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This paper discusses the effect of Ar+* ion irradiation followed by thermal annealing on the magnetic and
structural properties of Pt/Co and Pt/Co/Pt/Co film stacks as a function of ion bombardment fluence. The
correlation between phase formation, chemical depth distribution of the main components, and structure
modification related to the change in coercivity has been investigated by the XRD, SIMS, and VSM analysis.
We observed a considerable increase in coercivity up to 532 Oe in the four-layered stack after ion pre-irradi-
ation with a fluence of 1 x 104 ions/cm? and subsequent annealing at 550 °C. The observed enhancement of
coercivity is accompanied by local structure disorder with Co and Pt atom displacements and defect cluster-
ing, which is enhanced with the increase of the interface number. These results are in good agreement with
the depth profile evaluated independently by SRIM simulations.
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1. INTRODUCTION

Ton irradiation of Co/Pt multilayers is a powerful tech-
nique for adjusting and tuning their magnetic properties
considerably [1]. These materials are promising for mag-
netic tunnel junction applications [2] and high-density
hard disk drives [3] due to their large coercivity [4]. Inves-
tigations of the past decades showed the active use of dif-
ferent types of heavy (Ar* [5], Ga* [6, 7], Kr* [8], Xe* [9])
and light (N* [10, 11], He* [12], and O* [13]) ions, ion en-
ergy ranges (from 10 — 30 keV to 2 MeV), and fluence that
provide a wide variety of structure modifications.

Normally, to modify structural and magnetic proper-
ties of Co/Pt thin films, an additional thermal treatment
is required [14] due to the quite slow kinetics of homog-
enization in the Co-Pt system. The annealing tempera-
ture required to induce atomic rearrangement in the
CoPt system 1is relatively high (> 700 °C), which also re-
sults in substantial grain growth, which is undesirable
for high-density recording [15]. From this point of view,
the interdiffusion can be enhanced significantly by the
ion-induced generation of additional defects and intrin-
sic strains at room temperature [16, 17]. Numerous
studies have reported [18, 19] that Ar* ion irradiation is
an efficient technique for modifying the coercivity of
Co/Pt multilayered films by the nearest-neighbor cou-
pling and ballistic ion-mixing mechanisms. This can be
explained primarily by modifying the interface quality
and inducing intermixing between the Co and Pt layers,
as a result of collision-induced intermixing. Ghosh et al.
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[20] have reported that the Ar* ion-induced CoPt or-
dered/disordered phase formation leads to the enhance-
ment in the coercivity, which is more pronounced at
higher temperatures. Chang et al. [5] have reported the
possibility of formation of a partially ordered (face-cen-
tered-tetragonal) CoPt phase with increasing Ar* ion
fluence. Kumar et al. [21] have reported that the Ar* ion
implantation leads to a reduced exchange coupling in
CosoPt2o thin films. On the other hand, Balk et al. [22]
showed the possibility of tuning the Dzyaloshinskii-
Moriya interaction in Pt/Co/Pt tri-layers by adjusting
the Ar* irradiation around 100 eV without raising coer-
civity. Maziewski et al. [23] proposed that irradiation-
induced changes in the magnetic properties of Pt/Co/Pt
stacks are governed by the intermixing of metals along
interfaces and the formation of an ordered CoPt alloy
phase with high magnetic anisotropy.

Another promising approach for structure and mag-
netic properties modification is ion irradiation at ele-
vated temperatures or the combination of ion irradiation
and heat treatment. As was mentioned earlier, when 1ir-
radiation and heat treatment are conducted in separate
stages, irradiation-induced lattice defects, atomic dis-
placements, and implantation effects may influence the
intermixing of Co and Pt during post-annealing. How-
ever, the full structural aspects of lattice distortion and
their impact on the coercivity upon Ar* ion irradiation in
multilayered structures compared to bi-layered stacks,
as well as subsequent heat treatment, have not been
well studied. On the basis of our earlier investigations of
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the effect of two type of ions (N* and Ar*) on the evolu-
tion of the structural, chemical, and magnetic properties
of Co/Pt and Pt/Co heterostructures [24], in which mag-
netic properties were determined as a function of both
layers’ arrangement and ion fluence of 110 keV Ar*/N*
irradiation, in the present study, the number of Co/Pt
interfaces was 3 times increased.

