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Abstract

For nominal 3 and 9 nm FePt nanoparticles coated with oleylamine/oleic acid and having a
face-centred-cubic (fcc) structure, temperature variations (5-300 K) of magnetization M, ac
susceptibility x" and x” for the frequency range f;;, = 0.1-1000 Hz and electron magnetic
resonance (EMR) spectra at 9.28 GHz are reported. X-ray diffraction of the samples shows fcc
structure with a lattice constant @ = 3.84 A and TEM characterization yields log-normal
distributions of the particle sizes with average D = 3.15(0.16) nm and D = 8.70(0.12) nm for
the 3 nm and 9 nm samples, respectively. M versus T data for the zero-field-cooled and
field-cooled modes yield a blocking temperature 75 = 15 K (85 K) for the 3 nm (9 nm)
samples whereas the hysteresis loops at 5 K yield a coercivity H, = 0 Oe (1.4kOe). Analysis
of the data of Ty at different fp,, determined from the peaks in x” in ac susceptibility and the
temperature variation of the EMR spectra are used to determine the following parameters of
the Vogel-Fulcher relaxation for the 3 nm (9 nm) samples respectively: the attempt frequency
fo=8x 10'°Hz (2 x 102 Hz); inter-particle interaction temperature 7, = 3 K (33 K) and
anisotropy K, = 1.96 x 10° ergscm™> (4.3 x 10° ergs cm™>). The use of the above parameters
for the calculations of the optimum size for magnetic hyperthermia is analysed and discussed.

1. Introduction

The pioneering work of Sun et al [1,2] on the synthesis
of FePt nanoparticles (NPs) and the associated discovery of
their hard magnetism for potential applications in ultra high-
density memory devices has led to many follow-up studies
on the Fe,Ptjgo_, system [2-5]. It is now known that the
structure and magnetic properties of Fe,Ptgo—, NP depend
on x as well as on the annealing temperature 7;. The
as-prepared samples are usually in the face-centred-cubic (fcc)
phase but annealing the sample above 500 °C leads to the fct
(L1,) phase transformation for compositions from x = 40
to 70 [4]. Whereas the low-temperature fcc phase has a
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negligible anisotropy, the fct/L1, phase is a highly anisotropic
ferromagnet. The original paper by Sun ef al [1] showed a
maximum H, =~ 4kOe for an Fes)Ptsy sample annealed at
T, = 580 °C. The sample annealed at 580 °C had the crystallite
size D ~ 4nm with higher 7 usually leading to larger D
and larger blocking temperature 7. For the FessPtys sample
annealed at T, = 1000 °C, Tg = 530K and H. = 11 kOe have
been reported [5]. Even H, =~ 30kOe has been reported in a
specially prepared sample of the fct phase [6].

Recently, the low-temperature fcc phase of FePt has also
received attention in connection with its possible use as a room
temperature superparamagnet (SP) for biomedical applications
[7-15]. Since the sizes of the magnetic nanoparticles (MNPs)
are quite compatible with cells, proteins and genes and they

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Transmission electron micrographs (TEM) of samples S1 (a) and S2 (b) with bar lengths = 20 nm. The corresponding histograms
of the size distribution are shown in (¢) and (d), respectively, for S1 and S2 with the solid curve showing fits to log-normal distributions.

can be easily manipulated with external magnetic fields,
biomedical applications under active consideration include
targeted drug delivery, MRI contrast agents, tumour therapy
by magnetic hyperthermia and biosensors [7-15]. In [13], a
comparative theoretical assessment of magnetic hyperthermia
produced by MNPs of magnetite, maghemite, FeCo, L1, FePt
and fcc FePt was presented and it was concluded that among
these NPs, fcc FePt NPs have a ‘superior ability in magnetic
hyperthermia’.

