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L1o-CoPt was obtained by annealing the CoPt film at 600 °C after co-sputtering Co and Pt targets in a mag-
netron sputtering system. X-ray diffraction (XRD) and high-resolution transmission electron microscopy
(HRTEM) results showed a transformation from the face-centered-cubic (FCC) structure to the L1y ordered
structure during the post-deposition annealing. Thermal stress (Sr), intrinsic stress (S;) and total stress
(Stotar) in the films decreased with the increase of the annealing temperature. When the Co atomic com-
position was 50%, the coercivity of the CoPt film reached to a giant value, around 6300 Oe. The stress was
released when the film thickness increased. The relaxed residual stress accounted for the enhancement
in the coercivity. Magnetization reversal mechanism of the CosoPts film followed neither the S-W model

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Considerable attention has recently been given to L1¢ structured
CoPt and FePt films [1-6] and their nanoparticles [7,8] because of
their potential applications in future ultrahigh-density magnetic-
storage media. Due to the large surface/volume ratio, nanoparticles
oxidize easily in air and form oxides that tend to be typically anti-
ferromagnetic [9]. The existence of impurities also complicates the
observations on the structure transformation, and further on the
magnetism [10]. Compared to FePt alloys, CoPt alloy films exhibit
a better oxidation and corrosion resistance [11], which makes L1g
CoPt more suitable for the ultrahigh-density recording.

In general, the random distribution of the atoms in the as-
deposited CoPt films results in a disordered FCC structure and
soft ferromagnetic properties [12]. The associated hard magnetic
ordered L1 face-centered-tetragonal (FCT) phase can be obtained
by annealing at moderately high temperature and the high mag-
netic anisotropy strongly correlates with the long-range order
parameter of the L1, structure [1,3,6,13-15]. However, when the
growth temperature increases, the considerable particle coales-
cence leads to the increased switching volumes, which defeats the
point of making small particles [16]. A significant reduction of the
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ordering temperature can be achieved by doping Sn, Pb, Sb, Bi, Ge
or Ag into the sputtered films [2-6], but the doping process is not
well controlled and the doping will increase the probability of the
impurities appearance, which makes the material unsuitable for
the practical applications. Therefore, some researchers attempt to
improve its magnetic properties by adjusting the ratio of Co and
Pt composition [17,18]. Recently, metastable phase L1y CoPt thin
film attracts considerable interests because of the high Ky, low
formation temperature (less than 300°C) and good chemical sta-
bility [19]. However, the order parameter (S) is below 0.5, which is
urgently needed to be improved for optimizing the L1; phase [20].

It is worthy of note that the stress can arise from various sources
such as the different coefficient of thermal expansion (CTE), the
lattice mismatch between substrate and film layer, the residual
stress of the as-deposited films, the volume shrinkage during phase
transformation and the grain growth during the annealing pro-
cess [3,21-23]. Stress is not only effective to induce the texture
in the L1y—CoPt films, but also lead to the distortion of the lat-
tice of the films, which may have a great impact on the magnetic
properties of the materials [24]. In addition, the order parameter
of the film often varies when the ratio of Co and Pt composition
changes. However, there is no simple correlation between the film
anisotropy constant and the order parameter [25,26]. Hence, it
is still important to understand the relations between the order
parameter and the magnetic property. Last but not least, the coer-
civity of the film is mainly determined by the magnetic reversal
mechanism, including nucleation in SmFeN permanent magnets
[27], domain wall motion in Nb-poor Finemet-type alloys [28], and
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Stoner-Wohlfarth (S-W) behavior in small particles [29]. There-
fore, it is necessary to analyze coercivity mechanism of the CoPt
films by combining the experimental data with the theoretical stud-
ies. More detailed investigations of the CoPt films are urgent to
explore the nature of this material for the sake of the applications
in the near future.

In this work, we systematically investigate the effects of the
annealing temperature, stress, Co composition, order parameter (S)
and film thickness on structure and magnetic properties of the CoPt
composite films. In addition, the magnetization reversal mecha-
nism of the CosgPtsq film is discussed in detail.

2. Experimental details

The CoPt films are deposited by co-sputtering pure Co and Pt targets on Si sub-
strate in the ATC 1800F sputtering system at the ambient temperature, under an
ultra pure Ar environment (99.999%). The deposition power is fixed at about 20W
for Pt, and the Co deposition power is varied in the nominal range of 40-60W.
The chemical composition is controlled by varying Co deposition power. The base
pressure of the chamber is below 3 x 10~7 Torr. The sputtering gas is Ar and the
sputtering pressure is maintained at 5 mTorr. After deposition, the films are post-
annealed at various temperatures from 0 to 600°C in high vacuum (10~ Torr) and
the annealing time is 30 min.

