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Intermetallic compound formation realized via thermally-induced diffusion intermixing of layered stacks is a
prospective route for the formation of thin films with properties promising for practical applications. This can be
further promoted by the addition of third elements which could provide acceleration of diffusion and ordering
processes during post-annealing. In the present study, we have investigated the structural and magnetic prop-
erties of post-annealed Pt/Fe/Pt/Au/Fe thin films which contain an additional asymmetric Au layer and compare
the results with Fe/Pt bilayers. It was shown that the introduction of an Au layer reduces both the onset tem-
perature and the annealing time for promoting the formation the hard magnetic L1o-FePt phase while the
remaining layer stack develops a magnetically soft Pt-rich disordered FePt solid solution. Thus, different diffu-
sion pathways present in asymmetric layer stacks can provide an intriguing root for thin film materials synthesis
of exchange coupled soft and hard magnetic phases which could be of particular interest for the creation of
graded magnetic nanomaterials.

1. Introduction

Thin films consisting of the chemically ordered L1y-FePt phase have
attracted a lot of attention in particular for applications in ultrahigh
density heat assisted magnetic recording [1,2] and spintronics [3]. The
significant practical potential of these films is caused by the unique
properties of the L1(-FePt phase including large magnetocrystalline
anisotropy and coercive fields [4], high saturation magnetization [5]
and Curie temperature [6] as well as excellent corrosion resistance [7].

One of the prospective approaches to form L1y-FePt thin films is the
deposition of Pt/Fe layer stacks followed by post-annealing. Annealing
leads to thermally-induced interdiffusion processes between the layers
forming first the disordered Al-FePt phase with subsequent chemical
ordering [8,9]. Furthermore, the structural and magnetic properties of
FePt thin films can be further modified by addition of third elements. For
instance, Feng et al. [10] investigated the impact of Ag, Ti, and Bi ad-
ditions introduced as underlayers to Pt/Fe multilayer samples after
post-annealing. They found an enhancement of the coercivity which is
most pronounced with Bi addition. Recently, Kruhlov et al. studied the
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sequence of thermally-induced structural phase transitions in Pt/Fe bi-
layers including additional layers of Mn [11] and Tb [12]. Furthermore,
the addition of Au to FePt has been intensively studied. For instance,
Ogata et al. [13] reported the formation of L1y-FePt thin films by
annealing of Fe/Pt/Au stacks, containing Au as a top layer. First, a ho-
mogeneous distribution of all three elements through the film depth was
found after annealing at 500°C. However, further increase of the
annealing temperature up to 600°C leads to an inhomogeneous distri-
bution of Au with the existence of clear segregation regions at the free
surface and film/substrate interface. Limited solubility of Au in Fe, Pt,
and FePt alloy suggests a dominated grain boundary diffusion
mechanism.

Generally, the addition of Au layers to Fe/Pt layer stacks provides a
reduction in L1y-FePt phase formation temperature and a significant
enhancement of the coercive field [14,15] compared to annealed Fe/Pt
bilayers which depends strongly on the initial Au layer thickness. The
latter is achieved by strong magnetic decoupling of the hard magnetic
FePt grains by the formation of grain boundaries saturated by Au [15].
Thus, variation of the thickness of the Au layer in Pt/Fe-based stacks and
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Fig. 1. XRD (6-26) scans of (a) Pt/Fe and (b) Pt/Fe/Pt/Au/Fe films after deposition.

a) Pt/Fe b)
Ty as-deposited _ 0
+ - =

c = c
>S5 & >
o) o
- —
@© @©
R 3 e
> © >
= b= =
n v n
c 2 c
Q v S = ()]
+J - S +J
c > g c
= oz =
n 1 1 1
20 25 30 35 40 45 50 55 60
- 20 [deq]
a) b)
Pt/Fe
Ty as-deposited
o
c
S
o)
—
5,
>
=
n
c
)
pa;
£

Q
~

Intensity [arb. units]

Time [s]

Fig. 2. SIMS chemical depth profiles of (a) Pt/Fe and (b) Pt/Fe/Pt/Au/Fe films after deposition (Pt and Au intensities were artificially increased up to the Fe level for
better visibility).
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Fig. 3. XRD (6-26) scans of (a) Pt/Fe and (b) Pt/Fe/Pt/Au/Fe films annealed at 400°C for different annealing times.
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Fig. 4. XRD (6-26) scans of (a) Pt/Fe and (b) Pt/Fe/Pt/Au/Fe films annealed at 450°C for different annealing times.

control of post-annealing parameters allow varying the kinetics of the
chemical ordering process and, as a consequence, the fraction of the
disordered A1-FePt and ordered L1y-FePt phase in the film. Coexistence
of these two phases reveals practical interest in case of deposition and
post-annealing of the Fe/Pt stacks with asymmetrical position of the Au
layer. In this case, diffusion and phase formation could be facilitated in
one part of the stack, leading to an inhomogeneous distribution of soft
and hard magnetic phases through the depth of the films which could be
of interest for the creation of FePt-based graded magnetic media
[16-20].

