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Magnetic particle dipole interaction was revealed as a crucial physical parameter to be considered
in optimizing the ac magnetically induced heating characteristics of magnetic nanoparticles. The ac
heating temperature of soft MFe2O4 共M = Mg, Ni兲 nanoparticles was remarkably increased from
17.6 to 94.7 ° C 共MgFe2O4兲 and from 13.1 to 103.1 ° C 共NiFe2O4兲 by increasing the particle dipole
interaction energy at fixed ac magnetic field of 140 Oe and frequency of 110 kHz. The increase in
“magnetic hysteresis loss” that resulted from the particle dipole interaction was the main physical
reason for the significant improvement of ac heating characteristics. © 2009 American Institute of
Physics. 关DOI: 10.1063/1.3211120兴
Hyperthermia therapy using a magnetic nanoparticle
agent, a modality of cancer treatment with an elevated temperature of 43– 45 ° C with treating time over 30 min, has
recently drawn huge attention due to its clinical promise.1,2
However, for the practical use of this modality in real clinics,
magnetic nanoparticle agents should satisfy a few of technical requirements such as a high enough ac magnetically induced heating temperature 共⌬Tac,mag兲, a high specific absorption rate 共SAR兲, an injection through blood vessels without
any clotting problems, and a high biocompatibility in living
cells.3 Among these technical limits, the sufficiently high
⌬Tac,mag and SAR at a small particle concentration are considered as the most critical challenges to achieve a reliable
tumor damage and no recurrence for the clinical hyperthermia with a good prognosis.4 Especially, considering a temperature reduction due to a blood circulation and a tissue
perfusion in an in vivo environment, the solid state magnetic
nanoparticles should produce a sufficiently high ⌬Tac,mag in
the range of 60– 80 ° C with a SAR as high as possible in the
physiologically tolerable range of the applied frequencies
and magnetic fields 关f = ⬃ 100 kHz and H = ⬃ 15 kA/ m
共H0 · f = 4.85⫻ 108 A / m s兲兴.5
It is well known that the “magnetic hysteresis loss” and
the “relaxation loss” are primarily responsible for the physical mechanism of ⌬Tac,mag of the magnetic nanoparticles.6
Particularly, since the contribution of the magnetic hysteresis
loss to the ⌬Tac,mag has been confirmed more dominant in
ferrimagnetic nanoparticles,7 research efforts to improve the
⌬Tac,mag/SAR of magnetic nanoparticles have been intensively focused on increasing the magnetic hysteresis loss,
e.g., controlling both magnetic susceptibility 共m = m
⬘ + im⬙ 兲
and magnetic moment 关M = mH = 共m
⬘ + im⬙ 兲H兴 of existing
a兲
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magnetic nanoparticles as well as developing soft magnetic
particles.8,9 From this physical viewpoint, controlling magnetic dipole interaction formed among the magnetic nanoparticles can be an approach to enhance the magnetic hysteresis
loss because the particle dipole interaction would directly
influence the variation in magnetic susceptibility and moment of magnetic nanoparticles.10 However, although this
physical phenomenon is theoretically considered to improve
the magnetic hysteresis loss and effectively control the magnetic properties of magnetic nanoparticles, there has been no
empirical demonstration on the effects of particle dipole interaction on the ac magnetically induced heating characteristics, ⌬Tac,mag/SAR, of magnetic nanoparticles so far.
In this letter, we demonstrate the effects of particle dipole interaction on the ac magnetically induced heating characteristics of soft 共Mg, Ni兲 and hard 共Co兲 MFe2O4 ferrimagnetic nanoparticles. The correlation between the physical
nature of particle dipole interaction and the ac magnetically
induced heating characteristics was interpreted in terms of
the variation in magnetic susceptibility, magnetic moment,
and magnetic hysteresis 共and minor hysteresis兲 behavior depending on the degree of particle dipole interaction. The particle dipole interaction of the MFe2O4 nanoparticles was controlled by varying the size distribution of the nanoparticles.
The spinel ferrite MFe2O4 共M = Mg, Ni, Co兲 nanoparticles with 30–33 nm mean particle sizes were prepared by
using a sol-gel method. The size distribution of the nanoparticles was systematically controlled from 22.1% to 59.3% in
standard deviation 共Sdv.兲 by using acidic solvents in the solgel process and changing the ramping rate of temperature in
the sintering process. The size and distribution of MFe2O4
nanoparticles were determined by field emission scanning
electron microscopy 共FE-SEM兲, as shown in Fig. 1. The
magnetic hysteresis 共M-H兲 loops and the ⌬Tac,mag characteristics were measured by using a vibrating sample magneto-
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FIG. 3. The schematic diagrams illustrating the magnetization of particles
induced by different particle dipole interactions. The particle size and its
distribution were approximately assumed as 共a兲 30 nm⫾ 22% and 共b兲
30 nm⫾ 59%.

