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The magnetic properties of CoPt with different percentages of oxygen in the TiOx capping layer were inves-
tigated through annealing processes. Results have shown that after annealing, the structural phase transfor-
mation from fcc to fct CoPt occurred and was confirmed by the enhanced coercivities. In addition, the isolated
CoPt grains separated by grain boundary TiOx in the annealed CoPt/TiOx (30% O2/Ar) thin films exhibited the
largest coercivity. The excess amount of oxygen in the TiOx layer may react with Co and Pt to form oxides (as
characterized by XPS) and result in the drop of coercivity. Thus the growth of the fct CoPt phase can be en-
hanced by optimizing the oxygen ratio during fabrication of the TiOx layer and post annealing, which may
find useful applications for future CoPt-based magnetic recording.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Thermal stability of magnetic thin films at the nanometer scale is
one of the most critical challenges for the hard disk drives to acquire a
recording density over 1 Tbit/in2. Face center tetragonal (fct) phase
CoPt has magnetocrystalline anisotropy as high as 5×107 erg/cm3 and
has good chemical stability, which makes fct phase CoPt a promising
material for hard disk recording media [1]. Fct CoPt phase can be trans-
formed from face center cubic (fcc) phase by annealing at 600 °C, and
this transformation process has been widely investigated [2–14]. It is
found that a capping layer or buffer layer with different materials can
change the CoPt coercivity either by surface diffusion [5,6,8,12,14,15]
or through interface texture influence [16–22]. The additional layer
might also lower the phase transformation temperature of CoPt. Using
a thin Cu underlayer, the 50 nm thick CoPt could be fully transformed
from fcc to fct phase after annealing at 500 °C for 30 min [8]. The addi-
tion layer might also diffuse into CoPt layer and break the CoPt contin-
uous thin film into separated grains during annealing [5]. CoPt using
carbon underlayer could be fully transformed from fcc to fct phase
after annealing at 400 °C, with an out-of-plane coercivity as high as
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2.77 kOe; the effect originates from carbon diffusion into CoPt, which
breaks the continuous CoPt film into separated grains after annealing
[5]. Thus the composition, morphologies, and magnetic properties of
the CoPt layer would all differ according to the buffer layer used.

Recently, Yuan et al. [12] found that the coercivity of fct phase
CoPt decreased to less than 100 Oe after post-annealing over 800 °C.
They explained it as a result of the large biaxial tensile stress in the
CoPt thin film after annealing, which would transform the fct phase
CoPt to the fcc phase [12]. Thus if the tensile stress in CoPt thin film
can be removed, the coercivity of CoPt will be higher.

TiOx has been used in magnetic recording media, such as the CoPt–
TiO2 composite perpendicular recording media. Coercivity as high as
6.7 kOe was acquired in CoCrPt–SiO2/CoPt–TiO2 stacked media using
16 nm thick CoPt–TiO2 [23]. An average grain size of 5.5 nmwith stan-
dard deviation of 1.1 nmwas acquired using Ru1 (10 nm)/Ru2 (10 nm)/
CoPt–TiO2 structure [24,25]. Different oxygen stoichiometries in TiOx

might also influence the CoPt magnetic properties either via interface
texturing or surface diffusion; however no such research has been
reported yet.

In this paper, we report the study of CoPt/TiOx bilayer structurewith
different oxygen contents, which was controlled by the O2/Ar ratio
during the ion beambombardment processwhen the TiOx layerwas de-
posited by ion-beam-assisted deposition (IBAD). The XRD patterns, mi-
crostructures, and magnetic properties of the bilayers with different
oxygen contents were examined.
.1016/j.surfcoat.2012.05.103
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Fig. 1. XRD spectra of annealed CoPt/TiOx thin films (600 °C, 20 min) with different ox-
ygen ratios. (a) Pure CoPt (i.e., 0% O2/Ar), (b) CoPt/TiOx (21% O2/Ar), and (c) CoPt/TiOx

(41% O2/Ar).
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2. Experiment

Silicon substrates with (100) orientation were thermally oxidized
at 900 °Cto form a 180 nm thick SiO2 layer. The oxidized silicon sub-
strates were then cleaned in acetone and ethanol with sonication.
Co and Pt were co-sputtered in an Ar environment with dc power of
60 W and 34 W respectively. The base pressure was 8×10−9 Torr
and the Ar pressure was 10 mTorr during deposition. A Kaufmann
source was used to focus the Ar ion beam onto a commercial Ti target
surface, while an End-Hall source was used to bombard the substrate
in situ during the deposition of the TiOx layer. The O2 flux in the End-
Hall ion source ranged from 0 to 1.6 sccm so the flow rate ratio of
oxygen to argon was varied from 0% to 41%. The samples were then
annealed at 600 °C for 20 min. The crystalline structures of the CoPt/
TiOx thin films were investigated by grazing angle X-ray diffraction
with a Cu Kα source. A JEOL JEM-2010 transmission electron micros-
copy (TEM) system operating at 200 kV was used for the structural
and microstructural analysis. X-ray photoelectron spectroscopy
(XPS) was used to study the oxidation state and depth profile analysis
using a ULVAC-PHI-5000 with Al Kα radiation. The ferromagnetic
properties of the CoPt/TiOx thin films were measured with a Lake
Shore—7407 vibrating sample magnetometer (VSM).

