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[Fe/Pt],, multilayer films were prepared on thermally oxidized Si (100) substrates at 300 °C using dc magnetron
sputtering and annealed for different temperature ranging from 350 to 500 °C. It is found that the as-deposited
[Fe/Pt], multilayer films exhibit well-resolved periodic structures and low roughness of interface. The ordering
degree of the annealed films decreases and their perpendicular magnetic anisotropy deteriorates with increasing the
period number. Fe/Pt bilayer film annealed at 350 °C shows (001) orientation and hard magnetic characteristic,
the coercivity and perpendicular anisotropy enhance with increase of annealing temperature. In addition, the hard
and soft magnetic phases are not fully magnetically coupled in the Fe/Pt film annealed at higher temperature.
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1. Introduction

To achieve higher magnetic recording density and
signal-to-noise ratio simultaneously, the small grain
size and weak intergranular exchange coupling are re-
quired [1]. L1y ordered FePt thin filmg are considered as
one of the leading candidate materials for the next gen-
eration of the ultrahigh density magnetic recording me-
dia, because of their large uniaxial magnetic anisotropy,
small superparamagnetic critical size, moderate satura-
tion magnetization and excellent corrosion resistance [2].
Usually, FePt films deposited on amorphous or Si sub-
strates tend to grow with (111) preferred or random ori-
entations and its easy axis is tilted 37° away from the
film plane. As the magnetic recording media, several ef-
forts have been made toward high (001) orientation of
L1y FePt film, such as epitaxial growth on a single crys-
talline substrate [3], buffer layer [4], and rapid thermal
annealing [5], etc. But these methods result in the higher
cost and annealing temperature. In general, the atomic
arrangement of Fe and Pt in the L1y phase along the
[001] direction is similar to atomic-scale Fe/Pt multilayer
films [6, 7]. It has been demonstrated that the activation
energy of L1y FePt formation from multilayer (0.7 eV)
is lower than that of FePt formation from a homoge-
neous Al phase (1.2 €V) [8]. The rapid interdiffusion
of Fe and Pt at the interface is responsible for the for-
mation of L1y FePt [9, 10]. The alternate deposition of
Fe and Pt layer should be an effective method to obtain
L1y FePt with (001) orientation. However, it is always a
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challenge to prepare high (001) orientation for the thin-
ner film annealed at low temperature. Fe/Pt multilayer
films deposited on heated substrate could solve the prob-
lem. The heated substrate is helpful in the interface dif-
fusion between Fe and Pt layer and disorder-order phase
transformation of the FePt film.

In this work, we reported the fabrication of [Fe/Pt],
multilayer films deposited on thermally oxidized Si (100)
substrates at 300°C. Each layer thickness of Fe and Pt
was fixed at 2.5 nm. The as-deposited [Fe/Pt],, films were
annealed at various temperatures. The structure, phase
transformation and magnetic properties of the samples
were investigated in detail.

2. Experiments

[Fe (2.5 nm)/Pt (2.5 nm)], (n =1, 4, 6, 8, 10) mul-
tilayer films (n is the period number) were prepared
on thermally oxidized Si (100) substrates by dc mag-
netron sputtering on an ATC 1800-F magnetron sput-
tering system. The nominal temperature of the sub-
strate was 300°C. The purities of Fe and Pt targets
were 99.99%. The base pressure of the deposition cham-
ber was about 1.2 x 107 Torr, and Ar pressure was
5.0 mTorr during sputtering. The substrates were ro-
tated at a speed of 20 rpm during deposition to obtain
uniform films.

