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Ion irradiation induced direction of collapsed hard-magnetization axis in thin Co films
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A number of polycrystalline films feature distinct sharp peaks in the angular variations of their in-plane
major-loop remanent magnetization and coercivity, centered 90° off the easy-axis position, a property referred

to as hard-axis collapse. In such systems a striking phenomenon, recoil-curve overshoot (RCO), recoil mag-
netization branches that lie outside the major loop, was recently reported, resulting in a significantly greater
recoil loop area compared with that of the respective major loop. In the present work pieces of polycrystalline
magnetron-sputtered Co films were subjected to Net bombardment in vacuum at different ion fluences in the
presence of magnetic field H;;, applied along different in-plane directions. lon irradiation at a certain fluence range
results in films with easy-magnetization directions parallel to that of Hj,. Moreover, the same holds for posterior
sequential irradiations. The films’ hard-magnetization axes are always collapsed, accompanied by significant
RCO as well. The analysis and interpretation of our data strongly indicate that both hard-axis collapse and RCO
result predominantly from a domain splitting when the measurement magnetic field is nearly perpendicular to

the grain’s easy axis during demagnetization.
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I. INTRODUCTION

Since the pioneering work of Chappert et al. [1], which ex-
plored the potential for magnetic nanopatterning and showed
that the magnetic anisotropy direction can be changed via ion
irradiation, the latter has been used to tailor the magnetic prop-
erties of thin films and multilayers [2-5]. One of their most
important characteristics—the magnetic anisotropy—can be
induced by employing a number of techniques [6], including
ion beam assisted deposition [7] and/or postgrowth ion irradi-
ation [8]. Also, it is possible, in ferromagnet/antiferromagnet
systems, to set or completely reorient the exchange-bias di-
rection by means of ion bombardment [9,10] in the presence
of magnetic field Hj.

Recently, an outstanding phenomenon was evidenced
in polycrystalline ferromagnetic films: recoil magnetization
branches that lie way outside the major hysteresis loop, a phe-
nomenon referred to as recoil-curve overshoot (RCO) [11,12].
As a result, the respective recoil loop’s area is significantly
greater than that of the major loop. Importantly, the Fe, Co,
and Ni films that have shown RCO have also displayed dis-
tinct sharp peaks in the angular variations of their in-plane
major loops’ remanent magnetization Mgg and coercivity He,
centered 90° off the easy-axis position. Such peaks were pre-
viously observed in films grown in the presence of a magnetic
field and/or after posterior ion bombardment in Hj, (see, e.g.,
Ref. [13] and references therein, corresponding to a series of
works by a group from Universitit Gottingen). This peculiar-
ity was later referred to as the collapsed hard-magnetization
axis [14-16] or hard-axis coercivity rocking [17,18].
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The observation of peaks in the angular variations of Mgg
and H after field-assisted ion bombardment in Co/Fe bilayers
has been ascribed to a hcp — fcc phase transition, interface
mixing, and the formation of intermetallic alloys [19]. In
Co/Pt multilayers, the phenomenon has been attributed to
ion induced structural changes and modifications of the crys-
talline field resulting in nonequivalent electronic hybridization
between easy and hard axes [20]. In the films that have shown
RCO [11,12], phase transitions are discarded given that the
phenomenon has been observed in Fe, Co, and Ni films with
distinct crystalline structures; it has also been verified that
a superposition of cubic and uniaxial anisotropies cannot be
responsible for the experimentally observed RCO and angular
variations of Mgg and Hc.

Despite its simplicity, the model of pairs of exchange-
coupled grains with misaligned anisotropy axes proposed by
Idigoras et al. [14] is able to reproduce qualitatively both
the hard-axis collapse and the RCO [11]. Alternatively, these
characteristics could be ascribed to a domain splitting when,
during demagnetization, the measurement magnetic field H
is nearly perpendicular to the uniaxial-anisotropy direction
[21,22]. Hence, these very peculiar and intriguing features of
the magnetic hysteresis certainly warrant further theoretical
and experimental investigations which may lead to new appli-
cations.

