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Temperature dependence and magnetocrystalline anisotropy studies
of self-assembled L1,-Fes5Pt;5 ferromagnetic nanocrystals
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Temperature dependence and uniaxial magnetocrystalline anisotropy properties of the chemically
synthesized 4 nm L1,-FessPtys nanoparticle assembly by a modified polyol route are reported.
As-prepared nanoparticles are superparamagnetic presenting fcc structure, and annealing at 550 °C
converts the assembly into ferromagnetic nanocrystals with large coercivity (H->1 T) in an L1,
phase. Magnetic measurements showed an increasing in the ferromagnetically ordered fraction of
the nanoparticles with the annealing temperature increases, and the remanence ratio, S=Mp/Mg
=(.76, suggests an (111) textured film. A monotonic increase of the blocking temperature T, the
uniaxial magnetocrystalline anisotropy constant K, and the coercivity H with increasing annealing
temperature was observed. Magnetic parameters indicate an enhancement in the magnetic properties
due to the improved FessPtys phase stabilizing, and the room-temperature stability parameter of 67,
which indicates that the magnetization should be stable for more than ten years, makes this material
suitable for ultrahigh-density magnetic recording application. © 2007 American Institute of Physics.

[DOI: 10.1063/1.2747209]

I. INTRODUCTION

The areal density in magnetic recording has reached
20 Gbit/in.? in products and has been increasing at a rate of
~130% per year since 1997. Data rates are approaching
Gbit/s levels and are increasing at a rate of ~40% per year.1
An area of particular importance is media noise suppression,
which involves the reduction and scaling of the media grain
size, control of the magnetic grain isolation, and uniformity
and control of the crystallographic texturing. The resultant
dramatic reduction of the bit size has led to the rapid scaling
of the characteristic grain size and to the corresponding
shrinkage of the thermal activation volume in conventional
polycrystalline media. This, in turn, has led to challenging
issues related to long-term data stability.2 Achieving low
noise media by scaling to smaller grain size, however, is
limited by thermal instabilities, which may render today’s
commonly used Co-alloy-based recording media unsuitable
for archival data storage at extremely high area densities."
Recently, there has been much attention placed on the chemi-
cal synthesis of self-assembled, monodispersed, and chemi-
cally ordered L1, (tetragonal phase) FePt nanoparticles for
future ultrahigh-density magnetic storage.“"8 In fact, recent
advances in magnetic recording technology have indicated
that, if self-assembled in a tightly packed, exchange-
decoupled array with controlled magnetic easy axis direc-
tion, these FePt nanoparticles could support high-density
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magnetization reversal transitions and would be a candidate
for future ultrahigh-density data storage media®"" with po-
tentially one bit per particle corresponding to storage densi-
ties of 20 Tbit/in.? The tetragonal phase of an FePt system
is of particular interest because of the high magnetocrystal-
line anisotropy [K;~ (6.6—10) X 107 erg/cm®] that should
allow the use of smaller particles, but yet avoid thermal in-
stabilities that give rise to superparamagnetic (SPM)
behavior.™'! Since the medium magnetic stability is con-
trolled by the ratio of the magnetic anisotropy energy, KV,
to the energy of thermal fluctuations, k37T, where K, is the
recording layer magnetic anisotropy energy density and V is
the thermal activation volume, which corresponds approxi-
mately to the volume of a single magnetic grain, and the kzT
are Boltzmann’s constant and the temperature, respectively.
The ratio K, V/kgT is kept at a value of 50-70 to ensure
10-15 years data stability.2’3’12 Although the structural and
magnetic properties of FePt have been intensively studied as
a function of composition,13 there are a few number of works
that have studied these nanoparticles when the FePt compo-
sition is set in FessPtys, which is reported as expected to
present the highest magnetic properties in the ordered L1,
phase.&13 For bulk alloys, these structural and magnetic
properties are known. However, due to the difficulty of sta-
bilizing FessPtys phase as nanoparticle material, the small
size and the larger surface area of the particles affect these
properties and, consequently, the ordering process during the
L1, phase formation could be also affected. Recently, we
have modified the synthetic procedure reported by Sun et al.®
to prepare monodisperse and self-assembled FePt ferromag-
netic nanocrystals (4.0+0.2 nm) with compositions ranging

