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In this work the diffusion-induced formation of an ordered L1, FePt phase in Fe(15 nm)/Ag(Au)(10 nm)/Pt(15
nm) and Pt(15 nm)/Ag(Au)/Fe(15 nm) trilayers with a Ag(Au) interlayer upon annealing is studied. The films
were prepared by magnetron sputtering on SiO»/Si(001) substrates. Isothermal annealing of the samples was
carried out in vacuum at 700°C for different annealing times up to 30 min. It was found that the stacking

Orderi

Llro ;r;;f sequence of the trilayer has a strong impact on the direction of the diffusion process. This results in the formation
Coercivity of different chemical composition along the film thickness which is explained by the different formation en-
Magnetization thalpies of possible phases. Finally, the hard magnetic L1, FePt phase is formed with grain boundaries filled by

Ag(Au) resulting in enhanced coercivity. In addition, depending on the layer stacking sequence, the remaining
Ag(Au) can be found either on the top surface or at the substrate interface. In this regard, employing different
diffusion paths on selected layer stacks is a promising approach of forming gradient nanomaterials with prop-

erties that might be useful for practical applications.

1. Introduction

Potential magnetic material candidates for spintronics and storage
applications are chemically ordered L1y thin films such as FePt, FePd,
and CoPt ([1-3]; Lubina et al., 2011; [4,5]; D. [6]). They are ferro-
magnetic and can exhibit strong magneto-crystalline anisotropy.

Their magnetic properties can be further tailored by adding third
elements causing texture growth as well as magnetic grain isolation
[7-16]. In this regard, the addition of Ag and Au elements has been
found to strongly affect the structure and magnetic properties of FePt [2,
17-24,25-30].

During the formation process of the ordered L1 FePt phase, both Ag
and Au are not incorporated in the crystal lattices of the L1 structure
but are localized at the grain boundaries magnetically isolating the
grains and thus resulting in a drastic increase of the coercive field.
Additionally, a decrease in the onset temperature of the chemical
ordering process of the L1y phase was observed.

In a recent study, we have investigated Fe/Ag/Pt thin films deposited
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on SiO3(100 nm)/Si(100) substrates after long-term (up to 52 h)
isothermal low-temperature treatment between 245 °C and 390 °C, as
well as high-temperature annealing at 600 °C-900 °C for 30 s [28].
Composition profiles, obtained after isotherm heat treatment, showed
that initially there is strong intermixing between Ag and Pt, resulting
most likely in the formation of an Ag,Pt; _ reaction layer. Furthermore,
it was observed that the intermixing process was much faster in the Ag
layer accompanied by the segregation of Ag to the substrate/Pt inter-
face. Later on, the Pt, which diffused through the Ag layer, started to
penetrate into the Fe grain boundaries. This process led to the formation
of the FePt reaction product leaving behind an Ag layer next to the
substrate. Furthermore, Pt/Au/Fe/sub. thin films deposited on
Aly03(0001) single crystalline substrates were investigated after
long-term (up to 62 h) isothermal annealing in vacuum at 330 °C [31].
The introduction of an additional Au layer led to an enhanced diffusion
process caused by grain boundary diffusion and the formation of the
partially chemically ordered L1, FePt phase [27]. It was suggested that
this enhancement of the diffusion process in presence of the Au

Received 5 October 2024; Received in revised form 17 April 2025; Accepted 7 May 2025

Available online 10 May 2025

2666-8459/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


https://orcid.org/0000-0002-4922-7578
https://orcid.org/0000-0002-4922-7578
https://orcid.org/0000-0003-2693-1180
https://orcid.org/0000-0003-2693-1180
https://orcid.org/0009-0008-4352-7992
https://orcid.org/0009-0008-4352-7992
https://orcid.org/0009-0001-5928-5202
https://orcid.org/0009-0001-5928-5202
https://orcid.org/0000-0003-0125-0397
https://orcid.org/0000-0003-0125-0397
https://orcid.org/0000-0002-0795-8487
https://orcid.org/0000-0002-0795-8487
https://orcid.org/0000-0002-1508-0686
https://orcid.org/0000-0002-1508-0686
mailto:Yurii_Makogon@ukr.net
www.sciencedirect.com/science/journal/26668459
https://www.elsevier.com/locate/rsurfi
https://doi.org/10.1016/j.rsurfi.2025.100551
https://doi.org/10.1016/j.rsurfi.2025.100551
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rsurfi.2025.100551&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

G.L. Katona et al.

interlayer is promoted by stress accumulation. After the FePt alloy for-
mation, Au was partially located in the grain boundaries of FePt and at
the substrate interface. These different diffusion paths can be employed
to form a concentration gradient associated with varying magnetic
properties, as demonstrated in post-annealed asymmetric Pt/Fe/P-
t/Au/Fe films [32]. In this case exchange coupled soft and hard mag-
netic phases along the film thickness were created.