In the present study, we report on the structure and magnetic
properties of post-annealed asymmetric Pt/Fe/Pt/Au/Fe thin films. Heat
treatment was carried out under various annealing temperatures and
annealing times in order to induce diffusion intermixing between the
layers and to promote structural phase transitions in the film material,
and compare these properties with post-annealed Pt/Fe bilayers.

2. Experimental details

Pt(15.7 nm)/Fe(12 nm)/sub. and Pt(15.7 nm)/Fe(12 nm)/Pt(15.7
nm)/Au(6 nm)/Fe(12 nm)/sub. films were prepared by direct current
(DC) magnetron sputtering at room temperature on single crystal Si
(100) substrates with a 100 nm-thick amorphous SiO3 layer using in-
dividual Fe, Pt, and Au targets. The layer thicknesses of Pt and Fe were
chosen to provide an equiatomic Fe/Pt ratio in case a fully homogenous
FePt alloy is formed after post-annealing. Depositions were performed in
a BESTEC UHV sputter system (base pressure of <5x 107 Pa) using an
Ar sputter gas pressure of 0.5 Pa. The sputtering rates and film thick-
nesses of each layer were adjusted by a calibrated quartz crystal mi-
crobalance before each deposition. The following sputter powers and
deposition rates were applied: 58 W / 0.17 A/s for Fe, 41 W / 0.42 A/s
for Pt, and 33 W / 1.00 A/s for Au. As-deposited films were post-
annealed in the temperature range between 350 °C and 450 °C in a
separate vacuum chamber (10~ Pa) using a heating rate of 0.5 °C/s.
After reaching the final temperature, the samples were further annealed
from 0.5 up to 2 hours (h).

Phase composition of the samples was analyzed at room temperature
by x-ray diffraction (XRD, Rigaku Ultima IV diffractometer) in (6-20)
geometry using Cu-Ka radiation. For a detailed structural characteriza-
tion of the interfaces and elemental distribution of the layer stacks, high-
angle annular dark-field scanning transmission electron microscopy
(HAADF STEM) imaging and spectrum imaging analysis based on
energy-dispersive x-ray spectroscopy (EDS) were performed utilizing a
JEOL NEOARM200F instrument with an operating voltage of 200 kV.
Classical cross-sectional TEM samples were prepared by sawing,
grinding, polishing, mechanical dimpling, and final Ar-ion milling. This
study was supported by secondary ions mass spectrometry (SIMS) depth
profiling, using an Ion Tof IV system. Positive O+ ions with an energy of
1 keV using a current of 250 nA were applied for layer sputtering, while
Bi+ ions (25 keV, 1.5 pA) were used to induce emission of secondary
ions to be detected by mass spectrometry. The magnetic properties of the
samples were investigated using superconducting quantum interference
device-vibrating sample magnetometry (SQUID-VSM, MPMS3, LOT-
QuantumDesign GmbH).

3. Results and discussion

Fig. 1 shows XRD (6-20) patterns of the Pt/Fe and Pt/Fe/Pt/Au/Fe
film samples in the as-deposited state. For both samples, a well pro-
nounced Pt(111) peak and weak Fe(110) and Pt(200) reflections can be
detected. SIMS chemical depth profiles of the as-deposited films are
presented in Fig. 2, revealing the expected layer stacking. Please note,
that Pt, Fe, and Au sputtered from the corresponding separate layers of
the as-deposited stacks reveal different intensities caused by different
work functions of these elements. Thus, the intensities of Pt and Au were
artificially increased up to the Fe level to improve the clarity. We believe
that the detected overlap of the signals between the metallic layers in the
as-deposited stacks is mainly caused by chemical roughness and inter-
mixing at the interfaces introduced during the growth process as well as
during the SIMS sputter process, which does not allow for a quantitative
analysis.

