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Abstract

The X/Co 3 nm/Y (where X, Y = Au, Pt) trilayers with as deposited in-plane magnetization
alignment were irradiated with 30 keV Ga™ ions in the wide range of ion fluence. The samples
were investigated by means of complementary techniques: magneto-optical magnetometry and
spectroscopy (in the photon energy range from 1.2 eV to 4.5 eV), magnetic force microscopy,
positron annihilation spectroscopy, x-ray diffraction and reflectivity. Difference in miscibility of
interface atoms is clearly manifested in various intermixing extent at Co/Pt and Co/Au interfaces
and consequently in magnetic properties of the irradiated trilayers. Low irradiation fluence
(~10" ions cm~?) leads to ~1 nm interfaces broadening without visible surface etching for all
samples, which is related with a distinct drop of magnetic anisotropy. However, the high
irradiation fluence (~5 x 10! ions cm™2) results in enhanced interface broadening and significant
surface etching (~5 nm) partially removing also Co atoms. Tensile strains (up to 0.5%) were
developed in the cover layers. The tensile strain, layers intermixing and the creation of Co—Pt(Au)
alloys with different composition formed by irradiation are correlated with the increase of
magnetic anisotropy. Moreover it was observed that substitution of Au instead of Pt (as a cap or
buffer layer) results in substantial increase of perpendicular magnetic anisotropy. Maximal
increase of magnetooptical parameters was observed for Pt/Co/Pt layer. Irradiation induced
changes of concentration profiles are revealed using magnetooptical spectra, x-ray reflectivity
spectra and simulations with use of binary collision approximation.

1. Introduction

Ultrathin film systems containing a magnetic material such as Co, sandwiched between nonmagnetic
metals, with tunable magnetic anisotropy are of particular importance for spintronic applications. The
effective magnetic anisotropy of such structures is a result of the interplay between magnetocrystalline,
magnetoelastic, surface (interface), and shape anisotropy contributions [1]. The Pt/Co is one of the most
intensively studied systems due to its numerous applications [2]. Special attention was paid to the
modifications of perpendicular magnetic anisotropy (PMA) of Pt/Co films obtained by thermal treatment
[3-6], irradiation with ions [7—13] or light [14—16], due to the interface intermixing and the appearance of
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the residual strains. Binary Co—Pt system is fully miscible forming a number of stable and metastable
ordered alloys [17]. Some of them like tetragonal CoPt L1, or hexagonal Cos;Pt D019 phases exhibit

strong magnetocrystalline anisotropy [18]. Ordering kinetics in Pt—Co bulk systems is relatively slow and
requires sample heating to high temperature [19], but the interdiffusion increases significantly with the
presence of large number of defects and intrinsic strains [20] and can occur at lower temperatures. In
Al,O3/Mo/Pt/Co/Pt the Ga™ irradiation enhances the intermixing of Pt and Co atoms at Pt—Co and Co—Pt
interfaces and results in formation of alloys [21, 22]. Mixing at the interfaces (and Co—Pt alloying) is
increased with irradiation fluences F. Observed changes in XMCD spectra after 30 keV Ga™ irradiation
were interpreted as an appearance of the partially ordered L1, CoPt phase [8]. A deeper insight into the
origin of ion irradiation induced PMA requires relative comparison of structural changes after replacement
of Pt covers with other metals such as Au. Due to Co—Au immiscibility this interface exhibits different from
Co/Pt intermixing extent under ion irradiation [23]. The magnetic properties of ion irradiated ultrathin
cobalt trilayers depend on various parameters such as: (i) Co layer thickness dc, in Pt/Co/Pt [8]; (ii) type,
fluence and energy of ions in Pt/Co/Pt [9, 13], (iii) thickness of the cover layers in Pt/Co/Pt [9]. Moreover,
only limited studies of magnetooptical and XAS, XMCD studies were carried out on irradiated Co with Pt
and Au covers [11, 23].

The goal of the present work is to perform combined studies of the irradiation induced modifications of
magnetic and structural properties of ultrathin Co layers with different combinations of miscible (Pt) and
immiscible (Au) covers using complementary experimental techniques. In our earlier works we considered
ion irradiated stacks as built of effective components described by mean parameters. However, in more
realistic considerations the in-depth structure is much more complex. In this work we take into account
such structural complexity and model experimentally recorded properties with help of magnetooptical
spectroscopy simulations. In comparison to our previous works [8, 13] magnetic anisotropy was also
determined for both negative and positive magnetic anisotropy fields H,grr. Moreover, combined studies
allow determination of PMA relation with irradiation induced tensile strains and irradiation driven changes
in atom distribution for all of the ultrathin films.

On the basis of our earlier investigations of the wedge-shaped Co layers [8, 23], in which magnetic
properties were determined as a function of both Co thickness and ion fluence of 30 keV Ga™ irradiation,
in the present work the thickness of the cobalt layer was selected slightly above the spin reorientation
thickness. In such case the non-irradiated samples have in-plane magnetization and the value of magnetic
anisotropy under ion irradiation can be significantly increased up to out-of-plane state. Mean penetration
depth of Ga™ ions with chosen energy of 30 keV is above a sum of thicknesses of cobalt and capping layers.

The structure of this paper is as follows. Experimental techniques including sample preparation are
presented in section 2. The experimental results are reported in section 3, which is divided into three
subsections corresponding to different measurement techniques. Results from polar Kerr magneto-optical
effect (PMOKE) magnetometry, sensitive to the out-of-plane magnetization component, and magnetic
force microscopy investigations of the domain structure are presented in subsection 3.1. The results of
symmetric and asymmetric analysis of high angle x-ray diffraction and reflectivity measurements were
presented in subsection 3.2. The results of magneto-optical spectroscopy measurements (Kerr rotation and
ellipticity considered as a function of wavelength) of the samples subjected to irradiation with selected
fluences are reported in subsection 3.3. Obtained dependences were fitted with help of multilayer model
allowing to reveal cobalt concentration profile and compared with binary collision approximation model. In
subsection 3.4 the results of positron annihilation spectroscopy, sensitive to vacancies which are generated
in irradiation processes, are discussed. Detailed information on x-ray diffraction and reflectometry data are
presented in the supplementary material (https://stacks.iop.org/NJP/23/023015/mmedia) section S1. In
supplementary material section S2 the additional results of positron annihilation spectroscopy are given.
Conclusions are presented in section 4.

