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1. Development of perpendicular anisotropy materials for high frequency dy-
namics based on metallic multilayers

1.1. Starting point and literature survey

The standard material for thin film applications exploiting perpendicular magnetic anisotropy
(PMA) are Co/Pt multilayers. This combination has been investigated already 35 years ago for
possible application in magneto-optical recording [1]. Nevertheless, with refined deposition
technologies a continuous optimization process is ongoing, e.g., by optimization of the top layer
covering the Pt/Co stack, as both interfaces contribute to the total interface anisotropy. In 2017
Dieny and Chshiev published a review article on the influence of top oxide layers on the PMA
with over 300 references [2]. This article is not the endpoint of the story, as demonstrated e.g.
by the MgO deposition optimization reported by Gweon et al., leading to saturation fields more
than 4T for the hard axis direction [3].

However, Co/Pt multilayers are not best suited for the purposes of NIMFEIA, as Co films provide
rather high pinning and high magnetic Gilbert damping. The Gilbert damping of CoFe alloys is
lower than that of the respective pure materials as demonstrated by Schon et al. [4] and us [5].
However, the PMA of such alloys and CoFeB systems depends strongly on the respective inter-
faces. Furthermore, deposition parameters cannot be easily transferred from one deposition
system to another. In our Singulus Rotaris deposition tool, we achieved PMA with
Pt/CosoFe20B20 whereas the iron rich composition showed PMA only in combination with a tung-
sten underlayer W/Co2xoFeeoB2o [6]. With respect to damping, permalloy, a NiFe alloy, seems to
be the best metallic material. Simultaneously, permalloy is a magnetically extremely soft ma-
terial, and the influence of remaining pinning sites is seen in the domain formation in Kerr mi-
croscopy [7]. Therefore, we investigate Ni-based PMA materials e.g. Co/Ni multilayers [8].

1.2. Strategy and Methods

As written in the proposal, the strategy is to use multilayer systems that exhibit PMA and host
spin structures, such as skyrmions, in which higher frequency magnons occur. We will vary
heavy metal layers, oxide layers, and magnetic layers as well as deposition conditions and post
deposition annealing. The deposition method will be always using the technologically relevant
physical vapor deposition tool at JGU that enables deposition on 200 mm wafers and parame-
ters will be transferable to the 300 mm tools at partner GF. For the layer design, we want to
minimize spin pumping effects at the interfaces to the heavy metals as those lead to enhanced
damping [9]. It is important to note that not only the nominal layer stack is relevant but also
the deposition parameters and the post annealing procedures, as they influence the micro-
structure of the samples. Higher deposition rates, for example, lead to a higher supersaturation
of the vapor phase. At initial growth phase, this will lead to a higher nucleation density of film
grains and, accordingly, to grains with smaller lateral extension. On the other hand, stable
plasma conditions are needed, which limits the range of power settings. With the gas flow in
the chamber, one influences the number of collisions of the sputtered atoms in the gas phase
and one expects lower energy particles arriving at the substrate for higher gas flows. Another
important aspect in our strategy is the use of dusting layers. Reproducible deposition of mate-
rial layers with a nominal thickness of less than a monoatomic layer is now a state-of-the-art
method to fine tune layer properties.
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As both low pinning magnetic layers and low damping systems require very homogeneous mag-
netic systems, we can utilize our experience for optimum skyrmion systems, for both purposes.
In order to tailor the size of magnetic structures by their effective anisotropy, we have engi-
neered a magnetic multilayer from a Ta/CoFeB-based stack that hosts Néel skyrmions. Starting
from this platform, we have tuned the relative strength of the dipolar interactions by increasing
the number of repetitions, n, from n = 1 to 30. The composition of the stack is
Ta(4)/[Coz0Fes0B20(0.86)/Ta(0.06)/MgO(2)/Ta(2)]xn (layer thicknesses in nm with 0.01 nm pre-
cision), with n being the number of repetitions. Tey were deposited using a Singulus Rotaris
magnetron sputtering tool with a base pressure of 3 x 10® mbar onto Si/SiO substrates. We
propose an analytical model for the skyrmion size and period as a function of the number of

repetitions, which we expand to the limit of n - « under the assumption of a vertically homo-

geneous magnetization. Our results demonstrate the opposite scaling with dipolar coupling
with respect to isolated skyrmions, enabling a way to increase skyrmion density by increasing
the dipolar coupling, which also favors the robustness of spin textures against external mag-
netic fields. Note that at the lower limit (n — 0), our model reproduces the same scaling as the
one already described for stripe domains [10-13], with a different prefactor, while the upper

limit (n - ) reproduces the same scaling of the Kittel model for one-dimensional domain walls

[13]. We could also describe the nucleation procedure of the skyrmion lattice starting from a
stripe situation, elucidating the key role of the starting stripe periodicity (i.e., energy minima)
in the final skyrmion lattice state (overfilled lattice vs. not overfilled). Our calculations yield
excellent agreement with the experiments, as well as with the results from micromagnetic sim-
ulation, enabling us to fully capture the physics underlying these dipolar-stabilized skyrmion
lattices. Details of these investigations are published in [A].

While the above multilayers show high tunability of their magnetic properties and demon-
strates the versatility of skyrmion systems, the high heavy metal content will be unfavorable
for implementations in magnetic reservoirs. For this purpose, we focused on CoNi multilayers
[B]. The final stacks are as Substrate/Ta(3)/Ru(2)/Pt(1.5)/[Co(0.2)/Ni(0.6)]3/Co(0.2)/Mg0(2)/
CoFeB(0.3)/Ta(1)/Ru(5). The CoNi multilayer provides the strong out-of-plane magnetic anisot-
ropy due to the internal interfaces. We used these systems to determine the strength of orbital
torque contributions in addition to spin torque contributions to the switching of the PMA layer.
We patterned samples to Hall bar structures as shown in Fig. 1 on the left side. Using measure-
ments of second harmonic contributions to the Hall voltage, while varying the magnetic field
direction, we determined the strengths of the field-like and damping-like torques on the PMA
multilayers. For applications, the decisive criterion is the switching current, and we found this
to be lowered due to orbital torque contributions from the Ru (see right side of Fig. 1). As the
magnetization of such multilayers reacts strongly to the currents and not only to external fields,
it opens the potential to feed the radar signals to the spin torque layer directly instead of the
antenna structures sketched in the original NIMFEIA proposal. Those interact only via the Oer-
sted fields but the direct interaction at the interface promises better scaling to smaller system
sizes. However, current densities might be too high using this idea.
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Figure 1: Magnetization switching of PMA multilayer by orbital torques. (a) Scanning electron mi-
croscope image with circuit diagram of the switching experiment. (b) Anomalous Hall resistance
(Rane) as a function of current density at a 10 ns pulse duration and poHyx= 50mT. The y-axis has
been rescaled for better visualization, and rounded arrows indicate the direction of switching po-
larity (Figure modified from [B]).

If one is working with PMA magnetic multilayers, one wants to have a stable defined direction
of the magnetic field. For this purpose, exchange bias layers are applied and we found that we
can stabilize PMA with strong exchange bias in PtMn/Co by magneto-ionics [C]. We expect that
we can transfer this idea also to the Co/Ni-based multilayers where the initial state in previous
experiments was always set by a high external magnetic field.

1.3. Summary and conclusions

In conclusion, we investigated CoFe-based multilayers as well as CoNi-based multilayers within
task 4.2. More detailed results than mentioned in this report can be found in the scientific pa-
pers that are published with NIMFEIA acknowledgements in [A], [B] and [C]. These papers dis-
cuss also topics that are outside the scope of NIMFEIA.
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