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ABSTRACT

We report on the effect, on the local magnetization reversal taking place in amorphous FegoByo stripes, of the irradiation with nanobeam
synchrotron X-ray. That irradiation preserves the amorphous structure and results on the increase of the local coercivity with respect to
that measured in a non-irradiated sample, in which the coercivity is mediated by the nucleation-propagation of a single wall. The local
coercivity increases in a non-linear way with the width of the irradiated regions when that width is smaller than that of the wall mediating the
magnetization switching in the non-irradiated stripe and gets saturated when the irradiated regions dimension is larger than the propagating
wall width. We correlate this behavior with the induction at the irradiated regions of a reduction of the local effective anisotropy with respect
to the stripe as-lithographed value. From the relationship between the coercivity and the width of the irradiated regions we estimate the local
anisotropy reduction in a 25% of that measured in the non-irradiated stripe.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000090

INTRODUCTION current circulating through auxiliary conducting tracks.'’ In a pre-
vious paper'* the authors have shown how irradiating with syn-
chrotron X-ray (2 pym sized beam) the same amorphous FegyBao
stripes studied here results on anisotropy modifications over regions
spanning ca. 15 ym.

In the present work we explore the local anisotropy changes
induced in amorphous FegyBy stripes by means of nanosized X-ray
beams since that length scale is of special interest from the stand-
point of the implementation of spin waves-based devices and cir-
cuitry of the types proposed to implement processing components
(i.e.: logic gates'*1°).

Ferromagnetic metallic amorphous systems are characterized
by the possibility of modifying their effective anisotropy’ due to
their metastable nature that favors the occurrence of atomic dif-
fusion.” Thermal treatments carried out at temperatures signifi-
cantly below the crystallization onset result on a reduction of the
as-prepared material built-in anisotropy, which can be associated to
structural relaxation/free volume elimination and/or stresses relief.’
When the treatments are performed at temperatures closer to the
crystallization onset, while keeping the samples submitted to diffu-
sion polarizing magnetic and/or stress fields, it is possible to induce
controlled easy axis direction anisotropies with constants of the

_ 4 3 4-6 3 -
order of 1-5 X 10 erg/cm.. II-I the pargcular case of the amor SAMPLES AND EXPERIMENTAL
phous magnetic films, the induction of anisotropy at the local scale
has been implemented by using a variety of techniques includ- The measured stripes (750 ym long and 15 ym wide) were

ing ion implantation,” '’ electromagnetic irradiation,'’ coupling to  prepared by maskless laser lithography from precursor 15 nm thick

locally strained regions,'” and local anneals carried out by means of FegoBao films deposited by means of a UHV Pulsed Laser Ablation
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device onto MgO(001) substrates. The crystallinity of the precursor
films, lithographed stripes and irradiated regions (IRs) was checked
by means of X-ray diffraction (XRD). The irradiation was performed
at the Nano-Analysis line ID16B of the ESRF (Grenoble), by using
a 60nm x 60 nm spot, a maximum of the energy at E = 17.5 keV
with AE/E = 107 and a flux of 2.21 x 10'! photons/s. The stripes
were irradiated by scanning the beam along a direction perpendicu-
lar to the stripe long axis during a total time of 540 s. For irradiating
regions with widths larger than 60 nm, the beam was displaced along
the stripe axis (in 60 nm steps) to perform transverse scans along
lines parallel and contiguous to the previously irradiated ones until
reaching the required nominal width. The local hysteretic behavior
of the stripes was measured before and upon irradiation by using
a magnetometric magneto-optic Kerr effect (MOKE) device with
a 20 um spot, displaceable along the stripe. We measured the in-
plane component of the magnetization parallel to the applied field
direction.

RESULTS AND DISCUSSION

The as-deposited precursor films, lithographed stripes and IRs
were XRD amorphous down to the technique resolution. Upon
annealing the precursor films at temperatures of the order of 150 °C
(isothermal, 60 minutes treatment with rapid heating and cooling)
they experienced structural relaxation. That relaxation was identi-
fied from the high X-ray intensity, low angle XRD diffractograms
in which a clear angular displacement of the amorphous hump with
respect to its as-deposited angular position was detected (without
observing any crystalline peak). The onset of the crystallization,
identified through the detection of high angle peaks, took place upon
annealing the films at 250 °C.

The as-lithographed stripes exhibited shape anisotropy with
easy axis (e.a.) along the stripe long axis and a square hysteresis
loop was measured along that direction, see Figure 1. In a pre-
vious work on the same stripes that included MOKE microscopy
results,'* the non-irradiated stripe magnetization reversal was char-
acterized in detail. It started at one of the stripe ends by the nucle-
ation of a wall (favored by the local occurrence at the stripe end
corners of large demagnetizing fields'®). After nucleation the demag-
netizing field increase resulted on the propagation of the wall that
swept the stripe with only marginal pinning at some morphological
defects present at the stripe lateral sides. Globally, the nucleation-
propagation sequence originated a coercivity of 8 Oe (Figure 1).
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FIG. 1. MOKE Hysteresis loop measured along the stripe long axis (e.a.) in a
non-irradiated sample.

From the measurement of the (anhysteretic) hysteresis loop in the
transverse-to-the-stripe axis direction and the stripe magnetometric
saturation magnetization value, Mg = 1.44 x 10* QOe,'* the corre-
sponding anisotropy constant was evaluated in 1.0 x 10* erg/cm”.

In Figure 2 a sketch (not to scale) illustrating the IRs posi-
tions and dimensions is shown. Five different IRs, with the indicated
widths and separated by 100 ym, were prepared by means of the
synchrotron nanobeam. The effect on the local hysteresis of the irra-
diation was followed by positioning the MOKE spot at all the regions
in between two consecutive IRs and beyond the IR having a width of
1440 nm.