2. Methods

Investigated series of Pt(Au) (20 nm, bottom)/Co (3 nm)/Pt(Au) (5 nm, top) trilayers were grown at room
temperature by the molecular beam epitaxy on 10 x 10 mm? (0001) sapphire single crystal substrates. In
the case of Au bottom layer preliminary 20 nm Pt buffer layer was deposited. From twelve-fold symmetry
observed in XRD ¢-scan measured for buffer Pt(220) and Au(220) reflections in relation to the positions of
(11-20) AL, Oj; substrate reflections one can conclude that two epitaxial relations between orientation
substrate/buffer occurs: (i) Pt[111]]|A1,05[0001], Pt(110)||A1,05(10-10), which is typical for high
temperature growth Pt on (0001)Al,05 [24] and (ii) Pt[111]]|A1,05[0001], Pt(110) ||A1,05(11-20).
Orientation of Au buffer is the same as of the Pt buffer. This co-existence of two possible orientation
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relationships was already reported for Pt growth on MgO(001) substrate [25]. Nominal Co layer thickness
of 3 nm was selected to achieve the in-plane magnetization orientation for as deposited films [23].

After deposition, each sample series was irradiated with a conventional ion implanter using 30 keV Ga™
ions in the form of adjacent stripes (each 0.9 mm wide) with 20 monotonically grown fluences in the range
of 0—1 x 10'® jons cm 2. For structural measurements the samples (3 x 3 mm?) were homogeneously
irradiated with two selected fluences (1) 2.8 x 10 and (2) 5 x 10" jons cm 2. The results obtained for
Au/Co/Au sample irradiated with high fluence range (1 x 10"°~1 x 10'® ions cm~?2) due to degradation of
magnetic properties during aging are excluded from consideration.

X-ray structural measurements were done with Philips X’pert four axis diffractometer equipped with
optics suitable for epitaxial thin film analysis at the Cu K,; wavelength of 1.540 59 A.

The measurements of Doppler broadening of the annihilation line by variable energy positron
annihilation spectroscopy (DB-VEPAS) as well as coincidence Doppler broadening (cDB) at fixed positron
implantation energy of E, = 3 keV have been carried out using the apparatus for in-situ defect analysis [26]
at the slow positron beamline SPONSOR [27]. By using slow positron accelerators which produce
monokinetic positrons beams with energy varying from 0.05 to 35 keV it is possible to study depth profiles
of defects from the surface to about 1 pm (in the case of Pt film). Doppler broadening of the annihilation
line was measured by single high-purity germanium (HPGe detector) with an energy resolution of 1.09 +
0.01 keV at 511 keV. cDB, providing the analysis of elemental decoration of the positron annihilation site,
was measured by using two HPGe detectors with energy resolution of 780 £ 20 eV at 511 keV.

PMOKE home-built microscopes equipped with a CCD camera and appropriate digital image
processing software (in PMOKE configuration the measured signal intensity is proportional to the
component of perpendicular magnetization) enabled: (i) recording the images of remanent magnetization
distribution after saturation in out-of-plane direction; (ii) determination the local magnetization loops with
a lateral resolution of 10 um for entire sample surface (i.e. simultaneously for all irradiation fluences).
PMOKE magnetometry measurements, as a function of perpendicular to sample applied magnetic field H, ,
were performed at nearly normal light incidence, using laser beam with wavelength 635 nm (1.97 eV)
focused to 0.3 mm spot.

Magneto-optical Kerr spectroscopy in the photon energy range from 1.2 eV to 4.5 eV using
rotating analyzer was performed at the angle of incidence of 65° in the out-of-plane magnetic field of
pnoH = 682 mT high enough to saturate the sample magnetization. The sample was mounted at XY
translation stage allowing to acquire the PMOKE spectra at the center of each stripe. High pressure Xe lamp
was used as a light source and the light beam was focused on the sample by a set of lenses, resulting in the
light spot considerably smaller than the stripe width. The light at the output of the apparatus was focused
into an optical fiber and analyzed by an Andor Shamrock spectrometer.

A 4 x 4 transfer matrix formalism for anisotropic media [28] was used to calculate the magneto-optical
response for different concentration profile models. The calculations were performed for profiles consisting
of plane parallel layers with different thicknesses. Magneto-optical properties of Co,Pt;_, alloys are changed
significantly with concentration x and can be therefore exploited for the evaluation of the alloying at
interfaces as a function of fluence [29-31]. The optical parameters (diagonal elements of permittivity
tensor) of Au, Co and Pt were taken from literature [32, 33]. Spectroscopic ellipsometry measurements were
carried out on bare Al,03(0001) substrate and the experimental ellipsometric angles were fitted using
Cauchy relation to obtain its optical parameters. The magneto-optical parameters (non-diagonal elements
of permittivity tensor) of Co were taken from reference [30]. In the case of the samples where the Co layer
was grown on Pt buffer, the optical and magneto-optical parameters were obtained from ellipsometric and
magneto-optical measurements on non-irradiated sample. This sample was grown using the same
deposition conditions in different runs, however slightly differs in Co thickness (dc, = 3.3 nm,
dpy = 5 nm). The results of x-ray reflectivity (XRR) fits were used to determine the layer thicknesses and
surface roughness as the knowledge of these variables was necessary to calculate the optical and
magneto-optical parameters of Co. The depth profile of Co and Pt concentration at the interfaces was
approximated by a step-wise profile. The set of Co,Pt;_, alloys with discrete concentration x = 0.28, 0.47,
0.59, 0.72 were used for profile approximation in irradiated samples. Their optical parameters were
calculated using effective medium approximation (EMA) [34] taking into account the optical constants of
Co [33] and Pt [32]. Their magneto-optical parameters were calculated using the experimental results
published in references [29, 30]. Similarly, for the Co and Au layers, the intermixing of their interfaces was
approximated by steps in concentration profiles. Due to the immiscibility of Co and Au, it was assumed that
Co forms nanoparticles dispersed in Au matrix. Both the optical and the magneto-optical parameters of
such structure were calculated by EMA [34, 35]. A set of Co,Au;_, layers with y = 0.2, 0.4, 0.6, 0.8 was used
for interface approximation and the calculations of the PMOKE spectra. The depth concentration profiles
for different irradiation fluences are determined from the best agreement between the calculation model
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and the experimental PMOKE spectra.

To observe magnetic domain structure in submicrometer range magnetic force microscopy (MFM)
measurements were done with a commercial (NT-MDT) setup operating in tapping mode at ambient
conditions equipped with low moment magnetic cantilevers MESP-LM (Bruker). Before the MFM
measurements, the samples were demagnetized in a decaying ac magnetic field oriented perpendicularly to
the surface.

