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We have investigated the ac magnetic susceptibility and magnetic heating of aqueous suspensions of
v-Fe,O5 nanoparticles embedded in alginate hydrogel matrix and isolated y-Fe,O; and Fe;0,
nanoparticles coated with tetramethyl ammonium hydroxide. All three ferrofluids were
characterized by measuring the dc magnetization, ac susceptibility, and magnetic heating. We found
that significant Néel relaxation is present in all samples, but only the isolated nanoparticle
ferrofluids show any significant feature associated with Brownian relaxation near the freezing
temperature of the carrier liquid. The heating rate of the ferrofluids varies systematically with the
magnitude of the Brownian relaxation peak, despite similar values of the absolute magnetization.
These results highlight the importance of the Brownian relaxation for heating applications
incorporating magnetic nanoparticles. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2784080]

INTRODUCTION

Colloidal suspensions of nanometer size magnetic par-
ticles in a carrier liquid, called a ferrofluid, have been pro-
posed for a range of biomedical applications, which are sum-
marized in Refs. 1 and 2, and references therein. Some of
these applications include magnetic separation,B’4 targeted
drug delivery,s’6 and contrast enhancement of magnetic reso-
nance imaging.7’9 The response of magnetic nanoparticles to
a time varying magnetic field has led to the suggestion that
ferrofluids could be used for hyperthermia, a treatment de-
livering a toxic amount of thermal energy to neoplastic cells
in the body.10 Hyperthermia has been shown to be a poten-
tially effective therapeutic modality in cancer treatment as it
intensifies the efficacy of radiation and chemotherapy.” Most
biomedical applications require a large magnetic moment per
formula unit, making iron oxides such as Fe;O, (bulk satu-
ration magnetic moment of M, =75 emu/g at room tempera-
tures) and y-Fe,O; (M,=82 emu/g) attractive choices for
these uses.

The two mechanisms most responsible for magnetic re-
laxation in nanoparticles, and subsequently most of the heat
dissipated by nanoparticles in ferrofluids, are the physical
rotation of the individual particles in the fluid (Brownian
relaxation) and the collective rotation of the atomic magnetic
moments within each particle (Néel relaxation).ls’14 For Néel
relaxation, the energy barrier for magnetization reorientation
is determined by the magnetocrystalline anisotropy, while for
Brownian relaxation, it is determined by viscosity and par-
ticle size."”> Both of these relaxation mechanisms are single
particle effects; interparticle interactions can affect magnetic
dynamics in highly concentrated samples.16 The principles
underlining the heating of magnetic nanoparticles in a ferrof-
luid, reviewed by Rosensweig,13 are based on the Debye
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model. For small field amplitudes (H), the power (P) dissi-
pated by the changing magnetization in a ferrofluid in an ac
field (frequency f) is given by

P = pomfx'H?, (1)

where x” is the frequency dependent out-of-phase suscepti-
bility. Typical values of the magnetic field used for hyper-
thermia applications are between 1 and 15 kA/m, at frequen-
cies from 50 to 500 kHz.""'® Equation (1) predicts a linear
relation between the dissipated power and the out-of-phase
susceptibility of the ferrofluid.

The hydrodynamic properties of ferrofluids have been
extensively studied."”? However, most of the experimental
studies on the role of Brownian and Néel mechanisms for
determining the power dissipated as magnetic heating in fer-
rofluids have relied on immobilizing nanoparticle rotation
(suppressing Brownian relaxation) by adding epoxy or simi-
lar material to irreversibly solidify the sample.23 24 Because it
is impossible to verify that the solidification does not affect
the distribution of nanoparticles, it is preferable to suppress
the Brownian relaxation reversibly. In order to accomplish
this goal, we have investigated the temperature dependence
of the magnetic properties of ferrofluids to probe the effect of
Brownian relaxation. While the magnetic heating measure-
ments are always done in the liquid phase, where both
Brownian and Néel relaxations may be relevant, we can
study the relative importance of these two mechanisms by
investigating the magnetic response at the crossover between
the low temperature solid (no Brownian relaxation) and the
high temperature liquid (Brownian relaxation possible)
phases.

