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Abstract. Changes in magnetic and structural properties of 60–82 nm iron films induced by heavy-ion
implantation were studied using the magneto-optical Kerr effect, Mössbauer spectroscopy, Rutherford
backscattering spectroscopy, X-ray diffraction, and X-ray absorption fine structure. The influence of ion-
beam parameters (ion mass, fluence) and of sample parameters (external magnetic field and stress during
implantation) were investigated. The Fe films, some of them containing a thin 57Fe marker layer for
Mössbauer spectroscopy, were deposited on Si(100) substrates, by electron-beam and effusion-cell evapora-
tion. The films were irradiated with 20Ne, 56Fe, 86Kr and 132Xe ions at energies chosen so that the implan-
tation profiles peaked near the middle of the Fe films. The as-deposited films were magnetically isotropic
and had a high coercivity. After ion implantation, the coercivity decreased and magnetic anisotropy de-
veloped. Both changes correlated with a decrease in the internal film stress. External mechanical stress
applied during the irradiation had hardly any influence on the magnetic texture, opposite to an external
magnetic field applied during or before ion implantation. The results are compared with those obtained
for ion-irradiated polycrystalline Ni films and epitaxial Fe films and discussed with respect to the role of
radiation-induced extended defects as pinning centers.

PACS. 61.72.-y Defects and impurities in crystals; microstructure – 61.82.Bg Metals and alloys –
68.55.Ln Defects and impurities: doping, implantation, distribution, concentration, etc. –
75.30.Gw Magnetic anisotropy – 75.50.Bb Fe and its alloys

1 Introduction

Ion-beam irradiation is a very efficient tool to modify the
magnetic properties of thin ferromagnetic films and mul-
tilayered structures [1,2]. Hence, work on this topic is not
only of fundamental scientific interest, but may lead to
attractive technological applications. Several mechanisms
are known to be responsible for ion-induced modifica-
tions of ferromagnetic films. One important mechanism
is ion-beam mixing as demonstrated in the case of Co/Pt
multilayers irradiated with He ions [3–5] and Co/Fe mul-
tilayers irradiated with Xe ions [6]. In both cases, a reduc-
tion in the out-of-plane coercivity was found, opening the
possibility for generating magnetic nanostructures by ion-
beam writing. Another mechanism is based on producing
anisotropic in-plane stress during ion-beam-assisted depo-
sition of Fe or Ni films under the impact of a noble-gas ion
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beam impinging at inclined incidence relative to the nor-
mal direction of the sample [7,8]. Here, an in-plane mag-
netic anisotropy was induced by inverse magnetostriction.
Ion-induced magnetic patterning of exchange-biased thin
films is still another recent technique, where ion beams
are used to modify magnetic properties [9].

The present work forms part of a comprehensive
investigation of the magnetic textures in thin films
of 3d-ferromagnetic elements and alloys (permendur,
permalloy), induced by heavy-ion irradiation [10–17]. In
all these materials, changes in the in-plane magnetic
anisotropy and coercivity have been found upon noble-
gas and/or metal-ion bombardment. In the case of nickel
films, the orientation of the easy axis of magnetization
can be influenced by applying an external magnetic or
mechanical stress field during the implantation [10–13].
In thin cobalt films, an ion-induced phase transformation
from hexagonal to face-centred cubic structure has been
observed [16]. However, up to now the underlying causes of
this behaviour have not been fully understood. In partic-
ular, no mechanism is evident which allows one to predict
the orientation of the magnetic texture generated in the
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Table 1. Layer structures and ion irradiation conditions.

Sample Layer 1 Layer 2 Layer 3 Irradiation parameters

name (nm) (nm) (nm)

Series A natFe: 75(3) — — Ne, 35 keV, Φ ≤ 2.5 × 1016/cm2;

External magnetic field H = 104 Oe.
natFe: 75(3) — — Fe, 90 keV, Φ ≤ 5 × 1016/cm2; 104 Oe.
natFe: 82(3) — — Kr, 130 keV, Φ ≤ 5 × 1016/cm2; 104 Oe.
natFe: 82(3) — — Xe, 200 keV, Φ ≤ 5 × 1016/cm2; 104 Oe.

M natFe: 23 57Fe: 13 natFe: 23 Xe, 200 keV, Φ = 1 × 1016/cm2;

Bending ||ϕ = 0◦.

S natFe: 4 57Fe: 13 natFe: 41 Xe, 200 keV, Φ = 1 × 1016/cm2;

Pre-magnetization by 300-Oe field

||ϕ = 100◦

absence of any magnetic or stress field during implantation
at normal ion-beam incidence (no symmetry breaking).

Several materials properties make iron films very at-
tractive for a detailed study of ion-beam-induced mag-
netic anisotropy. Firstly, polycrystalline Fe films have a
very small magnetostriction constant. This is in contrast
to the previously studied nickel, cobalt and permendur
films, where inverse magnetostriction appears to make
the largest contribution to the observed anisotropies. If
magnetostriction is less important, it may be possible
to isolate contributions from other mechanisms, such as
radiation defects. Secondly, the study on iron enables
the use of conversion electron Mössbauer spectroscopy
(CEMS) using the 57Fe content in the film or 57Fe mark-
ers. With a modification of the traditional CEMS tech-
nique called magnetic orientation Mössbauer spectroscopy
(MOMS [18,19]), one is able to determine the orientation
of the in-plane spin distribution. An important advantage
of MOMS in comparison to e.g. the magneto-optical Kerr
effect (MOKE) is the absence of any external magnetic
field during the measurements, which may change the ion-
induced magnetization. Thirdly, heavy-ion implantation
in iron is known to produce a much smaller defect den-
sity as compared to other ferromagnetic metals investi-
gated [20–22]. The density, shape and orientation of these
defects are believed to decisively influence the magnetic
properties.

For these reasons, it appears challenging to study iron
films having different defect structures, either as a conse-
quence of the ion implantation itself or by way of sam-
ple deposition. In this work a wide selection of ions rang-
ing in mass from Ne to Xe and in fluence from 1 × 1015

to 5 × 1016 ions/cm2 was studied. While the polycrys-
talline films deposited by electron-beam evaporation had
a large intrinsic tensile stress, films prepared epitaxially
on MgO substrates by pulsed laser deposition (PLD) fea-
ture columnar growth and a small compressive intrin-
sic stress [23,24]. A recent study of ion-beam induced
changes of such epitaxial Fe films, indeed, showed a quite
different defect structure and no ion-induced magnetic
anisotropy [24]. We finally mention recent comparative
studies on 350 MeV 197Au26+-ion irradiation of Ni/Si and

Fe/Si bilayers [25], which deal with changes of magnetic
properties in the regime of electronic stopping.

