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ABSTRACT

Magnetic nanoparticles are of great scientific and technological interest. The application of ferromagnetic nanoparticles for high-density data
storage has great potential, but energy efficient synthesis of uniform, isolated, and patternable nanoparticles that remain ferromagnetic at
room temperature is not trivial. Here, we present a low-temperature solution synthesis method for FePtAu nanoparticles that addresses all
those issues and therefore can be regarded as an important step toward applications. We show that the onset of the chemically ordered
face-centered tetragonal (L1,) phase is obtained for thermal annealing temperatures as low as 150 °C. Large uniaxial magnetic anisotropy (107
erg/cm?) and a high long-range order parameter have been obtained. Our low-temperature solution annealing leaves the organic ligands intact,
so that the possibility for postanneal monolayer formation and chemically assisted patterning on a surface is maintained.

The continuously increasing demand for data storage capacity
has very much stimulated research on magnetic recording
media.!? In modern hard disk drives, the magnetic medium
layer is usually a CoCr-based alloy, containing submicrome-
ter magnetic regions representing the bits of information.
Every single magnetic region consists of ~100 magnetic
grains, which are the basic elements to be magnetized. One
of the main challenges in increasing the data storage capacity
by reducing the magnetic grain size is maintaining its
magnetization despite the superparamagnetic limit.>~® Current
hard disk technology has an estimated limit of 100—1000
gigabit per square inch due to this superparamagnetic limit.!

It has been argued!? that thin layers (ideally monolayers)
of ferromagnetic FePt nanoparticles (NPs) enable recording
densities ~10 times larger than those achievable with CoCr-
based media. Due to their very high magnetocrystalline
anisotropy (K, = 107 erg/cm?), FePt NPs remain ferromag-
netic up to room temperature, even for few nanometer
particle sizes. Furthermore, in traditional magnetic media,
grain sizes show a wide distribution in size and shape,
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reducing the signal-to-noise ratio. In contrast, FePt NPs can
be chemically synthesized with a highly uniform shape and
narrow size distribution."? This ultimately allows for 1 bit
per nanometer-sized grain storage capacity.’

One of the major issues in FePt NP growth, however, is
the need for a high-temperature annealing treatment (~700
°C and above) to obtain the desired high magnetocrystalline
anisotropy.® The as-synthesized FePt NPs are namely in the
chemically disordered face-centered-cubic (fcc) phase, which
has low magnetic anisotropy. High-temperature annealing
converts the NPs into the chemically ordered face-centered-
tetragonal (fct) phase, referred to as the L1, phase, where
Fe and Pt planes alternate along the c-axis. High-temperature
annealing, however, has a couple of severe disadvantages.
Annealing is usually performed on dried nanopowders, which
often results in particle agglomeration and, consequently, a
reduction of the particle uniformity and magnetic anisotropy.
High-temperature annealing also destroys the organic ligands
of the NPs, which takes away the advantage of the specific
chemical functionality of the end groups, useful for chemical
recognition and self-assembly in monolayers. A couple of
methods have been developed to avoid agglomeration upon
annealing, including a thick (10 nm) SiO, coating,’ salt
matrix annealing,'® zeolite matrix annealing,!' and quite
recently MgO coating.'>'3Although these methods reduce
agglomeration and result in ferromagnetic NPs at room
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temperature, still high temperatures are required and con-
sequently the organic ligands are destroyed, losing all
chemical functionality.

Given the above problems, a reduced annealing temper-
ature is strongly favored. Doping the FePt lattice with specific
transition metals turns out to be advantageous for the L1,
phase transformation.!*!* Au (or Ag) doping in small
amounts leads to significant lowering of the annealing
temperature for transforming the face-centered cubic (fcc)
phase to the fct L1, phase. This is suggested to be related to
defects and strain introduced by Au (or Ag) atoms. Upon
annealing, Au (or Ag) atoms leave the FePt lattice at low
temperature, leaving lattice vacancies that increase the
mobility of Fe and Pt atoms to rearrange.> ®!* Dry annealing
studies of FePtAu NPs show a lowering of the annealing
temperature with at least 100 °C compared to FePt NPs.3~¢14
Although dry annealing at reduced annealing temperatures
results in (partly) transformation into the L1, phase, still
large-scale NP agglomeration occurs.”>™"7 A way to avoid
this is to anneal the NPs in a liquid. Harrell et al. investigated
postsynthesis, high-pressure annealing of FePtAu NPs in
diphenyl ether solvent, and in silicone oil at atmospheric
pressure.'* However, these methods result in significant
increase in particle size. Alternatively, one can already
perform the NP synthesis at elevated temperature in a high-
boiling point solution. This was done by Jia et al., improving
somewhat the dispersity.'?

