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In this study, we apply an original approach to form the PtMn antiferromag-
netic (AFM) phase by using the sequential deposition of Mn and Pt layers on-
to a heated Si/SiO: substrate. At the following, this AFM phase is covered by
the NiFe ferromagnetic (FM) layer to achieve the AFM/FM exchange cou-
pling prominent for spintronic applications. As shown, the thermal stability
of such structure is rather limited: post-deposition annealing at a tempera-
ture close to the blocking one (400°C) results in the complete absence of the
exchange-bias shift of the hysteresis loop. Per contra, the pronounced ex-
change-bias effect is observed in the stack sample with Pt/Mn layer grown on
the substrate heated up to 500°C.

Key words: annealing, structure, PtMn, FeNi, magnetic properties, antifer-
romagnet, coercivity, layered stack.

Y npomy mocaifKeHHI 3aIIPOIIOHOBAHO OPUTiHANBHUY HiAgXin mo ¢hopMyBaHHA
anTudepomaraeTHoi (APM) dasu PtMn miaxom mociaizoBHOTO ocaiKeHHSA
mapiB Mn i Pt va marpity nigkmaguary Si/SiO:. Ha HactynaoMy eTani Ha fa-
ny AD®M-dasy ocamgxeno pepomaraernuii (PM) map NiFe 3 meToro gocarues-
"I APM /DM obMiHHOTO 3B’ A3KY, IMOTPiOHOTO /151 3aCTOCYBAHHA Y IPUCTPOAX
cuiarponiku. IlokasaHo, 1110 TepMiuHa CTIAKiCTh TAaKOi CTPYKTYypU € JOCTAT-
HBbO 0OMEXKeHOI0: BifiTiaa 3a TeMmepaTrypu, 6JU3bKOI IO TeMIepaTypu OJOKY-
BauHs (400°C), mpusBiB 0 MOBHOI BiICYTHOCTH 3CYBY HOJIHOBOI 3aJI€KHOCTH
HaMarHeTOBAaHOCTHU, 3YMOBJIEHOI OOMiHHUM 3B’ sI3KOM. 3 iHIITOr0 OOKY, BUpAas3-
HUH eeKT OOMiHHOTO 3MillleHHsS CIIOCTepiraBcA y 3pasKy 3 mapamu Pt/Mn,
ocamKeHUMU Ha NigKJIaAUHKY, Harpity go 500°C.

Karouosi cioBa: Bizmai, ctpykTypa, PtMn, FeNi, maraeTtHi BmacTuBocTi, am-
TudepoMarHeTuK, KOEPIUTUBHA CUJIA, IIIapyBaTa KOMIIO3UITisd.

(Received 2 July, 2025; in final version, 12 September, 2025 )

1. INTRODUCTION

Layered stacks containing exchange-coupled ferromagnetic (FM) and
antiferromagnetic (AFM) layers are of strong practical interest due to
their widespread applications in modern technologies of nanoelectron-
ics and spintronics [1]. In particular, spin-valve structures are indis-
pensable components of magnetic sensors and information storage de-
vices [2]. Such structures consist of two FM layers separated by a non-
magnetic one. Magnetization of the first FM layer reacts on the exter-
nal field or electric current, while the second one reveals fixed magnet-
ization (in the fields of up to several kOe) due to its strong coupling
with the AFM layer and realization of the exchange bias phenomenon
[3]. This effect is manifested in the shift of the hysteresis loop of the
FM layer along the field axis due to spin configurational relaxation.
Magnitude of this shift—exchange-bias field—decreases with temper-
ature and vanishes at some critical temperature called the blocking
temperature. Therefore, one of the main criteria determining the pos-
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sibility of practical application of the AFM/FM heterostructures with
exchange bias effect is their high thermal stability.

Thus, AFM materials with both high Néel and blocking tempera-
tures are particularly relevant. In this regard, the chemically-ordered
L1,-MnPt phase is attractive due to its high Néel (600°C) and blocking
(400°C) temperatures, pronounced AFM anisotropy (1.4-10% J/m?), and
excellent corrosion resistance[1].

However, MnPt thin films deposited onto room-temperature sub-
strate reveal a disordered A1l structure, paramagnetic properties, and
no coupling with FM layers. Thermal processing of the initially disor-
dered films or sputtering onto heated substrates is necessary to form
the ordered L1o-MnPt phase.

Several approaches are widely used to fabricate AFM MnPt thin
films. For instance, ion beam deposition, allowing precise control over
layer thickness and interface quality, followed by the post-deposition
heat treatment stage, could be used for this purpose. In this regard,
M. Rickart et al. obtained MnPt films via ion-beam deposition onto
Si/SiO; substrates with a Ta buffer layer and showed that both ex-
change coupling with FM CoFe layer and blocking temperature reveal
pronounced dependence on the post-annealing conditions [4].

