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The Fe;_4Pty-C granular films with different Pt atomic fractions (0.09 <x <0.52) and film thicknesses
(5nm <t<100nm) were deposited on MgO(100) and SiO,/Si(100) substrates by facing-target sput-
tering and post-annealing. With the increasing x, the ordered L1y FePt grains form. All of the films are
ferromagnetic, and the easy axis is in the film plane. With the decrease of t, the films turn from hard
ferromagnetic to soft ferromagnetic. The maximum coercivity of the 100-nm thick Fe;_,Pt,-C granular
films measured at a 10-kOe field is 3.7 kOe at x = 0.48. The coercivity of the FeqssPto44-C granular films

l;ggssi'ic increases, and the magnetization measured at a 10-kOe field decreases with the increasing t. The rever-
75.70.—i sal mechanism of the 100-nm thick Fe; Pt,-C granular films turns from the domain wall motion to
75.70.AKk the Stoner-Wohlfarth rotation mode as x increases. However, the reversal mechanism of the FesgPty4-C
75.50.—y granular films with different t approaches the Stoner-Wohlfarth rotation mode, and is film-thickness
independent.
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1. Introduction

The size of the recorded units should decrease due to the increas-
ing recording density and the number of the grains packed in a
bit cell should increase to maintain the signal-to-noise ratio. For
obtaining high area densities of 1Tbit/inZ, the CoCrPt based per-
pendicular magnetic recording media are unable to be the medium
because the magnetocrystalline anisotropy of the CoCrPt alloy is
not large enough. The face-centered tetragonal (fct) FePt alloy with
ashort caxis has a large saturation magnetization of 1100 emu/cm3
and a high magnetocrystalline anisotropy of 7.0 x 107 erg/cm? due
to the atomic arrangement with alternating Fe and Pt layers along
the c axis [1-7]. Therefore, the fct FePt alloy becomes the potential
candidate of the high density perpendicular magnetic recording
media. Generally, the FePt films fabricated by sputtering at the low
substrate temperatures have a disordered face-centered-cubic (fcc)
structure. Annealing at high temperatures above 500 °Cis necessary
for the FePt grains to transform from the disordered phase to the
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ordered fct structure [8-11]. Recently, the nonmagnetic matrixes
including C, SiO,, TiO,, Ta;05 and SiNy have been used to isolate
the FePt grains for decreasing the signal-to-noise ratio [12-16].
The metal elements such as Cr, Cu, Ru and Ag were added in the
FePt alloy to improve the phase transition and the ordering of the
fct phase [17-20]. Meanwhile, multiple laser pulsing and ultrafast
heating were used to make the phase transition into the ordered fct
FePt phase [21,22]. Furthermore, the lattice of the substrates and
underlayers can also affect the ordering and the phase transition of
the FePt films [23,24]. As a candidate that could serve as the matrix
to separate the ferromagnetic nanoparticles, Cis particularly attrac-
tive because it can prevent surface oxidation of the particles and
provide magnetic isolation among the neighboring particles, which
can reduce interparticle exchange coupling and hence reduce the
recording noise [25,26]. Therefore, the magnetic properties of the
FePt based granular films with large coercivity and well phase seg-
regation should be interesting for the practical application in the
field of the high density magnetic recording media. In this paper,
Fei_xPtx-C granular films with different Pt atomic fractions and film
thicknesses were fabricated by sputtering and post-annealing. The
structure and magnetic properties of the films were investigated
systematically.
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2. Experimental details

