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Introduction

Thin magnetic films with their functionality can be enhanced 
by ion irradiation, what can lead to a modification of perpend­
icular magnetic anisotropy (PMA) [1–3]. This is very prom­
ising for the engineering of preferred properties in a local 
scale for emerging applications, i.e. for out-of-plane nano­
magnet logic (oNML) devices [4], shift registers [5], magnetic 
patterning [6] or device prototyping [7] and more. Moreover, 
the studies of ultrathin films with PMA on the explanation 
of the fundamental physics, i.e. the Dzyaloshinskii–Moriya 
(DMI) interactions [8, 9], is still present in very recent reports. 

Symmetrical covers of Pt, induce in Pt/Co/Pt strong PMA, ori­
enting out-of-plane magnetization up to Co layer critical thick­
ness dSRT. While decreasing cobalt thickness, dCo below dSRT 
(ca. 1.9 nm), a spin reorientation transition (SRT) [10] from 
in-plane to out-of-plane magnetization alignment takes place. 
Initial works on ion irradiation of Pt/Co/Pt reported a decrease 
in PMA [11, 12] upon treatment. Previous works on homoge­
neously irradiated Pt/Co/Pt or [Pt/Co]N multilayers employed 
low (10–30 keV) or high energy (0.15–2 MeV) ions of sev­
eral ion spices including i.e. He+ [11–15], Ar+ [13, 16, 17],  
Ga+ [2, 3, 13, 18], N+ [19], Xe+ [20], Kr+ [21], O+ and 
Ag+ [22] or Cr+ [21]. As was shown, with dCo  <  dSRT, ion 
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Abstract
Modifications of magnetic and magneto-optical properties of Pt/Co(dCo)/Pt upon Ar+ 
irradiation (with energy 1.2, 5 and 30 keV) and fluence, F at the range from 2 · 1013–2 · 1016 
Ar+ cm−2) were studied. Two ‘branches’ of increased perpendicular magnetic anisotropy 
(PMA) and enhanced magneto-optical response are found on 2D (dCo, F) diagrams. The 
difference in F between ‘branches’ is driven by ion energy. Structural features correlated 
with magnetic properties have been analysed thoroughly by x-ray diffraction, Rutherford 
backscattering spectrometry and positron annihilation spectroscopy. Experimental results are 
in agreement with TRIDYN numerical calculations of irradiation-induced layers intermixing. 
Our work discusses particularly structural factors related to crystal lattice defects and strain, 
created and modified by irradiation, co-responsible for the increase in the PMA.
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irradiation leads to diminishing PMA [11, 14, 18], and fur­
ther to transition into a paramagnetic state. These effects were 
utilized as a demonstration for fabricated out-of-plane pat­
terned media [23–26]. However, an opposite modification, i.e. 
reorientation of magnetization from in-plane to perpendicular 
alignment was also reported for Ga+ [2]. Under 30 keV Ga+ 
ion irradiation, a sequential increase of the PMA with the 
ion fluence, F increases, (visible as ‘branches’ of the higher 
value of remanence magnetisation, on the 2D magnetisation 
remanence map, mR(F, dCo)) has been observed [3, 27]. This 
was explained by competition between the interface degrada­
tion [3, 28], the magnetoelastic effect induced by lattice strain  
[28, 29], alloy formation with strong PMA [3, 28, 30, 31] and 
Co nanodiscs [32]. However, full structural aspects of lattice 
distortion and their impact on the PMA changes upon ion irra­
diation modifications in ultrathin film structures are extremely 
difficult to analyse, where a small volume of the sample makes 
standard techniques non-sensitive or inaccurate.

The goal of this work is to explore the possibility to induce 
PMA in ultrathin Co by Ar+ ions bombardment instead of 
Ga+ ions [3]. Ar+ ions irradiation sources are commonly 
available in technological systems. We selected Ar+ ions of 
energy 1.2, 5 and 30 keV enabling studies of precise nano­
structure modifications on different depth in relation to magn­
etic layer position. We establish a correlation between the 
magnetic and structural changes of Pt/Co/Pt ultra-thin layered 
structure induced by irradiation with Ar+ ions. Applied locally 
probing magneto-optical Kerr effect (MOKE) technique in 
polar configuration (PMOKE), which enables investigations 
of magnetic properties as a function of dCo and F. Evolution 
of the structural modifications under irradiation has been ana­
lysed using x-ray diffraction (XRD), Rutherford backscat­
tering spectrometry (RBS) and also illustrated by numerical 
simulations with use of binary collision approximation (BCA) 
code TRIDYN [33]. The unique properties of positron inter­
action with the thin film surface region have been utilized, 
in positron annihilation spectroscopy (PAS) [34–37] for the 
defect spectroscopy of the ion irradiated samples. Lattice 
defects such as vacancies can be determined, i.e. optical and 
electronic properties of materials to a large extent. Our work 
opens the interpretation where defects creation, alloy forma­
tion and strain generation can be correlated to observed mag­
neto-optical properties and the PMA.

1.  Experimental

1.1.  Samples growth and in situ characterisation

The Pt(30 nm)/Co(dCo)/Pt(5 nm) samples were grown by 
molecular beam epitaxy (MBE). Samples with Co layer, 
dCo  =  0–5 nm were investigated by local probing methods 
(figure 1(a)). Additional samples with a uniform thickness 
of dCo  =  3 nm were grown for nonlocal probing techniques 
(figure 1(b)). Crystal structure of the samples was investigated 
in situ (figure 2) by means of reflection high-energy electron 
diffraction (RHEED), low-energy electron diffraction (LEED) 
and scanning tunnelling microscopy (STM).

