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We report a facile synthesis of hard magnetic L1,-FePtAu nanoparticles by coreduction of Fe(acac),, Pt(acac), (acac = acetylacetonate)
and gold acetate in oleylamine. In the current reaction condition, NP sizes are controlled to be 5.5 to 11.0 nm by changing the amount of
Au doping. When the Au composition in the NPs is higher than 14%, the hard magnetic NPs are directly obtained without any annealing.
The highest coervicity of 12.15 kOe at room temperature could be achieved for the NPs with 32% Au doping, which is much higher than
the coercivities reported by the previous studies on solution-synthesized FePt nanoparticles. The reported one-pot synthesis of L1,-

FePtAu NPs may help to build superstrong magnets for magnetic or data-storage applications.

Introduction

Hard magnetic nanoparticles (NPs) with a size around 10 nm
having a high degree of atomic ordering are needed as building
blocks for applications in areas such as magnetic energy storage,
data storage, catalytic chemistry, and biomedicine."'® Recent
studies indicate that NdFeB,'' and hexagonal SmCo'*-based alloy
NPs are ideal building blocks for fabricating nanostructured
permanent magnet due to strong ferromagnetism observed within
their unique structure. However, rare-earth metal-based alloy NPs
of SmCo and NdFeB are extremely difficult to prepare and
stabilize due to the easy oxidation of Sm(0) and Nd(0) in the
alloy structures. These, plus the limited supply of Sm and Nd,
have motivated the search for Sm-, and Nd- free alternative
magnets.”> The Llg-intermetallic alloy with face-centered-
tetragonal (fct) structure (FePt, CoPt, FePd) with large
magnetocrystalline anisotropy constant, high coercivity, and
excellent corrosion resistance may be a suitable alternative to the
rare earth permanent magnets.'*'® The unique properties of the
L1g-intermetallic alloy allow reduction of the particles size below
10 nm with simultaneous stabilization of their magnetization
against thermal fluctuations and demagnetizing effects.

Recently, solution synthesis has allowed the preparation of
monodispersed FePt NPs with a narrow size distribution,
compositional control, and well-defined shapes.'** However, the
as-synthesized FePt NPs typically adopt a face-centered cubic
(fcc) structure, which is unsuitable for data storage and
permanent magnetic applic ations because of the
superparamagnetic property of fcc-FePt phase at room
temperature. The fcc-to-fct phase transformation requires high
temperature (>550 °C) annealing. However, high temperature
annealing leads to complete decomposition of the surfactant on
the surface of each NP and consequently produces an undesirable
aggregation and sintering.”?® As a result, the NPs lose their
solubility and most importantly their size and shape
homogeneity.”” Therefore, realizing the fcc-to-fct phase
transformation without sintering of FePt NPs is one of the major
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challenges in the production of hard magnetic FePt NPs. To make
dispersible L1,-FePt NPs, one can coat the as-synthesized FePt
NPs with Si0, or MgO®" ** layer before annealing, which
serves as a protective layer that prevents FePt sintering during
annealing. Then the protective layers can be removed after the fct
FePt NPs are formed. Although these methods can reduce
sintering and result in hard magnetic FePt NPs at room
temperature, high-temperature annealing is still required.

Here, we report a new method to directly prepare L1y-FePtAu
NPs from solution synthesis. The unique feature of this synthesis
is that oleylamine (OAm) in the synthesis serves as surfactant,
solvent and reducing agent at the same time and no other strong
reducing agent was used in the synthesis. By simply heating the
solution of Fe(acac);, Pt(acac), (acac = acetylacetonate) and gold
acetate with OAm to 350 °C, L1y-FePtAu NPs can be directly
obtained without further annealing. The composition of NPs can
be simply controlled by the amounts of Fe(acac);, Pt(acac), and
gold acetate used in the synthesis. The work provides a facile
general approach to directly synthesize L1,-FePt based NPs may
help to build high performance magnets for magnet applications
or produce high quality NPs for various catalytic applications.

Materials and Methods

Materials

Oleylamine (OAm, >70%), Pt(acac), (acac=aceylacetonate)
(99%) and Iron(IIl) acetylacetonate (Fe(acac);) (99%) were all
purchased from Sigma Aldrich. Gold acetate was purchased from
Fisher Scientific. The chemicals and solvents were used as
received without purification.

