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1. Development of soft magnetic materials for beyond-state-of-the-art in
memory computing using spin waves

1.1. Starting point and literature survey

At the right composition range of Nickel-Iron alloys named Permalloy (Ni7s<<s2Fe100-x, Py) the
intrinsic magnetostrictions of nickel and iron, which have opposite sign cancel each other. This
leads to an unusually soft magnetic material [1] that possesses highly desirable properties such
as extremely low magnetostriction, low coercivity, and vanishingly low magnetic anisotropy,
making it attractive for a vast range of applications [2-5] and also extremely suitable for the
purposes of NIMFEIA. Nevertheless, each application demands for fine tailoring of magnetic
and electric properties. Thin films of permalloy are in-plane magnetized by their shape anisot-
ropy but due to nonideal growth conditions, they usually exhibit an additional slight and possi-
bly detrimental uniaxial in-plane anisotropic behavior. The coercivity and anisotropy of perm-
alloy employed for reservoir computing with nonlinear magnons in reciprocal space should be
as low as possible. However, low anisotropy and coercivity of permalloy is also highly desirable
for anisotropic magnetoresistance (AMR) sensors [6], which are of high interest for detecting
and responding to external magnetic fields.

Py films used in industrially produced devices are in most cases prepared by magnetron sput-
tering due to its high deposition rates, stability, flexibility in terms of materials, achievable film
thicknesses down to the sub-nanometer range, and the variety of controllable parameters,
such as the plasma power, chamber pressure, sputtering angle, and deposition temperature.
The Johannes Gutenberg-University Mainz (JGU) owns an industry compatible Singulus Rotaris
sputtering machine that can deposit on 200 mm wafers. Therefore, it is expected that the fur-
ther upscaling to the 300 mm wafers utilized by the partner GlobalFoundries (GF)is straightfor-
ward, in contrast to transferring parameters from the usually small-scale university substrates
of size 10x10 mm?. Materials optimization began based on published results. The Py properties
to be tailored are the magnetic anisotropy [2,3,7,8], the coercivity [9,10], the exchange stiffness
[11], and the damping constant [12—-14]. Among the reported approaches are modifications of
the composition (varying the nickel-to-iron ratio [8,15-17] or doping with transition [18], noble
[14], and rare-earth [12,19] metals), material-stack variations [20—23] to modify the Py texture
and avoid magnetically “dead” interfacial layers, optimization of the deposition [24,10,25] and
annealing parameters [7,11], including field annealing [7], tilting the target [8,9], applying ex-
ternal fields during deposition [8,26,27], and the use of textured substrates [28,29] to promote
anisotropy. Even though the material has been widely investigated for several decades, the
origins of the different sources of anisotropy, including magnetocrystalline and growth-condi-
tion-induced anisotropies, are still a topic of intense discussion. Very early theories describe
the crystalline anisotropy of permalloy via a simple vector sum of separate atomic moments
[30], while recent studies consider atomic orbital hybridization in a variable chemical environ-
ment [31] and the associated charge redistribution [16]. The properties of Py can be signifi-
cantly modified via field annealing, but the mechanism of the effect is still being discussed.

Various mechanisms resulting in uniaxial anisotropy in Py have been proposed, including Fe-Fe
pair ordering effects [32], magnetostrictive contributions [33], and defects including vacancies,
contaminants, and grain boundaries [34]. A recent study has found that the electrical resistivity
of polycrystalline Py films is higher along the hard-axis direction than along the easy axis, which
is in agreement with proposals that directional order can induce magnetic anisotropy in Py
[27,35]. In addition to inducing anisotropy, studies have also investigated ways to suppress it:
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while Py films that are magnetically shielded during deposition still demonstrate a residual an-
isotropy [36], annealing in a rotating field is reported to fully suppress the anisotropy but is
accompanied by an increase in the film coercivity [7,26]. Rotating the sample during deposition
with respect to a tilted target drastically decreases both the coercivity and the anisotropy but
only down to a certain plateau [27]. Finally, Py deposition at normal incidence in a rotating
external field of 3 mT has been reported to result in isotropic properties when averaging over
the entire film [26]; however, these films still exhibit anisotropy on a local scale, as can be con-
cluded from the observation of magnetization ripples on a scale of 100 um. All the above-men-
tioned approaches to the minimization of magnetic anisotropy rely on obtaining polycrystalline
samples with a random orientation of crystallites, so that the local anisotropy averages out and
the samples do not exhibit a net anisotropy [37,38]. However, fcc metals have a tendency to
develop a (111) texture to minimize the surface energy, resulting in an intrinsic compressive
stress due to the incorporation of surface atoms in the film caused by the high adatom energy
[39]; this is also linked to a higher density and lower roughness and coercivity of the resulting
films [9,25,40].

