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The effect of annealing temperatures on the microstructures and magnetism of FePt/TaO, bilayers was
systemically investigated in the range of 25-650 °C. Microstructural characterization reveals that higher
annealing temperatures lead to higher ordering parameters and larger grain sizes. High order parameter

Keywords: up to 0.57 was acquired after the sample was annealed at 600 °C. Diffusion was observed from TaOy layer
FePt into FePt layer after annealing at temperature over 550 °C. The out-of-plane coercivity first increased and
Ta0, . exhibited a maximum value up of 4.2 kOe after annealing at 550 °C and decreased as the annealing tem-
Annealing temperature . R ] - . .

Coercivity perature was further increased. The coercivity increase with higher annealing temperature was attrib-

uted to the rise of magnetocrystalline anisotropy due to the formation of the ordered fct FePt structures.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Typical magnetic recording media suffer from superparamag-
netic effect when the grain size goes into nanometer scale and
could not support recording density over 5T bit/in® [1]. Magnetic
materials with high magnetocrystalline anisotropy are actively
investigated for their high thermal stabilities, including binary al-
loys such as FePt [2,3] and CoPt [4,5]. Stoichiometric FePt has
two phases at room temperature, the soft fcc (face center cubic)
phase and the harder fct (face center tetragonal) phase. The fct FePt
has large magnetocrystalline anisotropy up to 7 x 107 erg/cm? and
is considered a promising candidate for the future ultrahigh den-
sity recording medium [6-8]. However, fct phase FePt cannot be
directly synthesized and it can only be phase transformed from
fcc phase FePt. For example fct FePt could firstly be synthesized
as fcc phase FePt and then thermally annealed to the fct phase [9].

Since different annealing temperatures and different types of
buffer layers under the FePt film would both influence the micro-
structures and magnetic properties of FePt, a lot of researches have
focused on the effect of annealing with different capping layers
[10-13]. For example, a 4 nm Cu capping layer was found to raise
the coercivity of FePt drastically from 3100 to 6000 Oe [14]. With a
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single SiO, capping layer, annealing at 400°C was sufficient
to transform the fcc phase FePt to fct phase [15]. Meanwhile,
TaO, is an important metal oxide widely used as the capping and
buffer layers in multilayered structures [16]. For example,
Ge,Sb,Tes-TaO, composited films were found to have the residual
stress reduced by 40% compared to pure phase change material
Ge,Sb,Tes [17]. However, there is no previous investigation using
TaO, as a capping layer on FePt.

In view of this, we studied the structural and magnetic proper-
ties of co-sputtered FePt thin films capped by TaO, layer sputtered
with 15% O,/Ar gas mixture annealed at different temperatures (up
to 650 °C). The microstructures of FePt/TaO, bilayers were investi-
gated by X-ray diffraction (XRD), transmission electron microscopy
(TEM) and X-ray photoelectron spectroscopy (XPS). The magnetic
properties were characterized by vibrating sample magnetometer
(VSM). As the annealing temperature increased, the growth of
grain sizes and the rise of coercivities were observed. An optimized
annealing temperature of 550 °C was found to provide the highest
coercivity (4.2 kOe) in the out-of-plane direction.

2. Experiments

The FePt films (10 nm) were co-sputtered on SiO, substrates
using an ultrahigh vacuum magnetron sputtering system with dc
power of 70 W for Fe and 34 W for Pt, using 3 sccm Ar with a
chamber pressure of 10 mTorr. The 10 nm thick TaO, capping layer
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was then deposited by using ion-beam assisted deposition (IBAD)
with 0.4 sccm of 05 and 2.3 sccm of Ar (15% O,/Ar). Then the sam-
ples were annealed in vacuum at different temperatures ranging
from 400 to 650 °C for 10 min, with no external magnetic field ap-
plied during the process.

