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X-ray absorption and diffraction studies of magnetic nanoparticle assemblies
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We have produced assemblies of FePt nanoparticles using high temperature solution
phase synthesis and polymer-mediated layer-by-layer deposition allowing precise control
of the particle self-assembly. The as-deposited particles have a narrow size distribution
offering the potential for use as ultra-high density magnetic storage media and ultimately
storage of one bit per individual nanoparticle. Vibrating sample magnetometry was
applied to measure the magnetic properties of the particle assemblies as a function of
anneal condition while Near Edge X-ray Absorption Fine Structure (NEXAFS)
spectroscopy and x-ray diffraction (XRD) were used to investigate the chemical nature
and structural properties. It was found that the coercivity can be as high as 22.7 kOe for
samples annealed at 800°C, the moment density (normalized to the particle volume) has a
maximum of 1140 emu/cm’ for annealing at 650°C equal to the value for bulk FePt.
NEXAFS spectroscopy shows that the Fe in the as-deposited assemblies is partly
oxidized, and the oxidation is greatly reduced by annealing. XRD indicates an increased
formation of the chemically ordered, high anisotropy L1, phase and the onset of

nanoparticle agglomeration for annealing at higher temperatures.
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1. Introduction

The areal storage density of magnetic hard drives has doubled annually over the
last few years and this increase requires continuous improvements of the magnetic
storage media. Storage densities of > 100 Gbits/in® have been demonstrated recently [1,
2] using antiferromagnetically coupled media with an average grain diameter of about 9
nm. To achieve high densities grain sizes are expected to shrink further [3]. The thermal
stability of magnetic storage media has become a major concern [4] since the energy
stored per grain KyV decreases with grain volume V (Ky is the magneto-crystalline
anisotropy constant). Narrow grain size distributions with small average grain diameters
and high magneto-crystalline anisotropy are desirable as they lead to narrow transition
widths, low noise, and enhanced thermal stability.

Magnetic FePt nanoparticle assemblies have attracted much attention recently
because of their possible application as magnetic storage media [5-10] due to the fact that
the chemically ordered L1, phase of FePt shows very high magnetocrystalline anisotropy
up to 1x10° erg/cm3 [11] and the particles have a narrow size distribution with a standard
deviation of 6 < 5%, and magnetic recording has been demonstrated on (relatively thick)
multilayer assemblies [5]. Magnetic recording on a monolayer or very thin multilayers of
self-assembled nanoparticle arrays could potentially lead to increased storage densities.
Ultimately, if it was possible to obtain long range order in the particle assembly and a
well-defined orientation of the easy axis of each particle it might be possible to store one

bit per nanoparticle with a potential storage density of about 20 Tbits/in’.



In the present paper we present Near Edge X-ray Absorption Fine Structure
(NEXAFS) spectroscopy and X-ray diffraction (XRD) studies of FePt nanoparticles
assemblies combined with magnetic characterization in order to optimize the deposition

and anneal procedures of the films for magnetic storage applications.

2. Particle Assembly Preparation and Annealing

The FePt particles were prepared using the previously described solution phase
synthesis [5, 7] combining the reduction of platinum acetylacetonate Pt(acac), and the
thermal decomposition of FeCl, in the presence of oleic acid and oleyl amine. The
precursors were added in a ratio that produces FesgPts; nanoparticles which have
previously been shown to exhibit the highest coercivity after annealing [5]. In order to
obtain well-controlled assemblies of particles we have applied a process of polymer-
mediated self—assembly [7] to form 3 layers of 4 nm diameter FePt nanoparticles on Si
(111) substrates. The polymer-mediated assembly process includes the functionalization
of the Si substrate by dipping it into a chloroform solution of poly(ethylenimine) (PEI),
and subsequently, after rinsing and drying, immersing the substrate into a hexane
dispersion of the FePt nanoparticles. Ligand exchange leads to a replacement of the
stabilizing oleic acid/oleyl amine shell that surrounds the particles in the dispersion, and a
strongly bound monolayer of nanoparticles is formed. The process was repeated to form
3 layers of particles. The samples were subsequently annealed in N, at various
temperatures and durations in order to transform the particles from the as-deposited
chemically disordered fcc structure to the chemically ordered L1, phase. FePt

nanoparticles in the disordered fcc phase are superparamagnetic at room temperature



while nanoparticles in the ordered L1, phase are ferromagnetic at room temperature and
exhibit high magneto-crystalline anisotropy. Annealing temperatures were 580, 650, 700,
and 800°C, the annealing duration was 30 minutes for the 580°C annealing temperature

and 5 minutes for all other temperatures.

