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Comprehensive control of the domain-wall nucleation process is crucial for spin-based emerging tech-
nologies ranging from random-access and storage-class memories through domain-wall logic concepts to
nanomagnetic logic. In this work, focused Ga™ ion irradiation is investigated as an effective means to
control domain-wall nucleation in Ta/Co-Fe-B/MgO nanostructures. We show that, analogously to He™
irradiation, it is not only possible to reduce the perpendicular magnetic anisotropy but also to increase it
significantly, enabling bidirectional manipulation schemes. First, the irradiation effects are assessed at the
film level, sketching an overview of the dose-dependent changes in the magnetic energy landscape. Sub-
sequent time-domain nucleation characteristics of irradiated nanostructures reveal substantial increases in
the anisotropy fields but surprisingly small effects on the measured energy barriers, indicating shrinking
nucleation volumes. Spatial control of the domain-wall nucleation point is achieved by employing focused
irradiation of preirradiated magnets, with the diameter of the introduced circular defect controlling the
coercivity. Special attention is given to the nucleation mechanisms, changing from the coherent radiation
of a Stoner-Wohlfarth particle to depinning from an anisotropy gradient. Dynamic micromagnetic sim-
ulations and related measurements are used in addition to model and analyze this depinning-dominated

magnetization reversal.

DOI: 10.1103/PhysRevApplied.16.014039

I. INTRODUCTION

Magnetic nanostructures based on cobalt-iron-boron—
magnesium-oxide (Co-Fe-B/MgO) thin films, with and
without perpendicular magnetic anisotropy (PMA), play a
vital role in many emerging technologies, from magnetic-
tunnel-junction-based sensors through nonvolatile stor-
age technologies, to domain-wall and nanomagnetic logic
applications [1-5]. In particular, logic applications neces-
sitate precise control of the magnetic energy landscape
to nucleate, propagate, and pin or depin domain walls—a
level of control that remains a significant challenge [6,7].
As a widely established semiconductor technology with
unmatched spatial resolution and a wide tuning range,
ion irradiation is ideally suited to address these issues
[8]. It offers a realistic perspective to modify magnetic
properties with nanometer precision. So far, studies on
the irradiation effects on Co-Fe-B/MgO have mainly been
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restricted to film-level investigations and light (He™) ions
[9-11]. In this work, we investigate the usage of heav-
ier Ga™t ions in an attempt to create artificial nucleation
centers (ANCs) in Ta/Co-Fe-B/MgO nanomagnets with
PMA, employing localized ion irradiation (not implan-
tation), thus controlling domain-wall (DW) nucleation.
Gallium ions are chosen, as they are known to reduce
the anisotropy in crystalline multilayer systems effec-
tively [12]. Heavier atoms, furthermore, can be stopped
much more effectively, reducing potential damage to
underlying layers. The dose-dependent irradiation effects
are first evaluated at the film level, probing material
parameter and domain configurations, before the focus is
shifted toward the irradiation of nanostructures and time-
domain measurements. We thereby explain the different
time-dependent DW-nucleation probabilities, from which
information regarding nucleation mechanisms (coherent
rotation or depinning) and irradiation effects are derived.
Unitizing this analysis, we employ irradiation at the cen-
ters of the magnets to control the switching fields and
force DW nucleation via depinning instead of coherent
rotation.

© 2021 American Physical Society
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I1. FABRICATION AND CHARACTERIZATION

A. Device fabrication

The magnetic thin film analyzed in this work is based
on a Ta/Co-Fe-B/MgO/Ta sandwich structure with a
CoyoFegoByo alloy target and a nominal thicknesses of
Ta,/CoFeB/MgO,/Tas (values given in nanometers). The
film is deposited at room temperature via confocal rf-
magnetron sputtering (base pressure < 2 x 10~/ mbar)
onto silicon (100) substrates, topped by a thermal oxide
(thickness approximately 50 nm). The individual mate-
rials are deposited at a constant working pressure of
4 pbar (approximately 3 mTorr) with MgO as an exception
(<1 pbar). The target power density is 0.5 W cm™2 for
all materials. Postdeposition annealing ( 250°C, N, atmo-
sphere) is used to set the effective anisotropy to the desired
value of approximately 1.3 x 10> J m~3. The stack is sub-
sequently structured via focused-ion-beam (FIB) lithogra-
phy (using PMMA as a positive ion-beam resist) to realize
the designed test structures. The lithography profile is
inverted, after PMMA development, by depositing a 5-nm-
thick Ti hard mask and removing the residual PMMA in a
lift-off process. Finally, the nonmasked areas are physically
etched via Ar" ion-beam etching (E = 350 eV). To gener-
ate ultrashort magnetic field pulses, on-chip field coils are
placed around the structures via conventional optical con-
tact lithography together with the deposition of a Cu metal
layer (approximately 750 nm) and a second lift-off pro-
cess. The Ga™ ion irradiation, which changes the magnetic
properties, is carried out using a 50-keV FIB microscope
(Micrion 9500ex) with a spatial resolution (beam diame-
ter) of approximately 10 nm. For large areas, the beam is
defocused to achieve homogeneous irradiation results.