Synthesis of L1y-Fe ,Pty,Auyy NPs

0.25 mmol g of Fe(acac);, 0.25 mmol of Pt(acac),, 0.08 mmol
of Au acetate and 10 mL of OAm were first mixed at room
temperature. Then the solution was directly heated to 350 °C at a
heating rate of 5 °C/min and kept at 350 °C for 3 h. Then the
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heating source was removed, and the solution was cooled to room
temperature, after which the solution was exposed to air. A black
product was precipitated by adding 40 ml of ethanol, and
separated by centrifugation. Finally, the product was dispersed in
hexane.

Characterization

X-ray diffraction (XRD) characterization was carried out on a
Rigaku Multiflex diffractometer with Cu K, radiation (1 = 1.5418
A). The composition analyses of the NPs were carried on FEI
Nova Nano SEM450 with energy dispersive spectro-scopy
(EDS). Samples for transmission electron microscopy (TEM)
analysis were prepared by depositing a single drop of diluted
particle dispersion in hexane on amorphous carbon coated copper
grids. TEM images. TEM, high-resolution TEM (HRTEM) and
the scanning/transmission electron microscopy-EELS (S/TEM-
EDS) images were obtained on a FEI Tecnai Osiris with an
accerating votalage of 200 kV. Magnetic propertis were measured
by a Physical Properties Measurement System (PPMS) up to 70
kOe.

Results and Discussion

In the synthesis, we first studied the amount of Fe(acac); on the
FePt NPs morphology and composition controls. We found that
changing the amount of Fe(acac); was a simple approach to
control FePt NP composition. By changing the amount of
Fe(acac); from 0.15 mmol to 0.35 mmol and keeping 0.25 mmol
of Pt(acac),, Fe;;Pt;; and FesgPty, NPs could be obtained.
Transmission electron microscopy (TEM) analysis showed that
the size of the NPs (Figure S1) separated from the amount of
Fe(acac); were nearly the same. And the morphology of the NPs
changed from polyhedral shape to irregular shape. Based on these
results, we could synthesize the stoichiometric composition of 49
at. % Fe in FePt NPs by using 0.25 mmol g of Fe(acac);, 0.25
mmol of Pt(acac),. Figure 1A shows a typical TEM image of the
FeqoPts; NPs synthesized at 350 °C for 3 h with their size being at
5.5 &+ 0.5 nm. By controlling the amount of gold acetate (0.08,
0.12 and 0.20 mmol, respectively) added in the reaction,
Fey,PtyyAuyy FesgPtigAu,y and FejsPt;sAus, NPs could be
obtained, as shown in Figure 1B-D, respectively. It can be
clearly seen that the sizes of as-synthesized NPs increase with
increasing the composition of Au in the NPs. Doping 14% Au
into the NPs yielded 6.5 &= 0.5 nm NPs. By further raising the
amount of Au in the NPs from 24% to 32%, the NP sizes were
increased to 9.0 £ 0.8 nm and 11.0 = 1.0 nm, respectively,
indicating that Au additive resulted in a larger particle.

The crystal structure of the as-synthesized NPs was further
characterized by X-ray diffraction (XRD). Figure 2 shows the
typical XRD curves of the as-synthesized NPs with different the
amount of Au doping. A broad peak ranging from 37° to 44° and
a small peak ranging from 44° to 50° are observed for pure
Fe,9Pts; NPs, which agree with (111) and (200) diffraction peaks,
respectively. No other peaks could be observed, which means that
the as-synthesized FeyoPts; NPs have the fcc structure. By doping
14% Au into the NPs, (001) and (110) diffraction peaks appear in
the XRD curve. And fcc (200) peak was split into (200) and (002)
superlattice diffraction peaks. These results indicate that L1,-FePt
phase can be directly obtained from this solution phase synthesis

by simply doping with Au element. Further increasing the amount

e of Au in the NPs, a stronger (001) peak and more splitting

between the (200) and (002) peaks can be seen, which means that
L1, phase

os Figure 1. Typical TEM images of (A) FeyoPts;, (B) Feq,PtyAuyy,

(C) Fe3gPt3gAu24 and (D) Fe34Pt34Au32 NPs.

with higher ordering degree was formed in the as-synthesized
NPs. Besides the diffraction peaks from L1,-FePt phase, Au

70 (111), (200) and (311) peaks could be also seen, suggesting that

Au phase is also formed during the reaction.
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Figure 2. The typical XRD curves of FeyoPts;, FesPtyAugy,

