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Abstract

Synthetic antiferromagnets with perpendicular magnetic anisotropy (PMA-SAFs) have gained a growing
attention for both conventional and next generation spin-based technologies. While the progress of PMA-SAF
spintronic devices on rigid substrates has been remarkable, only few examples on flexible thin film
heterostructures are reported in the literature, all containing platinum group metals (PGMs). Systems based
on Co/Ni may offer additional advantages with respect to devices containing PGMs, i.e., low damping and high
spin polarization. Moreover, limiting the use of PGMs may relieve the demand for critical raw materials and
reduce the environmental impact of related technologies, thus contributing to the transition towards a more
sustainable future. Here we discuss the realization of Co/Ni-based PMA-SAFs on polymer tapes and exploit it
to obtain flexible giant magneto-resistive spin-valves (GMR-SVs) with perpendicular magnetic anisotropy.
Several combinations of buffer and capping layers (i.e., Pt, Pd and Cu/Ta) are also investigated. High quality
flexible SAFs with a fully compensated antiferromagnetic region and SVs with a sizeable GMR ratio, in line with
the values reported in the literature for similar systems on rigid substrates, were obtained in all cases.
However, we demonstrated that PGMs allows achieving the best results when used as buffer layer, while Cu
is the best choice as capping layer to optimize the properties of the stacks. We justify the role of buffer and
capping layers in terms of different interdiffusion mechanisms occurring at the interface between the metallic
layers. These results, along with the high robustness of the samples’ properties against bending (up to 180 °),
indicate that complex and bendable Co/Ni-based heterostructures with reduced content of PGMs can be
obtained on flexible tapes, allowing for the development of novel flexible and sustainable spintronic devices
for applications in many fields including wearable electronics, soft robotics, and biomedicine.
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1. Introduction

Antiferromagnetic (AF) materials have acquired increasing relevance over the past years as passive
elements in spintronic devices for data storage/processing technologies and sensors'?. To expand
the range of applications of antiferromagnets, great efforts have been recently dedicated to the
manipulation of AF spins with the aim to develop ferromagnetic-free functional devices based on AF

materials as active spin-dependent elements®™

. As compared to conventional ferromagnetic
spintronics, AF spintronic devices have several advantages including a high robustness against
external magnetic perturbation, the absence of parasitic stray fields and ultrafast operation speeds
(THz regime). However, the characteristic insensitivity of AF materials to magnetic perturbations also
limits the control of the magnetic order by using external magnetic fields easily accessible in a
laboratory. To overcome this limitation, several strategies have been proposed, such as the use of
spin polarized currents, the coupling with ferromagnetic layers and the electric field control through
magnetoelectric coupling. Despite the promising results of the different approaches, there are still
open questions related to the energy efficiency and heat generation as well as limitations concerning
the operating speed and temperature, which currently hinder the use of antiferromagnetic spintronic
devices for practical applications.

As an alternative to crystal antiferromagnets, synthetic antiferromagnets (SAFs) consisting of two or
more ferro(i)magnetic (F) layers indirectly coupled through a non-magnetic (NM) middle spacer are
recently attracting a renewed attention for the development of novel and more efficient spintronic

devices®™9 being also of interest for biomedicine!*?

and potentially for other applications in place
of the more common used magnetic particles'*’. The interlayer exchange coupling (IEC) between
the F layers in metallic SAFs is essentially a spin-dependent Ruderman-Kittel-Kasuya-Yosida (RKKY)
coupling with an oscillatory behavior inducing an F and AF coupling depending on the NM layer
thickness'®1°. Its strength is typically two or more orders of magnitude smaller than the ordinary
exchange coupling in crystal antiferromagnets, thus allowing for a relatively easier manipulation and
control of the magnetic configuration (parallel/antiparallel alignment), while maintaining a relatively
large stability. They also allow for additional tunability, as the overall magnetic properties of the SAFs
can be finely tuned by changing the single layers features (e.g., materials, composition, thicknesses,

etc.)181°

, thus enabling for extra degrees of freedom for the optimization of the material
performance. So far, most of the work on SAFs for spintronic applications has been focused on their
use as reference electrode in giant magnetoresistance spin valves (GMR-SVs) and magnetic tunnel
junctions (MTJs) as the flux-closure structure of the SAF allows reducing the undesired stray fields
acting on the free-layer typically observed when hard ferromagnetic or exchange bias AF/F reference
electrodes are used?®?!. Besides these traditional spintronic applications, SAFs have been
demonstrated to be of great relevance for the development of novel spintronic devices exploiting the
movement of domain walls?? or the displacement and the size change of skyrmions 2372’ Moreover,
the relatively week IEC between the F layers allows the magnetic configuration to be controlled by
using external electric fields'®?829 thus paving the way for the development of voltage-controlled

spintronic devices characterized by a much lower power consumption with respect to the most
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investigated spintronic systems driven by electrical currents. While the first generation of SAFs relied
on thin films with in-plane magnetic anisotropy, large efforts have been done to develop SAFs and
related spintronic devices with perpendicular magnetic anisotropy (PMA), which are featured by a
large uniaxial magnetic anisotropy allowing for additional functionality as well as improved
performance for data storage/processing technologies and sensors3®32. To this aim, [Co/X]n
multilayer thin film stacks (where X = Pd, Pt, Ir or Ni and N the number of repetitions) have been
extensively used as building blocks®**™*! due to their large perpendicular magnetic anisotropy (PMA)
arising at the interface among the layers (10° — 10° J/m?3)3>4243 and the high tuneability of the overall
magnetic properties through the modulation of layers’ thickness and number of repetitions**.
Moreover, differently from other materials, such as the L1o-MPt(Pd) (M = Fe, Co) binary alloys, which
require high deposition temperatures and suitable underlayer/substrates to obtain the correct phase
and crystallographic orientation needed to develop a PMA*™9 [Co/X]n multilayer thin film stacks
can be easily obtained at room temperature and on arbitrary substrates without losing the PMA, thus
keeping the easy magnetization direction perpendicular to the Co/X interface”8°9°1,