To summarize, a range of different factors impact the anisotropy of thin polycrystalline Py films
and other magnetic thin films and while the anisotropy of Py can be reduced, residual sources
of anisotropy often remain, which can be detrimental for device performance, calling for fur-
ther approaches to growth optimization. Furthermore, it is of paramount importance that ro-
bust techniques are established that can reliably benchmark the influence of varied deposition
conditions on the film quality. Since extended thin films frequently contain macroscopic defects
that occur randomly and are not necessarily directly related to the specific growth conditions,
it is vital that such films are characterized in such a manner that the properties are not domi-
nated by such extrinsic random defects but, rather, reflect the intrinsic properties of the varied
deposition parameters. This approach can also be of interest for optimizing the growth condi-
tions and analyzing the magnetic properties of soft magnetic films other than Py.

1.2. Strategy and Methods

Within the requirements of NIMFEIA and based on the literature research, we prepare sets of
thin Py films exhibiting in-plane magnetization with varied deposition methods and parameters
and investigate them by analysis techniques that probe the films both globally and locally. In
addition, we employ lithographic patterning in order to isolate and distinguish the impact of
individual sparsely distributed defects. In this manner, we develop an approach to robustly de-
termine the film properties, so that we can reliably extract the influence of the growth proce-
dure, independent of the presence of random macroscopic defects in the films that can other-
wise dominate the properties. We then employ this approach to investigate various methods
to reduce the coercivity and effectively control the anisotropy of the deposited films, in partic-
ular via the application of rotating magnetic fields during growth. This approach can be of in-
terest for optimizing the growth conditions and analyzing the magnetic properties of various
thin in-plane magnetic films.

Several sets of samples are produced by room-temperature dc magnetron sputtering in a Sin-
gulus Rotaris sputtering system using 10-cm-diameter material targets provided by Singulus on
thermally oxidized (001) p-doped silicon substrates with a 100-nm oxide layer placed close to
the rotational axis of the round 8-inch-diameter sample holder. Single deposition parameters
are systematically varied while keeping the other ones fixed (deposition power in the range
200-1200 W, chamber pressure in the range 4 x 1073— 6 x 103 mbar, or different applied mag-
netic field protocols). In order to improve the (111) texture of the films, a Nis7Crs2Fe1; seed
layer is used [41].The complete material stack includes a 4-nm Nia7Crsz2Fe11 seed layer, on top
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Figure 1: (Modified from [A])

A schematic illustration of the deposition
geometry in the Singulus Rotaris sputtering
chamber that is used for the Py-thin-film
deposition. The sample is placed on a rotat-
ing holder and four pairs of coils (C1-C4)
are fixed in space in the plane of the holder
to generate a magnetic field that is either
i static and thus rotating in the reference
i frame of the sample (RMF) or synchronized
7 with the rotation of the sample and thus
C1+ ' H constant (aligning) in the frame of the sam-
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of which 30 nm of Py (NigiFe1q) is deposited — sufficient to provide a measurable change of the
magnetic parameters for the different samples and to minimize the impact of interfacial effects
such as intermixing that may dominate the properties of thinner films. Finally, a 4-nm Ta cap-
ping layer is deposited to prevent oxidation. The Nis7CrszFe11 and Ta layers are in all cases de-
posited under the same conditions (800 W and Par = (3.6 + 0.3) x 1073 mbar for the Nis7Cra;Fe1n
seed layer and 200 W and Par = (3.5 + 0.2) x 1073 mbar for the Ta capping), with all layer thick-
nesses controlled by x-ray reflectometry (XRR). Two different field protocols are investigated,
either an “aligning” magnetic field (AMF) that is fixed in space with respect to the rotating sam-
ple coordinate frame or a “rotating” magnetic field (RMF) that is fixed in the laboratory frame
and therefore rotates with respect to the frame of reference of the film. While sputtering the
Py and Nis;CrazFes: films, rotating or aligning magnetic fields up to 5 mT are generated by four
pairs of sinusoidally commutated solenoids placed in vacuum around the sample holder. A third
set of samples is prepared without applying an additional magnetic field (zero magnetic field,
ZMF). The deposition tilt is 14° with respect to the substrate normal and the target-to-substrate
distance is 20 cm (Fig. 1). During deposition, the sample stage is rotated around its axis at a
frequency of 1 Hz to provide uniformly thick films, to remove the influence of static background
magnetic fields such as that of the Earth and the stray field of the cathode magnets, as well as
to avoid self-shadowing [42].