Therefore, the goal of this work is to investigate the
correlation between phase formation, chemical depth
distribution of the main components, and structure mod-
ification related to the change in coercivity of Pt/Co and
Pt/Co/Pt/Co stacks upon Ar+*ion irradiation as a function
of fluence and post-annealing in vacuum. Ar* ions have
been chosen for their wide range of applications in dif-
ferent technological processes. This work provides a
deeper insight into the ion-induced stimulation of the co-
ercivity increase that is of particular importance for
spintronic applications.

2. MATERIALS AND METHODS OF RESEARCH
2.1 Materials

Function of the ion bombardment fluence, all experi-
mental conditions have been reproduced according to our
previous work [24]. Two different film configurations,
Pt(10 nm)/Co(10 nm)/substrate bi-layered and
Pt(5 nm)/Co(5 nm)/Pt(5 nm)/Co(5 nm)/substrate four-lay-
ered stacks, were prepared on Si02/Si(001) substrates us-
ing magnetron sputtering at room temperature. Before the
deposition, silicon substrates were subjected to the stand-
ard RCA cleaning procedure. The vacuum chamber was
maintained at a background pressure of 5 x 10-% mbar,
with an Ar sputtering pressure set to 8 x 10-* mbar during
deposition. The stacks were fabricated using DC magne-
tron sputtering for Co and RF for Pt, employing two high-
purity (99.9 %) targets, with deposition rates of 2 A/s and
1.5 A/s for Co and Pt, respectively.

After deposition, the samples underwent ion pre-ir-
radiation using Ar* ions from a Balzers MPB 202 ion im-
plantation system. The ion energy was set at 110 keV,
with  irradiation fluences of 1 x 10%'4ions/cm?,
5 x 10 ions/cm?, and 1 x 10!% ions/cm?. Pre-irradiated
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stacks were annealed in a vacuum of 10-¢ mbar at
550 °C for 30 minutes. For comparison, non-irradiated
samples subjected to the same annealing process were
also analyzed. The schematic illustration of the experi-
mental algorithm is shown in Fig. 1. Ar* concentration
depth profiles were simulated using the SRIM-2013 code
applying the Kinchin-Pease formalism. Bi-layered and
four-layered stacks were simulated as alternating layers
of Pt and Co on a SiO2 substrate. The densities of each
element corresponded to their bulk values. The calcula-
tions assumed normal incidence (0°) and used 20000
ions for statistical reliability.

2.2 Methods of Research

The structural and phase compositions of the bi-lay-
ered and four-layered stacks after deposition, ion irradi-
ation, and post-annealing were examined using X-ray
diffraction (XRD) with a Rigaku Ultima IV diffractome-
ter, utilizing CuKa radiation in 6-26 Bragg-Brentano
geometry in 260 range 35°-55° with a step of 0.02° per
2 s at an operating voltage of 30 kV and current of
20 mA. The chemical depth distribution of the main com-
ponents in the studied film stacks was utilized by sec-
ondary ion mass spectrometry (SIMS) technique, using
an Ion ToF IV device, applying a beam of primary 2 keV
Cs- ions. The changes in coercivity and saturation mag-
netization were analyzed at room temperature, using
the vibrating sample magnetometry (VSM) technique at
in-plane and out-of-plane magnetic fields up to 1 kOe.

3. RESULTS AND DISCUSSION

3.1 Structural Characterization and Chemical
Depth Profiling

Figure 2 illustrates the XRD patterns of the bi-layered
stack after deposition and ion pre-irradiation using Ar+
ions with varying fluence. After deposition (Fig. 2a), the
XRD scan of the bi-layered stack is characterized by the
presence of the fundamental fce-Pt(111) diffraction peak
at 39.8° 260 angular position, lattice constant ¢ = 3.92 A.

as-deposited

CoPt characterization

Fig. 1 — The schematic illustration of the treatment regimes used for modification of magnetic and structural properties of

bi-layered Pt/Co and four-layered Pt/Co/Pt/Co stacks
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Fig. 2 — XRD patterns of the bi-layered Pt/Co stack after deposition
pre-irradiation followed by post-annealing (d, f, h)