Although the progress and development of spintronic devices based on PMA-SAFs on rigid substrates
has been remarkable, only few studies are reported in the literature on the fabrication of such
systems on flexible tapes’®°?, despite they would allow for additional functionality, such as light-
weight, flexibility, shapeability and wearability>>. To the best of our knowledge, all the studies
reported so far rely on systems based on multilayer thin film stacks containing platinum group metals
(PGMs, e.g., Pt, Pd) that allow achieving a strong and robust PMA. After the seminal work of T.
Vemulkar and co-authors reporting on the fabrication of FeCoB/Pt-based PMA-SAF thin films and
wires on polyimide tapes®?, we recently demonstrated that more complex heterostructures, that is
PMA GMR spin-valves comprising a Co/Pd-based SAF reference electrode, can be obtained either by
direct deposition on flexible polyethylene tapes’ or by exploiting an Au-mediated transfer and
bonding approach®, thus paving the way for the development of novel spintronic devices, such as
flexible magneto-receptors for human-machine interfaces as reported in Ref [’].

Aiming at widening the domain of research on flexible spintronics, this work focuses on thin film
heterostructures based on the Co/Ni system, which offer additional advantages with respect to
multilayers comprising PGMs, including a higher spin polarization and a low intrinsic Gilbert damping
factor of around 0.02 that is quite insensitive to the bilayer composition®*. All these features,
combined with a large PMA (up to 5 MJ/m?3), and a moderate saturation magnetization (6 — 7 MA/m),
have made Co/Ni multilayers of great interest for both conventional and next generation spintronic
devices, including GMR-SVs and MTJs>>°®, domain-wall and skyrmion based electronics?>°”°8, spin
wave-based devices®® as well as spin-transfer and spin-orbit torque components®. Besides these
technical aspects, the substitution of Co/Pt(Pd) by Co/Ni based SAFs in spintronic devices was recently
demonstrated to lead to a reduction of energy requirements and costs®! due to the reduced demand
of the critical and costly PGMs. Although the economic and environmental gain is low if compared
with the higher energetic and environmental costs associated to the fabrication of Si wafers, which
are commonly used in electronics, the additional benefits related to the low risk of supply of Ni,
makes the replacement of Co/Pt(Pd) by Co/Ni based SAFs still convenient to reduce the impact of
PGMs and contribute to the general effort to transition towards a more sustainable future. Despite
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the high potential of Co/Ni-based SAFs, to the best of our knowledge, all the efforts have been
focused so far on the use of such material in spintronic devices deposited on rigid substrates, while
no examples are reported on flexible tapes.

To fill this gap, Co/Ni-based PMA-SAFs and GMR-SV thin film stacks consisting of a [Co/Ni]n free layer
and a fully compensated [Co/Ni]n/Ru/[Co/Ni]n SAF reference electrode separated by a Cu spacer were
prepared by direct deposition on flexible Teonex® tapes consisting of a polyethylene naphtholate
(PEN) foil (thickness: 125 um) with a flattening coating that allow for a very good surface smoothness
(average roughness < 0.7 nm). This feature combined with an excellent dimensional stability, low
moisture pickup, good solvent resistance and high clarity, makes Teonex® a promising substrate for
subsequent vacuum and other coating processes, leading to the potential use of this material as a
flexible substrate for device manufacturing®?. To fully explore the potential of the proposed approach,
different combinations of buffer and capping layers were investigated, and the magnetic properties
of the systems were correlated to the interdiffusion processes occurring at the bottom and top

interfaces®®*

. The use of the non-critical Cu element was explored to replace the Pt and Pd heavy
metals, typically used to support the development of a strong PMA. Cu was already demonstrated to
be effective in inducing a PMA in Co/Ni-based thin film stacks on rigid substrates® and its successful
exploitation as buffer and capping layer on a flexible PGMs-free system would pave the way toward

a sustainable flexible spintronics.

2. Experimental details

2.1. Samples’ preparation

Co/Ni-based SAF and GMR-SV thin film stacks (Figure 1) were deposited at room temperature by DC
magnetron sputtering (BESTEC UHV system) on flexible Teonex” tapes (thickness: 125 pum, average
roughness < 0.7 nm accordingly to the data sheet) supplied by Teijin Corporation and simultaneously
on thermally-oxidized Si(100) wafers (reference samples).