In the present work we demonstrate that an appropriate
field-assisted ion bombardment may induce, in a controlled
manner, an easy-magnetization direction towards that of
Hj, in magnetron-sputtered Co films, with the respective
hard-magnetization axes collapsed. A significant RCO is ob-
served as well. Our results point out that these phenomena
result, most likely, from a grain’s domain splitting when
the amplitude of H, which is nearly perpendicular to the
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uniaxial-anisotropy direction, is reduced from a saturation
state.

II. EXPERIMENT

Polycrystalline 10-nm-thick Co films, each sandwiched by
a pair of seed and protective 18-nm-thick Ta layers, were
deposited using dc magnetron sputtering onto naturally oxi-
dized Si(100) substrates at room temperature. The purity of all
targets was greater than 99.95%. Each substrate was placed on
a holder rotating at 40 rpm, the target-substrate distance was
5.8 inches in a confocal configuration, and the base pressure
was below 2x 1078 Torr before and 2 mTorr during deposi-
tion, at a 20 sccm Ar constant flow. For a majority of the
films, in-plane static magnetic field of about 1.5 kOe was ap-
plied in situ in order to induce uniaxial anisotropy. As-grown
samples were subsequently irradiated at room temperature in
a 500 High Voltage Engineering Europa linear accelerator at
70 keV with Ne™ beams at normal incidence in a chamber in
3.5 kOe magnetic field applied along different in-plane orien-
tations. For a constant current density J of 100 nA/cm?, ion
fluences of 1x10', 1x10'3, and 1x10'®ions/cm? were em-
ployed; on the other hand, a fluence value of 1 x 10'% ions / cm?
was fixed when using different values of J of 25, 50, and
100 nA /cm?. The strength of the interaction of the irradiation
ions with the films, the damage caused, and their range were
estimated with SRIM-2013 simulations [23,24].

The structural characterization was performed by x-ray
diffraction (XRD) on a Bruker D8 Advance diffractometer
at Bragg-Brentano 0-26 geometry with Cu K« radiation and
via Rutherford backscatter spectrometry (RBS) in a 3 MV
Tandetron accelerator using a 0.9 MeV beam of incident He
ions along the direction normal to the samples’ planes with
a backscattered ion detector 165° away from the incidence
direction.

In-plane magnetization major and recoil hysteresis loops
were obtained at room temperature via an EZ9 MicroSense
vibrating sample magnetometer. The amplitude values of the
maximum magnetic field used here are much higher than
the anisotropy field of each of the films, thus avoiding other
nonsaturation effects [25-27].

III. RESULTS AND DISCUSSION

Figure 1 shows representative XRD patterns of the as-
deposited Co film and of pieces of the same film irradiated
in the presence of Hj, using either different ion fluences at
constant J or different values of J for a fixed ion fluence
value. All patterns indicate that the Ta seed layers resulted in
highly textured Co surfaces, showing broad peaks at ~44.5°
due to the overlap of the two peaks arising from fcc (111)
and hep (002) planes. It is clear from Fig. 1(b) that, for ion
bombardments using a fluence of 1x10'> ions/cm? and the
range of values of J employed here, the value of the latter
is irrelevant given that the diffraction patterns are practically
identical even for a fourfold difference in J. Thus, the ion
beam induced heating effect should certainly be discarded as a
possible source for the ion irradiation induced changes in the
magnetic properties of the films discussed below.

We also performed x-ray reflectivity (XRR) measurements
on several samples. Although, because of the small Co layer
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FIG. 1. XRD patterns of the as-deposited Co film as well as of
pieces of this film irradiated in magnetic field using (a) different
ion fluences at a constant current density and (b) different current
densities and fixed ion fluence value.

thickness, the analyses of the experimental and simulated
XRR patterns (not shown) are inconclusive, the observed fall
in intensity of the Kiessig fringes after Ne irradiation rep-
resents a signature of decreased thickness homogeneity and
increased interface (and/or film surface) roughness.