A crucial factor in magnetic hyperthermia is the power P
absorbed (dissipated) by NPs of volume V via an orientational
relaxation of the magnetic moment in an ac magnetic field of
amplitude H; and angular frequency w = 2x f which is given
by [11-13]

_ M2H?V  o?7? W

2kTt

In equation (1), the dependence of P, and hence the heating
produced, on the saturation magnetization Mg and H; is
straightforward. However, its dependence on the remaining
factors of equation (1) is a bit more complicated through the
Neel relaxation time T = 7, exp(K,V/kT) of the magnetic
moment against the energy barrier K,V, where K, is the
anisotropy constant, f, = 1/1, is the attempt frequency and
k is the Boltzmann constant. In the theoretical analysis of [13]
for all the five NPs listed above, f, = 10° Hz, H, = 500 Oe,
f = 300kHz and essentially bulk values of M, independent
of volume of V (or size D) of the NPs were used. However,

1 +w?t?’

several studies have shown that both K, and M, are often
size-dependent and f, is often above 10° Hz [16-20]. Also
the choice of frequency f for maximum P is dictated by the
equality wt = 2w ft = 1 where the out-of-phase component
x" of the ac susceptibility and hence P are maximum leading
to a maximum power dissipated (equation (1)). Using the
parameters listed above and K, = 2.06 x 10°ergscm™>
suitable for 4 nm fcc FePt NPs, the theoretical estimate of [13]
determined 9 nm to be the optimum size of fcc FePt NPs for
magnetic hyperthermia applications.

From the above considerations, it is evident that
magnitudes of M, K, and f, for different particle sizes
should be known for a system for proper choice of the
ac frequency f and particle volume V, the latter being
important for possible toxicity considerations. In addition,
the Neel relaxation is strictly valid only in the absence of
inter-particle interactions (IPIs), usually dominated by dipole—
dipole interactions. Motivated by these considerations, we
report here the first detailed study of the relevant magnetic
and relaxation parameters of fcc FePt NPs of nominal sizes
D =~ 3nm (sample S1) and 9 nm (sample S2) by employing
the temperature dependence of the ac susceptibilities x’ and
x” at several frequencies between 0.1 and 1000 Hz, electron
magnetic resonance (EMR) spectroscopy at 9.28 GHz and
magnetization M versus H and M versus 7 measurements.
These results detailed in the following pages show that the
magnitudes of M, K, and f, are significantly different
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for S1 and S2 and some size-dependent IPIs are present
in both samples even though the samples are coated with
surfactants. These results are applied to the problem of
magnetic hyperthermia. Details of these results and their
discussion are presented below.

2. Sample preparation

Various procedures used for the synthesis of the Fe,Ptigo—y
samples have been described in the literature [1-6,21,22]. As
in many other studies, we used Pt-acetylacetonate (ACROS,
97%) and Fe-pentacarbonyl (Aldrich, 99.99%) as sources
for Pt and Fe, respectively, without further purification.
Other reagents used were 1,2-hexadecanediol (Aldrich, 90%),
dioctylether (ACROS, 90%), benzyl ether (ACROS), oleyl
amine (Aldirch, 70%) and oleic acid (Aldrich 90%).

For preparing sample S1 of nominal 3 nm size with x =
48, Pt-acetylacetonate (2.4 x 10~* mole), 1,2-hexadecandiol
(7.5 x 10~* mole) and dioctyl ether (10 ml) were mixed and
heated to 100°C in nitrogen for 10 min. Fe-pentacarbonyl
(4.8 x 10~* mole), oleyl amine (2.5 x 10~* mole) and oleic
acid (2.5 x 10~* mole) were injected. The reaction mixture
was heated to reflux at 297 °C. After 30 min, the heating source
was removed and the product was cooled to room temperature.
The product was precipitated by adding ethanol and separated
by centrifugation. The black product was stored in hexane or
toluene.

The key to preparing the larger 9nm FePt NPs is to
increase the surfactant to Pt precursor ratio to at least 8 : 1 and
reduce the heating rate to the interim temperature (225 °C)
to about 5°Cmin~! [21]. In our synthesis of the 9nm
nominal size NPs (labelled here as sample S2) with x = 48,
Pt-acetylacetonate (2.4 x 10~#mole) and benzyl ether were
mixed and heated to 100 °C in nitrogen. Iron pentacarbonyl
(4.8 x 10~* mole), oleyl amine (1 x 10~ mole) and oleic acid
(1 x 1072 mole) were added. The reaction mixture was heated
t0 225 °C at a heating rate of 5°C min~!. After 1 h, the reaction
temperature was raised to 295-300 °C and maintained there for
2 h. The heating mantle was then removed and the product was
cooled to room temperature. The product was precipitated by
adding ethanol and separated by centrifugation. The black
product was stored in hexane or toluene.

