obtained using Figs. 1(a)-1(c) is
given in Fig. 2. The distribution has a narrow width of about
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FIG. 2. Particle size distribution obtained by using 100
particles.
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FIG. 1. Cross-sectional TEM images of
0.5 mg (a), 1.5 mg (b), and 4 mg (c) samples
showing a single chain-like entity (a), clustering
of chain-like entities (b), and tendency of branch-
ing on chain-like entities (c).

2 nm. The particle size obtained from x-ray diffraction using
Scherer’s formula is about 10.8+0.5 nm. The average par-
ticle size obtained from logarithm-normal fit to Fig. 2 is
about 14.5+0.5 nm, which suggests that the shell size is
about 2 nm.

The magnetic measurements were performed with a com-
mercial Quantum Design PPMS. The hysteresis measure-
ments referred to as “field cooled” were performed after the
samples had been cooled to the lowest temperature in the
indicated field. Field-cooled (FC) magnetization measure-
ments were taken during the cool down in the field. Zero-
field-cooled (ZFC) measurements were performed in the in-
dicated field after cooling down in the zero field.

The magnetic characteristics of the particles used to form
the composites have been described in detail elsewhere.!>!4
The particles have a core and/or shell structure, are ferro-
magnetic at room temperature, and, as compressed pellets,
have a coercivity of ~500 Oe. Their coercivity increases to
~1500 Oe at 5 K and significant exchange bias effects'’ are
observed below ~65 K. These exchange bias effects that are
manifested in a shifting of the hysteresis loops in the direc-
tion opposite to that of the cooling field have been under-
stood as being due to the interaction of the ferromagnetic Fe
core with the ferrimagnetic Fe-oxide shell. The blocking
temperature 7T, defined as the temperature where the ZFC
and FC magnetization curves separate, obviously decreases
with increasing field, e.g., Ty is ~102 K at 5000 Oe and is
~55K at 2 T. Low field ac susceptibility measurements
suggest a rapid growth of the anisotropy below ~80 K.!4
This temperature (80 K) corresponds to the temperature be-
low which the exchange bias effects in these particles be-
come significant.

As discussed earlier, five different concentrations of the
nanoparticle composites were studied and compared to the
pelletized sample. The zero-field-cooled coercivity of the
samples was measured at various temperatures, in particular
at 5 K and room temperature. The variation of the coercivi-
ties for the different Fe concentrations at 300 K are shown in
Fig. 3, where we also show the value for the compressed
pellet for comparison. It is clear that the coercivity goes
through a maximum as a function of the concentration, peak-
ing at around 1.5 mg. The value of the coercivity reaches a
maximum of about 900 Oe that is almost twice the value for
the compressed pellet. It is also apparent that the values for
the highest concentrations, 4.0 mg, though still above the
value for the compressed pellet begin to decrease toward it
systematically. The temperature dependence of the coercivi-
ties of the composites and the pellet are shown in Fig. 4. It is
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FIG. 3. Coercivity at 300 K for different compositions showing
a clear peak and an approach toward the value of the pelletized
sample at highest concentrations.

clear that the nonmonotonic trend is present independent of
temperature and it is most apparent at the room temperature.
As we have reported earlier,'® larger size Fe nanoparticles
(~16 nm) show room temperature coercivities (~800 Oe)
that are comparable to the values observed in these high
concentration composites.

In addition to the coercivity, simulations have also shown
the variation of the remanent moment ratio (Mr/Ms) with
increasing particle concentration."!®!7 In general, the dipolar
interactions tend to lower the remanence by creating flux
closure loops while the exchange between the nanoparticles
tends to increase the remanence by creating larger coupled
units, typically up to a maximum. We have also determined
the variation of this parameter for the composites and the
compressed pellet. Determination of the room temperature
value of the remanence ratio for the composites is made dif-
ficult, particularly at low concentrations, due to the large
diamagnetic background at high fields. However, within the
limitations of the data, it does appear that a broad maximum
is developed in the remanence ratio with high concentration
values clearly converging toward the remanence ratio of the
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FIG. 4. Coercivity as a function of temperature for different
compositions.

PHYSICAL REVIEW B 72, 134411 (2005)

052 ————1———1F——1——T——1——1———

0.51 — T=5K ;
0.50 — .
0.49 — ;
0.48 — u

0.47 |- / i

0.46 - E .