Ion bombardment using the lowest fluence value of
1x10' ions/cm? did not lead to observable changes in the
respective diffraction pattern compared to that of the as-made
film. On the other hand, irradiation employing the greatest
fluence of 1x10'® ions/cm? resulted in great changes in the
diffraction pattern. A significant reduction of the Ta(002)
peak intensity is observed, while no Co peak is detected.
This, together with the practically complete loss of magnetic
response, attests that this ion bombardment led to severe
degrees of damage and of intermixing between the Co and
Ta layers, and great structural degradation of the Co layer,
completely destroying its ferromagnetism. The XRD pattern
of the specimen irradiated with the intermediate fluence of
1x10' ions/cm? plotted in Fig. 1(a) shows Co and Ta peaks
of higher intensity. Also, the peaks are slightly shifted towards
each other, indicating a certain degree of mixture at the Ta/Co
and Co/Ta interfaces, most likely responsible for the observed
decrease in the magnetic signal.

The above considerations are supported by the collisional
damage profiles as a function of the target depth of the
Si//Ta/Co/Ta film, calculated with SRIM simulations after
70 keV Ne' bombardment [23,24] and plotted in Fig. 2.
Although a certain number of Ne ions pass through the de-
posited layers, others are implanted, predominantly, in the
Co layer due to knock-on displacements of Net from the
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FIG. 2. Collisional damage (the number of target displacements
per impinging ion and crossed distance) versus the target depth for
70 keV Ne™ irradiation into a Si//Ta(18 nm)/Co(10 nm)/Ta(18 nm)
film, calculated with a SRIM simulation.

surrounding Ta media, i.e., reflections of Ne™ at the Ta/Co
and Co/Ta interfaces onto the Co film given that the Ta
atomic mass is more than 3 time higher than that of Co.
The SRIM simulations indicated Ta/Co and Co/Ta interface
intermixing is greater at the top Ta/Co interface and that, for
the samples irradiated with fluences of 1 x 10, 1 x 10%,
and 1x10'® jons/cm?, the relative numbers of Ne atoms
implanted in the Co layer are ~0.01%, 0.1%, and 1%, re-
spectively. The corresponding displacements per atom values
estimated here are rather high: 0.23, 2.3, and 23. The im-
planted Ne associates with vacancies for the fluences used
here and can form bubbles at much larger ones [28]. These
results imply that the variations in the magnetic properties of
our samples reported below are, overall, related to displace-
ments of Co atoms, and the effects of Ne implantation in the
ferromagnetic film are of rather minor importance.

RBS analysis gives access to information on the atomic
composition as a function of the depth profile, interface mix-
ing, etc. Representative RBS spectra of films bombarded in
H;;, using two different ion fluence values (the intermediate
and highest ones) for / = 100nA/cm?, together with that
of the as-made sample, are plotted in Fig. 3(a). Enhanced
overlapping of the Ta peaks and broadening of all Co and Ta
peaks with the fluence increase are observed. We performed
POWERMEIS simulations (POWERMEIS [29] is a software that
calculates, using Monte Carlo methods, the trajectories of
all ions in three-dimensional structures) for our RBS spectra
[see Fig. 3(b)]. For samples irradiated with Ne™ using a
fluence of 1x10'" ions/cm? we found that ~40% of the Co
atoms are displaced towards the surrounding Ta layers, creat-
ing intermixing at both interfaces. This leads to a reduction of
the effective thickness of the magnetic Co layer, in very good
agreement with the magnetization data in Figs. 6(a) and 6(c)
below. The intermixing is most significant at the top Ta/Co
interface, containing X75% of the displaced Co atoms, in
accordance with the SRIM results as well.

Due to the low amount of Ne and its smaller mass, the
presence of implanted Ne could not be identified either from
the RBS spectra and the respective POWERMEIS simulations
or via the energy dispersive x-ray spectroscopy measurements
we also performed (not shown).
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FIG. 3. (a) Experimental Rutherford backscattering spectrome-
try results for the in-field grown film and for ion-irradiated pieces of
this film with in-plane Hj, perpendicular to the deposition induced
easy-magnetization direction, using two different fluences and a
current density of 100 nA/cm?. Two of the spectra are displaced ver-
tically for better visualization. (b) POWERMEIS simulations (dashed
lines) performed for two of the samples; the solid lines correspond to
the measured spectra.