B. Magneto-optical imaging

The magnetic films and nanostructures are characterized
via Wide-field Kerr microscopy (WMOKE), both for the
quasistatic case as well as for the time-domain measure-
ments. Static coercivities are obtained by merely applying
a staircase field profile with images taken at every step. In
a later data-processing step, the coercivities of the individ-
ual magnets can be derived from the respective brightness
changes in the images. Reliable time-domain measure-
ments, however, require a more sophisticated measurement
scheme. Ultrashort magnetic field pulses are generated
via (single winding) on-chip coils, which are bonded to
pulse-discharge capacitors on the high side and a low-side
switch. This switch is driven by a fast gate driver and is
addressed with an Agilent 81111A Pulse Generator (for a
more detailed description of the on-chip field generation
scheme, see the Supplemental Material [13]). To measure
the nucleation probability py,. of the individual magnets at
short time scales, the on-chip field pulses in the nanosec-
ond range are synchronized with the image acquisition of
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FIG. 1. A sketch of the employed measurement scheme, illus-
trating the procedures in a timeline. First, a reference image of the
saturated magnet array is taken. Subsequently, the on-chip pulse
with varying widths of #, = 20 ns to 100 yus is triggered, before a
second millisecond-long pulse is used to propagate the remaining
DWs and complete the reversal process. After the propagation
pulse, a second image is taken, which is subtracted from the
reference image. The final difference image is then used for the
later analysis. This procedure is repeated multiple times to gain
statistical data for the magnets in the image frame.

a high-dynamic-range SCMOS camera. Figure 1 depicts a
rough sketch of this imaging procedure. After the initial
saturation of the magnets, a first reference image is taken.
Subsequently, the on-chip pulse is triggered to nucleate
a DW. A second propagation pulse with a low amplitude
(approximately 3 mT) is generated thereafter via an exter-
nal electromagnet to ensure the complete magnetization
reversal (and thus optical detection) upon the nucleation of
a DW. The second image, taken after the pulses, enables
differential imaging in a later data-processing step. This
procedure is repeated multiple times to retrieve the nucle-
ation probability at a given field amplitude and pulse
width. Examples of the probability evolution are displayed
in Fig. 3(a). The advantage of this procedure, compared
to laser-based approaches, is the ability to probe large
numbers of magnets simultaneously by facilitating image
recognition to detect and label all magnets within the
image frame.

III. RESULTS AND DISCUSSION

A. Areal irradiation and static measurements

To understand and interpret the irradiation-dependent
changes in the DW dynamics of nanostructures, we first
analyze the irradiation effects at the film level. This
allows probing of the essential material parameter (M;
and K.g) via comparatively simple, though error-prone,
magnetometer measurements. The material parameters
are extracted from superconducting quantum interfer-
ence device (SQUID) and vibrating sample magnetometer
(VSM) measurements. K.y is thereby approximated from
the hard-axis loops via the area method [14]. The uniax-
ial anisotropy constant K, necessary for the micromag-
netic simulations, is calculated as K, = K + (1/2) MOMSZ.
Figure 2(a) depicts the irradiation-induced changes in M,
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(a) A plot of the measured material parameter M and K. of the film, together with the calculated uniaxial anisotropy term

K, = Kep — % woM? versus the applied ion dose. (b) The Ga™ dose-dependent coercivity evolution of circular Tay/CoFeB;/MgO,
nanomagnets (d = 1 um). The error bars indicate the raw FWHM switching-field distribution of 80 magnets each (for the respective
histograms, see the Supplemental Material [13]). The surrounding domain images display dose-correlated domain patterns imaged
on the same film after irradiation and easy-axis demagnetization (via a damped oscillation field). The colored dashed lines serve as

markers, indicating doses used in a more detailed analysis.