) S ——

Another set of samples is deposited by thermal evaporation in an ultrahigh-vacuum (UHV) mo-
lecular-beam epitaxy chamber on the same substrates, cooled down to liquid-nitrogen temper-
atures (no seed layer, 52 nm of Py capped with 4 nm of Au) or at room temperature (25 nm of
permalloy capped with 4 nm of Au). Here, the Py evaporator is tilted by 5° with respect to the
substrate normal for comparison.

(a) AMF Kerr microscope (b) RMF VSM
90°

Figure 2: (Modified from [A])
Using aligning magnetic field
. (AMF) or rotating magnetic field
1 (RMF) option drastically changes
‘ the in-plane remnant moment
anisotropy.

o
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The magnetic properties of the samples are investigated by both full-field magneto-optical
Kerr-effect (MOKE) microscopy utilizing polarized light from a light-emitting diode (LED) (field
of view 340 x 450 um?) and vibrating sample magnetometry (VSM) (Fig. 2). For investigating
the anisotropy, magnetic hysteresis loops are recorded for different in-plane rotation angles of
the sample with respect to the external magnetic field direction using a step size ranging from
5° to 15°. To determine the directions of the easy and hard axes, the remanent magnetization
versus angle plot is fitted with a function representing the modified Stoner-Wohlfarth model.
The anisotropy constant is calculated from the easy- and hard-axis hysteresis loops [43].

The roughness and average particle size of the samples are measured by atomic force micros-
copy (AFM), XRR, and x-ray diffraction (XRD). The average crystallite size is obtained using the
Scherrer formula to describe the broadening of the Py (111) XRD peak. Subsequent patterning
of the films into a hexagonal lattice (5 x 5 mm) of disks with 80-um diameter and 10-um spacing
is performed using near-ultraviolet photolithography and ma-P 1215 positive photoresist,
which requires 30 s of soft baking at 90 °C, followed by Ar ion-beam etching at 300 V.

1.3. Results

A first set of Py films is sputtered at room temperature with different adatom energies by var-
ying the sputtering power and chamber pressure, using an external in-plane RMF of 5 mT. For
samples with varied sputtering power, the chamber pressure is fixed at 4 x 10~ mbar and for
samples with varied chamber pressure, the sputtering power is fixed at 1200 W. The sputtering
rate has a very prominent linear dependence on the deposition power and is only slightly af-
fected by the chamber pressure within the investigated region [Fig. 3(a)]. The Scherrer crystal-
lite size is found to vary significantly and it does not simply follow the adatom energy: the crys-
tallite size increases on lowering the deposition power, which is associated with lowering ada-
tom energies; but it also increases on lowering the Ar pressure, which is associated with higher
adatom energies. The AFM data on the average grain size demonstrate a similar trend to the
Scherrer crystallite size obtained with XRD. The rms roughness of all samples, obtained from
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Figure 3: (Modified from [A])

(a) The sputtering rates (blue dots), Scherrer average crystallite sizes (red dots), AFM average grain
sizes (green dots), and AFM RMS surface roughness (purple dots) of Py films sputtered with different
powers and chamber pressures. For varied sputtering power, the chamber pressure is fixed at 4 x 1073
mbar and for varied chamber pressure, the sputtering power is fixed at 1200 W. (b) The coercivity (blue
dots), anisotropy (red dots), and resistivity (green dots) of the continuous Py films as a function of the
Scherrer average crystallite size for growth with a rotating magnetic field (i.e., fixed in the laboratory
frame) of 5 mT changes the in-plane remnant moment anisotropy.
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5x5 um? AFM scans, is also presented in Fig. 3(a). The magnetic properties of the resulting con-
tinuous films, obtained locally using Kerr microscopy and integrating over the whole field of
view, are given in Fig. 3(b) versus the average crystallite size obtained from XRD. Both the ani-
sotropy and coercivity of the Py films decrease simultaneously with increasing adatom energy,
upon either increasing the sputtering power or lowering the chamber pressure. The combined
effect of low inert gas pressure and high deposition power resulting in high deposition rates
enables low coercivity and anisotropy values of the 30-nm-thick Py films sputtered in an RMF,
down to 0.01 mT and 18 J/m3, respectively.