2 Experiments

2.1 Sample preparation

Series A contains 28 polycrystalline iron films of nat-
ural isotope composition (natFe), 10 × 7 mm2 in size
and about 75 or 82 nm thick, which were prepared on
Si(100) wafers by electron-gun evaporation. The sub-
strates were mounted at a distance of 26 cm from the
gun and not cooled during the deposition. The film thick-
ness was controlled online by a quartz oscillator and later-
on by Rutherford backscattering spectroscopy (RBS). The
base pressure in the deposition chamber was better than
4 × 10−8 mbar. The magnetic field during deposition was
0.82 Oe, having a 0.62 Oe component along the film plane.

Series B comprises two Fe films, which were prepared
in order to investigate the influence of pre-magnetization
and external stress on the magnetic anisotropy. The
10 × 7-mm2, 60-nm thin iron films were deposited in the
centre of 40 × 15 mm2 Si(100) wafers. In addition to
the natFe layers prepared by e-gun evaporation, both films
contained a thin 57Fe marker layer with an isotope enrich-
ment of 95%, located either at the surface (label S) or in
the middle (label M) of the layer structure. The 57Fe mark-
ers were deposited by an effusion cell. Since the effusion
cell and e-gun were mounted in a common vacuum cham-
ber with a base pressure of 4× 10−8 mbar, the specimens
were never exposed to air during the deposition process.
The thickness of the marker layer was controlled on-line
by a precalibrated flux meter. For a summary of all the
samples see Table 1.

2.2 Ion irradiations

All the ion irradiations were carried out at room temper-
ature at the 530-kV Göttingen ion implanter IONAS [26].
For the natFe samples of series A, an external magnetic
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Fig. 1. (a) RBS spectrum and (b) deduced depth profiles of
sample M after irradiation with 200 keV Xe-ions at a fluence
of 1 × 1016/cm2.

field of Himpl = 104 Oe was applied in the ϕ = 0◦ di-
rection, which indicates the long axis of the rectangular
specimens. The samples were irradiated using beams of
20Ne+, 56Fe+, 84Kr+ and 132Xe+ ions. In order to opti-
mize the magnetic texturing effects, as previously found
in the Ni + Xe case [12,13], the projected range of the ion
beams was kept at R ≈ 33 nm, i.e. at about half the film
thickness as simulated by SRIM2003 [27]. This required
different ion energies: 35 keV Ne, 90 keV Fe, 130 keV Kr
and 200 keV Xe. The ions were swept over an area of
10× 10 mm2, homogeneously covering the whole film sur-
face, and the ion current was kept between 0.8 and 1.0 µA
in order to avoid sample heating. The ion fluence ranged
from Φ = 1×1015 to 5×1016 ions/cm2, the highest fluence
in the Ne series was 2.5 × 1016 ions/cm2.

The implantation conditions for the samples M and S
of series B were different. Here we used only Xe ions at
the fixed fluence of 1 × 1016/cm2 and energy of 200 keV
(see Tab. 1). In sample M, a mechanical stress of σ =
57(6) MPa was applied by bending the substrate wafer to
a curvature of 1 m−1. The bending radius was controlled
before and after irradiation by a surface profiler [12,14].
This film was then irradiated in bent condition. The flat
sample S was pre-magnetized in the ϕ = 100◦-direction
before the irradiation in an external field of 300 Oe, leaving
it in a magnetized state during the ion bombardment.

2.3 Sample characterization

After deposition, the film thickness and layer structure
were analyzed by means of RBS using the 900 keV α-
particle beam of IONAS. The depth profiles of the vari-
ous isotopes were deduced from the RBS spectra by means
of the WiNDF-program [28]. The RBS analyses were re-
peated after the ion irradiations. Figure 1a illustrates the
capability of RBS to separate the signals from 56Fe and
57Fe, whose concentration profiles are given in Figure 1b;
Table 1 summarizes the layer structures. Apart from sput-
tering (up to 15 nm for the highest Xe-ion fluence), no
changes were noted. This is in agreement with the ion en-

ergies chosen, which avoided ion-beam mixing at the Fe/Si
interface.

The films containing 57Fe markers were analyzed by
means of CEMS and MOMS [18,19,29]. These measure-
ments were carried out with a 57Co source of 1–2 GBq
activity, which was embedded in a Rh-matrix and driven
by a constant acceleration drive. The specimens were
mounted in a gas-flow proportional counter, filled with
a He +6%CH4 mixture. The resulting emission spectra
were fitted with superimposed Lorentzian line shapes. Up
to three sextets and typically one doublet were required
to obtain consistent and good fits of the CEMS data.
For each sextet i the hyperfine field BHFi, the area frac-
tion Fi, the relative intensities of the sextet components
Ini (n = 1−6) and the line widths wj were adjusted.
The isomer shifts δi and quadrupole splittings ∆i were
set to zero for all the sextets. The velocity axes and iso-
mer shifts were calibrated relative to pure α-iron foils:
BHF1 = 32.9 T, ∆1 = 0 mm/s. Besides the substitutional,
defect-free fraction F1, the two smaller hyperfine fields can
be attributed to substitutional Fe sites with neighbouring
lattice defects (mostly vacancy clusters).