© 2007 American Institute of Physics
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from Fe,gPts, to Feg,Ptsg. This modification in the synthetic
polyol route improved the nanoparticle composition control
by changing the volatile and toxic Fe(CO)s (iron pentacar-
bonyl) by Fe(acac); (iron acetylacetonate) isopropanolic hot
solution.® Although Takahashi er al. have recently reported
the FePt nanoparticles preparation using a methodology de-
scribed as a modified polyol process and Fe(acac); as an iron
source,'* the synthetic route used in this work is slightly
different. According to the reported results by Takahashi er
al., the FePt nanoparticle morphology was very heteroge-
neous, presenting strong surface irregularity and faceted par-
ticles. In our previous studies, the same behavior was ob-
served when Fe(acac); was used as solid salt directly in the
reaction mixture, probably due to slow salt solubility in the
hot organic solvent (~100 °C). On the other hand, we re-
cently reported8 highly spherical homogeneous particle mor-
phology of monodisperse 4 nm FessPt,s with chemical com-
position control when solid Fe(acac); salt was replaced to
solubilized salt in a hot isopropanolic solution due to en-
hance Fe(IIT) distribution in the reaction mixture. Since the
structural and magnetic properties of the FePt nanoparticles
are strongly dependent on the nanoparticle composition, our
improvement in the composition control allowed stabilizing
the FessPtys phase, which is a strong candidate for ultrahigh-
density storage devices.

As shown in a previous article,® the high coercivity value
of about 12 kOe was observed in a self-assembled FessPtys
nanoparticle in a cubic array. In this work, we report the
temperature (blocking temperature) and the uniaxial magne-
tocrystalline anisotropy constant dependence of coercive
field as a function of the annealing temperature for a chemi-
cally synthesized L1,-FessPtys nanoparticle array. We also
show the magnetic behavior of the assembled sample at low
and room temperatures in order to evaluate the magnetic in-
terparticle coupling and ferromagnetic nanocrystals transfor-
mation with increased annealing temperature.

Il. EXPERIMENTAL

A synthetic procedure based on the modified polyol pro-
cess to produce Fe,Pt;_, nanoparticles was reported carlier.®
Monodisperse FessPty;s nanoparticles were synthesized as
follows: in a three-neck round-bottom flask, a mixture of
Pt(acac), (0.4 mmol) and 1,2-hexadecanediol (1.2 mmol) in
octylether (20 mL) was heated at 100 °C. Then, oleic acid
(0.4 mmol), oleylamine (0.4 mmol), and isopropanolic hot-
solution preheated at 70 °C of Fe(acac); (0.49 mmol in Fe)
were added to the mixture via syringe. Temperature was in-
creased and the system maintained under reflux (298 °C) for
30 min. Particles were separated by ethanol addition, isolated
by centrifuging (three times), and dried in a vacuum oven at
room temperature. Self-assembled nanostructures in cubic
arrays were obtained redispersing the nanoparticles in a
50/50 mixture of hexane and octane containing 0.1 mL of
50/50 mixture of short-chain capping groups such as hex-
anoic acid and hexylamine.&15 As-deposited thin films were
then transferred into a tube furnace (Thermolyne 1300) and
annealed for 30 min with flowing nitrogen containing 5%
hydrogen at temperatures ranging from 400 to 600 °C.
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Morphology, particle size, and size distribution were in-
vestigated by transmission electron microscopy (TEM) using
a Philips CM200 microscope operating at 200 kV. For TEM
analysis, the as-prepared self-assembled nanoparticle suspen-
sion was dropped onto the carbon-coated copper grid. Then,
samples were transferred to the furnace and annealed at tem-
peratures ranging from 400 to 600 °C for 30 min in a N,:H,
mixed atmosphere. Average particle size diameter (d) and
their standard deviation (o) were statistically determined in
order to obtain the degree of polydispersity (&) of the sys-
tems. The nanoparticle composition was determined by in-
ductively coupled plasma-atomic emissions (ICP) performed
in a Plasma 40 Perkin Elmer spectrometer, and nanoparticle
structure characterization was carried out by x-ray powder
diffraction (XRD) on a Rigaku RINT2000 diffractometer us-
ing Cu K« radiation. Magnetic studies were carried out using
a conventional SQUID magnetometer in temperatures rang-
ing from 5 to 400 K. Measurements were done on thick
nanoparticle assemblies (>100 nm) on a silica micro slide
(0.5X0.5 cm) and loaded perpendicular and parallel to the
magnetic field.