Fe33Pt38Au24 and Fe34Pt34AU32 NPs.
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Compared with fcc FePt phase, the a lattice constant of fully
ordered fct FePt phase expands approximately 2%, while the ¢
lattice constant contracts approximately 2.5%, resulting in a c/a
ratio that is less than 1, which means that we can calculate c/a

so ratio of the NPs to further characterize whether the NPs are fct

structure. Therefore, c/a ratios versus Au composition in the NPs
were calculated from the positions of the (001) and (111)
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diffraction peaks, as shown in Figure 3 (black symbols). For the
pure FePt NPs, no (001) peak can be seen, suggesting that the
pure FePt NPs are fcc structure and c/a ratio is equal to 1. After
doping 14% Au into FePt NPs, c/a ratio drops to 0.973, indicating

s that FeyPtyAuyy, NPs already have the fct structure. With
increasing the Au composition in the NPs, c/a ratios continue to
decrease, suggesting that more Au doping could facilitate the
formation of fct FePt phase. In order to evaluate the long-range
ordering degree of the fct phase for the as-synthesized NPs in

10 more detail, the order parameter S is employed. An approximate
relation between S and c/a can be written as follows:*

,  1-(c/a)

§2=_— \"'7J
l—(c/a)sf

where is (c/a)s/ the axial ratio for the fully ordered phase,

15
c/a ratio is for the partially ordered phase. S=1 in this equation
corresponds to the fully ordered phase. S is zero for a chemically
disordered FePt phase. The long-range order parameters S for the
NPs with different Au composition were calculated from c/a

2 ratio, as shown in Figure 3 (red symbols). In the case of
FeyPtyqAuy, NPs, S is 0.858, which indicates that FePt phase in
FeyPtyqAuy, NPs is partially ordered. S values increase with
increasing the amount of Au in the NPs, indicating that increasing
Au composition promotes the ordering of the FePt phase in the

»s NPs. These results suggest that we could achieve significant
ordering FePt phase without significant agglomeration at 350 °C
synthesis by doping Au into the NPs.
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30 Figure 3. c/a ratios and the order parameter S versus Au
composition in the NPs.

Since there are two phases in the production, it is very
important to characterize whether L1y,-FePt and Au phases
35 nucleated and grew separately or together. Figure 4A shows the
HRTEM image of a representative L1,- FesgPt;gAu,y NP from
Figure 1C. It can be clearly seen that the NP shows a typical
polycrystalline structure. Considering that a small difference of
lattice-fringe spacing between the L1y-FePt and fcc Au lattice, it

40 1s very difficult to clearly distinguish which part is L1,-FePt
phase and which part is Au phase from HRTEM image. The fast-
Fourier transform (FFT) of HRTEM image was used to determine
the crystalline structure in the NP, as shown in Figure 4B. The
FePt (200), Au(111) and

45

so Figure 4. (A) HRTEM image of a representative NP shown in
Figure 1C. (B) Fast Fourier transform of the HRTEM image. (C)
HAADF image of representative L1y- FesgPt;gAu,y NPs. (D-G)
Elemental mappings of Fe(green), Pt (blue) and Au (red) signals
combined (G) and single element Fe (green) (D), Pt (blue) (E)

ssand Au (red) (F). (H) HAADF image and the corresponding
elemental map of representative L1- FesgPt;gAu,y NPs.

Au(200) spots could be indexed in the FFT image, which
suggests that L1,-FePt and Au phases nucleated together. The
o angle between Au (111) and Au(200) reflections clearly shows
more than one Au lattice within the particle. In order to further
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confirm that one NP contains L1,-FePt and Au two phases, the
high-angle annular dark field (HAADF) images of Ll,-
Fe;5PtsgAuyy NPs were also measured, as shown in Figure 4C.
The corresponding composition distributions in Figure 4C were
further characterized by the scanning/transmission electron
microscopy-EDS  (S/TEM-EDS). Figure 4D-H show the
elemental mappings of Fe (green), Pt (blue) and Au (red) in each
NP. The color distribution within each NP indicates that each NP
contains Fe, Pt, Au elements. Combining XRD and HRTEM
measurements with elemental mappings, it can be concluded that
L1,-FePt and Au phases are segregated in each NP.
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Figure 5. The hysteresis loops of the as-synthesized NPs: (A)
FegoPts;, (B) Feys 5Pty sAuy, (C) FeyPtyyAuyy, (D) FesgPtsgAun,,
(E) Fe3 1Pt31AU.28 and (F) Fe34Pt34Au32 NPs.