Film composition was measured using energy disper-
sive X-ray spectrometry (EDS) in Hitachi S-570 scan-
ning electron microscope, the results were listed in Table.
The as-deposited films were annealed at 350-500°C in a
vacuum furnace with a pressure about 3.0x 1076 Torr and
the annealing time was fixed at 30 min. The structure
of the as-deposited and annealed films were character-
ized by X-ray diffraction (XRD) on Rigaku D/max-2500
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diffractometer with Cu K, radiation using a current
of 300 mA and voltage of 40 kV. X-ray reflectivities
(XRR) were measured on Philips X’ Pert X-ray diffrac-
tometer with Cu K, radiation using a current of 35 mA
and voltage of 40 kV, with an attachment of the Go-
bel mirror. The magnetic properties of the films were
measured at room temperature using Lake Shore 7407
vibrating sample magnetometer (VSM) with maximum
applied field of 20 kOe.

TABLE

The composition of films
measured using EDS.

Sample | Fe:Pt [at.%]
n=1 50.5 : 49.5
n=4 51.3 : 48.7
n==~6 51.0 : 49.0
n=2=8 50.3 : 49.7
n =10 51.0 : 49.0

3. Results and discussion

XRR curves of as-deposited [Fe/Pt], (n = 1, 4,
6, 8, 10) films are shown in Fig. 1. For the [Fe/Pt]; film,
the non-uniformity in the Kiessig fluctuations indicates
that the film is composed of Fe and Pt bilayer structure.
For the films with n = 4, 6, 8, 10, two or three Bragg
peaks can be seen clearly due to the Fe/Pt multilayer
structure. The appearance of the Bragg peaks provides
the evidence that the [Fe/Pt],, films have a good periodic
structure with composition modulation along the growth
direction. The Kiessig fringe amplitude depends on the
surface and interface roughness and the relative electron
densities of the materials [11]. Tt is obviously noted that
the multilayer films show low roughness of surface and
interface on the basis of the distinct amplitude in the
XRR curves of all the as-deposited films.
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Fig. 1. XRR curves of the as-deposited [Fe/Pt],, films.

The modulation period A is defined as the sum of the
thickness of one Fe and one Pt layer. A can be eval-
uated by the modified Bragg law [12]: mA/sin6,, =
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Fig. 2. Calculation of the modulation period using the
modified Bragg law.

2A(1 — §/sin?0,,), where 6,, is the angle position of re-
flection peaks in a low-angle X-ray diffraction spectrum,
A is the X-ray wavelength of 0.15406 nm, § is related
to the average refraction index of layer constituents by
n =1— 0. Plotting mA/sin@,, vs. sin~2 6,, produces a
straight line with a slope of —249 and an interception of
24 on the mA/sin6,, axis as shown in Fig. 2. A = 5.14,
5.25, 5.33 and 5.33 nm for the films with n = 4, 6, 8
and 10 are obtained, respectively. There is a good agree-
ment between the modulation period obtained by using
the modified Bragg law and the experimentally designed
period. For the film with n = 1, the intensity of the
reflection peak is too weak to calculate the modulation
period.
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Fig. 3.
films.

XRD patterns of the as-deposited [Fe/Pt],

XRD patterns of as-deposited [Fe/Pt],, films are shown
in Fig. 3. The diffraction peaks around at 20 = 40.1°
and 47.0° originate from the FePt (111) and (200) re-
flections of the face centered structure. For the [Fe/Pt],
films with n =4, 6, 8 and 10, the first and second order
satellite peaks (labelled —2, —1, +1 and +2, respectively)
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located at both sides of the main diffraction peak are
observed, which indicates that [Fe/Pt],, films have a su-
perlattice structure. The intensity of satellite peaks in-
creases with increasing n, which suggests that the film
with larger n has a better and longer range structural
coherence. The crystalline coherence length ¢ along the
growth direction can be estimated from the full width
at half maximum (FWHM) of the main diffraction peak
of the superlattice using the Scherrer formula [13]. For
Fe/Pt superlattice films with n = 4, 6, 8 and 10, the crys-
talline coherence lengths ¢ are 8.6, 7.6, 9.4, and 10.5 nm,
respectively, which are greater than the modulation pe-
riod. These results also reflect the good coherent growth
between neighbouring Fe and Pt layers. When n = 1,
only a broad and weak diffraction peak can be seen, which
indicates that the film has very small grain size and weak
crystallization.
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(a) XRR curves and (b—-f) XRD patterns of the
[Fe/Pt], films annealed at 400 °C.