1.2.  Ion irradiation

Ion modification of the samples has been performed using 
ion implanter with gaseous Ar source extractor. To achieve 
ion fluence, F gradient irradiation, ranging from 2 · 1013 to  
1.9 · 1016 Ar+ cm−2, a linear shutter has been placed directly 
in above of the sample. Ion energies 1.2, 5 and 30 keV were 
used. Orthogonal orientation of dCo and F gradients allow con­
structing false colour maps of magnetic properties, depending 
on dCo and F (figure 1(a)). Additionally, in order to examine 
structural changes upon ion irradiation and associated with 
them observed magnetooptical properties, the uniform sam­
ples Pt/Co(3nm)/Pt were irradiated uniformly (figure 1(b)) with 
ion fluences: 9.8 · 1014 (Flow) and 1.45 · 1016 (Fhigh) ions cm−2 
and energy 30 keV. A non-irradiated (Ref), as-grown sample, 
served as a reference.

1.3.  Samples characterisation methods

Samples were studied using MOKE setup, in polar configu­
ration (see supplementary materials (SM) S1 (stacks.iop.org/
JPhysCM/31/185801/mmedia)). Structural properties of the 
additional samples (figure 1(b)), before and after ion irradia­
tion, were examined ex situ by 1.2 MeV He+ RBS [38–40] 
with channelling (c-RBS) methods. Elements concentration, 
[at%] depth profiles were calculated using SIMNRA [41, 42] 
software simulations and supported by SimTarget applet [43]. 
The symmetrical and asymmetrical XRD measurements allow 
determining the strain states and relaxed lattice parameters of 
the Pt and Pt1−xCox layers before and after ion irradiation, 
respectively. Finally, PAS analysis of ion irradiation induced 
defects has been performed at the slow-positron system of 
Rossendorf (SPONSOR) [44, 45], which provides a tung­
sten foil moderated (monoenergetic), magnetically guided 
variable energy positron beam. We have utilized Doppler-
broadening spectroscopy of the positron-electron annihilation 
line (PAS-DBS) and coincident (PAS-cDBS) at fixed energy 
(1.88 keV), that allow us to get more information about sample 
defect creation by ions [34–37] In order to quantify defects 
size thicker MBE-grown Co and Pt reference films, depos­
ited at the same condition as ion irradiated samples, have been 
measured by means of positron annihilation lifetime spectr­
oscopy (PALS) at the mono-energetic positron spectroscopy 

Figure 1.  Two types of samples with varied (a) and homogenous 
(b) Ar+ irradiation. Brief irradiation scheme and samples 
description.
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(MePS) beamline, at the radiation source ELBE (Electron 
Linac for beams with high Brilliance and low Emittance) at 
HZDR, Germany [46].

2.  Results

2.1.  In situ sample characterisation

In situ diffraction patterns (figure 2), RHEED streaks and 
LEED sharp spots of virgin Pt/Co/Pt, indicate the very good 
structural quality of the virgin samples. In situ STM topog­
raphy images (figure 2) of Pt seed surface shows atomic 
steps with edges align with crystallographic directions with 
few screw dislocations (blue arrows) and vacancy islands 
[47] (yellow arrows). The slightly broadened and partly split 
RHEED streaks (white arrows), originated from the Co layer, 
indicate small islands formation that has preferred separation 
[48], at the initial growth stage. This dense nucleation due to 

growth at room temperature, that disappears after ~2 nm of 
the film coverage, was visible as diffusive streaks in RHEED 
pattern, originate from the less coherent surface with small 
epitaxial grains. Finally, RHEED pattern of Pt cap layer that 
has presumably wavy and grainy surface shown even more 
blurred streaks. Moreover, strain evolution during MBE 
growth process was observed as a d-spacing variation deduced 
from RHEED streak spacing distances (see SM S2).

2.2.  Magneto-optical characterisation

Figure 3 shows a set of (dCo, F) maps of magnetic param­
eters for samples irradiated by Ar+ ions with three chosen 
energies. Magneto-optical parameters illustrated in figure  3 
are defined in SM S1, similarly to reported elsewhere [3]. At 
the bottom of each map, an area corresponding to magneto-
optical parameters of the non-irradiated sample has been 
shown as a reference for the comparison. The SRT thickness 

Figure 2.  The MBE growth of Pt/Co/Pt films. Epitaxy characterisation using RHEED and LEED of Pt seed layer (a), 1.5 and 3 nm Co layer 
((b) and (c) respectively) and Pt capping layer (d). Constant current STM surface images of Pt seed layer and 1 nm of Co layer (bottom). 
Arrows—see text.
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coincides with a position of the transition area between dark 
red and grey colours at normalized remanence, mR map  
(i.e. figure 3(a), dCo  =  dSRT  ≈  1.9 nm). Presented maps for Ar+ 
30 keV modifications reveal two clearly separated ‘branches’ 
of the enhanced PMA, expressed i.e. in the presence of a 
perpendicular mR component to magnetisation vector, simi­
larly to reported 30 keV Ga+ irradiation [3] effects. However, 
corresponding features appear at higher Ar+ fluences. In the 
central part of the maps, a lower fluence ‘Branch I’ extends 
towards increasing F and thicker dCo. A higher fluence 
‘Branch II’ occurs in the upper part of the maps adjacent to a 