FIG. 1. FE-SEM images of 共a兲 MgFe2O4, 共b兲 NiFe2O4, and 共c兲 CoFe2O4
nanoparticles with different particle size distributions.

meter and a specially designed rf-induced LC coil,
respectively.7 The applied ac magnetic field Happl and the
frequency f appl during the temperature measurement were
varied from 50 to 140 Oe and from 40 to 210 kHz, respectively. The SAR was determined from the experimentally
obtained heating temperature.
Figure 2 shows the dependence of particle size distribution of MFe2O4 nanoparticles on the ⌬Tac,mag characteristics
measured at fixed Happl = 140 Oe and f appl = 110 kHz. As can
be clearly seen in Fig. 2, the maximum ⌬Tac,mag of soft
MFe2O4 nanoparticles were remarkably increased from 17.6
to 94.7 ° C 共Sdv.: from 23.8% to 53.1%兲 for MgFe2O4 and
from 13.1 to 103.1 ° C 共Sdv.: from 22.1% to 59.3%兲 for
NiFe2O4, respectively. However, the hard CoFe2O4 nanoparticles had no dependence of particle size distribution on the
⌬Tac,mag. The physical reason for the significant increase in
⌬Tac,mag with increasing particle size distribution can be elucidated by considering the physical correlation between the
magnetic properties and the magnetic particle dipole interaction. Figure 3 shows a schematic diagram of our model for
the particle dipole interaction. The particle dipole interaction
energy Eint can be expressed by11
Eint =

m 1m 2
关cos共1 − 2兲 − 3 cos 1 cos 2兴,
r3

共1兲

where r is a distance between centers of the neighboring
nanoparticles with magnetic moments m1 and m2, and 1 and

FIG. 2. Dependence of the particle size distribution on the ac magnetically
induced heating characteristics of MgFe2O4, NiFe2O4, and CoFe2O4 nanoparticles measured at fixed H = 140 Oe and f = 110 kHz.

2 are angles between the magnetization directions and a
vector joining them. Assuming that the adjacent magnetizations of nanoparticles are in parallel or the magnetization
angle difference is negligibly small under the ac magnetic
field 共or magnetic reversal more coherently兲, Eq. 共1兲 can be
simplified by
Eint =

m 1m 2
关1 – 3 cos2 兴.
r3

共2兲

In the case of narrow size distribution 关Fig. 3共a兲兴, the
large particle gaps created among the neighboring nanoparticles cause the distance r between the adjacent nanoparticles
to increase, leading to a relatively weak particle dipole interaction resulting in a small Eint and correspondingly a small
exchange coupling energy Jex among the nanoparticles.9
This induces a relatively less coherent magnetization reversal
as well a relatively longer spin relaxation under the ac applied field. However, in the case of wide size distribution
关Fig. 3共b兲兴, the particle gaps would be possibly filled with
small size nanoparticles 共negative Sdv.兲 that can be interparticle bridged to increase both Eint and Jex among the
nanoparticles.10 This leads to induce a relatively more coherent magnetization reversal as well a relatively shorter spin
relaxation under the ac applied field. Moreover, the additionally increased Jex attributed to the enhanced Eint allows to
increase the total magnetic moment, mtot = m1 + m2 + ⌬m1m2,
as well the magnetic susceptibility. Consequently, a larger
magnetic hysteresis loss and an improved relaxation loss,
especially “Néel relaxation loss” would be expected to result
in enhancing the ac magnetically induced heating characteristics. This physical assumption was confirmed by analyzing
the magnetic behavior of MFe2O4 共M = Mg, Ni, Co兲 nanoparticles, as shown in Fig. 4. By increasing the particle dipole
interaction 共particle size distribution兲, the saturation magnetization of MFe2O4 nanoparticles was prominently increased
关Figs. 4共a兲, 4共c兲, and 4共e兲兴 and the initial magnetic susceptibility was correspondingly increased 关upper insets in Figs.
4共a兲, 4共c兲, and 4共e兲兴. In addition, the gentle slope of M-H
loops 共⌬M / ⌬H兲 and the increased magnetic coercivity
关lower insets in Figs. 4共a兲, 4共c兲, and 4共e兲兴 obviously obtained
from the nanoparticles with narrow size distribution indicate
that the particle dipole interaction is directly relevant to the
magnetic properties of MFe2O4 nanoparticles. This physical
phenomenon was found more obvious for the soft 共Mg, Ni兲
MFe2O4 nanoparticles than for the hard 共Co兲 magnetic nanoparticles because the CoFe2O4 nanoparticles have a higher
magnetic anisotropy. Figures 4共b兲, 4共d兲, and 4共f兲 show the
minor M-H loops measured at the applied magnetic field of
⫾140 Oe. As can be clearly confirmed, the “minor hysteresis
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FIG. 4. M-H loops, initial M-H curves, and minor hysteresis loops of
MFe2O4 nanoparticles with different particle size distributions: 关共a兲 and 共b兲兴
MgFe2O4, 关共c兲 and 共d兲兴 NiFe2O4, and 关共e兲 and 共f兲兴 CoFe2O4.