3. Results

3.1. PMOKE magnetometry and MFM imaging of domain structure

The cross-section scheme of the four studied sample structures, lateral fluence distribution and resulting
PMOKE remanence image obtained after irradiation are shown in figures 1(a)—(d)). Within each sample
the PMOKE images show stripe-like structure related to the applied Ga™ ion fluence F. The gray scale
illustrates magnetization remanence state—brighter stripes correspond to larger magnetization component
in perpendicular direction. PMOKE (H | ) hysteresis loops for selected fluences marked as 1-3 are shown at
the bottom.

In the as-deposited trilayers (F = 0 ions cm~2) the magnetization is aligned in the sample plane and
appropriate PMOKE hysteresis loops have the shape reflecting magnetization rotation from in-plane to
out-of-plane state. In the remanence image for Pt/Co/Pt sample (figure 1(a)) two bright regions are clearly
visible, i.e. two fluence regions with PMA and remanence magnetization exhibits out-of-plane component.
These two areas with enhanced remanence correspond to branch 1 (low fluence) and branch 2 (high
fluence), respectively, as previously reported in reference [8]. Thus, for Pt/Co/Pt sample the maximum of
remanence in branch 1 is occurred at fluence of 2 x 10 ions cm™2, whereas in branch 2 at 4 x 10
ions cm 2. The enhancement of remanence is clearly visible in appropriate PMOKE hysteresis loops for
fluences 1 and 2 at the bottom. Different magnetization modification takes place after the replacement of
the Pt capping layer with Au (Pt/Co/Au sample)—only one region with enhanced out-of-plane
magnetization (up to PMA) can be obtained (figure 1(b)). For smaller ion fluences only minor increase in
anisotropy fields were observed. In the case of Au/Co/Pt sample (figure 1(c)) the magnetization
modification is more similar to that observed for Pt/Co/Pt but the value of enhanced out-of-plane
magnetization is slightly smaller. However, no enhanced out-of-plane magnetization was detected in
Au/Co/Au system (figure 1(d)). All studied systems subjected to ion fluences higher than >8 x 10'> ions
cm ™2 exhibit a superparamagnetic behavior.

For each irradiated stripe (with defined fluence) the following magnetic and magneto-optical
parameters describing PMOKE hysteresis loop were determined: (i) the maximum PMOKE rotation, Oyax;
(ii) the remanent PMOKE rotation, frgwm, (iii) coercivity Hc, and (iv) saturation field Hgar. The saturation
field was used to determine magnetic anisotropy field Higpr = 2K1gpr/ 1toMs, (Where Kigpr and Mg are the
effective uniaxial anisotropy constant and saturation magnetization respectively) as Hsar = Higpr in the
region of in-plane magnetization state—characterized by non-hysteretic curves. In the region of
out-of-plane magnetization state Hgpr was determined analyzing magnetization curves registered with
both in-plane and out-of-plane magnetic fields providing single domain state. These curves were fitted in
Stoner—Wohlfarth model approximation. Figure 2 depicts Omax, Orem> Hc and Hgrr dependences on the
fluence.

For three of the studied systems, except Au/Co/Au, one can find that with fluence F increase the
maximum PMOKE rotation fyax has one peak (see figures 2(a)—(c)) with increase of 2.3, 1.5, 1.6 times
compared to non-irradiated state for Pt/Co/Pt, Pt/Co/Au and Au/Co/Pt, respectively. Such increase in Gyax
is correlated with Co—Pt alloy formation [36, 37] as a function of the ion fluence. More detail discussion of
this effect is provided in subsection 3.2. For fluences F > 1 x 10" ions cm~? a subsequent decrease in 0y
is a result of the sample sputtering including also magnetic material. In the case of Au/Co/Au/ system the
magneto-optical response is practically unnoticeable for low fluence region (figure 2(d)).

Drop in magnetic anisotropy field Hgsr at low fluence range (~10'® ions cm~2) is visible for all cover
combinations and can be explained as a partial decrease of surface anisotropy due to interface mixing [8],
which is studied earlier for irradiation of thinner cobalt samples with PMA state [37]. For larger fluences we
observed in all studied systems non-monotonic growth of magnetic anisotropy fields with two maxima:
first, called as branch 1, appears for the fluence ~2 x 10'* ions cm™~? and second, branch 2, less distinct, is
visible for fluences >2 x 10'> ions cm~2. Their relative amplitudes depend on the type of covers. In
Pt/Co/Pt and Au/Co/Pt systems Hgpr takes a value close to zero (see figures 2(a) and (c)) for both
branches, but for Au/Co/Pt only in the second branch the Higgr is getting positive—characteristic feature of
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Figure 1. Gray scale PMOKE remanence images of the studied samples: (a) Al,O;/Pt/Co/Pt, (b) Al,O5/Pt/Co/Au, (c)

corresponds to fluence at branch 1, 2—branch 2, and 3—transient fluence between branch 1 and 2; 0 corresponds to

for the samples with in-plane magnetization are schematically shown.

0
0 05 10 10 05 Ao 05 10 40 05 fo 05 10 -0 05 flo 05
wH (1

Al O5/Pt/Au/Co/Pt, (d) Al,O3/Pt/Au/Co/Au. Out-of-plane component of local magnetization is proportional to the intensity of
gray scale remanence images, while zero remanence corresponds to black. The exemplary PMOKE hysteresis loops are shown at
the bottom in appropriate columns. The numbers 1-3 correspond to fluences 1-3 marked with arrows in remanence images: 1

non-irradiated samples. Fluences 1 and 2 were selected for uniform irradiation of the samples for structural studies. The
definitions of characteristic parameters: maximal Kerr rotation fyax, remanence drpyv, magnetic anisotropy field Hygep (=Hsgar)
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Figure 2. The magnetic parameters for different samples are presented in four rows: (a) Pt/Co/Pt, (b) Pt/Co/Au, (c) Au/Co/Pt,
(d) Au/Co/Au. Fluence dependences of: (first column) Kerr rotation: maximal fyax (black triangles up), at remanence Oy (red
triangles down), (second column) magnetic anisotropy H g (blue squares) and coercivity Hc (red triangles up). Kerr rotation
parameters were derived from the appropriate PMOKE hysteresis loops. The arrows 1-3 indicate the fluences as in figure 1. The
lines, connected experimental points, are drawn as guides to the eye.

a system with PMA. At the branch 1 the Pt/Co/Au/ and Au/Co/Au/ systems exhibit negative values of H;gpr
which indicates enhanced remanence magnetization only. Presented dependencies indicate the importance
of Pt layer in PMA enhancement after irradiation. The appearance of the branch 1 could be explained by
induced tensile strains [10] which are expected for all discussed Co covers and possible creation of Co—Pt
alloys [8]. Co-platelets seem to be responsible for branch 2 creation [38]. Taking into account initial values
of Hgpr for pristine samples, one can evaluate the maximal increase of anisotropy fields after irradiation as
0.3+0.4 T. It is interesting, that the lowest value of this increase is observed in Pt/Co/Pt system. Therefore, it
seems that Au as a cover layer supports creation of anisotropic Co-platelets in branch 2. Fluence
dependence of coercivity field Hc, determined from PMOKE curves analysis, is plotted in the second
column of figure 2. Noticeable values of H¢ were recorded for fluences corresponding to branch 1 or 2 with
nonzero remanence—cf Orgy and He dependences in figure 2.