The first set of samples consists of SAF  multilayers with the sequence
[Co(0.2)/Ni(0.7)]6/Co(0.2)/Ru(0.4)/Co(0.2)/[Ni(0.7)/Co(0.2)]s (thicknesses in nanometres), deposited
by using different combinations of buffer and capping layers (Pd, Pt, Cu) as summarized in Table 1.
The Ru thickness was set to 0.4 nm to maximize the antiferromagnetic coupling”®*?, while the Co and
Ni layer thickness and the bilayer repetition number N were fixed for all samples at 0.2 nm, 0.7 nm
and 6, respectively, to ensure a high PMA, a wide AF coupled region and a low damping in the
system?3>3665, Furthermore, GMR-SVs consisting of a
[Co(0.2)/Ni(0.7)]6/Co(0.2)/Ru(0.4)/Co(0.2)/[Ni(0.7)/Co(0.2)]¢ SAF reference layer (SAF-RL) and a
[Co(0.2)/Ni(0.7)]ng /Co(0.2) free-layer (FL) separated by a 3-nm thick Cu spacer were prepared by
using different buffer and capping layers (Table 1). The bilayer repetition number in the free layer
(NrL) was set to 2 for all the samples except for those grown on Pt and covered with a Pt capping
layer, for which Nr. was varied from 2 and 4, as will be discussed in detail later.

A 10-nm thick Ta seed layer was inserted in all the samples to induce a (111) crystallographic texture,
which provides a strong PMA in the in the multilayer system®®. In addition, samples with a Cu
capping layer were also covered with a 3-nm thick Ta protecting layer to limit the Cu oxidation. The
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deposition rates of each material were set to 0.025 nm-s* (52 W-DC) for Co, 0.02 nm-s* (35 W-DC)
for Ni, 0.03 nm-s* (40 W-DC) for Ta, 0.05 nm-s* (37 W-DC) for Pt, 0.04 nm-s* (26 W-DC) for Pd, 0.04
nm-s* (29 W-DC) for Cu and 0.025 nm-s* (49 W-DC) for Ru.

(a) (b) CAPPINGLAYER (©)
PX(3); Pd(3); Qu(2)/ Ta(3)
Gl [Co(0.2)/Ni(0.7)]/Co(0.2) (N=2.4)
CAPPINGLAYER
PX(3); Pd(3); Qu(3)/Ta(2)

INi(0.7)/Co(0.2)] [Ni(0.7)/Co(0.2)]
®(0.2)

Ru(0.4) SQ_F

®(0.2) ®(0.2)
[Co(0.2)/Ni(0.7)]s [Co(0.2)/Ni(0.7)],
BUFFERLAYER BUFFERLAYER
PX(3); Pd(3); Qu(10) PX(3); Pd(3); Qu(10)
Ta(10) Ta(10)

Figure 1. Sketch of Co/Ni-based (a) synthetic antiferromagnets and (b) GMR spin valve stacks consisting of a
synthetic antiferromagnet reference electrode (SAF-RL) and a free-layer (FL) separated by a Cu spacer;
thicknesses are in nanometres. (c) Photograph of a flexible Co/Ni-based thin film stack.

Table 1. Summary of the investigated thin film samples. The buffer and capping layers sandwiching the
magnetic stacks are indicated in bold. All the thicknesses are reported in nanometres.

Buffer layer / Magnetic Stack / Capping layer

SAF Structure SAF-based GMR-SV Structure
Pt(3)/SAF/Pt(3) Pt(3)/SAF-RL/Cuspacer/FL/Pt(3)
Pt(3)/SAF/Cu(2)/Ta(3) Pt(3)/SAF-RL/Cuspacer/FL/Cu(2)/Ta(3)
Pd(3)/SAF/Pd(3) Pd(3)/SAF-RL/Cuspacer/FL/Pd(3)
Pd(3)/SAF/Cu(2)/Ta(3) Pd(3)/SAF-RL/Cuspacer/FL/Cu(2)/Ta(3)
Cu(10)/SAF/Cu(2)/Ta(3) Cu(10)/SAF-RL/Cuspacer/FL/Cu(2)/Ta(3)

2.2. Characterization

Room temperature field-dependent magnetization loops were measured by using both
superconductive interference device — vibrating sample magnetometry (SQUID-VSM, LOT-
QuantumbDesign, MPMS3) and VSM (Microsense, Model 10) with the magnetic field applied along the
film normal. Magnetic measurements under bending conditions were performed by mounting the
samples on a customized semi-cylindrical plastic support with the proper radius of curvature.

Magneto-resistance versus magnetic field was measured on square-shaped samples by using the van
der Pauw method®’, with a current-in-plane geometry and the external magnetic field perpendicular
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to the sample surface, i.e., along the easy axis of the magnetic structure. The injected current was
always in the order of 10 mA and provided by a Keithley 6221 current source, while the corresponding
voltages were measured by a Keithley 2182A nanovoltmeter. The magnetic field was applied through
a standard electromagnet.

The surface chemical composition of the samples was investigated by X-ray photoelectron
spectroscopy (XPS). The XPS measurements were performed by using an ESCALAB 250Xi (Thermo
Fisher Scientific Ltd., UK), equipped with a monochromatized Al Ko (hv = 1486.6 eV) source,
electromagnetic lenses and six channeltron detection system. The measurements were carried out
maintaining the pressure in the main chamber at P = 10® Pa and it was increased up to P = 10° Pa,
during the depth profile. The XPS depth profile was realized combining cycles of ion sputtering and
spectra acquisition. The ion sputtering was performed with an Ar* ion gun EX-06, which energy was
set at 0.5 keV and a value of beam current at 2 pA. The spectra were acquired at constant pass energy
of 40 eV, whereas the zero point of the binding energy (BE) scale was calibrated by Fermi level at 0
eV for metals. All spectra were collected and processed by Avantage v.5 software.