Crystal structure and residual stress analysis of the CoPt films are characterized
by XRD on D/max-2500 copper rotating-anode X-ray diffractometer with Cu Ko
radiation (40KkV, 200 mA). The stress in the film is evaluated from the slope data
obtained by sin? 1 method. A slow scanning speed of 1°/min is used to differentiate
the two peaks; L1 (111) and FCC (11 1). Magnetic properties are measured by a
Lake Shore 7407 vibrating sample magnetometer (VSM). The chemical composition
is determined by the X-ray Fluorescence (XRF ZSX Primus II) measurements. The
microstructure and the interplanar distance of the films are investigated by HRTEM
(200keV, JEM-2100HR).

3. Results and discussion
3.1. Effect of annealing on the disorder—order transformation

Fig. 1(a) shows the XRD patterns for the Coz4Ptsg films (100 nm)
annealed in high vacuum at different temperatures for 30 min.
When annealed below 500 °C, the CoPt films show the fundamental
peaks associated with (11 1) and (2 00), indicating the disordered
FCC structure. The low peak intensities imply the poor crystal-
lization. As the annealing temperature increases to 600°C, the
superlattice peaks of (00 1) and (11 0) appear, and the peak (200)
broadens and eventually splits into two peaks corresponding to
FCC(200) and FCT (002), which reveals the disorder-order phase
transformation from the FCC to the L1g-ordered FCT.

The stress relaxation is an important factor to control the
structure, magnetic and electronic properties of the films [30,31].
According to Rasmussen’s report [32], the thermal stress (St) versus
the annealing temperature relationship is given by

St = Aa Ar{ﬁ}, (1)

where A« is the difference between the CTE of the substrate and
the magnetic film; AT is the change in temperature between room
temperature and annealing temperature; E is the elastic modulus
of the film and v is the Poisson’s ratio. The material constants we
used in the calculations are listed below:

CTE: Asi(100) = 8.2x10°6 ](71, ocopt =10.9 x 1076 K-1,
Elastic modulus: Ecop; = 188 GPa.
Poisson’s ratio: Ucops =0.33 [31,32].

The intrinsic stress (S;) is a function of the slope of sin? 1y method
(P), Poisson’s ratio (v) and Young’s modulus (E):
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Fig. 1. (a) XRD patterns of the Co44Ptss films annealed at various temperatures and
(b) Dependence of Sy, S; and St on the annealing temperature for the Cos4Ptsg
films.

where 6 is the angle of the studied diffraction peak [33]. For both
St and S;, a negative value means that the film is in compression,
while a positive value means a tensile stress.

Fig. 1(b) shows the dependence of St, S; and Sy, (St plus S;) on
the annealing temperature. The calculations indicate that St exists
asacompressive stress while S; is a tensile one. St, S; and S, in the
film decrease with the increase of the temperature. Tensile stress
occurs and is relaxed by the formation of microtwins due to the
lattice mismatch between substrate and film [34]. Stress is consid-
ered to be effective to influence texture in the L1g—-MPt (M =Co and
Fe) films [3,6,22,24]. We believe that the relaxation mechanism of
the stress may favor the formation of the L1¢-CoPt.

Fig. 2(a) and (b) presents the energy dispersive spectroscopy
(EDS) spectrum and HRTEM image of the Coy4Ptsg film annealed
at 600 °C for 30 min, respectively. The survey scans show the exis-
tence of the Co and Pt ions in the CoPt film and no impurity is
detected within the detection limit. The Cu peak at about 8.05 keV
and the C peak at about 0.30keV come from copper grid. HRTEM
micrograph shows the crystal lattice structure with different ori-
entations. The measured interplanar distances of the fringes are
0.370, 0.269 and 0.218 nm, corresponding to the (001),(110) and
(111) crystallographic planes of L1y CoPt, in agreement with the
XRD results.
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Fig. 2. (a) EDS spectrum and (b) HRTEM image of the Cos4Pts¢ film annealed at
600°C.

