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Abstract

The influence of the initial stress/strain state in FePt/Au/FePt thin films on the chemical L1,-FePt formation after post-anneal-
ing is studied. It is shown that the level of stress/strain depends on the Au interlayer thickness revealing a correspondence
in L1, ordering-onset temperature. Compressive strain present in the as-deposited films promotes lowering of the L1,-FePt
ordering temperature. A reduction of the onset temperature for ordering by 100 °C is observed in films having a 30-nm-thick
intermediate Au layer compared to samples revealing lower compressive strain values. During annealing, the strain state
caused by the difference in thermal expansion coefficients of FePt, Au, and substrate is relaxed during A1 — L1,-FePt phase
transformation. It is well known that the coercivity of FePt films rises with increasing fraction of the ordered L1,-FePt phase.
Furthermore, the insolubility of Au in the L1,-FePt lattice results in Au diffusion predominantly along grain boundaries
leading to magnetic FePt grain isolation, which in turn gives rise to enhanced coercivity. At an annealing temperature of

900 °C, coercivities as high as 27.5 kOe are achieved for FePt samples with an initial 30-nm-thick Au interlayer.
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Introduction

The ordered L1,-FePt phase is a promising material for heat-
assisted magnetic recording (HAMR) applications due to
its high magnetocrystalline anisotropy (Weller et al. 2013;
Weller et al. 2016; Lyubina et al. 2011). However, indus-
trial application of thin FePt films requires L1, ordering at
low temperatures, control of grain size, and orientation of
easy magnetization axis (Hono et al. 2018; Kief and Victora
2018).

Alloying FePt film by third elements such as Au, Ag or
Cu can considerably reduce the ordering temperature and
enhance coercivity (Feng et al. 2008a, b; Yu et al. 2010;
Brombacher et al. 2012; Maret et al. 2012; Maeda et al.
2002; Vladymyrskyi et al. 2014; Pavlova et al. 2013; Platt

> P. V. Makushko
makushko @outlook.com

Department of Physics of Metals, National Technical
University of Ukraine “Igor Sikorsky Kyiv Polytechnic
Institute”, Prospect Peremogy 37, Kiev 03056, Ukraine

Institute of Physics, University of Augsburg,
Universititstrasse 1, 86135 Augsburg, Germany

et al. 2002). For instance, in FePt/Au films, the ordering
temperature of FePt films reduces to 350 °C. Moreover,
during annealing, Au atoms diffuse along the FePt grain
boundaries which results in a further increase in coercivity
(Feng et al. 2008a, b).

The change in ordering kinetics of the L1,-FePt phase
was attained by controlling stress due to the lattice mismatch
between buffer layer and FePt film (Hsu et al. 2003; Hsu
et al. 2001; Zha et al. 2008). The initial stress state is asso-
ciated with the ordering process and oriented grain growth
in [001] direction of thin FePt films during annealing can
be achieved, as reported in Hsiao et al. (2009) and Yuan
et al. (2012). Furthermore, elastic stress and strain induced
by rapid thermal annealing promote the oriented growth of
L1,-FePt grains in [001] direction even on amorphous sub-
strates (Kim et al. 2006; Hsiao et al. 2011, 2012a, b; Albre-
cht and Brombacher 2013; Wang et al. 2012; Yano et al.
2008; Rasmussen et al. 2005). However, external stress can
either assist or hinder the L1 phase transformation of FePt
alloys (Hazen and Navrotsky 1996). In this regard, it was
shown that large compressive stress increases the energy
barrier of ordering reaction which results in volume expan-
sion, while strong tensile stress blocks the formation of the
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L1, phase by preventing densification, a vital process prior
to ordering (Yuan et al. 2012). Furthermore, the film thick-
ness also has a strong effect on the interface reaction, and
thus can be used to tune the L1, ordering process in FePt
thin films (Li et al. 2008).

The aim of this work was to study the effect of initial
stress/strain in FePt thin films employing intermediate Au
layers in FePt/Au/FePt trilayers on the L1-FePt phase for-
mation during post-annealing.

