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This work presents an extended X-ray absorption fine structure (EXAFS)
characterization of ternary Fe-Pt—Cu alloys with different Cu content. The
EXAFS measurements have been carried out at the Cu Ko and Pt Ly edges in
order to describe the local environment around these elements in the Fe-Pt—Cu
samples and to compare the structural evolution as a function of the Cu content.
The EXAFS study, based on a substitutional model where the Cu atoms occupy
Fe or Pt sites in the tetragonal structure, has been performed by using linear
dichroism to enhance the sensitivity to differently oriented bonds and to gain a
detailed description of the atomic environment. The study allowed the effects on
the chemical order and lattice distortion induced by the Cu atoms to be
distinguished experimentally. The determined positions of the Cu atoms in the
chemically L1j-ordered face-centred tetragonal lattice were correlated with the
magnetic properties of Fe—Pt—Cu ternary alloys. In particular, the main effect of
Cu atoms in the alloy is a linear reduction of the c/a ratio, while the
nonmonotonic behaviour of the chemical order is consistent with the variation

© 2014 International Union of Crystallography

1. Introduction

Magneto-recording using hard disk drives is the dominant
technology for storing information. To further improve its
performance, new materials and technologies (Weller et al,
2013; Shiroishi et al., 2009; Piramanayagam & Chong, 2012)
are needed to meet the critical requirements of the so-called
‘magneto-recording trilemma’, which consists in the trade-off
between thermal stability, writability and high signal-to-noise
ratio (Richter & Harkness, 2006). For this purpose, the
development and optimization of new materials as recording
media is the key task in the community to assure future
success of magnetic data storage.

The equiatomic chemically ordered L1, alloys remain the
most promising materials for future ultra-high-density
perpendicular magnetic recording media beyond 1 Tbits per
square inch (1 inch = 25.4 mm) owing to their high uniaxial
magnetocrystalline anisotropy (K, = 6.6-10 x 107 erg cm™>,
1erg =10""1J) (Weller et al., 2000), which enables them to be
thermally stable even at grain sizes down to 3 nm. Indeed, the
peculiar structure of the L1, phase, as in the case of Fe—Pt
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of the magnetocrystalline anisotropy.

alloys, where planes of pure Fe or Pt alternate along the [001]
direction (c axis), is responsible of the strong anisotropy along
the stacking direction that is generally interpreted as being
due to the large spin-orbit coupling and a strong hybridization
of the Pt 5d bands with highly polarized 3d bands of the
transition metal (Cebollada et al., 2002; Grange et al., 2000).
Recently, advanced computational facilities have made it
possible to analyse the dependence of the magnetocrystalline
anisotropy energy as a function of the L1, structure. In
particular, first principles electronic structure calculations,
presented by Brown et al. (2003), revealed the existence of a
competition between ferromagnetic (FM) and anti-
ferromagnetic (AFM) spin structures in the Fe-Pt alloy. In
their study, the FM state is energetically favoured by a
decrease in the lattice distortion and/or in the degree of
chemical order, i.e. as the system becomes more cubic. The
chemical disorder with Pt atoms on Fe sites stabilizes the FM
state, while perfectly chemically ordered Fe—Pt with the lowest
c/a ratio (0.965) prefers an AFM state, where the Fe atoms
have their spins on alternating planes with antiparallel spin
configuration. Actually, at a given temperature and pressure,
the equilibrium magnetic configuration is dependent on the
interatomic distance between adjacent 3d transition elements
as theoretically calculated by Lu et al. (2010). By varying the ¢/
a lattice ratio, the distance between atomic planes along the ¢
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axis varies and, for large variations, results in a transition from
the FM to the AFM state, due to the shortening of the Fe-Fe
distance, and in a nonmonotonic behaviour of the magneto-
crystalline anisotropy.

Many studies have been carried out to find the optimum
conditions for the preparation of L1j-ordered Fe—Pt alloys in
the form of nanoparticles (Sun et al., 2000; Sun, 2006; Capo-
bianchi et al., 2009; Liscio, Makarov et al., 2010), nanorods (da
Silva & Varanda, 2011; Poudyal et al., 2009), thin films (Casoli
et al., 2005), patterned systems (Goll & Bublat, 2013; Kikitsu ez
al., 2013) or capped magnetic structures (Makarov et al., 2008;
Albrecht & Makarov, 2012). The systems are commonly
obtained by post-deposition high-temperature treatments for
a few hours in order to favour the conversion from the
chemically disordered and magnetically soft face-centred
cubic (A1) phase into the chemically ordered and hard face-
centred tetragonal (f.c.t., L1,) phase.