3. Experimental results

3.1. Structural characterization

Transmission electron microscopy (TEM) images of the
as-synthesized NPs are shown in figure 1(a) for the nominal
3nm NPs and in figure 1(b) for the nominal 9 nm NPs. The
corresponding histograms of the particle size distributions and
their fits to log-normal distribution are shown in figures 1(c)
and (d) with the average sizes of 3.15nm and 8.70nm,
respectively. The room temperature x-ray diffractograms of
the two samples using Cu K, radiation (A = 1.541 85 A) show
the (11 1) and (2 0 0) peaks of the fcc structure with the lattice
constant a = 3.84 (0.02) A, with no hint of additional (00 1)
and (1 10) lines characteristic of the fct phase (figure 2). The
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Figure 2. Room temperature x-ray diffraction plots of samples S1

(3nm) and S2 (9 nm). The miller indices of the two observed Bragg
lines for the fcc FePt structure are shown.
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Figure 3. Temperature dependence of the magnetic susceptibility x
under the FC and ZFC modes for samples S1 and S2. The peak
position for x (ZFC) is identified as the average blocking
temperature 7Tg.

sizes determined from the width of the two peaks for S1 and
S2 are consistent with the TEM data of figure 1.

3.2. Magnetization

Measurements of magnetization (M) versus temperature and
magnetic field (H) were carried out with a commercial
superconducting quantum interference device (SQUID)
magnetometer. The variation of the magnetic susceptibility
x (= M/H) with temperature is shown in figure 3. For the
zero-field-cooled (ZFC) case, the sample is cooled to SK in
zero field and a magnetic field is then applied and data are taken
with increasing T after stabilizing the temperature at each T'.
After reaching 350 K, the data are then taken using the same H
with decreasing temperature for the field-cooled (FC) case. For
sample S1, the data for ZFC peak near 75 = 15 K below which
the data for FC and ZFC also bifurcate. For sample S2 (9 nm),
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Figure 4. Magnetic hysteresis loops for sample S1 at 5 K with the
lower inset showing the details for the low-field region at 5 K. The
upper left inset shows M versus H data at 300 K.
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Figure 5. Similar to figure 4 except for sample S2.

T =~ 85 Kisobserved. The blocking temperature is associated
with the blocking of the thermal switching of the magnetic
moments of the majority of the NPs. The fact that the x (FC)
becomes temperature-independent for 7 « Ty suggests that
IPI is not negligible even though the particles are coated with
surfactants. Additional proof for this is given later from the
analysis of the ac susceptibility data.

The magnetic hysteresis loop at 5 K for sample S1 is shown
in figure 4 and for sample S2 in figure 5. In the inset of the
figures, the hysteresis loops for the low-field region at 5 and
at 300K are shown. It is evident that for S1, coercivity H,
at 5K (T < Tg) is essentially zero within our experimental
uncertainties of 10 Oe. However, for sample S2 of size 9 nm
and Tz ~ 85K, H, = 1.5kOe at 5K is measured although
H. = 00e at 300K. The magnetization is not completely
saturated even at 65kOe for both samples. The negligible
coercivity for T « Tg in the 3 nm fcc FePt is quite unusual for

< 87 R S§1-3nm
8 o /o/o~oig:5

> 6 S

= 1) K

g w O/// % /i;V’

o 44 S 4?4’/7
) /. ﬁx p%d

o . A%/i;

T 2. /3/x 4

= e 2

0 : :

1 —m—f=0.1Hz
< 61 —0—f=1Hz
o —A—f=10Hz
o —v—f=50Hz
S 4 ——f=100 Hz
IS —<+—f=500 Hz

<rt:l) 7 —»—f=1000 Hz
o 2]
= U
e 2,
0 2 ijw Bt
0 30 35 40

Figure 6. Temperature dependences of the ac susceptibilities " and
x" at the measuring frequencies shown are plotted in (a) and (b),
respectively, for sample S1. The lines joining the points are drawn
for visual clarity.

