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ABSTRACT

Fe100_xPtx films with different Pt atomic fractions (x) and film thicknesses (tf) were fabricated by
magnetron sputtering at room temperature and subsequently annealed at 650 °C. Their structure and
magnetic properties have been investigated systematically. All the as-deposited Feoo_xPty films with dis-
ordered face-centered-cubic (fcc) structure are soft ferromagnetic. The annealed Feqgo_xPty films evolve
from Fe3Pt, FePt to FePt; with increasing x. High-temperature annealing makes the Fejgo_xPty films trans-
form from the disordered fcc structure to the ordered face-centered-tetragonal (fct) L1o structure as x

l;gl(;ss'ﬂ is in the range of 40-60. The grain size of the annealed Fes,Ptyg films increases with increasing t;. All
75.70.Ak the annealed Fejoo_xPt films are hard ferromagnetic. The coercivity of the annealed Fe;go_xPtx films first
75.70.—i increases, and decreases latterly with increasing x. Meanwhile, the coercivity of the annealed Fes;Ptyg
75.50.—y films decreases with increasing temperature.
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1. Introduction

In recent years, great improvements have been made on high-
density perpendicular magnetic recording media. The magnetic
recording density has increase rapidly in laboratory research [1].
For high-density magnetic recording media, thermal stability is
becoming a serious obstacle for the practical applications due to
the decrease of the recording unit size. Intensive studies for over-
coming the above problem have been carried out on the ordered
face-centered-tetragonal (fct) L1g-FePt alloy with a large mag-
netocrystalline anisotropy constant Ky of ~7 x 107 erg/cm3. The
large K, can result in a coercivity as large as 120 kOe theoreti-
cally by assuming that there are no other anisotropies. The FePt
films fabricated by the magnetron sputtering without substrate
heating generally have a disordered face-centered-cubic (fcc) struc-
ture. High-temperature annealing above 500 °C is necessary for the
FePt films to transform from the disordered fcc structure into the
ordered fct structure [2,3], and above 650°C for the FePt based
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nanocomposite films [4-8]. The third element doped into the FePt
films makes the transformation temperature decrease because of
the increase of the diffusivities of Fe and Pt atoms [9,10]. Fur-
thermore, top layers or sublayers including Ag, Pt and GePt can
also affect the microstructure and magnetic properties of the FePt
layers [11-14]. It is well known that the composition and film
thickness of the nanoscale films affects the structure and prop-
erties of the films intensively. Yu et al. reports that the magnetic
properties of the annealed FePt nanoparticles fabricated using a
solution-phase method can be affected by the Pt concentration
[15]. Toney et al. found that the structure and magnetic properties
of the FePt films with film thickness less than 10 nm are related
to the film thickness [16]. Shima et al. study the variation of the
morphology and magnetic properties of the FePt films on MgO
substrates with different film thicknesses less than 100 nm [17].
However, the effect of the composition and film thickness on the
structure and magnetic properties of the FePt films with wide range
of composition and film thickness is still not clear. In this paper,
the Feqgg_xPtx films with different Pt atomic fractions (x) and film
thicknesses (t;) were fabricated using the magnetron sputtering at
room temperature and subsequently annealed at 650°C for one
hour in a 10~6 Pa vacuum. Structure and magnetic properties of
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the as-deposited and annealed Fegg_xPtx films were investigated
systematically.

2. Experimental details

Fe100_xPtx films with different Pt atomic fractions (x) and film thicknesses (t¢)
were deposited on Si (100) wafers using a DC magnetron sputtering system at
room temperature. When the base pressure of the chamber reaches 8.0 x 106 Pa
or better, Ar (99.999%) gas was introduced into the chamber till 0.5 Pa. Then the
sputtering was carried out from pure Fe (99.999%) targets on which pure Pt (99.99%)
pieces were placed. The film thicknesses were determined using a Dektak 6M surface
profiler. The as-deposited Fejgo_xPty films fabricated on Si (100) wafers were sub-
sequently annealed at 650 °C for one hour in a 10~ Pa vacuum. X-ray photoelectron
spectroscopy (XPS) and X-ray diffractometer (XRD) were used to measure the com-
position, chemical state and structure of the samples. The X-ray photoelectron (XPS)
spectra were recorded in a PHI5600 spectrometer equipped with a spherical capac-
itor analyzer, using Mg Ka radiation (1253.6 eV) with a resolution of 0.25eV. The
background pressure in the analysis chamber was maintained at 2.2 x 10~° Torr,
and the operating pressure was less than 1.5 x 10~° Torr. For removing the contam-
inated surface layer, Ar ions with 2-keV energy, a current density of 1 mA/mm?2 and
an incidence angle of 45° were used to sputter the film surface. The magnetic prop-
erties were measured using a vibrating sample magnetometer (VSM, LDJ9600-1)
at room temperature and Quantum Design physical property measurement system
(PPMS-9) at temperatures from 5 to 305 K.

