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ABSTRACT

Rare earth (RE):transition metal (TM) ferrimagnetic alloys continue to attract significant attention for spintronics. This work focuses on the
elemental distribution of RE and TM elements throughout the thickness of nominally uniform films and the resulting spatial variations of
the magnetization within these layers. Samples of CoFe alloyed with Gd were studied using secondary ion mass spectroscopy, polarized
neutron reflectometry, and x-ray resonant magnetic reflectivity. The samples were grown by magnetron co-sputtering to control the RE:TM
alloy ratio of the ferrimagnetic layer, which was combined with W and Pt layers as either under or over-layers to create sample structures
such as W/Gdx(CozFesq),00_y/Pt, where x=0, 8, and 23 at. %. Results show that uniformly deposited thin-films have a significant variation
in the distribution of the TM and RE through the film thickness, and this leads to a spatial distribution in the net magnetization profile and a
non-uniform Gd magnetization profile within the layer. These findings have implications for the application RE:TM alloys in spintronics as
they may impact the perpendicular magnetic anisotropy, the ferrimagnetic compensation temperature, and interfacial spin transport.

© 2023 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/10.1063/5.0165423
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Amorphous thin-film ferrimagnetic alloys, which combine rare-
earth and transition metals (RM:TM), have provided exceptional
physical insight and significant interest for applications for more than
50 years. Early studies were focused on the occurrence of a perpendic-
ular magnetic anisotropy (PMA) and the associated magnetic domain
structure,' the origin of the growth-induced PMA,"” and the large
anomalous Hall effect.”'" With a favorable combination of properties,
these ferrimagnetic alloys emerged as materials for applications, being
initially considered as an alternative to ferrimagnetic crystalline gar-
nets for bubble memory"'* and more significantly developed as the
recording media for magneto-optical data storage.” '° This latter
application underpinned much of the research on RE:TM alloys over
the following years, see, for example, Refs. 16 and 17. More recently,
the combination of PMA and the presence of compensation effects

has attracted attention for spintronic applications, see recent
reviews.'® >’ Compensation in RE:TM alloys results from the different
temperature dependencies of the magnetization and the angular
momentum of the RE and TM sub-lattices. As the coupling between
the RE and TM is antiferromagnetic, the net magnetization will fall to
zero when the moments of the RE and TM lattices are equal at a tem-
perature, T);. Likewise, the net angular momentum will also vanish at
T,.”'”" The compensation temperatures necessarily depend upon the
alloy composition.

Spintronic studies have addressed the physics of spin angular
momentum transfer in antiferromagentically coupled systems, the effi-
ciency of the spin—orbit torque (SOT) switching,” " the influence of
the ferrimagnetic compensation on domain wall velocity, skyrmions
dynamics, and the skyrmion Hall effect.” ** Recent research has
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focused on understanding the spin transport and magnetization of
RE:TM ferrimagnetic alloys with less significance attached to any
structural/compositional issues. However, it has emerged recently that
within a given RE:TM thin-film, the distribution of the constituent
atomic species may be inhomogeneous. It has been suggested that seg-
regation of RE atoms may occur at the surface™ or through solid state
diffusion leading to the coexistence of different phases™ within the
film. Since the magnetic properties are derived from exchange interac-
tions at the local level, any inhomogeneity will lead to complex mag-
netic behavior,” magnetic sensitivity to local concentration,” and
behavior that can change over time.”

Intentional spatial variation in the composition has been used to
control the anisotropy, modify the domain structure,” and break the
magnetization symmetry to enable field-free SOT switching"’ in thin
films. However, naturally occurring spatial variation through the film
thickness, which may have significant consequences for the spintronic
behavior, has been less well documented. For example, a local reduc-
tion in RE content may change the structure from amorphous to crys-
talline,"" while a distribution of compensation temperatures through
the thickness will reduce the benefits associated with single point com-
pensation. For many spintronic applications, it is the interfaces of the
ferrimagnetic alloy with non-magnetic layers such as Pt and W that
are vital.”” Any compositional variations at these interfaces will change
the electronic structure at the interface that may directly affect the
interfacial spin-transport,”” ** spin-orbit coupling across the inter-
face,””*® the interfacial Dzyaloshinskii-Moriya interaction (DMI),J‘Q’51
and proximity induced magnetization (PIM),”” > which has been
linked to interfacial spin transport.”®

This study explored the elemental composition distributions and
magnetization profiles through the film thickness of uniformly sputter-
deposited GdCoFe thin-films, which are commonly used for RE:TM
spintronics.' >’ The RE:TM films were layered with Pt and W, which
are important non-magnetic layers in spintronics”” * and ensure any
buffer-induced structural changes are consistent with applications.