Mr/Ms

0.45 |- 4

0.44 |- '

[eY/Tc ) M S S S S S S S
0.0 0.5 1.0 1.5 20 25 3.0 35 4.0

Fe% in PMMA

FIG. 5. Remanence ratio as a function of composition at 5 K.
Peak is evident.

compressed pellet, Mr/Ms~0.35, from a maximum of
~0.51 at intermediate concentrations. At the lowest tempera-
ture (5 K) while the variation in Mr/Ms with concentration
is relatively small, a peak is very clearly evident at the same
concentration where the coercivity shows a maximum (Fig.
5). The maximum value of 0.51 is in agreement with the
value expected for a system of particles with uniaxial aniso-
tropy, while the reduced values in the neighborhood of this
maximum are suggestive of the effects of dipolar interpar-
ticle interactions.

It is worth pointing out that in the pelletized form the
remanence ratio for these particles rises from 0.35 at room
temperature to 0.5 at ~80 K, indicating the domination of a
uniaxial anisotropy, most probably due to the interaction of
the core moments with the oxide shell. The lowered values at
room temperature suggest the degradation of uniaxial aniso-
tropy, at least partly, due to the effects of the randomizing
dipolar fields. However, we note that the temperature (80 K)
where the remanence ratio of the pellet reaches ~0.5 is close
to where the exchange bias in these particles becomes non-
zero, suggesting a correlation between the two effects. The
large coercivities (~1500 Oe) in Fe nanoparticles at low
temperatures have typically been attributed to the effects of
the surface anisotropy and to the effects of the exchange
anisotropy originating from the (Fe) core and oxide shell
interaction. The latter is also understood to be the source for
the shifting of field-cooled hysteresis loops, the so-called ex-
change bias. While we have not come across any studies on
the effects of interparticle interactions on the exchange bias,
it seems reasonable to assume that interparticle dipolar and
exchange fields that compete with the intraparticle aniso-
tropy to affect the coercivity and remanence, as discussed
above, may also affect the blocking of the moment along the
direction of the unidirectional anisotropy that characterizes
the exchange bias. Our measurements of the exchange bias in
the nanocomposites were performed by field cooling the ma-
terials in a field of 2 T from 300 K. Shifted hysteresis loops
were obtained as in the case of the compressed pellet. The
exchange bias Hpp was determined from these loops as equal
to half the difference between the coercivities in the negative
and positive direction, Hgp=(H. —H:")/2.
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FIG. 6. Magnitude of the exchange bias at 5 K in 2 T cooling
field for different compositions. Minimum is evident at the same
composition where a maximum is observed in the coercivity and
remanence.

The data for the pellet and the composites at 5 K are
shown in Fig. 6. At the lowest concentration, the exchange
bias was observed to increase considerably, by about 33%,
compared to the value for the pellet, but then goes through a
minimum at the same concentration (1.5 mg) where the co-
ercivity and remanence were observed to peak. The decrease
in the exchange bias at the minimum is quite substantial,
being about 50% of the low concentration value. At the high-
est concentrations, we again find the exchange bias values
approaching the value observed for the pellet. Thus, our data
suggest that interparticle interactions affect the coercivity
(remanence) and exchange bias in opposite ways, with the
most isolated particles showing the highest exchange bias
and subsequently as particles interact and most probably
form larger coupled units, the exchange bias is very signifi-
cantly reduced. However, for both the coercivity and the ex-
change bias, the values ultimately tend toward the high con-
centration limit defined by the pelletized sample. This
nonmonotonic trend for the exchange bias as a function of
the concentration, as in the case of the coercivity and the
remanence, again suggests that the interparticle effects have
a maximum effect in an intermediate range of compositions.

In view of the fact that both the coercivity and the rema-
nence show a pronounced trend with concentration, it is rea-
sonable to expect that this would also be reflected in the
thermal stability of the moment since the coercivity in nano-
particle systems is dependent to a large extent on the thermal
excitation of moments over anisotropy barriers. Increased co-
ercivity, in this view, should be indicative of lowered mag-
netic relaxation. We find that this is indeed the case, and the
magnetic stability of the moments undergoes a very pro-
nounced increase in the same concentration range where the
coercivity and remanence show a maximum. The magnetic
relaxation was conducted by field cooling the composite
samples in a field of 5000 Oe that was rapidly reduced to
zero after being on for approximately 600 sec. The ensuing
changes in the moment were recorded for at least
2400 seconds. As is typical for magnetic particles with a
finite size distribution and relaxation in a limited time win-
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FIG. 7. Temperature dependence of the relaxation rate S for
different composites showing a maximum typically around 80 K
(a). Relaxation rate at 60 K for different composition showing a
minimum at the same composition where the coercivity is a maxi-
mum and the exchanges bias is a minimum (b).

dow, the data were fit to a logarithm function,'®
M(t)=m,[1-SIn(1+1t/7)],

where S is the rate of relaxation. Typically the rate parameter
S is found to be inversely proportional to the magnitude of
the anisotropy energy barriers separating the easy axes of the
nanoparticle moments.

