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PROTECTIVE AND FUNCTIONAL POWDER COATINGS

FORMATION OF PHASES IN THE FePt/Au/FePt FILMS
AND THEIR MAGNETIC PROPERTIES
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The effect of annealing atmosphere (vacuum, hydrogen) and intermediate Au layer thickness on the
Jormation of a magnetically hard L1, phase and the magnetic properties of FesyPts,(15 nm)/Au(7.5,
30 nm)/FesyPtsy(15 nm) films deposited by magnetron sputtering onto SiO,(100 nm)/Si(001)

substrates was studied. Samples were heat-treated in a hydrogen atmosphere at 100 kPa. The
disordered Al-FePt phase formed in the as-deposited films. The ordered LI ,-FePt phase appeared

in the film with an intermediate Au (7.5 nm) layer during vacuum annealing at 650 °C. Increase in
the intermediate Au layer thickness to 30 nm reduces the ordering temperature to 600 °C. This is
promoted by higher compressive stresses in the as-deposited Fes,Pts, layers with a thicker Au

interlayer. In hydrogen annealing, the Al — L1, FePt phase transition in the FesyPts)(15 nm)/
Au(7.5, 30 nm)/FesyPtsp(15 nm) films starts at 500°C regardless of the intermediate Au layer

thickness. The Au and FePt axial (111) textures are observed in the films annealed in hydrogen. This
is more evident in the films with a thicker Au (30 nm) interlayer. The film with an intermediate Au
(30 nm) layer shows 27.3 kOe coercivity after vacuum annealing at 900°C. The same coercivity can
be achieved by hydrogen annealing at 700°C, which is 200°C lower than after vacuum annealing
due to the introduction of hydrogen into voids of the L1 -FePt lattice and increase of stresses.
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INTRODUCTION

Films produced from the Fes,Pts, alloy with an ordered L1, phase are among promising materials for high-
density magnetic recording. These materials show high magnetocrystalline anisotropy energy (K, =7 - 10° J/m?)

and thermal stability of grains up to 2.8-3.3 nm in size. The recorded data can remain stable over a decade [1-6].
A disordered A1-FePt phase with magnetically soft properties emerges in the as-deposited films. Heat
treatment is required to form a chemically ordered L1,-FePt phase. However, high-temperature annealing leads to
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unwanted grain growth. Therefore, the ordering temperature of FePt films needs to be decreased and their magnetic
properties need to be improved [5-7].

The use of Au, Ag, or Cu with low surface energy as additional layers can accelerate the ordering process
through change in the stress state of the FePt layer and decrease the temperature at which the L1 phase appears [5—
12]. Internal stresses in the films depend on the additional layer thickness, annealing atmosphere, and heating and
cooling rate in the annealing process [13-26].

The annealing atmosphere significantly influences the ordering process. The papers [27, 28] showed that
oxygen complicated the mutual diffusion of Fe and Pt layers during annealing in inert gases and vacuum.
Contrastingly, the penetration of hydrogen atoms into the crystalline lattice decreases the temperature at which the
ordered L1,-FePt phase forms [29-31].

Annealing in a hydrogen atmosphere accelerates the 41 — L1, ordering in AuCu nanoparticles by 100

times compared to vacuum annealing [30].

The objective of this research effort is to examine how the annealing atmosphere (vacuum, hydrogen) and
the thickness of intermediate Au layer influence the formation of the magnetically hard L1, phase and magnetic

properties in FesPtso(15 nm)/Au(7.5, 30 nm)/Fes,Pts;(15 nm) films deposited onto SiO, (100 nm)/Si(001)

substrates.

EXPERIMENTAL PROCEDURE

The nanosized FegyPtso(15 nm)/Au(7.5, 30 nm)/ FesPtso(15 nm) composite films were produced by
magnetron sputtering. The Fes,Pts, (15 nm thick) and Au (7.5 or 30 nm thick) layers were deposited at room
temperature onto a single-crystalline Si(001) substrate with a SiO, layer 100 nm thick. Prior to deposition, the

chamber was evacuated to 3 - 107 Pa and the operating Ar deposition pressure was 3.5 - 10! Pa. The thickness of
the deposited layers was measured with a quartz resonator. X-ray reflectometry and Rutherford backscattering
methods were also used for this purpose. The error in measuring the film thickness was +0.5 nm.