as well as K. with increasing ion dose, determined from
the magnetometer data. Similar to reports on the He™ irra-
diation of Ta/Co-Fe-B/MgO films, a decrease in saturation
magnetization accompanied by an increase in effective
anisotropy is observed [9,10]. Figure 2(b), on the other
hand, depicts the irradiation-dependent static coercivi-
ties (H,) of circular nanodots (d = 1 um) and respective
(dose-matched) domain images of irradiated films. The
changes in the coercivities and domain sizes enable a more
detailed though qualitative assessment of the shifts in the
anisotropy landscape, as both are closely related to Keg. At
small film thicknesses, the domain size (Wgomain) can be
approximated by Wyomain ~° taime™ 0/ fim [where the dipo-
lar lengths Dy = (ﬂ«/AexKeff//J/()MSz)] [15,16]. The data
points in Fig. 2(b) display the center of the respective
switching-field distribution (SFD), with the error bars indi-
cating the full width at half maximum (FWHM). Thereby,
80 magnets are probed for each ion dose. The magnets are
placed 1 um apart to inhibit any relevant dipolar inter-
action between the magnets from obscuring the measure-
ments. The coercivities and domain sizes initially increase
for low and medium doses but start to fall off at doses
higher than approximately 3.5 x 10'3 jons cm 2, with the
domain size dropping below the resolution limit at a dose
of approximately 8 x 10'3 ionscm™2. The magnets also
cross the single-domain threshold near this point. While
the reduced coercivities could potentially be the result
of an increased defect density (this would, however, not
explain the initial increase in H,.), the shrinking domain
sizes strongly indicate a loss of the perpendicular mag-
netic anisotropy, which leads to reduced coercivities. The
decrease in both the domain sizes and coercivities strongly

indicates a degradation of the PMA starting at doses >
3.5 x 10" ionscm™2. It has to be noted that the apparent
decrease in K above approximately 3.5 x 10'3 ions cm 2
cannot be replicated via the corresponding magnetome-
ter measurements. This fact might, however, be explained
by the macroscopic nature of the magnetometer measure-
ments, complicating the detection of small changes in the
anisotropy landscape. It is difficult to explain the non-
monotonic evolution of K¢ without a detailed stoichiomet-
ric analysis and therefore no comprehensive explanation
can be given. However, as with He™ irradiation [9,17],
the behavior might be explained by the respective atomic
weights of the different elements inside the stack, giv-
ing the Ga™t ions a much larger probability of interacting
with the heavy Ta rather than with the comparatively
light Fe, Co, or O atoms. Since tantalum is known for
its large magnetic dead layer in contact with ferromag-
nets, we assume intermixing at the Ta/Co-Fe-B interface
to be the dominant cause of the decrease in M, [9,17].
A possible explanation for the nonmonotonicity in Keg
could be that due to this reduced interaction probabil-
ity, the damage to the Co-Fe-B/MgO interface and thus
K, only becomes relevant at much higher doses [9,17].
Closely related to this is the likely accumulation of tan-
talum atoms at the Co-Fe-B/MgO interface, which also
strongly affects the anisotropy [18]. An interesting obser-
vation related to the anisotropy decrease is the formation
of highly ordered stripe domains at high ion doses, indicat-
ing changes in more then the primary material parameter.
This is in line with reports on the increase of the interfacial
Dzyaloshinskii-Moriya interaction upon the irradiation of
Ta/Co-Fe-B/MgO films [11].
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FIG. 3. (a) The measured field-dependent nucleation proba-

bilities of a 1-um nanomagnet for different pulse widths. (b)
The 1000 superimposed differential WMOKE images of the
nucleation events inside a 2.5-um-wide nanodot. The areas
of increased brightness indicate higher nucleation probabili-
ties. Nucleation is achieved using 20-ns-long pulses without
consecutive propagation pulses.

