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Abstract The ordered assembly of face-centered tetragonal (fct, 
L10) FePt nanoparticles (NPs) has been fabricated through a 
layer-by-layer assembly method under an external magnetic 
field. The assembled L10-FePt film with controlled magnetic 
alignment exhibits significant perpendicular magnetic 
anisotropy, which shows great potential for ultrahigh density 
data storage application.  

The chemical synthesis and self-assembly of magnetic 
nanoparticles (NPs) including Fe,1-2 Co,3 FePt,4-6 CoPt7-8 and FeCo9 
NPs have attracted extensive attention due to their great potential in 
magnetic nanodevice application. Particularly, developing 
magnetic NP arrays with controlled magnetic anisotropy is 
critical during constructing these assemblies, since the magnetic 
thin films with perpendicular anisotropy are easy to magnetize 
along a direction perpendicular to the film surface rather than 
randomly fluctuate over time. It is expected that the application 
of perpendicular magnetization will be able to build ultrahigh 
density vertical magnetic recording media and highly sensitive 
magnetotransport devices.10-12 FePt alloy with a face-centered 
tetragonal (fct, L10) structure is considered as an ideal candidate due 
to the high magnetocrystalline anisotropy (K = 7×106 J/m3), which is 
one of the largest value among the known hard magnetic materials. 13 
Such hard magnetic FePt NP films have been made by solvent 
evaporation of FePt NPs dispersion,4,14,15 but the subsequent thermal 
annealing conversion from face-centered cubic (fcc) to fct phase 
would result in degradation of the long-range ordering. In order to 
solve this problem and maintain the NPs well-dispersed, extra 
components are necessary. Dong16 and co-workers have reported the 
fabrication of L10-FePt nanocrystal superlattice membranes by co-
assembly of FePt and MnO NPs at the liquid-air interface. Although 
the existence of MnO NPs protected FePt from sintering during the 
phase conversion, the L10-FePt film is limited to a fairly small range 
of area with controlled assembly structure. Furthermore, a common 
problem in these self-assembled L10-FePt NP films is that it is 

difficult to control the easy magnetization direction and to orient 
NPs along the easy axis direction. Therefore, the fabrication of L10-
FePt NPs thin films with perpendicular c-axis orientations over an 
extended area is still a challenge to be met.  

Layer-by-layer (LbL) self-assembly, regarded as a versatile 
bottom-up nanofabrication technique, has been successfully utilized 
to prepare various homogeneous ultrathin films over large areas for 
electrical, magnetic, catalytic and optical applications.17-23 The LbL 
assembly technique developed by Decher and co-workers24,25 can be 
applied to a wide range of materials on a large scale to obtain highly 
controlled multilayered micro-architectures. LbL-assembled films 
are mainly conducted through electrostatic interaction,19-21,23-26 
hydrogen bonding,17,22 or covalent bonding27 in the context of an 
aqueous media. An assembly of ferromagnetic FePt NPs exhibiting 
perpendicular magnetic anisotropy has been obtained by  depositing 
cationic polyelectrolyte azobenzene polymer and L10-FePt NPs 
dispersed in water under a strong magnetic field.28 More recently, a 
general approach based on an in situ ligand exchange between the 
hydrophobic NPs stabilizers and the polymer amine groups is 
introduced to prepare functional nanocomposite multilayers,29 which 
offers a facile and effective method to generate L10-FePt LbL-
assembly films in an organic medium. However, it is rarely reported 
about assembled L10-FePt NPs films exhibiting larger magnetic 
anisotropy, which is highly expected for potential application of high 
density data storage. Thus the assembly of fct-FePt NPs with higher 
coercivity shows a compelling need.  

In this paper, monodisperse L10-FePt NPs with a coercivity of 
31.7 kOe have been successfully synthesized and used as building 
blocks for self-assembly. A LbL-assembly method by consecutively 
alternating adsorption of the polyethylenimine (PEI) and L10-FePt 
NPs is applied to prepare the ferromagnetic NP assembly. In order to 
enhance its performance for perpendicular magnetic recording 
media, the (PEI/L10-FePt)n multilayers were prepared by applying an 
external magnetic field during the LbL self-assembly. This directly-
developed (PEI/L10-FePt)n assemblies without thermal annealing 
process are expected to exhibit significant perpendicular magnetic 
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anisotropy with high coercive force and high remanence at room 
temperature. 