3. Results and discussion
3.1. Microstructure

XPS measurements takenat hv=1253.6 eV were performed with
an emphasis on the peaks associated with Feyp, Ptyf, Cis and Oy for
analyzing the atomic fractions and chemical states of each element
in the samples. The C;5 and O¢s peaks disappear after 1.5-min Ar*
ion bombardment (2 keV) on the film surface, implying that the
contaminated Cand O on the film surface have been removed. Fig. 1
shows the typical XPS patterns of the 120-nm thick Fe{gg_xPtx films.
Due to spin-orbit coupling, the Fe;, core levels split into 2p;, and
2ps3j; components. In Fig. 1(a), the Fe 2p,); and 2p3;; components
situate at 707.7 and 720.7 eV, which are from Fe®. In Fig. 1(b), the
peaks of Pty locate at 72.8 and 76.3 eV, which are from Pt0. The XPS

Fig. 1. Typical XPS patterns of the 120-nm thick Fepo_xPtx films, (a) Fepp and (b)
Ptys.

Fig. 2. XRD patterns of the 650°C annealed 120-nm thick Fejpo_xPty films with
different x, (a) x=30, (b) x=43, (c) x=48, (d) x=56 and (e) x=64.

results of the Fe1gg_xPtx films reveal that the films are composed of
metallic Fe and Pt.

Fig. 2 shows the XRD patterns of the 650 °C annealed 120-nm
thick Fe1go_xPtx films with different x. In Fig. 2(a), the diffraction
peaks from Fe (110) and Fe3Pt (100) can be observed, revealing
that there are Fe and Fe3Pt in the films. In Fig. 2(b)-(d), the diffrac-
tion peaks from the ordered fct FePt (001),(110),(111),(200),
(002),(201),(102)and (31 1) appear, which can be explained by
the facts that the ordered fct structure of FePt alloy can be formed as
xisin the range of 40-60. However, the diffraction peaks in Fig. 2(d)
shift to the low angles, suggesting that the lattice constants become
larger. In Fig. 2(e), the diffraction peaks of the film with x=64 are
from FePt3 (001),(110),(111),(210), Fe (110) and Pt (200). The
XRD results confirm that the main phases in the annealed Fe1gg_xPtx
films transform from FesPt, FePt to FePt3 as x increases from 30 to
64.

Fig. 3 displays the XRD patterns of the 650 °C annealed Fes,Ptyg
films with different t;. In Fig. 3, the diffraction peaks of all the
annealed Fes;Ptyg films with different t; are from ordered fct FePt
(001),(110),(111),(200),(002),(201),(102) and (311) lat-
tices, which suggest that all the films have ordered fct structure.
The calculated lattice constants based on Bragg’s law from Fig. 3
are a=b=0.383 nm and c=0.369 nm for the 120-nm thick Fes,Ptyg
films, and a=b=0.382 nm and c¢=0.367 nm for 30, 60, and 90-nm
thick Fes;Ptyg films respectively. The lattice constants are a little
smaller than that (0.384 nm and 0.371 nm) of the bulk FePt single
crystal sample. The reduction of the lattice constants may be due
to the coordination number (CN) imperfection induced bond con-
traction of atoms in the surface/interface region [18]. The grain size
was estimated by Scherrer’s formula using the width of the (111)

Fig. 3. XRD patterns of the 650 °C annealed Fes;Ptyg films with different t;.
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Fig. 4. Dependence of grain size and ordering parameter (S) of the 650 °C annealed
Fes, Ptyg films on t;.

peak from the XRD spectra, as following [19]

_ 0.89%
" Bcos(6)’

(1)

where A is the X-ray wavelength, 0 the diffraction angle, and B is
the full peak width at half-height. From Fig. 4, one can see that the
average grain size increases from ~17 nm at t;=30nm to ~24 nm
t;=120nm.

Due to the dependence of the magnetocrystalline anisotropy on
the ordering degree of Fe and Pt atoms in the ordered fct struc-
ture significantly, it is necessary to investigate the ordering degree
of the ordered fct FePt. The chemical ordering degree of the FePt
alloy can be obtained by determining the one-dimensional chemi-
cal ordering parameter S defined as [20-23]

S TFe — XFe _ rl’t_xl’t, 2)
Ype Yre

where ree(py) is the fraction of Fe(Pt) sites occupied by the correct
atomic species, Xre(py) is the atomic fraction of Fe(Pt) in the sam-
ple (1/2 for equiatomic stoichiometry), and yge(pt) is the fraction of
Fe(Pt) sites (1/2 for equiatomic stoichiometry). The fraction (Wge)
of Fe sites occupied by Pt atoms is

Wre = 1 — Te, (3)

and for a perfectly ordered FePt crystal S=1 and rg. = 1. A perfectly
disordered crystal has S=0, rge =1/2, and wge =1/2.
Experimentally, S is defined by the following equation [23],
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where Iy is the intensity of the (hkI) diffraction peak. In Fig. 4,
the ordering parameter S calculated using Eq. (4) increases with
increasing t;. However, the value calculated using Eq. (5) is almost
near 100% at t; ranging from 30 to 90 nm. At tr=120 nm, the order-
ing parameter S is 98.9%. The calculated results indicate that the
decrease of the film thickness improves the film growth along the
(001) orientation because the lattice constant c is smaller than a
and b, and does not improve the ordering degree along the (110)
orientation. From the above analyses, the total ordering degree in
different orientations of the annealed Fes, Ptyg films is improved by
increasing the film thickness.