3. Magnetic properties

Magnetic properties of the assemblies were measured at room temperature using
vibrating sample magnetometry. The as-deposited sample is superparamagnetic at room
temperature and has a low magnetic moment density of 200 emu/cm’ normalized to the
particle volume assuming a packing density for the assembly of 0.13 that was estimated
from high-resolution TEM images [5]. All annealed samples are ferromagnetic at room
temperature and show a maximum in moment density for annealing at 650°C (Fig. 1) of
1140 emu/cm3, similar to the value for bulk FePt [11]. Very high temperature annealing
at 800°C leads to reduction in moment density, however the coercivity continues to
increase and reaches high values up to 22.7 kOe. The reduction in moment density is
possibly caused by the onset of chemical reactions with the substrate (as discussed in Sec.
6 below). In-plane and perpendicular hysteresis loops appear similar indicating a nearly
3D randomly oriented easy axis of the particles and a low contribution of demagnetizing

effects.

4. Near Edge X-ray Absorption Fine Structure (NEXAFS) spectroscopy
Near Edge X-ray Absorption Fine Structure (NEXAFS) spectroscopy at the Fe L

edge was applied to study the chemical properties of the nanoparticle assemblies. The



experiments were performed at beamline 7.3.1.1. of the Advanced Light Source which is
a bending magnet beamline equipped with a spherical grating monochromator providing
synchrotron radiation with an energy resolution of E/AE=1800 corresponding to an
energy resolution of 0.4 eV at 700 eV. Spectra were acquired in total electron yield mode
at normal incidence and the flux was normalized to the photocurrent of a gold-grid
monitor. In addition we measured a number of reference samples in order to be able to
identify the chemical structure of the in the nanoparticle assemblies. The reference
samples included a 50 nm thin film FePt sample sputtered at room temperature from a
FesoPtso alloy target and capped with 2 nm Pt. Oxide reference samples were grown by
oxygen-plasma-assisted molecular beam epitaxy and comprised a 51 nm thick Fe;O4 film
grown on MgO(001), a 29 nm thick a-Fe,O; film grown on o-Al,O3, and a 29 nm thick
v-Fe,Os film grown on MgO(001). The crystalline structure of these reference samples
was verified using X-ray diffraction. Details about the film growth and properties of the
reference samples can be found elsewhere [12]. In addition we compared our data to
reference spectra for Fe, FeO, Fe;O4, 0- and y-Fe O3 from the literature [13-23]. The
iron oxides FeO (wiistite) and o-Fe,O; (hematite) are antiferromagnetic insulators with a
NaCl and a corundum structure, respectively [22]. o-Fe;Os shows a Morin transition at
263K, and above this temperature it exhibits a weak ferromagnetism due to spin-canting
[20]. y-Fe,O3 (maghemite) and Fe;O4 (magnetite) are ferrimagnets with an inverse spinel
structure and are an insulator and semiconductor, respectively [22].

Figure 2 shows the Fe L edge spectra of the reference samples and Figure 3 shows
the spectrum of the as—deposited FePt nanoparticle assembly and the spectra of the

assemblies annealed at different temperatures. The Fe in the as-deposited assembly is



clearly oxidized. Indicative of the degree of oxidation are the ratios of the peaks labeled
A/B and C/D at the L3 and L, edges, respectively. The C/D peak ratio normalized to the
pre-edge intensity is 0.81 for o-Fe,O3, 0.96 for y-Fe,Os, 1.07 for Fe;O4. The as-
deposited assembly has a ratio of 1.0 which is for between the values of y-Fe,O3; and
Fe;04. For metallic Fe there is no multiplet structure of the L, and L; edges and the
peaks B and D do not exist.