border between magnetic and non-magnetic part of the sample 
(out of colour scale). F as low as 1013 ion cm−2 substantially 
reduces the dSRT (ca. dCo  ≈  1.1 nm), where the SRT occurs. 
With the ion energy decreasing (1.2 and 5 keV), the ‘Branch 
I’ is shifted towards higher fluences. The lowest fluences (i.e. 
1013 ions cm−2) with energies of 1.2 and 5 keV do not affect the 
dSRT markedly, contrary to 30 keV. Presumably, due to limited 
ion range of modification, lower energy ions gradually shifts 
the dSRT, with F increasing, towards ca. dCo  ≈  1.1 nm. Finally, 
at the lowest ion energy (1.2 keV) only a single ‘branch’ is 
observed. For all three ion energies used in the experiment, 

Figure 3.  Magnetic properties of Pt/Cowedge/Pt samples, Ar+ irradiated with 1.2 (a)–(c), 5 (d)–(f) and 30 keV (g)–(i) ion energies, presented 
as a set of (dCo, F) diagrams of max remanence magnetisation mR (a), (c) and (e), effective anisotropy H1eff (green-blue scale) fields 
together with coercive field HC (yellow–red scale) (b), (d) and (f). H1eff is defined only for H1eff  <  0 values. The left panel shows mR (Co3 

nm, F) trend lines for all ion energies, with an indication of characteristic points ‘Branch I’ and ‘Branch II’—corresponding θKerr-H loops 
are presented (right side). M–H loop easy plane (in-plane) for non-irradiated Ref sample. The Ref, Flow and Fhigh marks correspond to the 
magnetic parameters of homogeneously irradiated samples with the same names.

J. Phys.: Condens. Matter 31 (2019) 185801
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the mR (dCo  =  3 nm, F) profiles are shown on the left side of 
the illustration with arrows indicating ‘branches’ of enhanced 
PMA. On the right side, PMOKE M–H (dCo  =  3 nm, F) 
corresponding to the observed ‘branches’. Moreover, top-left 
corner shows M–H (dCo  =  3 nm, non-irradiated) hysteresis for 
the non-treated sample (Ref). In particular, the in-plane mag­
netized sample (dCo  =  3 nm) where F increase induces two 
‘branches’ of enhanced PMA, points of interest were arbitrary 
selected, with maximal values of HC and mR with fluences 
Flow, Fhigh (see experimental and figure 1(b)). More analysis, 
specifically the ‘Branch I’ of 30 keV sample and θmax(dCo, F) 
map, can be found in SM S1.

2.3. TRIDYN simulations

The main part of our analyses we focused on the 3 nm Co 
samples, 30 keV Ar+ and Flow and Fhigh irradiated, where 
the separation of two ‘branches’ is observed (figure 3(a)), to 
searching for the causes of magnetic changes in the structural 
modification of layers. So first, we run the TRIDYN simula­
tions (figure 4) in order to estimate changes in concentration, 
Xel (el  =  Pt, Co and Ar) upon increasing F of Ar+, used in the 
experiment. A clear intermixing at both interfaces even for the 
lowest applied F of 1013 ions cm−2 is found at 30 keV Ar+. 
The Co layer degradation starts at F as low as 2 · 1014 ions 
cm−2, where Pt atoms are driven into the layer by intermixing 
process (XPt  >  0.01). The upper bent edges of the maps reflect 
surface etching. The areas correlated with observed ‘branches’ 
of PMA (see figure 3) are shown as shaded vertical stripes. 
The simulation results of 1.2 and 5 keV Ar+ and details of the 
TRIDYN numerical simulations can be found in SM S3.

2.4.  XRD characterisation

Structural changes were also checked experimentally by XRD 
(figure 5). As-grown Ref sample and samples irradiated with 
Flow and Fhigh were examined (figure 1(b)). The relaxed lat­
tice parameters of all layers before and after irradiation were 
determined on the base of symmetrical 2 2 2 and asymmetrical 
1 1 3 reflections, which enabled calculation of the composi­
tion of Pt1−xCox alloys and strain (table 1). Obtained results 
confirmed the [1 1 1] growth direction of the Pt layers. On the 
base of negative in-plane lattice strain, εxx of Pt in Ref sample, 
it was concluded that the Pt layer is under compressive strain. 
The Ar+ irradiation diminishes the Laue oscillations in both 
cases Flow and Fhigh but this effect is a little stronger for Flow.  
This means that irradiation deteriorates the thickness of 
coherent Pt atomic layers. Moreover, partial interface mixing 
based on methods described elsewhere [49, 50] can be used 
for alloy composition calculations (see SM S4). On the base 
of Pt 222 peak deconvolution, we conclude that two layers can 
be distinguished. Capping layer thin alloy-layer LSA and rela­
tively thick Pt layer (LPt) in Flow sample. Similarly, in Fhigh, 
LH1 and LH2 can be distinguished.