Experimental

FesPtso(15 nm)/Au(x nm)/FesyPts,(15 nm) layer stacks
with various Au interlayer thicknesses (x="7.5; 15; 20 and
30 nm) were prepared by magnetron sputtering (Ar pressure
3.5x 1073 mbar) from individual Fe, Pt, and Au targets on
thermally oxidized (100-nm-thick SiO,) single crystalline
Si(001) substrates at room temperature.

The evaporation rates were monitored in situ by a quartz
microbalance. The layer thicknesses of as-deposited films
were determined by Rutherford backscattering spectrom-
etry (RBS). Post-annealing of the samples was carried out
in high vacuum (1.3 x 10> mbar) in the temperature range of
300-900 °C for 30 s with heating and cooling rates of about
5 °C/s and 0.25 °C/s in average, respectively.

The structural properties of the as-deposited and annealed
films were characterized by X-ray diffraction (ULTIMA IV
Rigaku diffractometer) using Cu K, radiation. In-plane resid-
ual stress was obtained by the sin’y method (Yuan et al.
2012; Cullity and Stock 2014). The y-axis is the horizontal
axis in the diffraction plane by which the 6 and 26 angles are
defined. The y angle is the angle of y-axis rotation, tilting
the film plane normal in the plane perpendicular to 6-26
plane. Fundamental peaks of the FePt(111) plane were
selected to study the angular dependence of planar spacing
d,—o at y=0° (sample plane perpendicular to 6-26 plane),
—17.5°, —15°, —10°, —5°, and 0°. The location of the dif-
fraction peaks was obtained by smoothing the reflection
profile using the Savitzky—Golay’s function. The depend-
ence d(sin’y) was linearly fitted to extract the slope and dyy-
Then, the residual stresses of the samples were calculated
assuming a biaxial stress state in the layer (Cullity and Stock
2014; Gruber et al. 2011) using the following equation,

o, = Ltgoc, where E is the elastic modulus, »—Pois-
d,—ox(1+Vv)

son’s ration, and tga—the slope. As the film stack consists
of two spatially separated FePt layers with different stress
states, we can evaluate only the average stress value in the
(111) plane. The residual strain £, along the surface normal

. e .
was extracted using £, = 2= where d, is the stress-

bulk

free lattice spacing of the Al (dy,;,=2.235 A (Menshikov
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et al. 1975)) or L1, (dy,,x=2.19023 A (Cabri and Feather
1975)) bulk phase.

The magnetic properties were determined by supercon-
ductive quantum interference device—vibrating sample mag-
netometry (SQUID-VSM) and polar magneto-optical Kerr
effect (MOKE) magnetometry.

Results

Figure 1 shows XRD patterns of the FePt/Au/FePt film sam-
ples. All as-deposited layer stacks reveal reflections of the
chemically disordered A1-FePt phase and samples with Au
interlayer in addition the (111) reflection which gets stronger
with Au layer thickness (Fig. 1a). Post-annealing in the tem-
perature range of 300-500 °C did not lead to a noticeable
structural change in the films (not shown).

The L1, ordered phase in films without Au starts to
form during annealing at 600 °C, which is indicated by the
appearance of a weak superstructure FePt(001) reflection
(Fig. 1b). In contrast, films with thin Au layers (<20 nm)
do not show chemical ordering at this annealing tempera-
ture, while films with thicker Au layer do. With increasing
annealing temperature to 700 °C, basically, all films show
signatures of L1, ordering (Fig. 1c).

We suggest that these changes in ordering temperature
are connected with the initial stress/strain state present in
films. Figure 2a, c shows the dependence of residual stress
and strain of the FePt layer with different Au interlayer thick-
ness in the as-deposited state, respectively. The stress/strain
state varies with the Au interlayer thickness and at some criti-
cal thickness, the process of stress/strain relaxation can be
accomplished by inelastic deformation (Gruber et al. 2011).
This is visually reflected in the sign change of the stress
shifting from compressive to tensile at an Au layer thick-
ness of 15 nm (Fig. 2a), thereby reducing the strain (Fig. 2c).
According to the rule of Le Chatelier—Braun, this should lead
to an increase in ordering temperature as observed experi-
mentally (Fig. 2b). Further increase of the Au interlayer
thickness to 30 nm is accompanied by a rise in compressive
stress and strain and, correspondingly, decrease in ordering
temperature (Fig. 2). Thus, a clear correspondence between
residual strain/stress state present in the as-deposited samples
and the onset temperature of chemical ordering is observed.