Recently, attention has been paid to the influence of the layer
stacking sequence. The stacking order strongly affects the formation of
ordered L1, phase. So, for example, the addition of intermediate Ag
layer promotes the formation of the FePd phase with L1 structure or A1
disordered structure depending on stacking order. By analysis of the
chemical depth profiles and XRD patterns, the transformations were
interpreted by diffusion induced grain boundary migration and solid
state reaction [33].

Furthermore, in [34] the formation of the ordered L1, FePd3 phase in
Fe/Pd based thin films with Au intermediate layer was interpreted by
the stress accumulation due to the different diffusivity of the compo-
nents, which relaxes by the shift of the grain boundaries and the trans-
formation of swept over regions. Interestingly, for samples with Mo
buffer but without the Au interlayer the L1y FePd phase appeared
depending on the stacking order.

The effect of layer stack inversion in Pt/Co based layer stacks on the
diffusion processes was studied by [35]. Please note that no L1y CoPt
phase formation is observed in these cases. However, also in this case the
layer stacking has a pronounced effect on the diffusion rate especially at
temperatures, where the diffusion is dominated by grain boundaries. An
additional Au intermediate layer leads to an increase of the coercive
field of the annealed samples due to a modification of exchange coupling
between the magnetic grains at the grain boundaries [35].

Here, in the present study, the influence of the Fe and Pt position (top
or bottom) in Fe/Ag(Au)/Pt and Pt/Ag(Au)/Fe trilayers with an Ag(Au)
interlayer on the phase formation process upon post-annealing at 700 °C
for 0.5 — 30 min was investigated.

2. Experimental

Trilayer thin films with reversed stacking sequences, Fe(15 nm)/Ag
(Au)(10 nm)/Pt(15 nm)/sub. and Pt(15 nm)/Ag(Au)(10 nm)/Fe(15
nm)/sub., were prepared at room temperature by magnetron sputter
deposition (Bestec GmbH) from individual Fe, Pt, Ag, and Au targets on
Si02(100 nm)/Si(001) substrates. This ultra-high vacuum deposition
system has a base pressure of 3-10~° Pa. Ar was used as sputter gas under
a working pressure of 3.5.107! Pa. The following sputter powers and
deposition rates were applied: 107 W/0.04 nm/s for Fe, 43 W/0.05 nm/s
for Pt, 12 W/0.05 nm/s for Ag, and 15 W/0.05 nm/s for Au.

The isothermal annealing of the samples at 700 °C was carried out in
a vacuum chamber with a pressure ~10~2 Pa. The annealing time was
varied from 0.5 min, 2 min, 5 min, 15 min, and 30 min with heating and
cooling rates of about 5 °C/s and 0.25 °C/s, respectively. The structural
properties of the deposited and annealed films were characterized by X-
ray diffraction (XRD) using an ULTIMA IV Rigaku diffractometer in
standard (6-260) geometry with Cu K, radiation.

The degree of ordering of the L1, FePt phase was estimated from the
intensity ratio of the 1(001)/I(002) of the fundamental (002) and su-
perstructure (001) reflections. Depth profiles of the films were investi-
gated by secondary neutral mass spectrometry (SNMS). In this
experiment radio frequency Ar plasma at low pressure was used both as
a source of bombardment ions and as a post-ionization medium. The low
bombardment energy (350 eV) and the homogeneous plasma profile
make it possible to obtain a depth resolution better than 2 nm. The
concentration of elements was calculated under the assumption of a
linear dependence of the measured intensity on the composition. Details
of the SNMS setup and evaluation procedure can be found in Refs. ([36];
Peter et al., 2007). The magnetic properties were investigated by using a
Superconducting Quantum Interference Device - Vibrating Sample
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Magnetometer (SQUID-VSM, Quantum Design GmbH).
3. Results and discussion

3.1. Phase formation and structural changes in Fe/Ag/Pt and Pt/Ag/Fe
trilayers upon annealing

XRD (0-20)-scans of Fe/Ag/Pt and Pt/Ag/Fe films after deposition
and after annealing at 700 °C for different annealing times are shown in
Fig. 1 (a) and 1 (b), respectively. In the diffractogram of the as-deposited
Fe/Ag/Pt trilayer (Fig. 1 (a)), Pt(111), Ag(111), and Fe(110) peaks be-
sides reflections from the substrate can be clearly observed. In contrast,
in the as-deposited Pt/Ag/Fe trilayer additional orientations are
revealed. Besides Pt(111), Ag(111), and Fe(110), pronounced Pt(200)
and Ag(200) reflections are found, which might have an impact on the
diffusion processes due to a different stress levels at the interfaces.

