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Abstract

Co-Pt thin films gained particular interest for applications in magnetic data storage and
spintronics. Here, we report on the modification of structural and magnetic properties of Pt/Co
bilayer stacks after 110 keV Kr™ irradiation with ion fluence varied from 1 x 10'* ions cm~2 to
1 x 10" ions cm~2 followed by post-irradiation annealing at 550 °C for 30 min. Structural
characterization revealed that ion irradiation alone induces layers intermixing, leading to the
formation of an equiatomic and Pt-rich Co—Pt solid solutions of varied atomic concentrations
depending on the applied fluence. Post-annealing changes the fraction of these phases but does
not result in the formation of a single phase sample. The coexistence of two magnetic phases
makes the interpretation of the magnetic properties cumbersome. We observe a decrease of the
effective magnetization with fluence, which corresponds to the transformation of the elemental
Co in the initial stacks into Co—Pt alloy. The effective thickness of the magnetic phase increases
with ion beam and thermal processing from about the nominal thickness of the Co layer to the
thickness of the entire layer stack. By comparing the results of the Kr' irradiation of Pt/Co
bilayers with the literature data on the irradiation with lighter Ar* and N ions, we demonstrate
versatility of the ion beam techniques in tailoring the material properties of Co—Pt systems in a
broad range, which can be adjusted with respect to a specific application.
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1. Introduction

Ion irradiation stands as one of the key materials science
approaches, enabling the precise exposure of materials to
energetic ion beams [1]. This technique is widely used in
semiconductor technologies [2, 3], photo- and electrocata-
Iytic applications [4], surface hardening [5-8], modification
of materials physical properties [9, 10], surface etching and
depth profiling in materials analysis [11, 12] to name just a
few. Fundamentally, the study of ion beam treatment of differ-
ent material families provides understanding of atomic-level
processes [13], material transformation [14, 15], and effects
of radiation-induced damage [16].

Irradiation by light and heavy projectiles is also widely
applied to modify properties of magnetic materials includ-
ing technologically relevant magnetic thin films [17], such
as Fe-Rh [18], Ni-Fe [19], Mn—-As [20], Mn—Ga [21], Mn-
Al [22]. The irradiation effect on thin films is complex,
involving numerous processes such as atomic displacement,
ion implantation, clustering, and mixing. At elevated fluence
and/or energy of ion beam, the transfer of kinetic energy
from incident particles to the irradiated surface may cause
changes in its chemical and phase composition, thus affect-
ing the structural and magnetic properties of the material. For
instance, Gupta et al have observed an increase of the lat-
tice parameter, a pronounced improvement of crystallinity,
and an enlargement in the coercivity in permalloy (Niy9Fe;;)
thin films after they have been irradiated by 75 keV Ar*
and 140 keV Kr* ions [23]. Hasegawa et al have reported
the structural transition from L1y to Al phase in FePt thin
films upon irradiation by 2-35 keV B™, Cr™, Ga™, and Nb*
ions [24]. Notably, for heavier ions (i.e. Ga*, Nb™1), a flu-
ence of 0.05 at.% (8 x 10'3 ions cm—2) was sufficient for
L1y — Al structural transition, while a significantly higher
fluence of 1 at.% was required for lighter ions (i.e. BT, Cr™).
At the same time, a substantial increase of the surface rough-
ness has been observed for samples treated with heavier ions,
whereas no appreciable changes were observed for the case of
light ions. Generally, heavier ions typically produce more pro-
nounced collision-induced intermixing and surface roughness
compared to lighter ions [17].

Among different magnetic materials, the Co-Pt system
is of particular interest. These materials combine excellent
corrosion resistance with highly tunable magnetic properties,
making them promising candidates for applications in mag-
netic storage and memory devices [25—-35]. Furthermore, they
are extensively explored in spintronics, including exchange-
coupled composites [36-38], spin valves [29], terahertz (THz)