Samples were deposited by magnetron sputtering onto oxidized Si
substrates, from a base pressure of 10~ Torr, with high purity Ar as the
sputtering gas at a deposition pressure of 3 x 10~* Torr. Thin-films of
GdCoFe alloys were grown by deposition-rate calibrated co-sputtering
from Gd and CoFe targets to tune the RE:TM alloy composition. All
sample depositions were done at room temperature, and there was no
heat treatment after deposition. The deposition rate of the individual tar-
gets was first calibrated using x-ray reflectivity (XRR). The average com-
position ratio of the RE:TM layer was confirmed with energy dispersive
x-ray spectroscopy (EDX). The RE:TM films were investigated with the
Gd content of 0, 8, and 23 at. % in order to explore the effect of the Gd
content, which determines the onset of the amorphous structure in these
alloys.”' The nominal composition of the Co:Fe alloy that forms the focus
of this study was 10: 90. Additionally, CoFe films with a 70 :30 compo-
sition were studied using polarized neutron reflectometry, and a 50:50
alloy was also studied by secondary ion mass spectrometry (SIMS). The
RE:TM layers were grown on an underlayer of either Pt or W and then
capped with either W or Pt, without breaking vacuum, giving layered
structures with nominal thicknesses of either SiO, :Pt(7 nm)\
GdCoFe(15 nm)\W(5 nm) or SiO;: W(5 nm)\GdCoFe(15 nm)\
Pt(7 nm). The samples were magnetized in the film plane.

To explore any inhomogeneties and map the compositional and
magnetic profiles through the film thickness, several complementary
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experimental tools were utilized. Elemental profiling was undertaken
using SIMS. Data were obtained by the bombardment of Cs* ions of
250 eV under optimized conditions to minimize any matrix effect. No
charge neutralization method was applied. The magnetization profiles
through the thickness for samples with different Gd contents were
obtained from polarized neutron reflectometry (PNR) carried out on
the POLREF beam line at the ISIS Neutron and Muon Source.”’
Measurements were undertaken at 10 and 700 mT for both polariza-
tions of the neutron beam. Electron densities of the layers and inter-
face widths, as well as the element-specific Gd magnetization profile
through the sample thickness were obtained from analysis of x-ray res-
onant magnetic reflectivity (XRMR) measured on the XMaS Beamline
at the ESRE.”* XRMR was measured with circularly polarized x-rays
tuned to the Gd L; edge (7.24 keV) with an in-plane magnetic field of
+30mT. The magnetization induced asymmetry in the measured
XRMR signal was obtained from %, where I'" and I denote the
scattered intensity recorded under opposite magnetic saturation states
using a fixed circular polarization. All measurements were undertaken
at room temperature.

We first consider the results of the SIMS compositional profiling.
Figure 1(a) shows the elemental profiles mapped through a
Pt(7 nm)\Gd,3(CoygFep),,(15nm)\W(5nm) trilayer. The analysis
clearly identifies the Pt underlayer, the central GdCoFe layer, and the
W capping layer. The slopes between the layers give an indication of
the extent of the interfaces. It is clear that the interface of GdCoFe
with Pt is wider than the interface with W. Significantly, the SIMS
analysis demonstrates that the distributions of the Co, Fe, and Gd sub-
lattices, atoms throughout the central layer are not uniform. The com-
positional inhomogeneity is more pronounced when the profiles are
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FIG. 1.(a) Secondary ion mass spectrometry profile of Pt(7nm)\Gdys
(CotgFeg);7(15nm)\W(5nm) showing the elemental distribution through the tri-
layer. (b) Normalized elemental distributions of the Co, Fe, and Gd within the ferri-
magnetic alloy layer. (c) Elemental plot of Co and Fe through the thickness of a
uniformly sputtered nominally 50:50 Co:Fe ferromagnetic layer of a W(5m)\
CosgFeso (14 nm)\Pt(7 nm) sample, for clarity the Pt and W are not shown.
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normalized, see Fig. 1(b). Co and Fe have their highest concentration
near the interface with Pt, while the Gd concentration increases rap-
idly from the interface with W to a broad peak within the center of the
layer and gradually reduces over a longer lengthscale toward the bot-
tom Pt interface. Thus, the RE:TM alloy has a higher TM content close
to the Pt interface and an increased Gd concentration at the W inter-
face. One interpretation of the interface compositional variation is due
to chemical intermixing. However, it is known that Fe, Co, and Gd are
all miscible with Pt;"> ®” therefore, the different spatial variation of Co
and Fe may be related to their higher electronegativity as compared to
Gd. As W and Gd are immiscible,”” the enhanced Gd concentration
may simply reflect a reduced Co and Fe concentration resulting from
enhanced Co and Fe at the Pt interface.