It is well established, from an experimental point of view,
that the chemical ordering, the lattice distortion (in particular
the c/a ratio) and the magnetic anisotropy are strictly corre-
lated, and they can be controlled by post-deposition thermal
treatments and/or by the addition of a third element that
reduces the temperature needed for the Al to L1, transfor-
mation (Hsu et al., 2001; Maeda et al., 2002). As an example, it
has been recently shown that the addition of Cu at different
concentrations allows one to tailor the magnetocrystalline
anisotropy (Brombacher et al., 2012; Gilbert et al., 2013) and
decrease the Curie temperature (Berry & Barmak, 2007),
which are the most important parameters for the technological
application of these materials. For these systems, a careful
determination of the structural and atomic arrangement
becomes essential in order to understand the influence of the
additional elements on the magnetic properties.

Among the characterization techniques applied to investi-
gate the structural properties at the local scale, X-ray
absorption spectroscopy (XAS) is an effective tool to probe
the chemical environment around an absorber element and to
get information on the average structural features of materials.
XAS is thus complementary to conventional X-ray diffraction
(XRD) techniques (Srajer et al., 2006). Owing to its peculiar
characteristics, i.e. selectivity and high sensitivity, extended
X-ray absorption fine structure (EXAFS) analysis is the main
technique used to investigate the local properties in many
systems whose behaviour is strongly affected by the atomic
arrangement. This is the case for the L1, or L1, chemically
ordered alloys, where the degree of chemical order influences
significantly the magnetocrystalline anisotropy (Meneghini et
al., 1999; Krupinski et al., 2011; Blanc et al., 2013; Liscio, Maret
et al., 2010).

A previous characterization of the long-range chemical
order on Fe-Pt—Cu film samples has been carried out using
anomalous X-ray diffraction (AXD) measurements in order
to highlight the influence of the addition of Cu on the struc-
tural and magnetic properties (Maret et al, 2012). In that
study, two series of samples with different Cu content were
prepared by a post-deposition rapid thermal annealing treat-
ment at 873 and 1273 K for 30 s (Brombacher et al.,2012). The

samples were analysed by a tuneable synchrotron radiation
source at the Fe K and Pt Ly edges in order to assess the long-
range order parameter, which strongly affects the magneto-
crystalline anisotropy. The results gave evidence of a tetra-
gonal distortion of the lattice, more pronounced in the 873 K-
annealed samples, due to the addition of Cu atoms, prefer-
entially placed on the Fe lattice sites.

In this work, a careful EXAFS analysis on Fe-Pt-Cu
samples with different Cu content has been carried out at the
Cu Ko and Pt Ly edges by using linear dichroism to enhance
the sensitivity to differently oriented bonds and to obtain a
detailed picture of the atomic environment around the two
absorber atoms. Here, we take advantage of a local-scale
characterization technique (complementary to AXD), whose
sensitivity allows the study at the K edge of the diluted
element, to characterize the Cu atomic arrangement in the
samples annealed at 873 K and to confirm the structural
variations observed as a function of the alloy composition.
Moreover, the correlation of the EXAFS results with the
magnetic behaviour of this system made it possible to
experimentally distinguish the effect of the chemical order and
structural distortions on the magnetocrystalline anisotropy,
which is the key parameter for the technological application of
these systems.

2. Experimental

Bilayers of Fes,Pt,[(50 — d) A]/Cu[d A], 50 A thick, were
sputter deposited at room temperature on thermally oxidized
Si(100) substrates with a 1000 A-thick amorphous SiO, layer.
The Cu layer thickness d was varied from 0 to 12 A, obtaining
samples of different atomic composition as subsequently
determined by Rutherford backscattering (in the following,
we refer to samples Cu00, Cu04, Cu09, Cul5 and Cu21, indi-
cating the amount of Cu in at.%). The as-grown samples were
treated by rapid thermal annealing (RTA) at 873 K for 30 s in
order to transform the Fe—Pt/Cu bilayer into a ternary Fe-Pt—
Cu alloy, exhibiting a chemically ordered f.c.t. phase (L1,) with
(001) texture and strong perpendicular magnetic anisotropy
(Brombacher et al., 2012).