With increasing annealing temperature the spectra change and can be fitted by a
linear superposition of a metallic Fe and a Fe;O4 spectrum. In Figure 3 we see the
development of the NEXAFS spectra with increasing annealing temperature with a clear
increase of the A/B and C/D peak ratios indicating increased metallic iron content and
chemical reduction induced by the annealing. Some fraction of the Fe remains in an
oxidized state up to the highest annealing temperatures studied here. For the highest
temperature of 800°C the measured spectrum can be approximated by a superposition of
a Fe and a Fe;04 spectrum in the ratio of about 50%/50%. The spectra can be similarly
well approximated by superposition of a metallic Fe and a y-Fe,O; spectrum which
results in somewhat higher metallic Fe contributions to the total spectrum (e.g., about
65%/35% for the sample annealed at 800°C). There might also be a mixture of various
oxides present. However we can conclude that a significant fraction of the NEXAFS
spectral intensity is due to iron oxide.

We next consider how the contribution might arise in the nanoparticle system.
We can assume a particle geometry of a metallic FePt core surrounded by an iron oxide

shell similar to that observed for Fe particles [24]. The number of electrons N, x emitted



from a layer of material x with a thickness z, caused by an incoming number of photons

Iy as a function of photon energy E is given by [25]
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where G(E) is the photon energy dependent number of electrons produced per absorbed
photon, 1/u4(E) is the X-ray absorption length, and A is the electron escape depth for the
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where Ty is a factor characterizing the absorption of photons and electrons in layer x, and
the total number of emitted electrons is N. = Ncx + TiNe,. This can be extended to
multilayer cases. To estimate the relative contributions to the spectrum from the metallic
core and the oxide shell of the nanoparticle we assume a 4 layer system of carbonaceous
material / iron oxide / metallic FePt / iron oxide as shown in Figure 4. The contribution
to the electron emission from the carbonaceous material does not need to be taken into
account because it only adds to the background signal, but the variable thickness of the
carbonaceous material as a function of radial distance r from the particle center leads to

an r-dependent photon and electron absorption that needs to be considered. The total



number of electrons N, emitted from the nanoparticle as a function of radial distance
from the nanoparticle center is
N () = T ()N, 00 () + T (N, () + T (N0 () 3)

The absorption factors and electron emissions from each layer all depend on r because of
the thickness variations of the different layers with r as indicated in Figure 4. We assume
Gox = Greps, and use values from the literature for the x-ray absorption length 1/ux(E). For
carbon far above the absorption edge we assume 80 nm [26], for iron oxide and Fe metal
at the L3 absorption edge energy 17 nm [ 27] and 15 nm [28], respectively, and for the
electron escape depth A for carbon, iron oxide, and Fe metal values of 5 nm [26], 4.5nm
[27], and 1.5 nm [28]. Using these numbers we can integrate the r-dependent electron
emission over the sample surface and calculate the relative contributions from the oxide
shell and the metallic core as a function of shell thickness. The result is that a very thin
shell with average thickness of only 0.3 nm encapsulating a 4 nm diameter nanoparticle
would contribute 50% to the spectrum, similar to the spectra observed experimentally.
This is due to the geometry and the comparatively long electron escape depth of the oxide
compared to the metal. Even though the numbers for the x-ray penetration depths and
electron escape depths are not very accurate since they have not been measured for the
exact materials used in this study, small variations in the values do not significantly
modify the conclusion that a relatively thin oxide shell contributes greatly to the total
spectrum. The second layer of particles does not need to be taken into account as the
electron escape depth for all materials is shorter than the thickness of one monolayer of
particles. The fact that the FesgPts; nanoparticles (as determined from Rutherford

Backscattering Spectrometry) have the highest coercivity while for thin films the highest



coercivity is obtained for a 50%/50% ratio further support the hypothesis of a metallic

FesoPtso core surrounded by a thin iron oxide shell. This needs a citation!

5. X-ray Diffraction Studies

X-ray diffraction measurements were performed in a grazing incidence geometry at the
National Synchrotron Light Source using beamline X20C. The diffracted beam was
collimated using 1 milliradian Soller slits, which provided a angular resolution much
higher than that required to resolve any of the diffraction peak widths. Before discussing
the diffraction data, it is useful to recall some structural properties of FePt. Chemically

disordered FePt forms an fcc phase, while the chemically ordered L1( phase is fct (face-

centered tetragonal), consisting of alternating planes of Fe and Pt along the c-axis. In the

L1¢ phase, superlattice diffraction peaks develop and some of the fundamental (fcc)

peaks split. The extent of chemical order is given by 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 order (see [29] for details). In the
perfectly ordered L1y phase of FePt alternating layers perpendicular to the c axis are
occupied by Fe and Pt atoms. The order parameter S is defined as S = rp. + rp; —1 where
rre and rp; are the fraction Fe and Pt sites occupied by the right atom.