It is also interesting to observe that the Co and Fe distributions
do not follow the same spatial trend. While both profiles peak close to
the Pt interface, the distributions of Co and Fe through the layer are
different. To better understand any impact of the RE and TM compo-
nents on the compositional profile, a nominal 50:50 Co:Fe alloy with
no RE was studied. The sample structure was W (5 nm)\CosyFesq
(14nm)\Pt(7 nm), where W was the underlayer and Pt was on top,
see Fig. 1(c). Away from the interfaces, the central part of the film has
a uniform Co:Fe ratio of 45:55, but approaching both the Pt and W
interfaces, the Co content increases to a small peak, the Fe content is
reduced, and the Co:Fe ratio is then uniform within the interfaces. The
Co peak at the Pt interface is slightly larger. The spatial variations in
the composition within the alloys are expected to affect the resulting
magnetic behavior, which is explored through scattering studies.

The changing Gd:Co:Fe ratio through the film thickness should
result in local variations in the net magnetization, and the spatial pro-
file of which was investigated using PNR. The nuclear scattering length
density (structure) and magnetization profiles were obtained by fitting
the neutron reflectivity data using the REF1D code (see the supple-
mentary material).”**” Since Gd has a high energy dependent neutron
capture cross section, the data were fitted simultaneously to three sepa-
rate wavelength ranges with different absorption. Figure 2 shows the
reflectivity data for spin-up and spin-down polarized neutrons and the
best fit simulations for samples with nominal alloy compositions of
Gdy3(CozFes)7, Gds(CoroFesp)g,, and CozgFes, respectively. Also
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¢ SpinUp Data
—~1 0‘6 $  Spin Down Data
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the best-fitting net magnetization profiles are shown. The
Gda;(CozgFes),, sample was designed to be close to magnetic com-
pensation at room temperature, which is confirmed in the analysis
with almost zero net magnetization through the layer thickness, see
Fig. 2(a). In contrast, for the sample with 8% Gd content, the best fit
shows the presence of a much larger magnetization throughout the
Gds(CozgFes),, layer, but the profile is not uniform. The net magne-
tization is highest close the interface with W, approximately 8% lower
at the Pt interface and falls by 11% of the maximum within the middle
of the layer. A Gd-free CoyFes, sample showed a larger net magneti-
zation overall, which is also non-uniform as expected, with the magne-
tization highest at the interface with the W and decreasing through the
film thickness toward the Pt interface, see Fig. 2(c).