Transmission electron microscopy (TEM) and high-resolution scanning transmission electron
microscopy (STEM) analyses were performed on reference samples (Si substrates) by using a Philips
CM200 microscope as well as a JEOL NEOARM 200F (equipped with a JEOL energy dispersive X-ray
(EDX) detector), both operating at 200 keV beam energy. The EDS measurements were performed in
the scanning mode (STEM) on the JEOL NEOARM. For data acquisition and quantification, the Digital
Micrograph Software (GATAN) was used. For (S)TEM observations, cross-sectioned samples were
prepared by the conventional thinning procedure consisting of mechanical polishing by grinding
papers, diamond pastes and a dimple grinder. Final thinning was carried out by an ion beam system
(Gatan PIPS) using Ar ions at 5 kV.

3. Results

3.1. Magnetic properties of flexible Co/Ni-based SAFs

The out-of-plane field-dependent magnetization loops of Co/Ni-based SAF thin film stacks deposited
on flexible Teonex® tapes with different buffer and capping layers are reported in Figures 2. In all the
samples, two distinct minor loops of the same amplitude are present, corresponding to the individual
switching of the magnetization of the top and bottom Co/Ni ferromagnetic layers. They are separated
by a wide antiferromagnetic-coupled field region with a (almost) zero moment in the whole field
range, thus indicating that (almost) fully compensated antiferromagnetic thin film stacks were
obtained. Despite the samples show similar loop shapes, some key differences can be observed.
When the same metal is used as both the buffer and capping layer (Figures 2a, 2b and 2c), the
interlayer exchange coupling field Hex, defined as the field shift of the minor loop (see inset of Figure
2a), is larger for the Pt/SAF/Pt thin film stack and reaches the lowest value in the Pd/SAF/Pd sample
(Figure 2f and Table S1 in the Supporting Information). In the latter case, the field dependent
magnetization loop also presents a superimposed positive slope, which suggests a partial tilting of
the magnetic easy axis. When the non-critical Cu metal is used, an intermediate Hex is observed along
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with a non-perfect compensation of the synthetic antiferromagnet, which may be ascribed to a small
difference in the magnetic thickness of the two layers, with the one with the larger value switching
first. Replacing the capping layer of Pt and Pd by Cu (Figures 2d and 2e, respectively) a similar trend
is observed, i.e., the structure with Pt as buffer layer features the highest value of Hex. Moreover, the
Cu capping layer results beneficial in enhancing both loop squareness and interlayer exchange field,
thus suggesting it contributes to stabilizing the perpendicular magnetic anisotropy of the Co/Ni
multilayer. The reason of the observed differences may be ascribed to changes in the growth
morphology between the three metals, which is reflected in different features of the buffer/SAF
interface, as discussed later in the text.
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Figure 2. (a — e) Out-of-plane field-dependent magnetization loops of Co/Ni-based SAF thin film stacks
deposited on flexible Teonex® tapes with different buffer and capping layers: (a) Pt/SAF/Pt, (b) Pd/SAF/Pd, (c)
Cu/SAF/Cu, (d) Pt/SAF/Cu, (e) Pd/SAF/Cu. All measurements were performed at room temperature and
normalized to the saturation magnetization (Ms). The arrows reported in (a) denote the mutual alignment of
the magnetization in the bottom and top layers of the SAF at different points in the loop; the same evolution
of the magnetic configuration is observed in all the samples. (f) Interlayer exchange field Hex (defined as the
field shift of the minor loop, inset of Figure a) for different combinations of buffer and capping layers.

Despite the larger surface roughness of Teonex® tapes (~0.7 nm) with respect to that of commonly
used SiOx/Si(100) rigid substrates (0.2 — 0.3 nm)’, flexible SAFs present very similar behaviour of the
reference samples deposited on SiO«/Si(100) (Figure S1, Supporting Information) except for a less
sharp magnetization switching of the top and bottom Co/Ni ferromagnetic layers and slightly lower
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Hex values (Table S1, Supporting Information). These small differences are likely due to the larger
surface roughness and the presence of surface defects of Teonex® tapes®.

To explore the possibility to integrate such flexible systems on curved surfaces, magnetic
measurements were performed by folding the samples both inward and outward under a bending
angle ¥ = 180° and at a curvature k = 1/r = 0.4 mm™ (r: bending radius) that is in line with the values
commonly reported in the literature for the characterization of flexible spintronic materials?. As a
representative case, the field-dependent magnetization loops under bending of Pt/SAF/Cu flexible
SAFs showing the best properties are reported in Figures 3a and 3¢, along with that of the flat thin
film stack (Figures 3b). The characteristic two-steps behaviour of perpendicular magnetized SAFs and
a fully compensated AF-coupled region are retained. However, the bending leads to slanted loops
accompanied by slight changes of the interlayer exchange coupling field, minor loop coercivity and
loop squareness. Despite these changes can be mainly attributed to the film’s curvature that induces
local distribution of the magnetic easy axis with respect to the external applied field®, the small
differences between the loops measured under inward and outward bending suggests that the
magnetic properties are also slightly affected by the lattice distortion of the SAF, which depends on
the folding configuration. Indeed, the concave bending results in a compressive strain in the film
plane and a tensile deformation along the film thickness, while the opposite situation occurs when
the SAF is under a convex bending. The two bending configurations result then in opposite strain
effects, which may lead for example to a weakening or a straightening either of the interlayer
exchange coupling (due to a change of the Ru thickness)?® or the magnetic anisotropy (due to a
modulation of the magneto-strictive contribution to the total magnetic energy)®® with a consequent
modification of the field-dependent magnetic response.
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Figure 3. (a, c) Field-dependent magnetization loops of Pt/SAF/Cu samples measured under (a) inward and
(c) outward bending (9 = 180°, k = 1/r = 0.4 mm?). The samples are placed in a uniform magnetic field aligned
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as schematized in the inset of Figure a. The out-of-plane hysteresis loop of the flat sample is also displayed in
(b) as comparison. All measurements were performed at room temperature and normalized to the saturation
magnetization (M;).