The stress/strain state varies further during thermal
annealing due to the difference in thermal expansion coef-
ficient of FePt, Au and substrate. While the stress state
does not change much with annealing temperature during
L1, phase formation (Fig. 3a), a strong variation of the
residual strain which becomes tensile upon L1, phase for-
mation (Figs. 2c, 3b) is observed. The latter is due to the
decrease in volume as the volume of the L1,-FePt lattice
is smaller than for Al. The difference between behavior
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Fig.1 XRD (6-20) scans of a as-deposited FePt(15 nm)/Au(x)/FePt(15 nm) trilayers and after post-annealing at different temperatures of b
600 °C, ¢ 700 °C, and d 900 °C

of the stress with the annealing temperature compared to Annealing in the temperature range of 700-900 °C
the change in deformations is due to the fact that the XRD strongly promotes the ordering processes in the FePt layers,
registers only the elastic stress, while the deformation also as reflected by the splitting of the (200) and (002) reflections
and the high intensities of the superlattice (001) reflection
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reflects the plastic component.
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(Fig. lc, d). However, no preferred (001) texture is obtained.
After annealing, the position of the FePt(111) reflection does
not change with Au layer thickness. This suggests that the
Au atoms diffuse via grain boundary diffusion and are not
incorporated into the FePt lattice, as expected (Feng et al.
2008a, b; Yu et al. 2010).

The ordering degree of the L1-FePt phase is expressed
by the intensity ratio between the (001) and (002) reflections
which increases with annealing temperature and gets more
pronounced in film samples with Au interlayers (Fig. 4a).
From the intensity ratio of the (001) and (111) reflections
follows that the fraction of L1, grains with the c-axis per-
pendicular to the substrate plane get strongly reduced for
samples with Au interlayer (Fig. 4b). Furthermore, the
c/a lattice ratio indicating the tetragonality of the lattice
remains more or less unchanged confirming again that Au
is not incorporated in the FePt lattice (Fig. 4c). This is also
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confirmed by the increase of the Au(111) reflection with
annealing temperature (Fig. 1).

The observed structural changes will also have a strong
impact on the magnetic properties which were measured by
SQUID-VSM and MOKE magnetometry. The coercivity Hc
of the films is strongly dependent on the amount of L1-FePt
ordered phase and the fraction of Au at the grain boundaries
(Fig. 4a, d). The latter results in magnetic exchange iso-
lation of the FePt grains which will strongly increase the
coercivity. As expected, the coercivity of the films extracted
from M-H hysteresis loops increases strongly with Au layer
thickness, reaching the highest value of 27.5 kOe for the
film sample with the thickest Au interlayer of 30 nm after
annealing at 900 °C (Fig. 4d). Moreover, the hysteresis loops
regardless of the direction of the applied magnetic field are
virtually identical in agreement with the polycrystalline
growth of the L1-FePt thin films.
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Conclusions

It was shown that the initial stress and strain state, which
can be tailored by an Au interlayer in FePt/Au/FePt trilayers,
affect the ordering process and, thus, the magnetic prop-
erties. More specific, large compressive strain in the as-
deposited FePt layers promote the L1,-FePt phase formation.
Addition of 30-nm-thick Au interlayer leads to reduction
of ordering temperature by 100 °C due to higher compres-
sive strain values in FePt layers. It was observed that with
increasing Au interlayer thickness and annealing tempera-
ture, the amount of ordered L1,-FePt phase grows. This is
accompanied by an increase in coercivity up to 27.5 kOe
due to the high degree of L1, fraction and strong exchange
isolation of magnetic FePt grains induced by grain boundary
diffusion of Au.
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