All samples demonstrate a small but finite anisotropy constant despite the expected disorient-
ing effect of sputtering on the rotating substrate and in a rotating magnetic field to eliminate
anisotropy. Rotating magnetic fields in combination with normal incidence of material flow
have been reported [26] to produce magnetically isotropic Py films. This discrepancy might be
caused by utilizing the Nis;Cra;Fe11 seed layer, a tilted sputtering target orientation, or a differ-
ent method and/or spatial resolution for determining the magnetic properties compared to the
cited paper. Sets of Py-film samples sputtered in the absence of a magnetic field (zero magnetic
field, ZMF), in a suppressing magnetic field (RMF), or in an AMF (a static magnetic field) are
investigated by means of both local Kerr microscopy and integral VSM averaging over the whole
sample. The local Kerr measurements demonstrate a finite anisotropy for a ZMF and an RMF
with random values and orientations when measured at different spots in the samples.

Various types of magnetic film defects can be sources of local anisotropy. To isolate sparsely
distributed sources of stronger anisotropy that could be causing variations of the magnetic
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Figure 4: (Left part modified from [A])

Left: Characteristic magnetization configuration of demagnetized Py disks from Kerr microscopy im-
ages for rotating-magnetic-field samples displaying the symmetric vortex state. This vortex state is
schematically shown in the top right and forms the ground state for the higher order spin wave exci-
tations.
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properties in the RMF- and ZMF-sputtered Py films, the films are patterned into hexagonal ar-
rays of disks. Measurements of the angle-resolved coercivity and remanence magnetization on
the patterned samples do not exhibit any notable angular /3 periodicity, so we can exclude a
significant contribution of the dipolar interaction between disks. We observe a discrepancy be-
tween the local and averaging measurements of the coercivity and anisotropy of the thin Py
films. Patterning into disks results in obtaining uniform local data on magnetic properties,
which agrees with the data recorded with averaging methods from a disk array. The choice of
averaging over many Py disks improves the signal-to-noise ratio. Measuring single disks free
from the mentioned defects multiple times and averaging out over separate measurements
results in similar hysteresis curves as for averaging over multiple disks, as long as the individual
disk does not carry a defect. Compared to the continuous-film results, the patterned AMF sam-
ples retain their easy-axis directions, but the easy-axis hysteresis loops become less square and
the hard-axis loops exhibit a higher coercivity when patterned into disks. The hysteresis curves
of RMF samples show higher coercivities in all in-plane directions and a completely vanishing
anisotropy, which indicates that applying a rotating magnetic field is an effective strategy to
further optimize the Py properties. The magnetic states of demagnetized disks are also quali-
tatively different: AMF Py disks tend to form S states [44] where the magnetization is predom-
inantly aligned with the easy axis, while RMF disks form single vortices with a circular magnet-
ization distribution (Fig. 4) as required for the purposes of NIMFEIA.

1.4. Summary and conclusions

In conclusion, we investigated the effect of varied magnetron sputtering conditions on the mag-
netic properties of Py, in order to obtain soft magnetic isotropic thin films. The best samples
with the lowest coercivity (down to 0.01 mT) and vanishing average anisotropy are obtained
using higher sputtering powers (1200 W) and low Ar pressures (4 x 1073 mbar). The above-
discussed approaches are found to improve the magnetic properties of Py by affecting the crys-
tallite size and have been reported to lead to the formation of denser and smoother films. We
observe a local variation of the magnetic properties of continuous Py films despite the disori-
enting effects of sample rotation with respect to the target tilt and the rotating external mag-
netic field. The patterning of such films into arrays of disks suppresses this variation, which
suggests a dominant long-range influence of random defects that affect the magnetic proper-
ties of the films in the unpatterned samples. Thus, the investigation of patterned samples pro-
vides a general and robust approach to investigate the intrinsic film properties, which can then
be unambiguously related to variations in deposition conditions.

The goal to achieve optimized thin films of soft magnetic materials for the applications within
NIMFEIA has been achieved.

This report is based largely on the scientific results that are published with NIMFEIA acknowl-
edgements in [A]. There, a more detailed scientific discussion can be found extending also to
magnetoresistive effects that are not topic of NIMFEIA, as NIMFEIA relies on the magnetic prop-
erties.
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