The fundamental Acp-Co(101) peak is not observed,
which is related to the low atomic scattering factor and
low fluorescence yield of Co in CuKa radiation. Pre-irra-
diation does not lead to structural changes, even with a
fluence increase (Fig. 2c, e, g). The lattice constant a after
bombardment at a fluence of 1 x 104 ions/cm? is raised to
3.93 A, while at higher fluence, the la‘octice constant re-
mains unchanged at the value of 3.92 A. Both in the as-
deposited and in the pre-irradiated stacks with elevated
fluence, only the fec-Pt(111) peak is observed. At the same
time, post-annealing of bi-layered stacks results in struc-
tural modifications with the formation of the disordered
A1 CoPt phase, which provides corresponding CoPt(111)
and CoPt(200) diffraction peaks plotted at 26 positions of
42.08° and 49.16°, respectively (Fig. 2b). The Al CoPt
phase lattice constant after single-stage annealing is 3.71
A. The combination of ion pre-irradiation and post-an-
nealing process does not lead to significant structural
changes, in particular, the lattice constant does not
change regardless of the fluence (Fig. 2d, f, h). The XRD
patterns reveal the same set of diffraction peaks —
CoPt(111) and CoPt(200), respectively. The only differ-
ence with the elevation of ion fluence is manifested in an
increase of CoPt(111) peak intensity with simultaneous
broadening of CoPt(200) reflex (Fig. 2h). This observation
suggests the presence of a strong preferred orientation
along the [111] direction.

Figure 3 shows the XRD patterns of the four-layered
stack after deposition and pre-irradiation using Ar* ions
with varying fluence. Already after deposition, the film
stack demonstrates a significant diffe rence in phase
composition compared to the bi-layered stacks. Figure
3a shows that the four-layered stack consists of the fcc-
Pt, fece-L12-CoPts, and Co-Pt solid solution phases,
providing corresponding fundamental (111) peaks with
260 angle positions of 39.76°, 40.56°, and 38.84°,
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(a), Ar* ion irradiation (c, e, g), single-stage annealing (b), and

respectively. The calculatedofrom (111) diffraoction peak
lattice constants are 3.92 A (for Pt), 3.85 A (for Li-
CoPts), and 4.01 A (for Co-Pt solid solution). In the work
[6], the formation possibility of the Co-Pt(fec) solid solu-
tion during ion irradiation of the sandwich-type
Pt(fec)/Co(hep)/Pt(fec) film structure has been demon-
strated. Also, Liskova et al. [25] have reported that
CoxPt1 -« alloy with variable compositions, defects, and
strains can be formed even during the Ar*ion-induced
sputtering process. Ion irradiation leads to roughened
interfaces and activates interdiffusion between Pt and
Co atoms, enhanced by hybridization between the d-
electrons of Co and Pt. Similarly to the previous case,
the fundamental hep-Co(101) peak is not observed. Pre-
irradiation does not lead to significant structure
changes, even with a fluence increase (Fig. 3c, e, g). Only
the ion pre-irradiation at a fluence of 1 x 1014 ions/cm?
results in a slight increase of the Pt lattice constant up
to 3.94 A. In both the as-deposited and the pre-irradi-
ated stacks subjected to elevated fluence, solely the fcc-
Pt(111) diffraction peak is detected. Simultaneously,
post-annealing of the bi-layered stacks induces struc-
tural transformations, leading to the formation of the
disordered A1-CoPt phase, as evidenced by the appear-
ance of CoPt(111) and CoPt(200) diffraction peaks lo-
cated at 20 positions of 41.8° and 48.8°, respectively (Fig.
3b). The combined application of ion pre-irradiation and
subsequent annealing does not result in substantial
structural alterations (Fig. 3d, f, h). The XRD patterns
exhibit the same set of diffraction peaks, corresponding
to CoPt(111) and CoPt(200), respectively. The sole
observed difference at a fluence of 1 x 104 ions/cm?2 is an
increase in the lattice parameter of the A1-CoPt phase,
reaching a value of 3.74 A.
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Fig. 3 — XRD patterns of the four-layered Pt/Co/Pt/Co stack after deposition (a), Ar* ion irradiation (c, e, g), single-stage annealing
(b), and pre-irradiation followed by the post-annealing (d, f, h)
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Fig. 4 — SIMS chemical depth profiles of the bi-layered Pt/Co stack after deposition (a), Ar* ion irradiation (c, e, g), single-stage
annealing (b), and irradiation followed by the post-annealing (d, f, h). Pt peak intensity was normalized to the total secondary ions’
intensity
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Secondary ion mass spectrometry (SIMS) was em-
ployed to qualitatively assess the interlayer intermixing of
Co, Pt, and Si throughout the film thickness. Figure 4 pre-
sents the SIMS depth profiles for the bi-layered Pt/Co stack
following various processing stages: initial deposition, Ar+
ion irradiation, thermal annealing, and sequential irradia-
tion followed by annealing. In the as-deposited state (Fig.
4a), the stack exhibits distinct Co and Pt layers, indicative
of well-defined interfaces. However, a moderate interface
broadening is observed, accompanied by the emergence of
a pronounced signal from complex CoPt secondary ions.
The elevated Si signal near the film surface is identified as
a hydrocarbon species.