In the CEMS geometry, the photon beam entered along
the normal direction of the sample, which coincided with
the centre axis of the cylindrical conversion electron detec-
tor. For the MOMS experiments the specimen normal was
tilted 45◦ away from the incident γ beam and the spec-
tra were measured at different sample rotations ϕ. In this
way, the in-plane spin distribution was obtained from the
intensity ratio I21(ϕ)/I31(ϕ) ≡ I2/I3 of the second and
the third lines of the unperturbed α-Fe sextet i = 1. As
confirmed with MOKE, nearly all the samples had a uni-
axially anisotropic magnetization after ion implantation,
but exhibited a second local energy minimum at 90◦ with
respect to the easy axis. Consequently, the hyperfine field
deduced from the MOMS data was restricted to two in-
plane directions Ψa for the easy axis and Ψb = Ψa−90◦ for
the hard axis, with the corresponding fractions ca and cb.
Finally, a small out-of-plane component cop = 1 − ca − cb
was considered. In this approximation, the intensity ratio
I2/I3 is given by [18,19,29]

I2/I3 = (4/3)cop
+ 4ca[1 − 0.5 sin2(ϕ− Ψa)]/[1 + 0.5 sin2(ϕ− Ψa)]

+ 4cb[1 − 0.5 sin2(ϕ− Ψb)]/[1 + 0.5 sin2(ϕ− Ψb)]. (1)

Magnetization curves were measured by means of the lon-
gitudinal MOKE [30], using a PCSA ellipsometer [14,31],
equipped with a pair of Helmholtz coils to produce a mag-
netic field of up to 1600 Oe. A sample goniometer allowed
the automated measurement of the in-plane anisotropy
and coercivity with an angular precision of 0.2◦. All an-
gular scans were performed with a step size of either
∆ϕ = 10◦ or 20◦. The coercive field Hc, the relative re-
manence Mr/Ms and the magnetization energy Em/Ms

normalized to the saturation magnetization Ms were de-
duced from the hysteresis loops at each angle, using in
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general the equations [32,33]

Mr/Ms = R0 +RD| cos(ϕ− ϕ0)|, and (2)

Em/Ms = K0/Ms +Ku/Ms sin2(ϕ− ϕu), (3)

and neglecting any component with fourfold symmetry
giving rise to a contribution (K1/4Ms) sin2(2ϕ − 2ϕ1) in
equation (3).

The X-ray diffraction analysis was performed in
Bragg-Brentano (XRD) or in grazing incidence geometry
(GIXRD) with a Bruker AXS D8 Advance diffractometer,
using a Cu-Kα source (λ = 1.54 Å) and a LiF single-
crystal monochromator. At the grazing angle α = 2◦, the
measured peak positions of the GIXRD spectra were cor-
rected by [34]

∆(2θ) ≈ α− (α2 − α2
c)

1/2, (4)

where αc = 0.384◦ is the critical angle for iron. The
GIXRD-scans yielded the positions of the bcc-Fe (110),
(200) and (211) reflexes, from which the average out-of-
plane lattice constant aop was derived. The change in the
measured lattice constant with changing angle ψ′ = θ−α,
where ψ′ denotes the angle between the sample nor-
mal and the incident and reflected X-ray bisector, pro-
vided information on the in-plane strain and stress in the
film [35,36]. This kind of analysis is known as the sin2 ψ′-
method. With the lattice constants aψ of the (110), (200)
and (211) reflexes, the isotropic in-plane stress σ in the
film and the hypothetically stress-free lattice constant a0

can be obtained by using the formula:

(aψ′−a0)/a0 = σ[{(1+ν)/E}hkl sin
2 ψ′−{2ν/E}hkl]. (5)

This expression is valid for thin films with isotropic in-
plane stress σ. As a consequence of the (hkl) dependence
of the Poisson ratio ν and the Young modulus E, these
parameters have to be derived separately for the different
(hkl)-values. Knowing the compliance constants of iron
films, s11 = 7.64 (TPa)−1, s12 = −2.81 (TPa)−1 and s44 =
8.71 (TPa)−1, the parameters are [37,38]:

E110 = 223 GPa, ν110 = 0.198,
E200 = 175 GPa, ν200 = 0.314,
E211 = 198 Gpa, ν211 = 0.294.

Changes in the structural defects of e-gun-deposited natFe
films for increasing ion fluence were also deduced from
extended X-ray absorption fine structure (EXAFS) mea-
surements. We selected samples of set A irradiated with
Fe+, Kr+ or Xe+ ions at fluences of 1 × 1016 and
5 × 1016 ions/cm2. These experiments were performed in
backscattering geometry at the BM29 beam-line [39] of the
European Synchrotron Radiation Facility (ESRF). The
data were analyzed with the VIPER software [40], using
weighted cubic spline functions to simulate the atomic-
like absorption coefficient µ0(E). The Fourier transforma-
tion (FT) was performed in the inverse wavelength range
2 Å−1 ≤ k ≤ 15 Å

−1
, using a Gaussian window centred

Fig. 2. EXAFS analysis of 75 nm Fe films, as-deposited and
after irradiation with 1 and 5 × 1016 Xe-ions/cm2. (a) Fourier
transforms of the quantity χk2. (b) Variation of the nearest and
next-nearest filling numbers, N1 + N2, with the ion fluence for
irradiations with Fe, Kr and Xe ions.

at k = 8.5 Å
−1

and a k2 weight for the EXAFS spectrum
χ = [µ(E) − µ0(E)]/∆µ0, where the quantity ∆µ0 is the
typical magnitude of the jump at the absorption edge at
E = 7112 eV. The corresponding amplitude and phase
were obtained by the simulation and subsequent fit of the
calibration sample with the programs FEFF 8.10 [41] and
FEFFIT 2.55 [42]. A large amount of multiple scattering
events prevented the analysis of the higher shells. As the
Debye-Waller-factors of all fits of the FT’s varied by less
than 10%, a constant value was used in all the fits, so that
all structural changes refer to the number of nearest and
next-nearest neighbours, N1 and N2.

The FT’s of the Xe-irradiated films, extracted from the
product χ·k2, are shown in Figure 2a. One notes a uniform
decrease in signal height for rising ion fluence, which corre-
sponds to a decrease in the coordination number. However,
the overall shape of the spectra did not change and no ad-
ditional peaks correlated to different phases occurred. The
parameters resulting from the fitted FT’s are the radii R1

and R2 of the nearest and next-nearest neighbours and
the sum N1 +N2 of the corresponding coordination num-
bers. Since R1 and R2 differ by only 14% (R1 = 2.48 Å,
R2 = 2.87 Å), the two peaks overlap strongly in the FT
and only the sum N1 +N2 was deduced from the data as
illustrated in Figure 2b and discussed in Section 4.1. The
degree of filling the neighbouring lattice sites is expressed
by the filling probability, P12 ≡ [N1(Φ) +N2(Φ)]/14.