B. Controlling the magnetization reversal

We have already shown that the coercivities of the mag-
nets can be effectively tailored by adjusting the ion dose.
However, static measurements only provide limited insight
into the reversal mechanisms and are not suited to derive
relevant conclusions. Therefore, we attempt a character-
ization of the irradiation-dependent reversal process by
probing the time-dependent magnetization reversal. For
this purpose, we provide a sample base of at least 40
magnets per data point, reducing the effects of statistical
outliers. Contrary to the distribution of the demagnetiz-
ing fields, DWs in Co-Fe-B/MgO nanomagnets usually
nucleate at the edges of the nanostructures due to an etch-
damage-induced lowering of K¢ [19,20]. To validate this
assumption for the test structures, 20-ns-long magnetic
field pulses are used to nucleate DWs in circular nan-
odisks with a diameter of 2.5 um, with the goal of locating
the nucleation sights via repeated differential WMOKE
imaging. Figure 3(b) displays the combined differential
WMOKE image of ten different disks with a total of
1000 superimposed images to qualitatively show the local
nucleation probability. The bright areas thereby indicate
an increased DW-nucleation probability. The image indi-
cates the accumulation of nucleation events at the edges
of the disks, while an inhomogeneity in the applied on-
chip fields most likely explains the asymmetry toward the
right side (for images of single nucleation events and a
sanity check without DW nucleation, see the Supplemen-
tal Material [13]). The conformation of nucleation from
the edges has severe implications. Instinctively, one would
expect the nucleation to occur at points with strong demag-
netizing fields, i.e., the center of the magnet. However,
the demagnetizing fields are lowest at the edges, lead-
ing to the conclusion that the reduction in K.g must be
significantly larger than the anisotropy variations in the

centers of the magnets. Furthermore, the question arises
as to whether the DW nucleation occurs via coherent rota-
tion according to the Stoner-Wohlfarth (SW) model or by
depinning from an area with easy-plane anisotropy [21,22].
This can be resolved by considering the time evolution of
both processes. The rotation fields scale over time accord-
ing to the well-established Sharrock formalism based on
an Arrhenius switching model of a SW particle and can be
expressed by

_ _ [k T (Lot :
Hnuc — 1150 {1 |:EO In <11’1(2)>j| }a (1)

where Hy is the switching field at 0 K, f; is the attempt fre-
quency (approximately 1 x 10° Hz), and E is the energy
barrier without an applied field [21,23,24]. In contrast, the
time necessary for a DW to overcome the anisotropy gradi-
ent and depin can be derived from the related Néel-Brown
theory and scales according to

T =/, 'exp [AZBI; (Hq— H)} : b
where V, is the activation volume and Hy is the depinning
field at 0 K [22,25,26]. By characterizing the switching
fields over a wide range of different time scales (pulse
widths) and comparing the evolution to the models in
Egs. (1) and (2), it is possible to gather detailed informa-
tion about the switching mechanisms. Figure 4 displays
the pulse-width-dependent nucleation fields of the circu-
lar nanodots with a diameter of 1 um. The measurements
cover time scales ranging from the quasistatic case down
to 20 ns. The data points resemble the center of the dis-
tribution, with the error bars again displaying the FWHM.
The nucleation field Hy, is furthermore defined according
to Eq. (1), as the field with a switching probability pp,. >
50%. Figure 3(a) shows a series of exemplary nucleation-
probability measurements for different pulse widths, with
the switching criteria indicated as a dashed line. The plot
furthermore depicts corresponding fits according to the
Arrhenius switching model with the probability ppye = 1 —
exp(—1,/Touc), With 7y, as the inverse of the nucleation
rate [24].

1. Nucleation by coherent rotation

We first consider the pristine magnets and compare the
data to the aforementioned nucleation and depinning dom-
inated models. The nucleation fields show good agreement
with the numerical fits according to Eq. (1), displayed
as black lines; the fitting parameters converge to Hy =
(36.83 £ 1.65) mT and (Ey/kzT) = (30.98 +2.9). Addi-
tionally, we attempt to fit Eq. (2) analytically by mini-
mizing its cumulative error function, utilizing a linearized
least-squares problem (for a detailed description of the

014039-4
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used mathematical model use, see the Supplemental Mate-
rial [13]). However, an acceptable solution (displayed as
a dotted line) is only obtained excluding pulse widths
< 1 us, thus arguing against depinning as the primary DW-
nucleation mechanism, at least for very short time scales.
Interestingly, however, at long time scales (> 10 us),
depinning from the nucleation sites could very well be the
limiting factor, thus explaining the apparent underestima-
tion of the Sharrock fits at quasistatic fields. The question
now arises whether Ga™ irradiation not only increases the
effective anisotropy of the core of the disk but whether
its effect on the predamaged edges is different. Therefore,
Fig. 4 also displays the time evolution of nanodisks homo-
geneously irradiated with a dose of 3.5 x 10" ions cm™>
and 4.3 x 10'3 ionscm™2. The doses are chosen to probe
the peak of the static coercivity increase as well as a
position within the downward slope. For better illustra-
tion, the doses are marked, in their respective colors,
as dashed lines in Fig. 2(b). The slopes again indicate
nucleation by coherent rotation as the dominant mecha-
nism. From the corresponding fits, we derive the energy
barriers to be (Ey/kpT) = (34.42 £ 2.1) and (Ey/kgT) =
(27.57 £ 1.8), respectively. The fields at which these bar-
riers become zero are determined to be Hyy = (87.67 +
2.40) mT and Hyy) = (76.01 £2.90) mT. The energy bar-
rier can be roughly modeled as Ey ~ K3 Viue, Where Viye
is the nucleation volume and K[;° is the anisotropy of
the rotating volume or grain [23]. The nucleation field at
0 K, on the other hand, is equal to the anisotropy field
Hanis ~ 2K 35° /M [21,23]. The assumption of M, values
comparable to those measured for similar ion doses on
films allows approximation of the effective anisotropy and
the critical size of the volume starting the magnetization
reversal. Table I displays the calculated values for K7;°
and Ve assuming a constant saturation magnetization of
approximately 6.5 x 10> A m~! for the irradiated mag-
nets. The calculated effective anisotropies of the critical
volumes are roughly one order of magnitude smaller than