Here, we present a comprehensive and systematic study
of low-temperature, solution synthesis that results in highly
uniform ferromagnetic and chemically patternable FePtAu
NPs. Magnetic analysis indicates a large L1, phase fraction
and that NPs of few nanometer size remain ferromagnetic
up to room temperature. The onset for the L1 phase occurs
for annealing temperatures as low as 150 °C, where the long-
range order parameter S'® increases monotonically with
annealing temperature. Importantly, we find that our proce-
dure leaves the organic ligands intact and demonstrates
postanneal chemically assisted monolayer patterning. We
thus synergistically combine inorganic (magnetic) and or-
ganic materials, as well as bottom-up (self-assembly) and
top-down fabrication methods, being main motivations for
organic spintronics. '

Our FePtAu NP synthesis is partly based on that of Jia
et al.;'® see Supporting Information. To synthesize FePtAu
NPs, we use a combination of oleic acid and oleyl amine as
stabilizing agent. The preparation is based on the reduction
of platinum acetylacetonate and gold acetate by a diol and
the decomposition of iron pentacarbonyl in high-temperature
solutions. The octyl ether and hexadecylamine are used as
solvents. Importantly, the addition of octyl ether as a solvent is
different from the original method described by Jia et al. and
is considered essential in our case. Hexadecylamine is solid,
whereas octyl ether is liquid at room temperature. This allows
the metal precursors already to dissolve at low temperature in
the octyl ether before the hexadecylamine becomes liquid. We
expect that our improved mixing conditions are responsible for
the small size dispersity for our NPs.
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Figure 1. TEM images of (FePt)ssAu;s NPs synthesized under
different conditions: (a) 150 °C, 30 min; (b) 150 °C, 3 h; (c) 200
°C, 3 h; (d) 250 °C, 3 h; (e) 350 °C, 3 h. Scale bars correspond to
10 nm. (f) Particle size distribution determined from TEM images.
Curves A—E correspond to panels a—e, respectively.

Figure 1 shows transmission electron microscope (TEM)
images of (FePt)ssAu;s NPs synthesized at standard condi-
tions (30 min at 150 °C, Figure 1a), and for 3 h at 150—350
°C (Figure 1, parts b—e, respectively). The TEM analysis
indicates regular NP assembly and small size dispersion, in
particular for the lowest synthesis temperatures (Figure 1f).

The particle diameters for different synthesis temper-
atures, derived from TEM analysis, and the elementary
composition of the particles obtained from energy dis-
persive X-ray diffraction (EDX) are given in Table 1. At
250 and 350 °C, the NPs have a broader size distribution.
For synthesis at 150 and 200 °C, the average NP composition
is uniform and close to the metal precursor ratio. At 250
and 350 °C a relative large distribution of Au contents is
observed. NPs with Au content as high as FecPt;,Aug, and
as low as Fey;PtysAug are observed for 250 °C. For 350 °C
the highest Au content was Fe,Pt;sAuss and lowest
Fe4 Pts7Auy,. This suggests the segregation of Au atoms from
the FePt bulk at higher temperatures. This is in agreement
with the mechanism suggested above that Au creates empty
sites, which can subsequently be occupied by randomly
distributed Fe and Pt atoms, thereby transferring the fcc
disordered phase into the ordered fct (L1o) phase.> %!

Figure 2 shows the XRD analysis, indicating the evolution
of the L1, phase with increasing synthesis temperature. The
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Table 1. Summary of TEM Particle Sizes and Lattice Parameters Calculated from XRD Analysis

sample synthesis temp (°C) synthesis time (h) diameter (nm)(TEM) particle composition (EDX) lattice constant (A) (XRD) [111]

A 150 0.5 55+0.3
B 150 3 6.2+0.3
C 200 3 6.4+0.3
D 250 3 72+03
E 350 3 58+23

« 201

30

Figure 2. XRD spectra of (FePt)gsAuys NPs: 150 °C, 30 min (A);
150 °C, 3 h (B); 200 °C, 3 h (C); 250 °C, 3 h (D); 350 °C, 3 h (E).

evolution of the superlattice peaks, (001) and (110), as well
as the fundamental peak (002), is clearly observed. The
development of the Au(111) peak indicates the segregation
of Au atoms from the FePt fcc lattice thereby transforming
the lattice to fct (L1y).