emitters [39], and spin—orbit torque devices [40]. A signific-
ant amount of research has focused on using low-to-medium
energy ion irradiation to modify the magnetic properties of
Co-Pt thin films. For these purposes, ions such as Art, Ga™,
and He™ are often utilized under various processing conditions
[41-43]. The use of various types of projectiles results in dif-
ferent effects on the characteristics of the irradiated Co-Pt
material. For instance, the irradiation of Co/Pt multilayered
stacks with Ar™" ions has been applied to change the orient-
ation of magnetization [41] and enhance the coercivity [42,
44]. The effect of irradiation with Ga™ and He' ions in a
wide range of fluences (10''-10'7 ions cm~2) and energy up
to 2 MeV is mainly manifested in a decrease in the coer-
cive field due to interface intermixing [42]. Raj er al have
recently reported that He™ ion irradiation of Pt/Co/Pt stack can
be effectively applied to achieve the balance between weaker
Dzyaloshinskii—-Moriya interaction, chiral damping, and suffi-
ciently strong perpendicular magnetic anisotropy [45]. Walia
et al [27] explored swift heavy (120 MeV Ag*?) ion irradi-
ation of Co/Pt multilayers to induce L1, ordering in CoPt alloy
at a fluence of 1 x 10'3 ions cm—2, whereas films subjected to
higher fluence of 3 x 10'® ions cm~? retained the disordered
cubic structure. These results indicate the necessity of a pre-
cise control over applied ion fluence for effective tailoring of
the structural and magnetic properties of Co/Pt stacks.

It is notable that most of the previous studies were focused
on the effect of ion irradiation on the structural and mag-
netic characteristics of Co/Pt layer stacks. Recently, the
effect of combined influence of irradiation with thermal post-
irradiation annealing started to gain attention as this approach
enables higher flexibility in tailoring the material properties
[46]. In particular, it has been shown that applying 110 keV
pre-irradiation of the Pt(10 nm)/Co(10 nm) bilayered stacks
with N and Ar™ ions prior to thermal post-annealing at
550 °C for 30 min has resulted in slowdown of the layers’
diffusion intermixing compared to the single-stage anneal-
ing performed at the same conditions. This phenomenon has
been associated with the presence of a moderate number of
implanted projectiles that hinder the mobility of Co and Pt
atoms at the annealing stage. In turn, the presence of the
remaining Pt between the grains of ferromagnetic A1-CoPt
phase in thin-film samples caused an increase in coercive field
of up to 38%. The effect on diffusion and magnetic proper-
ties was more pronounced in the samples irradiated with Ar™
projectiles compared to N™ ions due to larger atomic radius
and mass of Ar™ ions. These studies stimulate further explor-
ations of the modification of structural and magnetic properties
of Pt/Co stacks irradiated with heavier ions. In particular, due
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to the chemical inertness and relatively high mass, Kr' ions
can effectively transfer energy to the lattice and may be useful
for creating crystal lattice defects without inducing chemical
doping [47]. This makes them particularly suitable for indu-
cing layer intermixing [48] and defect engineering both in bulk
[49] and nanoscale materials [50]. Compared to lighter ions,
heavy Kr* can provide higher recoil energy to a smaller irra-
diated area, which reduces the sputtering yield. Furthermore,
Kr* allows for the production of high dose rates in short irra-
diation times and is very efficient at producing dense cascades
[51]. Som et al [52] have reported that the irradiation of Co/Pt
multilayers with 100 keV Kr* ions induces defect cluster-
ing, ion-induced mixing across the layers’ interfaces, and the
formation of an ordered/disordered CoPt phase. Another study
by the same group [53] explored the radiation-enhanced dif-
fusion in Co/Pt bilayers under irradiation with 50 keV Ar*
and 200 keV Kr* ions at different temperatures. The most
pronounced effect of enhancement in both the coercivity and
the effective magnetic anisotropy was revealed for the case
of KrT irradiation at 200 °C. In comparison to these results,
where authors observed the co-existence of CoPt and CoPt;
phases, their following work [44] demonstrated the possibility
to form only the equiatomic CoPt phase by tuning the irradi-
ation conditions.

Here, we investigated experimentally the effect of 110 keV
Kr ion pre-irradiation of Pt/Co bilayered stacks at three vari-
ous fluences (1 x 10" jons cm~2, 5 x 10 ions cm~2, and
1 x 10" jons cm™?) followed by post-annealing of the thin-
film samples in vacuum at 550 °C for 30 min. The effect of
Kr™ ion irradiation on structural and magnetic characteristics
was revealed by comparing the samples at all stages of pro-
cessing: (i) just after deposition, (ii) after ion irradiation, (iii)
after single-stage annealing, and (iv) after ion irradiation fol-
lowed by post-annealing. We found that the initial Kr+ irra-
diation of Co/Pt bilayers induces the formation of Co—Pt solid
solutions, with the atomic ratio of the components being tun-
able depending on the ion fluence and thermal post-annealing.
These phases are found to co-exist in the samples, which
makes identification of integral magnetic properties based on
conventional magnetometry measurements challenging. We
combined ferromagnetic resonance (FMR) analysis with the
vibrating sample magnetometry (VSM) data to determine the
evolution of the effective magnetization and coercive field as
well as the effective thickness of the magnetic phase in the
samples subjected to different ion irradiation and annealing
treatments.