To underline the difference in magnetic anisotropy induced by ion irradiation in the studied systems a
comparison data are presented in table 1. Observed significant changes between studied systems are
described quantitatively by the following parameters: (i) AHy,; = Higpr(branch 1) — Hger(F = 0), (ii)
AHy, = Hjgpr(branch 2) — Higpp(F = 0), where Higpr(branch 1 or branch 2) is the effective anisotropy
field of the samples irradiated with fluences corresponding to branch 1 or 2, Hygpr(F = 0) is the effective
anisotropy field of the as deposited sample. It is visible that substitution of Au instead of Pt as a buffer layer
induces higher changes of magnetic anisotropy especially for higher ion irradiation fluence. Au as a capping
layer significantly increase magnetic anisotropy field for branch 2 fluence.
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Table 1. Magnetic anisotropy fields and their changes after irradiation with
branch 1, 2 fluences. Definitions of listed parameters are provided in the text.

Pt/Co/Pt Pt/Co/Au Au/Co/Pt Au/Co/Au

Hye (F=0) (T) —0.21 —0.35 —0.32 —0.42
AHy, (T) 0.24 0.14 0.3 0.1
AHy, (T) 0.18 0.5 0.43

Figure 3. MFM images of domain structure: (a) Pt/Co/Pt, fluence 2 x 10' ions cm™ (corresponds to branch 1 in figure 2(a));
(b) Pt/Co/Au, fluence 3 x 10" ions cm~2 (branch 2 in figure 2(b)); (c) Au/Co/Pt, fluence 2.8 x 10'* ions cm~? (branch 1 in
figure 2(c)).

Domain structures with out-of-plane magnetization are expected in areas with a fluence creating PMA
state. Because of lateral resolution limit, it was not possible to visualize these domains using PMOKE
microscope, as domains with submicrometer sizes are expected. Their observation demand application high
resolution domain imaging techniques, e.g. MFM. Before imaging the samples were demagnetized in
ac-decaying normal field. Submicrometer domain structures images registered with use of MFM for
Pt/Co/Pt, Pt/Co/Au/ and Au/Co/Pt samples are presented for the fluences appropriate to PMA state
(figures 3(a)—(c)). Visible structures are not regular. Gaussian fits to the peak of the radially averaged
intensity of the Fourier transforms give central periods of 0.5, 0.8, and 0.7 pm, respectively.
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Figure 4. Experimental (thick blue and red lines) and calculated (thin black lines) magnetooptical complex polar Kerr spectra
obtained for four systems at branch 1 and 2 fluences: (a) Pt/Co/Pt, (b) Pt/Co/Au/, (c) Au/Co/Pt/ and (d) Au/Co/Au.

3.2. Magneto-optical spectroscopy

In order to describe changes at magnetic interfaces after the irradiation process and creation of various
Co,Pt;_ alloys, which are responsible for observed magneto-optical (MO) and magnetic changes, the MO
spectroscopy studies were performed. This approach combines experimental observations of wavelength
dependent Kerr MO effect with advanced theoretical modeling including both layers thicknesses and
Co,Pt;_, compositions. Figures 4(a)—(d)) present the measured MO spectra for all studied systems at three
fluence regions of interest—as deposited and irradiated with fluences corresponding to the maximal
changes of the saturation field (branch 1 and 2). Theoretically calculated spectra being the best fits to the
experiment data are shown in figure 4 as well. The fits were calculated varying thicknesses of individual
sublayers, as well as EMA contribution (depending on the system composition). The resulting values of the
applied parameters are listed in table 2. The calculated depth profiles of Co concentration are shown in
figures 5(a)—(d)) for all branches of the samples to illustrate the intermixing after irradiation. The step-like
Co profiles describe sub-layers of different alloys CoPt;_, and/or Co,Au;_, EMA contribution based on
the data presented in table 2. Cobalt concentration depth profiles obtained after fitting the MO spectra are
shown together with the Co profiles obtained from XRR and TRIDYN simulations [39].

For as-deposited (non-irradiated) trilayers, the thicknesses of Co layer according to the theoretical
calculations of MO spectra are in reasonable agreement with sample deposition protocols and XRR data
(figure 5, upper row). The blurring of Co interfaces in XRR profiles are ascribed to the natural waviness of
interfaces visible as interdiffusion at small sliding angles used in this method. Small systematic depth shift
can be explained by low sensitivity of MO to the total film thickness when it exceeds extinction length—in
Pt the extinction length is 25 nm for A = 640 nm. The biggest discrepancies between theoretical and
measured MO spectra are observed for Pt/Co/Pt system in the fyax spectrum (figure 4(a)). This difference
between the model and the experiment in the lower photon energy region may origin in slightly different
optical properties of Co or Pt layers from tabulated values. This can be the result of different bulk density
(and consequently free carriers concentration) of the layers due to differences in preparation procedure
(and resulting crystallinity), which usually manifests itself in the low energy spectral region via Drude
dispersion [40]. Moreover, the proposed theoretical model structure suggests a presence of Co—Pt alloy at
all Co—Pt interfaces in non-irradiated samples, but no Au—Co alloy at all. This agrees with previously
published results [41, 42] and clearly demonstrates a strong tendency of Co and Pt to create the alloy or
rough Co-Pt interface. On the contrary, the Au—Co alloying does not occur in non-irradiated samples.
Although the model structure of Pt/Co/Au and Au/Co/Pt systems considers the same amount of alloying,
the agreement between theoretical fit and experimental data is clearly better in the case of Au/Co/Pt system.
This suggests that the bottom Co interface with Au layer is of higher quality in contrast than with Pt layer
since the model considers perfectly abrupt interfaces. The perfect description of experimental data by
theoretical model in non-irradiated Au/Co/Au sample clearly demonstrates the highest quality of interfaces
in this sample. A good agreement between experimental data and the model considering nominal sample
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Table 2. Distribution of Co, Pt, Au along the multilayer depth in four Pt(Au)/Co/Pt(Au) systems for as deposited structures and
selected ion irradiation fluences corresponding to branch 1 and 2, determined from the best fit to the magneto-optic complex polar
Kerr effect spectra.