The magnetic properties of the as-synthesized NPs were
measured using a Quantum Design Physical Property
Measurement System (PPMS). Figure 5 shows the hysteresis
loops of the as-synthesized NPs with different the amount of Au
doping measured at room temperature. For the pure FePt NPs, the
NPs possess soft magnetic properties with a coercivity of 0.09
kOe. When the NPs were doped by 7% Au, the coercivity of the
NPs increases to 0.26 kOe. The corresponding hysteresis loop
shows two-phase behavior, which means that the partially
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ordered FePt phase started to form in the NPs by doping a small
amount of Au. A coercivity of 4.50 kOe could be achieved when
Au composition in the NPs reaches 14%, indicating that the NPs
contain hard magnetic FePt phase. Increasing the Au additive to
the NPs results in the higher coercivity of the samples. When the
Au additives are 24% and 28%, the coercivities of the NPs
increase to 9.58 and 10.85 kOe, respectively. Further increasing
the Au composition to 32% in the NPs, the coercivity of 12.15
kOe could be obtained, which is much higher than the
coercivities reported by the previous studies on solution-
synthesized FePt NPs. The M; values first increase with
increasing the Au composition to 14%. The reason for this might
be related to the reduced magnetization on the surfaces of the
smaller NPs. Further increasing the Au composition led to a
decrease in saturation magnetization of the NPs, due to large
amount of nonmagnetic Au in the NPs.

Intensity (a. u.)

230°C

1 i 1 A 1
30 40 50
20 (deg.)

20 60

Figure 6. The XRD curves of the NPs synthesized at different
temperature.

To understand the formation mechanism of L1,-FePt phase in
the NPs, the synthesis temperature was changed from 230 to 390
°C and 0.25 mmol g of Fe(acac)s, 0.25 mmol of Pt(acac),, 0.12
mmol of gold acetate were used in the reaction. For 230, 260 and
290 °C synthesis for 3h, FegPtysAuyy, FeypsPtysAu; and
Fe4oPtyoAuyy NPs could be obtained, as shown in Figure S2.
These results suggest that Au composition in the NPs increase
with increasing the synthesis temperature. Figure 6 shows the
XRD curves of the NPs synthesized at different temperature,
indicating the evolution of the L1, phase with increasing
synthesis temperature. For 230 °C synthesis, only fcc FePt (111)
and (200) peaks can be seen. No Au peaks appear in the XRD
curve, which means that Au atoms entered into the fcc FePt
lattice. With increasing the synthesis temperature to 260 °C, Au
(111) peak appeared at the left side of fcc FePt (111) peak,
suggesting that Au atoms segregated from fcc FePt lattice. When
the synthesis temperature was increased to 290 °C, LI,-FePt
(001), (110) and (002) peaks can be observed and Au (111) and
L1y-FePt (111) peaks were completely divided, which means that
ordered FePt phase was formed. Figure S3 shows the hysteresis
loops of the NPs synthesized at different temperature. We can
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clearly see that the NPs synthesized at 230 °C show the typical
soft magnetic properties. Increasing the synthesis temperature to
260 °C, the coercivity of the NPs is about 0.90 kOe, which means
that the FePt phase in the NPs started to order. Further increasing
the synthesis temperature to 290 °C, the NPs have 5.53 kOe
coercivity. These results suggest that the phase separation
between Au and FePt promotes the ordering of the FePt phase in
the NPs. From these results, we can see that at low temperature
synthesis, Fe, Pt and Au atoms nucleated together and alloy
FePtAu NPs with fcc structure can be formed. With an increase
of the synthesis temperature, Au atoms would diffuse out of the
fcc FePt lattice, creating lattice vacancies that increase the
mobility of Fe and Pt atoms to rearrange to fct phase.

Conclusions

We have developed a facile one-pot synthesis of L1y-FePtAu
NPs through a high-temperature solution synthesis by using
Fe(acac);, Pt(acac), and gold acetate as precusors in the presence
of OAm. The unique feature of this synthesis is that OAm in the
synthesis serves as surfactant, solvent and reducing agent at the
same time. Through controlling Au composition in the NPs, we
can obtain NPs with sizes from 5.5 to 11.0 nm. When the Au
composition in the NPs is higher than 14%, the hard magnetic
NPs can be directly obtained without any annealing. The highest
coervicity of 12.15 kOe can be achieved for the NPs with 32%
Au doping, which is much higher than the coercivities reported
by the previous studies on solution-synthesized FePt NPs. The
phase separation between Au and FePt phase likely is the main
reason for the ordering of FePt phase. The reported one-pot
synthesis of L1j,-FePtAu NPs may provide an ideal class of

building blocks for magnetic energy and data-storage
applications.
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