The crystallinitiy of the FePt/TaO, bilayers was investigated by
grazing angle X-ray diffraction using a Bruker D8 SSS diffractome-
ter with Cu K, source. A JEOL JEM-2010 transmission electron
microscopy (TEM) system operating at 200 kV was used for the
FePt/TaO, bilayer surface morphology and cross-section character-
ization. At last, the ferromagnetic properties of the as-deposited
and annealed samples were measured with a Lake Shore - 7407
vibrating sample magnetometer (VSM).

3. Results and discussion

To characterize the effect of annealing temperatures on the
crystallinity, the FePt/TaO, bilayers were studied by XRD. The fcc
phase FePt has a cubic structure with the lattice constant a the
same in all directions. Meanwhile, the fct phase FePt has a tetrag-
onal structure with a shorter lattice constant c than the other axis
a, which contributes to the anisotropy of the fct phase. If we have a
smaller c/a ratio, the anisotropy of the fct phase FePt is larger.
As-deposited FePt/TaO, bilayer shows fcc phase, with a lattice con-
stant of a ~ 3.81 A as calculated from the (111), (200), and (220)
peaks in the XRD diffraction patterns of the 25 °C spectra in Fig. 1.
For the bilayer annealed at 400 °C, similar XRD diffraction patterns
as those of as-deposited bilayer indicate that there is little fct FePt
phase formation after annealing at this temperature. The calcu-
lated lattice constant of the fcc phase FePt is increased to
~3.82 A (larger than fcc phase with lattice constant of 3.816 A
but smaller than the fct phase constant of a ~ 3.838 A), which also
indicates the increase of fct phase FePt content in FePt/TaO, bi-
layer. Further increasing the annealing temperature to 550 °C leads
to higher fct (001) and (110) peaks in FePt/TaO, bilayer, indicating
more fct phase FePt is formed after annealing at this temperature.
The ordering parameter [18] of fct phase FePt is calculated using

S — [1(110)/1(111)]measured
Hato)/Ia1nls—y

where 110y and I(;11) are the intensities of the XRD peaks of fct
phase (110) and (111), the numerators are experimentally mea-
sured from the samples and the denominators are the calculated re-
sults from an ideal sample with the order parameter S of 1. The
lattice constants of FePt in the FePt/TaO, bilayer after annealing at
550°C are a~3.86A, c~3.70 A with an ordering parameter of
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Fig. 1. XRD diffraction patterns of FePt/TaOy after annealing at different temper-
atures: as-deposited non-annealing (25 °C), 400 °C, 550 °C, 600 °C, and 650 °C. The
standard XRD peak locations are set according to the JCPDS cards.

0.56. Further increasing the annealing temperature to 600 °C in-
creases the ordering parameter to 0.57 with lattice constants of
a~3.85A and c~3.70 A, as calculated by the stronger fct (001),
(111), and (110) peaks in the spectra of 600 °C in Fig. 1. However,
although annealing at 650 °C provides even smaller c/a ratio with
a~3.88A and c~ 3.68 A, the appearance of the strong TaO, peak
inhibits the ordering parameter of FePt to 0.54, which is smaller
than those after annealing at 550 °C and 600 °C. The appearance
of the strong TaO, peak might be due to the high residual stress
in FePt [19] due to the annealing at 650 °C which provide sufficient
conditions to grow TaO, with strong (110) orientation.

The above results are more clearly shown in Fig. 2, where the
ordering parameter of the fct phase FePt is depicted. Further
increasing the annealing temperature to 650 °C leads to an even
lower ordering parameter of 0.54. The above ordering parameter
with different annealing temperatures further demonstrates that
increasing the annealing temperature to higher than 600 °C leads
to less ordered state FePt, which might be due to the strong inter-
layer diffusion as confirmed by the XPS results below.