3 Results

3.1 Influence of ion mass and fluence

3.1.1 Magnetic anisotropy

In this section, changes in the magnetic and structural
properties of the e-gun-prepared natFe films (series A) in-
duced by the various ions in the presence of an external
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Fig. 3. MOKE hysteresis loops for 75 nm Fe/Si films of set A implanted with 200 keV Xe in an external magnetic field of
104 Oe, which was oriented in the ϕ = 0◦ direction. (a) Evolution of the hysteris loops at ϕ = 0◦ as function of the Xe fluence
from as deposited to 2.5 × 1016 at/cm2 (fluences are indicated). (b) Angular variation of the hysteris loops for the sample
implanted with 2.5 × 1016 Xe-ions/cm2 (the angles are indicated).

magnetic field of 104 Oe will be presented. Figure 3 il-
lustrates hysteris loops measured with MOKE before and
after ion irradiation for the case of 200 keV Xe ions. Fig-
ure 3a illustrates the typical changes for increasing ion
fluence, while Figure 3b documents the angular depen-
dence of the coercivity Hc and relative remanence Mr/Ms

at the fixed fluence of 1 × 1016 Xe/cm2, when a full mag-
netic pattern has developed. The deduced angular scans of
Hc and Mr/Ms taken before and after irradiation for the
case of 200 keV Xe ions are shown in Figure 4. Both pa-
rameters were isotropic after deposition, but showed uni-
axial magnetic anisotropy after irradiation, in addition to

an isotropic component. The anisotropy rose with increas-
ing ion fluence and was most pronounced at a fluence of
Φ = 2.5 × 1016 Xe-ions/cm2. In addition to this uniax-
ial anisotropy, another maximum of Mr/Ms and Hc and
a nearly square-shaped hysteresis loop were found per-
pendicular to the easy axis; triangular hysteresis loops
were measured at an interval of 10–20◦ around this di-
rection. This phenomenon can be interpreted as due to
domain blocking in combination with a very small bias
field perpendicular to the longitudinal measurement direc-
tion [2,43,44]. Thus, to a good approximation, the mag-
netic anisotropy of the films can be considered uniaxial,
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Fig. 4. Variation of coercivity Hc and relative remanence
Mr/Ms for iron films irradiated with 200 keV Xe ions in an ex-
ternal magnetic field of 104 Oe, which was oriented in ϕ = 0◦

direction (MOKE).

with a local high remanence hysteresis in the hard axis
direction.

The MOKE polar diagrams obtained for the other
ion species Ne, Fe and Kr were similar to the ones pre-
sented for Xe. However, the ion fluences necessary to in-
duce the anisotropy with these lighter ions was larger
than in the case of Xe. Figure 5 illustrates this obser-
vation and summarizes the polar plots at those fluences,
which gave the highest anisotropy for each ion species, in
most cases 5 × 1016/cm2. The angular dependence of the
magnetization energy Em(ϕ)/Ms(ϕ) ≡ Em/Ms was fit-
ted using equation (3) by assuming a superposition of an
isotropic part K0/Ms and a uniaxially anisotropic compo-
nent Ku/Ms (with its easy axis parallel to ϕu). For the

Fig. 5. MOKE polar plots of Hc and Mr/Ms for Ne, Fe, Kr
and Xe ions at the fluence, where maximum anisotropy was
reached.

present fits, no fourfold contribution of Em/Ms was con-
sidered [32]. For reasons discussed by Zhang [12], the an-
gles around the hard axis with high values of Mr/Ms and
low magnetization energies were excluded from the fits.
The resulting parameters Ku/Ms and ϕu are summarized
in Table 2 and illustrated in Figure 6.

Because the coercivity in the various as-deposited films
was slightly different and the isotropic component of the
magnetization energy is closely related to Hc, we intro-
duced the double ratio κ ≡ K0/Ms(Φ)/(K0/Ms)as-dep,
which pictures the relative change in the isotropic com-
ponent K0/Ms due to ion irradiation (see dots in Fig. 6
and Tab. 2). As nearly all the specimens had the same
MOKE-saturation signal Ms, the presented values are
directly comparable. Only for the highest ion fluence of
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Table 2. The values of the parameters κ, (Ku/Ms) and ϕu derived from the MOKE data of series A as function of the ion
mass and fluence.

Ion Φ (1015/cm2) κ Ku/Ms ϕu (◦)

35 keV 20Ne 1.0 0.87(3) 0.55(11) −19(8)

2.5 0.87(2) 0.19(8) 43(14)

5.0 0.63(2) 0.16(17) 20(31)

7.5 0.62(2) 0.48(16) 5(11)

10 0.41(2) 0.73(18) −29(6)

25 0.25(1) 1.32(15) −32(4)

90 keV 56Fe 1.0 1.67(17) ≤1.3 30(8)

2.5 1.10(5) 0.92(32) 28(12)

5.0 0.33(2) 0.81(18) −67(8)

7.5 0.34(2) 0.50(37) −3(13)

10 0.23(1) 0.28(15) −86(18)

25 0.14(1) 1.81(33) −5(5)

50 0.12(4) 4.3(10) −10(4)

130 keV 84Kr 1.0 0.76(2) 0.60(24) −46(14)

2.5 0.47(1) 0.48(23) 59(16)

5.0 0.19(1) 0.88(24) 0(8)

7.5 0.11(1) 0.64(13) 15(8)

10 0.14(2) 1.96(19) 6(4)

25 0.10(1) 3.1(2) −6(4)

50 0.13(3) 4.2(8) −18(3)

200 keV 132Xe 1.0 1.00(2) 0.19(25) 43(39)

2.5 0.15(1) 0.90(21) 7(9)

5.0 0.13(1) 1.18(18) 47(5)

7.5 0.14(1) 1.94(27) 0(5)

10 0.13(1) 2.5(3) 35(4)

25 0.10(2) 4.3(6) 0(3)

50 0.24(7) 1.97(43) −30(5)

5 × 1016/cm2, the Ms-values were smaller and the result-
ing anisotropy constants had larger systematic errors.

The following properties of the isotropic component κ
are noteworthy:

(i) κ decreased logarithmically with increasing ion fluence
and reached a saturation value of κ = 0.15.

(ii) The decrease in κ depended on the projectile mass.
For instance, 2.5× 1015 Xe ions/cm2 were sufficient to
reach saturation, but for Kr ions the required fluence
was 7.5 × 1015/cm2 and for Ne ions 2.5 × 1016/cm2.