3.2. Magnetic and magneto-transport properties of flexible Co/Ni-based GMR spin-valves

Pt/SAF/Cu, Pd/SAF/Cu and Cu/SAF/Cu thin film stacks are used as reference-layer/spacer (SAF-
RL/Cuspacer) Of the Co/Ni-based GMR-SVs. The Cu layer, which was previously used as capping layer,
is now turned into the non-magnetic spacer of the GMR spin-valve. The Cu layer is then sandwiched
between two Co layers belonging to the SAF-RL (bottom interface) and the Co/Ni-based FL (top
interface). As in the previous set of samples, symmetric Pt/SAF/Cupuser/FL/Pt and
Pd/SAF/Cupuster/FL/Pd samples are firstly compared to assess the effect of the two different heavy
metals. The out-of-plane field-dependent magnetization loops of the two flexible spin-valves (Figures
4a and 4b, top panels) show a three-steps behaviour associated to the individual reversal of the FL
and the bottom and top layers of the SAF-RL. While no significant differences are present in the high-
field region, a clear effect of the capping layer on the FL loop shape can be observed. The Pd
contributes indeed to the stabilization of the PMA, as suggested by the almost squared hysteresis
loop, while, when a Pt capping layer is used, the loop becomes anhysteretic indicating the free layer
lost the PMA with a consequent rotation of the magnetization from two opposite out-of-plane
directions. As previously observed, the capping layer may have a considerable effect on the
stabilization of the PMA of thin ferromagnetic films, mainly due to different interdiffusion
mechanisms occurring during post-deposition thermal treatments®® 7%, Indeed, it has been recently
demonstrated that interdiffused interfaces can develop during sputter deposition even at room
temperature owing to a series of exchange events of atoms occurring during the film growth, which
are strongly dependent on the chemical nature of the two materials involved in the process®; how
this applies to the present work will be deeply discussed in the following section. The corresponding
magneto-resistive curves of the two samples are presented in the bottom panels of Figures 4a and
4b. The curve of the Pd/SAF/Cupufrer/FL/Pd sample shows the typical behaviour expected for a PMA
spin-valve with a SAF reference layer. The change in resistance normalized to its lowest value, AR/Rjow
= (Rnigh - Riow)/Riow, sudden increases in correspondence to the first jump in the M(H) loop thus
indicating that the top SAF-RL switches first likely because of a slightly higher magnetic anisotropy of
the bottom SAF-RL that is directly grown on the Ta seed layer®. The resistance then sharply reduces
to its minimum value in correspondence with the magnetization reversal of the FL. A maximum GMR
ratio of ~3 % is measured, which is in line with values reported in the literature for similar Co/Ni-
based SVs on rigid substrates’!. The Pt/SAF/Cubufier/FL/Pt sample shows a similar behaviour in the
high-field region; however, in the low field region, the resistance, instead of showing a sharp
reduction, as observed in the Pd-based sample, gradually reduces because of the rotation of the
magnetization of the free layer during the field sweep.

Following the approach applied for the SAF samples, i.e., with the aim of reducing the use of the
PGMs, Cu metal was then used to substitute Pt and Pd as capping layer and, lastly, as both the buffer
and capping layers. In asymmetrical SVs with Pd and Pt buffer layers, the use of a Cu caping layer
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allows stabilizing the PMA of the Co/Ni free layer, as evidenced in Figures 4d and 4e by the increase
of free layer loop squareness for both the samples. Moreover, the substitution of high Z elements
(Pd, Pt), which produce a low spin polarization, is also reflected in an increase of the GMR value
(Figure 4f). However, in fully Cu-substituted SAF GMR-SVs, a slightly reduction of the GMR is
observed, likely because of a worsening of the interface quality induced by the Cu buffer layer as will
be discussed later in more details.

Despite the higher surface roughness of Teonex® tapes with respect to commonly used SiOx/Si(100)
rigid substrates, high-quality flexible GMR spin valves with properties very close to those of reference
samples (Figure S2 and Table S2, Supporting Information) were successfully obtained on flexible
polymeric substrates regardless of the complexity of the prepared heterostructure and the presence
of very thin layers and many interfaces. The less sharp reversals of the individual layers, which in turn
reflect in the shape of the corresponding magneto-resistance curves that appear rounded rather than
straight, and the slightly lower but still high GMR values of flexible SVs may result from the larger
surface roughness and the presence of surface defects of Teonex® tapes®.

To explore the possibility to integrate such flexible systems on curved surfaces, magnetization
measurements were performed on curved sample under the same conditions used for the SAF thin
film stacks (i.e., 9 = 180°, curvature k = 1/r = 0.4 mm). All the samples retain the PMA and the typical
three-step hysteresis loop in both inward and outward configurations as reported in Figure 5 for the
Pt/SV/Cu film stack showing the best properties, as a representative example. As for the case of SAF
thin film stacks, the slight changes of the loop shape as well as the small differences between inward
and outward measurements may be associated to the angular dispersion of the easy axis with respect
to the external magnetic field, as well as to the strain effect induced by the curvature. These small
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variations of the magnetic behaviour with respect to the flat samples would reflect in very slightly
changes of the magneto-resistive properties as already observed in similar flexible samples®.