The relaxation was studied at different temperatures for
the various concentrations and the variations are shown in
Fig. 7(a), while in Fig. 7(b), we show the rate of relaxation at
60 K as a function of the concentration. The temperature
dependence of the rate for the different concentrations typi-
cally shows a peak between 80 and 100 K while the maxi-
mum value of the rate depends systematically on the concen-
tration. This latter trend is clear from Fig. 7(b), where a
pronounced minimum in the rate S is apparent for the same
concentrations where the coercivity and remanence have a
maximum. It is evident that increasing the concentration
again affects the relaxation rate in a nonmonotonic way with
the very low concentrations having a higher relaxation rate
and at intermediate concentrations, there is a very pro-
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nounced degree of thermal stability of the remnant moment.
This in turn suggests the growth with increasing concentra-
tions of the effective energy barriers preventing the random-
ization of the moments until at very high concentrations, the
relaxation rates again rise toward those of the compressed
pellet.

For very low temperatures (7<20 K), the decrease in the
relaxation rate compared to the palletized sample was very
stark and the moment undergoes virtually no relaxation for
the entire period of our measurement (2400 sec), for the con-
centrations x<<0.5 mg. There is a slight increase in the re-
laxation with increasing concentration in this low tempera-
ture range with the 3 mg sample showing a very small but
measurable relaxation at 20 K and the 4 wt. % and the pal-
letized sample showing relaxation at all temperatures. Hence,
it is apparent that at very low temperatures, the effect of
increasing concentration is a monotonic increase of the re-
laxation rate. This is in contrast to the behavior at higher
temperatures (7>50 K) discussed above, where we see a
nonmonotonic change with the concentration. The very pro-
nounced decrease in the relaxation rate, at low concentra-
tions suggests the development of a large effective aniso-
tropy barrier that inhibits the relaxation until about 30—40 K
for most concentrations. With increasing concentration the
interparticle interactions appear to diminish these effects.

B. Discussion

As discussed previously, the TEM results clearly indicate
the formation of chain-like structures of nanoparticles of
varying lengths. These chain-like structures grow more nu-
merous with increasing concentration and it is reasonable to
assume that the overlapping of these structures and their mu-
tual interactions would also grow as the distance between
them decreases. We understand that the concentration depen-
dence of the effects we have described arise from these mi-
crostructural changes. It appears from a comparison of the
coercivity, relaxation, and exchange bias data that the effects
of increasing concentration have a twofold character. First,
there is the development of a uniaxial type anisotropy most
probably associated with the chaining of nanoparticles that
tends to stabilize the remanence and increase the coercivity.
Second, there is the development of interparticle interactions
that tend to randomize the moments and degrade the rema-
nence. At the lowest temperature, as far as the exchange bias
and thermal stability are concerned, the most dilute compo-
sition (0.5 wt. %) appears to gain from both of the above
factors. The smallness of the interparticle dipolar effects and
the relative absence of the agglomeration effects enhance
both the exchange bias and the stability of the moment.
However the coercivity is low most probably due to the rela-
tive smallness of the size dependent anisotropy originating in
the chaining of the nanoparticles. At the lowest temperatures,
as the concentration is increased and the interparticle effects
increase, the exchange bias and thermal stability decrease,
while the chaining effects enhance the coercivity and rema-
nence for the same compositions. With an increase in tem-
perature (7>40 K), the growth of anisotropy due to chain-
ing appears to predominate with more concentrated
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compositions actually showing not only a larger coercivity
and remanence but also enhanced stability of the moments
compared to the lower concentrations. The decrease in the
exchange bias with concentration is consistent both with the
increase of interparticle dipolar forces and the growth of the
uniaxial anisotropy of the chain-like structures. We believe
that both these developments weaken the net effects of the
intraparticle exchange anisotropy. It is suggested that the
(shape) anisotropy induced by the chaining tends to compete
with the exchange anisotropy in blocking the moment lead-
ing to lowered exchange bias.