To further investigate the microstructure of FePt/TaO, bilayers
after annealing at different temperatures, high resolution TEM
(HRTEM) characterization was performed and the results are
shown in Fig. 3. The as-deposited FePt/TaO, bilayer shows sepa-
rated grains in the bright field image in Fig. 3(a), with sizes ranging
from 8 nm to 10 nm. The dark field image of the as-deposited sam-
ple (Fig. 3(b)) shows similar size distribution between 8 and 11 nm
for the grains with (11 1) orientation. The electron diffraction pat-
tern of the as-deposited sample is given in Fig. 3(c), where the dif-
fraction rings of (111), (200), (220), and (22 2) planes of fcc phase
FePt are shown. The FePt/TaO, bilayer, after annealing at 400 °C for
10 min, shows grain structure with a size distribution ranging from
9 to 12 nm in Fig. 3(d), which is larger than that of the as-deposited
sample. The dark field image (Fig. 3(e)) shows identical size distri-
bution between 9 and 12 nm for the grains with (11 1) orientation.
Fcc phase (111),(200),(220),and (311) peaks are observed in the
electron diffraction patterns in Fig. 3(f), indicating little fct phase
FePt was formed after annealing at 400 °C for 10 min which agrees
with the XRD results in Fig. 1. Increasing the annealing tempera-
ture to 500 °C leads to larger grain sizes ranging from 10 to
14 nm shown in Fig. 3(g). This size distribution of the grains in
the (111) orientation is also observed in the dark field image in
Fig. 3(h). This indicates that with higher annealing temperature,
the grains can obtain more energy to grow into larger grains. Com-
pared to the sample annealed at 400 °C, more fct phase peaks are
observed, including fct phase (001) and (002) planes as shown
in Fig. 3(i). This indicates that increasing the annealing tempera-
ture from 400 °C to 550 °C would bring in more FePt, which agrees
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Fig. 2. Ordering parameter of FePt/TaO, bilayer after annealing at different
temperatures: 550 °C, 600 °C and 650 °C.
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Fig. 3. HRTEM images of FePt/TaO, bilayers after annealing at different tempera-
tures. Bright field TEM images, dark field TEM images, and electron diffraction
patterns are shown as the left, middle, and right images of each row, respectively.

with the increase of ordering parameter in Fig. 2. Further increas-
ing the annealing temperature to 650 °C leads to even wider and
larger size distribution, ranging from 12 nm to 20 nm as shown
in the bright field TEM image in Fig. 3(j). Large grains with size
around 20 nm at (111) orientation are also observed in the dark
field image in Fig. 3(k). This indicates that annealing at this tem-
perature can provide energy for FePt to grow into larger size. The
electron diffraction patterns of fct phase (110), (111), (002),
(221) and (222) planes are found in Fig. 3(1) indicating large con-
tent fct FePt formed after annealing at this temperature. The plan
view TEM results indicate that as the annealing temperature is in-
creased, the grain size of FePt/TaO, bilayer is also increased. The
electron diffraction results also indicate that as the annealing tem-
perature is increased, more fct phase FePt are formed, which agrees
with the XRD results in Fig. 1.

In order to investigate the potential diffusion at the FePt/TaO,
interface, cross-section TEM was performed and the images are
shown in Fig. 4. The as-deposited FePt/TaO, bilayer (25 °C) exhibits
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Fig. 4. TEM cross-sectional images of FePt/TaOy bilayers after annealing at different
temperatures: as-deposited (25 °C), 400 °C, 550 °C and 600 °C.