2.5.  RBS characterisation

Further analysis of the composition and structure were done 
using RBS experiment result, shown in figure 6 for non-irra­
diated Ref (a), irradiated with Flow (b) and Fhigh (c) samples. 
This technique is an element and an in-depth position sen­
sitive and highly accurate [38]. Data corresponding to the 
sapphire substrate is reduced in presented figures for clarity. 
RBS, c-RBS and SIMNRA simulated RBS spectra were 

Figure 4.  TRIDYN in-depth element concentration profiles corrected by surface ion etching. Colour scales are the same for all of the 
elements; dashed black lines indicate virgin Pt/Co interfaces. Vertical beams correspond to ‘Branch I’ (blueish) and ‘Branch II’ (reddish) 
respectively with indicated by the arrows discrete in-depth element concentration profiles for selected ion fluences—Flow and Fhigh.
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plotted together. For Ref sample, the simulated spectrum 
of Pt layers (seed and capping) is shown separately (dotted 
line in figure 6(a), see SM S5). In-depth composition profiles 
(at. %), corresponding to the best fit SIMNRA spectra sim­
ulations are shown as figure  insets. The characteristic ener­
gies, as at the sample surface, for Pt, Co and Ar are marked 
by the arrows (atoms deeper in the sample result in a signal 
with lower energy). Since this technique is more sensitive to 
large Z elements, Pt peak is the strongest. The signal from 
Co is much weaker as the Co has lower Z and layer is only 
a small volume of the whole sample. The RBS Pt peak for 
Ref sample is slightly asymmetrical due to the overlapping of 
both Pt layers signals and Co layer between them. The right-
hand slope of the c-RBS Pt peak, related to the vicinity of 
the sample surface, becomes stronger in the sample irradiated 
with Flow indicating a disturbed crystal lattice at the surface 
region of the sample. When Fhigh is applied, the RBS Pt peak 
became more symmetrical and c-RBS weak again. However, 
the c-RBS Pt signal from all samples is much weaker than 
RBS for all samples, indicating good crystal structure, with 
two c-RBS peaks visible, related to surface and de-channelling  
struggling. Generally, the c-RBS signal becomes slightly 
stronger for Flow and Fhigh than for Ref sample. However, Flow 
causes an increase in a greater extent, especially higher energy 
peak (‘surface peak’). In addition, in Flow sample shows only 
slight intermixing, visible at the interfaces (inset figure 6(b)). 
Evident layer mixing is found in Fhigh (inset figure 6(c)). For 
Flow and Fhigh samples, Ar trace implantation was observed 
(see SM S5), however only for Fhigh was possible to determine 
(using SimTarget) retained dose at 6.3 · 1015 at cm−2.

2.6.  PAS characterisation

Crystal imperfection defects were analysed by the PAS-DBS 
and PAS-cDBS methods. Interpretation of depth sensitivity 
for PAS investigated Pt/Co/Pt samples (Ref, Flow, Fhigh) can 
be explained on the basis of the so-called Makhovian implant­
ation profile (figure 7(a) and SM S6). DBS S(E) plot (figure 
7(b)) gathers results of as-grown Ref and irradiated, Flow 
and Fhigh samples. Data were fitted using the VEPFIT [51] 
code. The detailed formalism is explained in SM S6 and else­
where [52, 53]. The DBS plot shape for the as-grown film 
(Ref) resembles two layers and substrate system, so Co is 
not easily distinguishable. Although, figure  7(a) shows the 
energy regime for the Co layer. Definitely, the top Pt layer 
(E  <  1 keV) and Al2O3 substrate (E  >  3.4 keV) are well vis­
ible as decreasing slopes. After Flow ion fluence, S increases 
in the lower energy range (0.5  <  E  <  2.5 keV) and the local 
maximum at E  =  3.4 keV vanishes, which suggests a slight 
defect concentration increase in the top Pt/Co part of the 
sample and decomposition of edge dislocations at the inter­
face into different entities, respectively. The sensitivity of 
positrons to defects was shown for example in single crystal 
Cr2O3/Al2O3 systems [53] which could be analogues here. 
Fhigh ion fluence, on the other hand, causes complete inter­
mixing, since the layer structure is mostly invisible, instead, 
the S-parameter decreases semi-monotonically with different 
slopes across the metallic film and the substrate. In figure 7(c) 
several characteristic positron implantation energies corre­
sponding to a trilayer thickness region for each sample are 
plotted as S–W representation. The S–W plot allows visual­
izing relative changes in open volume defect types. As long 
as the data points lay on a single line along with reference 
samples (Pt(bulk), Pt(MBE), Co(bulk) and Co(MBE)—exhibit low 
defect concentrations and known defect configuration what 
was presented in SM S6), a single defect type is expected. In 
figure 8(a) the cDBS ratio plots normalized to the Pt reference 
(Pt(bulk)) spectrum electron momentum distributions (longitu­
dinal component, pL) are presented for the as-grown (Ref) and 
ion irradiated films (Flow, Fhigh) as well as low-defect refer­
ence cases of MBE grown and annealed Pt, Co thick layers 
and Co bulk sample (Pt(MBE), Co(MBE), Co(bulk), respectively). 
The cDBS spectra have been taken at E  =  1.88 keV (see fig­
ures 7(a) and (b)) where large sensitivity to the thin Co layer 
is expected. From the low momentum range (p L  <  5 · 10−3 
m0c) defect concentration can be assessed and it is clearly 
increasing with the ion fluence (figure 8(a) inset). The high 
momentum range for p L  >  10 · 10−3 m0c refers to the elec­
tronic fingerprint of elements surrounding the defect site. 
It is clear that initial larger Pt occupation of the defect site 
decreases as a function of ion fluence and becomes a combina­
tion of both Co (see a minimum at about p L ~ 11  ×  10−3 m0c) 
and Pt electronic structure (p L ~ 15–20  ×  10−3 m0c). We have 
confirmed this to a large extent by theoretical calculations of 
the positron lifetimes, which were performed within the so-
called standard scheme employing the atomic superimposition 
(ATSUP) method [54, 55]. Atomic relaxations in the vicinity 