SAMPLE PREPARATION

Alginate hydrogels are polysaccharides composed of
a-L-guluronic acid and mannuronic acid residues arranged in
homopolymorphic and alternating blocks. We prepared

© 2007 American Institute of Physics
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FIG. 1. TEM images of (a) y-Fe,O; nanoparticles embedded in a larger
alginate nanoparticle (AGFO), (b) y-Fe,O; nanoparticles with a TMAH
surfactant (TGFO), and (c) Fe;O, nanoparticles with a TMAH surfactant
(TFO). The inset of panel (a) shows a FFT of the AGFO sample, while the
inset of panel (c) shows a high-resolution image of a single Fe;O, nanopar-
ticle with the crystal planes labeled. Note that the scale bars are different for
all three panels.

v-Fe,05 nanoparticles in alginate hydrogel (sample AGFO)
using the method outlined in Ref. 25. This method produces
small y-Fe,0; magnetic crystallites embedded inside a larger
alginate nanoparticles, as can be seen in the transmission
electron microscope (TEM) image in Fig. 1(a) (discussed in
the next section). The average hydrodynamic diameter of the
alginate nanoparticle was determined to be approximately
50 nm using dynamic light scattering (DLS), confirmed by
fluorescence correlation spectroscopy. The Fe;O, ferrofluid
(sample TFO) sample was prepared by coprecipitation, with
4 ml of 1M FeCl; aqueous solution mixed in a beaker with
1 ml of 2M solution of FeCl, aqueous solution. We then
added 50 ml of 1M ammonium hydroxide solution. The
black precipitate of magnetite was rinsed several times with
de-ionized water before 1 ml of 25% tetramethyl ammonium
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hydroxide (TMAH) was added to the solution to prevent
agglomeration of the magnetic nanoparticles. A third
v-Fe, 05 ferrofluid (sample TGFO) sample was prepared by
oxidizing Fe;O, obtained above by using 5% H,O, solution
and heating to 60 °C. TMAH is added to stabilize these par-
ticles in the solution. We have focused on understanding very
dilute ferrofluids for two reasons. First, investigating dilute
solutions will allow us to neglect the role of interactions,
both magnetic and steric. Second, dilute samples may be a
more appropriate model for many biomedical applications.
However, because we are measuring dilute samples, the heat-
ing rates are significantly smaller than what has been ob-
served in hyperthermia measurements on more concentrated
samples.z“’26

RESULTS AND DISCUSSION

All three samples were characterized by x-ray diffraction
(XRD) and TEM. The XRD spectra (not shown) showed that
the samples were crystalline and had the expected crystal
structures. We determined the size distribution for each
sample by measuring the diameters of many nanoparticles
from the TEM images shown in Fig. 1 and fitting the result-
ing histogram with a Gaussian distribution. The average di-
ameter of the y-Fe,O5; nanoparticles embedded in alginate
(AGFO) was determined to be 6 nm and the average diam-
eters for the TMAH coated y-Fe,O; and Fe;O,4 ferrofluid
samples were determined to be 8 and 6 nm, respectively. All
three nanoparticle samples were relatively polydisperse, with
a standard deviation in the diameter of approximately 2 nm
for all samples. While one expects a slight increase in nano-
particle size when converting Fe;O, to y-Fe,03, we attribute
this volume change mainly to some particle growth by ac-
cretion due to the elevated temperature during oxidation.

Figure 1(a) shows the 7y-Fe,O; nanoparticles (small
darker spots) clustered inside the much larger alginate nano-
particle (lighter spot). The inset plots a fast Fourier transform
(FFT) of this image, which shows mainly the diffuse scatter-
ing from the alginate nanoparticle. The images are consistent
with several magnetic nanoparticles being embedded in the
same alginate nanoparticle, and the size of the lighter spot
representing the alginate nanoparticle is consistent with the
DLS measurements. Conversely, the TEM images of the
TGFO and TFO samples [Figs. 1(b) and 1(c), respectively]
show considerably more isolated nanoparticles, with no evi-
dence for structural connections between individual nanopar-
ticles. The inset of Fig. 1(c) shows a high-resolution TEM
image of a single Fe;O, nanoparticle, in which the atomic
planes are clearly visible, emphasizing the crystalline struc-
ture of these nanoparticles.

We measured the dc magnetization of the ferrofluid
samples between 2 and 330 K using a Quantum Design mag-
netic property measurement system (MPMS) superconduct-
ing quantum interference device (SQUID) magnetometer.
Because the measurements are done in vacuum, we sealed
the liquid samples inside Stycast 1266 epoxy cylinders. We
measured the ac susceptibility of these samples between 2
and 330 K at frequencies between 0.02 and 10 kHz using the
AC susceptibility and DC magnetization (ACMS) option on
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FIG. 2. The magnetization vs temperature for both zero field cooled (filled
symbols) and field cooled (open symbols) magnetizations measured with a
dc field of 100 Oe is shown in (a) for AGFO (y-Fe,0; in alginate matrix),
(b) for TGFO (y-Fe,05 coated with TMAH), and (c) for TFO (Fe;0,4 coated
with TMAH).

a Quantum Design physical property measurement system
(PPMS). For the hyperthermia measurements, 5 ml of each
sample was placed in a plastic vial and held inside a 2 cm
long solenoid with a total of 27 turns. An ac field with
strength of 250 Oe was produced by using a Hefler amplifier
operating at 125 kHz. The samples were thermally isolated
from the solenoid using a high density Styrofoam cladding.
The temperature change of the sample due to resistive heat-
ing in the coil was negligible, which we verified using de-
ionized water as a control.