Post-heat treatment of the as-deposited samples was carried out
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Fig. 5. SIMS chemical depth profiles of (a,c,e) Pt/Fe and (b,d,f) Pt/Fe/Pt/Au/Fe films annealed at 450°C for (a,b) 0.5 h, (c,d)1 h, and (e,f) 2 h (Pt and Au intensities

were artificially increased up to the Fe level for better visibility).

under various temperatures and annealing times in order to induce
diffusion intermixing between the layers and to promote structural
phase transitions in the film material. XRD (8-260) patterns of the Pt/Fe
and Pt/Fe/Pt/Au/Fe samples after post-annealing at 400 °C for different
annealing times up to 2 h are displayed in Fig. 3. While the XRD patterns
of the Pt/Fe bilayer after annealing at 400 °C for 0.5 h and 1 h are almost
identical to the as-deposited sample, after 2 h of annealing a broadening
of the Pt(111) peak and a shift towards higher diffraction angles can be

observed (Fig. 3a). The latter clearly indicates Fe-Pt intermixing with the
formation of a Pt-rich disordered face-centered cubic (fcc) solid solution.
Comparison with SIMS and EDS concentration depth profiles, which will
be discussed later, allowed us to conclude that this solution is close to
the FePt; composition. In contrast, annealing of the Au containing
sample results in a much broader and more asymmetric (111) reflection
already after annealing at 400 °C for 0.5 h (Fig. 3b). Increase of the
annealing time up to 2 h leads to the appearance of an additional (111)
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Fig. 6. STEM-EDS analysis of a Fe/Pt bilayer annealed at 450°C for 1 h. (a) HAADF image, (b) Fe and (c) Pt elemental distribution maps, and (d) composition map.
(e) EDS averaged linescans of the corresponding elemental mappings for Fe, Pt, and O. Please note that the glue was unintentionally removed from the sample. (f)
Atomically resolved HAADF image showing a Al phase region next to a L1 ordered region revealing different lattice spacings. For the latter region EDS elemental
maps of (g) Fe and (h) Pt and (i) its superposition are displayed revealing clearly the alternating monolayers of Fe and Pt in <001> direction of the L1, structure.

peak next to the (111) reflection from the Pt-rich fcc solid solution. This
additional (111) peak is expected to comprise two FePt phase contri-
butions, A1(111) and L1¢(111), with almost equiatomic concentration.
The presence of the chemically ordered L1(-FePt phase is also confirmed
by the occurrence of the (001) L1(-FePt superstructure reflection.

Interestingly, a very similar XRD pattern was found for the Pt/Fe
bilayer but after annealing at higher temperatures of 450 °C for 0.5 h
(Fig. 4a). Thus, it can be concluded that the introduction of an additional
Au layer allows to reduce both the onset temperature and the annealing
time needed to promote diffusion-driven phase formation in comparison
to Pt/Fe bilayers.

In Fig. 4b XRD patterns of the Pt/Fe/Pt/Au/Fe sample after
annealing at 450 °C for different annealing times are displayed. Here, a
clear redistribution of the phase composition, expressed by the change of
the two (111) peak intensities with increasing annealing time, was
observed, which confirms the more pronounced formation of the A1/
L1(-FePt phase for the sample with Au addition.

As can be seen in the SIMS chemical depth profiles presented in
Fig. 5a, annealing of the Pt/Fe bilayer at 450 °C for 0.5 h leads to strong
Fe-Pt intermixing throughout the film thickness with an increased Fe

signal at the free film surface and reduced Pt content towards the initial
Pt/Fe interface. Please note that the enhanced Fe signal at the free
surface could be also caused by the presence of Fe oxide since SIMS is
highly sensitive to the interatomic interaction and chemical bonding
energy [21]. However, additional STEM-EDS analysis confirmed the
segregation of Fe to the top surface, as will be discussed later.

A similar structure following the same trend is also detected for the
Pt/Fe/Pt/Au/Fe layer stack under these conditions revealing areas with
higher (lower) and lower (higher) content of Fe (Pt). In addition, strong
Au segregation towards the film/substrate interface is observed
(Fig. 5b). It should be noted that the strong overlap of the Au signal with
Fe and Si does not necessarily mean that an Fe-Au-Si alloy has formed at
this interface as strong chemical roughness could have been developed
during the annealing process. For both Pt/Fe and Pt/Fe/Pt/Au/Fe films
an increase in annealing time of 1 h leads to a better homogeneity of the
elemental distribution (Fig. 5c,d). However, annealing up to 2 h does not
show any further change of the elemental distribution (Fig. 5e,f) but
promotes the L1, phase formation, as observed by XRD (Fig. 4).

In order to identify the presence of the different diffusion areas of the
Pt/Fe and Pt/Fe/Pt/Au/Fe film samples annealed at 450 °C for 1 h, a



LA. Vladymyrskyi et al.

a
surface

Pt EDS map

Fe EDS map Au EDS map

R e T

Fe/Pt/Au composite map

H
o

N
o

atomic concentration [%] @Q
- w
o
1

substrate glue

1
0 50 100
distance [nm]
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Composition map. (g) EDS averaged linescans of the corresponding elemental
mappings for Fe, Pt, Au, and O.