(iii) Although Fe ions have a smaller mass compared with
Xe and Kr, the decrease in κ was steeper for them
than for Kr and Xe. For a Fe fluence of 1 × 1015/cm2

we found κ = 1.7(2), i.e. an increase in the isotropic
component above the as-deposited value.

The anisotropy parameter Ku/Ms depended on the im-
planted ion mass and fluence in the following way:

(i) Ku/Ms was very small for small ion fluences, but in-
creased logarithmically with the fluence of the projec-
tiles Fe, Kr and Xe. For Ne only a slight rise was ob-
served.

(ii) The highest Xe fluence induced a slight decrease in
anisotropy.

(iii) The increase in Ku/Ms after Fe-ion irradiation started
only at 1× 1016 Fe-ions/cm2 and not at 5× 1015/cm2

like for the other projectiles.

Concerning the symmetry angle ϕ0, good alignment with
the direction ϕ0 = 0◦ of the external magnetic field was
generally found for high fluences and heavy projectiles,
but not for the lighter ions and low fluences.

3.1.2 Microstructure

Stress in thin ferromagnetic films has an important influ-
ence on their magnetic properties, e.g. inhomogeneously
stressed films can develop magnetic anisotropies [38].
Here, one must distinguish between the effects of exter-
nal mechanical stress, to be discussed in Section 3.2, and
those of intrinsic stress, due to film preparation and ion
implantation. After deposition the internal tensile stress
in a film can be of the order of several GPa [45], depending
on the deposition method and material used.
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Fig. 6. Fluence dependence of the isotropic part κ (solid sym-
bols) and anisotropy parameter (Ku/Ms) (open symbols) for
all four ion species deduced by means of MOKE. The lines are
to guide the eye.

The stress σ in the natFe/Si(100) films of series A was
analyzed by means of GIXRD as a function of the ion mass
and fluence, at a grazing angle of α = 2◦, as described in
Section 2.3. The measured variation of σ with the ion flu-
ence and mass is presented in Figure 7. For rather low
fluences, the tensile stress of originally σ = +3.8(4) GPa
decreased rapidly for any projectile. At a certain ion flu-
ence, which again depended on the ion mass, the stress be-
came zero, turned to be compressive (negative) and finally
saturated at σ ≈ −1 GPa, as indicated by the dotted lines.
Clearly, the case of Xe is the most extreme one, as the sat-
uration was already reached at only Φ = 1× 1015/cm2. In
the case of Ne+ projectiles, σ decreased more slowly and
continuously and did not reach saturation at the highest
fluence of 2.5 × 1016/cm2.

In Figure 8, the deduced lattice constants aop (circles)
and a0 (dots), defined in Section 2.3 are compared. Af-
ter deposition, aop was rather small, aop = 2.865(1) Å,
and increased with increasing ion fluence, independently
of the projectile mass. This behaviour is a consequence
of reducing the intrinsic stress in the course of ion im-
plantation. Contrary to this, a0 in the “stress-free” lat-
tice decreased for low ion fluences of any projectile. For
higher fluences, a0 increased steadily to the saturation
value a0 = 2.880(1) Å, that is close to the value in the
as-deposited samples. This increase occurred rapidly for
Xe, but slowly for Ne.

The EXAFS data measured after irradiation with Xe,
Kr and Fe ions at fluences of 1×1016 and 5×1016 ions/cm2

Fig. 7. Fluence dependence of the stress σ for all four ion
species, relative to the value in the as-deposited samples, de-
duced from GIXRD. The horizontal lines indicate the values
of σ in the as-deposited films.

Fig. 8. Fluence dependence of the lattice parameters aop (open
symbols) and a0 (dots) defined in Section 2.3 as deduced from
XRD, in comparison with the values in the as-deposited speci-
mens, labelled a0,asdep (solid lines) and aop,asdep (broken lines),
respectively.
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gave additional information on the short range order in
these Fe films. As illustrated in Figure 2b, the filling
probability P12 decreased in a monotonous and mass-
independent manner with increasing ion fluence. In the
as-deposited films, the first two shells were nearly com-
pletely filled (P12 = 96+4

−6%), but the filling dropped
to 83(6)% for 1 × 1016 Xe-ions/cm2 and to 75(6)% for
5 × 1016 Xe-ions/cm2.

3.2 Influence of pre-magnetization and external stress

In the present section, the influence of external conditions
during ion irradiation, such as pre-magnetization of the
film and external stress, will be discussed. Some prelimi-
nary experiments [18] have explored the effects, which ex-
ternal mechanical stress during Xe-irradiation has on the
alignment of the magnetic anisotropy in iron films, but
no correlation between the stress direction and the easy
axis of magnetization has been found, contrary to the re-
sults on Ni films [10,12,13]. In these previous experiments
on Fe, the specimens were analyzed by means of MOMS
and MOKE before and after ion irradiation. As MOKE
may have caused some remanent magnetization before ir-
radiation and in order to better distinguish between the
effects of pre-magnetization and stress generated by exter-
nal bending or ion implantation, the order of the analyzing
methods applied was now chosen very carefully and will
be detailed in each subsection.

3.2.1 Pre-magnetization of the sample S

An important question of magnetic texturing is the “mag-
netic history” of a sample prior to ion bombardment.
In particular, the presence of magnetic fields during film
preparation and MOKE analyses of the as-deposited films,
possibly leaving them in a pre-magnetized state, may
influence the results of subsequent treatments. In this
context, the combined or alternative use of MOKE and
MOMS was of great advantage, because MOMS is able
to determine the hyperfine field(s) in the absence of any
external magnetic field, contrary to MOKE (or VSM).
The following series of measurements was carried out with
sample S: after deposition the sample was analyzed with
MOMS, MOKE, RBS and GIXRD (in this order). In the
second step, the sample was pre-magnetized with an exter-
nal field of 300 Oe along the direction Ψa = 100◦, i.e. per-
pendicular to the symmetry axis determined by MOMS.
Thereafter the sample was bombarded with 200 keV Xe+

ions at a fluence of 1 × 1016/cm2 and characterized again
in the order MOMS, MOKE, RBS and GIXRD.