We now come to the curious part of the observed trends
that is the observation of a peak in most of the properties as
a function of concentration. Some researchers have indeed
observed similar behavior in experimental results. Bottoni
and co-workers!” showed that the coercivity increases with
packing fraction, peaks, and subsequently decreases for ac-
icular Fe nanoparticles. They observed that the increase was
due to the formation of chains of particles as the packing
fraction increases, which behave as a single particle having a
large shape anisotropy. Other researchers have observed in-
creases in coercivity with magnetic nanoparticle loading in
polymers'® and agglomeration in polymers,'® as well as
peaks in coercivity behavior.'020

To explain this nonmonotonic trend in our system, we
note that while some simulations have indeed reported the
observation of a peak in the coercivity and remanence,'?->?
most of the simulations, over most of the ranges of dipolar
energy, exchange energy, anisotropy, and temperature show a
monotonic decrease with increasing concentration. In the
few cases where simulations have shown a peak, it is invari-
ably for the cases where the isolated particles (¢=0) are
small enough to be superparamagnetic at the given tempera-
ture of the simulations. With increasing concentration, the
dipolar interactions initially create a residual field with
which the moments of the nanoparticles lock onto giving a
nonzero coercivity and remanence. As demonstrated by
Mgrup and Tronc,’ blocking of the superparamagnetic mo-
ments takes place when the dipolar energy becomes compa-
rable to the thermal energy. At higher concentrations, the
interactions become more long range producing flux closure
configurations which decrease the coercivity for blocked par-
ticles. However, as pointed out by Verdes and co-workers,”!
the crucial parameter for the observation of a peak effect is
the ratio of the parameter KV/kT with a peak effect being
confined to systems where this parameter is small viz. a
weakly interacting system with small anisotropy energy as
compared to the thermal energy. It is unlikely, however, that
this is the explanation for the observed peak effect in our
particles that are blocked and have very significant coercivity
even at room temperature. At even lower temperatures,
the coercivity and by implication, the anisotropy, is very
large and the small KV/kT criteria does not appear to hold
and the average particle behavior is not even close to being
superparamagnetic. It is possible that given a particle size
distribution in our samples, we may have a small number of
superparamagnetic particles that block due to interparticle
effects and lead to an increase in average coercivity. How-
ever, it appears very unlikely that the blocking of a small
number of these particles can lead to a doubling of the aver-
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age coercivity, as we observe, at room temperature. The main
difference between the experimental situation and the simu-
lations is that in a real system a systematic decrease in
particle-particle separation upon increases in packing may
not be easily realized but agglomeration and coalescence ef-
fects have to be taken into account as well. This tendency is
manifest in our work where nanoparticles form small chains
and clusters, as is evident in the micrographs in the Figs.
1(a)-1(c). As more particles are added to the composite, the
chains and clusters increase in size. Within the small clusters
or chains, dipolar interactions may be present, and the dipo-
lar interaction increases as the clusters grow. Thus, an in-
crease in dipolar strength is occurring, causing increases in
energy barrier height. For low concentrations, the clusters
may be considered as separated too much for dipolar inter-
actions between the clusters to be effective, as the interaction
decreases with 1/d3, where d is the particle separation, ex-
cept at a percolation threshold. Similar results were obtained
in a modeling study by Kechrakos and Trohidou.'?> They
found that for a purely dipolar system (zero anisotropy en-
ergy), a peak in coercivity occurs for particle packing when
“fractal”-like clusters appear with chain-like branches. The
arrangement leads to “nose to tail ordering” of their moments
and an enhanced magnetization. Further increases in concen-
tration reduce the fractal morphology until a fully periodic
system occurs. Incorporating the effects of both exchange
and dipolar forces they found®” that a peak structure in the
coercivity is again observed. We suggest that in our system
the basic mechanism is similar to this viz. the growth of the
chain-like entities formed by exchange and dipolar interac-
tions between particles and the development of anisotropy,
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most likely shape anisotropy, associated with the formation
of these magnetic entities. This anisotropy results in en-
hanced coercivity and thermal stability, etc. With increasing
concentration, however, the interactions between the chains
weaken the effects of this anisotropy, in a similar fashion to
the simulations. On the other hand, it appears that exchange
bias effects are significantly diminished due to interparticle
effects, an observation that requires more experimental and
theoretical follow up. Finally, we note that our study utilized
composites containing relatively larger nanoparticles that are
blocked at room temperature. We are extending the current
work to consider the interparticle effects in composites
formed from smaller nanoparticles that are superparamag-
netic at room temperature to determine the effects of inter-
particle interactions in this context.

To obtain more insight in real situations, our work sug-
gests the need for more complex simulations of magnetic
particle dispersions in composites where the effects of in-
creasing concentrations may include the development of di-
pole and exchange interaction mediated chaining and the
consequent growth of anisotropy.
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