In Figure 3 we have plotted the demagnetization branches mea-
sured along the e.a. direction at all the considered MOKE positions.
The procedure followed to measure those branches started (after
positioning the MOKE spot at the measurement site) by saturat-
ing the stripe in the sense indicated in Figure 2 and then taking the
applied field to zero, switching it and increasing the demagnetizing
field (sense indicated in Figure 2) up to reach the saturation oppo-
site to the initial one. Along this demagnetization process, similarly
to that discussed in Ref. 14 for a non-irradiated stripe, a wall was
nucleated at the left stripe end in Figure 2 due to the local demagne-
tizing fields. The stripe ends are 150 ym distant from the closer IR
and, consequently do not experience any anisotropy modification
during the irradiation process.'* This should result on nucleation-
propagation fields similar to those measured in the non-irradiated

Demagnetizing field sense

ﬁ
720 nm 1440 nm

100 pm 100 pm

100 pm

100 pm

Initial saturation field sense

FIG. 2. Sketch (not to scale) displaying the widths and distances between the IRs (shown in red) prepared in a FegyBy stripe (shown in blue). As an example of the MOKE
spot positions used to measure the local demagnetization, a spot having a diameter of 20 um and placed in between the 60 nm and the 120 nm IRs is shown in yellow (the
spot position is assigned to the IR in the pair having the smaller width, i.e.: 60 nm in the considered case). The green arrows identify the initial saturation sense as well as

that corresponding to the applied demagnetizing field.
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FIG. 3. Demagnetization branches measured along the e.a. by placing the spot at
all the different positions in between two consecutive IRs. The curves are labelled
with the smaller width of the IRs pairs in between of which the spot was positioned.

sample. Once the nucleated wall propagates, it sweeps the stripe find-
ing the IRs in increasing IR width order. At every MOKE spot posi-
tion in between a pair of IRs (distant 100 4m) we observe (Figure 3)
that the local demagnetization process occurs at fields that are larger
than the non-irradiated coercivity and that monotonically increase
with the IR width. From these results we conclude that the propa-
gating wall gets sequentially pinned at the IRs it finds when moving
towards the stripe end on the right side in Figure 2, and that the
coercivities of the local demagnetization branches give a measure of
the depinning fields associated to the IRs having the smaller width
of the pairs in between of which the spot is located. Once the wall
is depinned from a given IR it sweeps the region separating that
IR from the next one in the sequence in Figure 2 and in that pro-
cess it is detected by our MOKE spot. The wall gets pinned again
when it reaches the IR having the larger width in the considered
IRs pair.

In the IR widths range from 60 nm up to 360 nm (Figure 4),
the local depinning field markedly increases with the increase of the
IR width from the non-irradiated stripe value. Above 360 nm the
depinning field gets nearly IR width independent. We associate the
origin of the pinning effect to a local decrease, at the IR, of the effec-
tive anisotropy induced by the X-ray nanobeam, that could result
from a local increase of the temperature during the irradiation of
the order of that linked to the induction of structural relaxation (ca.
150 °C). The mechanism of effective anisotropy reduction could cor-
respond either to the local elimination of internal stresses'” or to
the induction of a transverse e.a. (similarly to the behavior observed
in Ref. 14) whose absolute magnitude should be lower than that of
the e.a. present in the non-irradiated sample to result in an effective
longitudinal e.a.

The measured demagnetization branches coercivity values,
being associated to depinning processes, correspond to the differ-
ence in energies between those of the propagating wall at the pinned
and depinned states, the latter one being identifiable with the wall
energy in a non-irradiated stripe. The wall energy at the pinned
state depends on the pinned wall structure and, consequently,
on the wall/IR widths ratio, and possibly on the homogeneity of
the induced anisotropy near the IR.'* Considering the anisotropy
constant measured in the non-irradiated stripe (1.0 x 10* erg/cm3)
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FIG. 4. IR width dependence of the local coercivity measured by positioning the
MOKE spot in between the different pairs of IRs (the non-irradiated stripe coercivity
is also plotted for the sake of comparison). Each coercivity value was associated
to the IR having the smaller width of the pair.

and an exchange constant of 10 erg/cm we estimate the domain
wall width in that sample in 350 nm and we will assume that the wall
has that approximate thickness both when it is pinned and when it
propagates. Taking into account the local coercivity at the IR having
a width of 360 nm (13.2 Oe) and the stripe saturation magnetiza-
tion value, Ms = 1.44 x 10* Oe,'* we estimate the local anisotropy
at the 360 nm IR in 7.6 x 10° erg/cm. At the large IR width range
the pinned wall has a smaller width than that of the pinning IR. In
this range the energy of the pinned wall is independent of the IR
width and consequently the coercivity does not significantly vary
with that parameter. Despite this, for large IR widths, the depin-
ning field value is not exclusively related to the anisotropy difference
between the wall inside the IR and outside of it. This is so due to
the fact that both the anisotropy constant gradient at the borders
of the IR and the relative sizes of that gradient region and the wall
width influence the depinning field.” If it is assumed, in the case of
the 1440 nm IR, that the anisotropy decreases in an infinite slope
step at both IR borders (Le.: that the coercivity depends exclusively
on the anisotropy difference between the iR and the non-irradiated
region) a value for the local effective anisotropy of 6.9 x 10° erg/cm is
obtained.

To conclude, we have shown that the nanobeam irradiation
of amorphous FegyByy stripes results in a local effective anisotropy
modification that originates pinning centers for the wall movement.
Through the variation of the local depinning field with the IR width,
we have estimated that local modification as corresponding to a
moderate anisotropy decrease.
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