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Structure and magnetic properties of FePt/B;C multilayer thin films: Role
of the compositional elements intermixing
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FePt/B,C multilayer thin films were deposited using magnetron sputtering with different boron
carbide layer thicknesses. Experimental results suggest that the B,C layers effectively serve as
spacers to separate the FePt layers, making the multilayer configuration stable even after film
annealing at elevated temperatures. On the other hand, B and C are found to incorporate into the
FePt layer, which is responsible for the FePt grain growth confinement and grain separation, and
eventually affects the magnetic properties of the composite film. © 2007 American Institute of

Physics. [DOI: 10.1063/1.2757597]

In ultrahigh-density magnetic recording, media with
small grains size and weak intergrain exchange coupling are
desired to achieve the high storage density and adequate
signal-to-noise ratio simultaneously. Among numerous
choices of the recording media, equiatomic FePt nanoparticle
with the L1, ordered structure has received intense research
attention due to its high magnetoanisotropy energy (K,),
serving as one of the possible solutions to overcome super-
paramagnetism associated with finite grain size.'™

FePt nanocrystals synthesized at room temperature usu-
ally have a magnetically soft face centered-cubic (fcc) phase,
which can transform to the L1, ordered face-centered-
tetragonal (fct) Iphase after thermal annealing at elevated
temperaxtures.lo’1 Nevertheless, the high processing tempera-
ture promotes grain growth, which results in larger particle
size and wider size distributions. Alloying with a certain
third elements'? or growing on a specific substrate layer13 is
found to be effective in reducing the fcc-fct transition tem-
perature. Another way to constrain the growth of FePt par-
ticles is utilizing a composite film configuration (such as
dispersing FePt particles in a matrix film). 5101415 Among
these methods, the nanocomposite films are of particular in-
terest. Not only it has been demonstrated that fine FePt
grains (<10 nm) with coercivity of ~4 kOe form in the
composite films but also that the intergrain interactions are
reduced. This could lead to lower media noise due to the
isolation of the magnetic particles by the nonmagnetic ma-
trix. Nevertheless, the role of compositional elements inter-
mixing on the properties of the film remains unclear.

In the present study, FePt/B,C multilayer composite
films were fabricated as a feasible system in investigating the
element intermixing effect on the film coercivity and ex-
change coupling. An optimum film configuration is identi-
fied, in which a coercivity value at 7500 Oe and low ex-
change coupling among the individual magnetic layers as
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well as the magnetic grains in each layer are achieved with
FePt grain size at ~9 nm.

The FePt/B4C composite films were deposited by mag-
netron sputtering at ambient temperature onto Si (001) sub-
strates. Three 2.5 in. targets (B4C 99.5%, Fe, 99.9%, Pt
99.9%, Kurt J. Company) were used as the source material,
and the multilayer thin films were deposited by rotating the
substrate to the three targets successively. The base pressure
of the chamber was 2.0X 10 Pa and a total pressure is
maintained at 0.5 Pa during sputtering. Pure FePt thin film
samples were firstly deposited to find out the optimum depo-
sition condition to achieve the 1/1 Fe/Pt ratio. In a standard
procedure, the as-deposited samples started with a 10 nm
B,C buffer layer on the substrate to avoid reaction between
the metallic elements with the Si substrate. After that, 5 nm
Fe/5 nm Pt/x nm B,C multilayer composite films were
grown for six periods, with x ranging from 1 to 5 nm in the
sample series. After deposition, all of the as-deposited films
were annealed at 500 °C for 30 min in vacuum (~10"* Pa).

The chemical composition of samples was examined by
x-ray photoelectron spectroscopy [(XPS), PHI, Quantum
2000]. The crystallinity and the microstructure of the films
were characterized by x-ray diffraction [(XRD), Bruker D5]
and transmission electron microscopy [(TEM), Tecnai G2
FEG]. Both energy dispersive x-ray (EDX) spectrometer and
electron energy loss spectrometer (EELS) (GIF) attached to
the same microscope were used to obtain the compositional
scanning profiles of the multilayer films. An ~3 A electron
probe is used during the EDX/EELS line scan, and the scan-
ning step is maintained at 5 A. The magnetic properties were
measured with a vibrating sample magnetometer (Oxford in-
struments).