Fe;_4Pty-C granular films with different Pt atomic fractions (0.09 <x <0.52)
and film thicknesses (5nm<t<100nm) were fabricated on MgO(100) and
Si0,/Si(100) wafers using a DC facing-target sputtering system without substrate
heating. The film thickness of the films with different x is 100 nm, and the Pt atomic
fraction x of the films with different t is 0.48. When the base pressure of the chamber
reaches 6.0 x 104 Pa or better, Ar (99.999%) gas was introduced into the cham-
ber till 1.0Pa. One of the facing targets was graphite (99.99%) and the other was
pure Fe (99.999%) target on which pure Pt (99.99%) pieces were placed. The film
thickness was determined using a Dektak 6M surface profiler. The as-deposited
Feq_xPtx-C granular films were subsequently annealed at 550 °C for 2 h in the cham-
ber with 10~ Pa. The atomic fraction of Fe, Pt and C elements was measured using
an energy dispersive X-ray spectrometer (EDX), and the C atomic fraction in the
films was about 61% with an error of 3%. The surface morphology and microstruc-
ture of the films were characterized using a scanning electron microscope (SEM,
Hitachi S-4800) working at 20kV, an X-ray diffractometer (XRD, D/max-2500x, Cu
Ko, wavelength 0.1504 nm), The magnetic properties of the films were measured
using a vibrating sample magnetometer (VSM, LDJ9600-1) under a 10-kOe field at
room temperature.

3. Results and discussion

All of the as-deposited films are amorphous because the sub-
strate temperature is too low for Fe, Pt and C atoms to crystallize
during the film deposition. In order to make the films crystallize,
the as-deposited films were annealed at 550 °C for 2 h in the cham-
ber with 10-% Pa. Fig. 1 shows the XRD patterns of the 100-nm
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Fig. 1. XRD patterns of the 100-nm thick Fe;_,Pt,-C granular films on MgO(100)
substrates annealed at 550°C, (a) x=0.18, (b) x=0.27,(c) x=0.44, (d) x=0.48, and (e)
x=0.52.

Fig. 2. SEM images of the 100-nm thick Fe;_Pt-C granular films on SiO,/Si(100) substrates annealed at 550°C, (a) x=0.09, (b) x=0.18, (c) x=0.27, (d) x=0.44, (e) x=0.48,

and (f) x=0.52.
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Fig.3. M-H curves of the 100-nm thick Fe;_,Pt,-C granular films annealed at 550 °C,
(a)x=0.09, (b)x=0.18, (c) x=0.27, (d) x=0.44, (e) x=0.48, and (f) x=0.52.

thick Feq_4Ptx-C granular films on MgO(1 00) substrates annealed
at 550°C. In Fig. 1, the intensity of the diffraction peaks is weak
because the films are composite ones but not continuous ones.
Meanwhile, all of the films are polycrystalline. From Fig. 1(a), it
is clear that the position of the diffraction peaks is lower than that
of the standard fct FePt lattice due to the low Fe atomic fractions,
suggesting that the lattice constant ¢ does not become less than a
and b. In Fig. 1(b), the diffraction peaks at the positions lower than
that of the standard fct FePt lattice can be observed except for the
diffraction peaks from the ordered fct FePt grains, revealing that
there are two phases with different lattice constants in the films.
In Fig. 1(c)-(e), the diffraction peaks are from the ordered fct FePt
grains due to the formation of the ordered fct FePt grains. There-
fore, the above XRD results show that the ordered fct FePt grains
form in the films with x> 0.44 after being annealed at 550°C. In
Fig. 1, some diffraction peaks are not from the fct phase, which
should be from the substrates because sometimes these peaks can
be observed when we measured the XRD spectra of the substrates
without the films.

Fig. 2 gives the SEM images of the 100-nm thick Fe;_yPtx-C
granular films on SiO,/Si(1 00) substrates annealed at 550 °C. From
Fig. 2, it is clear that all the films are composed of white and dark
regions even though the size of these regions is dependent on x. In
Fig. 2(a) and (b), the size of the dark regions is about 20 nm, and
the contract between white and dark regions is not good enough.
In Fig. 2(c), the size of the dark regions is about 30 nm, and these
regions are separated completely by the white regions. In Fig. 2(d),
the dark regions are about 40 nm, but are not separated by the white
layers. Then the size of the dark regions becomes smaller again, as
shown in Fig. 2(e). However, in Fig. 2(f), as x increases to 0.52, the

size of the dark regions increases to about 60 nm and these dark
regions connect with each other.