2. Experimental procedure

The Pt(10 nm)/Co(10 nm)/substrate bilayered stacks were
prepared on SiO,/Si(001) substrates at room temperature
using the magnetron sputtering technique. The deposition was
accomplished by sequential RF sputtering of Co and DC
sputtering of Pt from individual high-purity (99.9%) metal

targets with deposition rates of 1.5 A s~' and 2 A s~ !, respect-
ively. The sputtering pressure of Ar plasma upon deposition
was 8 x 10~* mbar while base pressure in the chamber was
maintained at 5 x 10~* mbar. A cross-sectional transmission
electron microscopy imaging of the as-deposited stack reveals
a sharp interface between deposited layers and confirms their
actual thickness (10 nm) [46, 54]. The as-prepared samples
were irradiated with 110 keV KrT ions at Balzers MPB
202 ion implanter at three fluences of 1 x 10'* ions cm—2,
5 x 10" ions cm™2, and 1 x 10" ions cm~2. Upon ion
irradiation, the samples were mounted on a massive (80 cm
in diameter and 12 cm in height) aluminum carousel, ensur-
ing efficient heat dissipation and limiting the sample temper-
ature rise not exceeding 5 °C for all applied fluences. The
distribution of implanted ions through the depth of the film
as a result of the ion irradiation with chosen parameters was
simulated using SRIM/TRIM2010 software [55]. Various flu-
ences were chosen aiming to achieve different concentrations
of implanted ions and formation of structural defects, yet
avoiding severe surface etching [56]. After irradiation, stacks
were post-annealed at 550 °C for 30 min in vacuum of 107
mbar and subsequently analyzed alongside the non-irradiated
samples that underwent the same single-stage annealing.

The structural analysis and phase identification of the
samples after deposition and different processing stages were
analyzed using the x-ray diffraction (XRD) technique at
Rigaku Ultima IV diffractometer (Cu-K« radiation) in Bragg-
Brentano 6-260 geometry. XRD spectra were taken in the 26
range of 20°-60° with a step of 0.02 ° per 2 s at an oper-
ating voltage of 30 kV and current of 20 mA. For a more
precise phase identification, an additional measurement was
performed in the 26 range of 38°-45° with a step of 0.01°
per 4 s at operating parameters of 40 kV and 40 mA. The
diffraction peaks in the obtained spectra were deconvoluted
using a Gaussian function. The atomic concentrations in the
Co-Pt alloy formed upon irradiation/annealing were estim-
ated based on the Vegard’s approximation law by using the
crystal data for Co, CoszPt, CoPt, CoPts, Pt phases from the
Powder Diffraction File database (ICDD PDF-2 2025, cards
#01-070-2057, #01-071-7410, #03-065-8970, #01-071-7411,
#00-015-0806). Ion irradiation is known to induce radiation
defects such as vacancies, interstitials, atomic clusters, and
voids. Based on the TEM data taken on sister samples to
those discussed in the present paper [46], the thin films are
dense. Furthermore, we note that the estimated lattice con-
stants as a function of the CoPt alloy composition agree well
with data reported previously [57, 58] (figure S1 in the sup-
plementary information). Hence, we do not expect that the
contribution from irradiation-induced defects to the overall
sample composition is major. Therefore, the reported chem-
ical composition of the Co—Pt alloy corresponds to the equi-
librium Co;_,Pt, concentration. Surface morphology of the
stacks after deposition and subjected to the various processing
conditions was examined by atomic force microscopy (AFM)
using a NanoScope IIla Dimension 3000 scanning probe
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microscope. The AFM measurements were performed in tap-
ping mode with silicon tips having a nominal apex radius of
~10 nm (Bruker, TESP-V2). Secondary ion mass spectro-
metry (SIMS) technique at Ion ToF IV device was employed
for chemical depth profiling using a beam of primary 2 keV
Cs™ ions. The following parameters were used for SIMS
depth profiling: beam current of ~130 nA and sputter area of
~350 x 350 pm?, providing the beam power of ~0.26 mW
and corresponding to a heat flux density of ~0.21 W cm™2.
Such a low heat flux density leads only to negligible local tem-
perature rise during the measurement, keeping the sample at
nearly room temperature. The magnetic characteristics were
studied at room temperature, applying VSM measurements at
in-plane and out-of-plane magnetic fields up to 1 kOe. The
FMR analysis was carried out at Bruker ELEXYS-E500 X-
band (9.86 GHz) spectrometer equipped with an automated
goniometer. The angular step (6) was set to 1° near the film
normal (low 6 region) and 10° over the remaining angular
range.