Molecular beam epitaxy could be used for epitaxial growth of MnPt
films, providing atomically precise chemical composition of thin-film
material, excellent crystalline quality, and a possibility to tune the
thickness and orientation of the film. For instance, Zhiqi Liu et al.
formed high-quality epitaxially grown MnPt films on oxide substrates
(SrTiOs, BaTiOs, or MgAl:0Q,) via molecular-beam epitaxy, revealing a
superiorly large exchange coupling with a FM layer [5].

In addition, conventional magnetron sputter deposition followed by
thermal annealing is often used to promote the L1,-MnPt phase for-
mation. In this case, a single-layer MnPt alloy film is deposited, for
instance, onto glass [6, 7] or Si(100)/SiO; [8] substrates, exhibiting
disordered A1-MnPt phase, which then transforms into the ordered
L1,-MnPt one upon annealing at relatively high temperatures. Such a
processing route, despite its advantages, still requires optimization of
deposition and heat treatment conditions in order to minimize the on-
set temperature of L1, ordering and to control both grain size and ori-
entation.

Alternatively, recently, we have reported an original approach of
L1,-MnPt films’ formation, which consisted in room-temperature dep-
osition of Mn/Pt-based layered stacks, their following annealing in
vacuum at relatively low temperatures (< 400°C) and formation of the
required AFM phase via diffusion-driven structural transitions based
on grain-boundary homogenization mechanism [9]. In particular, we
have provided a quantitative estimation of diffusion coefficients un-
der different mechanisms in Mn/Pt-based stacks with various initial
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configurations of the metal layers.

It is important to note that the formation of the L1,-MnPt phase
governed by the grain boundary diffusion is a technologically relevant
approach. It allows lowering of the processing temperature and pre-
venting undesirable structural changes like recrystallization-induced
coarsening and surface morphology degradation. Moreover, we have
achieved formation of the required L1, phase without application of
additional seed layers and magnetic field during films’ annealing or
cooling, simplifying the technological route.

Considering the high interest in the chemically ordered AFM L1,-
MnPt phase, its coupling with various FM layers has been widely re-
ported. For instance, Pal and Das have recently reported the exchange-
bias field of 6 mT in the annealed MnPt/Gd-based stacks, which was
inversely dependent on the FM-layer thickness [10]. H. W. Chang et al.
have investigated exchange coupling between MnPt and Co layers de-
pending on their stacking sequence [7]. In this study, as commonly ac-
cepted, the MnPt layer has been deposited at room temperature from
the alloy target and the following annealing has been performed to
promote L1, ordering. It was found that the exchange bias field in-
creases with annealing temperature due to the enhancement of the
MnPt phase ordering degree. Moreover, the exchange bias field is
strongly affected by the stacking of MnPt and Co layers (top or bottom
position), caused by different stress/strain states of the layers. The
thermal stability of AFM MnPt and IrMn layers exchange-coupled
with FM CoFe layer has been investigated by Hua Lv et al.[11]. The au-
thors have found that the MnPt alloy layer deposited at room tempera-
ture and subjected to the following annealing reveals a higher blocking
temperature compared to the IrMn alloy after the same deposi-
tion/treatment route.

In a very recent paper by S. Isogami et al., coupled L1, chemically-
ordered FM FePt and AFM MnPt layers have been grown at elevated
temperatures on MgO(001) single crystal substrate, evidencing the
prospect of such stack application for advanced heat-assisted spin-
torque magnetic recording [12].

In the present study, we applied an original approach—sequential
deposition of the individual Mn and Pt layers onto a heated Si/SiO;
substrate—to achieve MnPt alloy formation, and subsequently, a FM
NiFe layer room temperature deposition on the top to investigate the
magnetic behaviour of the formed AFM/FM heterostructure. We have
applied different substrate temperatures (500°C and 600°C) when
growing the Mn/Pt layers in order to reveal their effect on the layers’
homogenization. Moreover, we investigated the thermal stability of
the formed exchange-coupled AFM/FM stack at a relatively high tem-
perature (vacuum annealing at 400°C) close to blocking one by means
of analysis of the structural and magnetic properties change.
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2. EXPERIMENTAL DETAILS

Layered Mn(20 nm)/Pt(24.5 nm)/NiFe(30 nm) stacks were obtained by
DC magnetron sputtering (base pressure: 1-107° mbar, Ar sputter pres-
sure: 3-102 mbar). Mn and Pt layers were deposited separately from
pure metallic targets, at elevated temperature (500°C or 600°C) onto
Si(001)/Si02(100 nm) substrates. After the sample holder had cooled
down to the room temperature, the NiFe alloy layer was deposited at
the top of the film. After that, a heat treatment of the AFM/FM stacks
was performed at 400°C for 30 min in a vacuum of 107% mbar.