Figure 4a illustrates XRR curves of [Fe/Pt],, films an-
nealed at 400°C. The XRR curves show the absence of
the Kiessig fringes and the Bragg peaks, indicating that
Fe/Pt multilayer structure disappears and interdiffusion
between Fe and Pt layer occurs. [Fe/Pt],, films annealed
at 400°C are compositionally homogeneous. The varia-
tion of the XRR curves is in a good consistence with XRD
results shown in Fig. 4b—f. In the XRD patterns of the
films, the (001) superlattice, (110), (111), (200), (002),
and (201) fundamental diffraction peaks of L1y ordered
FePt phase emerge, indicating that the L1y-FePt phase is
formed. Hence, the interdiffusion at Fe/Pt interface oc-
curs at 400°C and the Fe/Pt multilayer structure trans-
forms to compositionally homogeneous L1p-FePt single
layer structure.

To quantitatively describe the ordering degree of the
FePt films, the ordering parameter S is introduced.
An approximate relation between S and c¢/a (where c is
the lattice constant along the chemical order direction
and a is the lattice constant orthogonal to this) can be
written as follows:

2 _ 1—(c/a)
5= 1—(c/a)s,’

where (c/a)s;, = 0.956 is the axial ratio for the fully
ordered phase [14], ¢/a is the axial ratio for the par-
tially ordered phase and can be evaluated from the XRD
patterns. In this equation, S = 1 corresponds to the
fully ordered phase. Figure 5a shows the ordering de-
gree S as a function of n. S can reach the maximum
value of 0.94 when n = 1. It decreases with increas-
ing n. It can be observed that the change in the degree
of perpendicular orientation via the ratio of integrated
intensity of (001) peak to that of the (111) peak of the
FePt, is I(go1)/I(111), as shown in Fig. 5b. For the L1o-
FePt with a random distribution of easy magnetization
axes, 1(001)/1(111) = 0.3 (PDF#43—1359) In the case
of [Fe/Pt]; film, I(oo1)/I(111) can reach the maximum
value of 2.8, which means that the [Fe/Pt]; film annealed
at 400 °C has larger perpendicular magnetic anisotropy.
The I(go1)/1(111) value decreases when n is larger than 1,
indicating that the perpendicular magnetic anisotropy of
the films deteriorates.
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Fig. 5. Variations of (a) S and c/a, (b) Igo1)/I(111) for

the films with period number n.
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Fig. 6. Variations of out-of-plane and in-plane coerciv-

ities and out-of-plane remanence ratio M, /M, as a func-
tion of period number n for [Fe/Pt], films.
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Variations of out-of-plane (H,, ) and in-plane coercivi-
ties (H,, ) and perpendicular remanence ratio M, /M; as
functions of period number for [Fe/Pt],, films are shown
in Fig. 6. All films exhibit hard magnetic properties af-
ter annealing at 400°C, which indicates that the L1y
ordered structure is formed in the [Fe/Pt], films. For
the film with n = 1, M,./M, can reach the maximum
of 0.81, which indicates that the [Fe/Pt]; film has the
preferred alignment of the easy magnetization axis per-
pendicular to the film plane. This is consistent with the
XRD results. H., and M, /M, decreases as n increases,
H,, increases with n increasing, which suggests that the
magnetic anisotropy of the FePt film changes gradually
from perpendicular to random orientation. The change in
the magnetic orientation might be caused by the sizes of
FePt particle and magnetic domain. It has been reported
that the average grain size and domain size increase with
greater thickness of FePt film [15].