3. Results and discussion

3.1. Structural & chemical characterization

The left part of figure 1 shows a wide-range (26 from 20° to
60°) XRD scans of Pt/Co stacks in their as-deposited state (a),
after ion pre-irradiation with various fluences (b)—(d), single-
stage annealing (e), and pre-irradiation followed by annealing
(f)—(h). Short-range (260 from 38° to 45°) deconvoluted spec-
tra are shown in front of each wide-range scan in the right part
of figure 1 (panels (i)—(p)). The diffraction pattern of the as-
deposited sample is dominated by a (111) peak at 39.8° cor-
responding to the face-centered cubic Pt. A detailed structural
characterization of the as-deposited Co—Pt samples is presen-
ted in [46]. In particular, the average grain size of Pt was found
to be 9 nm, and the lattice constant was ~3.92 A. It is most
likely that peaks from the Co phase are not observed due to its
atomic scattering factor and relatively high linear attenuation
coefficient in Cu radiation [59]. The corresponding chemical
depth profile of the as-deposited stack (figure 2(a)) shows a
relatively sharp interface between Pt and Co layers, thus con-
firming the bi-layered structure of the sputtered film stack. The
metal’s interface region also yields a signal from the CoPt
complex ion, which is associated with the interfacial rough-
ness. It is worth noting that while the actual thickness of the
two metal layers being the same (10 nm), the Pt signal at the
depth profile is narrower (e.g. its total sputtering duration is
less) compared to Co, which is due to the difference in metals’
sputtering yields [60]. A signal at the atomic mass close to Si,
which is observed at the outer surface, does not belong to the
substrate but is rather a measurement artefact related to the
presence of surface contaminants with an atomic mass similar
to the Si species [46].

After ion irradiation of Pt/Co bilayer (without annealing),
the shift of Pt(111) diffraction peak towards higher 26 angles

(figures 1(b)—(d) and (j)—(1)) indicates a progressive intermix-
ing of the Co and Pt components and the alloying process res-
ulting in the formation of CojoPtog, CojcPtss, and CopsPtys
phases. The right shoulder of this peak in the spectra of
each irradiated sample corresponds to the formation of a low
amount of CosgPtsy equiatomic phase. At the same time, the
presence of a low-intensity (111) peak from Pt is still detect-
able in the diffraction patterns of all the irradiated stacks. The
observed formation of Co-containing phases indicates that the
diffusion intermixing between metals is taking place under
Krt irradiation, and the increase of the irradiation fluence
induces more intense intermixing. This fits well with the SIMS
chemical depth profiling data, where Co diffusion into the Pt
layer is clearly seen for all irradiated samples (figure 2(c)—
(g)). A metals intermixing is also evidenced in the broaden-
ing of the signal from the complex CoPt ion for the irradiated
films (figures 2(c)—(g)). The appearance of CoPt™ signal in the
ToF-SIMS data is caused by the formation of cluster ions dur-
ing the sputtering and ionization processes. While the CoPt™
signal cannot be considered as a reliable quantitative meas-
ure of the local Co/Pt ratio, its appearance in the SIMS spec-
tra indicates the regions with interacted Co and Pt. Again, the
higher the ion fluence, the wider the CoPt complex ion sig-
nal is, indicating a more intense metals’ interdiffusion. It can
also be seen that with the increase in the ion fluence, the total
sputtering time of the stack became shorter, which is attributed
either to a difference in the sputtering rates of the initial pure
metals and the formed Co-Pt alloy phase or to the difference
in the defect formation. For the later, a higher fluence yields
more atomic cascades and structural defects, which weaken
interatomic bonds and thus simplify the atoms to be sputtered
upon SIMS depth profiling.