The fabrication of macroscopic multilayer films of PEI and 
L10-FePt NPs is depicted in detail as shown in Scheme 1. A well-
cleaned substrate is immersed into ethanol solution of PEI for 5 min, 
followed by rinsing with ethanol and drying in a gentle nitrogen 
stream. Subsequently, the PEI-coated substrate is dipped into toluene 
dispersion of the L10-FePt NPs for 10 min. After rinsed in toluene, 
the substrate was then placed horizontally on a strong magnet with a 
magnetic field normal to the film surface immediately and dried with 
a gentle N2 flow. By repeating this procedure in cycles, the assembly 
of magnetic NPs with oriented magnetic moments can be obtained. 
This magnetic-field-assisted LbL self-assembly is based on an in situ 
ligand exchange between the hydrophobic NPs (L10-FePt) stabilizers 
and the polymer amine groups (PEI) in an organic medium, which 
has been proved effective in building multilayer films.29 When L10-
FePt NPs were deposited onto the PEI-coated substrates, oleic 
acid/oleylamine bound to the bottom surface of L10-FePt NPs can be 
easily replaced by the amine groups in PEI. Along with the next 
absorption of PEI layer, ligand exchange is completed between 
amine-functionalized PEI and the remaining oleic acid/oleylamine 
around the top surface of fct-FePt NPs. A strong PEI-protected NPs 
assembly is resulted from consecutive deposition of PEI and L10-
FePt NPs onto the substrates via LbL-assembly method. 

 

 
 

Scheme 1 Schematic illustration for (PEI/L10-FePt)n multilayers via 
magnetic-field-assisted LbL self-assembly method. 
 

The L10-FePt NPs used as building blocks were prepared by 
modifying a previously reported procedure by our group.30 Briefly, 
the fcc-FePt NPs are synthesized by simultaneous reduction of 
platinum acetylacetonate (Pt(acac)2) and iron pentacarbonyl 
(Fe(CO)5) and coated with a layer of MgO by decomposition of 
magnesium(II) acetylacetonate hydrate (Mg(acac)2·2H2O) in the 
presence of oleic acid  and oleylamine in benzyl ether. After the 
thermal annealing of fcc-FePt/MgO NPs at 700oC in Ar containing 
5% H2, L10-FePt/MgO NPs are obtained and treated with nitric acid 
to remove MgO shell. These L10-FePt NPs are further treated in 
toluene containing oleic acid, oleylamine and 1-hexadecanethiol at 
100 oC, and can be dispersed in toluene or hexane. The detailed 
synthetic process and the intermediate product are shown in 
supporting information and Figure S1. As revealed in the TEM 
image of Figure 1a, the L10-FePt NPs are successfully produced with 
an average particle size of around 8 nm and good dispersibility in 
toluene, facilitating assembling the NPs with the magnetic easy axes 
preferably aligned to the external magnetic field. The ratio of Fe and 
Pt in the L10-FePt NPs was 50 : 50 according to inductively coupled 
plasma atomic emission spectroscopy (ICP-AES). Figure 1b displays 
a high-resolution TEM (HRTEM) image of a single L10-FePt 
particle with high crystallinity. The L10-FePt NP has a lattice fringe 

of 0.27 nm, corresponding to the lattice spacing of the (110) planes 
in the L10- FePt. Figure 1c is a typical selected area electron 
diffraction (SAED) pattern of the L10-FePt NPs shown in Figure 1a. 
The (001), (110), (111), (200) and (002) rings can be clearly seen, 
which are characteristics of the L10-structure. The crystal structure 
of the L10-FePt NPs was further characterized by X-ray diffraction 
(XRD) shown in Figure 1d. The XRD pattern fits well to the 
standard pattern of L10-FePt (JCPDS ICDD card 43-1359). Two 
characteristic diffraction peaks of (001) and (200) planes at the 
diffraction angle of 47o and 49o occur in the patterns respectively, 
indicating the formation of L10 structure. 
 

 
 

Figure 1 (a) TEM image of the fct-FePt NPs, (b) HRTEM image of a 
single nanoparticle, (c) SAED pattern and (d) XRD pattern of the 
L10-FePt NPs. 
 

The ligand-exchange strategy of this LbL-assembly method was 
examined by Fourier transform infrared (FTIR) spectroscopy in 
attenuated total reflection (ATR) mode (Figure 2a). The absorption 
peaks of PEI occurred at 3300-3500 cm-1 originating from the N-H 
stretching vibration and 1650-1515 cm-1 resulting from the N-H 
bending vibration, respectively. The ATR-FTIR spectra of the L10-
FePt NPs displayed absorption peaks assigned to the carbonyl (C=O) 
stretching vibration at 1710 cm-1. As the PEI layer was adsorbed 
onto the L10-FePt NPs layer, the absorption peak intensity 
corresponding to the C=O stretching at 1710 cm-1 disappeared in the 
spectra of PEI/L10-FePt film. These results evidently indicate that 
the oleic acid/oleylamine ligands bound to L10-FePt NPs were 
exchanged with PEI chains. In this LbL assembly process, an in situ 
ligand-exchange occurs and PEI/fct-FePt assembly is formed. 