LA e et 1 e e 2 1
\ —— Pristine

Dose = 3.5 x 10'% jons cm 2
"""" o —+— Dose ~ 4.3 x 101 jons cm

oy — Sharrock fits

Depinning fit

2 =30.98+2.9
Hyo= (36.83 + 1.65) mT
ol v vl il il v i il il

107 10-8 107 10-¢ 1075 104 1073 102 10! 10°
Pulse width, ,, (s)

FIG. 4. The calculated nucleation fields (Hy,) depending on
the applied pulse width. The individual data points display the
centers of the SFDs, with the error bars displaying the FWHM.
The corresponding Sharrock fits are illustrated as black lines. A
fit, assuming depinning-mediated nucleation according to Eq. (2)
for the pristine magnets, is illustrated in red.

the values obtained for the respective films. Furthermore,
the irradiation-induced changes in K3 and H,y agree
well with the in Fig. 2(b) displayed evolution in coerciv-
ities and domain sizes. Next to Ky, it is also possible
to approximate the uniaxial anisotropy components K,
of the nucleation sites and their evolution (K, = K+
(1 /2),u0MS2). While for the pristine magnets, K, amounts
to approximately 4.4 x 103 J m~3, it drops to approxi-
mately 3 x 10° J m~3 and approximately 2.9 x 103 J m~3
for the irradiated magnets. This strengthens the argument
for a simultaneous decrease in M and K, still leading
to a combined increase in K. Defects introduced dur-
ing irradiation cannot explain the measured increase in
K5°. The nucleation volumes, on the other hand, seem-
ingly decrease upon irradiation, thus partially mitigating
the effects of the increasing anisotropy on the nucleation
fields. The assumption of a square-shaped volume allows
the assignment of a characteristic length /. to the effective
nucleation area ([yye = v/ Viue/(t5im)). In the case of the
pristine magnets, this results in a length of approximately
92 nm, which reduces to 71 nm and 68 nm for the irradi-
ated magnets, respectively. These sizes are interesting, as
they are significantly larger than the often associated grain
sizes, which in the case of the quasiamorphous Ta/Co-Fe-
B/MgO film should range around approximately 10 nm
[20,27]. A lower limit for the nucleation volumes will,
however, be imposed by the DW widths Apw, as the area
of the nucleated volume must at least support one DW
(Ve ® Adw - taim> e = Apw) [28]. The DW widths
can be approximated from the anisotropy, via the relation
Apw & 1 A/Aex/Ketr, Where Aex, the exchange stiffness, is
assumed to be 2 x 107! J m™2 for Co-Fe-B [29]. Within
the frame of the coherent rotation model, the nucleating
particle has a constant anisotropy (KJ;°), which would
result in a DW width of approximately 110 nm for the
pristine magnets and reduced widths of approximately 83
nm and approximately 89 nm for the irradiated magnets.
These values are in good agreement with those obtained
for the nucleation lengths. This picture, however, might

TABLE I. The saturation magnetization Mj, the anisotropy of
the nucleation volume K %°, and the nucleation volume Vi,
calculated from the respective fits of pristine and irradiated

magnets.

Dose

(fonsem™) M, (Am~') KM (Im73) Ve (M)
Pristine 8.3 x 10°° 1.5 x 10* 84 x 10724
35x 1010 ~65x10° ~29x10* ~50x10°%
43 x 108 =~65x10° ~25x10* =~46x107%

Ky ~ 1 2Hg My, Viye = Eo/Kg°.
"Data taken from Fig. 2(a).