The XRD scan of the single-stage annealed sample
(figures 1(e)—(m)) reveals the coexistence of two Co Pt phases,
Cos4Ptye and CosoPtsg, which exhibit comparable diffraction
peak intensities and nearly equiatomic compositions. These
phases are most likely laterally separated, with slight differ-
ences in chemical composition arising from local variations in
the Co/Pt thickness ratio. This interpretation is consistent with
the SIMS data: the corresponding depth profile (figure 2(b))
demonstrates a complete homogenization of the elemental
composition, indicating that the Co Pt phases detected by XRD
are uniformly distributed throughout the entire film volume.
The SIMS depth profiling data also show that the total sput-
tering duration of the annealed-only sample (figure 2(b)) is
shorter than that of the as-deposited bilayer stack (figure 2(a)),
which is most likely due to the difference in the sputtering rates
of the initial pure metals and the formed Co—Pt alloy phase
combined with the volumetric contraction of the film result-
ing from the relaxation of internal stresses and the annihilation
of structural defects. This densification process results from
atomic rearrangements that reduce free volume and minimize
the film’s overall energy state.

After irradiation followed by annealing, the phase compos-
ition is more uneven. The XRD patterns from all pre-irradiated
and post-annealed samples (figures 1(f)—(h) and (n)—(p)) show
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Figure 1. XRD patterns of the Pt(10 nm)/Co(10 nm)/sub. Stacks after deposition (a), (i), pre-irradiation (b)—(d), (j)—(1), single-stage
annealing (e), (m), and pre-irradiation followed by post-annealing (f)—(h), (n)—(p).
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Figure 2. SIMS chemical depth profiles of the Pt(10 nm)/Co(10 nm)/sub. stack after deposition (a), pre-irradiation (c), (e), (g), single-stage
annealing (b), and pre-irradiation followed by post-annealing (d), (f), (h).

the presence of Pt-rich alloys with the Co content rising from
14% for the lowest fluence to 25% for the highest fluence.
Furthermore, besides a Pt-rich alloy, the diffraction peak of
the near-equiatomic phase is detected. It shifts towards higher
angles for higher fluences, indicating an increase of the Co
content in this phase: 55% for the lowest fluence and 60%
for the highest one. SIMS chemical depth profiles of the pre-
irradiated and post-annealed samples (figures 1(d), (f) and
(h)) demonstrate less homogeneous Pt distribution through
the stack thickness compared to the single-stage annealing
(figure 2(b)).

Despite a pronounced diffusion-driven intermixing, the sur-
face morphology of the samples after post-deposition irra-
diation and thermal processing remains largely unchanged
(figures S2—-S4 in the supplementary information). AFM meas-
urements show that the as-deposited stack exhibits a smooth

surface morphology with an RMS roughness of 0.15 nm. Post-
deposition ion and/or thermal treatments result only in a slight
increase of the surface roughness, with RMS values ranging
from 0.45 nm to 0.65 nm, depending on the specific pro-
cessing conditions. This morphological stability of ion- and/or
thermally-modified material can be desirable for applications
in magnetic and spintronic technologies.

Both XRD and SIMS data indicate that the diffusion inter-
mixing between the Pt and Co layers is affected by the ion
implantation and directly depends on its fluence. It follows
from the SRIM/TRIM simulation data (figure 3) that the
expected Kr concentrations in both metal layers are an order
of magnitude higher at the highest fluence (peak concentra-
tions are 1.6 x 10% at cm™3 and 2.5 x 10%* at cm~3 in
Pt and Co layers, respectively) than for the lowest one (cor-
responding peak concentrations are 2.0 x 10! at cm~3 and
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Figure 3. SRIM/TRIM simulation of the concentration of
implanted Kr™ ions as a function of the depth into the
Pt(10 nm)/Co(10 nm)/sub. stack for three fluences.

2.5 x 10" at cm—3). It is worth noting that the performed sim-
ulations suggest that most of the Kr™ projectiles stop within
the metal layers rather than penetrating into the substrate, as it
was observed for the samples irradiated with lighter N* and
Ar™ ions [46]. This behavior is attributed to a larger atomic
radius and mass of Kr.

The analysis of the XRD, SIMS, and SRIM data suggests
that the effect of Kr irradiation on the diffusion intermix-
ing is dual in nature and temperature dependent. The irra-
diation alone promotes an interdiffusion between metal lay-
ers, with a stronger intermixing at higher fluences. At this
stage, the transfer of kinetic energy from Kr™ projectiles to
metal atoms plays a decisive role. However, upon subsequent
post-annealing, the atomic composition of the Pt-rich phases
(figure 1(j)—(i)), which have already formed during irradiation,
remains nearly unchanged (figures 1(n)—(p)). Moreover, the
atomic composition of the initially equiatomic phase shifts
toward a higher Co content (figures 1(n)—(p)). These observa-
tions indicate that implanted Kr atoms may suppress a further
composition homogenization during the following annealing
process. The observed modification of the phase composition
of the as-prepared Pt/Co bilayer stacks after pre-irradiation
and post-annealing is visualized in the schematics shown in
figure 4.