Figure 5.  An XRD symmetrical XRD data of as-deposited (Ref.) 
(grey), Flow and Fhigh samples.
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of a defect have been not considered in our calculations. 
Several different cases have been simulated (see figure 8(b)): 
defect-free Co (A3); Pt (A1); Pt3Co (L12); PtCo L10 with four 
Co atoms per unit cell; PtCo L10 Pt-rich, with only one Co 
per unit cell; and cases with vacancies Co-monovacancy (Co 
A3 vCo); Pt-monovacancy (Pt A1 vPt); and finally PtCo L10 
Pt-rich, with a three-vacancy complex of neighboring Co–
Pt–Pt atoms (PtCo L10 Pt-rich vCo–Pt–Pt). The right part and 
the inset of figure 8(b) depicts unit cells of close-packed Pt 
and Co alloy structures with defect-free (right) and consisting 
mentioned three-vacancy complex (inset) structures that were 
utilized for the ATSUP simulation. Atom elements and defects 
type are defined in the legend of illustration. In general, the 
most standard scheme of ATSUP cannot precisely describe 
positron annihilation with low momentum valence electrons, 
p L  <  10 · 10−3 m0c, however, it can fully predict trends once 
vacancy states are introduced into a system. The high electron 

momentum region, p L  >  10 · 10−3 m0c, which is of the main 
interest here, can be reliably calculated and with good agree­
ment between experimental data (figure 8(a)) and simulations 
(figure 8(b)) is found. Especially, the monovacancy states in 
both Co and Pt MBE grown samples nicely overlap with the 
experimental data even in the low electron momentum range. 
This clearly demonstrates the existence of vacancies and 
possibly dislocations in the MBE grown reference samples, 
which usually have very similar positron lifetime, thus are dif­
ficult to separate.

3.  Discussion

Previously suggested, different origins for the appearance 
of the enhanced PMA in the two ‘branches’ [27] are also 
confirmed by our results concerning Ar+ irradiation. In our 

Table 1.  Results of the XRD measurements: relaxed lattice parameters, the composition of alloys and strain states of the layers.

Sample

Lattice 
spacing

Lattice 
spacing

Relaxed 
lattice 
parameter

Composition Strain

Pt1−xCox εxx εzz

d222 (Å) d113 (Å) arel (Å) x err  ±  5  ×  10−2%

Ref as grown 1.1335(2) 1.1823(2) 3.913(4) 0 −0.18%     0.35%

Flow 9.8 · 1014 Ar+ cm−2  LSA (top) 1.1290(2) 1.1780(2) 3.900(4) 0.10(2) ▲  −0.14% ▼  0.28%
LPt (bottom) 1.1346(2) 1.1830(2) 3.913(4) 0 ▼  −0.20% ▼  0.44%

Fhigh 1.45 · 1016 Ar+ cm−2  LH1 (top) 1.1200(2) 1.1710(2) 3.891(4) 0.13(2) ▼  0.14% ▼  −0.28%
 LH2 (bottom) 1.1340(2) 1.1818(2) 3.905(4) 0.07(2) ▼  −0.31% ▼  0.60%

Figure 6.  RBS and c-RBS spectra of irradiated Pt/Co3 nm/Pt samples. Depth profiles of elements concentration [at %] corresponding to 
random RBS experimental data are illustrated as insets. Arrows marked by element symbols point the energies of scattered 1,2 MeV He+ 
ions from the first atomic layer.

Figure 7.  PAS-DBS results for Ref., Flow and Fhigh samples.
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experiment, we have focused on Flow and Fhigh samples that 
correspond to both of the ‘branches’. Observed structural 
differences encompass various defect concentrations, lattice 
stress states and alloying of the Co ferromagnetic layer. In 
the case of Flow, enhanced PMA is mainly due to ion-induced 
in-plane tensile strain and limited interface mixing. Under 
Fhigh irradiation, PMA is triggered by intense mixing, ferro­
magnetic layer thickness change and noticeable changes in the 
sample surface. A detailed discussion of structural modifica­
tions induced by Flow and Fhigh of 30 keV ions and possible 
processes occurring due to irradiation is presented below.

3.1.  Flow—‘Branch I’

In Flow, alloy formation is low, in the vicinity of Co inter­
faces, as it was shown experimentally by RBS and XRD, and 
qualitatively confirmed by the change in concentration at the 
interfaces by TRIDYN, simulations. More precisely, a close 
look upon the RBS Pt and Co signal clearly suggest only par­
tial ion mixing of Co layer in Flow sample. However, despite 
alloying occurring at the interface, a layered structure of the 
sample is still maintained. It is indicated by the still well dis­
tinguished RBS Co peak (inset of figure 9 and SM S5), what 
is visible on concentration profile obtained from the spectrum 