The nanoparticle assemblies (as with thin films) are inhomogeneous with
chemically ordered and disordered regions. Hence, we can distinguish the order
parameter inside the chemically ordered regions S, the volume fraction of the assembly

that is chemically ordered fO, and the average chemical order S,,. = S f;.



Figure 5 shows the X-ray scans for the unannealed sample compared to the
samples annealed at different temperatures. Several trends are apparent. First, the

unannealed sample forms an fcc phase, as the L1( superlattice ((001) and (110)) peaks

are absent. Second, the superlattice peak intensities increase with increasing annealing
temperature, which shows that the extent of chemical order increases. Third, the

diffraction peaks become sharper and the L1 (220)/(202) peak splitting increases with

higher temperature annealing. The peak splitting results from both the increased chemical
order and the peak sharpening due to nanoparticle coalescence.
The diffraction data in Fig. 5 enable calculation of the extent of chemical order

which is quantified with S,.. and fy. Figure 6 shows these results. Chemical order is

established by annealing at 580° C and increases with increased annealing temperature.
A high degree of chemical order is obtained at 800° C, which correlates with the highest
coercivity (see Fig. 1). In parallel with the establishment of chemical order, the grain size
of the FePt assemblies increases. This is also shown in Fig. 6, which plots the
nanoparticle grain diameter d determined using the integral-breadth method [30]. With
increasing annealing temperature, the X-ray diffraction grain diameter increases
significantly from 2.5 nm to nearly 20 nm. This shows that annealing leads to
coalescence of the nanoparticle assemblies. At the highest annealing temperature
(required to obtain S near unity), coalescence results in an average particle diameter of
nearly 20 nm, which suggests that about 25 of the initial 4 nm nanoparticles have
coalesced into grains after 800° C annealing. This agglomeration probably contributes to

the increased coercivity in these assemblies. The crystallographic grain diameter in the
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initially deposited assemblies (2.4 nm) is less than nanoparticle diameter (4 nm) because,
on average, the assemblies are not single grains.

From the X-ray diffraction data, we have determined the lattice parameters a and
¢ of the nanoparticle assemblies. For the annealed assemblies, the lattice parameter a
decreases slightly with annealing temperature (from 3.87 to 3.85 A), while ¢ increases

slightly (from 3.71 to 3.73 A). These values are similar to those for the L1( FePt films

and bulk alloys [29]. Interestingly, the lattice parameter in the as-deposited assembly is
3.88 A. This is much larger than that for fcc FePt (3.80 A) [29] and probably results
from the significant oxidation of Fe described above, which increases the Pt/Fe ratio in
the particle core.

Measurements of the nanoparticle texture were made on several annealed
samples. These showed that the initially deposited nanoparticles had a nearly isotropic
crystallographic orientation (texture). With increased annealing temperature, some (001)
texture ((001) planes preferentially aligned along the substrate) began to develop. Such a

texture would be desirable from a perpendicular recording media standpoint.

6. X-ray Reflectivity
X-ray reflectivity was used to determine the electron density profiles of several of
the 3 layer, 4 nm assemblies. In X-ray reflectivity, the reflected X-ray intensity is
measured as a function of incidence angle and the data are analyzed using a multilayer
model that incorporates several parameters which are varied to produce the best fit to the
data [31]. X-ray reflectivity data are shown in Fig. 7 for the as-deposited assembly, the

assemblies annealed at 580°C, and at 800°C. The reflectivity for the initially deposited
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assembly has a great deal of structure, but with increased annealing temperature, this
structure disappears. This change is a result of loss of layering due to annealing and
nanoparticle coalescence. Furthermore, the reflectivity of the assembly annealed at higher
temperature falls off faster with increasing Q than the one for the lower annealing
temperature, which results from an increased surface and interface roughness.