The CEM spectra (not shown) were fitted with three
sextets and one doublet. The sextets had the hyperfine
fields BHF1 = 32.9(1) T, BHF2 = 27.3(12) T and BHF3 =
19.3(15) T, with the corresponding area fractions F1 =
85(3)%, F2 = 7(2)% and F3 = 8(3)% after deposition.
After irradiation these fractions changed to F1 = 70(2)%,
F2 = 13(2)% and F3 = 10(3)%, indicating a reduction
in the coordination number of the iron due to radiation

Fig. 9. MOMS and MOKE analyses of sample S. The lines
indicate fits with equations (1) and (2). The sketch shows
the layer structure with the near-surface 57Fe layer repre-
sented in black. (a) MOMS data for the as-deposited, flat
sample S (circles) in comparison with those measured after
pre-magnetization (triangles) and subsequent Xe-ion irradia-
tion (dots). (b, c) MOKE analyses of the same specimen.

defects. After irradiation, the doublet had a fraction of
FD = 7(2)%, a quadrupole splitting of ∆D ≈ 1.1(1) mm/s
and an isomer shift of δD = 0.35(6) mm/s and originated
most probably from oxidation on the film surface.

The I2/I3 plots of the substitutional, defect-free
fraction F1 measured with MOMS are shown in Fig-
ure 8a, for the as-deposited specimen (circles), after pre-
magnetization (triangles) and after Xe-irradiation (dots).
The corresponding symmetry angles were Ψa = 11(5)◦ af-
ter deposition and Ψa = 89(4)◦ after pre-magnetization
and ion bombardment. This latter value of Ψa was close
to that of the pre-magnetizing field, Ψa = 100◦. The ampli-
tude ca = 0.66(2) of the MOMS oscillation did not change
as a consequence of ion bombardment.

Figures 9b and c illustrate the results of the MOKE
analyses of this sample. Like in the films of series A, we
found square shaped hysteresis loops for the hard axis of
magnetization. The in-plane orientation of the easy axis
after ion-irradiation was deduced by fitting the uniaxial
and isotropic part of the relative remanence Mr/Ms us-
ing equation (2). The analyses yielded similar results con-
cerning the magnetic properties as for the samples of se-
ries A (see Sect. 3.1). In particular, after deposition Hc

andMr/Ms were isotropic and after irradiation they devel-
oped anisotropies, which were very close to those obtained
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Table 3. (a) MOMS and CEMS analyses of the samples M and S performed at the various processing steps.

Sample treatment MOMS CEMS

ψa (◦) ca (%) cb (%) cop (%) cop (%)

M as-deposited 49(4) 56(2) 35(2) 8(2) ≤3

after bending 57(6) 58(2) 42(2) 0 ≤7

after irradiation 58(4) 59(2) 33(2) 8(3) ≤9

after relaxation 58(4) 59(2) 33(2) 8(3) ≤9

S as-deposited 11(5) 66(3) 26(3) 8(4) ≤15

pre-magnetized 90(4) 66(2) 12(2) 22(3) ≤9

after irradiation 88(4) 67(2) 13(2) 20(3) ≤15

(b) MOKE analyses of samples M and S.

Sample treatment R0 RD ϕu (◦)

M after relaxation 0.39(4) 0.60(5) 47(5)

S as-deposited 0.90(2) 0.02(2) 61(8)

after irradiation 0.43(2) 0.54(2) 93(4)

for Xe-irradiated natFe/Si films. Likewise, the MOMS and
MOKE oscillations had the same phase: ϕ0 = 93(4)◦.
However, in the present sample the anisotropy align-
ment was achieved by just the remanent magnetization
Mr/Ms > 0.9 of the film, not by applying an external mag-
netic field during the irradiation. As will be discussed in
Section 4, these results establish a close relationship of the
ion-beam induced magnetic anisotropy with the collapse
and orientation of asymmetrically shaped vacancy loops.
If an external magnetic field or a strong remanent magne-
tization are present during irradiation of a magnetically
isotropic specimen, the mobility of the defects will favour
anisotropically shaped (non-magnetic) vacancy loops to
orient themselves parallel to the magnetization direction.
Thus, carrying out a MOKE analysis before irradiation
can disturb the original magnetic state of the film and
change the direction of the easy axis. All the fitted param-
eters of the MOKE and MOMS analyses are summarized
in Table 3.

3.2.2 External mechanical stress in the sample M

This series of measurements was carried out with the sam-
ple M. After the RBS and GIXRD analyses of the as-
deposited sample, the spin distribution was measured with
MOMS, thus avoiding any possible change in the magneti-
zation by the MOKE field before implantation. The spec-
imen was then bent to a curvature of 1/R ≈ 1/m [14,15]
and the magnetization was again measured by MOMS.
In the next step, the film was irradiated with 1 × 1016

Xe-ions/cm2 of 200 keV, without applying an external
magnetic field, and was analyzed again with MOMS in
bent condition. Finally, the external stress was relaxed
and the sample was characterized by means of MOMS,
RBS, GIXRD and MOKE (in this order).

For fitting the CEM spectra, again three sextets and
one doublet were used. The sextets had the same hyper-

fine field strengths BHFi as before, with the corresponding
area fractions F1 = 90(1)% and F2 = F3 = 4(1)% after de-
position and F1 = 85(2)%, F2 = 8(1)% and F3 = 4(2)%,
after irradiation. This indicated a slight reduction in co-
ordination number due to radiation defects. The fraction
FD of the doublet was below 3% in both cases. Figure 9a
shows the graphs of the measured and fitted MOMS in-
tensity ratios I2/I3. The circles denote the data for the
as-deposited and flat film, and the dots those taken after
relaxation of the irradiated film. In both cases, the pre-
ferred spin direction was oriented along Ψa = 58(4)◦ and
the intensity ca = 0.59(2) was identical within the error.

The MOKE data shown in Figures 10b and c revealed
that the Xe-ion irradiation induced uniaxial anisotropy
and square-shaped hysteresis loops around the hard axis.
The uniaxial anisotropy was close to the preferred spin di-
rection ϕu = 47(5)◦. From this observation, we conclude
that the orientation of the anisotropy was determined dur-
ing the deposition process and preserved during the follow-
ing treatments (bending of the substrate, ion irradiation
and subsequent relaxation).