The magnetization versus temperature for the AGFO
sample for both zero field cooled (ZFC) and FC magnetiza-
tions is shown in Fig. 2(a). For all panels in Fig. 2, data
collected under ZFC conditions are represented by solid
symbols, while data collected under field cooling are repre-
sented with open symbols. The blocking temperature T for
AGFO sample is approximately 85 K. Similar peaks in the
ZFC curve [Figs. 2(b) and 2(c)] are observed for the Fe;O,
ferrofluid (TFO) and vy-Fe,0; (TGFO) samples, where the
blocking temperatures are 125 and 118 K, respectively. We
also note that there is a large magnetic anomaly associated
with the freezing of the carrier fluid for the TFO and TGFO
samples at approximately 270 K, but no such freezing signa-
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FIG. 3. The temperature dependence of the real susceptibility (x') at fre-
quencies of 100 Hz (open symbols), 1 kHz (half-filled symbols), and
10 kHz (closed symbols) for (a) AGFO (y-Fe,O; in alginate), (b) TGFO
(y-Fe,05 coated with TMAH), and (c) TFO (Fe;0, coated with TMAH).

ture is present in the AGFO sample. We will discuss this
feature in more detail in the following. We can estimate the
magnetocrystalline anisotropy from the blocking temperature
using the relation KV=25kgTy, appropriate for dc magnetic
measurements.”’ Using this expression, we find that for the
AGFO sample K=3 X 10° ergs/cc, for the TFO sample K
=3X10%ergs/cc, and for the TGFO sample K=1
X 10° ergs/cc. All the K values are significantly greater than
the values for the bulk y-Fe,O5 (K=4.7 X 10* ergs/cc) and
Fe;0, (K=6.4%10* ergs/cc).28 Our K values are close to
the 1.35X10° ergs/cc for Fe;O, suspended in water ob-
tained by Ma et al® and (1.02-1.4) X 10° ergs/cc for
maghemite particles hosted in silica aerogel pores by Fernan-
dez et al.™*

We have investigated the magnetic dynamics of the three
ferrofluids to further study the energy dissipation mecha-
nisms present in the samples. Figure 3 shows the temperature
dependence of the real (x’) susceptibility for frequencies be-
tween 100 Hz and 10 kHz. For the AGFO sample [Fig. 3(a)],
x' shows a broad maximum around 125 K, which can be
associated with superparamagnetic blocking. The other two
samples, TGFO and TFO in Figs. 3(b) and 3(c), respectively,
rather show an ac susceptibility that increases monotonically
with temperature until almost 300 K, consistent with the
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FIG. 4. The temperature dependence of the imaginary part (x”) of suscep-
tibility for frequencies of 100 Hz (open symbols), 1 kHz (half-filled sym-
bols), and 10 kHz (closed symbols) for (a) AGFO (the y-Fe, 05 in alginate),
(b) TGFO (y-Fe,05 coated with TMAH), and (c) TFO (Fe;0, coated with
TMAH).

larger blocking temperature of these samples. Additionally,
both TMAH samples show a sharp anomaly at the freezing
temperature of the carrier fluid, which we associate with the
onset of Brownian relaxation as the suspension melts.

The relaxational dynamics of the samples can be seen
more easily by looking at the ac magnetic dissipation. Figure
4 plots the imaginary part, x"(7), of the susceptibility for the
three ferrofluids between 100 Hz and 10 kHz. The AGFO
sample [Fig. 4(a)] shows two distinct peaks. The larger peak
(labeled A), occurring at approximately 100 K, shifts to a
higher temperature with increasing frequency. Because the
carrier fluid is frozen at low temperatures, the nanoparticles
are fixed at 100 K, so peak A must correspond to Néel relax-
ation of the magnetic moment. This observed frequency de-
pendence is consistent with thermally activated Néel relax-
ation. There is a second, almost unnoticeable peak (labeled
B), which has no discernable frequency dependence. We as-
sociate peak B with the onset of Brownian relaxation in the
ferrofluid at the melting temperature of the carrier liquid,
although the small size of this anomaly suggests that the
Brownian relaxation is negligible in the AGFO sample. We
argue that the Brownian relaxation is never significant in the
alginate samples because several magnetic iron oxide nano-
particles are embedded in the much larger alginate particles
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FIG. 5. The temperature vs time plots for the AGFO (y-Fe,O; in alginate),
TGFO (y-Fe,05 coated with TMAH), and TFO (Fe;O, coated with TMAH)
samples heated by a 250 Oe ac magnetic field at 125 kHz. The heating curve
for a pure water (DIUF) sample is also included as a reference. The solid
lines drawn through data are intended as guides to the eye.