Figure 4. (a - e) Out-of-plane field-dependent magnetization loops (normalized to the saturation
magnetization M) and corresponding magneto-resistive response (AR/Riw vs. H) of Co/Ni-based GMR-SV thin
film stacks deposited on flexible Teonex® tapes with different buffer and capping layers: (a) Pt/SV/Pt, (b)
Pd/SV/Pd, (c) Cu/SV/Cu, (d) Pt/SV/Cu, (e) Pd/SV/Cu. Different colors and symbols are used to evidence the two
sweep directions of the external field (ascending red, descending blue). All measurements were performed at
room temperature. The arrows marked in (a) denote the mutual alignment of the magnetization in the FL and
top and bottom films of the SAF-RL. (f) Maximum GMR ratio for different combinations of buffer and capping
layers; the value of the Pt/SV/Pt sample is not reported due to the lack of PMA of the free layer.
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Figure 5. (a, c) Field-dependent magnetization loops of Pt/SV/Cu samples measured under (a) inward and (c)
outward bending (9 = 180°, x = 1/r = 0.4 mm?). The samples are placed in a uniform magnetic field aligned as
schematized in the inset of Figure a. The out-of-plane hysteresis loop of the flat sample is also displayed in (b)
as comparison. All measurements were performed at room temperature and normalized to the saturation
magnetization (M;).

3.3. Chemical and microstructural properties

The analysis of magnetic and magneto-transport properties indicate that the sample’s features are
strongly affected by the combination of buffer and capping layers. The best performance in terms of
PMA, loop coercivity and squareness and GMR ratio are obtained when samples are deposited on a
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Pt buffer layer and covered by a Cu capping layer. To understand the reason for this behaviour, a
detailed characterization of the chemical and microstructural properties was needed.

For this purpose, XPS analyses were performed to investigate the surface chemical properties and
atomic concentration depth profiles of the top layers in three SV thin film stacks with different
capping layers (i.e., Pt/SV/Cu/Ta, Pd/SV/Pd and Pt/SV/Pt). The results reported in Figure 6 indicate
that the capping layer acts as a good protection avoiding the oxidation of the underlying Co/Ni
magnetic layers. Indeed, except for the topmost layers of Ta (in case of the Cu/Ta capping layer) and
for the Pd layer, all the elements were detected in their metallic state. This result allows ruling out
the occurrence of oxidized phases in the free layer affecting the magnetic and magneto-transport
behavior of the samples. As the resolution of the XPS depth profiling is limited to few nanometers, a
detailed analysis of the layers sequence is not possible; however, the results clearly indicate the
presence of interdiffused interfaces between the capping layer elements and the Co/Ni multilayer,
which may affect the overall physical properties.
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Figure 6. Atomic concentration depth profiles of the top layers for the samples (a) Pt/SV/Cu/Ta, (b) Pt/SV/Pt
and (c) Pd/SV/Pd.

To characterize the inner structure of the samples, cross-section TEM and STEM measurements were
performed on the same SAF-based GMR-SV thin film stacks analyzed by XPS (i.e., Pt/SV/Cu/Ta,
Pd/SV/Pd and Pt/SV/Pt samples). Owing to the difficulty in preparing Toenex® samples for (S)TEM
analysis, and considering that the magnetic and transport properties of flexible thin films stacks are
very similar to those of systems grown on rigid substrates and follow the same trend as a function of
the buffer and capping layers, GMR-SVs on SiOx/Si(100) were studied as representative of the
investigated samples. Figures 7a and 7b show a typical bright field TEM image of a representative
GMR-SV thin films stack (Pt/SV/Cu/Ta sample) and the corresponding selected area electron
diffraction (SAED) pattern, respectively. The visible diffraction contrast in the bright field image
indicates a columnar growth of the magnetic layers, starting from the buffer and going up to the
capping layer. This columnar growth is typical of all the analyzed GMR-SV thin film stacks and SAED
measurements reveal, as shown in Figure 7b, an oriented growth of the different layers with the
{111} atomic planes parallel to the substrate surface. The different layers composing the SV thin film
stack are quite well visible in the high-resolution HAADF-STEM images reported in Figure 7c. The
atoms can be easily identified on all the crystalline layers (see Figure S3 in the Supporting Information
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for a suitable magnification) indicating the good quality of the entire SV and confirming the {111}
oriented growth of the magnetic layers revealed by SAED measurements. The Z-contrast, due to the
different atomic number of the elements, is characteristic of this image and allows identifying the Ta
buffer and capping layers, as well as the Pt buffer layer and Ru interlayer. However, due to the small
differences in the atomic numbers of Co, Ni, and Cu, respectively, it is not possible to resolve these
layers in the STEM images. The composition and layer sequence are proved by the EDS line-scan
analysis (Fig. 7d); the main layers can be distinguished, while the thin alternating layers within the
Co/Ni layer cannot be resolved. The analysis also confirms a partial oxidation of the Ta protecting
layer in agreement with the XPS analysis.

The same analysis was performed for the samples with Pt and Pd capping layers (Figures 8). As for
the previous case, the different layers are quite well visible, except for Co, Ni, and Cu that cannot be
resolved owing to their similar atomic number. Moreover, the EDS analysis indicate that no oxidation
occurs at the Pt capping layer, while the Pd layer is partially oxidized, as also indicated by the XPS
measurements.