‘Approximated from the magnetometer measurements in
Fig. 2(a).
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be too simplistic to describe the anisotropy landscape at
the edges accurately, where the DW nucleations are most
likely to originate. Attempts to directly observe the posi-
tion of DW nucleation as for the pristine magnets are not
successful, as the higher nucleation fields result in very
high DW velocities, leading to complete reversals already
within a few nanoseconds. The etch damage during pat-
terning will induce an anisotropy drop along a gradient of
typically 1020 nm [20]. On the other hand, even inside
the undamaged magnets, Apw will only decrease to values
around approximately 40 nm (using the anisotropies mea-
sured on films). Therefore, the obtained nucleation lengths
would only be off by a factor of 2 or less when consid-
ering the added influence of the edge damage. This is a
reasonable result, especially when factoring in all the
mentioned uncertainties.

2. Nucleation by depinning

Control of the position of DW nucleation with high spa-
tial accuracy is an essential requirement for prospective
DW applications. By targeted irradiation, the anisotropy
can, in principle, be lowered locally, creating the so-
called ANCs [30]. However, the known occurrence of
significant anisotropy lowering (with unknown distribu-
tion) toward the edges severely impedes efforts to create
the nucleation volume with the lowest PMA reliably.
Nucleation by DW depinning from a fixed anisotropy gra-
dient [e.g., an area with strongly reduced or easy-plane
(negative) anisotropy], however, offers an interesting alter-
native. Here, the anisotropy can be lowered by much
larger extents, provided that the depinning fields fall below
the intrinsic nucleation fields (via coherent rotation) [12].
Furthermore, the depinning process is governed by differ-
ent time dynamics, leading to potentially lower switching
fields upon approaching time scales close to 7y, which are,
of course, most interesting for applications. For this pur-
pose, ANCs with an anisotropy close to zero are placed
in the center of the nanomagnet (d = 1 um), employing
a double-irradiation approach. First, a homogeneous back-
ground irradiation with a dose of 4.25 x 103 ions cm™
is used to increase K. beyond its peak (at approximately
3.5 x 10" jonscm™2). The effective anisotropy is subse-
quently reduced by a second target irradiation in the center,
with an additional 3.8 x 103 ions cm 2 leading to a cumu-
lative total dose of approximately 8 x 10' ionscm ™2 for
the ANC. For this dose, Fig. 2(b) shows a coercivity of
approximately 0 mT, with the magnetization effectively
following the external field. The ANC position and the
magnetization direction in remanence are observed by
differential WMOKE imaging of larger 2.5-um-wide mag-
nets, as displayed in Fig. 5(a). The bright spot (d &~ 400
nm) at the center of the circular magnet, which matches
the size of the irradiated ANC area, indicates a change in
the magnetization direction and thus the presence of a DW

FIG. 5. (a) A differential WMOKE image of a Ta/Co-Fe-
B/MgO nanodisk with a diameter of 2.5 um. The image displays
the remanent magnetization at 0 mT after saturation with 10 mT.
The ANC, with a diameter of approximately 400 nm, is visible
at the center, with its magnetization seemingly pointing oppo-
site to the remaining magnet. (b) The domain configuration of
the respective MuMax3 model with a diameter of 1 ;«m in rema-
nence. The material parameters are depicted, with special notice
given to K, inside the ANC area. (c) The grain structure of one
of the simulated samples, with the colors representing the respec-
tive anisotropies. The ANC and the magnet are separated by a
30-nm broad transition region (illustrated in green) with a linear
anisotropy gradient. The simulated grain and mesh sizes of the
dots are set to approximately 15 nm and 2.5 x 2.5 nm, respec-
tively. The simulation parameters are taken from measurements,
except for o and Ae, which are taken from the literature [29].