3.2. Magnetic characterization

Figure 5 demonstrates the FMR data in terms of the res-
onance field as a function of polar angle. The continuous
red line (figure 5) is the fit to the measured resonance fields
obtained from the solution of the Landau-Lifshitz equation
for different polar angles. The measurements are done of

the samples after deposition, pre-irradiation at different flu-
ences of as-prepared bilayers, post-deposition annealing, and
pre-irradiation followed by post-annealing. Figure 6 shows
VSM M-H magnetic hysteresis loops of all the stacks under
study. These hysteresis loops in all cases are characterized
by a pronounced in-plane magnetic anisotropy. The compar-
ative representation of the FMR and VSM data is summar-
ized in figures 7 and 8, demonstrating the dependencies of the
resonance linewidth, coercivity, effective magnetization, and
areal moment density as a function of the samples’ treatment
regimes.

The in-plane coercivity extracted from the VSM data
increases after ion pre-irradiation, rising from 9 Oe in the as-
deposited state to 122 Oe at the highest fluence (figure 7(c)).
In the heat-treated samples, the highest coercivity of 308 Oe
is observed following a single-stage annealing (figure 7(d)).
For the pre-irradiated and subsequently annealed samples, the
coercivity ranges from 188 Oe to 204 Oe, depending on the
fluence. The resonance linewidth measured by FMR exhib-
its a similar trend, increasing significantly with the fluence
and reaching 580 Oe for the highest fluence (figure 7(a)). In
the annealed samples, the linewidth initially decreases for the
samples irradiated at fluences of 1 x 10' ions cm™? and
5 x 10" ions cm™2, but then increases sharply to 1280 Oe
at the highest fluence (figure 7(b)). The correspondence of
these parameters indicates an increase in the anisotropy field
in the pre-irradiated as well as pre-irradiated and subsequently
annealed samples with increasing the irradiation fluence. The
rise in the anisotropy field leads to a broadening of the res-
onance lines and is also related to the coercivity enhance-
ment through the equation derived from the Stoner—Wohlfarth
model for coherent magnetization rotation [61]: H. = 0.32 H,.
It is also worth noting that the FMR linewidth depends not
only on the magnetic anisotropy. The presence of inclusions
with varying saturation magnetization leads to a linewidth
broadening. Additionally, the broadening increases in the pres-
ence of non-magnetic inclusions (defects induced by irradi-
ation and Co-Pt phases with low concentration of Co, which
are nonmagnetic) due to local stray fields formed around such
inclusions [62].

The effective magnetization (i.e. magnetic moment per
sample’s volume) derived from the FMR spectra (figure 5)
is found to decrease with increasing the ion fluence—from
1210 emu cm ™~ in the as-deposited state to 800 emu cm ™ at
the highest fluence (figure 8(a)). A similar decline is observed
for the samples subjected to thermal annealing, where the
effective magnetization decreases from 960 emu cm™ to
695 emu cm 3 (figure 8(b)). It is important to note that FMR
collects the information from magnetic phases only. Without
intermixing of the layers, the effective magnetization determ-
ined from FMR corresponds mainly to the magnetization of
the pure Co layer. A mixing of Co and Pt with the formation
of a CoPt phase, having a lower saturation magnetization in
comparison with pure Co, lowers the effective magnetization
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measured in FMR experiments. Besides, the presence of non-
magnetic inclusions in the formed CoPt phase could lead
to a decrease in the demagnetizing factor perpendicular to
the film plane [63], which can also decrease the effective
magnetization. The presence of the (111) texture in a nano-
crystalline film indicates that the in-plane part of the cubic
anisotropy is averaging out and only an out-of-plane compon-
ent remains finite and can add to the perpendicular anisotropy.
Based on our analysis, the corresponding anisotropy field is
at most 1 kOe, which is less than 10% of the shape anisotropy
field. When determining the saturation magnetization based on
the FMR data, we neglect these effects, which could result in
a slight underestimation of the saturation magnetization.
Since the FMR allows detecting signals from the ferro-
magnetic phase only, it can be inferred that, although the Co
concentration in Pt-rich Co—Pt phases increases with rising
irradiation fluence, the primary factor driving the change in
the magnetic properties of the pre-irradiated stacks is the
enhanced formation of the A1-CoPt (CosoPtsy) phase. This
phase emerges due to a more intense Co—Pt intermixing, which
is directly induced by the Kr™ ion fluence. The absence of the
FMR signals from the Pt-rich Co—Pt phases is likely attrib-
uted to their Curie temperatures being below room temper-
ature, rendering them paramagnetic under the measurement