As deposited Branch 1 Branch 2
Pt/Co/Pt Pt/Co/Au Au/Co/Pt Au/Co/Au Pt/Co/Pt Pt/Co/Au Au/Co/Pt Au/Co/Au Pt/Co/Pt Pt/Co/Au Au/Co/Pt

Component Layers thickness (nm) Layers thickness (nm) Layers thickness (nm)

(top) Pt 4.80 0.00 4.80 0.00 3.16 0.00 2.83 0.00 0.00 0.00 0.00
Au 0.00 5.00 0.00 5.00 0.00 2.26 0.00 1.80 0.00 0.00 0.00
CoPt alloy (72%Pt) 0.15 0.00 0.15 0.00 1.40 0.00 1.70 0.00 0.00 0.00 0.00
EMA 80% Au, 20% Co  0.00 0.00 0.00 0.00 0.00 1.50 0.00 2.00 0.00 0.00 0.00
CoPt alloy (53%Pt) 0.10 0.00 0.10 0.00 1.15 0.00 1.40 0.00 0.00 0.00 0.00
EMA 60% Au, 40% Co  0.00 0.00 0.00 0.00 0.00 1.00 0.00 1.00 0.00 0.00 0.00
CoPt alloy (41%Pt) 0.05 0.00 0.05 0.00 0.40 0.00 0.35 0.00 0.00 0.00 0.00
EMA 40% Au, 60% Co  0.00 0.00 0.00 0.00 0.00 0.80 0.00 0.50 0.00 0.00 0.00
CoPt alloy (28%Pt) 0.05 0.00 0.05 0.00 0.20 0.00 0.20 0.00 0.00 0.00 0.00
EMA 20% Au, 80% Co  0.00 0.00 0.00 0.00 0.00 0.60 0.00 0.50 0.00 0.00 0.00
Co 2.69 2.85 2.85 3.00 0.39 0.00 0.00 0.00 0.00 0.00 0.00
CoPt alloy (28%Pt) 0.05 0.05 0.00 0.00 0.20 0.20 0.00 0.00 0.00 0.00 0.00
EMA 20% Au, 80% Co  0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.50 0.00 0.00 0.00
CoPt alloy (41%Pt) 0.05 0.05 0.00 0.00 0.40 0.40 0.00 0.00 0.00 0.00 0.00
EMA 40% Au, 60% Co  0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.50 0.00 0.00 0.00
CoPt alloy (53%Pt) 0.10 0.10 0.00 0.00 1.15 1.15 0.00 0.00 1.00 0.00 1.25
EMA 60% Au, 40% Co  0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 0.00 0.00 3.75
CoPt alloy (72%Pt) 0.15 0.15 0.00 0.00 1.40 1.40 0.00 0.00 3.50 8.00 0.00
EMA 80% Au, 20% Co 0.0 0.00 0.00 0.00 0.00 0.00 2.00 2.00 0.00 0.00 0.00
Au 0.00 0.00 20.00 20.00 0.00 0.00 17.50 20.00 0.00 0.00 15.00
Pt (bottom) 19.80  19.80 20.00 20.00 18.16 18.16 20.00 17.50 16.95 14.00 20.00

(a) Pt/Co/Pt (b) Pt/Co/Au (o] Au/ColPt (d) Au/ColAu

1,0 non-imadiated 1.0 non-iradiated 1.0 non-iradiated —— 1.04 non-iradiated —
\ /
= 081 08 08 : l 0.8+ [
S ioh L [
= '
& 0 06 06 ; H 0.6 [
8 [ i
B 04 04 04 ' \ 0.44 ' H
g | | ! !
| \
=021 02 02 [ \', 0.2 : '
8 . \
20 ==1 99 | cae! LI — 00 RS
1.0 branch 1 1,04 branch 1 1.04 branch 1 1.0 branch 1
5 038
2 . b,
& N 06 |
g v
S ] " 04 !
8 X ‘l .r A
M 02
3 \ o
~a__d0g a ot
1.0 branch 2 1.04 branch 2 1.0 h
branch 2 depth [nm]
08 08 08
s {—mwo
® 08]----XRR 06 08
= ——TRIDYN
@ 044 04 L
e 5 S 0.4
=] ’ ~
= 0.2 . B
8 02 /
2k Pl §[ i i |00 T
20 10 15 10
depth [nm] depth [nm] depth [nm]

Figure 5. The depth profiles of Co concentration in (a) Pt/Co/Pt, (b) Pt/Co/Au/, (c) Au/Co/Pt/, (d) Au/Co/Au samples
calculated as: the best fit step-like function to the experimentally obtained MO spectra (red line), XRR fitting (dashed blue line),
and TRIDYN simulations (black line). Top row corresponds to non-irradiated samples, middle—irradiated with branch 1
fluence, and bottom—with branch 2 fluence. Non-irradiated sample structures obtained from XRR fits are schematically shown
at the bottom.

structure has not been achieved for Pt/Co/Pt system [41, 42]. A slight discrepancy between 2.5-3 eV is
probably due to a deviation of optical properties of Au from tabulated values. In this spectral region the Au
exhibits sharp absorption bands whose energy strongly depends on crystallinity of the material [43].

The amplitudes of fyax, emax spectra, measured for the branch 1 samples, increase with respect to
non-irradiated ones, except Au/Co/Au system. This is connected with ion induced mixing of the layers
which increases total volume of CoPt alloy in the sample. Depending on the composition, CoPt alloy can
significantly enhance the PMOKE amplitude [18, 36, 44], influenced by the coupled 3d levels of Co and 5d
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levels of Pt (with high spin—orbit interaction) [45]. Measured spectra are also consistent with those
obtained from PMOKE 6fyax measurements at wavelength A = 640 nm presented in figure 2. The
magneto-optical models are in a good agreement with experimental data and confirm significant
intermixing of the Co and Pt layers, which corroborate quite well Co distribution obtained from the XRR
and TRIDYN calculations (figure 5). These results suggest that nearly no pure Co remains in the stripe (or
this effect is due to the significant Co—Pt, Au roughness). Etching of the Pt or Au capping layer for these
fluences is negligible. TRIDYN calculations give symmetric mixing of both Co interfaces even for
asymmetric covers, which is explained by disregarding of chemical driving forces in the model of binary
collision approximation. Comparison of the MO model structures for asymmetric Pt/Co/Au and Au/Co/Pt
systems shows that after irradiation the spread of Co across Au cover is different than in Pt one. These
results can be explained by different behavior of Pt and Au during irradiation. While Pt tends to form a
miscible alloy with Co, Au is immiscible and intermixing of Co and Au is suppressed by thermal spikes and
temperature segregation processes [46] leading to discontinuity of the Co layer. An increased discrepancy
between experimental data and theoretical model is visible for Au/Co/Au system (figure 4(d), branch 1).
Similar disagreement can be observed at the same photon energies for Pt/Co/Au system (figure 4(c), branch
1). This can be a result of the change of optical properties of bottom Au cover due to Ga™ ion implantation
inside it, since the d-bands of Au are located in this energy range.