Figure 7 shows XRD patterns of the Fe/Pt (n = 1) bi-
layer films annealed at 350-500 °C. For the film annealed
at 350°C, a broad (111) diffraction peak of L1y-FePt can
be observed at around 20 = 41°. When the annealing
temperature is above 400 °C, (001) superlattice and (002)
fundamental diffraction peaks of L1o-FePt phase can be
observed, suggesting that the films show (001) orienta-
tion. All of these peaks are broad, which indicates that
the grain size of FePt is small. Kim et al. claimed that
the size of the island-like grains depended on FePt film
thickness strongly [16]. Kurth et al. also prepared the
FePt (001) granular films with a nominal thickness in the
range from 0.5 to 10 nm and examined the finite size ef-
fect [17]. Hence in order to decrease FePt particle size,
it is necessary to control the film thickness.
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Fig. 7. XRD patterns of the Fe/Pt bilayer films an-
nealed at (a) 350°C, (b) 400°C, (c¢) 450 °C and
(d) 500°C.

To further evaluate the degree of misorientation of the
films annealed at different temperature, XRD rocking
curves of (001) diffraction peaks were measured, and the
results are shown in Fig. 8. It can be seen that the (001)
half-peak widths of the annealed films decrease with in-
creasing annealing temperature, which means that in-
crease of the annealing temperature could improve the
(001) orientation of L1 phase.
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Fig. 8. XRD rocking curves of annealed Fe/Pt films.
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Fig. 9. Out-of-plane and in-plane hysteresis loops

of the Fe/Pt bilayer films annealed at (a) 350°C,
(b) 400°C, (c) 450°C and (d) 500 °C.

The out-of-plane and in-plane hysteresis loops of Fe /Pt
bilayer films annealed at 350-500°C are represented
in Fig. 9. For the Fe/Pt film annealed at 350°C, the
out-of-plane and in-plane coercivities are about 4.27
and 2.57 kOe, respectively. The hysteresis loops show
the hard magnetic characteristic and the easy magneti-
zation axis is in the out-of-plane direction due to (001)
orientation of the film. When the annealing tempera-
ture is 400°C, the contrast between out-of-plane loops
and in-plane loops shows that the development of per-
pendicular anisotropy due to preferential (001) orien-
tation. In the film with 450°C annealing, the out-of-
plane and in-plane coercivities have a further increase.
As the annealing temperature increases to 500°C, the
out-of-plane and in-plane coercivities are about 10.88
and 1.82 kOe, respectively, suggesting that increasing
annealing temperature could enhance the perpendicular
anisotropy and hard magnetic properties of the films.
Moreover, we can observe an apparent shoulder in the
hysteresis loop, which indicates the presence of hard mag-
netic phase and soft magnetic phase that are not fully
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magnetically coupled [18]. It has been reported that or-
dered phase was formed in a disordered grain via an in-
homogeneous process [19], in which annealed FePt films
contain ordered, partially ordered, and disordered re-
gions. Accordingly, the high temperature processes cause
normally grain growth, size dispersion, and intergranular
coupling [20, 21]. Therefore, FePt film annealed at 500 °C
will show magnetic multiphase properties due to increas-
ing grain sizes. Also, the slope of the out-of-plane loop
at coercivity a = 4n(dM/dH)y, [22] is the minimum
value of 1.52 in the film annealed at 500°C, indicating
the weak exchange coupling between hard and soft mag-
netic phases.

4. Conclusions

The significant effect of the period number and anneal-
ing temperature on the structural and magnetic proper-
ties of [Fe/Pt], films have been demonstrated. The as-
deposited [Fe/Pt], multilayer films have good periodic
structure with composition modulation along the growth
direction. The multilayer structure transforms to L1,-
FePt single layer structure after annealing at 400 °C, and
the ordering and perpendicular magnetic anisotropy of
the films deteriorates with increase of the period number.
For the Fe/Pt film annealed at 350 °C, the out-of-plane
and in-plane coercivities are about 4.27 and 2.57 kQe,
respectively. When the annealing is carried out at higher
temperatures, the perpendicular anisotropy and hard
magnetic properties of the film are enhanced, while the
hard and soft magnetic phases in the FePt film are not
fully magnetically coupled due to larger grain sizes.
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