Fig. 2 shows the composition versus sputtering time profiles of the as-
deposited Fe/Ag/Pt and Pt/Ag/Fe films and after annealing. As ex-
pected, the as-deposited trilayers can be well resolved without indica-
tion of interdiffusion (Fig. 2 (a)). The width of the interface regions
corresponds to the depth resolution of the method.

After annealing at 700 °C for 0.5 min structural changes are clearly
observed in both trilayer systems by XRD (Fig. 1 (a) and 1 (b)) revealing
a decrease in the intensities of the individual layer reflections due to the
mutual diffusion between the layers. This is confirmed by looking at the
depth profiles presented in Fig. 2 (b). Strong diffusion in particular be-
tween the Ag and Pt layers is detected. This diffusion process is very
pronounced in Fe/Ag/Pt, while in the Pt/Ag/Fe trilayer the average
composition of Ag in the Pt layer and of Pt in the Ag layer is lower by
about 6-8 at.% and 10-12 at.%, respectively. Here, Pt diffuses through
the Ag layer, segregates at the Ag/Fe interface, and begins to dissolve
into the Fe layer.

The process of mutual diffusion of Pt and Ag continues with
increasing annealing time of 2 min (Fig. 2 (c)) where Pt strongly in-
termixes with Fe, while Ag in the Fe/Ag/Pt trilayer becomes unevenly
distributed in the Fe—Pt solid solution and moves towards the substrate.
In contrast, in the Pt/Ag/Fe trilayer, Ag is more homogenously distrib-
uted in the Fe-Pt solid solution with strong agglomeration at the top film
surface. Further annealing of both trilayers only results in a more
extended and more homogenous intermixing of Fe and Pt.

From the XRD patterns after 2 min of annealing (Fig. 1 (a) and 1 (b))
as a result of mutual diffusion between the layers there are significant
changes in the phase composition in both films. All single layer re-
flections of Pt and Fe have disappeared while the characteristic reflec-
tion of the disordered A1 FePt(111) phase is observed confirming the
formation of a solid solution. By increasing the annealing time further to
5 min, the additional appearance of a superstructural (001) reflection
and a splitting of the fundamental cubic A1 (200) reflection into (200)
and (002) (tetragonality) indicate the formation of an ordered L1, FePt
phase in both films.

Furthermore, the presence of the Ag(111) and (200) reflection (the
latter is only seen for the Pt/Ag/Fe trilayer) indicates that some amount
of Ag remains as a separated layer. As expected, during the development
of the diffusion-driven phase formation processes the Ag is not incor-
porated into the crystal lattice of both the disordered A1l FePt and or-
dered L1 FePt phase but remains partially in the grain boundaries of the
FePt alloys. The ordered L1, FePt phase exists in the concentration range
of 35-55 at. % according to the phase equilibrium diagram [37]. Ac-
cording to SNMS data, an ordered L1y FePt phase is formed with a
composition near equiatomic (Fig. 2(c—f)). In combination with the
depth profiles, it can be concluded that the Ag layer located near the
substrate retains its (111) texture in the annealed Fe/Ag/Pt trilayer,
while Ag located near the surface in the annealed Pt/Ag/Fe trilayer
retains the predominant (200) texture.

Thus, a directed diffusion of the intermediate Ag layer towards the Pt
layer is obtained in both films. This is also facilitated by the mutual
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Fig. 1. X-ray diffraction patterns of as-deposited and post-annealed (700 °C for 0.5— 30 min) trilayers: (a) Fe(15 nm)/Ag(10 nm)/Pt(15 nm), (b) Pt(15 nm)/Ag(10
nm)/Fe(15 nm), (¢) Fe(15 nm)/Au(10 nm)/Pt(15 nm), and (d) Pt(15 nm)/Au(10 nm)/Fe(15 nm).

insolubility of Ag and Fe. The degree of ordering of the L1 phase can be
followed by the 1(001)/I(002) intensity ratio which basically increases
with annealing time (Fig. 3 (a)). Please note that the diffusion and alloy
formation process observed in Fe/Ag/Pt are quite similar to reported
results on a similar layer stack annealed at temperatures between 600 °C
and 900 °C for a short time of 0.5 min [28].