between the ANC and the magnet. However, it is not clear
whether the magnetization of the ANC points in-plane or
whether it is being aligned antiparallel by the demagne-
tizing fields of the host magnet. Complementary to the
experiments, a simulation model with an in-plane ANC
is developed to better analyze and understand the magne-
tization reversal in this geometry. The model parameters
are chosen to best approximate the characterized mag-
nets. A detailed representation is depicted in Figs. 5(b)
and 5(c). The depinning mediated magnetization reversal,
starting from the DW surrounding the ANC, is analyzed
by again measuring the time dependence of the switching
fields. This is done for a series of magnets with centered
circular ANCs (diameters ranging from d = 100 nm to
d = 400 nm). The cumulative ion dose of all the ANCs is
8 x 10" ions cm ™ (keeping in mind the background dose
of 4.25 x 10" jons cm™?). Figure 6 depicts the measured
nucleation fields with their corresponding fits according to
Eq. (2). The measured nucleation fields appear to agree
well with the depinning model down to low-microsecond
time scales. From this point onward, Hy, seemingly
increases drastically, reaching levels close to those of the
irradiated magnets in Fig. 4. However, a doubling of the
nucleation fields within one order of magnitude (time) is
hardly explainable by any reasonable depinning or rota-
tion model. To explain the observed increase in Hyy, it
is necessary to consider the measurement procedure dis-
cussed in Sec. II B. After the initial (nanosecond-long)
nucleation pulse, a secondary (millisecond-long) low-field
pulse is used to propagate the DW and ensure a complete
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FIG. 6. The measured nucleation fields of double-irradiated
nanodisks (d = 1 um) as a function of the applied pulse width z,.
The disks feature circular different-sized ANCs at their centers,
with the respective diameters given in the legend.

magnetization reversal. However, the time between these
two pulses allows the magnetization to relax back into the
nearest local energy minimum. For a significant portion
of the reversal process, this means to flip back into the
initial state. We attempt to explain this phenomenon by
a simplified but vivid model and underline it via micro-
magnetic simulations and related measurements. After the
initial depinning from the ANC, the domain expansion can,
to a first approximation, be modeled as the expansion of a
circular bubble from the point of depinning (engulfing half
of'the ANC area to reduce its DW length). During this pro-
cess, the system gains exchange and anisotropy energy as
the DW length grows with the circumference (o< 27 7gomain)
until reaching the edge of the magnet, where it splits into
two DWs with lengths o 7magent. The reducing demagne-
tizing fields do not compensate for this energy gain, as
the magnet features a single-domain ground state. With-
out an external field, the bubble—provided that it has not
reached the edge—tends to collapse (it snaps back to the
starting point) as the DW tries to lose energy by reducing
its length. This effective force on the DW is also described
as a Laplace-like pressure, reported in circular domain
structures, with a (1/r) dependence [20,31,32]. Figure 7
illustrates the evolution of the total energy (without Zee-
man terms) and respective snapshots of the domain struc-
ture throughout the reversal process. The data and images
are derived from MuMax3 micromagnetic simulations of a
1-pm nanomagnet with a centered ANC according to Figs.
5(b) and 5(c) [33]. The simulation parameters (listed in the
plot) are thereby taken from measurements when possi-
ble to resemble the characterized magnets best and « is
taken from the literature [29]. As described in the above
model, the total energy initially increases significantly as
the bubble domain expands toward the edge, where it
reaches a tipping point before falling off, as the DW splits,
reducing its length. After overcoming this energy barrier,
the domain configuration can be described as quasistable
until the propagation pulse completes the reversal process.

Eiotal — Ezceman

- P

,f*...\\ - A =2x 10T Jm 2

. K, ~4.5x10°Jm=®
s - M;=6.5x105Am™!
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FIG. 7. A plot of the simulated magnetization-reversal pro-
cess, depicting a 1-pum circular nanomagnet with a centered ANC
(d = 400 nm). The graph displays the combined magnetic ener-
gies (excluding the Zeeman term) in combination with snapshots
of the domain structure at relevant points. The assumed material
parameters are listed in the plot (for further information about the
simulations, see the Supplemental Material [13]).

In other words, Fig. 6 displays the fields necessary to form
a quasistable domain rather than to depin a DW. In addi-
tion to dynamic simulations, it is possible to test the model
implicitly by measuring certain dependencies. Assuming
the correctness of the model, larger magnets would require
stronger fields to propagate the DW to the edge within
the pulse duration. Figure 8 compares the nucleation fields
of two different magnet sizes with diameters of 1 um
and 2.5 pum. For pulse widths #, < 200 ns, the measured
nucleation fields start to diverge, with the larger magnets
requiring significantly higher field strengths for the DWs
to form the necessary quasistable multidomain state. How-
ever, it has to be noted that data for the 2.5-um magnets
are only available for three samples, compared to the 40
for the 1-um magnets. Besides the dimensional scaling,
it is also worth considering the time scales of possible
bubble collapses. Although it is not directly possible to
observe this process via WMOKE imaging, information
about the time scales on which these collapses occur can
nevertheless be inferred using consecutive on-chip field
pulses with varying pulse periods (dead times between
pulses). Using a fixed pulse width of 50 ns but sweep-
ing the time between the pulses and measuring the effects
on the nucleation fields, it is possible to derive upper and
lower bounds for the collapse times. If the domain col-
lapses within the time between pulses, the switching fields
should be independent of the number of pulses (at least in
the first approximation, not considering the higher attempt
count per measurement).