Thermal annealing promotes elemental interdiffu-
sion, leading to a homogenized distribution of Co and Pt

g) irradiated (1x10"® ions/cm?)

J. NANO- ELECTRON. PHYS. 17, 06001 (2025)

throughout the film (Fig. 4b). Notably, similar Co and Pt
depth profiles are detecte d in the irradiated samples
across all three tested fluence levels, indicating that ir-
radiation alone does not drastically alter elemental dis-
tribution. However, post-annealing of the irradiated
stacks (Fig. 4d, f, h) results in enhanced interdiffusion,
as evidenced by the mutual penetration of Co and Pt sig-
nals and the overall profile flattening, consistent with
diffusion-driven homogenization at 550 °C. At the high-
est fluence of 1 x 1015 ions/cm? (Fig. 4h), intermixing be-
comes more pronounced: Co atoms penetrate deeply into
the Pt overlayer, while Pt atoms diffuse into the Co layer
and tend to segregate near the substrate interface, indi-
cating a strong fluence-dependent enhancement of

atomic mobility and redistribution.
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Fig. 5 — SIMS chemical depth profiles of the four-layered Pt/Co/Pt/Co stack after deposition (a), Ar+ ion irradiation (c, e, g), single-
stage annealing (b), and irradiation followed by the post-annealing (d, f, h). Pt peak intensity was normalized to the total secondary

ions’ intensityions’ intensity

Figure 5 illustrates the chemical depth profiles of Pt
and Co in the four-layered Pt/Co/Pt/Co stack subjected to
various treatment regimes, including Ar* ion irradiation,
single-step annealing, and sequential irradiation followed
by annealing. In the as-deposited state (Fig. 5a), well-de-
fined interfaces are not observed across the entire stack.
Only the upper Pt/Co bilayer exhibits partial modulation,
while the lower Pt/Co interface appears significantly in-
termixed. This is indicated by the emergence of a CoPt
complex ion signal and an intensified CoPt peak localized
within the Pt layer, suggesting Co diffusion into Pt. These
findings are consistent with the XRD results (Fig. 3a) and
confirm the formation of the Co-Pt(fcc) solid solution.
Since Pt and Co are transition metals with partially filled
d-orbitals, the observed intermixing may be attributed to
hybridization between Co 3d and Pt 5d orbitals. This

hybridization can lower the system’s total energy (con-
tributes to the negative enthalpy of mixing), promoting
atomic mixing at interfaces, especially at elevated tem-
peratures or under irradiation. Post-annealing (Fig. 5b)
results in a complete and uniform intermixing of Pt and
Co throughout the film thickness. In contrast, ion irradi-
ation alone, across various fluences (Fig. 5c, e, g), induces
only limited redistribution of elements, with the layered
architecture remaining largely preserved, even at the
highest fluence. Notably, the two-step treatment combin-
ing ion pre-irradiation with subsequent annealing
(Fig. 5d, f, h) produces a homogeneous elemental distri-
bution, indicating that this approach is more effective in
promoting interdiffusion and achieving structural uni-
formity within the multilayer stack.