4 Discussion

4.1 Correlation of structural defects and magnetic
anisotropy

The magnetic anisotropy in mono-elemental metallic films
has contributions from magneto-crystalline, magneto-
elastic and shape anisotropy. In the present work on e-gun-
evaporated Fe films (series A), the magneto-crystalline
and magneto-elastic components appear to be negligible.
This argument was adopted from XRD analyses of Ni films
prepared by e-gun evaporation and irradiated with 200
keV Xe ions. A pole figure analysis did not reveal any in-
plane texture, which one would expect in the case of a
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Fig. 10. Same as Figure 9 for sample M. (a) MOMS data
for the as-deposited and flat sample (circles) and after irradi-
ation and relaxation (dots). (b, c) Final MOKE analysis after
bending, irradiation and relaxation of the sample.

strong magnetocrystalline anisotropy. Furthermore, if the
Ni film was stressed inhomogeneously, a GIXRD analy-
sis with the long axis of the film oriented either parallel
or perpendicular to the incident X-ray, should yield differ-
ent diffraction angles. Since the measured GIXRD spectra
for both geometries were identical, the anisotropy is not
believed to be of magneto-elastic origin.

In analogy with the directional order model for al-
loys [46], magnetic anisotropy can also be explained by
the alignment of vacancies or anisotropic vacancy clusters
in the grain boundaries [47]. On the basis of electron mi-
crographs of 30 nm polycrystalline iron films, Antonov et
al. [48] proposed a mechanism for the induced magnetic
anisotropy by considering the role of vacancy clusters with
ellipsoidal shapes. These authors estimated the anisotropy
for various concentrations, distributions, eccentricities,
and orientations of such vacancy clusters and obtained
values for the anisotropy Ku of up to 2 × 105 erg/cm3.

Obviously, a detailed knowledge of the structural
changes induced by ion-beam irradiation is required to
understand the various magnetic effects under different
conditions of sample treatment and ion beams. In partic-
ular, the formation of dislocation loops [20–22] by noble-
gas or self-ion irradiation and their interaction with grain
boundaries seem to play an important role. The produc-
tion of dislocations indeed strongly depends on the irradi-
ated material, its crystallographic structure, the projectile
mass and the characteristics of the damage cascade. While

in bcc-iron films extended defects were found for noble-gas
or self-ion fluences exceeding 1015 ions/cm2, comparable
defect densities were observed in the fcc-metals nickel or
copper at much lower fluences. The collapse of vacancy
loops depends on various parameters, among them (i) the
defect migration occurring during the thermal spike phase;
(ii) the thermal conductivity of the film material; (iii) the
cooling rate of the spike region, which is correlated to the
melting temperature; and (iv) the initial vacancy config-
uration and concentration. Irradiation defects in iron are
different from those in other metals because here over-
lapping cascades and, consequently, higher ion fluences
are necessary to generate vacancy and interstitial loops,
possibly due to differences in the average thermal spike
lifetimes [20,22]. For details see the recent work by the
Lawrence Livermore-Madrid collaboration [22] and refer-
ences given there.

The results of the previous sections are in qualitative
agreement with the approach of Antonov et al. [48]. As
extended defects in iron start to be produced at about
1 × 1015 ions/cm2 [20], also uniaxial magnetic anisotropy
should be visible at this ion fluence and should continue
to increase for higher fluences, which is in agreement with
the measurements illustrated in Figure 5. Moreover, the
efficiency of the vacancy loop formation is supposed to
rise with increasing ion mass and, indeed, the anisotropy
constant Ku/Ms increased faster for the heavier ions. A
quantitative comparison of the measured anisotropy con-
stants with the model of Antonov was made by con-
sidering the bulk saturation magnetization for bcc-iron,
Ms = 1711 emu/cm3 [49]. Then the largest measured
anisotropy constant for 2.5 × 1016 Xe+/cm2 would be of
the order of 4.3 [Oe]×1711 [emu/cm3] = 7×103 [erg/cm3],
corresponding to an extended-defect axis ratio of a/b ≈ 7,
a and b being the typical half-axes of the ellipsoids. A
direct observation of the size and orientation of these de-
fect structures may be possible via Transmission Electron
Microscopy (TEM).

On the other hand, the presented EXAFS data
indicate that the coordination number N1 + N2

decreased by 17(6)% during irradiation with 1 ×
1016 Xe-ions/cm2 and by 25(6)% during irradiation with
5×1016 Xe-ions/cm2. Within the fairly large uncertainties
of N1 + N2, the reduction did not depend on the ion mass
(for Fe, Kr and Xe). Since EXAFS only gives access to the
atomic distribution in the crystalline part of the film, it
is insensitive to defects at the grain boundaries. However,
as the production of dislocation loops depends on the pro-
jectile mass [21], we conclude that the defect production
responsible for magnetic texturing mainly occurs at grain
boundaries. A decrease in grain size, which would affect
the EXAFS spectra in a similar way, can be excluded on
the basis of the GIXRD results.

A further argument supporting the close connection
between the formation of vacancy loops and magnetic
anisotropy is based on the fluence dependence of the
parameter Ku/Ms in Fe films, as compared with that
in Ni or permalloy. In the latter two materials, much
lower fluences of some 4 × 1014 Xe/cm2 were sufficient
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to induce magnetic anisotropies [12,13,50]. This obser-
vation supports the importance of vacancy loops, whose
production in nickel starts at an ion fluence that is one
order of magnitude lower than in iron [20].

Besides the ion-induced defects, also the different
structural properties of the specimens M and S appear
to support the presented explanation. The CEM spectra
of samples M and S were fitted with three sextets with
hyperfine fields of BHF ≈ 33 T, 27 T and 19 T. The
lower fields BHF2 and BHF3 can arise from neighbouring
lattice defects such as vacancies or impurity atoms. The
area fractions of the defect sites after ion-irradiation were
F2 +F3 ≈ 15% for M and S. Each vacancy/impurity atom
in the nearest neighbourhood of the 57Fe probe nucleus is
known to reduce the hyperfine field by 3.6 T [51]. Con-
sequently, the strongly reduced hyperfine fields BHF2 and
BHF3 indicate that these films have a strongly disturbed
crystalline structure with a large number of defects (up to
four vacancies). On the other hand, the Mössbauer data of
a PLD-prepared iron film required only two sextets with
BHF = 33 T and 30 T, indicating single-vacancy trapping
and the absence of extended vacancy defects [24,51]. In
the e-gun samples, the already existing large number of
defects is likely to get mobile during ion-irradiation and
to collapse to vacancy clusters, while this process does not
occur in the PLD films, which have a much smaller defect
density after deposition.