Fig. 3 displays the M-H curves of the 100-nm thick Fe;_yPtx-C
granular films on MgO(1 00) and SiO,/Si(1 00) substrates annealed
at 550°C. From Fig. 3, all of the films are ferromagnetic, and the
easy axis of all the films lies in the film plane because the in-plane
moments are easier to be aligned than the out-of-plane ones. In
Fig. 3(a) and (b), the coercivity of the films is less than 1.0 kOe,
which can be explained by the facts that there are no ordered fct
FePt grains in the films with a small x. In Fig. 3(c), the M-H curves
of the films with x=0.27 exhibit a two-step saturation behavior.
The rapidly saturated part is from the soft ferromagnetic phase,
and the slowly saturated part from the hard ferromagnetic ordered
fct phase. At x=0.44 and 0.48, the in-plane coercivity of the films
reaches about 3.5 kOe at room temperature when a 10-kOe field
was applied, and no two-step saturation behavior can be observed
because only the ordered fct FePt grains exist in the films, as shown
in Fig. 3(d) and (e). All of the films are composed of the FePt grains
embedded in C matrix, and the space distribution of the FePt grains
in the matrix is random. Meanwhile, the size distribution of the
FePt grains is also random. It is well known that the lattice of the
ordered fct FePt has a mismatch degree of 9.7% with the lattice
of the MgO(00 1) wafer. Therefore, when the FePt grains contact
with the MgO(100) wafers, the substrate can provide the stress
that can improve the ordering of the fct phase during the post-
annealing. At x=0.52, the in-plane coercivity of the films on the
MgO(1 00) substrates is about 3.7 kOe, much larger than that on
the SiO,/Si(1 00) substrates. The difference can be explained by the
facts that more FePt grains contact with the lattice of the MgO(1 0 0)
wafer, so that the stress between the two-mismatched lattices can
improve the ordering of the FePt grains. For the films with other x,
few FePt grains contact with the MgO(1 00) substrates so no dif-
ference can be observed between the films on the MgO(100) and
Si0,/Si(100) substrates. At x=0.27, the in-plane coercivity of the
films on the MgO(1 0 0) substrates is much smaller than that on the
Si0,/Si(100) substrates, which may be ascribed to the facts that
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Fig.4. Angular dependence of the coercivity of the 100-nm thick Fe; _4Pty-C granular
films annealed at 550°C on (a) MgO(100) and (b) SiO,/Si(1 00) substrates.



144 W.B. Mi et al. / Journal of Alloys and Compounds 509 (2011) 141-146

5.0
0 MgO-//
O MgO-4

4.0r| g s §
® Si-L i &

H. (kOe)

B L -

0.1 02 03 04

0.5 0.1 02 03 04 05

Pt atomic fraction x

Fig. 5. x dependence of the (a) magnetization and (b) coercivity of the 100-nm thick Fe;_,Pt,-C granular films annealed at 550 °C measured at a 10-kOe field. The lines are

the guides to the eyes.

there are more smaller FePt grains on the MgO(100) substrates
than that on the SiO,/Si(1 00) substrates at this composition.

Fig. 4 shows the angular dependence of the coercivity of the 100-
nm thick Fe;_,Ptx-C granular films on MgO(1 00) and SiO,/Si(100)
substrates annealed at 550°C. It is worthy to note that the rever-
sal mechanism of the films on the MgO(100) and SiO,/Si(100)
substrates changes with x. Ideal domain wall motion follows the
1/cos 6 curve [27], where 6 is the angle between the applied field
and easy axis of the films (in the film plane). The reversal mecha-
nism deviates from the domain wall motion mode and approaches
Stoner-Wohlfarth (S-W) rotation mode [28] with the increasing x.
However, the out-of-plane coercivity of all the annealed films is not
zero, which does not critically follow the S-W rotation mode with
zero out-of-plane coercivity. This discrepancy may be ascribed to
the magnetostatic interaction between the magnetic particles that
prevents the particles rotation at high angles [29].

