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Abstract 

Chemically ordered, self-assembled FePt nanoparticle arrays with high magnetic 

anisotropy are considered a candidate medium for data storage beyond 1 Tbit/in2. We 

report comprehensive structural and magnetic studies on thin (3 layer) assemblies of 

polyethylenimine (PEI) and 4 nm Fe58Pt42 nanoparticles using X-ray diffraction, small 

angle neutron scattering and magnetometry. We show that prior to annealing FePt 

nanoparticles in the PEI-FePt assembly consist of a metallic, magnetic core surrounded 

by a weakly magnetic or non-magnetic shell. High temperature annealing creates the 
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desired L10 chemical ordering and results in high coercivity FePt nanoparticles. However, 

we find that the high temperatures necessary to establish full chemical ordering leads to 

particle sintering and agglomeration. Understanding the magnetic and physical properties 

of these assemblies allows future research directions to be clarified for nanoparticle 

arrays as data storage media.  
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INTRODUCTION 

 
Magnetic nanoparticles are of broad interest in such diverse areas as data storage,1 

permanent magnets,2  sensors,3  medical applications,4-5 and drug delivery systems.6 Thus 

advances in understanding the properties of magnetic nanoparticles in one area of 

endeavor have a broader applicability. The recent fabrication of arrays of 4 nm diameter 

FePt nanoparticles with an extremely narrow size distribution,1 has prompted a 

significant research effort in this area,7-14 due to their potential technological application 

as recording media.15-18 To realize the full potential of nanoparticle arrays as a recording 

medium, it is necessary to have a detailed physical understanding of the constituent 

nanoparticles and the nanoparticle arrays. High temperature annealing is required to form 

the L10 high anisotropy phase of FePt which allows the possibility of additional thermally 

activated chemical and physical processes. During annealing one can envisage three such 

thermally activated processes that might occur. Firstly, there is the desired phase 

transformation where initially chemically disordered face-centered cubic (fcc) FePt forms 

the chemically ordered L10 phase (where planes of Fe and Pt atoms are stacked 

alternately along the [001] crystallographic direction) leading to high magnetic 

anisotropy. Secondly, there is the possibility that particles which initially form a well-

ordered array can agglomerate and/or sinter into larger entities and, finally, the chemical 

oxidation state of the Fe in the nanoparticles can also change. Hence, there is an urgent 

need to understand how these thermodynamic processes affect magnetic and structural 

properties. We first seek a detailed understanding of the physical and chemical state of 

the as-deposited particle arrays.  We then present results and analysis that describes the 
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evolution of the structural and magnetic properties as the arrays are annealed and 

demonstrate the structural origin of the observed magnetic properties. This model of 

nanoparticle arrays allows us to identify the research challenges that must be met before 

the technological potential of these arrays can be realized. 

 

II. EXPERIMENTAL 

 The polymer mediated method described by Sun et al.,19-20 was used to deposit 3 

layers of PEI-FePt nanoparticle arrays onto Si substrates. The precursors of the 

nanoparticle synthesis were added in a ratio that produces Fe58Pt42 nanoparticles which 

have previously been shown to exhibit the highest coercivity (Hc) after annealing.1 This 

technique provides thin arrays consisting of particles with a diameter of ~4nm and an 

extremely narrow size distribution (< 5%). The PEI-FePt nanocomposite process was 

used in order produce thin, smooth assemblies over extended areas. Annealing of the thin 

film arrays was undertaken in N2 at atmospheric pressure. The annealing conditions 

employed were 30mins at 580°C, 5mins at 650°C, 5mins at 700°C and 5mins at 800°C.  

Small Angle Neutron Scattering (SANS) measurements were undertaken on instrument 

D11,21 at the Institut Laue Langevin high flux reactor in Grenoble, France using a neutron 

wavelength of λ = 4.5Å. The data were collected at three detector positions in order to 

scan a scattering vector, q, range of 0.0012 – 0.03nm-1. Particle diameters were 

determined from the q dependence of the scattered intensity by matching the data to 

simulations of interacting, polydisperse hard spheres in the Percus-Yevick approximation 
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using the method of Griffith et al.22 A full description of this work is currently in 

preparation23 while a summary maybe found in Ref.[24].  

The X-ray diffraction (XRD) measurements were performed in a grazing incidence 

geometry at the National Synchrotron Light Source using beamline X20C. The diffracted 

beam was analyzed with 1 milliradian Sollar slits, which provided a finer resolution than 

any of the diffraction peak widths. The peak widths were analysed to determine particle 

diameters. The data were also analysed to determine the Warren long-range order 

parameter S, which is unity for complete chemical order, zero for chemical disorder, and 

proportional to extent of chemical order for partial order25 as reported in Ref.[26].  