3. Results and discussion

Our previous work in CoPt thin films [26] has shown the impact of
the ion-beam bombardment on magnetic properties by directly
bombarding the Co and Pt atoms during fabrication processes. In this
work, we study how the capped TiOx layer (fabricated by ion-beam
assisted deposition [27]) affects the magnetic properties of CoPt/TiOx

thin films via annealing. The CoPt/Ti (i.e., 0% O2/Ar) bilayer exhibited
fct CoPt phase with a lattice constant of a=3.70 Å, c=3.82 Å after an-
nealing at 600 °C for 20 min, as indexed by (001), (111), (002), (202),
(311), and (113) orientations of CoPt in the XRD spectra in Fig. 1(a).
The appearance of the (001) peak at 24° and (002) peak at 48° also
indicates the existence of the fct CoPt phase. However, increasing
the oxygen ratio during the ion bombardment of TiOx to 21% O2/Ar
(Fig. 1(b)) or 41%O2/Ar (Fig. 1(c)) does not change (expand or contract)
the structures, as evidenced by the same CoPt lattice constants. This
indicates the role of TiOx that is used to form the grain boundary to
separate CoPt grains, as characterized by TEM in the next paragraph.

High-resolution TEM (HRTEM) was used to characterize the sample
structures, microstructures, surfacemorphologies and the bilayer inter-
faces, as shown in Fig. 2. The annealed CoPt/TiOx (21% O2/Ar) bilayers
exhibited polycrystalline structures, as revealed by the TEM bright
field (BF) image and electron diffraction patterns (DP) in Fig. 2 (a).
The dark field (DF) image (the middle panel in Fig. 2(a)) provides the
grain size distribution (Fig. 2(d)) ranging from 5 to 35 nm. Meanwhile,
the annealed CoPt/TiOx (30% O2/Ar) bilayer has a narrower grain size
distribution (ranging from 8 to 22 nm) with CoPt grains separated by
grain boundary TiOx (Fig. 2(b)), compared to those of CoPt/TiOx (21%
O2/Ar (Fig. 2(a)) and 41% O2/Ar (Fig. 2(c)), grain size distribution rang-
ing from 12 to 35 nm). The representative cross-sectional TEM images
of the as-deposited and annealed CoPt/TiOx (21% O2/Ar) thin film are
shown in Fig. 2(e) and (f), respectively. The slightly reduced TiOx

thickness and rougher interface (Fig. 2(e)) indicate the oxide dif-
fusion into the CoPt layer after annealing. The structural characteriza-
tion by TEM is consistent with those obtained by XRD in Fig. 1. The
different morphology due to different amount of oxygen in the TiOx

layer incorporated into the CoPt layer via annealing strongly influences
the corresponding magnetic properties (see below).

To further probe the annealing effects on the distribution of ele-
ments (such as Co, Pt, and O) at the interface between TiO (top), CoPt
(middle), and SiO2 (bottom) layers, X-ray Photoelectron Spectroscopy
(XPS) [28] analysis was performed in terms of binding energies and
depth profile [29], as shown in Fig. 3. First, in the top TiOx layer, the
Please cite this article as: G. Li, et al., Surf. Coat. Technol. (2012), doi:10
Titanium exhibited both metallic (Ti0+ (~454 eV)) and complex oxida-
tion states (Ti3+ (~456 eV) and Ti4+ (~458 eV)), as confirmed by the
fitted results by Shirley procedure [30] shown in Fig. 3(a). The presence
of oxygen is evidenced by the peak of O1s spectrum at ~529 eV, as
shown in Fig. 3(b). Second, in themiddle CoPt layer, the observed bind-
ing energies of Co and Pt indicate that the oxidation processes (CoO and
PtO) that occur due to the annealing processes, as shown by the peak
positions at ~781 eV (CoO) and at ~73 eV (PtO), in addition to the
metallic Co (~777 eV) and Pt (~70 eV) phases. Third, in the bottom
SiO2 layer, the substrate signal from Si is shown by the peak at
~104 eV in Fig. 3(e). After identifying the bonding types and/or oxida-
tion states in the annealed CoPt/TiOx thin films, the diffusion behavior
due to annealing is further revealed by the depth profile analysis
by XPS in Fig. 3(f). In the top TiOx layer (marked by region I), the Co
.1016/j.surfcoat.2012.05.103
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Fig. 2. TEM images of annealed CoPt/TiOx thin films with (a) 21% O2/Ar, (b) 30% O2/Ar, and (c) 41% O2/Ar. Each set consists of bright-field (BF) image, dark-field (DF) image, and
diffraction patterns (DP). The relation between grain sizes and oxygen-stoichiometry is shown in (d). The representative cross-sectional TEM images of the as-deposited and
annealed CoPt/TiOx (21% O2/Ar) thin film are shown in (e) and (f), respectively.
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and Pt signals increase with sputter time indicating diffusion processes
of Co and Pt in the middle CoPt layer (region II) due to annealing
[31–33]. In contrast, the oxygen signal drops quickly near the boundary
between region I and II, which indicates that oxygen distribution is not
uniformly distributed throughout the CoPt layer until about half the
region II (sputter time ~0.6 min) where onset of oxygen concentration
is observed. In addition, the Si diffusion from region III to II is found by
the Si signal near the interface between CoPt and SiO2. Therefore, the
XPS analysis of the annealed CoPt/TiOx (30% O2/Ar) thin film provides
the important information in (1) the bonding types of elements such
as Co, Pt, and Ti, and (2) the distribution of the respective elements
Please cite this article as: G. Li, et al., Surf. Coat. Technol. (2012), doi:10
due to annealing. These results are consistent with those characterized
by XRD and TEM.