The lattice constant determined from the Pt(111) peak
indicates a gradual decrease from 2.262 A (150 °C, 3 h)
to 2.211 A (350 °C, 3 h), see Table 1, slowly approaching
the ideal value of 2.197 A for a FePt fct lattice. The as-
synthesized particles (150 °C, 30 min.) show a lattice
constant of 2.294 A, indicating a fcc lattice. This clearly
demonstrates the phase transformation from fcc to fct NPs.

To quantify the chemical ordering in the L1, phase, one
often uses the long-range ordering parameter S, defined

aS20

Loy \ 2
S = 0.85| — 6]

f 002

where Iy, and Iy, are the integrated intensities of the
superlattice 001 and fundamental 002 peaks in the XRD
spectrum. S is unity for perfectly ordered films and is zero
for a chemically disordered film.>! The long-range order
parameter S for different synthesis temperatures extracted
from the XRD data is plotted in Figure 3d (open symbols).
The ordering parameter linearly increases with synthesis
temperature, reaching S = 0.68 for 350 °C. For comparison,
Sun et al. have achieved an ordering parameter of S = 0.98
for dry annealing at 725 °C for 2 h in He."? Here we achieve
significant ordering without much agglomeration at temper-
atures not more than 350 °C, maintaining the end group
functionality (see below). The ordering process starts already
from 150 °C onward for longer synthesis times. This is very
remarkable as previous reports for annealed NP powders
showed the onset of ordering around 350 °C (30 min).> %!
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Fe42Pt41Au17 2.294
Fe42Pt44Au14 2.262
Fe42Pt40Au13 2.241
distributed 2.234
distributed 2.211

As suggested by Chepulskii et al., the ordering process is
kinetically regulated.!”?? As a consequence, it is expected
that approaching the equilibrium ordered state at low
temperature will take longer. Therefore kinetic acceleration
methods such as irradiation and or addition of other types
of atoms are potentially effective in accelerating the forma-
tion of long-range order. To the best of our knowledge, all
the previous studies report the synthesis of NPs by refluxing
the precursor’s solution only for 30 min. Here, we have
increased the duration of gentle refluxing to 3 h. Increasing
the refluxing time gives the NPs more time to organize in
the desired crystal phase (kinetic control). This results in
significantly higher chemical ordering of our NPs in the fct
phase.

X-ray photoelectron spectroscopy (XPS) is performed to
analyze the elemental states of Fe, Pt, and Au in the NPs
(See Supporting Information) The NP surface composition
indicates the presence of Fe,Os, while removal of the outer
1 nm shell by sputtering results in a composition of elements
near to the expected value. This suggests that the surface is
partially covered with Fe,Os.

We have prepared single monolayers of FePtAu NPs for
magnetic characterization.>?! A silicon/silicon oxide substrate
is functionalized with a very thin polyethylenimine (PEI)
layer. When the polymer—derivative substrate is dipped into
the particle dispersion, pendant functional groups of the
polymer replace the particle stabilizers and a strong mono-
layer particle assembly is formed. The substrate is then rinsed
with solvent to remove physical sorption and dried. This
process results in one single FePtAu NP monolayer.

The magnetic properties of NP monolayers are character-
ized by a vibrating sample magnetometer (VSM) with
variable temperature insert (5—300 K). The magnetization
curves at 5 and 300 K for NPs synthesized at different
temperatures are shown in parts a and b of Figure 3,
respectively. The coercive field (H,) clearly increases with
synthesis temperature. At 5 K, magnetic hysteresis is
observed for all synthesis temperatures, whereas at 300 K
hysteresis is observed for synthesis temperatures 200 °C
(H. = 600 Qe), 250 °C (H. = 2700 Oe), and 350 °C (H, =
4800 Oe). This demonstrates room-temperature ferromag-
netism from synthesis temperatures starting from 200 °C
only.