4.2 Stress

Two different kinds of stress have been investigated in
this work: intrinsic stress due to deposition and/or ion-
beam irradiation and external mechanical stress applied
by bending the substrate. In the samples of series A, a
large intrinsic tensile stress of 3.8(4) GPa was present af-
ter deposition; the ion-irradiation with any projectile re-
duced this value and generated a compressive stress sat-
urating at about −1.0 GPa for the high Fe, Kr and Xe
fluences. Similar effects have been found for 150 nm thick
Cr films irradiated with 110 keV Ar+ ions [52], where a
fluence of 1 × 1015/cm2 was sufficient to relax the depo-
sition stress completely. Any further irradiation reversed
the (tensile) deposition stress to a compressive stress of
−1.0 to −1.5 GPa. This change in stress was explained
by the reduction of single voids in the grain boundaries
and the net decrease in the interatomic distances in the
bombarded films [45,52]. The influence of ion-irradiation
induced stress relaxation on the magnetisme of thin films
has also been evidenced in EXAFS studies of Devolder
and collaborators [3] in a case where practically no stable
defects were present. Zhang et al. [13–15] recently dis-
cussed the correlation between stress and magnetic polar-
ization in ion-irradiated Ni films. In this system, uniax-
ial magnetic texture set in at a Xe-ion fluence, where the
as-deposited stress vanished. Evidently, similar arguments
hold for the interpretation of the fluence dependence of the
lattice constant and stress measured in the present work.

The magnetic parameter most sensitive to changes
is the coercivity Hc, which depends strongly on the de-

fect and grain structure and the internal strains of the
specimen [53]. In addition, impurities incorporated dur-
ing deposition or ion implantation can increase Hc. Thus,
the high coercivity of the e-gun-deposited films and its
strong reduction during the initial stage of irradiation
may be explained by the reduction in the intrinsic stress.
This argument is supported by our results obtained for
PLD-deposited epitaxial Fe-films having a small compres-
sive stress and low coercivity after deposition [24]. The
increase in Hc after high-fluence ion irradiation, as ob-
served for both types of films, might be correlated to the
large number of impurities generating pinning centres in
the damage cascades. A similar, but stronger effect has
recently been observed by Gupta and collaborators in per-
mendur films irradiated with Xe+ ions [17,54].

In Xe-ion-irradiated Ni/Si films, external mechani-
cal stress produced by bending or relaxing the substrate
strongly influenced the symmetry axis of the uniaxial mag-
netization [12,13]. This result was obtained by means of
MOKE and perturbed γ-ray angular correlations (PAC)
with implanted 111In probe ions [55]. However, the present
MOMS and MOKE experiments carried out for the bent
Fe-sample M gave negative results in the sense that nei-
ther bending nor relaxation had an influence on the mag-
netic texture. The effect on Ni was explained by inverse
magnetostriction making a large contribution to the mag-
netoelastic energy density:

Eme = −(3/2)λσ cos2 ϕ, (6)

which depends on the magnetostriction constant λ and
the stress σ. A comparison of the magnetostriction con-
stants of polycrystalline nickel, λ(Ni) = −33 × 10−6, and
iron, λ(Fe) = −4 × 10−6, underlines the importance of
magneto-striction in the case of nickel, but to a much lesser
extent in iron. We finally mention our recent studies on
ion-irradiated permalloy films [50] having a magnetostric-
tion constant λ ≈ 0, where no change in anisotropy due to
bending or relaxation was observed, which is in agreement
with the results presented here.

5 Conclusions

The present work on ion-beam irradiated polycrystalline
iron films, typically 60–82 nm thick and prepared by
electron-beam evaporation on Si(100) wafers, aimed at
elucidating the influence of several ion beam and sam-
ple parameters on the magnetic and microstructural
properties, using a combination of X-ray diffraction and
absorption, Rutherford backscattering and Mössbauer
spectroscopy, and the magneto-optical Kerr effect. The
ion-beam parameters investigated were the ion mass and
fluence; the effects of magnetic pre-magnetization and ex-
ternal stress were also studied. In all the cases the ion
energy was chosen so that the mean ion range was located
at about half the film thickness.
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The results can be summarized as follows:

(i) For all the samples, the as-deposited films had an al-
most isotropic magnetization and a coercivity of Hc >
40 Oe.

(ii) For all the ions and for increasing ion fluence, the
magnetic anisotropy increased, while the coercivity de-
creased.

(iii) These changes in the magnetic properties correlated
with a relaxation of the tensile in-plane stress after
deposition (+3.8 GPa) towards a small compressive
stress (−1 GPa) after the implantation at fluences of
several 1015 ions/cm2.

(iv) We interpret these findings as due to the formation
of extended radiation defects, possibly resulting from
built-in defects, which agglomerate under the ion bom-
bardment. On the basis of EXAFS, CEMS and MOKE
results, arguments are given that these extended de-
fects are preferentially located at grain boundaries.
In particular, the CEM spectra feature large fractions
with strongly reduced hyperfine fields, which are typi-
cal of highly distorted atomic configurations.

(v) The present results for polycrystalline Fe films are in
contrast to those recently gathered for PLD-epitaxially
grown films on MgO crystals [24]. Here, the exter-
nal magnetic field applied during the MOKE anal-
ysis before Xe-ion irradiation aligned the magneto-
crystalline anisotropy along the (100) easy axis. Any
subsequent Xe-ion irradiation had hardly any influence
on the magnetic pola-rization. This film exhibited a
fourfold anisotropy in MOMS and a twofold anisotropy
in MOKE. The ion irradiation caused a decrease in the
small compressive stress and a slight increase in coer-
civity. A similar result was obtained when irradiating
FeCo films produced by PLD on MgO crystals with
200 keV Xe ions [50].

Some of the presented results demand further clarification.
In particular, Transmission Electron Microscopy may pos-
sibly give access to the size and orientation of the extended
defects deduced from CEMS and directly verify the differ-
ences observed for the electron-evaporated and PLD films.
A synopsis of the results obtained after ion implantation
into the various ferromagnetic 3d-elements (Fe, Ni, Co)
and alloys (permalloy, permendur) is in progress.
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