a sharp and clear interface between the FePt and TaOjy layers indi-
cating that there is no diffusion in the as-deposited layers. The TaO,
and FePt layers are measured to be 9.6 nm and 11 nm, respectively,
closely matching the designed layer thicknesses (10 nm FePt and
10 nm TaO,) in Fig. 4(a). After annealing at 400 °C, the interface be-
tween TaO, and FePt is still sharp as shown in Fig. 4(b), indicating
no obvious diffusion after annealing at this temperature. Increasing
the annealing temperature to 550 °C leads to diffusion between the
FePt and TaOy layers, as proved by the graded FePt/TaOy interface in
Fig. 4(c). This indicates that as the annealing temperature increases,
the grains receive enough energy to migrate. Further increasing the
annealing temperature to 600 °C leads to more diffusion at the TaO,
and FePt interfaces, and the two layers are almost mixed together as
shown in the cross-section image of FePt/TaO, in Fig. 4(d). This
indicates that as the annealing temperature further increases, the
grains become even more prone to diffusion. The above results
indicate that as the annealing temperature is increased, no diffusion
between the FePt and TaO, layers initially but then slight
diffusion starts after annealing at 550 °C for 10 min, and strong
diffusion occurs after annealing at 600 °C.

The diffusion between the TaO, and FePt layers after annealing
at 550 °C and 600 °C is also investigated by the XPS depth profiling,
and the results are shown in Fig. 5. The TaO,, FePt, and SiO, were
etched by XPS sequentially, and the element distribution was
measured as a function of sputter time in Fig. 5. The XPS profile of
FePt/TaO, sample annealed at 550 °C is shown in Fig. 5(a). Although
there is a sharp transition given by the Fe and Pt distribution start-
ing at 0.6 min in Fig. 5(a), there is a Ta element distribution from
0.6 to 0.9 min, indicating the TaO, already diffuses into FePt after
annealing at 550 °C. Oxygen can also be observed in the FePt layer,
which further demonstrates the diffusion from TaO, into FePt
layer. Further increasing the annealing temperature to 650 °C leads
to stronger diffusion between the FePt and TaO, layers. This is sup-
ported by the presence of Fe and Pt in the TaO, layer from 0.3 min
to 0.4 min as shown in Fig. 5(b). Ta and O are also present in the
FePt layer, similar to the diffusion in Fig. 5(a). Thus the XPS depth
profile demonstrates that TaO, diffuses into FePt after annealing at
temperatures higher than 550 °C. The diffusion from TaO, not only
influences the microstructures of the FePt/TaO, bilayer, it can also
influence the magnetic properties of the bilayers.

The XPS binding energy of Ta is displayed in Fig. 6. The peaks of
TaO0, layer with energy around 27 eV for both samples after anneal-
ing at 550 °C (Fig. 6(a)) and 650 °C (Fig. 6(b)) prove the presence of
Ta,0s in the TaOy layer. It should be pointed out that Ta,0s has a
lattice constant of 0.389 nm [20], which is quite similar to the
a-axis parameter of FePt. As calculated from the XRD patterns in
Fig. 1, the lattice constant had a trend that as the annealing tem-
perature is increased, the a-axis of FePt started to grow from
0.381 nm to 0.388 nm as shown in Table 1. The underlying FePt
layer tended to approach to (001) lattice constant as the capping
Ta,0s layer. Thus we can infer that the TaOy capping layer influ-
ences the FePt crystal structure. As the annealing temperature is
increased, the Fe and Pt atoms have more energy to rearrange
according to the capping TaO, layer crystal structure, which is
quite similar to the other observations where the lattice constants
of FePt strongly rely on the underlayers [21-23]. So as the anneal-
ing temperature is increased, the a-axis of FePt is closer to the
Ta,0s5 (001) d spacing. The increase of a-axis would further in-
crease the anisotropy of the FePt, which might also increase the
coercivities of FePt as discussed below.

To investigate the magnetic properties of FePt, hysteresis loops
were measured for FePt/TaO, bilayers with different annealing
temperatures. The out-of-plane coercivities with different anneal-
ing temperatures are given in Fig. 7. The as-deposited FePt/TaO,
shows soft magnetic behavior as evidenced by the small
out-of-plane coercivity of Hc ~ 60 Oe. This agrees with the XRD



244

pi 50 S550°C
(a) 400 F.ePt TaOy 1:7 o 550°C

9l
8of
70f e
60F
50
40
30}
20}
10}

TaO, FePt SiO,

Intensity (a.u.)