In-plane magnetization data, obtained for the film de-
posited in magnetic field and irradiated with Hy, parallel to
the initial hard-magnetization direction using a fluence of
1x10% ions/cm? and J = 100 nA/cm?, are shown in Fig. 4.
Here, ¢y = 0 corresponds to measurement magnetic field H
parallel to the irradiation induced easy direction. There are
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FIG. 4. (a) The major hysteresis loop’s coercivity Hc(¢y) and
(b) remanent magnetization Mgs(¢y ), obtained for the film grown in
magnetic field and subsequently ion irradiated with Hj, parallel to the
initial hard-magnetization axis using a fluence of 1x10'3 ions/cm?
and J = 100nA/cm?. The solid lines correspond to coherent rota-
tion reversal; Mgy is normalized to the saturation magnetization Ms.
(c) Major loops (symbols) measured for ¢ = 0° and 90°; the lines
correspond to respective data obtained 5 months earlier. (d) Major
(symbols) and recoil (solid line) loops obtained for H applied near
the collapsed hard-magnetization direction.
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FIG. 5. Angular variations of Mgs. (a)—(c) Data for pieces of a film deposited with no purposely applied magnetic field: as made and
irradiated with Hj, parallel to the hard-magnetization axis of an as-made film using different ion fluences and the same current density
of 100nA/cm?. (d)—(k) Results for samples deposited with applied magnetic field: (d)—(g) as made and irradiated with Hy, applied along
the in-plane hard axis of the as-made film using an ion fluence of 1x10'> ions/cm? and different current densities and (g)—(j) irradiated
(1x10" ions/cm?, 100 nA /cm?) with Hy, along different in-plane directions given by ¢;,. In (k), the Mgg(¢y ) curves correspond to the sample
initially bombarded with ¢;, = 90° [its Mgs(¢y ) is shown in (g)] and subsequently irradiated four more consecutive times with Hy, always
perpendicular to the easy axis induced by the preceding bombardment.

well-defined sharp peaks in the angular variations of both
He and Mgs, centered 90° off the easy-axis position, char-
acterizing the hard-axis collapse. The easy- and hard-axis
major hysteresis loops are given by the symbols in Fig. 4(c),
where the solid lines correspond to data obtained 5 months
beforehand. As can be seen, the two sets of loops are virtually
identical. The Co layer’s oxidation with time was not detected
given that the saturation magnetization Mg of this piece of
film remained practically the same. The same holds for other
measurements we performed, meaning that our films did not
show appreciable temporal changes of their magnetization
curves’ characteristics, i.e., the thermal-drift effect [30]. Also,
neither thermal [31] nor athermal [32] training—variations of
magnetization hysteresis and/or hysteresis loop characteristics
with the number of subsequent field cycles—was observed.

All our as-made and ion-irradiated films that show appre-
ciable collapsed hard axes also present RCO. An example is
given in Fig. 4(d), where major and recoil loops traced for ¢y
corresponding to the minima in both Hc(¢y) and Mgs(¢py)
are plotted. The observed recoil-curve overshoot is rather
significant, resulting in an approximately twofold loop area
increase.

Representative variations of Mgy as a function of the mea-
surement field orientation for as-made films deposited with
or without applied magnetic field, as well as for specimens of
these films irradiated with Hjp, applied along different in-plane
directions, are given in Fig. 5. Figure 5(a) evidences that the
film grown with no purposely applied magnetic field presents
rather weak uniaxial anisotropy (only here its easy-axis ori-
entation is denoted by ¢y = 90°) with a collapsed hard axis.
Although RCO is observed for this film, it is insignificant. Ion
irradiation with fluences of 1x10' and 1x 10" ions/cm? for
¢ = 0°, i.e., Hy, parallel to the original hard axis, led to
radical changes in the anisotropy characteristics, as seen in
Figs. 5(b) and 5(c); the data presented in Fig. 4 correspond
to those shown in Fig. 5(c). The ion bombardment induced

stronger uniaxial anisotropy with the easy axis parallel to
Hj;, for each fluence value, and with the respective hard axis
substantially collapsed. As mentioned above, irradiation with
a fluence of 1x10'¢ ions/cm? resulted in a complete loss of
magnetic response.