XPS measurements on an annealed pure FePt films re-
veal a close to 1/1 ratio of the Fe/Pt (Fe,Pty,_,, with
x=50+3), which appears to be the best composition to yield
the highest coercivity.16 The XRD results of all the
multilayer films are similar in terms of the peak positions,
but with different full widths at half maximum. A represen-
tative XRD pattern (multilayer film with 2 nm B,C layer) is
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FIG. 1. Plot of the grain size change as a function of the B,C layer as
deduced by XRD analysis and a typical XRD pattern (taken from multilayer
film with 2 nm B,C layer) can be found in the inset of the figure.

shown in the inset of Fig. 1, confirming the existence of the
fct phase in the multilayer film. The grain sizes of the FePt in
the composite films are estimated using the most intense dif-
fraction peak in the XRD spectra based on the Scherrer for-
mula. Figure 1 plots the FePt grain size in the multilayer
composite film change with the B,C layer thickness. The
grain sizes of FePt are found to be similar (~8.8 nm) for
B4C layer thickness less than 2 nm in the composite film.
Increase in the B,C layer thickness to 3 nm leads to a grain
size decrease to ~7.0 nm. Further increase in the B,C layer
thickness to 4 nm and above has little effect on the grain size
of FePt, which remains at ~6.5 nm.

The multilayer structure in the composite film is clearly
disclosed by the TEM study. One can find that the multilay-
ers are barely discernable in film deposited with 1 nm B,C
layer [Fig. 2(a)]. With the B,C layer thickness increase, a
distinct multilayer configuration can be observed [Fig. 2(b)].
This is further confirmed by the dark field image taken with
a high angle annular dark field detector [Figs. 2(c) and 2(d)].
The light/dark contrasts in the images suggest the Fe—Pt rich
and the B—C rich layers, respectively. Nevertheless, the in-
terface in between the individual B,C and the FePt layer is
never smooth, and an interfacial roughness of ~1 nm can be
estimated from the high-resolution TEM images
[Figs. 2(e) and 2(f)]. The high-resolution images also dis-
close the amorphous nature of the B,C layer, which explains
the absence of crystalline reflections from such a phase in the
XRD results.

The distributions of the compositional elements along
the films’ normal are examined by EDX (for Fe and Pt) and
EELS (for B and C) line scan using scanning TEM
[Figs. 2(g) and 2(h)]. The abundance modulation of B and C
becomes obvious only at larger B,C layer thickness
(=2 nm) when signals from B and C also become detectable
in the FePt layer. The modulation of Fe in a layered pattern is
absent at small B,C layer thickness (=1 nm) and become
discernable when B,C grows thick. As a comparison, distinct
abundance modulation of Pt is always observed in all the
composite films. Unlike B and C, the Fe and Pt signals are
mainly restricted in the FePt layers for samples with B,C
layer thickness greater than 2 nm.

The chemical and structural characterizations of the
composite films suggest the intermixing of compositional el-

ements in the multilayer films. Such intermixin% is expected
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FIG. 2. [(a) and (b)] Low magnification cross section TEM images; [(c) and
(d)] high angle annular dark field images; [(e) and (f)] high-resolution im-
ages; [(g) and (h)] line scan profiles for multilayer film samples with B,C
layer thicknesses=1, and 4 nm, respectively.

to firstly take place during the deposition process. The rough
interfaces between the individual layers as observed are di-
rect evidence of the island growth mode. The intermixing is
further promoted during the postannealing process, when the
temperature is raised to 500 °C, and diffusion of various
compositional elements occurs.