To quantify these trends, we have fitted the data to multilayer models of the
electron density. The results of these fits are shown by the dashed lines in Fig. 7, and it is
apparent that these models describe the data quite well. Figure 8 shows the electron
densities from these models. For the as-deposited assembly, the three layers are readily
evident as regions of larger mass density than the PEI between the nanoparticle layers.
These data demonstrate the layering associated with the nanoparticle assembly. The
spacings between the first-second and second-third layers are both 6.5 nm. Annealing
results in a dramatic reduction of the total assembly thickness (from 20 nm to between 6
and 10 nm), which results from the nanoparticle coalescence and modification of the PEI.
As expected, concomitant with this is an increase in the layer electron density (Fig. 8),
since FePt is conserved. Note the increase in width between the Si/assembly interface
(near z=0) in the 800° C annealed assembly. This is likely a result of the initial stages of a
reaction between the FePt and Si, which probably causes the reduction in the magnetic
moment density for samples annealed at high temperatures. In over annealed assemblies,

we have observed reaction of the FePt to form silicides.

7. Conclusions
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We have studied 3 layer assemblies of FePt nanoparticles deposited by polymer-
mediated self-assembly and annealed at various temperatures. For the as-deposited
assembly the three layers are well distinguished. The Fe in the as-deposited assembly is
significantly oxidized, the moment density of the assembly is small compared to bulk
FePt, and the assembly shows no chemical order and no coercivity at room temperature.
Annealing at increased temperatures leads to the onset of chemical order and an increase
of the magnetic moment density that peaks at an annealing temperature of 650° C and
reaches a value close to that of bulk FePt (normalized to the particle volume). The
assemblies are ferromagnetic at room temperature for annealing temperatures of 580° C
and above. With increasing annealing temperature the chemical order and coercivity
increase, the Fe is less and less oxidized, but we also observe increased agglomeration
and the layers are not well distinguished anymore. At very high annealing temperature
the magnetic moment density drops possibly caused by chemical reactions with the Si
substrate. Coercivities up to of 22.7 kOe were observed for the highest annealing
temperature of 800°C. In order for these nanoparticles to form a basis of a successful
magnetic recording medium it will be necessary to find process parameters that lead to
ferromagnetic materials without the occurrence of severe agglomeration. Possible
pathways are the addition of other elements such as Zr and Cu that have been shown to

lead a reduction of the onset temperature for chemical order for thin film FePt [32].
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Captions for Figures

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Magnetic moment density and coercivity as a function of anneal temperature
for the FePt nanoparticle assemblies annealed in Ny.

Fe L edge absorption spectra of reference samples for metallic Fe and various
oxides. The spectra are offset for clarity.

Fe L edge absorption spectra of 3 layer 4 nm FePt nanoparticle assemblies in
the as-deposited state and after annealing at various temperatures. The spectra
are offset for clarity.

Geometry for the estimation of the contribution to NEXAFS spectra stemming
from a metallic FePt core and a surrounding iron oxide shell for a nanoparticle
embedded in a carbonaceous matrix. The thicknesses of the carbonaceous
layer, the first oxide layer, the metallic layer, and the second oxide layer for a
give radial distance r from the nanoparticle center are given by zc, Zoxi, Zrept

and zoyxo.

Figure 5: In-plane X-ray diffraction of 3-layer FessPts, assemblies. The ordinate is the

Figure 6:

scattering vector Q, which is the difference between incident and diffracted X-
rays. It has magnitude Q= (4m/A) sin 6, where A is the X-ray wavelength
(about 0.12 nm here) and 6 is half the scattering angle. The diffraction peaks
are marked.

Annealing temperature dependence of average chemical order S, and
chemically ordered fraction fj, and X-ray diffraction grain size d for the 3

layer assemblies.
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Figure 7: X-ray reflectivity spectra for the 3 layer, 4 nm FePt assemblies for the as-
deposited assembly (offset by a factor of 100) and the assemblies annealed at
580° C (offset by a factor of 3) and annealed at 800° C. Data are shown in the
solid lines, while best fits are shown by the dashed lines.

Figure 8: Electron density profile deduced from the best fits to the reflectivity data in
figure 7 for the as-deposited assembly and assemblies annealed at 580°C and
800° C. The position from the silicon substrate is z and z=0 is denotes the

substrate surface.
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