The magnetization data were obtained from hysteresis loops measured on an Oxford 

Instruments vibrating sample magnetometer (VSM) with a maximum applied field of 9 

Tesla. Data were collected over a temperature range of 1.9 to 350K. Non-linear 

background signals were carefully measured and subtracted for each measurement 

condition while linear background contributions were determined from fits to the data at 

high applied fields. The noise floor of the instrument was 2µemu. 

 

III. RESULTS AND DISCUSSION 

 Figure 1 shows magnetization as a function of applied field at a temperature of T 

=100K for an unannealed particle array together with an insert that shows magnetization 

(at 9 Tesla) vs measurement temperature. The solid line is a fit to the Langevin function 

which describes the response of a 3D random array of uniaxial particles to an applied 

field.  Using a value of  Ms = 1030 emu/cm3 as determined from ab initio calculations 
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and experiment,27-28 (and refs therein) for a chemically disordered fcc Fe0.5Pt0.5 alloy, a 

particle diameter of 2.2 nm is required to match the observed temperature dependence of 

magnetization at all temperatures above 20K. This diameter is significantly smaller than 

the 4.5 nm measured by SANS but is in good agreement with the diameter of 2.2nm 

determined by XRD, as shown in Fig. 2. These data are easily explained by considering 

the differences between SANS and XRD. XRD data are analyzed by determining the 

width of the peaks from well defined crystallographic planes, in this case the (111) planes. 

SANS merely requires a contrast in neutron scattering length density and hence would be 

less sensitive to thin surface layers such as an oxide.  The data suggests a model whereby 

a large fraction of the as-deposited particles consist of a metallic core of chemically 

disordered fcc FePt with a fairly narrow distribution of sizes centered at a diameter of 

2.2nm surrounded by a non- or weakly magnetic Fe-containing oxide layer. This model is 

strongly supported by NEXAFS data taken on the same samples at the Fe L edge and 

described by Anders et al.26 The NEXAFS data for the unannealed array show little or no 

contribution from Fe in a metallic environment which, due of the surface sensitivity of 

the technique, can be modeled in terms of an oxide-containing shell as discussed by 

Anders et al.26  

 Figure 2 shows the particle diameters as a function of annealing temperature as 

measured by SANS and XRD. It is clear that increasing the annealing temperature leads 

to a systematic increase in median particle diameter although the diameter determined by 

SANS increases at a significantly greater rate, particularly at high annealing temperatures. 

Thus, as the particle arrays are annealed, the results from a combination of these two 

techniques demonstrate that nanoparticles not only sinter, i.e. coalesce into a single unit 
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with a common crystallographic axis, but also the sintered particles are able to 

agglomerate and form larger clusters.  

 The insert in Fig.1 shows magnetization (at 9 Tesla) of the as-deposited PEI-FePt 

arrays as a function of measurement temperature. In determining magnetization, the total 

particle volume was used. The magnetization is significantly reduced from the expected 

value of ~1000emu/cm3 and this is now readily explained by the assumption that only the 

metallic particle core contributes and hence of volume of the magnetically active material 

is not the same as the total particle volume. These data also show a significant increase in 

moment at very low temperatures (T < 20K). This low temperature increase in moment is 

also observed for all samples under all annealing conditions, Fig.3a. Modeling our low 

temperature (T ≤ 20K) magnetization vs. field data for the as-deposited PEI-FePt arrays 

using a Langevin function suggests that this increase in measured magnetization is due to 

an additional population of material that remains superparamagnetic at very low 

temperatures. This highly superparamagnetic material can be envisioned as particles with 

a small metallic core of less than 0.8nm diameter or as magnetically de-coupled regions 

that have only poor crystallographic ordering. This population of highly 

superparamagnetic material does not contribute to the total moment at T > 20K as the 

magnetization falls on the linear part of the Langevin curve and is indistinguishable from 

a paramagnetic background signal. The steep increase in magnetization at low 

temperature suggests that in the unannealed arrays, this highly superparamagnetic 

material is much more abundant than the larger 2.2nm magnetic particle cores. The 

magnetic characteristics of this highly superparamagnetic material were explored further 



 8

by fitting a composite function consisting of two Langevin functions to the T = 20K 

magnetization data. The contribution of the core starts to become hysteretic below T = 

20K and so a composite Langevin function cannot be used for the lower temperature data. 