MNPs because even for ferromagnetic NPs, such as Ni with
D ~ 3.8nm, H. =~ 2000e for T « Tg is observed [23].
To correct for the mass of the surfactants in the calculations
of the M /g of FePt, thermogravimetric analysis (TGA) data
were taken by heating the samples in air in situ at a rate of
10°Cmin~" in a TGA balance and measuring the changes
in weight with increasing temperatures. As the sample is
heated above room temperature, the weight of the sample
begins to decrease due to evaporation of the surfactants first
slowly, then followed by a rapid decrease near 300 °C, similar
to the observations in [24]. Assuming that all the surfactants
have evaporated by 400 °C, a correction multiplication factor
of 1.33 for the measured magnetization was determined for
both the samples. At 300K, the M versus H plots show
superparamagnetism for both samples.

3.3. Frequency dependence of the ac susceptibilities

The ac susceptibilities, x" and x”, were also measured with the
SQUID magnetometer using H,. = 6.8 Oe and H = 0 Oe and
employing seven measuring frequencies f,, between 0.1 and
1000 Hz. The data of x’ and x” versus temperature for S1 are
shown in figure 6 and for S2 in figure 7. The positions of the
peak in the susceptibilities shift to higher temperatures with
increase in the measuring frequency as expected theoretically
for MNPs [16,25]. Also the peak position for x” is expected
to yield T at a particular f;,, whereas for x’, the position
of maximum in dx’/dT is near Ty [16,25]. The latter is
approximately valid in the data shown in figures 6 and 7. The
general features of x” and x” versus 7 curves in figures 6 and 7
are consistent with the simulated curves for weakly interacting
NPs via inter-particle dipole interaction [25].

To increase the range of frequencies for measuring the
frequency-dependent blocking temperature, we carried out
temperature dependence of the EMR spectra of both S1 and S2
at 9.28 GHz using a conventional reflection type spectrometer.
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Figure 7. Same as in figure 6 except for sample S2.

H (kOe)

Figure 8. EMR line profiles (first field derivative of absorption) of
the 9 nm sample at temperatures 7 = 70, 85, 100, 115, 130, 140,
160, 180, 200, 220, 250, 265, 280 and 290 K. In the inset
temperature variation of the intensity of the line is shown (see text
for details).

The standard first field derivative of the absorption spectra for
the representative sample S2 at different temperatures is shown
in figure 8. As the temperature is lowered from 300 K, the
spectra at a specific temperature begin to deviate strongly from
the symmetric absorption curve along with the appearance
of a weaker line which we associate with the onset of the
blocking of the moments measured at 9.28 GHz. This onset
temperature is 265 K for S2 as evident in figure 8. To determine
Ts more accurately, the EMR spectra were integrated to yield
the absorption spectra whose full-width at half-maxima A H
and peak height L were used to determine the variations of the
relative intensity I, = (AH)L. The temperature dependence

of I, yields a peak at a specific temperature (see the inset of
figure 8) which is associated with 73 = 200 K measured at
9.28 GHz, by analogy with T3 measured in the susceptibilities
in figures 3, 6 and 7. A similar analysis for S1 yields its
Tg = 110K at 9.28 GHz (data not shown). These results
combined with 75 determined from the above ac measurements
are used later to determine the magnetic relaxation times for
S1 and S2.

4. Discussion and interpretation

From the data shown in figures 4 and 5, the saturation
magnetization M measured at 5K and 55kOe equals
14 emu g~! for S1 and 27 emu g~! for S2. Using the calculated
density p = 14.77gcm™3 of fcc FePt with lattice constant
a = 3.84A yields My = 207 emu cm™> (400 emucm™?)
for S1 (S2). This magnitude of M for S1 is in excellent
agreement with M, = 210 emu cm™> reported by Wu et al [24]
on 3.1 nm particles of fcc FePt. Since there are two FePt units
per unit cell, this magnitude of M, gives a magnetic moment
mgs = 0.63up/FePtunitfor S1. For S2 with 9 nm size, a similar
calculation yields my = 1.44up/FePt unit. As expected, the
magnitude of M at 300 K vis-a-vis that at 5 K is considerably
lower for both samples, being equal to 30 emucm™ for S1
and 245emucm™ for S2. These measurements also show
that M, depends strongly on particle size with M decreasing
with decreasing particle size. This effect has been reported
in other NPs also and it is usually attributed to the role of a
magnetically dead surface layer [17-20].