The samples were annealed in ~10~3 Pa vacuum and hydrogen at ~100 kPa in a temperature range from 500
to 900°C for 30 sec. The heating rates in vacuum and hydrogen were 5 and 1°C/sec. The film crystalline structure
following deposition and annealing was examined by X-ray diffraction employing a BRUKER D8 DISCOVER
diffractometer (Cu-K, radiation source).

The degree to which the L1,-FePt phase ordered was evaluated from the /(001)//(002) intensity ratio [5, 6,
12]. The orientation of easy magnetization axis ¢ in direction [001] being perpendicular to the surface was
determined from the /(001)/I(111) intensity ratio. The magnetic properties were evaluated using a SQUID
magnetometer (Quantum Design MPMS 3).

The residual stresses in the FePt layer in the film plane were determined by X-ray sin%(¢) strain
measurement using the (111) FePt reflection by the following equation:

(¢ —#tga
® dy-(1+v)

>

where E is Young’s modulus; v is Poisson’s ratio; d,,_, is interplanar spacing; and tga is slope [13, 28]. Note that

the composite films have two FePt layers, each being characterized by different stresses. Hence, we can evaluate
only the average strain in the (111) plane.

RESULTS AND DISCUSSION

X-ray diffraction patterns for the Fes,Pts)(15 nm)/Au(7.5, 30 nm)/Fes,Pts,(15 nm) films after deposition

and annealing in vacuum and hydrogen in a temperature range from 500 to 900°C are shown in Fig. 1. The as-
deposited films have (111) reflections from the disordered A1-FePt phase and (111) reflections from Au (Fig. 1a, b).
The ordered L1,-FePt phase in the film with an Au intermediate layer 7.5 nm thick emerges (Fig. la)

during vacuum annealing at 650°C, which is ascertained by the appearance of the superlattice (001) FePt reflection
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Fig. 1. X-ray diffraction patterns for the Fes)Ptso(15 nm)/Au(7.5 nm)/FesyPtso(15 nm) (a, ¢) and
FesoPtso(15 nm)/Au(30 nm)/FesPtso(15 nm) (b, d) films after deposition and annealing in vacuum
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Fig. 2. Dependences of parameter ¢ (a) and c/a ratio (b) of the FePt phase on vacuum and hydrogen
annealing temperature for the Fes)Pts,(15 nm)/Au(7.5, 30 nm)/FesPts,(15 nm) films

and the splitting of the (200) FePt reflection into (200) and (002). At the same time, the (111) reflection shifts
toward higher angles (Fig. 1a).

When the Au layer thickness increases to 30 nm, the ordering temperature decreases to 600°C because of
higher compressive stresses in the Fes)Pts, layers after deposition (Fig. 1b). The as-deposited films with an
intermediate Au layer 7.5 and 30 nm thick are characterized by the following mechanical stresses in the FesPts,
layers: —7.5 and -10.5 GPa.

In vacuum annealing, the ordered L1,-FePt phase starts forming in both films at 500°C, which is lower than
in vacuum annealing (Fig. 1c, d). This can be attributed to the introduction of hydrogen into voids of the FePt
lattice, increase of its parameters, and generation of additional compressive stresses.

Additional reflections appear at angles 20 = 32, 34.5, and 36.7° at 600°C (Fig. lc, d). The intensity of these
reflections increases with annealing temperature. We assume that they can belong to AuH) 55 hydride that results
from the introduction of hydrogen atoms into the film. Although AuH, ;5 is unstable at room temperature, this

compound was also observed in [32] in nonequilibrium conditions for nanosized films.