Linescan position (nm)

Si(-200)
-

Substrate
- normal

T T T
60 80 100
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T T
0 20 40

Figure 7. Pt/SV/Cu/Ta sample. (a) Bright field TEM image showing the columnar growth of the layers. (b)
Corresponding SAED pattern, the arrow indicates the perpendicular to the Si substrate. (c) High-resolution
HAADF-STEM image of the whole layers sequence. (d) Quantified EDS line-scan across the layer structure
(differences to 100% are due to the carbon signal that is not shown).
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Figure 8. (a,b) Pt/SV/Pt and (c,d) Pd/SV/Pd samples. (Left Panels) High-resolution HAADF-STEM images of the
whole layers sequence. (Right Panels) Quantified EDS line-scans across the layer structure (differences to 100%
are due to the carbon signal that is not shown).

All the investigated samples show a certain level of interdiffusion among the layers. Due to the lower
thickness of the free layer (Nr. = 2) with respect to that of the Co/Ni layers in the SAF reference
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electrode (NgL = 6), changes in the intermixing processes are expected to be responsible for the
modification of the FL magnetic properties observed for different capping layers. To provide an
estimation of the intermixing between the free and capping layers, the first derivative of the
elemental line-scan signal was calculated and fitted by a Gaussian function to determine the full width
half maximum (FWHM) values for the Co, Ni, and capping layers for the three investigated samples
(see Figure S4 in the Supporting Information). The result of the analysis, reported in Figure 9 reveals
that a much sharper interface is obtained for the system capped with Cu, as evidenced by the lowest
FWHM values for Co, Ni, and the Cucapping. On the other hand, both Pt and Pd capping layer results in
broader interfaces, indicating a higher degree of interdiffusion that seems to be maximum when
Ptcapping IS Used.

According to the differences observed in the magnetic properties of the two classes of systems (SAFs
and GMR-SVs) as a function of the capping and buffer layers, a different degree of intermixing is
expected to take place also at the interface between the buffer layer and the magnetic stacks.
However, the limitations of the STEM line-scan analysis in terms of resolution and sample
representativeness, did not allow to highlight significant differences among the samples.

24
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Figure 9. Full width half maximum (FWHM) of the first derivative curves of the EDS signals of the capping layer
and the underlaying Co and Ni layers of samples Pt/SV/Cu/Ta (orange dots), Pt/SV/Pt (blue dots) and Pd/SV/Pd
(red dots); for the fit parameters refers to Figure S4 in the Supporting Information. For each system, the dots
indicate, to a first approximation, the diffusion length of Co and Ni towards the capping layer and, vice versa,
the diffusion extent of the capping layer (Cap) within the underneath ferromagnetic layer.

4. Discussion

The results suggest that the atomic interdiffusion at the interfacial regions may play a major role in
determining the physical properties of Co/Ni-based SAF and GRM-SV thin film stacks. The layer
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intermixing can indeed affect the interface quality and in its turn the PMA of the multilayers’>’3, the

7475 3s well as the

interlayer exchange coupling in synthetic antiferromagnetic heterostructures
magneto-resistive properties of GMR spin-valve stack®’®. In addition, the analysis shows that the
magnetic and transport properties strongly depend on the combination of the capping and buffer
layers, likely because of a different extension of the interlayer mixing, which depends on the nature
of the interfaced atoms as partially evidenced by the STEM analysis for the capping layer. To explain
in detail the observed behavior we applied an empirical model recently proposed, which allows
predicting the quality of the interface in sputter deposited thin films, by addressing the possible
intermixing events that are expected to take place between two different transition metals (the
substrate and the growing materials) during the growth®*. Depending on the chemical nature, atomic
radius, and lattice characteristics, it is possible to obtain different types of interface profiles.
Furthermore, for a given set of interfaced atoms, the effective interface width (o) also depends on
the deposition order, i.e., which of the two metals is considered as substrate or growing element. A
successful application of this model was recently demonstrated to disclose the nature of asymmetric
interface magnetism in Pt/Co/Pt trilayers and Co/Pt multilayers®. To roughly estimate the value of o
expected when Pt, Pd and Cu are in contact with the Co layer of the Co/Ni system, we applied the
relation®

1 — —
J:EA*[lﬁ-e B(vs Yg)] (1)

where ysand y, are the surface energy of the substrate and the growing metals, respectively
(considering y(Co) = 1.27 eV/atom, y(Cu) = 0.94 eV/atom, y(Pd) = 1.23 eV/atom y(Pt) =1,51 eV/atom),
and A and B are two effective parameters accounting for the exchange mechanisms (ballistic and
thermodynamically driven) that were experimentally demonstrated to be mainly dependent on the
crystal structure of the substrate and the growing layer (A= 0.27 + 0.02 nm; B= 1.3 + 0.5 eV1)%*,

The calculated values of o (nm) for the Co/Pt, Co/Pd, Co/Cu and Pt/Co, Pd/Co, Cu/Co interfaces (i.e.,
accounting for the different deposition order) are reported in Figure 10. According to the mode],
the interface width decreases by moving from Pt to Pd to Cu when they are capping layers (blue dots);
in other words, the Cu interdiffusion towards the Co layer is reduced, with respect to Pt and Pd, when
it grows on top of it, in good agreement with the STEM analysis. On the other hand, a different trend
is observed when the three metals are considered as buffer layers (purple dots). In this case, when
the Cu plays the role of the substrate (that means, according to the model, that Co grows on top of a
Cu layer) the intermixing events are relevant and the system is characterized by a higher
interdiffusion.