XAS data were collected at the GILDA-CRG beamline at
the ESRF (Grenoble, France) (D’Acapito et al.,, 1998). The
monochromator was equipped with a pair of Si(111) crystals
used in dynamical focusing mode. A pair of Pd-coated mirrors
was used for harmonic rejection and vertical beam focusing.
Data collection was carried out at the Cu Ko (8980 eV) and
Pt Ly (11 564 eV) edges with the polarization vector of the
X-ray beam either parallel or perpendicular to the sample
surface. The angle between the X-ray polarization vector and
the normal to the surface was 90° in the ‘parallel’ and 15° in
the ‘perpendicular’ configuration, and this permitted also the
minimization of the coherent scattering signal from the Si
substrate and the enhancement of the fluorescence from the
atoms under study. During data collection, the samples were
kept at a temperature of 100 K to reduce the thermal atomic
vibrations, thus enhancing the EXAFS signal. The absorption
coefficient was measured via the fluorescence yield from

J. Appl. Cryst. (2014). 47, 17221728

S. Laureti et al.

1723

+ Chemical order and lattice distortion in Fe—Pt—Cu thin films



research papers

Cu Ka or Pt Ly lines using an energy-resolving 13-element
high-purity germanium detector (energy resolution of about
250 eV).

All samples were measured by collecting data sets in the
parallel and perpendicular configurations to enhance the
sensitivity to differently oriented bonds for the two cases,
which provides a more detailed description of the atomic
environment within the alloy. Despite the lower polarization
sensitivity of the EXAFS signal at the Pt Ly edge with respect
to the K edges (see details later), the high degree of chemical
ordering along the (001) direction, as shown by the XRD
analysis (Brombacher et al., 2012), allowed the detection of
orientational dicroism at the absorption edges (Meneghini et
al., 1999). Data were also collected at the Fe K edge, but a
considerable signal from an oxide phase (not present on the
other edges) on the film surface prevented a careful structural
analysis and thus it was not considered in the subsequent
study. All the analyses have been carried out by assuming a
substitutional model (ruling out the possibility to have inter-
stitial Cu), as suggested by previous theoretical calculations
and experimental studies (Kai et al., 2004; Maret et al., 2012)
where a preferential Cu on Fe (Cug,) site was found. XAS
data extraction and fitting were carried out with the ATHENA
and ARTEMIS codes (Ravel & Newville, 2005), while quan-
titative modelling was based on simulated EXAFS signals
using the FEFF8.1 code (Ankudinov et al., 1998).

3. Results and discussion

The analysis of the first coordination shell around the absorber
Pt atom was carried out at the Pt Ly edge with the aim of
studying the effect of the Cu concentration on the ordering
degree of the L1, alloy.

For this purpose, data acquired in
both parallel and perpendicular
configurations were simultaneously
fitted with a model based on a linear
combination of single scattering paths
for the direct structure (Pt as central
atom in a ideal chemically L1j-ordered
Fe-Pt tetragonal cell: 8Pt-Fe paths and
4Pt-Pt paths) and single scattering
paths for the reverse structure, where
the Pt absorber atom occupies an Fe
site (8Pt-Pt paths and 4 Pt-Fe paths,
simulating the effect of chemical
disorder). In Fig. 1, a sketch of the first
neighbours in the two configurations is
presented. Depending on the angle ®
between the beam polarization and the
bond direction, atoms contribute
differently to the amplitude of the
associated XAS signal. For the K edge
the dependence is 3cos’©, whereas for
the Ly edges it is of the type A +
Bcos’® (Heald & Stern, 1977). As an
example, the atoms (white circles) lying