Chemical depth profiling of the thin films was performed using the
secondary ion mass spectrometry (SIMS) technique with a primary
beam of negative Cs™ (2 keV) ions at Ion Tof IV device. Phase composi-
tion of the as-deposited and post-annealed films was analysed using x-
ray diffraction (XRD) in 6—260 geometry at Rigaku Ultima IV diffrac-
tometer equipped with CuK, radiation source. Finally, magnetic prop-
erties (M—H-hysteresis loops) of the samples were investigated by vi-
brating sample magnetometry (VSM) at room temperature.

3. RESULTS AND DISCUSSION

Figurel shows the x-ray diffraction patterns of the Mn(20
nm)/Pt(24.5 nm)/NiFe(30 nm) stack after deposition at various sub-
strate temperatures (Fig. 1, a, b) and post-annealing in a vacuum at
400°C for 30 min (Fig. 1, c,d). The pronounced diffraction peaks of
PtMn(111) and PtMn(200), as well as FeNi(111), are clearly seen in the
XRD patterns of the as-deposited films regardless of the deposition
temperature (Fig. 1, a, b). These results confirm that elevated temper-
atures used for Pt and Mn layers deposition are enough for activation
of diffusion interaction between these elements and formation of PtMn
alloy. It should be noted that no noticeable effect of the substrate tem-
perature on the angle position and intensity of the mentioned diffrac-
tion peaks was detected. PtMn alloy exhibits a disordered cubic crystal
structure in the as-deposited state, which is evidenced by the absence
of superlattice peaks. This indicates that despite a relatively high sub-
strate temperature, just heating the substrate is not enough for chemi-
cal ordering of the PtMn alloy.

Figure 2 shows the SIMS chemical depth profiles of the investigated
Mn(20 nm)/Pt(24.5 nm)/NiFe(30 nm) stacks after deposition at vari-
ous substrate temperatures and post-annealing in a vacuum at 400°C
for 30 min. These data are displayed as secondary ions emission inten-
sity as a function of sputtering time, which is related to the film depth.
As can be seen, there are relatively sharp interfaces between the top
FeNi and bottom PtMn layers in the as-deposited samples (Fig. 2, a, b).
At the same time, Mn and Pt are already intermixed in the as-deposited
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Fig. 1. XRD patterns of the sub/Mn(20 nm)/Pt(24.5 nm)/NiFe(30 nm) stack
after deposition at various substrate temperatures and post-annealing in a
vacuum at 400°C for 30 min.

samples that is well agreed with XRD data and is related to the for-
mation of the relatively homogeneous PtMn-alloy layer.

In addition, it should be noted that the distribution of Ni and Fe
through the top NiFe layer is fully homogeneous. An increase in the
substrate temperature during deposition of Pt and Mn layers up to
600°C results in more uniform Pt distribution, while deposition at
500°C results in increased Pt concentration at the near-substrate re-
gion.

Annealing in vacuum at 400°C of the Mn(20nm)/Pt(24.5
nm)/NiFe(30 nm) stack leads to formation of the ternary
Feo.sMno.2Nio.3 compound with a face-centred crystal structure and L1,
ordering of the PtMn alloy, resulting in tetragonal distortion of its lat-
tice (Fig. 1, ¢, d). Moreover, heat treatment leads to the whole homog-
enization of Pt, Fe, and Ni, as well as close-to-homogeneous spatial dis-
tribution of Mn through the film depth (Fig. 2, ¢, d). This indicates
that the phase composition and distribution of the chemical elements
of the formed stacks are not stable under temperatures close to the
blocking one. Moreover, higher temperature of Pt/Mn layer deposition
(600°C) leads to more uniform Mn distribution through the depth of
the post-annealed stack.
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Fig.2. SIMS chemical depth profiles of the sub/Mn(20nm)/Pt(24.5
nm)/NiFe(30 nm) stack after deposition at various substrate temperatures
and annealing at 400°C for 30 min.

Figure 3 shows the VSM M-H-hysteresis loops of the Mn(20
nm)/Pt(24.5 nm)/NiFe(30 nm) stacks deposited at various tempera-
tures and subjected to the following annealing in vacuum. As can be
seen in Fig. 3, a, the only case when the exchange-bias shift of the hys-
teresis loop is observed (in the magnetic field applied perpendicular to
the film plane) is the sample deposited at 500°C. The value of this shift
is 103 Oe in the direction of the positive field. Notably, this bias shift
is not detected anymore after post-annealing of the sample. Further-
more, there is no exchange-bias shift for either the as-prepared stack
deposited at higher substrate temperature, or the post-annealed
stacks.