The parameters obtained from fitting the composite Langevin function to the T = 20K 

data set a lower bound on the relative particle populations giving a particle number ratio 

of 10:1 for <0.85nm:2.35nm particles. We speculate that this highly superparamagnetic 

material is physically located in the Fe-containing oxide shell and are thus available for 

incorporation into the core without significant chemical reduction.  

 We now have a physical model of the unannealed particle arrays where data from 

all the techniques employed can be explained. We use this as a starting point to 

understand the effects of annealing. Magnetization and Hc measured at room temperature 

together with coercivity extrapolated to T = 0K (H0) are shown in Fig. 4 as a function of 

annealing temperature. There is a strong monotonic increase in both Hc and H0 with 

annealing temperature while magnetization initially increases and then decreases. We 

first consider the magnetization data. The initial increase in magnetization occurs as Fe 

bound in the oxide shell transforms and becomes incorporated into the magnetic FePt 

core, shown schematically in Fig.5. The thickness reduction in the oxide-containing shell 

is shown in the NEXAFS data,26 by the increase in the metallic Fe peak and reduction in 

the oxide peaks. Annealing at even higher temperatures allows chemical reactions to 

occur with the Si substrate to form Fe and/or Pt silicides which reduces magnetization.26 

The formation of Fe silicides has been observed by x-ray diffraction in a series of 
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nanoparticle arrays annealed at 725°C for 2-120mins. The formation of the silicides is 

correlated with a significant drop in magnetization.29 

 Figure 3 shows both Ms and Hc for each annealing condition as a function of 

measurement temperature. The magnetization data above T = 20K decrease only slightly 

with increasing measurement temperature. Since this is not in a sensitive region of the 

magnetization vs T curve it is not possible to extract the Curie temperature (Tc) 

accurately. However, by assuming the bulk values for L10 or disordered fcc FePt (Tc = 

750K and Tc = 710K respectively) gives a value for the total angular momentum (J) of J 

= 3 which is reasonable when compared with thin films,30 although in the case of thin 

films, magnetization drops faster over this temperature range. At low measurement 

temperatures an increase in magnetization is observed, as noted earlier in the case of the 

unannealed array. The continued presence of a population of the highly 

superparamagnetic material suggests that the finite size of the core, ~50 atoms, of these 

particles inhibits or slows the conversion of Fe in the surrounding shell from Fe-oxide to 

FePt, or that the composition of the particle is deficient in Pt. We also note that we have 

no evidence of  exchange bias effects in any of the materials studied here. 

 The coercivity data in Figs. 3 and 4 can be understood in terms of the fraction of 

the particles which are in the ordered L10 phase.  It was recently shown that for these 

samples both the fraction of L10 ordered particles and the degree of ordering within the 

ordered particles can be extracted from the x-ray diffraction measurements.26 These data 

demonstrate that the magnetic particles can, to first order, be divided into two populations, 

one in the chemically disordered fcc phase which is superparamagnetic and one that is in 
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a chemically ordered, high anisotropy L10 phase. In a coercivity measurement, we might 

then expect to see the two phases, a very low coercivity loop due to the chemically 

disordered fcc particles, similar to that measured for the unannealed sample (Fig. 1), and 

a high coercivity loop from the ordered L10 phase.  However, distributions of anisotropy 

and particle volume together with magnetostatic interactions broaden these transitions. 

The insert to Fig.4 shows the hysteresis loop for the 580°C/30min annealed sample 

measured at T = 300K, where a small reduction in M, associated with the 

superparamagnetic fraction,  is observed close to zero applied field.   This model of 

chemically ordered and disordered particles will produce large changes in coercivity, 

such as those seen in Fig 3 and 4, for only relatively small changes in ordered fraction. In 

a model system of 3D Stoner Wohlfarth particles we obtain H0 = 9.2kOe for an order 

fraction = 0.70 which increases to H0 = 34kOe for a 0.90 ordered fraction. This 

corresponds to the order fraction change as the annealing temperature increases from 

580°C/30min to 800°C/5mins. We therefore attribute the increase in H0 to the increase in 

the fraction of L10 ordered particles, and not to an increase in the degree of ordering 

within the particles. This conclusion is supported by x-ray data26 which demonstrates that 

particles are either chemically disordered or are essentially ordered. The discrete nature 

of the ordered and disordered populations is different from the case of FePt thin films,31 

where exchange coupling can effectively average the contribution of regions with 

different degrees of ordering .   