best-fit parameters (inset of figure 6 Flow) for the RBS exper­
imental data. XRD calculation (table 1) shows surface alloy-
layer has an average composition of Pt0.9Co0.1 (LSA). The ab 
initio calculation of magnetocrystalline anisotropy energy for 
intermixed Pt/Co interface (without surface or interface relax­
ation) suggest that interface anisotropy (KS) should be smaller 
than of perfect interface [56]. Notwithstanding this, beyond 
a limited alloying, the lattice in-plane tensile strain induced 
by irradiation with low fluence can influence the PMA by the 
magnetoelastic anisotropy [29]. Moreover, a small addition 
of Pt into hcp Co can affect the lattice constants, favouring 
slightly the a-axis expansion, what affect the magneto-crys­
talline anisotropy [57]. Finally, we can imagine, strain in Pt/
Co/Pt may be caused by the natural properties of heterostruc­
ture itself (crystalline interface misfit). Ref sample already 
exhibits in-plane compressed Pt structure what was deduced 
from RHEED as d-spacing evolution during growth (SM S2) 
and XRD derived negative εxx strain component (table 1). 
Thus it can be concluded that Co layer is under tensile strain 
influenced by Pt crystal lattice, especially for small thick­
nesses. Such strain can be modified by ion irradiation. The 
top part of the sample (LSA in Flow) undergoes tensile dist­
ortion in the in-plane direction. In Flow sample, the crystal­
line order of the component layers and chemical sharpness of 
the interfaces slightly decrease, what very probably influence 
interfacial strains network. This is most visible in c-RBS by 
the significantly elevated intensity of the Pt surface peak (see 
figure 9). This can be assigned to scattering from the defects 
or interstitials distributed in the near-surface region. Most 
probably substantial contribution may come from Pt and Co 
interstitial atoms relocated due to irradiation-triggered dis­
ordering. Additionally, diminishing of the Laue oscillations 
in XRD Flow data indicates the decrease of the thickness of 
coherent atomic planes, induced by inhomogeneous strains. 
Such strain modification, that is correlated to observed PMA 
changes, can be attributed to defects (vacancies) creation upon 
ion irradiation by dense electronic excitations [22] or indepen­
dent binary collisions of atoms. Defects distribution predicted 
by TRIDYN calculations, and indirectly detected by elevated 
surface RBS peak and XRD Laue oscillations evolution well 

Figure 9.  c-RBS spectra comparative analysis of all measured  
Pt/Co3 nm/Pt samples.

Figure 8.  PAS-cDBS ratio plots normalized to the defects free 
Pt(bulk) reference sample (a) and unit cells of close-packed structures 
utilized for the ATSUP simulation of the cDBS ratio plots (b).
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correlates well with the PAS measurements. An estimated 
density creation of defects refined from TRIDYN (figure 10) 
shows the distribution of vacancies (v) and interstitials (i) in 
investigated Pt/Co/Pt structures. Depth, at which vacancies 
and interstitials are created, depends on ion energy (see SM 
S3 for 1.2 and 5 keV irradiation). TRIDYN simulations and 
indirectly visible as the c-RBS surface peak for Flow show 
that range up to F  <  1015 ions cm−2 vacancies and interstitials 
are generated mostly in the Co layer. This explains relatively 
small differences between PAS spectra (figure 7(b)) for Ref 
and Flow samples observed in the positron energy range up 
to 3 keV. The S-parameter rise slightly at about 1.5 keV, with 
respect to Ref sample, which indicates not only larger defect 
concentration (also see low momentum part, p L  <  5 · 10−3 
m0c, in figure 8(a)) but likely a new phase, e.g. Ptx−1Cox phase, 
which is even more pronounced in Fhigh sample. Moreover, 
according to TRIDYN, mean penetration depth of Ar+ ions 
is ca. 13 nm, so most of Ar+ energy is released in capping Pt, 
Co, and the most top part of the Pt seed layer. Thus, for Flow 
sample disappearing of the S(E) maximum at E  =  3.4 keV 
(figure 7(b)), visible in Ref sample, suggests indeed its origin 
from a Co layer, what can be ascribed to dislocation network 
at Pt/Co interface [47] extending from the seed Pt interface to 
the magnetic layer.

3.2.  Fhigh—‘Branch II’

Fhigh fluence causes substantial mixing that forms quasi-
uniform alloy as confirmed indirectly by the RBS Pt sym­
metric signal, indicating uniform layer with imperceptible 
signal lowering, due to the Co layer. XRD peak deconvolution 
allows distinguishing LH1, intermixed top layer (see table 1), 

with an estimated 13% Co content in it. Moreover, LH1 layer 
exhibit in-plane tensile strain while underneath the LH2 layer 
is compressed. Three factors contribute to the appearance of 
PMA in Fhigh: increase of in-plain strain component (εxx  >  0), 
a decrease of demagnetization term −2πM2

S due to Co–Pt 
intermixing and an appearance of disc-like Co inclusions [32] 
in fully modified samples. Moreover, the c-RBS diminishing 
signal (figure 9) suggests that the sample undergoes crystalline 
structure recovery process, as a reappearance of XRD Laue 
oscillations (figure 5) in Fhigh is present. Reasons for this can 
be sought in the fact that at the higher range of F, a substantial 
amount of defect is generated (figures 7(b) and 8(a) inset, 
also SM S6) what correlates with larger S(E) in the PAS Fhigh 
spectra reaching higher energies (E  >  3 keV). The crystal lat­
tice becomes defect saturated and also Co layer integration has 
been extirpated due to the intermixing. As the result Co layer 
no longer acts as a stabilizing layer, thus F caused changes to 
force the solid state epitaxy recovery process. Also, reduced 
RBS Pt peak width, topography measurements and TRIDYN 
predictions (SM S3) imply a significant etching of the sample 
surface (ca. 5 nm). Thus, precise calculation of alloy composi­
tion is not trivial, what manifests itself in discrepancy among 
TRIDYN, XRD and RBS alloy composition results, for Fhigh 
sample. It seems that TRIDYN inaccurately simulate surface 
Co dilution extent (max ~0.5 of Co—TRIDYN, 0,13 of Co in 
LH1 content—XRD, max ~ 0.2 of Co—RBS, see figures 4–6, 
Fhigh) due to discarding the long-time processes, such as dif­
fusion or chemical forces and the real surface irregularities. 
Nevertheless, the impact of the Co content in the alloy on the 
PMA cannot be unambiguously indicated but modified sur­
face roughness can. Finally, PAS-DBS result for Fhigh sample 
shows, even with intermixed layers, sample retained the most 