1.0
Sputter Time (min)
---------------------------- layer boundary for 550°C

G. Li et al./Microelectronic Engineering 110 (2013) 241-245

FePt/TaO, 15% 650°C
(b) 100 x 000

ool TaO, - FePt
Nl |

B

Si0,

80
70}
60
50 |
40}
30}
20}
10f
of

Intensity (a.u)

0.5

Sputter Time (min)
------------------------------ layer boundary for 550°C
_____ — layer boundary for 650°C

Fig. 5. XPS depth profile of FePt/TaO, bilayers after annealing at different temperature: 550 °C (a) and 650 °C (b).
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Table 1
The relation of lattice constant of FePt and annealing temperature.
Temperature 25°C (As-dep) 400°C 550°C 600°C 650°C
Lattice a(A) 3.81 3.82 3.86 3.85 3.88
Constant (A) c(A) - - 3.70 3.70 3.68
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Fig. 7. Coercivity of FePt/TaO, bilayer after annealing at different temperatures in
the out-of-plane directions: as-deposited (25 °C), 400 °C, 550 °C, 600 °C and 650 °C.
The corresponding magnetic hysteresis loops are given in the inset.

results that the as-deposited FePt are fcc phase. The FePt/TaO, bi-
layer after annealing at 400 °C is still not highly ordered FePt, as

proved by the out-of-plane coercivity of 330 Oe. Meanwhile, the
increase of the coercivity indicates that there is fct phase FePt
formation after annealing at 400 °C, which agrees with the XRD
results in Fig. 1. As the annealing temperature is increased to
550 °C, the coercivity rises to 4.2 kOe for the out-of-plane direc-
tion. The fct phase FePt becomes dominant after annealing at this
temperature. However, annealing at 600 °C decreases the out-
of-plane coercivity to 3.9 kOe, indicating that the c-axis orientation
and the order of FePt are inhibited. Similar to annealing at 600 °C,
the FePt/TaO, bilayer after annealing at 650 °C exhibits decrease
of the out-of-plane coercivity to 3.6 kOe. The highest coercivity
in the out-of-plane direction is not found in the highest annealing
temperature for FePt/TaO,, indicating that annealing with
temperatures higher than 550 °C does not provide a more favour-
able condition for large out-of-plane coercivity, which also agrees
with the XRD results in Fig. 1 and the ordering parameter in
Fig. 2. A suitable annealing temperature of 550 °C is critical for FePt
capped TaO, to obtain highest coercivity in the out-of-plane
direction.

4. Conclusion

The effect of annealing temperature on the microstructural and
magnetic properties of a FePt/TaO, bilayer was investigated. As the
annealing temperatures increased from the as-deposited state
(25 °C) to 600 °C, more fct phase FePt was transformed from the
fcc phase FePt, as indicated from the XRD diffraction patterns
and the ordering parameter; however, further increasing the
annealing temperature to 650°C led to a less ordered state,
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indicating less fct phase was formed as compared to the FePt/TaOy
bilayer after annealing at 600 °C. The increase of the annealing
temperatures led to larger grain sizes as indicated by the HRTEM
image. The diffusion from TaO, layer into FePt layer was proved
by the cross-section TEM image and the XPS depth profile. On
the other hand, the increasing annealing temperature also influ-
enced the magnetic properties of FePt/TaO, bilayer, leading to a
higher coercivity in the in-plane direction. However, the coercivity
of FePt/TaO, bilayer after annealing at 550 °C in the out-of-plane
direction exhibited the largest coercivity of 4.2 kOe, which was lar-
ger than FePt/TaO, bilayer after annealing at either 600 °C or
650 °C. The above results show that suitable annealing tempera-
ture can increase the anisotropy of FePt with TaO, capping layer
and thus increase its magnetic coercivity.
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