Starting at approximately 1 us, a clear reduction in
the measured nucleation fields is observed. At pulse peri-
ods of 200 ns (150 ns dead time), however, the measured
fields are still twice as high as expected for the cumulative
pulse duration of 1 us. Only for dead times < 50 ns are
comparable nucleation fields observed. As a sanity check,
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FIG. 8. The combined plot shows, on the lower x axis, the
nucleation fields over different pulse widths, 1-um (orange) and
2.5-um (green) nanodisks. The second plot, associated with the
upper x axis (blue), displays a sweep of the pulse period Ppusc
and its effects on the measured nucleation fields. The cumulative

pulse width is thereby kept constant at 1 us (Burst# = Slo’ffs).

we again consider the Stomner-Wohlfarth-particle-based
rotation model (for a detailed discussion, see the Supple-
mental Material [ 13]). However, the time-dependent nucle-
ation probabilities via coherent rotation are independent of
the magnet size and do not scale with the pulse period.
All these observations and simulations let us assume that
the depinning fields scale according to Eq. (2) even below
microsecond pulse widths. Splitting the nucleation-field
measurements (displayed in Fig. 6) at #, ~ 1 us would
technically allow modeling of the two slopes separately via
the Sharrock equation. However, the presence of a DW at
the ANC edge [made evident by the WMOKE image in
Fig. 5(a)] even after initial OOP saturation, plus the scal-
ing of the nucleation fields with the ANC curvature and
pulse period lead us to exclude this model. Upon ana-
lyzing the ANC-size-dependent depinning fields in Figs.
6 and 9, it becomes evident that the depinning process
from the circular sources scales o (1/danc) (the curva-
ture of the circle) and thus is similar to DW depinning
from a notch [34-36]. Figure 9 depicts both the effective
activation volumes (/) and the depinning fields at 0 K
versus (1/danc). V, (not to be confused with the nucle-
ation volume V. discussed earlier) is calculated from Eq.
(2), assuming M, ~ 6.5 x 10> A m~! [approximated from
the magnetometer data in Fig. 2(a)]. The intrinsic depin-
ning field ™ of the anisotropy gradient can be derived

depin
from the zero intercept of the linear fit to be H(ii‘g;m =
(13.3 £ 2.1) mT [34]. Analysis of the evolution of the
activation volume is more complicated. First, it is neces-
sary to point out that the calculated absolute values depend
strongly on the value of M, which is not precisely known.
The sizes for V,, although showing a linear (1/danc)
dependence, shrink only marginally compared to the

physical dimensions of the respective ANCs. To
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FIG. 9. A plot of the depinning fields Hyepin at 0 K (on the
left) combined with the activation volume V, (right) for the
depinning from a circular ANC, depending on the ANC curva-
ture m. Both exhibit a linear 1 dependence with, however,
complementary slopes. The dashed lines depict the best linear
fits.

illustrate this better, we translate the activation volume into
an effective ANC diameter 5, assuming a cylindrical-
shaped volume (aijflf\lC = 2/V,/(tam))- This yields effec-
tive diameters from approximately 140 nm to 160 nm,
indicating that, especially for the larger ANCs, only a small
portion takes part in the depinning process. This complies
with the depinning models, predicting depinning at the area
with the lowest anisotropy gradient.

IV. CONCLUSION

Ta/Co-Fe-B/MgO films and nanostructures are irradi-
ated with Ga™ ions to globally and locally modify the
magnetic energy landscape, aiming to control the posi-
tion of DW nucleation effectively. It is shown that K.g
initially increases up to doses of 3.5 x 10'3 ions cm™2, fol-
lowed by a steep decline, crossing the easy-plane threshold
at approximately 8 x 10'3 jons cm™2. The time-dependent
nucleation-field analysis of pristine and irradiated magnets
determines the anisotropies of the nucleation volumes to
be roughly one order of magnitude smaller than the val-
ues obtained from film-level magnetometer measurements.
Control over nucleation points and fields is achieved,
employing a second focused irradiation, creating artificial
regions with easy-plane magnetization, from which a DW
can depin. The fields needed to depin a DW from this
anisotropy gradient scale o< (1/danc).
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