The room temperature M-H hysteresis loops of all samples in the as-
deposited state (not shown) reveal a soft magnetic behavior of the Fe
layers with an in-plane easy magnetization given by the magnetic shape
anisotropy, similar to results reported in Ref. [28]. M-H hysteresis loops
of the Fe/Ag/Pt and Pt/Ag/Fe films, which were annealed at 700 °C for

2 min and 30 min are presented in Fig. 4.

The films had insignificant magnetic anisotropy. The loops were
presented in an out-of-plane applied magnetic field. As summarized in
Fig. 3 (b), a strong increase in coercivity with annealing time is observed
in both film systems which can be associated to the formation of the hard
magnetic L1y FePt phase and in addition to the grain isolation induced
by the filling of the grain boundaries with pure Ag.

From the presented results, it can be concluded that a different
stacking order of Fe-Ag-Pt allows to form a film structure with a
different underlaying microstructure as Ag always moves towards the Pt
layer upon annealing. Since Ag does not dissolve in the formed L1-FePt
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Fig. 2. Compositions versus sputtering time profiles of the (a) as-deposited Fe(15 nm)/Ag(10 nm)/Pt(15 nm) and Pt(15 nm)/Ag(10 nm)/Fe(15 nm) trilayers and
(b-f) after annealing at 700 °C for different annealing times up to 30 min.
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phase, Ag is located mainly at the grain boundaries and depending on
the stacking order Ag is in addition displaced to the substrate interface
for Fe/Ag/Pt or to the film surface for Pt/Ag/Fe resulting in a rather
inhomogeneous Ag distribution in the annealed films.

3.2. Phase formation and structural changes in Fe/Au/Pt and Pt/Au/Fe
trilayers upon annealing

The same investigation was performed for Fe/Pt-based trilayers
using Au as intermediate layer. XRD patterns of Fe/Au/Pt and Pt/Au/Fe
films after deposition and annealing at 700 °C for different annealing
times up to 30 min are shown in Fig. 1 (¢) and 1 (d), respectively. Only
intensive peaks of Pt(111) and Au(111), and a weak peak of Fe(110) are
presented in both films after deposition. Annealing for 0.5 min already
leads to the onset of the formation of the hard magnetic L1, FePt phase,
which is confirmed by the appearance of a low-intensity superstructural
(001) reflection and fundamental (111) and (200) reflections in the XRD

patterns. In this case, a significant part of the Pt has intermixed with Fe,
which was not observed in case of interlayers with Ag. Thus, L1y-FePt
phase formation is strongly promoted by Au (see Fig. 3 (a)). Increasing
the annealing time to 30 min leads to an increase in the intensity of the
superstructural reflection and a clear splitting of the Al (200) reflection
into L1y (200) and L1 (002). It can be noted that the position and in-
tensity of the Au(111) reflection practically does not change, which
confirms its insolubility in the lattices of the Al and L1y FePt phases.
Qualitatively, the evolution of the XRD patterns of the two trilayers upon
annealing appears rather similar.

However, compositions versus sputtering time profiles of Fe/Au/Pt
and Pt/Au/Fe trilayers after deposition and annealing at 700 °C for
different annealing times reveal a totally different behavior, as shown in
Fig. 5. First, the layers of the as-deposited Fe/Au/Pt trilayer are well
resolved. Though, the elemental profiles are all asymmetric including Si,
which is believed to be due to a rough surface area of the substrate and
not due to chemical intermixing of the layers (Fig. 5 (a)). After the first
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0.5 min (Fig. 5 (b)) of annealing, intensive interdiffusion between Fe and (Fig. 5 (c)) drastically changes the observed structure. Now Au segre-
Au occurs. gates toward the surface and becomes more evenly distributed in the

Simultaneously, also Fe strongly intermixes with the Pt layer. Thus, equiatomic FePt layer. Further annealing (Fig. 5(d-f)) leads to a further
Au-Fe and Fe-Pt solid solutions are mainly formed. Annealing for 2 min FePt layer homogenization. In this case, Au is mainly located along the
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grain boundaries and at the top surface.

The layers of the as-deposited Pt/Au/Fe film are also well resolved
and there is no apparent mutual diffusion between the layers (Fig. 5 (a)).
After annealing for 0.5 min two Fe-Pt solid solutions are formed in the
upper layers without Au and with Au near the substrate.