In a recent paper, Jaouen et al [26] have reported
measurements of spin and orbital magnetic moments in
FesoPtsp NPs using x-ray absorption and magnetic circular
dichroism (MCD), at both the Fe and Pt sites. For the
disordered fcc phase, they report mg = 0.72up at the Fe site
and mgy = 0.30 up at the Pt site, including several per cent
contribution from the orbital moment. After the samples are
annealed at 500 °C to convert them to the fct/L1, phase, nearly
300% increase in the moment with my = 2.20up at the Fe
site and my = 0.46up at the Pt site was observed. The above
numbers yield a total moment of about 1up/FePt in the fcc
phase and 2.66u /FePt in the ordered L1, phase. The moment
on the Pt site is possibly due to hybridization between 3d
orbitals of Fe and 5d orbitals of Pt. So in the fcc phase, not only
are the atoms in random sites and disordered, but the magnetic
moments are also only partially ordered. Our measured value
of mg = 0.63ug/FePt unit for S1 in the fcc phase is in
agreement with m; = 0.66up/FePt measured by SQUID
magnetometry as reported by Jaouen et al on their 3 nm fcc FePt
NPs [26]. In the calculations of Maenosono et al for magnetic
hyperthermia [13], M, = 1140 emu cm™> was assumed for fcc
FePt for the 9nm optimum size for magnetic hyperthermia.
Our data show that My = 400emucm™> (245emucm™) at
5K (300 K) for the 9 nm fcc FePt NPs.

Although the magnitude of M; does not affect the
optimum size for magnetic hyperthermia, the magnitude
of T in equation (1), which in turn is determined by the
anisotropy constant K, and the attempt frequency f,, does
affect the calculation of the optimum size. These quantities
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Figure 9. 1In f,, is plotted against 1/(7g — T,) for samples S1 and
S2 following equation (2) with intercepts yielding In f, and slopes
yielding 7, as shown in the figure.

are determined from the analysis of the variation of 7Ty with
measuring frequency fy, using the procedures described in a
recent paper [16]. For weakly interacting NPs of volume V,
Tg can be written as [16, 18-20, 27]

Tg =To+ T/ In (fo/fm) . ()

Here T, = K,V/k with k being the Boltzmann constant and
T, is a measure of the strength of the IPI. For non-interacting
NPs, T, = 0K and equation (2) reduces to the expression for
the Neel-Brown relaxation. Using the procedures developed
in our recent paper [16] and data of T determined at different
fm in section 3.3, T,, K, and f, are evaluated in the plots
of figure 9 based on equation (2). In developing these fits,
T, is varied until the data fall on a straight line in the plot of
In f,, versus (Tg — T,)~!, with the intercept yielding In f, and
the slope 7,. The magnitudes of these parameters are listed
in figure 9 for both S1 and S2. The larger magnitude of T,
for S2 (33 K) than that for S1 (3 K) suggests a stronger IPI
in S2, as also confirmed below by another calculation. The
evaluated attempt frequency f, ~ 8 x 10'Hz for S1 and
fo & 2 x 10'2Hz for S2. Both these magnitudes of f, are
certainly larger than f, = 10° Hz assumed in the calculations
of [13]. The magnitude of T, = K,V/k = 232K for S1
yields K, = 1.96 x 10% ergs cm~3 assuming spherical particles
of diameter D = 3.15nm. A similar calculation for S2
with 7, = 1074K and D = 8.7nm yields K, = 4.30 x
10° ergs cm~3. The increase in K, with decreasing particle size
calculated above has been observed in other systems also and
this increase is generally attributed to increasing contribution
from surface anisotropy in smaller particles [16, 18-20]. In the
calculations of [13], K, = 2 x 10%ergscm™> was assumed,
which is appropriate for about 3 nm fcc FePt NPs. The larger
magnitudes of f, determined above for S2 are most likely due
to the presence of larger IPI as manifested in the larger T,
[18,28-30].