When the samples were irradiated with branch 2 fluences the top layer containing intermixed cobalt
becomes to be etched by Ga™ ions. Thus, while the etching decreases the volume of magnetic material
inside the sample, the resulting MO spectra of Au/Co/Pt system measured at branch 2 exhibit a lower
amplitude than at branch 1. On the other hand, Pt/Co/Pt and Pt/Co/Au systems exhibit similar or
higher amplitude. This can be explained by formation of magnetic Pt—Co alloy which increases the
magneto-optical response with respect to pure Co. On the contrary, in Au/Co/Pt system the whole platinum
layer is etched and only cobalt embedded into the Au layer is conserved. All changes in spectral amplitudes
agree well with PMOKE hysteresis loops (figure 1). It should be noted, that calibration Pt—Co alloys used
for MO spectra fittings were obtained in equilibrium conditions, which are different (and magneto-optical
properties, too) for high fluence branch 2 irradiation mixing. For example, after high fluence irradiation the
formation of metastable cobalt nano-platelets was reported in reference [38]. These differences can be
responsible for the observed shift between lines determined from fitting by MO spectroscopy and XRR or
TRIDYN simulations. In the case of Au/Co/Au branch 2 the MO signal was bellow detection limit of our
spectrometer.

Although the theoretical calculations describe the experimental spectra in reasonable way, the noticeable
deviations are observed, especially for branch 2. That might be connected with modification of
magneto-optical properties due to severe structural disordering. Besides it, the EMA approximation
assumed spherical Co nanoparticles dispersed in Au matrix, whereas in the real disordered material the
shape of the nanoparticles should be irregular. Moreover, in the simulated structural models the samples are
considered as the stacks of layers with ideally flat interfaces, while the interfaces in the real nanostructures
are likely rough. These assumptions may not be fully valid in the case of branch 2 where the system of layers
is not well defined.

3.3. XRR, symmetric and asymmetric XRD measurements
Detail structural analysis of as deposited samples and subjected to ion irradiation with fluences
corresponding to branch 1 and 2 formation was carried out by means of XRR. Simulations were performed
using PANanalytical commercial software based on the Parrat’s formalisms (see figures S37-548 in
supplementary material). The scattering length density (SLD) profiles, used for the fittings, are shown in
figure 6. Due to possible etching of irradiated samples, their SLD profiles were slightly shifted in depth to
conserve the position of Al,Os interface as in non-irradiated samples. SLD depth profiles of Co layers
normalized on its bulk value were used as Co concentration profiles in figure 5. Taking into account from
TRIDYN simulation that mean penetration depth for 30 keV Ga™ ions is about 10 nm [47] and sputter
yield for Au reaches 12.8 atoms/ion and for Pt 8.5 atoms/ion [48], the analysis of SLD profiles in figure 6 is
the following.

All as prepared samples have flat interfaces roughnesses below 1 nm, and component layer thick
nesses are close to nominal values. After irradiation corresponding to branch 1 layered structure of the
samples is conserved in general and the sample surface (roughness of capping layer) is not changed.
Irradiation-induced changes are visible for two upper layers—capping layer and Co layer below. The upper
interface (closer to the sample surface) is mixed to a higher extent than the bottom one (far from the
surface). Co—Pt interface is more spread than Co—Au due to different miscibility of Co—Pt (miscible) and
Co—Au (immiscible) systems. The thickness of capping layer is slightly reduced by about 0.5—-1 nm.
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Figure 6. Depth profiles of electron SLD for non-irradiated and irradiated samples with fluences corresponding to branch 1 and
2: (a) Pt/Co/Pt; (b) Pt/Co/Au; (c) Au/Co/Pt and (d) Au/Co/Au. Non-irradiated sample structures obtained from XRR fits are
schematically shown at the bottom.

After irradiation with branch 2 fluence, the capping layers are significantly ablated; the interfaces
between the Co and capping/bottom layers are very smooth, thus the covering layers and Co are strongly
intermixed.

In the high resolution §-26 x-ray diffraction spectrum the reflections from Pt(111), Au(111) and
substrate Al,03(0006) are clearly observed (see figures S1-S4 in supplementary material). Reflection
Co(0002) is too weak and cannot be used for interplanar spacing calculation. Therefore we used Pt(111)
and Au(111) reflections, assuming that after irradiation the change in lattice deformation is locally coherent
and in consequence change the strain of neighbor layers is the same. For Pt/Co/Au film the intensity of
Au(111) reflection is about 100 times weaker than Pt(111) reflection. This indicates that main contribution
to the (111) reflection comes from the buffer layers. When the sample is tilted from normal measurement
configuration at the angle 1) = 35.26° it is possible to find asymmetric reflections from Pt(220) and Au(220)
planes.

In biaxial strain model [49] it is assumed that layer exhibits in-plane ¢,, and out-of-plane ¢,

1—

deformations connected via Poisson’s ratio v as & = — %, According to this definition the deformations
€ 2v
czz

correspond to the appropriate interplanar distances as ey, = Z—g —lande, = :—g — 1, where d,° and d.° are
X t4

unstrained interplanar spacing related to the unstrained fcc lattice constant ag as d° = d5,, = %,
&d=d, = % Direction [—211] (x-direction) is perpendicular to the sample normal [111] (z-direction)
and measured interplanar spacing (220) dy,, can be decomposed into two perpendicular components as
d% =15 d% +%- d%. Using Poisson’s ratio for Pt 0.36 and 0.4 for Au and measured interplanar spacing
d(())zzzz and dml 1(1>ne can (Zileltermine in-plane interplanar spacing d; = d511, in-plane and out-of-plane strains
€xc and €., and unstrained lattice constant ay. The summary of results is given in table 3.