Figure 5(d) gives Mgs(¢y) obtained for the film grown
in an applied magnetic field, and Figs. 5(e)-5(g) present the
respective angular variations measured after field-assisted ion
irradiation with ¢;;, = 0° (again, Hj, applied along the ini-
tial hard axis) using a constant fluence of 1x 10" ions/cm?
and three different current density values. Clearly, the latter
does not influence the outcome given that the three values of
Mpgs(¢p) are virtually identical, in total agreement with the
XRD results reported above, indicating the irrelevance of the
current density value for the anisotropy-axis modifications re-
ported here. In the present case, the strong anisotropy induced
during growth is completely eliminated by the field-assisted
ion bombardment. The latter results in uniaxial-anisotropy
samples with their new easy axes exactly parallel to Hjp.

The same holds true for Hj, applied along other in-plane
directions during irradiation. Figures 5(g)-5(k) show that, in
any case, the easy axis induced through ion bombardment is
that of Hj,. Note also that the film, which was first irradiated
with ¢;;, = 0° and, as a result, attained an easy axis along this
field direction, had its easy axis completely reoriented along
the new field direction when it was subsequently irradiated
with Hj, with other orientations.

We also observed that when Hj, is applied along (or close
to) the already-set easy-magnetization direction, the bombard-
ment leads to a noticeable decrease in M4 (the hard-axis
value of Mg /Msy), as exemplified in Fig. 5(h). This is actually
expected given that the aforesaid irradiation further aligns the
easy axes. Thus, the decrease in M gSA after bombardment with
such an orientation of Hj, confirms the premise that local
easy-axis misalignment of the interacting domains is required
for the manifestation of both hard-axis collapse and RCO.
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FIG. 6. Major and recoil hysteresis loops measured for a film deposited in an applied magnetic field. (a) and (b) Data obtained for the
as-made film. (c)—(h) Loops traced on the same sample after a sequence of ion irradiations with Hy, always perpendicular to the previously
induced easy axis using a fluence of 1 x 10" ions/cm? and a current density of 100 nA/cm?. The top panels show the easy (¢y = 0°) and hard

(¢ = 90°) axis loops, and the bottom panels give major and recoil loops traced for H applied in the vicinity of the hard axis.

As mentioned above, all samples presenting significant
hard-axis collapse also show recoil-curve overshoot, which
is most prominent when ¢y corresponds to any of the min-
ima in He(¢y) and Mgg(py ). This is exemplified in Fig. 6,
which gives representative major easy- and hard-axis hys-
teresis loops together with selected major and recoil loops
for other H orientations, obtained for a film grown in an
applied magnetic field, subjected to five subsequent ion bom-
bardments with Hj, always perpendicular to the previously
induced easy axis. While the loops for ¢y = 0° display a
rectangular shape and those traced for ¢ = 90° also show
significant remanence and coercivity, the major loops mea-
sured for H applied near the collapsed hard-axis direction
have rather lower values of Mzs and Hc. All those features are
characteristics of the hard-axis collapse. The recoil branches
for n < 4 plotted in Fig. 6 show significant RCO, with n
being the number of the irradiations.

An apparent reduction of Hc and My of the ion-irradiated
specimen compared to those of the as-grown film is detected
in Fig. 6. After the first irradiation, the sample lost approxi-
mately half of its coercive field and one third of its original
My values. The subsequent irradiations led to yet other de-
creases in Mg without a sizable change in Hc for n = 2
and 3. The shrinking of My should be related to Co/Ta inter-
face intermixing and knock-on Ne™ displacements caused by
the bombardment, as indicated by the XRD and RBS results.
On the other hand, the reduction in H- with the bombardment
could be attributed to both interface roughening and strain
relaxation in the Co layer. Importantly, for n < 4 the col-
lapsed hard axis and RCO characteristics remain essentially
the same.