The saturation magnetic moment of our monolayers is
~35—40 uemu, both at room temperature and low temper-
ature. We compare this value for 350 °C synthesis temper-
ature with the momentum density of bulk FePt (1140 emu/
cm?),? assuming the ratio of FePt in our FePtAu NPs to be
0.85,2.9 nm NP radius, and 1 nm ligand length. On the basis
of those parameters, we find (see Supporting Information) a
saturation magnetic moment of 47 uemu. The experimentally
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Figure 3. NP magnetization curves for different synthesis conditions measured by VSM at 5 K (a) and at room temperature (b). The inset
of (b) is a zoom-in around zero field. The horizontal and vertical axis ranges are 0.5 kOe and 0.2 uemu, respectively. In all figures, the
curve color refers to the different synthesis conditions: red 150 °C, 3 h; green 200 °C, 3 h; blue 250 °C, 3 h; cyan 350 °C, 3 h. H, versus
T** plots, used for fitting to the Garcia-Otero model, see text (c). Ordering parameter S, extracted from XRD data (open triangles) and H.
versus 7% plots (solid dots), respectively, versus synthesis temperature (d). The linear dashed line is a guide to the eye.

observed value is slightly lower, as expected when taking
into account the not fully developed L1, phase and lower
effective packing density.

The observed temperature dependence of our magnetic
hysteresis loops can be understood by realizing that the NP
coercive fields decrease due to thermal fluctuations at the
temperature increases. In this regard, Sharrock’s formula®*
is the most widely used thermal relaxation model. However,
it is valid for 2D systems rather than 3D systems like our
NPs. Therefore, the model proposed by Garcia-Otero et al.
is applied here to study the magnetic properties of NPs. This
model applies to magnetically isolated and 3D random
particle systems.? It can be described as

3/4

e, T
(Int, + 20.7 )

2K,V

H/H, = 0479 — 0.81

where H, is the critical field in Oe, defined as the field at
which the NPs undergo an irreversible jump in their
magnetization direction when decreasing the magnetic field,
kg the Boltzmann constant (1.38073 x 107!6 erg/K), K, is
the uniaxial anisotropy energy density in erg/cm?, V is the
particle volume in cm?, and 7,, is the measurement time in
seconds. Using this model, the magnetic properties of the
magnetic NPs can be evaluated. We have plotted H, vs 7>
in Figure 3c. According to eq 2, from the intercept of the
H_ versus T°* curves we can derive H. From the slopes of
the curves K,V is derived.

The anisotropy constants derived from the fits with eq 2
in Figure 3c are given in Table 2. The long-range ordering
parameter S for different annealing temperatures obtained
based on a measured relationship between anisotropy con-
stants K, and ordering parameter S, is given in Table 2 as
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Table 2. Anisotropy Constant K, Derived from the
Garcia-Otero Model?® and Corresponding Long-Range
Ordering Parameter S

anisotropy ordering
synthesis synthesis constant parameter S
sample temp (°C) time (h) K, (107 erg/cm?®) (derived from K,)

B 150 3 1.2 0.2
C 200 3 2.0 0.4
D 250 3 2.3 0.5
E 350 3 2.7 0.6

well, and plotted in Figure 3d (solid symbols).?> The obtained
ordering parameter is in good agreement with the ordering
parameter determined by XRD (open symbols in Figure 3d).
A large anisotropy constant underlines the potential of these
NPs for high-density data storage.

Solution annealed FePtAu NPs disperse very well, indicat-
ing that the ligands are still intact. In order to demonstrate
that postanneal patterning based on ligand exchange is still
possible with our NPs, we have fabricated the NP patterns
of Figure 4. The Si/SiO, substrate is covered with a thin
(0.62 £ 0.04 nm) of hexamethyldisilazane (HMDS). Sub-
sequently a pattern is defined by standard photolithography
for selective self-assembly of the FePtAu NPs. When the
substrate is dipped in the particle dispersion, pendant
functional groups —NH— of the HMDS replace the particle
stabilizers and a strong NP monolayer is formed in the
exposed regions. Physisorbed NPs and resist are easily
removed afterward. The successful patterning of the FePtAu
NPs based on ligand exchange indicates that the ligands are
intact after our solution annealing procedure.

In conclusion, we have demonstrated a low-temperature
solution synthesis method for fabricating FePtAu nanopar-
ticles that remain ferromagnetic up to room temperature. Our
method strongly reduces nanoparticle agglomeration associ-
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Figure 4. Scanning electron microscope (SEM) images of FePtAu
NPs monolayer patterns. The insert shows a zoom-in on the
patterned area. The scale bar is 50 nm.

ated with high annealing temperatures and leaves the organic
ligands intact. As a result, the postannealed nanoparticles
still leave the flexibility for further processing, patterning
for instance. Low-temperature bottom-up synthesis of fer-
romagnetic, patternable nanoparticles is considered to be an
important step toward application of ferromagnetic particles
in high-density data storage and spintronics.
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