In the case of Au/Co/Au and Au/Co/Pt samples 20 nm Pt buffer was used, so the Pt(111) reflection was
occurred from this Pt buffer which is placed more deeper than ion penetration depth and consequently is
not considered in irradiation process. Fluence dependences of derived lattice constant ay and in-plane stress
are presented in figure 7. Analyzing the data it should be noted that for non-irradiated samples lattice
constants ag are close to their bulk values—4.078 A for Au and 3.924 A for Pt. Irradiation with branch 1
fluence lead to low contraction about 0.1% which is further developed to 0.5% for branch 2 irradiation and

can be ascribe to Ga™ implantation.
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Table 3. Measured interlayer spacing d,;, dy and calculated in-plane interlayer
spacing d,, strains .y, €., and unstrained lattice constant a,.

Material Pt Au
Sample Fluence 0 Branch 1 Branch 2 0 Branch 1 Branch 2
Pt/Co/Pt di (A) 2.264 2.259 2.248
dayo (A) 1.388 1.386 1.380
d. (A) 1.607  1.607  1.601
ag (A) 3.929 3.925 3.907
Exx (%) 0.187 0.320 0.399
€. (%) —0.166 —0.284 —0.354
Pt/Co/Au di (A) 2.265 2.260 2.243
dayo (A) 1.388 1.386 1.379
d, (A) 1.606 1.607 1.606
ag (A) 3.929 3.925 3.908
Exx (%) 0.149 0.307 0.647
€. (%) —0.132 —0.273 —0.575
Au/Co/Pt di (A) 2.267 2.267 2.272 2.352 2.345 2.329
dayo (A) 1.389 1.388 1.390 1.443 1.441 1.430
d, (A) 1.607 1.603 1.601 1.674 1.674 1.660
ag (A) 3.931 3.927 3.930 4.087 4.081 4.049
Exx (%) 0.153 0.011 —0.174 0.337 0.499 0.415
€, (%) —0.136  —0.010 0.154 —0.300 —0.443 —0.369
Au/Co/Au  dyj; (A) 2.264 2.264 2.356 2.346
dyy (A) 1.388 1.388 1.444 1.440
d. (A) 1.608 1.606 1.670 1.672
ag (A) 3.930 3.927 4.085 4.079
Exx (%) 0.228 0.174 0.125 0.406
€, (%) —0.203 —0.154 —0.111  —0.360
e
4.08 '_\Q\ 0,64
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Figure 7. Ion fluence dependence of unstrained fcc lattice constants a, (a) and in-plane strains €., (b) for Pt in Pt/Co/Pt,
Pt/Co/Au and Au in Au/Co/Au, Au/Co/Pt systems.

The in-plane tensile strain in as-deposited films is at the level of 0.1%—0.3%. Irradiation leads to further
increase with a fluence of in-plane strain developing in the buffer layers which are in a direct contact with
Co layer. Qualitative agreement between fluence-dependent magnetic anisotropy field Higpr (figure 2) and
in-plane strains e, (figure 7(b)) can be found for branch 1 irradiation: the relative increase of tensile strain
correlates with relative increase of magnetic anisotropy field H;gpr. The effect of further increase of fluence
to branch 2 does not lead to an unambiguous increase of €,,—in the case of Au/Co/Pt sample in-plane
strain is reduced but still bigger than for non-irradiated sample. Here, it should be noted that for 20 nm
thick buffers XRD signal mainly originates from the buffer material where Ga™ ions are deposited, while
magnetic signal originates from the volume of Co layer, where ion deposition is relatively small. Thus, two
factors influence magnetic anisotropy. Firstly, residual in-plane tensile strain ~0.2% was evaluated as an
average value for rather thick bottom buffers. One can expect that in thin Co layer which is placed closer to
the surface, the residual strain can be significantly bigger (~1%) [10]. Secondly, for Co—Pt system
magnetostriction coefficient depends on composition [50]. Spreading of cobalt interfaces and chemical

nature of buffer/capping layers are important, too.
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3.4. Positron annihilation spectroscopy

The influence of irradiation fluence on vacancy distribution and their atomic surrounding (elemental
decoration of the annihilation site) were studied with positron annihilation spectroscopy (PAS), which
provides crucial defect-structural characteristics of multilayer interfaces. Details about the technique itself
are given in the section S2 of supplementary material. In general, positrons are extremely sensitive to the
local (still volumetric) vacancy like defect concentration as well as to the electronic structure of elements
surrounding of these positron trapping centers [51] and were used successfully to study other magnetic
layers like FeAl [26] or Co304 [52]. We will show that the analysis and discussion of PAS results, although
not as quantitative as calculations and modeling given in previous sections, provides an interpretation in
line to the other structural techniques. Moreover, in our opinion it serves as an alternative and
complimentary method to investigate ordering and mixing processes in multilayers. It is important to note,
that implanted into a film positrons are mostly thermalized (having negligible momentum) and as a
consequence of annihilation with electrons the distribution of electrons momenta is obtained, providing
sensitivity to the defect size, concentration (valence—low momentum electrons), and chemical
surrounding of a defect site (core—high momentum electrons).

Let us consider the dependences S(E,) in figure 8. The S parameter represents positron annihilation with
low momentum valence electrons, hence it is directly proportional to open volume defect concentration
and/or defect size. Here, it is combined with cDB spectroscopy analysis (section S2 in supplementary
material), which is sensitive to defects elemental surrounding. The first decay of the S(E,) dependence
(Ep = 0-2 keV) corresponds to the Pt (Au) surface layer (figure 8), whereas the raise at E, =~ 3 keV
represents the influence of Co layer, followed by a monotonic decrease (due to remaining buffer layers and
the substrate). The existence of maximum at E, ~ 3 keV indicates relatively large defect concentration
around the cobalt layer particularly at its interfaces, likely due to MBE deposition at the room temperature,
which is opposite to the case of our previous investigations—deposition at elevated temperature [13]. In
general, a non-monotonic S(E;,) dependence is a fingerprint of a multilayer structure of the pristine
samples. PAS analysis of the similar MBE-grown samples [13] shows that small vacancy complexes in
L1,-fct-CoPt surrounding can be a major defect type. After ion irradiation a concentration of these types of
vacancies decreases for both fluences and all samples regardless of the cover materials (figure 8). For the
samples with Pt as a buffer layer, the maximum at S(Ep,) is reduced or completely diminished (figures 8(a)
and (b)), i.e. the lower ion fluence (branch 1) is sufficient already to introduce Co/Pt intermixing. Clear
differences are found depending on the cover material type as well. cDB investigations (supplementary
material section S2, figure S50) visualize effects of intermixing as a change in Pt abundancy around the
annihilation site. A disappearance of the this type of vacancies takes place (still slight step-like peculiarity of
S(Ep) at E, = 4 keV is visible, which represents two different layers of intermixed material—figures 8(a)
and (b), followed by a nearly complete smoothing for the higher fluence (branch 2). Here it should be
noted that 30 keV Ar™ irradiation of similar Pt/Co/Pt trilayers [13] leads to significant difference between
S(E,) dependences for the lower and higher fluences. However, ion irradiation induced interface
broadening depends on mass of projectiles [53]—the bigger mass, the bigger broadening. Mass of Ga atom
is approximately twice bigger than of Ar, so broadening under Ga™ irradiation should be larger.