In order to investigate the magnetic properties of the CoPt
films, the perpendicular coercivity (Hc) is discussed. Fig. 3(a) shows
the M-H curves of the Coy4Ptsg films annealed at different tem-
peratures. When the Coy4Ptsg film is annealed below 500 °C, the
saturation magnetization (Ms) increases continuously. The chem-
ically ordered phase has a smaller moment than that of the
disordered phase, which leads to the reduction in Ms. Therefore,
when the annealing temperature is above 500°C, Mg decreases
because of the gradual phase transformation [9]. The effect of
annealing temperature on coercivity is observed in Fig. 3(b). When
the annealing temperatures are below 500 °C, the films dominantly
show the FCC characteristics with the H¢ of a few hundred Oe. The
FCC phase has a low magnetocrystalline anisotropy and gives small
coercivity. When the annealing temperatures are beyond 500°C,
the film becomes magnetically harder, and H¢ increases consider-
ably because of the formation of the ordered L1 phase. Hc of the
film annealed at 600°C is about 3200 Oe, indicating the transfor-
mation from the FCC to the FCT phase, which is consistent with
the emergence of the superlattice (001),(110)and (002) peaks of
CoPt shown in the XRD results. Toney et al. reported that the vol-
ume averaged chemical order (Save) increased and growth faults
decreased as the growth temperature increased [35]. In addition,
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Fig. 3. (a) M-H loops of the Cos4Pts¢ films annealed at different temperatures and
(b) the plot of Hc as a function of annealing temperature for the Co44Ptsg films.

Barmak et al. reported that the structure and width of the mag-
netic domains of CoPt films demonstrated an increase in magnetic
anisotropy when the deposition temperature increased [25]. These
interpretations may also be responsible for the changes of coer-
civity in our samples. In order to avoid coalescence and to obtain
reasonably large CoPt grains, 600 °C is chosen for the growth tem-
perature in the following investigations.

3.2. Effect of Co composition on structure and magnetic properties

To further understand the structure and magnetic properties
of these CoPt films, it is essential to investigate CoPt films with
controlled composition. Fig. 4 shows the XRD patterns of the
CoxPtipo_x (x=40, 44, 48, 50, 52) films annealed at 600°C for
30 min. The chemical composition of the CoPt film is determined
by the XRF measurements (not shown here). CosoPtgo exhibits
the poor crystalline quality with the presence of (110), (111)
and (200) peaks. When Co composition is over 44%, the peaks
corresponding to the L1y CoPt (001), (110), (111) and (002)
diffractions appear. With increasing Co composition, the peaks
show the gradual shift to the high angle. It is well known that Pt
atomis largerin size than that of Co atom. Therefore, the cell param-
eter decreases when the larger Pt atom is replaced by the smaller Co
atom. Among all these films, CosgPtsg possesses a good crystalline
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Fig. 4. XRD patterns of the Co,Ptyg0_x films (x=40, 44, 48, 50, 52).

structure. CosgPtsg gives c/a=0.974, which is almost the same as
that of L1 CoPt alloys [11].

Fig. 5(b) shows the dependence of S and Hc on Co compo-
sition for the 100nm CoPt films. S (definition reported in Ref.
[6,14,36-38]) of CoxPtigg_x (x=40, 44, 48, 50, 52) is calculated
about 0.27, 0.49, 0.73, 0.82 and 0.60, respectively. Hc is calculated
from the corresponding curves of M-H in Fig. 5(a). The maximum
Hc (6350 Oe) is obtained around the equiatomic composition. The
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Fig. 5. (a) M-H loops of the Co,Ptygo_x films (x =40, 44, 48, 50, 52) at room temper-
ature under 20 kOe and (b) dependence of H¢ and S on Co composition.
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Fig. 6. Dependence of grain size, Hc and S; of sin? ¥ method on film thickness.

Hc value is similar to that of Ref. [39], and higher than that of
the nanoparticles reported by other researchers [40,41]. The dif-
ferences of Hc between nanoparticles and films can be ascribed to
the different kinetic and thermodynamic behavior of the ordering
process [1,7,14,42-45]. Since the coercivity is closely related to the
magnetocrystalline anisotropy of an individual grain [25], the dif-
ferent Co compositions will result in different magnetocrystalline
anisotropies and Hc¢. The changes in the order parameter with Co
composition may be the possibility for Hc variations. Furthermore,
Razee et al. reported that the compositional order enhanced the
magnitude of magnetocrystalline anisotropy energy (MAE) by some
two orders in the CosoPtsg alloy [46], which might be responsible
for the high H¢ of CosgPtsg. Present result on CosgPtsg films are
inconsistent with the previous ones [25,26], in which the highest
anisotropies are found for compositions that are slightly Co rich.
Detailed studies on anisotropy dependence of Co composition are
in progress.