The experimental evidences suggest more significant dif-
fusion of Fe, compared to that of Pt. This is reasonable when
one considers the smaller atomic radius of Fe (0.126 nm)
than that of the Pt (0.139 nm), which provides a higher mo-
bility of Fe particularly when the B,C layer is not continuous
at low layer thickness. On the other hand, diffusions of B and
C are easy due to their small atomic radius and the polycrys-
talline nature of the FePt layer. Indeed, EELS line scan re-
sults suggest the presence of B and C even in the interior of
the FePt layer, where they should be absent. Nevertheless, in
the EELS measurement, the B and C signals from the FePt
layer are not clearly detected when the B,C layer thickness is
smaller than 2 nm, likely due to the finite amount of B and C
available in the composite film.

It is interesting to note the FePt grain size dependence on
the B,4C layer thickness. Larger grain size is observed when
the amount of B and C in the FePt layer is small (signal
nondetectable at 1 nm B4C layer thickness and weak signal
detectable at 2 nm B4C layer thickness). Drop in the grain
size occurs at B4C layer thickness increasing to 3 nm and
above, when the signals of B and C become obvious in the
FePt layer. Nevertheless, further increase in the B,C layer
thickness (>3 nm) seems to have little effect on promoting
B and C diffusions into the FePt layer, and thus further de-
crease the FePt grain size.
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FIG. 3. Plot of the film H. as a function of B,C layer thickness. The
hysteresis loops of several multilayer films with 1, 2, and 4 nm B,C layer
are shown in the inset of the figure.

The magnetic properties of the composite films have a
strong dependence on the B4C layer thickness. Several hys-
teresis loops of different B,C layer thicknesses can be found
in the inset of Fig. 3. The coercivities of the composite films
as a function of the B,C layer thicknesses in each period are
also plotted in Fig. 3. As the thickness of the B,C layer
increases, the film coercivity first increases before it de-
creases drastically and eventually levels off at further B,C
layer thickness increase.

The exchange interactions among the magnetic grains
(counting both interlayer and intergrain interactions) of the
composite films are measured by the SM plot (Fig. 4), which
is defined as SM(H)=M ,(H)/M,~[1-2M,(H)/M,], where,
M, (H) is the dc-demagnetization remanence curve and M,
(H) is the isothermal remanence curve.'” A strong positive
peak is observed in the composite film with 1 nm B,C layer
thickness, indicating strong exchange coupling existing
among the FePt particles in such composite film."® As the
B4C layer grows thicker, the positive peak in the oM plot
becomes much weaker, suggesting the effectively reduced
exchange coupling in these composite films.

As the B4C layer thickness increases from 1 to 2 nm,
the improved coercivity of the composite film can be as-
cribed to (i) the better confinement of Fe atoms in the FePt
layer, resulting in a closer 1/1 ratio of Fe/Pt and thus more
completed phase transformation to the fct phase, associating
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FIG. 4. 6M curves for B4,C/FePt composite films with 1 and 2 nm B,C
layer thicknesses.
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with higher coercivity; (ii) the complete separation of the
FePt layer as well as the B and C atoms in the FePt layer
contributes to the isolation of the FePt grains, leading to the
weakened exchange coupling in the composite film. Further
increase in the B,C layer thickness above 2 nm results in
more B and C diffusions into the FePt layer (evident by the
stronger B and C signals identified in the FePt layers, par-
ticularly in the samples with larger B,C layer thickness),
leading to suppression of the FePt grain growth. Conse-
quently, the smaller grains result in the decrease in the films’
coercivities.

In conclusion, we find that B and C in the multilayer
composite film have several effects on their structure and
magnetic properties. The continuous B,C layer results in
complete separation of the successive FePt layers, which
configuration can give satisfactory small grain size (8.8 nm),
midhigh coercivity (7500 Oe), low exchange coupling, and
reasonable nanoindentation hardness for potential application
in the high-density recording. On the one hand, the thicker
B,C layer effectively separates the individual magnetic lay-
ers, confines the Fe into the FePt layer, and induces the in-
termixing of B and C into such layers, leading to effective
FePt grain separation. All these factors contribute to the im-
proved magnetic properties of the sample. On the other hand,
increased intermixing of B and C into the FePt layer sup-
presses its grain growth and eventually causes a decrease in
the film coercivity.
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