A key feature of the fabrication of (PEI/L10-FePt)n multilayered 
architecture is control of individual layer formation. The TEM bright 
field image of a single PEI/ L10-FePt multilayer assembled on TEM 
grids is shown in Figure 2b (Figure S2) with an enlarged TEM 
image of an area in the inset . The adsorbed L10-FePt NPs exhibit a 
dense packing density per layer on a large scale with the layer 
packing density of approximately 60%, which is in accordance with 
the value reported previously.29 It is worth noting that the colloidal 
L10-FePt single layer formed on PEI exhibits greater surface 
coverage than that obtained from aqueous solution. The difference is 
due to electrostatic repulsions of the same charged NPs in water. 
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The growth process of (PEI/L10-FePt)n LbL-assembled film 
was monitored by UV-vis spectroscopy. The quartz glasses are used 
as substrates for alternately deposition of PEI and L10-FePt NPs. 
UV-vis spectra (Figure 2c) show the linear increase of the 
monolithic absorbance after each deposition process, and the inset 
diagram demonstrates that the absorption intensity at 400 nm 
exhibits a monotonic increase along with increasing bilayer number 
(n). This linearity confirms a stepwise and uniform deposition 
procedure in each cycle, which can be ascribed to in situ ligand 
exchange from oleic acid/oleylamine ligands to PEI.  

When such films are prepared on silicon wafers, an 
approximately linear increase of the film thickness with various 
number of layers is observed by the cross-sectional scanning 
electron microscopy (SEM) images of the films (Figure 2d). The 
average growth increment per bilayer cycle estimated from SEM 
images is 10 nm, which is close to the thickness of the single layer of  
L10-FePt NPs (~8 nm) and  PEI (~2nm).  

 

 
 
Figure 2 (a) ATR-FTIR spectra of PEI, L10-FePt, and PEI/L10-FePt 
films, (b) An overview TEM image and high magnification TEM 
image of a 8 nm sized L10-FePt NPs single layer assembled on PEI-
coated TEM grids, (c) UV-vis spectra of (PEI/L10-FePt)n multilayers 
on quartz glass as a function of bilayer number (n). The insets is the 
plot of absorbance at 400nm for (PEI/L10-FePt)n multilayers versus 
the bilayer number, (d) Film thickness of (PEI/L10-FePt)n 
multilayers on silicon substrates as a function of bilayer number. The 
inset shows the side-view SEM images of the films. 
 

Room-temperature hysteresis loops of (PEI/L10-FePt)5 films via 
a LbL self-assembly method with and without an external magnetic 
field are shown in Figure 3. The L10-FePt powders are ferromagnetic 
at room temperature with a large coercivity of 31.7 kOe and a 
saturation magnetization (Ms) of 36 emu g-1 (Figure S3). When the 
L10-FePt NPs are assembled on silicon substrate without the external 
magnetic field (Figure 3a), no apparent difference is observed in the 
out-of-plane and in-plane loops, where the magnetic fields are 
perpendicular and parallel to the film surface respectively. From 
Figure 3b, it can be seen that the (PEI/L10-FePt)n film assembled 
under an external magnetic field exhibits an extremely high 
coercivity of 34.9 kOe and a high remanence ratio (Mr/Ms) of 0.80 in 
the out-of-plane direction, which are considerably higher than those 
in Figure 3a. As a comparison, the in-plane loop shows the 
coercivity of 13.1 kOe and the remanence ratio of 0.34, indicating 
that the magnetic easy axes are aligned preferably perpendicular to 
the film surface. The kink where the magnetic field is around zero is 

ascribed to the magnetostatic interaction between the hard magnetic 
particles.31,32 These ferromagnetic L10-FePt NP assembly exhibiting 
large perpendicular magnetic anisotropy could be regarded as a 
strong candidate for ultrahigh-density magnetic recording media 
with the capability of achieving densities of terabits/in2. 

 

 
 

Figure 3 Room-temperature hysteresis loops of (PEI/L10-FePt)n 
films assembled without (a) and under (b) an external magnetic field 
in the out-of-plane and in-plane direction, where n=5. 

 
In conclusion, we report the synthesis of monodisperse L10-

FePt NPs readily dispersed in toluene and the preparation of an 
assembly of L10-FePt NPs via a versatile LbL self-assembly method 
by alternating deposition of PEI and L10-FePt NPs under an external 
magnetic field. ATR-FTIR spectra indicate the occurrence of ligand-
exchange between PEI chains and the ligands bound to L10-FePt 
NPs. A uniform and high surface coverage assembly film has been 
fabricated which can be demonstrated by TEM images, UV-vis 
spectra, and side-view SEM images of the multilayer film. As a 
result, significant perpendicular magnetic anisotropy at room 
temperature has been observed in (PEI/L10-FePt)n multilayers film. 
These ferromagnetic NPs show the preferred magnetic alignment 
with a coercivity of 34.9 kOe. It is expected that the strategy 
described in this work could also be extended to the fabrication of 
the exchange-coupled hard/soft magnetic NPs composite films. 
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