conditions [64]. In the case of the single-stage annealed stack
(without pre-irradiation), the XRD analysis (figures 1(e)—(m))
reveals the coexistence of CosgPtsy and Cos4Ptsg phases. As
a result of a modest 4% difference in the Co content, these
phases exhibit similar magnetic properties. When irradiation
is applied before annealing, Pt-rich phases are retained in
the stacks. Given that the equiatomic A1-CoPt phase pos-
sesses larger coercivity compared to pure Co [65], all treated
samples reveal larger in-plane coercive field compared to
the as-deposited bilayer. Similarly, the samples subjected to
the pre-irradiation and annealing show smaller coercivity and
narrower resonance linewidth compared to the single-stage
annealed stack (figures 7(b)—(d)).

Due to a complex distribution of magnetic phases within
the thin films and the unknown thickness of the formed mag-
netic phases after various treatment modes, a direct estimation
of the magnetization from the VSM measurements is chal-
lenging. Therefore, for the VSM data we provide analysis of
the areal moment density, which is calculated by dividing the
total magnetic moment measured by VSM by the sample area
(figures 8(c) and (d)). For the as-deposited stack, the areal
moment density extracted from the VSM data is 1.1 x 1073
emu cm > (figure 8(c)). This value is attributed mainly to the
ferromagnetic Co phase as well as to a possible contribution
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Table 1. Saturation magnetization and coercivity of the Co—Pt alloy as a function of its elemental composition. For reference, the saturation

magnetization of Co is 1420 emu cm ™.

Composition Ms, emu cm™3 H¢, Oe

Co/Pt as-dep. ~380 [65] <10 [65]

CoioPtgg <100 [66] 100 [67, 68]
~70 [66]

Coi6Pts4 <200 [66, 69] ~ 100 [68]
~200 [70]

CoysPtys ~300 [66,69] 550 [67]
~350 [70] 800 [68]

CosoPts ~600-650 [65] 300400 [65]
~668 [71] 350-470 [72]
700 [70]

Cos4Ptyg ~600-800 [66, 69] ~1700 [68]
500 [73]
~715 [70]

CossPtys ~650-850 [66, 69] ~1700 [68]
525 [73]
~730 [70]

Cos7Pty3 ~700-850 [66, 69] ~1700 [68]
560 [73]
750 [70]

CogoPtso ~750 [69] 800 [70] ~1600 [68]

~1000 [74]

of Pt which could be polarized due to the proximity with Co.
Upon irradiation, significant intermixing between the metal
layers occurs, leading to the formation of a Pt-rich Co—Pt alloy
and a moderate fraction of the Al-type CosoPtsy phase. The
areal moment density of the irradiated samples shows a slight
increase, reaching 1.2 x 103 emu cm™ at the maximum flu-
ence of 1 x 10'* ions cm™? (figure 8(c)). A more pronounced
enhancement is observed after subsequent annealing, with the
areal moment density increasing to 1.53 x 1073 emu cm™2 for
the samples processed at the highest fluence (figure 8(d)).

The observed changes in the magnetization and coercivity
of Co/Pt stacks subjected to various ion and/or thermal pro-
cessing are associated with the difference in their elemental
and phase composition. Generally, these experimental data are
consistent with the literature data on magnetic properties of
the Co—Pt alloy with varied composition, which are summar-
ized in table 1. However, certain discrepancies between the
magnetic data obtained in this work and literature values can
be attributed to the microstructural evolution of CoPt alloyed
films, which was not considered in the present analysis.