In order to investigate the relation between magnetic properties
of CoPt/TiOx bilayers and oxygen contents, in-plane hysteresis loops
were measured at room temperatures (Fig. 4). The as-deposited
CoPt/TiOx (0% O2/Ar) thin film exhibited soft magnetic properties
with coercivity, Hc ~48 Oe, as shown in Fig. 4(a). Similar soft magnet-
ic properties (coercivities about 50 Oe) and hysteresis loop shapes
were observed in CoPt/TiOx thin films with different percentages of
oxygen (21, 30 and 41% O2/Ar) in the top TiOx layer. This is consistent
with the fact that the measured signals are contributed from the
.1016/j.surfcoat.2012.05.103
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Fig. 3. XPS analysis in the annealed CoPt/TiOx (30% O2/Ar) thin film for (a) the binding energies in Ti, O, Co, Pt, and Si; and (b) the depth profile.
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ferromagnetic bottom CoPt layer. However, the enhanced coercivity
dependence of %O2/Ar was observed in the annealed CoPt/TiOx thin
films, as shown in Fig. 4(b). For these annealed CoPt/TiOx thin films,
the coercivity increases with increasing O2/Ar from Hc ~200 Oe
(CoPt/TiOx (0% O2/Ar)) to the largest Hc ~405 Oe (CoPt/TiOx

(30% O2/Ar)), as shown in Fig. 4(c). Further increasing the %O2/Ar to
41% O2/Ar results in a drop in Hc (~340 Oe). First, the enhanced coer-
civities of the annealed CoPt/TiOx thin films are attributed to the for-
mation of fct CoPt structures due to the annealing processes
(compared to those of the as-deposited CoPt/TiOx thin films), as con-
firmed by the structural and microstructural characterization by XRD
and TEM. Second, the increased Hc with increasing %O2/Ar in the
annealed CoPt/TiOx thin films may result from excess oxygen atoms
Fig. 4. The in-plane hysteresis loops of (a) as-deposited and (b) annealed CoPt/TiOx (0–41% O
films is shown in (c).

Please cite this article as: G. Li, et al., Surf. Coat. Technol. (2012), doi:10
serving pinning sites to hinder the magnetization reversal process.
The formation of CoO or PtO by consuming fct CoPt may give rise to
the drop in Hc in an annealed CoPt/TiOx with the highest %O2/Ar
(41% O2/Ar), as evidenced by the XPS analysis.

Based on the characterization results by XRD in structures, by TEM in
structures and microstructures, by XPS in elemental bonding types, ox-
idation states, and depth profile, and by VSM inmagnetic properties, we
concluded that (1) the phase transformation from fcc to fct CoPt gives
rise to the enhanced coercivities, (2) the oxygen distribution depends
on different amount of oxygen in the TiOx layer through annealing pro-
cesses, and (3) the magnetic properties of the annealed CoPt/TiOx thin
films are strongly influenced by the oxygen-stoichiometry incorporated
with Ti atoms through ion-beam-assisted deposition processes.
2/Ar) thin films. The coercivity dependence of oxygen ratios in annealed CoPt/TiOx thin

.1016/j.surfcoat.2012.05.103
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4. Conclusion

The structural, microstructural, andmagnetic properties of annealed
CoPt/TiOx thin films were studied. While the enhanced coercivities of
annealed CoPt/TiOx thin films are attributed to the structural phase
transformation from fcc to fct CoPt, different amount of oxygen in
TiOx layers can be used to modify the distribution of oxygen atoms
and thus give rise to either the enhanced Hc (thus CoPt ordering) or
drop in Hc (formation of CoO or PtO compound with excess oxygen
atoms).
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