(~50 nm). Because of this configuration, single nanoparticle
rotation is strongly suppressed, so Brownian motion does not
play a significant role in magnetic relaxation for this sample.

For TGFO and TFO samples the out-of-phase compo-
nent shows two distinct peaks at 170 and 267 K [Figs. 4(b)
and 4(c)]. Peak A at approximately 170 K corresponds to
Néel relaxation, and peak B at ~270 K arises from Brown-
ian relaxation associated with the melting of the carrier lig-
uid. In the frozen state, the solid carrier solution completely
suppresses any Brownian motion of the nanoparticles. How-
ever, close to the melting transition, the effective viscosity of
the carrier liquid is very large:,31 leading to a peak in mag-
netic dissipation due to Brownian relaxation. The TFO
sample shows a third anomaly, denoted as peak C. This peak
has some small frequency dependence, and we tentatively
attributed this feature to relaxation processes involving the
surface spins. Contributions from surface spins are thought
to be responsible for the reduced magnetization in small
nanoparticles,ﬁf34 and are believed to undergo a spin-glass
transition well below the nanoparticle blocking
temperature.3 >

In order to determine the magnetic power loss in these
ferrofluids, we performed heating experiments in ac mag-
netic fields on all three samples. Figure 5 shows the tempera-
ture versus time for the samples in the presence of ac mag-
netic field with amplitude of 250 Oe at a frequency of
125 kHz. The heating curve for a pure water [de-ionized ul-
trafiltered (DIUF)] sample is also included as a control. The
solid line through each set of data is intended as a guide to
the eye. We find that there is only negligible heating in the
(nonmagnetic) water, suggesting that the increase in tem-
perature in the ferrofluid samples is driven almost entirely by
magnetic relaxation effects. The slope (AT/Ar) is smallest
for the y-Fe,Oj5 in alginate samples, higher for the y-Fe,05
in TMAH samples, and highest for the Fe;O, in TMAH fer-
rofluid. This slope is related to the power dissipated due to
magnetic relaxation, assuming that the specific heat is ap-
proximately the same for all ferrofluid samples, which is
reasonable given the very dilute nature of the samples. It
should be noted that the volume susceptibilities for all three
samples are similar, so the differences in heating rate cannot
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be attributed to much higher concentrations of magnetic ma-
terial in one particular sample. In fact, the sample with the
smallest heating (AGFO) has the largest magnetization. In
separate studies, we have found that the heating rate in fer-
rofluids can be increased substantially by raising the concen-
tration of magnetic nanoparticles, as predicted by Eq. (1).%°

We can qualitatively understand the differences in heat-
ing by examining the mechanisms for energy dissipation at
the freezing temperature for the three samples. The AGFO
sample shows only a negligible peak in ”(7) at the freezing
temperature. This suggests that there is never any significant
Brownian relaxation present in this system. This is consistent
with the observation that multiple small y-Fe,O; nanopar-
ticles are randomly embedded in a single larger alginate
nanoparticle. Conversely, TMAH surfacted Fe;O, nanopar-
ticles (TFO) and y-Fe,05 nanoparticles (TGFO) show much
larger anomalies in x” at freezing, consistent with more sig-
nificant Brownian relaxation. The AGFO sample, with no
significant Brownian relaxation, shows only small heating.
The TGFO sample, with moderate Brownian relaxation,
shows intermediate heating, while the TFO sample, with the
largest Brownian relaxation (determined by the magnitude of
the peak in x” at freezing) shows the largest heating. Our
investigations support the suggestion that the Brownian re-
laxation is the dominant mechanism for heat production in
magnetic nanoparticle suspensions, even for particles smaller
than 10 nm, contrary to some suggestions.S’7

In summary, we have studied the dc magnetization, ac
susceptibility, and hyperthermia characteristics of y-Fe,O5
nanoparticles (average size of ~6 nm) embedded in alginate
hydrogel matrix and Fe;O, nanoparticles (average size of
~6 nm) and y-Fe,05 nanoparticles (average size of ~8 nm)
coated with tetramethyl ammonium hydroxide. All ferroflu-
ids show a clear Néel relaxation, but by studying the mag-
netic dissipation near the freezing temperature, we find that
the Brownian relaxation is only significant for the isolated
nanoparticle samples, TFO and TGFO, while the nanopar-
ticles in alginate, AGFO, show a minimal Brownian relax-
ation. This suggests that the Brownian relaxation is likely the
dominant source for energy dissipation for isolated nanopar-
ticle.
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