lll. RESULTS AND DISCUSSION

Monodisperse FePt nanoparticles of 4.0+0.2 nm with
polydispersity degree lower than 5%,'® both determined by
statistical analysis using transmission electron microscopy
(TEM), were obtained and self-assembled in a cubic nano-
structure array as presented in Fig. 1. The results in Fig. 1
correspond to the annealed sample at 550 °C for 30 min and
show the maintenance of long-range order of the particles
and that coalescence and/or sintering processes were absent.
ICP analysis showed that composition of the resulting FePt
nanoparticles is FessPtys. In addition, energy-dispersive x-ray
analysis (EDS) was performed during the TEM analysis on
many individual nanoparticles or in a group of a few nano-
particles. The results of both techniques, EDS and ICP, are in
good agreement, indicating high compositional homogeneity.
TEM image of the cubic array [Fig. 1(b)] has a surface area
of about 55X 40 nm? and comprises about 100 monolayered
particles. Thus, the corresponding particle density per sur-
face unit area is ~26 T particles/in.? In a desirable future
single particle per bit patterned recording scheme, this could
lead to respective areal bit densities of 26 Tbit/in.%. Addi-
tionally, the inset in Fig. 1(b) shows the high-resolution TEM
(HRTEM), indicating a lattice spacing of 2.20 A, character-
istic of (111) planes of L1,-FessPtys phase. The texture pre-
sented in the HRTEM implies high structural homogeneity of
the face-centered tetragonal phase (L1,) and indicates the
formation of nanocrystals after annealing, in agreement with
the previous results of XRD, structural, and average crystal-
lite size analysis, which indicate nanocrystal formation in the
sample annealed at 550 °oc®

The influences of the annealing temperature on the
chemical ordering, magnetic properties, and interparticle
magnetic coupling were studied by measuring the
temperature-dependent magnetic properties in the tempera-
tures ranging from 5 to 400 K. Figure 2 shows a series of
hysteresis curves obtained for as-synthesized FessPt s nano-
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FIG. 1. Representative TEM images of a cubic array 2D assembly of chemi-
cally synthesized FessPtys nanoparticles with 4 nm diameter after annealing
at 550 °C for 30 min: (a) low and (b) high magnification. The inset corre-
spond to the HRTEM showing the texture of an individual nanoparticle
along the (111) plane.

particles assembly at low-temperature [Figs. 2(a)-2(c)] and
at room-temperature hysteresis loops after sample annealing
at 400 °C [Fig. 2(d)] and 500 °C [Fig. 2(e)]. Hysteresis loop
of the as-prepared nanoparticles assembly showed that they
are superparamagnetic (SPM) at room temperature. How-
ever, at low temperature, the assembled nanoparticles show
ferromagnetic behavior, as indicated by Fig. 2(a), with a co-
ercivity value (H.) around 4.3 kOe at 5 K. The coercivity
drops sharply as temperature is raised from 5 to 15 K, the
latter presenting H-=250 Oe suggesting that these nanopar-
ticles are thermally unstable. These results are consistent
with the low magnetocrystalline anisotropy of the fcc phase
presented by as-synthesized nanoparticles and with the SPM
oxide shell, in agreement with the literature.>'>!7 At 50 K,
the assembly shows SPM behavior similar to that observed
for these nanoparticles at room temperature. Low-
temperature hysteresis behavior presented in Fig. 2 also sug-
gests that the blocking temperature of the FessPt s nanopar-
ticles is closed around 20 K. The coercivity values increase
dramatically with annealing temperature showing the transi-
tion from superparamagnetic to ferromagnetic behavior. The
hysteresis loop of the sample annealed at 400 °C appears
nearly SPM at room temperature, presenting H-=150 Oe
and suggesting a minority fraction of the particles having

J. Appl. Phys. 101, 123918 (2007)

Magnetization (arb. unit)

(b)

(@)

Applied field (kOe)

FIG. 2. Hysteresis loops of the as-synthesized FessPtys nanoparticles assem-
bly at (a) 5 K, (b) 15 K, (c) 50 K, and measured at room temperature after
annealing at (d) 400 °C and (e) 500 °C.

sufficient anisotropy to be ferromagnetically ordered at room
temperature. When the annealing temperature is increased to
500 °C, the ferromagnetic fraction of the FessPtys nanopar-
ticles increases and the H assume a value of 3.6 kOe, but
the curve shows an inflection in the magnetizations near H
=0, indicating that some low H particles are present. An-
nealing at 550 °C results in a room-temperature H value of
12.1 kOe with a loop shape characteristic of an isotropic
distribution of high anisotropy particles (Fig. 3). Annealing
converts the internal particle structure from fcc to L1, phase
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FIG. 3. In-plane (open circles) and out-of-plane (filled circles) room-
temperature hysteresis loops of FessPt,s nanoparticle assemblies annealed at
550 °C for 30 in.
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FIG. 4. Magnetization vs temperature measured at 100 Oe in the zero-field-
cooled (open circles) and field-cooled (filled circles) states for FessPtys
nanoparticle assembly (a) as-synthesized and annealed at (b) 400 °C, (c)
500 °C, and (d) 550 °C. Inset shows the blocking temperature position for
as-synthesized nanoparticles.