XRD patterns of the as-grown Co film and those obtained
after the second, fourth, and fifth irradiations with Hy, always
perpendicular to the easy axis induced through the previous
bombardment are given in Fig. 7(a). Modest and substantial
gradual decreases of the Ta and Co peak intensities are seen,

respectively. The variation of the average Co grain size D, es-
timated with Scherrer’s formula after the first four irradiations
(it is not possible to estimate D for n = 5 from the respective
XRD pattern), together with that of Mg, is plotted in Fig. 7(b).
Both D and My decrease steadily with n at very similar rates.
Figure 7(c) presents the corresponding (and rather different)
variation of MH2 with n; four of the respective angular vari-
ations of Mgy are plotted in Figs. 5(g) and 5(k). For uniaxial
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FIG. 7. (a) XRD patterns of the as-grown Co film and of the
piece of this film obtained after its second, fourth, and fifth irra-
diations in Hy, (1x10'" ions/cm? fluence, J = 100nA/cm?) with
H;, always perpendicular to the easy axis induced by the preceding
bombardment. (b) The average grain size and Mg versus the number
of bombardments 7. (c) The corresponding ME (the hard-axis value
of Mgs) versus n. The lines are guides to the eye.
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anisotropy, the absence of hard-axis collapse corresponds to
MES = 0 or at least to Mgs(¢y) having its minimum at
ou = 90°.

We verified that films irradiated without H;, showed no
change in their anisotropy direction and that the reductions
in He, Mg, and D do not depend on whether H;, is applied
or not, pointing out that no Co phase transitions occur due to
irradiation. Since Mgs(¢y) is also independent of the current
as discussed above, one can rule out effects coming from the
sample’s macroscopic heating during the ion bombardment or
from the overlap of nuclear or electronic cascades in time.
There are other mechanisms that may act during ion bom-
bardment and could lead to the modifications of H¢, Mg, D,
and MH2 and the anisotropy-axis reorientation. One of these
mechanisms is the local hyperthermal heating, which is very
similar to common magnetic annealing. It serves as an energy
source, leading to spin rearrangements which lower the energy
of the system. Another relevant mechanism is Ta/Co interface
intermixing and interface defect creation by ion bombardment
due to the nuclear stopping power of the impinging ions. It
depends only on the fluence and works regardless of whether
Hj, is applied. On the other hand, the field-assisted ion irra-
diation induced easy-magnetization axis is, most likely, due
to the locally transferred energy of the incoming Ne ions.
As discussed above, modifications of the magnetic properties
coming from Ne implantation, if any, are unsubstantial.

A series of Ta/Co/Ta films [12] grown under the same con-
ditions as those studied here showed an increase of D from ~4
to 17 nm as the Co film thickness increased from 5 to 150 nm,
implying that the grains with the largest sizes are located in the
last-deposited Co atomic layers. The brisk initial decrease in
D(n) seen in Fig. 7 should thus be attributed to the extinction
of, above all, these grains after the first irradiation, resulting
in a reduction in the effective magnetic Co thickness, which
is strongly supported by the very similar rate of decrease of
Mg with n. The eradication of the greatest grains, however,
does not virtually reflect on M%{, which drops substantially
foronlyn > 4.

The earliest model able to mimic the hard-axis col-
lapse considers a magnetic system composed of pairs of
exchange-coupled grains with misaligned anisotropy axes
[14]. Although this simple model is able to reproduce qual-
itatively the RCO as well [11], one could question its validity
for real polycrystalline magnetic films—it does not seem very
realistic to assume that each (supposedly monodomain) grain
of these films is exchange coupled to only one (also mon-
odomain) of its neighboring grains.