The intensity of the (111) Au reflection increases with annealing temperature (Fig. 1). Gold is insoluble in
FePt and diffuses along the grain boundaries toward the film surface and film/surface interface. This process
enhances the (111) texture of L1-FePt grains, which is more pronounced in films with a thicker Au (30 nm) layer

(Fig. 1b). It should be noted that hydrogen annealing leads to more pronounced (111) texture of both Au and FePt

(Fig. 1c, d).
The ordering in films annealed in vacuum and hydrogen in a temperature range from 500 to 800°C changes
the lattice parameters of the L1,-FePt phase. Higher annealing temperature decreases parameter ¢ and c/a ratio,

being indicative of increase in the tetragonality and ordering of the L1-FePt phase (Fig. 2, Fig. 3a). After hydrogen
annealing at 800°C, parameter ¢ increases and tetragonality decreases (Fig. 2). This is likely to be due to the
introduction of hydrogen atoms into octahedral and tetrahedral voids of the crystalline lattice. When vacuum
annealing temperature increases to 900°C and intermediate Au layer thickness to 30 nm, the L1,-FePt phase

becomes more ordered (Fig. 15, d; Fig. 3a), which is evidenced by greater intensity of the (001) and (002)
reflections, resulting from the higher amount of the ordered phase. The L1-FePt grains hardly grow in the [001]

direction being perpendicular to the film plane in hydrogen annealing because hydrogen atoms penetrate into the
L1,-FePt lattice. This is evidenced by lower /(001)//(111) ratios compared to vacuum annealing (Fig. 3b).

Our results agree well with the data reported in [30], which showed that oxygen/hydrogen content was
important for controlling the crystallographic orientation in the annealing process. The introduction of hydrogen
atoms into the film when annealed in a carrier gas (Ar + 3% H) suppresses the growth of grains with easy
magnetization axis ¢ being perpendicular to the film plane.
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Fig. 3. Dependences of the /(001)//(002) (a) and /(001)/1(111) () reflection intensity ratios for the
L1,-FePt phase in the Fe5(Pts,(15 nm)/Au(7.5, 30 nm)/ Fe;,Pts(15 nm) films on annealing temperature
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Fig. 4. Dependence of the coercivity in the magnetic field perpendicular to the film plane in films with
an intermediate Au (30 nm) layer on vacuum and hydrogen annealing temperature

The structural and phase changes significantly influence the magnetic properties of
FesoPts(15 nm)/Au(7.5, 30 nm)/ Fe(Pts,(15 nm) composite films (Fig. 4). Most likely, the diffusion of Au into the

FePt layers forms paramagnetic walls along the grain boundaries, thus decreasing the magnetic exchange between
them and increasing the coercivity, which becomes higher with thicker walls.

Hydrogen annealing accelerates the ordering process. The introduction of hydrogen atoms into voids of the
L1,-FePt crystalline lattice and its additional distortions promote higher coercivity. The maximum coercivity

(27.3 kOe) in the film with an intermediate Au layer 30 nm thick observed after vacuum annealing at 900°C can be
reached by hydrogen annealing at 700°C (Fig. 4).
CONCLUSIONS

The disordered 41-FePt phase forms in the film deposition process. The ordered L1,-FePt phase appears in

the film with an intermediate Au(7.5 nm) layer in vacuum annealing at 650°C.
When thickness of the Au layer increases to 30 nm, the ordering temperature decreases to 600°C because of
higher compressive stresses in the as-deposited films. The ordering of the L1,-FePt phase becomes greater with

annealing temperature being increased to 900°C, which is more pronounced in the films with an intermediate Au

layer 30 nm thick.
Regardless of the intermediate Au layer thickness, the ordered L1,-FePt phase starts forming in the

FesoPts(15 nm)/Au(7.5, 30 nm)/Fes)Pts)(15 nm) films at lower temperature (500°C) in hydrogen annealing.

Predominant (111) Au and FePt textures appear in the process.
Vacuum annealing promotes oriented growth of the L1,-FePt grains in the [001] direction.
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The ordering process accelerates and the magnetic properties of composite films improve during hydrogen

annealing most probably because of higher stresses induced by the introduction of hydrogen into voids of the L1,-
FePt lattice.
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