' absorber atom

Figure 1

on a plane perpendicular to the beam direction in the parallel
configuration (which correspond to the Fe atoms in the direct
structure) do not give any contribution to the signal amplitude
at the K edge, the angle between the bonds and the beam
direction being 90°; on the other hand, each atom contributes
to the absorption signal in the perpendicular configuration,
with an amplitude proportional to cos’f. In any case, the
calculations of the theoretical XAS signals were carried out
including the polarization effects depending on the specific
absorption edge, as implemented in the FEFF code. It has to
be noted that the Pt—Cu paths were not considered in the
model since the detectable signal would have been less than
one atom even in the most concentrated sample. The quanti-
tative analysis was performed in the Fourier-transformed
space (R space) in the range R = [1.7-3.4] A, for the k*
weighted EXAFS data using Hanning windows with a slope
parameter dk = 1. The free fitting parameters used in the
analysis are the Pt—Pt and Pt—Fe distances, the shift of the
energy origin AE,, the Debye—Waller factors (DWFs), and a
chemical order parameter X, which represents the degree of
chemical order, being equal to zero for a chemically disor-
dered configuration (50% of direct structure and 50% of
reverse structure) and equal to 1 for a chemically ordered
configuration (100% of direct structure). In order to minimize
the number of free parameters, the DWFs were calculated
with a correlated Debye model (Zabinsky et al., 1995) with a
single temperature value (denoted as CDMT parameter),
accounting for the DWFs of the Pt—Pt and Pt—Fe bonds;
moreover, the Pt—Pt distance for the direct structure (r;) was
set equal to the Pt—Fe distance for the reverse structure,
while r, represents the Pt—Fe distance in the direct structure
and the Pt—Pt distance in the reverse structure.

1 Perpendicular
polarization

N\

(Pt) atoms in the direct (inverse) structure

O Fe (Pt) atoms in the direct (inverse) structure

@ Pt (Fe) atoms in the direct (inverse) structure

Parallel polarization

o =45

p=o0r e
y~43.65° O B 4635
¥y ~46.35°
a
Y @O
parallel polarization 63 0 6.0

perpendicular polarization

Crystallographic structure of the first coordination shell around the Pt absorber atom in the L1,
structure in the parallel and perpendicular configurations. For the sake of simplicity, the values of the
effective coordination number are calculated only for a generic K absorption edge.
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In Fig. 2 the EXAFS signals at the Pt Ly; edge and the
relative Fourier transform (FT) are reported for both the
parallel (a), (b) and the perpendicular (c), (d) configurations
for all samples. It is worth noting that the good EXAFS data in
a wide k range up to 16 A~ allowed the high-quality fitting of
the main FT peak, which represents the first coordination shell
around the absorber atom.

The results summarized in Table 1 show that the presence of
Cu in the alloy affects the chemical ordering, favouring the Al
to L1, phase transition, as previously demonstrated by elec-
tron diffraction measurements performed on the same set of
samples (Brombacher et al., 2012); in particular, the EXAFS
analysis indicates a nonmonotonic behaviour, as demonstrated
by the chemical order parameter X, which increases up to a
value of 0.9 for Cu09 and then decreases for higher Cu
concentrations. The results are in good agreement with the
corresponding magnetic properties (Brombacher et al., 2012),
showing a similar behaviour of the magnetocrystalline aniso-
tropy as a function of Cu content (Fig. 3). This demonstrates
that it is possible to tune the chemical order and thus the
magnetic anisotropy by varying the Cu content, and that the
best conditions are found for a Cu content of about 10 at.%.

=
=
i)
=
£
£20
wl
n
[a)
<
o
=
2 4 B g 10 12 14 16
Photoelectron wavevector k (A™)
g
)
=
i9)
=
£
120
vl
1)
=
<
>
5
T T T T T T
2 4 6 8 10 12 14 16
Photoelectron wavevector k (A) '
Figure 2

Table 1

Structural parameters for the first coordination shell obtained from the
simultaneous fit of the EXAFS Pt L;; signals in parallel and
perpendicular configurations.

r, represents the Pt—Pt distance for the direct structure and the Pt—Fe
distance for the reverse structure. r, represents the Pt—Fe distance in the
direct structure and the Pt—Pt distance in the reverse structure. The
temperature from the correlated Debye model (CDMT) accounts for the
disorder of the bond lengths, while the X parameter represents the degree of
chemical order (equal to zero for 50% of direct structure and 50% of reverse
structure and equal to 1 for 100% of direct structure).