06001-5



A. OrLOV, R. PEDAN, I. KRUHLOV ET AL. JJ. NANO- ELECTRON. PHYS. 17, 06001 (2025)

3.2 Magnetic Characterization 549 emu/cc, respectively (Fig. 6a). Following thermal an-
nealing (Fig. 6b) led to an increase in H. to 296 Oe, which
The evolution of the M-H hysteresis loops (Figs. 5 and suggests the formation of the ferromagnetic A1-CoPt
6) further supports structural phase transformations and phase. Meanwhile, Ms has slightly increased to 646
alloy formation resulting from the ion pre-irradiation fol- emu/cc. Film stacks after ion irradiation exhibit a negligi-
lowed by thermal annealing. Magnetic hysteresis loop ble change in H: and M, indicating limited structural
analysis of the films before and after post-deposition modifications. It is observed that the coercivity does not
treatments indicates the presence of in-plane magnetic increase significantly with increasing irradiation dose;
anisotropy, primarily attributed to shape anisotropy. In the value lies within the limits from 176 Oe to 183 Oe, and
the as-deposited state, the coercivity (Hc) and saturation is due to the more uniform structure.
magnetization (Ms) were measured to be 9 Oe and

Pt/Co
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Fig. 6 — M-H hysteresis loops of the bi-layered Pt/Co stack after deposition (a), Ar* ion irradiation (c, e, g), single-stage annealing (b),
and pre-irradiation followed by the post-annealing (d, f, h)
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Fig. 7 — M-H hysteresis loops of the four-layered Pt/Co/Pt/Co stack after deposition (a), Ar+ ion irradiation (c, e, g), single-stage
annealing (b), and pre-irradiation followed by the post-annealing (d, f, h)
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Figure 7 presents the magnetic hysteresis loops
(M-H) of the four-layer stack subjected to Ar* ion irradi-
ation, single-step annealing, and a combined sequence
of pre-irradiation followed by annealing. In the as-de-
posited condition (Fig. 7a) and after Ar* ion irradiation
at different fluences (Fig. 7c, e, g), the linear increase of
M; is observed, and the magnetic behavior remains com-
parable to that of the bi-layered reference structure. By
contrast, single-stage annealing results in a lower coer-
civity of 148 Oe (Fig. 7b), which is likely associated with
partial intermixing occurring during the deposition pro-
cess and the formation of the soft magnetic CoPts phase.
A distinct modification of the magnetic response be-
comes apparent only when ion irradiation is followed by
thermal annealing. The significant rise of Hc up to
532 Oe at fluence 1 x 10 ions/cm? is observed (Fig. 8).
H.remains higher compared to a bi-layered stack across
the same fluence range. In this case, the progressive de-
crease in coercivity is observed, from 221 Oe to 167 Oe.
These results are not visible in the hysteresis loops of a

bi-layered stack due to the lower exchange coupling be-
tween the grains.

The considerable increase in coercivity after ion irra-
diation followed by thermal annealing is attributed to the
exchange decoupling between magnetic grains, due to the
inhomogeneity of the film's structure. Our findings
demonstrate the highest coercivity in the multiphase con-
figuration in a four-layered stack after complex treat-
ment. It can be associated with the suppression of ex-
change coupling, due to local structural disorder or grain
boundary segregation. As a result, each grain behaves as
an isolated magnetic entity and undergoes magnetization
reversal independently. In this case, ion irradiation,
which modifies the interface quality and defect distribu-
tion, plays a decisive role in coercivity behavior. It is as-
sumed that ion implantation of high energetic particles
can cause local changes in the relative concentration of Co
and Pt [21]. It has already been shown that an enhance-
ment in the coercivity is attributed to defect clustering
and CoPt phase formation [26].
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Fig. 9 — The depth distribution of the implanted Ar* ions of the bi-layered Pt/Co (a) and four-layered Pt/Co/Pt/Co (b) stacks as a

function of fluence, obtained using SRIM simulations
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In order to correlate the change in the physical prop-
erties of Pt/Co stacks due to the evolution of crystal de-
fects under Ar* ion irradiation, we performed the SRIM
simulation. Figure 9 shows the simulated depth distribu-
tion of the implanted Ar*ions. These results clearly show
the diffusion of the Ar+ions in the Pt, Co, and SiOz layers,
in both bi-layered and four-layered stacks. There is the
diffusion of the Ar* ions into the Pt layer as well as the Co
layer, but the concentration of implanted ions in the Pt
layer is much lower. It should be noted that this diffusion
is more pronounced in the case of a four-layered stack,
which causes more pronounced defect generation. Moreo-
ver, a concentration gradient of Ar* ions is observed
across the Co/Pt interfaces. This suggests that the inter-
faces act as effective sinks for the accumulation and clus-
tering of implanted ions. In this manner, these results
clearly support our observation in the XRD data, where
ion irradiation results in the formation of a mixture of
various phases.