Fig. 5 gives the x dependence of the saturation magnetization
and coercivity of the 550°C annealed 100-nm thick Fe;_yPtyx-C
granular films. From Fig. 5(a), the in-plane coercivity of the films
on MgO(100) substrates increases with the increase of x. For the
films on the SiO,/Si(1 0 0) substrates, the maximum in-plane coer-
civity reaches about 3.5 kOe at x=0.48. The out-of-plane coercivity
of all the films is almost 1.0 kOe. In Fig. 5(b), the magnetization at
a 10-kOe field does not satisfy a simple relation with x because
the magnetization of the films can be affected by the formation of
different phases and the phase segregation between the magnetic
particles and matrix.

For investigating the effect of the film thickness on the mag-
netic properties of the films, the FesgPtyy-C granular films with
different film thicknesses were fabricated and their magnetic prop-
erties were analyzed in details. Fig. 6 displays the M-H curves
of the FesgPtys-C granular films with different film thicknesses
annealed at 550°C. From Fig. 6, it is clear that all of the films
are ferromagnetic, and the films turn from hard ferromagnetic
to soft ferromagnetic with the decrease of t. This transition can
be explained by the facts that the size of the ordered fct FePt
grains decreases with the decreasing t and the magnetocrystalline
anisotropy energy (KV) decreases so that the coercivity of the
films becomes smaller, where K and V are the magnetocrystalline
anisotropy and the volume of the ordered FePt grains, respectively.
Meanwhile, the easy axis of the films with different t is in the film
plane. The t dependence of the coercivity and magnetizationata 10-
kOe field of the Fe5gPt44-C granular films annealed at 550 °Cis given
in Fig. 7. From Fig. 7(a), one can see that the coercivity of the films
increases with the increasing t below 50 nm, and saturates with
further increasing t above 50 nm. However, the magnetization at a
10-kOe field decreases with the increasing t, as shown in Fig. 7(b).

According to Arcas et al., the coercivity of any ferromagnetic
sample is related to the effective magnetocrystalline anisotropy
constant K and the spontaneous magnetization Ms by the rela-
tion of H.=pK/M;, where p is a dimensionless factor depending
on the particular type of magnetizing process [30,31]. For exam-
ple, the S-W model gives p =2 for the ideal non-interacting single
domain magnetic particles with the uniaxial magnetic anisotropy
[31]. Therefore, when the magnetization of the films decreases,

400

M (emu/cm3)

Fig. 6. M-H curves of the FesgPts4-C granular films annealed at 550 °C with different
t.
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Fig. 8. Angular dependence of the coercivity of the FesgPtss-C granular films
annealed at 550 °C with different t on (a) MgO(1 00) and (b) SiO/Si(1 0 0) substrates.

the coercivity of the films will increase because the magnetocrys-
talline anisotropy should be almost the same for the ordered fct
FePt grains.

Fig. 8 shows the angular dependence of the coercivity of
the FesgPtyy-C granular films with different t on MgO(100)
and Si0,/Si(100) substrates annealed at 550°C. From Fig. 8(a),
the reversal mechanism of the films on MgO(001) substrates
approaches the S-W rotation mode, suggesting that the ordered
fct FePt grains are well separated by C matrix. However, the rever-
sal mechanism of the films on the SiO,/Si(1 0 0) substrates does not
well approach the S-W rotation mode because of the interparticle
interactions in the films. It also should be noted that the reversal
mechanism of the films does not change with the increase of t.

4. Conclusions
The magnetic properties of the post-annealed Fe;_,Ptyx-C gran-

ular films fabricated using a facing-target sputtering system with
different x and t have been investigated systematically. The ordered

thick films at a 10-kOe field is 3.7 kOe at x=0.48. The coercivity of
the Feg s6Pto.44-C granular films increases, and the magnetization
at a 10-kOe field decreases with the increase of the film thickness.
The reversal mechanism of the films turns from the domain wall
motion to the S—-W rotation mode as x increases. Meanwhile, the
reversal mechanism of the FesgPty4-C granular films with the S-W
rotation mode is not film-thickness dependent.
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