 The temperature dependent coercivity data in Fig. 3b can be analyzed in terms of 

a magnetic activation volume and compared to the particle sizes deduced from XRD and 
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SANS.  This analysis is typically carried out in the framework of the Sharrock equation32-

33 with the assumption of reversal by coherent rotation. Within the Sharrock analysis, Hc 

is reduced from H0 due to thermal activation and fitting Hc vs. T determines KuV where 

Ku is the anisotropy and V the magnetic, or activation volume.  This results in an 

activation volume which, assuming a spherical particle, gives a diameter of 7.2nm  ± 

2.0nm. Within error, the magnetic activation volume is qualitatively different from the 

equivalent XRD and SANS diameters (Fig. 2) and remains nearly constant for all 

annealing conditions. This suggests that even though the crystallographic particle is 

growing larger, the volume switched by thermal activation is not, leading to the 

conclusion that the assumption of reversal by coherent rotation breaks down. Hence as 

particle diameter increases, reversal proceeds by an incoherent process or by domain 

nucleation followed by domain wall motion. It should be noted that while the Sharrock 

approach has proved useful for many magnetic materials, Chantrell et al.,34 have pointed 

out that the presence of a superparamagnetic fraction of particles introduces errors into 

the analysis. We note that since the measured H0 is reduced due to the superparmagnetic 

particles, the value of V estimated from the measured H0 will be too large at low 

annealing temperatures. Similarly, values of magnetization based on the total physical 

particle volume, rather than just the magnetically active part, will lead to an over 

estimation of the activation volume. Determining the uncertainties in magnetization, H0 

and KuV allows error bars on the calculated activation volume to be estimated. We 

conclude that given the large increase in physical particle size, the errors introduced into 

analysis do not affect the conclusions.  
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IV. CONCLUSIONS 

The PEI-FePt polymer mediated process provides good control of nanoparticle array 

thickness. However, this work demonstrates that a number of critical problems remain 

before these L10 nanoparticle arrays can be considered as technological useful data 

storage materials. The annealing process required to chemically order FePt occurs 

concurrently with both particle sintering and agglomeration, at least for the PEI-FePt 

nanoparticle arrays studied here. Control of the unannealed metallic-core / oxide-shell 

particles forming the array needs to be established, together with control of particle 

agglomeration through enhanced resistance to particle motion and lower 

ordering/chemical reduction temperature e.g. through the use of a ternary element. A 

further requirement, not discussed in this work, is that of magnetic orientation where all 

particles have a common anisotropy direction. These are significant scientific and 

technical challenges. However, when resolved, L10 nanoparticle arrays hold the promise 

of data storage at one bit/particle corresponding to densities of up to 40Tbit/in2 and hence 

pave a way to new paradigms in information technology. 
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Fig.1: M vs H curve at T = 100K for an unannealed nanoparticle array with nominal 

particle diameters of 4nm. The solid line is a fit to the Langevin function assuming a 

particle diameter of 2.2nm with Ms = 1030emu/cm3. Note: the magnetization data at all 

temperatures above T=20K are well described by a single particle diameter of 2.2nm. The 

insert shows magnetization at 9 Tesla vs. T normalised to the total particle volume. 

 

Fig.2: Particle diameter for FePt nanoparticles as a function of annealing temperature 

determined from x-ray diffraction and small angle neutron scattering measurements. The 

dotted lines are included as a guide to the eye. 

 

Fig.3(a) Magnetization and (b) Hc as a function of measurement temperature for FePt 

nanoparticle arrays annealed under the different conditions given in the legend. The 

maximum applied field used was 9 Tesla. The dotted lines are included as a guide to the 

eye.  
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Fig.4: Summary of magnetization,  Hc and H0 as a function of annealing temperature. 

Magnetization  and Hc were measured at T=300K and except for the unannealed sample 

are fully saturated in the maximum applied field of 9 Tesla. The dotted lines are included 

as a guide to the eye. The insert show the hysteresis loop for the 580°C/30mins annealed 

sample also measured at T = 300K. The reduction in M close to zero applied field show 

by the arrow is due to the superparamagnetic fraction of particles. 

 

Fig.5: Schematic illustration of core/shell model of nano-particle array as annealing 

progresses, showing the increase in the metallic core together with sintering and finally 

agglomeration. The length scales determined by SANS and XRD are also shown 

demonstrating the complementary nature of the two techniques.  
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Figure 3 
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