SRIM simulations indicate that a significant fraction
of recoil events occur beyond the boundaries of the indi-
vidual layers, extending into neighboring regions. This
behavior implies pronounced interface roughening and
enhanced atomic intermixing within the multilayer struc-
ture. Taking into account that structural analysis does
not show any substantial grain growth or microstructural
coarsening, the observed changes in the magnetic behav-
ior of the four-layered stack followed by ion irradiation
with fluence 1 X 10 jons/cm?, could be attributed to in-
terface-specific atomic disordering induced by localized
ion-beam effects, as was already mentioned in the work
[10]. It can be concluded that choosing the optimal ion
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COERCIVITY ENHANCEMENT OF P1/C0 AND P1/C0/P1/CO THIN FILMS... JJ. NANO- ELECTRON. PHYS. 17, 06001 (2025)

IMigumenns koepuuTuBHOCTI TOHKHUX IIiBOK Pt/Co Ta Pt/Co/Pt/Co muiaxom
ioHHOrO OonpoMiHeHHs Art 3 MOZANBIIOI0 TEPMIYHOI0O 0OPOOKOIO

A. Opuog?, P. ITemans!, I. Kpyriogs?, 10. Asopceruiil, O. [Tanpuekosebkmiil, O. ybGikoBchbKmitl:2,
O. Kocynaz, A. Boguapyx!3, I. BnaguMmupcebkmiil

1 Hauionanvruti mexuiwHuli ynisepcumem Yrpainu "Kuiscokuli nonimexuiuHuil incmumym
imeni Ieops Cikopcoroeo”, 03056 Kuis, Yrkpaina
2 Tnemumym gizuku Hanienposiorukis imeni B. Jlawkapvosa HAH Vrpainu, 03680 Kuis, Yrpaina
3 ITnemumym ¢pisuku HAH Vrpainu, 03028 Kuis, Yikpaina

V 1iit cTaTTi po3risamaeThCsa BILIUB I0HHOIO OIIPOMIHEHHSA Art 3 II0JaJIBIINM TePMIYHIM BIIIAJIOM Ha Ma-
THITHI Ta CTPYKTYpPHI BjacTUBoCTi wiiBkoBux kKommoauilin Pt/Co tra Pt/Co/Pt/Co, sk dyukItio dioeHcy 10H-
Horo bombapayBaussa. Kopessiria misk dhasoyTBOpeHHAM, XIMIYHUM POSIOLIIOM MNIMOMHU OCHOBHUX KOMIIOHE-
HTIB 1 MOAu(IKAIi€l0 CTPYKTYpPH, IIOB'SI3aHO0 31 3MIHOI KOEPIIMTUBHOCTI, Oyjia JOC/IPKeHa 3a JJO0IIOMOTO0
XRD, SIMS i VSM anautizy. Mu crioctepiraJm sHauHe 301IbIIIeHHS KoepIuTuBHOCTI 110 532 Oe B yoTHpwmIIa-
POBI¥ HAHOKOMIIO3UIII MICJIA MOMEPEIHHOr0 I0HHOTO OMpOMiHeHHS 3 duoencoMm 1 x 1014 ioHiB/cM? 1 T101aITh-
muMm Bigmasnom mpu 550 °C. CrocrepeskyBaHe IOCUIEHHS KOePIIUTUBHOCTI CYIIPOBOIFKY€ETHCA JIOKATIBLHUM I10-
pyLUIeHHSM CTPYKTypu 31 3mimenHssmu aromi Co 1 Pt 1 kacrepusariiero nedexris, 1o mocuaoeTses 31 361/1b-
meHHAM yncia inrepdeiicis. i pesyibraru mobpe y3roryooThes 3 mpodisieM riimOuHY, OIiHEHUM He3aJlle-
JKHO 3a JOIIOMOT0I0 MojenoBanHsa SRIM.

Kirouosi ciioBa: MaruirHi Touki mwiiBku, lonne onpominenns,, [lepeminmtysanns, Cunae Co-Pt, Iurepdeiic,
®Da3oyTBOpEeHHS.
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