The strength of IPl in a given system can also be estimated
by determining the quantity [27]

® = AT/ [TsAlogo f] - A3)

Here ATy is the change in Ty determined from the x” versus
T data (figures 6 and 7) with measuring frequency fy,. The
expected magnitudes of ® are 0.005-0.05 for spin glasses;
® = 0.13 for isolated NPs whereas the range 0.05 < ¢ <
0.13 represents interacting NPs with the strength of coupling
decreasing with increasing @ [27]. For the data for S1 in
figure 6, & = 0.09(1) is estimated whereas a similar analysis
for S2 from the data in figure 7 yields ® = 0.066(10). Thus
both samples have non-negligible IPI, the effect being smaller
in the smaller particles (S1). This is in agreement with the
magnitudes of 7, = 3 K (33 K) determined earlier for S1 (S2).
Despite the coating by surfactants, the effect of IPI is present
in these samples possibly because of the long-range nature of
the dipole—dipole interaction. The larger effect in S2 vis-a-vis
S1 is likely due to its larger My as compared with that for S1
as shown earlier.

In magnetic hyperthermia experiments, magnetic particles
are usually suspended in body-friendly fluids such as water.
In such cases, the relaxation rate is the sum of the Brownian
relaxation rate of the particles in the fluid and the Neel
relaxation rate of the superparamagnetic particles (such as
fcc FePt NPs) determined here [11-13]. In the theoretical
analysis of Maenosono et al [13], a 10% concentration of the
MNPs in water was considered along with size-independent
fo = 10°Hz. To calculate the optimum volume V and
hence diameter D of a NP at a temperature 7" for magnetic
hyperthermia, the equality 27 ft = 1 is used where v =
,exp [T, /(T — T,)] with 7, = 1/f, and T, = K,V /k for
the Neel relaxation. This calculation requires the magnitudes
of K,, T, and 7,. Assuming the magnitudes of K, = 2 x
100 ergs cm™3, T, = 0K and f, = 10° Hz, as done in [13],
yields the optimum D = 6.2 nm for fcc FePt at the operating
frequency f = 300kHz and T = 300 K without including
the effect of Brownian relaxation. With Brownian relaxation
included, optimum D = 9nm was calculated in [13]. From
the analysis in the preceding paragraph, it is evident that these
magnitudes of K, and f, are not valid for 9nm NPs of fcc
FePt. If we use K, = 4.3 x 107 ergs em3, T, = 33K and
fo = 2x 10'2 Hz determined here for 9 nm size, then the
optimum size D = 13.1nm is calculated for f = 300kHz
at 300K considering only the Neel relaxation. For f =
120 kHz, which is considered to be a safer operating frequency
[31], D = 13.4nm as the optimum size is obtained for the
Neel relaxation. Hence unless the Brownian relaxation rate
completely dominates the Neel relaxation rate, the optimum
size of the NPs for magnetic hyperthermia applications will
depend on quantities such as f, and K,, which as shown here
for the fcc FePt NPs are strongly size dependent. In particular
fo for the FePt NPs is over two orders of magnitude larger
than 10° Hz assumed in the previous theoretical analysis of
this problem [11, 13]. These considerations need to be taken
into account in future investigations of magnetic hyperthermia.
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5. Concluding remarks

In this work, measurements of the magnetic and relaxation
parameters of MNPs of fcc FePt are presented for two samples
with nominal sizes of 3nm and 9nm. These measurements
show that these parameters are strongly dependent on the
particle size, in that the anisotropy constant increases with
decreasing particle size whereas the opposite is valid for
the saturation magnetization M, the relaxation frequency
fo, the blocking temperature 7g and the IPI. In particular,
the experimentally determined magnitude of f, is about two
orders of magnitude larger than 10° Hz assumed in a previous
theoretical analysis of magnetic hyperthermia [11, 13]. The
numerical values of these parameters are then used for the
calculations of the optimum size of fcc FePt for magnetic
hyperthermia applications for the Neel relaxation. The need
to take into account the size dependence of the magnetic
and relaxation parameters of superparamagnetic particles for
magnetic hyperthermia applications has been demonstrated.
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