r (A) r (A) CDMT
Sample (theory 2.758 A)  (theory 2.695 A)  (K) X
Cu00 (no Cu)  2.756 (9) 2.693 (7) 230 (30) 0.5 (2)
Cu04 2759 (5) 2.676 (5) 290 (30) 0.7 (1)
Cu09 2.770 (6) 2.660 (5) 300 (30) 0.9 (1)
Cul5 2.773 (6) 2,662 (4) 320 (40) 0.7 (1)
Cu2l 2768 (5) 2.646 (4) 350 (50) 0.6 (1)

In addition to the chemical ordering, the EXAFS analysis
revealed the structural evolution concerning the tetragonality
of the formed alloy: by increasing the Cu content, the first
peak of the FT in the perpendicular configuration, which
corresponds to the Pt—Pt distance in the first nearest-neigh-

Magnitude of the FT (A7)

EXAFS signals (left) at the Pt Ly edge and the relative Fourier transform (right) obtained in the parallel (a), (b) and perpendicular (c), (d)

configurations. Experimental data (open circles) and fit (solid lines).

J. Appl. Cryst. (2014). 47, 1722-1728

S. Laureti et al.

1725

+ Chemical order and lattice distortion in Fe—Pt—Cu thin films



research papers

Table 2
Comparison between lattice parameters and the c/a ratio obtained by
XRD (Brombacher et al., 2012) analysis and EXAFS fit at the Pt Ly

edge.

a c ca
Sample XRD EXAFS XRD EXAFS XRD EXAFS
Cu04 392(2) 3.90(2) 3.67 (1) 3.66 (1) 094 (1) 094 (1)
Cu09 394 (2) 392(2) 3.62 (1) 3.60 (1) 092 (1) 092 (1)
Cul5 394 (2) 392(2) 358 (1)  3.60 (1) 091 (1) 092()
Cu2l 395(12) 394(2) 354 (1) 3.56(1) 090 (1) 091 (1)

8 .
1.0
71 l S
— 109
6~ I
P
z 0.8
£ 5- 1 I
@ — 0.7
an ¢ .
5 47 J I Lo
S 3 0.6
= | s
g 5 0.5
a2 : [
14 1 0.4
i L
04 0.3
& — 77— 0.2
0 5 10 15 20 25
i Cu content (at.%)
Figure 3

Comparison between the magnetocrystalline effective magnetic aniso-
tropy constant K (left) and the chemical order parameter X (right) as a
function of the Cu content.

bour shell (i.e. the c lattice parameter), moves towards lower
values (Fig. 2d). Contrary to what has been observed for the
chemical order, the contraction of the tetragonal axis increases
linearly with Cu content. The a and c lattice parameters were

quantitatively evaluated from the r; and r, distances, by
considering that a = 2r;cosa and ¢ = 2(r3 — ricos’a)"?. The
obtained values of the tetragonality ratio c¢/a are in good
agreement with the XRD data (Table 2).

In order to study the first-shell atomic arrangement around
the Cu atoms in the alloy, EXAFS data obtained at the Cu K«
edge (Fig. 4) were fitted in the Fourier-transformed space in
the range [1.4-3.4] A, where only the nearest-neighbour
contributions are included for the k*-weighted EXAFS data in
the range [3.0-14.0] A using Hanning windows with a slope
parameter dk = 1. The comparison of these spectra with

EXAFS signal ky(k)

0 2 4 6 8 10 12 14

Magnitude of the FT (A7)

)

| EXAFS signal kx(k)

Magnitude of the FT (A~)

r r T r T T T
0 2 4 6 8 10 12 14

Photoelectron wavevector k (A™)
Figure 4

EXAFS signals (left) at the Cu Ko edge and the relative Fourier transform (right) obtained in the parallel (@), (b) and perpendicular (c), (d)

configurations. Experimental data (open circles) and fit (solid lines).
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Table 3

Structural parameters for the Cu first coordination shell obtained from
the simultaneous fit of the EXAFS Cu K signals in parallel and
perpendicular configurations (Fig. 4).

The rcy_re and rc, _p, distances correspond to the Pt—Pt and Pt—Fe distances
of the L1, direct structure; the temperature from the correlated Debye model
(CDMT) accounts for the disorder of the bond lengths.