(fct) and transforms the SPM nanoparticles into ferromag-
netic nanocrystal assemblies with larger coercivity at room
temperature. The significant difference between in-plane
(H-=5.8 kOe) and out-of-plane (H-=12.1 kOe) coercivity
values and the hysteresis behavior presented in Fig. 3 indi-
cates a nonrandom orientation or, at least, a partial orienta-
tion of the easy axes of the individual L1,-FessPt,5 nanocrys-
tals. Although the obtained H, value is larger than those
reported for different compositions of FePt nanoparticlesﬁ’&13
confirming the highest expected coercivity value for the
L1,-FessPtys phase, the obtained coercivity values are much
smaller than those expected of the FePt bulk. Thus, this re-
sult suggests that the same magnetic disorder still remains
and interparticle interaction effects can be present. In addi-
tion, the remanence ratio is S=Myp/M¢=0.76, compatible
with an average c-axis orientation of 40.5° (cos 40.5°
=0.76), which is expected for (111) textured films.” In Fig. 3,
we can also observe the difference in the saturation magne-
tization (M) behavior when the sample was measured with
in-plane and out-of-plane applied field. Out-of-plane mea-
surement showed that the sample was found to be magneti-
cally saturated around 35 kOe; when the field was applied
longitudinal to the film surface (in-plane), the magnetic satu-
ration could not be observed in the used field range. This
result suggests strong interparticle coupling in this direction,
in agreement with the partial orientation of the easy magnetic
axis of the individual ferromagnetic nanocrystals and with
the calculated c-axis orientation. In the temperature depen-
dence of magnetization (Fig. 4) measurements, both the
zero-field-cooling (M) and field-cooling (M) processes

J. Appl. Phys. 101, 123918 (2007)

were carried out at field H=100 Oe. The M g curve for
as-synthesized nanoparticles shows a sharp peak with a
maximum at low temperature as indicated in Fig. 4(a), char-
acteristic of a narrow particle size distribution or interparticle
noninteracting systems. The blocking temperature estimated
from curves in Fig. 4(a) is Ty=17 K, which agrees with the
low-temperatures hysteresis results presented in Fig. 2, and
the coincident point of both the M,p- and Myc curves sug-
gests a reversible process, as expected for an fcc phase in a
SPM state. The sample annealed at 400 °C [Fig. 4(b)]
showed a peak with a maximum at 160 K in the M curve,
which corresponds to the blocking temperature. The shape of
the Mypc curve can be associated with hard magnetic sys-
tems, in which the thermal irreversibility of magnetization is
directly correlated with the magnetocrystalline anisotropy
and, therefore, to the coercivity of the materials. The low
field M gc curve shows a sharp decrease below T in the
temperature region where H-(T) is linear and becomes al-
most constant below ~100 K. These results indicate that the
drop in the magnetization below T is related to the magnetic
hysteresis behavior. Since the FePt nanoparticles present a
high coercive field, as shown by low-temperature magnetic
hysteresis loops, at low temperature the H values are always
larger than an applied field of 100 Oe, and the magnetization
remains constant after the observed decreasing below Tj.
The broadening peak shown in the Mgc for a sample an-
nealed at 400 °C was assigned to magnetic domains forma-
tion due to the evolution from fcc to L1 phase transforma-
tion as indicated by room-temperature hysteresis loops [Fig.
2(d)]. Moreover, according to the T value of 160 K, the
nanoparticles are found to be SPM; the H. of 150 Oe pre-
sented by these samples can be explained because of the
broad coercive distribution as shown by the Mg curve. At
400 K, the magnetization value is ~1.0 X 1072 emu, indicat-
ing a minority fraction of the particles having sufficient an-
isotropy to be ferromagnetically ordered at room tempera-
ture. In the field-cooled measurement, the sample is cooled
in a magnetic field through the ordering temperature and
therefore the resultant magnetization is determined by the net
direction of the spins depending on the strength of the ap-
plied field. The same magnetic field applied after cooling the
sample in zero magnetic field may not be sufficient to rotate
the spins that are locked in random directions due to the high
anisotropy. Therefore, the resultant magnetization will be
lower than that obtained during the field-cooled process, and
both Mzr- and Mgc also remain constant below Tp. The
sample annealed at 500 °C [Fig. 4(c)] presented the same
behavior and the T3=284 K, in agreement with the M X H
curve, which showed ferromagnetic behavior at room tem-
perature. The broadening peak in the Mypc curve is larger
than the sample annealed at 400 °C, probably due to ferro-
magnetic fraction particles increasing. As shown by the
room-temperature hysteresis loop for the sample annealed at
550 °C, the FessPtys nanoparticle assembly is ferromagnetic
and presents larger coercivity, in agreement with the results
of the M and Mg curves [Fig. 4(d)], which are found to
be constant at a temperature up to 400 K.