Simulations formally employing the energy expression of
the above model would give the same results if the film
is assumed to consist mostly of effectively noninteracting
polycrystalline grains, the majority being in a single-domain
magnetic state for H applied away from the hard axis. During
demagnetization from saturation for ¢y in the vicinity of
90°, a monodomain would split into two exchange-coupled
domains with a slight lateral misalignment [33], in agree-
ment with the results of Hamrle et al. [22], who observed
domain splitting perpendicular to the collapsed hard axis
during demagnetization. This was also predicted through
finite-element micromagnetic calculations [34]. The two do-
mains resulting from the splitting are not necessarily identical,

and their easy axes may not be exactly symmetrical with re-
spect to that of H. The recently observed negative interaction
plots resulting from ferromagnetic coupling and hysteretic
recoil loops with positive recoil fields in Co films with col-
lapsed hard axes [12] were successfully reproduced by this
model.

The expression “effectively noninteracting” used above
refers, for the principal part of Co grains, to the plausible
zero net effect of interactions produced by neighbors owing to
the local spherical symmetry. The fitting curves for Mgs(dy )
and Hc(¢y) in Figs. 4(a) and 4(b) calculated with the single-
domain noninteraction coherent rotation model [35] clearly
show that, at least for two thirds of the angular range, such a
rotation is the dominant magnetization reversal mechanism al-
ready observed for Co films with different thicknesses [11,12]
presenting hard-axis collapse or RCO.

The Mg(n) variation in Fig. 7(c) points out that more than
half of the amount of magnetic Co has been extinguished
after the third ion irradiation. The almost identical rate of
decrease of D(n) denotes that this is due to the eradication of
the larger Co grains. Nevertheless, the quantity that identifies
the hard-axis collapse, namely, M, diminished less than 5%
after the third bombardment. Given that, for each n, MEZ is
normalized to the respective Mg value, its virtual constancy
indicates that the relative amount of Co contributing to the
collapse has practically the same weight regardless of the Co
grain sizes before and after the first three ion irradiations.
The consequent bombardments led to a further decrease in the
amount of magnetic Co with yet smaller grain size, lowering
the possibility for domain splitting and causing the significant
drop in MEZ# and nonobservance of RCO [see Fig. 6(h)]. All
these results agree with the predominance of the domain-
splitting hypothesis. On the contrary, in the framework of
the model of pairs of exchange-coupled single-domain grains
[14], the bigger bi- or multidomain grains do not contribute
to either hard-axis collapse or RCO, and consequently, their
eradication would result in a significant increase in ME& /M
caused by the more than twofold decrease in My instead of the
modest decline actually observed.

Further corroboration of the viability of the conjecture
for domain splitting comes from results for the interac-
tion effects recently estimated in slightly thicker Co films
[12]. For field orientations where coherent magnetization re-
versal is predominant, the interaction plots are typical of
polycrystalline films with weakly interacting ferromagnetic
grains. However, in the region of ¢y which characterizes
a collapsed hard axis and RCO and where scissorslike re-
versible rotations take place, the intensity of the interaction
plots increases substantially, most likely due to the emer-
gence of intragrain coupling between twin domains resulting
from the monodomain splitting as H is swept down to
Zero.

IV. SUMMARY AND CONCLUSIONS

In summary, we demonstrated that appropriate ion bom-
bardment with magnetic field applied in the plane of
magnetron-sputtered Co films induces well-defined uniaxial
anisotropy with an easy-magnetization direction parallel to
that of Hj,. Up to five sequential ion irradiations, despite
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the decreasing average Co grain size and the effective thick-
ness of the magnetic Co layer, induced anisotropy with the
easy axis always parallel to Hj,. Importantly, the films’
hard-magnetization axes always collapsed, accompanied by
significant recoil-curve overshoot. None of the irradiated
films showed appreciable thermal drift or training effects.
We pointed out the sources likely to supply energy for spin
rearrangement and lead to the easy-axis modifications of ion-
irradiated films.

Our results strongly indicate that the puzzling hard-axis
collapse and RCO phenomena result essentially from grains

in a monodomain state which magnetizations split into pairs
of exchange-coupled domains with a slight local easy-axis
misalignment when the measurement magnetic field, which
is nearly perpendicular to the uniaxial-anisotropy direction, is
reduced from a saturation state.
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