Figure 10.  Vacancy generation (a) vX
el (F, depth) diagrams and interstitial atoms generation (b) iXel (F, depth) diagrams.
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surface region with larger S, which may indicate still existing 
Pt capping what reduces the possibility of Co oxidation and 
persisting influence on PMA—also deduced from SIMNRA/
SimTarget RBS reckoning (see inset figure 6(c) and SM S5).

3.3. The process of modifying the sample structure with ions 
and its effect on PMA

The efficiency and depth localisation of ion modifications 
strongly depend on the energy of ions, which can be seen both 
from on the magneto-optic effect (figure 3) and TRIDYN sim­
ulations (see SM S3). Starting from the lowest F  <  1014 Ar+ 
cm−2, a 30 keV irradiation generates defects (figure 10), which 
modify strain distribution. This results in shifting the SRT to 
lower Co primary thickness (figures 3(b)–(f)). Interface inter­
mixing is negligible at this F. For 1.2 and 5 keV Ar+, the 
shifting of the SRT undergoes gradually (F-dependence) 
because the modification of the lower interface of Co/Pt is 
limited and the region of severe ion mixing lays above the 
upper interface Pt/Co. Moreover, depending on the initial film 
strain (sample growth conditions) and the mass of the projec­
tile ions, strain resulted from the irradiation can either be ten­
sile or compressive. With F applied, possible transitions 
towards tensile or compressive strain can occur. Such effect 
derives from anisotropic interstitial diffusion in a uniform bi-
axial stress field [58]. Since the penetration depth of Ar+ ions 
strongly depends on its initial energy, the occurrence of the 
‘branch I’ is shifted to higher F for lower ions energies (fig­
ures 3(b)–(f)). It is obvious that for extremely low ion ener­
gies, the ‘branch I’ cannot occur because penetration depth is 
too small and irradiation is reduced to the etching of the upper 
layer. Also, the tensile strain induction is less pronounced at 
higher F due to the already intermixed layers. It can be 
assumed that the ‘branch I’ appearance require properly 
selected (depth of Co layer) ion energy for high in-plane ten­
sile strain generation. One can see, the Co layer lateral inho­
mogeneities (figure 2, Co STM). However, the influence on 
the PMA of such grainy continuous texture at the interface 
should only lead to some blurring of magnetic properties. 
What we discuss in the supplementary material in the (see SM 
S2). Subsequently, for F  >  Flow (30 keV), the strain becomes 
isotropic [29], which coincides with the disappearance of 
enhanced PMA. Finally, at high F surface etching and topog­
raphy modification coincides with occurrence ‘branch II’ of 
the enhanced PMA, where fully intermixed topmost layers 
strain become tensile in-plane with respect to relaxed lattice 
parameter and high volume concentration of vacancies is 
present. A thorough PAS analysis of these defects indicates 
that generally, ion irradiation increases defect concentration 
as F increases. The increase of S yields to the increase of 
defect concentration of that particular defect (figure 7(b)). 
Moreover, PAS S–W plot (figure 7(c)) shows a very good 
linear alignment of the experimental points, i.e. that suggests 
that regardless F the induced defects are of the same type and 
only defect concentration varies and relative ratio between Co 
and Pt elements around defect sites. It is clear that investigated 
trilayers have a strong relation to the electronic structure of Pt, 
thus Pt vacancies are dominant in our systems and defect sites 