STEM/EDS analysis of the structure was carried out. Elemental EDS
maps of Fe and Pt of the annealed Fe/Pt bilayer are displayed in Fig. 6b
and 6c¢, respectively, showing a strongly intermixed film with a more Pt-
rich FePt area closer to the sample surface (Fig. 6d), following the initial
layer stacking. From the concentration depth profiles presented in
Fig. 6e, a Pt-rich alloy with a Pt:Fe ratio of about 3:1 near the surface
region is obtained while the FePt alloy becomes gradually more Fe-rich
towards the substrate. Please note that these linescanes are averaged
over the full area of the elemental maps shown in Fig. 6b,c. The oxygen
concentration was also investigated, which is dominantly present in the
substrate (SiO2) and in the glue. However, an increased O concentration
is clearly detected at the film surface, revealing along with the Fe signal

Thin Solid Films 754 (2022) 139300

the formation of a thin Fe oxide layer. Please note that in this sample the
glue got unintentionally removed during sample installation. Further-
more, we performed HAADF imaging with atomic resolution to search in
particular for L1¢(001) ordered regions. A corresponding HAADF image
is presented in Fig. 6f showing two coexisting phases next to each other
with a chemically disordered A1 and a chemically ordered L1 structure.
The latter is characterized by alternating monoatomic Fe and Pt planes
along the <001> direction of the L1 structure, as shown by the high
resolution elemental maps of Fig. 6g-i.

For the annealed Pt/Fe/Pt/Au/Fe layer stack, first an oxidized Fe
surface layer is clearly seen in the corresponding elemental maps and
EDS averaged linescanes displayed in Fig. 7, then a Pt-rich FePt area is
present near the surface region followed by an intermixed FePt region
and again by a more Pt-rich FePt area (close to FePt3). However, the Au
layer has rearranged in position and is now fully located next to the
substrate interface (Fig. 7d-g) without containing noticeable traces of Pt
or Fe, which is on a first glance in contradiction to the SIMS results.
However, in this case the chemical roughness which has developed
during the annealing process is too severe and thus results in over-
lapping signals of the elements as the signals in the SIMS experiments
are averaged and collected over an area of 96.4 ym x 96.4 um.

The differences in the microstructure as well as the degree of
chemical ordering and phase mixing should also be disclosed in the
magnetic properties. The room temperature M-H hysteresis loops of the
samples in the as-deposited state are presented in Fig. 8a,b. They reveal
a soft-magnetic behavior of the Fe layers with an in-plane easy magne-
tization given by the magnetic shape anisotropy. In contrast, the loops of
the samples annealed at 450°C for 1 h display much higher coercive
fields and an isotropic behavior when measured along the in-plane and
out-of-plane geometry which is expected due to the polycrystalline na-
ture of the samples (Fig. 8c,d). However, the annealed Pt/Fe/Pt/Au/Fe
film exhibits a noticeable higher coercive field of about 765 kA/m
compared to 605 kA/m, which is consistent with the presence of a higher
fraction of the magnetically hard L1y-FePt phase. In addition, a hard-
ening effect due to the incorporation of Au to the FePt grain boundaries
resulting in a magnetic decoupling of the FePt grains might contribute as
well to the coercivity enhancement [22] but is expected to be of minor
importance as most of the Au is located at the film substrate interface. As
both samples exhibit pronounced hard and soft magnetic phase mix-
tures, the impact of the graded structure on the coercivity is however
difficult to disentangle.

4. Conclusions

Asymmetric Pt/Fe/Pt/Au/Fe layer stacks including an Au layer were
magnetron sputtered at room temperature and subjected to post-
annealing in vacuum varying the annealing temperature and time. The
evolution of their structure and magnetic properties were investigated
by a variety of techniques including XRD, SIMS, STEM-EDS, as well as
SQUID-VSM magnetometry. These properties were compared with
characteristics of post-annealed Pt/Fe bilayer thin films. It was shown
that the introduction of the Au layer allows to reduce both the onset
temperature and the annealing time needed to promote diffusion-driven
structural phase transitions in comparison to Pt/Fe bilayers. Further-
more, the introduction of an additional Au layer results in a higher co-
ercive field of a post-annealed Pt/Fe/Pt/Au/Fe stack (765 kA/m)
compared to the Pt/Fe bilayer (605 kA/m) caused by the differences in
the microstructure as well as the degree of chemical ordering of the thin
film material. Employing functional layers of third elements to Fe/Pt
stacks which induces different thermally driven diffusion processes is a
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Fig. 8. Room temperature SQUID-VSM (M-H) hysteresis loops of as-deposited (a) Pt/Fe and (b) Pt/Fe/Pt/Au/Fe films and (c, d) after annealing at 450°C for 1 h,

respectively.

promising pathway to create in a self-organized way heterostructures
consisting of different phases with varying physical properties.
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