The PNR data clearly show that the net magnetization profile in
all the samples is not uniform and is consistent with the compositional
inhomogeneities observed with SIMS. However, as the RE and TM
sub-lattices are both magnetic and knowing the problems of fitting
neutron data for Gd-containing samples mentioned earlier, a correla-
tion of the PNR data with SIMS compositional profiling was not
attempted. Instead, in order to understand the relationship between
the non-uniform compositional profile and the magnetization, the Gd
compositional distribution was compared with the magnetization pro-
file of the Gd sub-lattice through the alloy layer. Resonant x-ray reflec-
tivity tuned to the Gd L; edge and using circular polarized light was
measured to determine the Gd magnetizaton profile. XRMR allows
simultaneous fitting of the structural and Gd-specific magnetic scatter-
ing length densities. The structural and magnetic asymmetry data
were fitted using GenX. (Details are in the supplementary material.’)
The electron density (structure) and the Gd sub-lattice moment profile
were determined for Pt(7 nm)\Gd,s(CojoFeg),, (15 nm)\W(5 nm).
Figure 3(a) shows the specular reflectivity data with the best fit simula-
tion while Fig. 3(b) shows the magnetic asymmetry data and the
simultaneously fitted model for the Gd moment distribution. As seen
in Fig. 3(c), the structural SLD shows the electronic density profile
with the distinct Pt and and W layers either side of GdCoFe and a spa-
tially varying electron density within the GdCoFe layer from the Pt
interface to the W layer. The magnetic scattering length profile shows
the Gd magnetization through the layer. The Gd moment increases
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FIG. 2. Polarized neutron reflectivity measurements and best-fitting model simulations (left panel) and the resultant magnetic scattering length density profiles (right panel) for
samples (a) W\ Gdys (CorgFesy);; \Pt, which is close to the magnetic compensation, (b) W\ Gdg (CozoFesq)q, \Pt and (c) W\ CozgFeso\Pt, with no rare-earth content.
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FIG. 3. (a) Resonant specular reflectivity data points and solid line showing best fit-
ting simulation, (b) magnetic asymmetry ratio data points and the best fitting simula-
tion. (c) Structural and magnetic SLD profiles for Pt/Gd,3(Co1oFegq)77/W from the
best fittting simulations. (d) Magnetic hysteresis from the Gd asymmetry ratio mea-
sured at fixed Q. The black line is a guide to the eye.””

rapidly from the Pt interface and then increases more slowly to a broad
peak around the center of the GdCoFe layer, before decreasing
approximately linearly to the W interface. By measuring the field
dependence of % at a fixed wave vector, Q = 0.12 A1 magnetic
hysteresis was obtained, see Fig. 3(c), which shows the Gd sub-lattice
magnetic hysteresis showing a simple square loop of the soft ferrimag-
netically coupled alloy.

All the collected data indicate the existence of compositional var-
iations within the sputtered RE:TM and TM alloy films. XRMS and
SIMS yielded magnetization and compositional profiles for Gd in the
same Pt(7 nm)\Gda3(CoyoFeq),,(15nm)\W(5nm) sample that is
plotted together in Fig. 4. The Gd moment largely follows the Gd dis-
tribution with the Gd moment largest in the center of the layer, corre-
sponding to the highest Gd concentration. However, the behavior
close to the interfaces is more complex and more susceptible to fitting
uncertainties in the scattering data. Close to the Pt interface, the Gd
moment is enhanced, which correlates with the peak in the Fe and Co
contents (see Fe data in Fig. 4), while no enhancement occurs at the W
interface when Fe and Co are lower. These data suggest that composi-
tional variations change the local electronic environment of Gd, which,
in turn, changes the Gd moment and, hence, the magnetization profile

through the layer.
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FIG. 4. Gd and Fe elemental profiles from SIMS combined with the Gd magnetic
SLD profile from XRMR through the same Pt(7 nm)\Gdas(Co1oFeg);7 (15 nm)\
W(5nm) sample.

In conclusion, elemental mapping of nominally uniform ferrimag-
netic alloy layers, typified by the Pt(7nm)\GdCoFe(15nm)\
W (5 nm) structure, shows that the RE:TM ratio is not uniform, show-
ing complex spatial variations that also depend on the elemental species
of the under and over layers which in this case were Pt and W. The var-
iations in composition influence both the Gd magnetization and the net
magnetization profiles through the ferrimagnetic layer. These observa-
tions appear to be generic for sputtered films and have significant impli-
cations for the magnetic and spintronic behaviors of these alloys.
Structurally, the Gd content determines the crystallinity/amorphicity of
the RE:TM alloy. The amorphous state is critical for the development of
a perpendicular magnetic anisotropy through the film. The RE:TM ratio
also determines the net magnetization as well as both the magnetization
and angular momentum compensation points. The local elemental dis-
tributions determine the magnetic structure and saturation magnetiza-
tion locally through a layer, which, interestingly, for Gd is observed also
to depend upon the Co and Fe concentration. Any compositional varia-
tions will lead to a distribution of compensation point temperatures
throughout a film, broadening the compensation regime and impacting
the magnetization and spintronic behavior such as domain wall dynam-
ics and spin-orbit torque switching. Compositional variations at and
across the interface would also directly impact spin transport and inter-
face proximity-induced magnetization. The impact of compositional
variations in these films needs to be considered more critically if ferri-
magnetic alloy thin-films are to be integrated into future technologies.

See the supplementary material for information on the XRMR
and PNR data simulation.
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