surrounding consist to a large extent of Pt atoms as well. No 
clear correlation with the low-defect Co reference sample is 
found nor with the Co MBE-grown reference. That suggests 
no pure Co vacancy states within the Co layer but rather inter­
stitial atoms and defected interfaces where defect surrounding 
consists of both elements (Pt and Co) and their relative ratio 
that varies depending on F. That, on the other hand, implies 
interface intermixing already for Flow, which strongly extends 
for Fhigh. PAS cDBS (figure 8(a)) shows that the detected elec­
tron momentum distribution for single element materials, i.e., 
Co and Pt nor their vacancy states cannot directly explain our 
experimental data for the as-grown and irradiated samples. 
From first-principles calculations of the vacancy formation 
energy (Ef) in Pt and Co, we know that energy is higher for 
Co(fcc) 2.1 eV than in Pt 1.2 eV [59–61]. In alloys the energy 
is reduced by Pt influence to ca. 1.38 eV for L10-ordered CoPt 
[62, 63]. The other phases should take Ef values between the 
extremes of Co and Pt values [64]. However, the PAS cDBS 
ratio plots and ATSUP simulations together show that a defect 
configuration even in the as-grown sample likely is more com­
plicated than simple monovacancies or edge dislocation at the 
interface. Rather small vacancy complexes situated at both Co 
and Pt atomic positions could exist in Pt/Co/Pt trilayers, espe­
cially after ion irradiation. It is indirectly confirmed based on 
PALS measurements on thicker Co and Pt reference samples 
(see SM S6), where a clear signature of vacancy complexes 
has been found for the former, whereas the Pt-reference 
sample exhibit mostly mono- or bi- vacancy states. We could 
go one step further with our interpretation and imagine a situ­
ation where such vacancy complexes of large enough concen­
tration would induce discontinuity within the Co layer or 
close to the interfaces similar to the Co-nanodiscs formation 
proposed recently [32]. As presented in figure 7(c), data repre­
sents calculated S and W values of measurements conducted 
with a relatively low statistic (about 1.5–2 · 106 cts/energy) 
and points are very close to each other, a clear conclusion on 
the defect types, existing in our systems, cannot be unambigu­
ously drawn. Instead, the cDBS data shown in figure 8, (sta­
tistic of 7–10 · 107 cts/energy) brings more details about the 
atomic environment of defects. ATSUP simulations of the 
cDBS dependences for vacancy complexes figure  8(b). 
Calculated dependences are very similar to the monovacancy 
curves in the high momentum range. In our opinion, the elec­
tronic structure of Pt/Co/Pt trilayers consists of electron 
orbitals contributions from both Co (minimum at p L ~ 8 · 10−3 
m0c) and Pt for p L  >  15 · 10−3 m0c, which is only possible at 
the interfaces or for intermixtures. As RBS and XRD clearly 
prove that the as-grown layer structure is conserved, we can 
safely assume that the positron annihilation takes place to a 
larger extent at the interfaces, thus it should be sensitive to the 
local ordering and possibly could be related to the magnetic 
ordering as well. To evidence this the CoPt L10 model system 
has been simulated where Co to Pt ratio is 50%. Ordered CoPt 
L10 represents a class of materials with high PMA [63, 65]. As 
a result, a broader minimum at p L ~ 10 · 10−3 m0c has been 
obtained (figure 8(b)), which fits much better to the exper­
imental data, however, the high momentum part consists 
mostly of Co orbitals. Simulated Pt(A1-fcc) and Co(A3-hcp) 

J. Phys.: Condens. Matter 31 (2019) 185801



M M Jakubowski et al

11

models with vacancy states vCo and vPt do not improve the 
high momentum part but on contrary, the atomic surrounding 
of a defect is more shifted to Co. The most logical conclusion 
is that the electronic structure at the annihilation site is domi­
nated by Pt, which is only possible in Pt-rich alloys like 
PtxCo1−x, where x  >  0.7. In order to prove that, a model Pt3Co 
(A1-fcc) and PtCo (L10-fct) structures have been simulated. 
For the latter, a Co sublattice was substituted by Pt antisite 
atoms. Different vacancy configurations have been calculated 
and compared with experimental data. The best agreement 
with experimental results has been obtained for a PtCo L10 
structure containing only one Co atom and a small vacancy 
cluster combining a Co vacancy with two neighbouring Pt 
vacancies in the Co-sublattice (red marked data in figure 8(b), 
see inset). In that case, the high-momentum contribution 
shows a broader minimum at p L ~ 14 · 10−3 m0c, which fits the 
experimental data. As the result, the positron annihilation 
cDBS data for Pt/Co/Pt trilayers can be explained by the pres­
ence of small vacancy clusters in a Pt-rich environment of a 
CoPt L10 structure. However, such vacancy complexes cannot 
be attributed to the occurrence of the enriched PMA because 
of figure 8(a) clearly shows that only level of these complexes 
increases, as F increases, showing no change in character in 
Flow or Fhigh sample. Nevertheless, it shows indirectly that L10 
like complex is generated in ion irradiated Pt/Co/Pt trilayer.

4.  Conclusions

The correlation of alloy formation, strain generation and 
defects creation related properties linked to enhanced PMA 
have been studied in Pt/Co/Pt samples irradiated by 30 keV 
Ar+. Two ‘branches’ of increased PMA are found on 2D 
(dCo, F) diagrams for 30 keV Ar+ irradiation. The enhanced 
magneto-optical response was found. Good agreement with 
previously reported [3] results of 30 keV Ga+ irradiated of 
Pt/Co/Pt and previous interpretations [28, 29, 32] have been 
shown. While decreasing ions energy (1.2 keV and 5 keV) F 
difference between ‘branches’ decreases. For 1.2 keV Ar+, 
large F range of low magnetic properties modifications and 
single ‘branch’ PMA was observed. Moreover, the paper dis­
cusses defect influence to the PMA, which to our knowledge 
has not been studied so far. By varying the positron energy 
of monoenergetic positron beam, we obtain analytically 
additional information on the chemical surrounding of open 
volume defects that were created during the irradiation pro­
cess. PAS cDBS, assisted with ATSUP simulations, shows 
that structure with properties of tetragonal CoPt, with vacancy 
complex Co–Pt–Pt and two Pt antisites, is generated by the 
irradiation. Therefore, we claim that ion-induced defects 
played an important role in tuning the structural, atomic diffu­
sion, and finally magnetic properties of Pt/Co/Pt heterostruc­
ture, particularly in tailoring the PMA. Choosing ion energy 
and F one can at low ion energy remove nonmagnetic over­
layer (important for many in situ studies with magnetic sur­
face sensitive techniques) at higher ion energy drive magnetic 
and magneto-optical properties opening novel routes for pat­
terning of magnetic nanostructures.
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