The in-plane magnetic anisotropy is typical for all investigated cas-
es—magnetization is much higher in the case of the external field ap-
plied parallel to the film surface compared to a perpendicular one. This
is quite common for thin films, exhibiting an easy magnetization axis
that lies in the film plane. For the as-deposited samples, coercivity is
higher for a perpendicularly applied field. At the same time, as has al-
ready been mentioned above, the post-annealing process leads to the
vanishing of the exchange-bias shift. Moreover, post-annealed samples
revealed lower magnetization and higher coercivity measured in the
parallel field. As follows from the analysis of XRD and SIMS data,
such annealing-induced changes in magnetic behaviour are attributed
to drastic modification of the phase composition and elemental redis-
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Fig. 3. VSM M—H-hysteresis loops of sub/Mn(20 nm)/Pt(24.5 nm)/NiFe(30 nm)
stack after deposition at various substrate temperatures and post-annealing
in a vacuum at 400°C for 30 min.

tribution as a result of heat treatment.

Magnetic characterization data indicate that the only sample
demonstrating the exchange-bias shift among all thin films under
study is the one deposited on the substrate heated to 500°C (Fig. 3, a).
According to the SIMS depth profiling data (Fig. 2, a), this is the only
sample where no diffusion of either Mn or Pt to the ferromagnetic
NiFe layer is detected. Therefore, the integrity of the FM/AFM inter-
face, when the diffusion intermixing between the AFM and FM mate-
rials is frozen, is crucial for the realization of the exchange bias phe-
nomenon. When the substrate is heated to a higher temperature
(600°C), the Mn-atoms’ diffusion into the FeNi layer becomes more pro-
nounced (Fig. 2, b), which eliminates the exchange bias (Fig. 3, b). Simi-
larly, in both post-deposition annealed stacks, the FM/AFM interfaces
are blurred (Fig. 2, ¢, d) due to the intensive diffusion of both Pt and Mn
atoms towards the upper FeNi layer. Furthermore, higher substrate
temperature as well as the post-annealing should negatively affect both
the grain size and the interfacial roughness between metal layers, which
can also contribute to the disappearance of the exchange bias shift.

Another point which is worth noting is that the exchange bias is ob-
served in the sample, which, according to the XRD data (Fig. 1, a), is
characterized by the disordered PtMn structure. As has already been
mentioned, typically, the exchange bias is realized in the presence of
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the chemically ordered L1, ferromagnetic phase. Therefore, it is most
likely that the PtMn phase formed upon deposition of the initially lay-
ered stack at 500°C is characterized by a short-range ordering, which
cannot be detected by XRD. Short-range ordering is not particularly
new in thin films, for instance, it has already been observed in Pt/Co
stacks upon annealing above 400°C[13].

It is also noticeable that the exchange bias disappears (Fig. 3, c¢) up-
on post-annealing of the sample deposited at 500°C, despite the corre-
sponding XRD data showing the annealing-induced formation of the
Llo-ordered phase. It is likely that the ordered phase formed during
post-annealing is distributed in the film volume, not as a single layer
but rather as island-type inclusions, which would not yield the ex-
change bias with the FM layer.

4. CONCLUSION

Thin films composed of exchange-coupled ferromagnetic (FM) and an-
tiferromagnetic (AFM) layers are of high application interest due to
their widespread use in magnetic sensors and magnetic storage devic-
es. In this study, we intended to explore the thermal stability of the
structural and magnetic characteristics of the AFM/FM structure,
consisting of MnPt (AFM) and FeNi (FM) layers. For this purpose, we
applied the following steps: (i) sequential deposition of the Mn and Pt
layers onto a heated up to 500°C and 600°C Si/SiO; substrate, which
was followed by (ii) the room-temperature deposition of the top NiFe
layer, and then, (iii) vacuum post-annealing at 400°C for 30 min. As
has been shown by means of the structural analysis and chemical depth
profiling, regardless of the deposition temperature, the as-received
stacks are characterized by the disordered MnPt structure covered by
the homogeneous FeNi layer. However, the significant effect of sub-
strate temperature has been found in the magnetic properties’ behav-
iour: the only sample demonstrated pronounced exchange-bias effect
in the perpendicular magnetic field was the one sputtered at 500°C,
whereas the post-annealing resulted in the loss of this effect. Never-
theless, it is notably that the samples subjected to post-growth anneal-
ing revealed an increased coercivity in the parallel magnetic field, in-
dicating the temperature-induced change of the magnetic behaviour.

The work was supported by the Ministry of Education and Science of
Ukraine (projects 0123U101257 and 0124U001266).
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