Fig. 5. Room-temperature M-H curves of the as-deposited 120-nm thick Feqgo_xPtx
films with different x.

3.2. Magnetic properties

Fig. 5 displays the room-temperature M-H curves of the as-
deposited 120-nm thick Fejgg_xPty films with different x. It is
clear from this figure that all the as-deposited Fejgo_xPtx films
are soft ferromagnetic because the as-deposited films are disor-
dered fcc structure with small magnetocrystalline anisotropy. It is
well known that the film deposition by sputtering is not a equi-
librium process and the substrate temperature is too low for Fe
and Pt atoms to form the ordered L1y structure with large mag-
netocrystalline anisotropy. The saturation magnetization of the
as-deposited Feqgg_xPty films decreases from 1300 to 880 emu/cm3
when x increases from 30 to 64 due to the decrease of the Fe atomic
fraction.

Fig. 6 presents the room-temperature M-H curves of the 650°C
annealed 120-nm thick Feqgg_Ptx films with different x. From this
figure, it is clear that all the Fe1gg_xPtx films are hard ferromagnetic.
Some hysteresis loops of the annealed films exhibit a two-step
saturation behavior. The rapidly saturated part is from soft fer-
romagnetic phase, and the slowly saturated part from the hard
ferromagnetic ordered fct phase. For the films with x=43, 48 and
56, the soft saturation part should be from the surface oxides due to
the exposure in air and/or the soft ferromagnetic phases in the films
even though the oxide phase can not be detected by XRD. In the
present manuscript, the coercivity was obtained by using the rela-
tion of He = |HC+ - Hc,‘ /2, where Hc+ and Hc_ are the crossover
points of the M-H curves and H axis. Obviously, the relatively high

Fig. 6. Room-temperature M-H curves of the 650°C annealed 120-nm thick
Fey00_xPtx films with different x. The inset gives the dependence of the coercivity of
the annealed Feqgo_xPty films on x.
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Fig. 7. Temperature dependence of the in-plane coercivity of the 650°C annealed
Fes, Ptyg films with different t;.

coercivity (~12kOe) arises from the ordered fct phase with high
magnetocrystalline anisotropy. As x is lower than 48, the coerciv-
ity of the annealed films increases with increasing x because the
volume fraction of the ordered fct phase increases. At x>48, the
coercivity of the annealed films decreases because the ordered fct
structure was destroyed or the films are mainly composed of anti-
ferromagnetic FePt3 with a Neel temperature of 160 K. At x =56, the
lattice constant increases, which can decrease the magnetocrys-
talline anisotropy of the films, so that the coercivity decreases. At
x =64, soft ferromagnetic Fe should exist in the films because the
diffraction from bcc Fe (11 0) can be observed in the XRD patterns
as shown in Fig. 2. Meanwhile, some diffraction peaks from the fct
phase can also be observed, so that the films are not paramagnetic
at room temperature.

The as-deposited Fes,Ptyg films with different t; are soft fer-
romagnetic because the substrate temperature is too low for Fe
and Pt atoms to form the ordered fct structure with large magne-
tocrystalline anisotropy. Meanwhile, the saturation magnetization
almost keeps at a constant of 1140 emu/cm? as t; changes. In
order to improve the atomic mobility to the correct position of
the ordered fct lattice, the as-deposited films were annealed at
650°C. After being annealed at 650°C for one hour, the Fes;Ptyg
films are ferromagnetic. The room-temperature coercivity of the
annealed Fes,Ptyg films increases as t; increases. Fig. 7 shows the
temperature dependence of the coercivity of the 650 °C annealed
Fes, Ptyg films with different t;. From Fig. 7, it is clear that the coer-
civity of the films with t;=90 and 120 nm decreases linearly with
increasing temperature, suggesting that the magnetization mech-
anism is dominant by domain wall motion with strong magnetic
interactions. However, the coercivity of the films with ;=60 and
30nm decrease rapidly and approach T!/2 relation, which reveals

that there are some small particles those follow Stoner-Wohlfarth
rotation model, which may be ascribed to the decrease of the grain
size as the film thickness decreases.

4. Conclusions

Structure and magnetic properties of the Feqgg_xPtx films with
different x and t; fabricated by sputtering were studied systemat-
ically. All the as-deposited Feigg_xPty films are soft ferromagnetic.
High-temperature annealing makes the Fejgg_xPtx films transform
from the disordered fcc structure into the ordered fct structure. The
grain size of the Fes,Ptyg films increases with increasing t;. Mean-
while, the annealed Feqgg_xPtx films are hard ferromagnetic due to
the improvement of the chemical ordering degree and the coerciv-
ity increases with tf measured at room temperature, and decreases
with the increase of the measuring temperature.
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