3.3. Effect of residual stress on magnetic properties

Fig. 6 shows the dependence of the grain size, Hc, and S; on film
thickness. The CosqPtsq films are annealed at 600 °C for 30 min and
the thickness is about 100, 80, 60, 40 nm, respectively. We do not
show the M-H curves. The grain size is estimated by Scherrer’s for-
mula using the (11 1) peak width from the XRD patterns. The mean
grain size is about 6.3, 12.9, 23.7 and 33 nm for the film thickness
40, 60, 80 and 100 nm, respectively. For the CosgPtsq films, the vari-
ation of Hc is similar to the variation of grain size within the film
thickness 40-100 nm. By the sin? ¥ method mentioned above, S; is
calculated to be positive, indicating a tensile stress in the CosgPtsg
films. And the tensile stress is released when the film thickness
increases as shown in Fig. 6. The relaxed tensile stress can account
for the enhancement in the coercivity of the CosgPtsq films [33].
The results can satisfactorily explain the increase in He with thick-
ness. In addition, both the order parameter and the fault spacing
increase with increasing film thickness, which may be responsible
for the increment of Hc [14,35].

3.4. Magnetization reversal analysis

Fig. 7 shows the angular dependence of the coercivities H¢ (0)
obtained for the CosgPtsq film annealed at 600 °C and the film thick-
ness is 40 nm. The angular dependence of coercivity with different
applied field is measured and normalized to the respective coer-
civity at #=0°, where 6 is the angle between the applied field
and the film easy axis or plane. In the ideal S-W model [29],
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Fig. 7. Angular dependence of normalized coercivity (Hc (6)/Hc (0)) for the CosoPtso
film annealed at 600 °C. The curves of S-W model and the DWM model are plotted for
comparison. S-W indicates coherent switching in S-W model (SWM) particles and
Domain wall motion (DWM) model following 1/cos 6 indicates incoherent switching
behavior.

the variation of coercivity upon 6 obeys the function H¢ (8)/Hc
(0)=(cos?3 §+sin?/3 #)~3/2 for H< 45° and Hc (0)/H¢ (0)=siné cosf
for 45°<6<90°. The function of DWM model [47], Hc (0)/Hc
(0)=1/cos 8 for 8 <90°, is also plotted for comparison. When mea-
sured under the applied field 20, 15, 10 kOe, all Hc (0)/H¢ (0) curves
show the decreases on a large angle range. In general, the angu-
lar variation Hc (0)/Hc (0) shows a closer resemblance to the S-W
model compared to the DWM model. However, when measured
in 20kOe field, Hc (0)/Hc (0) increases slightly from 0° to 30°,
decreases in the range of 30° <0<90°. When measured in 15 kOe
applied filed, Hc (0)/Hc (0) decreases gradually from 15° to 75° and
increases from 0° to 15°, 75° to 90°. Therefore, the qualitative com-
parison indicates that magnetization reversal mechanism of the
CosgPtsg film follows neither the S-W model nor the DWM model
due to the obvious lack of agreement between the experimental
curves and the theoretical curves. Jeong et al. reported the possibil-
ities of both domain wall motion and rotational mechanism for the
L1y CoPt polycrystalline films [48]. In addition, it is found that the
magnetization reversal in polycrystalline L1y-FePt films was the
nucleation-type [34]. Therefore, there is a possibility that several
mechanisms co-exist, depending on the grain size and the compli-
cated microstructures of the grains. Further analysis is necessary
for a deep understanding of the reversal mechanism.

4. Conclusions

In summary, the magnetic CoPt films are successfully pre-
pared by co-sputtering method at room temperature. The L1g
ordered CoPt phase is obtained by adjusting the annealing tem-
perature and Co composition. Thermal treatment induces the
CoPt disorder-order phase transformation from the FCC to the
L1g-ordered FCT. HRTEM results further verify that L19-CoPt is
obtained after annealing at 600 °C. The stress differences between
the annealed and the as-deposited state indicate the changes of the
film microstructure. St, S; and S5 in the films decrease with the
increase of the annealing temperature. The stress is released when
the film thickness increases. The relaxed residual stress with thick-
ness accounts for the enhanced coercivity. Magnetization reversal
mechanism of the CosgPtsg film is found to follow neither the S-W
model nor the DWM model. Our work provides an effective way
to enhance both structure and magnetic properties of the ordered

L1¢ CoPt films, which will play an important role in prompting its
practical applications in the future.
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