Fcu—Fe (A) T'cu—pt (A)

CDMT

Sample % Cug, (theory 2.758 A) (theory 2.695 A) (K)

Cu04 0.91 (6) 2.72 (1) 2.651 (5) 310 (30)
Cu09 0.91 (3) 2.758 (9) 2.646 (3) 325 (20)
Cul5 0.93 (8) 2.73 (2) 2.639 (5) 265 (45)
Cu2l 0.70 (6) 273 (2) 2.635 (6) 315 (35)

EXAFS data obtained for a pure metallic Cu bulk sample (see
Eisenberger & Lengeler, 1980) indicates the absence of Cu
segregation or agglomeration even in the more concentrated
sample. Thus, considering a substitutional model, scattering
paths were calculated after creating substitutional defects
Cup. and Cup, in the Fe-Pt L1, structure. The paths were
generated for both parallel and perpendicular configurations
and, for each sample, the two data sets were simultaneously
fitted by a model based on a linear combination of the two
structures. The overall amplitudes for these two cases are a
measure of the percentage of Cu on Fe or Pt sites. The free
fitting parameters used in the analysis are the Cu—Pt and
Cu—Fe distances, the amplitudes (i.e. the percentage of Cug,
and Cup,), and the DWFs.

The first-shell analysis revealed that, for a Cu concentration
up to 15 at.%, the Cu atoms are predominantly located at the
Fe sites, while for higher concentrations they start to occupy
also the Pt sites (Table 3). The present study did not allow
elucidation of the specific role of the Fe atoms; however, the
tendency toward a random atomic distribution at higher
concentration is consistent with previous structural investi-
gations by anomalous X-ray scattering (Maret et al., 2012)
carried out close to the Fe K and Pt Ly edges on a series of
samples with the same compositions (but annealed at 1273 K).
In that case, the effect of addition of Cu beyond 9 at.% was an
atomic redistribution between the alternating Fe and Pt planes
with a decrease of the order parameter.

By combining the analyses at the Cu Ko and Pt Ly; edges
we are able to clearly elucidate the effect of Cu atoms on the
structural properties of an alloy whose magnetic properties
strongly depend on the Cu content, as previously shown
(Brombacher et al., 2012). In this study, we observed a linear
reduction in the tetragonality ratio, c/a, from 0.92 (Cu04) to
0.89 (Cu21) and, at the same time, a nonmonotonic effect of
the Cu amount on the chemical ordering, which correlates well
with the trend of the effective anisotropy estimated from
hysteresis loops (Fig. 3). This finding indicates that the
magnetic response is mainly governed by the chemical
ordering. Our results are in agreement with previous theore-
tical calculations and experiments (Lu et al., 2010; Lyubina et
al., 2005), which indicate that the lattice distortion is expected
to have a smaller influence on magnetic properties compared
to the chemical ordering.

4. Conclusions

An EXAFS analysis performed on Fe-Pt—Cu film samples
with different Cu content allowed the determination of the
local order effect induced on the L1, structure. The significant
polarization dependence of the absorption spectra confirmed
the high degree of crystallographic order, as previously shown
from both the magnetic characterization and XRD measure-
ments. In particular, the analysis carried out at the Pt edge
revealed that the chemical order around the Pt atoms is
strongly influenced by the addition of Cu atoms, consistent
with the variation of the magnetocrystalline anisotropy. On
the other hand, the effect of Cu atoms in the alloy is a lattice
distortion with a linear reduction of the c/a ratio, although this
effect has a minor influence on the magnetocrystalline aniso-
tropy when compared to the effect of the chemical ordering.
The good quality of the absorption spectra and the quite
simple substitutional model used to fit the EXAFS signals
made this study complementary to the approaches usually
applied to determine the long-range order and the structural
parameters in L1, alloys. Moreover, this method represents a
useful tool that is able to experimentally distinguish the effects
of chemical ordering and lattice distortion through the study
of a diluted third element in the L1, alloy, providing experi-
mental support of theoretical predictions.

This work was supported by the European Commission FP7
project TERAMAGSTOR (contract No. FP7-ICT-2007-2-
224001) and, in part, by MIUR under project FIRB2010 -
NANOREST and the German Science Foundation (DFG)
grant MA 5144/1-1. GILDA is a project jointly financed by
CNR and INFN.
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