The temperature dependence of H for different anneal-
ing temperatures is shown in Fig. 5. Each sample shows a
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FIG. 5. (Color online) Temperature-dependent H of FessPt,s nanoparticle
assembly annealed at 400 °C (orange @), 500 °C (wine A), 550 °C (blue
0), 580 °C (green %), and 600 °C (red A). The symbols are the experi-
mental data and the lines correspond to the fits. Inset shows in detail the
curve of the annealed sample at 400 °C.

monotonic increase in H, with decreasing temperature. The
H behavior can be quantitatively understood by relating the
measured coercivity to the low-temperature coercivity, H,
and the stability factor (K, V/kgT),'>"®

koT ¢ 2/3
H.=H, 1—|:LIH<P_fO):| , (1)
KyV o \1n2

where Ky, V, kg, and T were previously defined, ¢p is the
time of magnetic field applied (~5 s), and f, is the thermal
attempt frequency (~10° Hz). The fits of the data in Fig. 5
to the Eq. (1), where the K,V is assumed to be constant with
temperature, yield H, values of 0.4, 8.5, 19.7, 20.3, and
21.98 kOe, respectively, for samples annealed at 400, 500,
550, 580, and 600 °C, extrapolating the fits to 7=0. Assum-
ing that V is determined by the individual grain volume, K,
can be estimated showing values of 1.4X 107, 2.3X 107,
72X 107, 7.8%107, and 8.0X 107 erg/cm?® for annealing
temperatures at 400, 500, 550, 580, and 600 °C, respec-
tively. The K, values of 7.2X 107 erg/cm® of 550 °C an-
nealed sample agree with that expected for fully ordered
FePt [(6.6—10) X 107 erg/cm?®]. The blocking temperature
can also be estimated by extrapolation of the fit curves at
H-=0. The obtained values of 160 and 285 K for FePt
samples annealed at 400 and 500 °C, respectively, are in
good agreement with the zero-field-cooled measurements of
the magnetization, which shows peaks near these tempera-
tures (Fig. 4). The room-temperature stability parameter for
the FessPt,s nanoparticle assembled annealed at 550 °C is
Ky VIkgT=67, which indicates that the magnetization should
be stable for more than ten years and makes this material
suitable for ultrahigh-density magnetic recording application.

IV. CONCLUSIONS

We have investigated the effect of annealing temperature
on the magnetic properties and on uniaxial magnetocrystal-
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line anisotropy of L1(-FessPt,s nanoparticles assembly syn-
thesized by a modified polyol process, which promoted the
improved morphology and composition control. As-
synthesized, the nanoparticles are SPM, and annealing at
550 °C converts the nanoparticles in a ferromagnetic nano-
crystals with larger coercivity (H->1 T). An increase in the
ferromagnetically ordered fraction of the nanoparticles with
the annealing temperature increase was observed by mag-
netic measurements, and the remanence ratio, S=Mp/Mg
=(.76, which is compatible with an average c-axis orienta-
tion of 40.5°, suggests a (111) textured films. We have also
observed a monotonic increase of the blocking temperature
Ty, the uniaxial magnetocrystalline anisotropy constant Ky,
and the coercivity H with increasing annealing temperature.
Magnetic parameters indicate an enhancement in the mag-
netic properties due to the improved FessPt,s phase stabiliz-
ing and composition control. Additionally, a room-
temperature stability parameter of 67 indicates that the
magnetization should be stable for more than ten years, mak-
ing this material suitable for ultrahigh-density magnetic re-
cording application.
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