By combining the data shown in figure 8, we can get an
estimate of the effective thickness of the magnetic layers,
which can be calculated by dividing the areal moment density
obtained from the VSM measurements by the effective mag-
netization derived from the FMR data. The dependence of this
effective thickness on the treatment conditions is presented in

figure 9. For the as-deposited sample, the effective thickness of
the magnetic phase was found to be 9.1 nm, which corresponds
to the nominal thickness of the initial ferromagnetic Co layer
(10 nm). Upon irradiation (without post-annealing), the effect-
ive thickness of the magnetic layer increased to 14.9 nm at
the highest fluence, which is caused by larger thickness of the
formed ferromagnetic Co—Pt phase compared to the thickness
of the initially deposited single Co layer. For the samples sub-
jected to pre-irradiation followed by post-annealing, the effect-
ive magnetic layer thickness exhibited clear fluence depend-
ence: 16.1 nm for the lowest and 22.0 nm for the highest flu-
ence. This increase indirectly reflects the volume fraction of
the Co—Pt phase that contributes to the magnetic signal at room
temperature.

We note a distinct difference between the effect of irra-
diation with heavier Kr* compared to lighter N™ and Ar™"
ions at a comparable fluence of 1 x 10" ions cm™2 [46].
While any of the studied ions produces a similar effect on the
metals’ interdiffusion (namely, enhanced intermixing within
the initial bilayered stack while hindering further composi-
tion homogenization upon subsequent post-annealing stage),
a different outcome is observed in the magnetic properties.
This difference is most pronounced in the samples subjected to
pre-irradiation followed by post-annealing: the application of
lighter N* and Ar™ ions led to an increase in coercivity com-
pared to the single-stage annealing, whereas irradiation with
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Figure 9. Effective thickness of the magnetic layer of the Pt(10 nm)/Co(10 nm)/sub. stacks as a function of their treatment conditions.

heavier Kr* ions resulted in reduced coercivity. This differ-
ence may be interpreted in terms of the distinct defect struc-
tures and ion implantation profiles they produce: heavy Kr"
ions create dense, localized defect clusters and implant a high
concentration of Kr atoms within the metal layers, which sta-
bilize the partially intermixed phases during annealing by sup-
pressing further atomic diffusion and defect migration. This
structural stabilization can reduce the domain wall pinning,
leading to decreased coercivity and increased saturation mag-
netization due to the preservation and enrichment of Co-rich
ferromagnetic phases. In contrast, lighter ions produce more
dispersed defects and allow for strengthening atomic diffu-
sion and disorder upon annealing, increasing coercivity and
decreasing the effective magnetization. These results demon-
strate that the key magnetic properties of Co/Pt bilayers—
specifically, coercivity and magnetization—can be precisely
and controllably tailored over a broad range by selecting suit-
able ion species for irradiation combined with post-annealing.

4. Conclusions

Here, we experimentally examined the effect of 110 keV
Kr* ion pre-irradiation of Pt(10 nm)/Co(10 nm) bilayered
stacks at three various fluences (1 x 10" jons cm™2,
5 x 10" ions cm~2, and 1 x 10" ions cm~2) followed by
post-annealing of the thin-film samples in vacuum at 550 °C
for 30 min. We analyze the change of structural and mag-
netic properties of the samples at each of the processing
steps. We found that the initial Kr™ irradiation of Co/Pt
bilayers induces the formation of Co-Pt solid solutions with
the atomic ratio of the components being tunable depending
on the ion fluence and thermal post-annealing. In particular,
irradiation results in the formation of a small fraction of an
equiatomic CoPt alloy and a dominant fraction of a Pt-rich
Co-Pt alloy. The composition of this Pt-rich alloy increases
from Co;oPtgg to Co,5Pt75 with the increase of the fluence from
1 x 10" jons cm™2 to 1 x 105 ions cm™2. The following

thermal post-annealing has a moderate effect on the alloy com-
positions and surface morphology. Still, annealing promotes
the fraction of the equiatomic CoPt alloy within the sample. As
these phases co-exist, it was challenging to pinpoint magnetic
properties of the samples phase-specifically. The FMR charac-
terization indicated that effective magnetization of the samples
decreases with fluence, which agrees well with the transform-
ation of a 10-nm-thick Co in the initial bilayers into a homo-
genized Co-Pt alloy. By combining FMR data (i.e. effective
magnetization) with the VSM data (areal moment density), we
were able to get access to the effective thickness of the mag-
netic alloy film. This effective thickness changes from about
9 nm for the as prepared samples (roughly corresponds to the
nominal thickness of the Co layer) to 22 nm (roughly corres-
pond to the total thickness of the entire stack). The obtained
results on Kr* irradiated samples were compared to the liter-
ature data on irradiation of Pt/Co bilayers using lighter ions
(ArT, NT), demonstrating that the structural and magnetic
properties of Pt/Co bilayers can be tuned over a broad range in
a controlled manner by appropriate choice of ion species for
irradiation combined with post-annealing.
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