Summarizing, PAS findings are perfectly in-line with magneto-optical and XRR modeling, suggesting
Co mixing with the cover and buffer layers. In contrast the systems with Au as a buffer layer (figures 8(c)
and (d)) have conserved the non-monotonic behavior (reference sample and branch 1) and plateauing of
the S(E,) dependence in the Co layer region (branch 2) after irradiation. It illustrates hindered or lower
intermixing due to irradiation, which is in agreement with conclusions driven out of the other techniques
presented in this manuscript. cDB analysis (figure S50 in supplementary material) demonstrated only
minor changes in the amplitude of the ratio curves between the pristine and irradiated samples, hence
elemental defect surrounding is unchanged. Therefore, the multilayer structure is still likely preserved.
Qualitatively, the width of the maximum (figure 8) representing the general Co layer area can be used to
identify the level of intermixing and sharpness of interfaces. Since, the width is smaller for the Au buffered
systems more coherent interface region is expected (see XRR data figure 6 as well). Sputtering effects due to
irradiation, e.g. etching of the capping layer, are visible to a certain extent in the S(E,,) curves, too. In case of
Au buffered systems after irradiation (figures 8(c) and (d)) the position of the maximum moves gradually
closer to the surface. Alternatively, the observed movement could be a consequence of interfaces broadening
or superposition of both effects. Changes in the absolute values of the S-parameter at the surface can
indicate, on the other hand, what kind of material remains there after irradiation. The largest S is expected
for Au, slightly lower for Pt, and the lowest for Co. The surface states in branch 1 samples remain mostly
unchanged. The branch 2 fluence induces variations in the surface S-parameter, where a large drop for the
Au-capped case is found, which likely represents emerging Co signal. According to TRIDYN simulations the
cap layer should be mostly sputtered away for branch 2 samples.
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Figure 8. Low momentum fraction of electrons, S, as a function of positron implantation energy E,,, for different configurations
of investigated trilayers: (a) Pt/Co/Pt, (b) Pt/Co/Au, (c) Au/Co/Pt, (d) Au/Co/Au. The mean implantation depth of positrons in
Pt (calculated using the Makhov equation) and non-irradiated sample structures are shown at the top.

4. Conclusions

In conclusion, we have investigated the influence of adjacent Pt(Au) metals to Co magnetic layer in
Pt(Au)/Co/Pt(Au) trilayers irradiated with 30 keV Ga™ ions in the wide range of fluence F on its structural,
magnetic, magnetooptical and properties.

Non-irradiated films with Co layer 3 nm thick are magnetized in the sample plane (negative magnetic
anisotropy field Hgpr). The fluence induced non-monotonic changes of magnetic anisotropy were observed
in all Pt(Au)/Co/Pt(Au) structures. With increase in F the magnetic anisotropy first decreases for low
fluence (~10" ions cm~2) being related to partial suppression of the interface anisotropy. Further fluence
increase leads (except Au/Co/Au case) to creation two branches of enhanced anisotropy. Sufficiently high
irradiation fluence introduces disordering that leads to change of magnetic ordering toward more isotropic
state. Ion irradiation substantially affects magnetic anisotropy and especially induces PMA for Pt/Co/Pt,
Pt/Co/Au and Au/Co/Pt. The type of material of cover layers, i.e. Pt or Au, influences the magnitude and
monotony of magnetic anisotropy changes with fluence. The strongest changes of the amplitude of
magnetic anisotropy were observed when Pt (as cap or buffer layer) was substituted by Au (Pt/Co/Au and
Au/Co/Pt). Fluence induced increase of maximal value of polar Kerr rotation was observed for all Co covers
containing Pt, the highest increase was found for Pt/Co/Pt structure whereas increase emerged for Pt/Co/Au
and Au/Co/Pt was to less extent. On the contrary, no changes were found for Au/Co/Au.

Depth dependence of cobalt concentration in alloyed Co,Pt;_, layers and/or different content of Co
nanoparticles in Au layers was deduced for irradiated Pt(Au)/Co/Pt(Au) structures from: fitting of the
magneto-optic complex polar Kerr effect spectra, XRR measured and TRIDYN simulations. The peak in
anisotropy at branch 1 fluence correlates with irradiation-induced tensile strain. Irradiation with the high
fluence (branch 2) provides partial sputtering of Co together with capping layer. Performed modeling and
analyses indicate that Co mixing with cover layers occurs even for branch 1 fluence. The thickness of Au/Co
interface mixing is approximately two times smaller than of Pt/Co one. The appearance of PMA
magnetization for asymmetric Au/Pt covers (Au/Co/Pt and Pt/Co/Au trilayers) irradiated with branch 2
fluence can be ascribed to the stronger anisotropic behavior of CoPt alloy with Co nanodiscs [38] in the
vicinity of immiscible Au layers.
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PAS investigations indicate depth distribution of vacancy like defects and their atomic surrounding—a
fingerprint for interfaces intermixing. We have found strong dependence of irradiation fluence on the
vacancy distribution across multilayer thickness confirming interpretation given by the magnetic and
structural characterization. Doppler broadening PAS can be utilized as an alternative structural technique
providing qualitative analysis of ion induced ordering and mixing processes in thin films taking advantage
of sensitivity to chemistry of the annihilation site.

Magnetic layer with different interfaces like Pt, Au are very attractive due to the existence of
Dzyaloshinskii—Moriya interaction (DMI) [54], necessary to stabilize skyrmion structures [55]. Ion
irradiation in such kind of ultrathin films allows magnetic and magnetooptical properties tuning e.g.
magnetic anisotropy, coercivity field, magneto-optical parameters and probably also DMI. Thus the results
of the present investigations can be applied as possible method for patterning of magnetic nanostructures
required for creation of new magnonic crystals, spintronic devices.
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