This document is the Accepted Manuscript version of a Published Work that appeared in final form in “ACS
Applied Materials and Interfaces” after peer review and technical editing by the publisher. To access the final
edited and published work see https://doi.org/10.1021/acsami.2c14000

1.15 |- P
110 - @
b
©
S 0.95 -
3
© 090 -
b=
g 0.85 -
080- @
Co
[ ]
075 | |
Pt Pd Cu

Buffer / Capping Layer

Figure 10. Calculated values of the interface width o for different combinations of Co/Buffer and Capping/Co
interfaces.

The magnetic behavior observed in both SAF and GMR-SV systems supports the interpretation given
by the model. As for the SAF thin film stacks, the higher value of Hex along with a better loop
squareness are achieved in the Pt/SAF/Cu sample, i.e., in the system characterized by sharper
interfaces, as predicted by the model. However, it is worthwhile noticing that in these samples the
contribution on the magnetic properties provided by the buffer layer in terms of structural and
morphological order is greater than the effects of the buffer/layer interdiffusion. Indeed, both SAFs
grown above the Pt buffer show good properties and the interdiffusion of the Pt capping layer in the
Pt/SAF/Pt system marginally affect the magnetic behavior, with a slightly reduced loop squareness
and lower Hex value. In other words, the Pt capping does not damage the structure as much as it does
in the Pt/SV/Pt system, where the FL completely loses its perpendicular anisotropy. Indeed, the high
differences provided by the model for the three metals as a function of their buffer/capping role, is
fully revealed by the results obtained for the SV system. In this second set of samples, the use of Cu
as capping layer allows stabilizing the PMA of the Co/Ni FL, as evidenced by the increase in the loop
squareness for both the samples with Pd and Pt buffer layers. The GMR values for these samples
benefit from the lower spin polarization induced by the substitution of HM elements with Cu.
However, for a fully Cu-substituted spin valve, a worsening of the interface quality induced by the Cu
buffer layer imply a modification in the magnetization reversal and a decrease in the GMR values.

Summarizing, for both the systems, the best choice is represented by the Pt-buffer/Cu-capping layers
couple, which provide, in agreement with the model, a lower interdiffusion and relatively shaper
interfaces. However, the effect of the capping layer on the two systems is different and the reason
may be ascribed to the different thickness of the Co/Ni layer interfaced with the capping layer, i.e.,
[Co/Ni]e for the SAF and [Co/Ni]; for the GMR-SV. Indeed, at room temperature, the intermixing
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events are restricted to a limited region of the interface and a reduced effect of such a disorder is
expected when the capping layers are interfaced with thicker layers, as in the case of the Pt/SAF/Pt
system, where N = 6. In order to further assess this effect, Co/Ni-based GMR-SV with a thicker
[Co/Ni]ng, free layer (i.e., NrL = 4) were prepared and capped with a Pt layer, which was found to lead
to a strong deterioration of the PMA of the free layer for Nr. = 2. As expected, owing to the higher
thickness, the Pt diffusion involves, compared to the case Ng.L = 2, a smaller portion of the free layer,
which therefore shows a squared hysteresis loop (Figure 11 top panel). As a result, a working PMA
GMR spin valve can be obtained by also using a Pt capping layer by increasing the thickness of the
free layer (Figure 11 bottom panel).

M/M,

AR/R,,,, (%)
N

04 02 0.0 02 0.4
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Figure 11. Out-of-plane field-dependent magnetization loops (normalized to the saturation magnetization M,
top panel) and corresponding magneto-resistive response (AR/Riw vs. H, bottom panel) of Pt/SV/Pt with a
thicker FL (N = 4) deposited on flexible Teonex® tapes.

4. Conclusions

In response to the work's objectives, flexible Co/Ni-based PMA SAFs and GMR-SVs with a sizeable
GMR ratio (up to 4.4 %) have been prepared with different buffer and capping layers (Pt, Pd, Cu) with
the aim of reducing the content of critical elements. All systems, which result robust against
mechanical bending, are characterized by microstructural, magnetic and transport properties that
slightly differ depending on the combination of the buffer/capping layer. The predictive model
developed for sputter deposited metal/metal interfaces has been successfully addressed to discuss
the reason at the basis of the different intermixing. The sputtering growth mechanism, which brings
to different interfaces depending on the surface energy, the crystal structure of the two materials
involved in the growth and their reciprocal growth order, is assumed to play a key role. Sharper
interfaces are provided by Pt as bottom layer and Cu as top layer for both SAFs and SVs. In other
words, the beneficial effect induced by the Cu capping layer on the magnetic properties may be
actually ascribed to the limited interdiffusion processes occurring at the Cu/[Co/Ni]y interface with
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respect to the Pd and Pt capping layers. On the other hand, the interdiffusion of both the heavy
metals seems to be limited when they are used as buffer layers. Being an interfacial effect, the
suitable choice of magnetic layer thicknesses may be considered as an additional tool to reduce the
effect of the interdiffusion. The results indicate that complex Co/Ni-based heterostructures with
reduced content of PGMs can be deposited on flexible tapes, allowing the development of novel
shapeable and sustainable spintronic devices for applications in different fields including wearable
electronics, soft robotics, and biomedicine.
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