Thus, a rather uneven distribution of Au across the equiatomic FePt
film is obtained. Annealing for 2-15 min only slightly changes the
observed structure, which is consistent with the XRD results (Fig. 1 (d)
and 5 (c-e)). With further increase in annealing time up to 30 min, Au
segregation on the surface occurs during homogenization (Fig. 5 (f)).

Fig. 6 shows the M-H hysteresis loops applying an out-of-plane
applied magnetic field of both trilayers after annealing. An increase in
the I(001)/1(002) ratio of the L1, phase with the rise in the annealing
time leads to an increase in the coercivity to 852 kA/m and 1019 kA/m
in the Fe/Au/Pt and Pt/Au/Fe annealed trilayers, respectively (Figs. 3
and 6). The higher value of the coercivity in the Pt/Au/Fe film can be
explained by the higher degree of chemical ordering.

Interestingly, by comparison of the two trilayer systems employing
Ag and Au interlayers and looking again at the evolution of the depth
profiles upon annealing (see Figs. 2 and 5), we can clearly see a similar
behavior for Fe/Ag/Pt and Pt/Au/Fe as well as for Pt/Ag/Fe and Fe/Au/
Pt. Thus, the situation is inverted with respect to Fe and Pt in the layer
sequence. The reason is given by strong Fe-Au and Pt-Ag initial inter-
mixing, as already observed in similar layer stacks [31,29,32].

This behavior can be partially explained by the higher negative
enthalpy of mixing AH’(’E) of the relevant atomic pairs (see Table 1), as

calculated by Miedema’s model [38].

Despite the more positive value of enthalpy of mixing for the Au-Fe
diffusion pair (8 kJ/mol) compared to Au-Pt (4 kJ/mol), the diffusion of
Fe into the Au layer is faster than that of Pt into Au, which can be
explained by the significantly greater Fe solubility in Au than Pt in Au.

In contrast, for Fe/Ag/Pt and Pt/Ag/Fe the diffusion path is initially
mainly driven by the preferred Pt-Ag intermixing and facilitated by the
mutual insolubility of Ag and Fe.

Results in Surfaces and Interfaces 19 (2025) 100551

Table 1
Values of enthalpy of mixing AH{%) for atomic pairs
calculated by Miedema’s model.

Atomic pair AHPE , kJ/mol
Au-Pt 4

Pt-Ag -1

Fe-Pt -13

Au-Fe 8

Ag-Fe 28

4. Conclusions

In this work, we studied the diffusion-driven phase formation of the
chemically ordered L1, FePt phase upon post-annealing at 700 °C in Fe
(15 nm)/Ag(Au)/Pt(15 nm) and Pt(15 nm)/Ag(Au)/Fe(15 nm) trilayers
employing a 10 nm thick Ag(Au) interlayer. It is shown that in trilayers
using Au the L1 FePt phase formation is enhanced compared to trilayers
using Ag. Depending on the layer stacking, rather different diffusion
paths are obtained. Finally, after annealing for 30 min, the formation of
an almost homogenous hard magnetic L1( FePt phase containing Ag(Au)
in the grain boundaries is observed. In addition, Au(Ag) also segregates
at the top surface or the substrate interface depending on the layer
stacking and their mutual solubility. Interestingly, a similar evolution of
the depth profiles upon annealing resulting in a comparable micro-
structure are observed for Fe/Ag/Pt and Pt/Au/Fe as well as for Pt/Ag/
Fe and Fe/Au/Pt trilayers, which is due to strong Pt-Ag and Fe-Au
initial intermixing. Corresponding to the similar microstructure and
degree of chemical ordering similar coercivities of 1048 kA/m (Fe/Ag/
Pt)/1024 kA/m (Pt/Au/Fe) and 848 kA/m (Pt/Ag/Fe)/856 kA/m (Fe/
Au/Pt) were observed for the post-annealed trilayers. In this regard,
employing different diffusion paths on selected layer stacks is a prom-
ising approach of forming for instance magnetic gradient nanomaterials
with varying magnetic properties along the film thickness which might
be useful for applications.
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Fig. 6. Out-of-plane hysteresis loops of (a, b) Fe(15 nm)/Au(10 nm)/Pt(15 nm) and (c, d) Pt(15 nm)/Au(10 nm)/Fe(15 nm) films after post-annealing at 700 °C for 2

min and 30 min, respectively.
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