area 共loss兲” was proportionally increased by increasing the
particle size distribution 共or particle dipole interaction兲. This
directly demonstrates that the increased particle dipole interaction induces a larger magnetic hysteresis loss, which is the
main physical reason for the remarkably increased ⌬Tac,mag.
The effects of particle dipole interaction on the ac magnetically induced heating characteristics were also analyzed by
evaluating the variation in SAR depending on the particle
size distribution, as shown in Fig. 5. The SAR was determined from the measured heating temperature using12
SAR =

⌺iCi ⫻ mi ⌬T
共W/g兲,
m MFe2O4 ⌬t

共3兲

where Ci is the volumetric heat capacity, mi is the mass of
each component in the system, m MFe2O4 is the mass of the
each ferrimagnetic nanoparticle 共60 mg兲, and ⌬T and ⌬t are
the 63% change in temperature at Tmax and the corresponding

FIG. 5. SAR of MFe2O4 nanoparticles with different size distributions determined at the different ac magnetic fields.

change in time, respectively. It was found that the SAR of
soft 共Mg, Ni兲 MFe2O4 nanoparticles was squarely proportional to the applied ac magnetic field. Particularly, the SAR
had a strong dependence on the particle size distribution,
indicating that the increase in ⌬Tac,mag controlled by the particle dipole interaction is directly responsible for the significant increase in SAR. The SAR was increased up to a 327.2
W/g 共Sdv.: 53.1%兲 for MgFe2O4 nanoparticles and a 169.4
W/g 共Sdv.: 59.3%兲 for NiFe2O4 nanoparticles, respectively.
The hard CoFe2O4 nanoparticle showed an extremely low
SAR due to its high magnetic anisotropy. However, as interestingly noted in Fig. 5, despite the highest ⌬Tac,mag,
NiFe2O4 nanoparticles 共Sdv.: 59.3%兲 had a much lower SAR
than that of MgFe2O4 nanoparticles 共Sdv.: 53.1%兲. This can
be taken into account by considering the “thermal conductivity, th,” which is directly proportional to the electrical
conductivity.13 The NiFe2O4 nanoparticles have a higher
electrical conductivity 共⬃10−5 S / cm兲 than that of MgFe2O4
共⬃10−7 S / cm兲 nanoparticles.14 The higher thermal conductivity gives rise to a faster heat dissipation 共or larger heat
loss兲 during the ac magnetically induced heating, thus a
longer time 共⌬t兲 is required to reach 63% of Tmax. The gentle
slope 共⌬T / ⌬t兲 of NiFe2O4 nanoparticles shown in Fig. 2 is
agreed well with the lower SAR of NiFe2O4 nanoparticles.
In conclusion, the ⌬Tac,mag/SAR of soft MFe2O4 共Mg,
Ni兲 nanoparticles was remarkably increased by controlling
the particle dipole interaction. According to the magnetic
analysis results, the huge enhancement of ⌬Tac,mag/SAR was
found to be primarily due to the increase in magnetic hysteresis loss and relaxation loss resulted from the increase in
magnetic moment and susceptibility induced by the particle
dipole interaction energy. All the experimental results in this
work clearly demonstrate that the particle dipole interaction
formed among the nanoparticles should be considered as one
of the most crucial physical parameters in optimizing the
magnetic and ac magnetically induced heating characteristics
of nanoparticles for a hyperthermia agent application.
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