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Magnetoacoustic waves generated in piezoelectric and ferromagnetic coupled nanocomposite films through

magnetically driven surface acoustic waves present great promise of loss-less data transmission. In this work,

ferromagneticmetals of Ni, Co andCoxNi1−x are coupledwith a piezoelectric ZnOmatrix in a vertically-aligned

nanocomposite (VAN) thin film platform. Oxidation was found to occur in the cases of ZnO–Co, forming

a ZnO–CoO VAN, while only very minor oxidation was found in the case of ZnO–Ni VAN. An alloy

approach of CoxNi1−x has been explored to overcome the oxidation during growth. Detailed

microstructural analysis reveals limited oxidation of both metals and distinct phase separation between the

ZnO and the metallic phases. Highly anisotropic properties including anisotropic ferromagnetic properties

and hyperbolic dielectric functions are found in the ZnO–Ni and ZnO–CoxNi1−x systems. The magnetic

metal–ZnO-based hybrid metamaterials in this report present great potential in coupling of optical,

magnetic, and piezoelectric properties towards future magnetoacoustic wave devices.
Introduction

Recently, magnetoacoustic wave devices have been realized as
an avenue for low-loss data transmission and next generation
on-chip communication.1 In the seminal work, interdigitated
ferromagnetic Ni lm was grown on LiNbO3 substrates and
magnetoacoustic waves were generated through the magne-
toelastic effect over millimeter distances.1 The magnetoelastic
effect is a change of magnetic eld in response to a mechanical
stress, or vice versa. In the Ni–LiNbO3 coupled device, ferro-
magnetic properties in the Ni lm were tuned by strain in the
piezoelectric LiNbO3 driven by surface acoustic waves. The
hybridized piezoelectric-ferromagnetic Ni–LiNbO3 platform1

was used to drive magnetoacoustic waves with high amplitude
over long distances, overcoming the magnetic dampening
effects usually hindering application of ferromagnets by use of
the magnetoelastic effect.1 Magnetoacoustic waves have also
been realized in dipolar-coupled bilayer ferromagnetic thin
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lms grown on LiNbO3 substrates towards application in
acoustic resonators.2 In this case, non-reciprocity was also
measured, demonstrating breaking of the time reversal
symmetry.3,4 Breakage of time reversal symmetry implies the
existence of certain topological states5 existing in these piezo-
electric–ferromagnetic coupled composites and could prove as
effective approaches for realizing topological phononic meta-
materials which could allow for loss-less transmission of elastic
waves in all directions.6

Very recently, the oxide–metal vertically-aligned nano-
composite (VAN) platform has gained attention as an effective
design approach for hybrid plasmonic metamaterials.7–12 More-
over, anisotropic magnetic and electrical conductivity can be
designed into the platform.13,14 In the oxide–metal VANs, two
immiscible phases are self-assembled through co-deposition
resulting in the epitaxial growth of nanopillars of the metallic
phase in the oxide matrix. The benets of the VAN are the highly
anisotropic microstructure and physical properties in the
systems, very uniformly distributed nanopillars, the high-quality
and tailorable epitaxial growth, and the ability to couple
magnetic, optical, and electrical multifunctionalities.14–17

In this letter, piezoelectric ZnO matrix is grown with ferro-
magnetic metals of Ni, Co, and their nanoalloy CoxNi1−x. ZnO is
selected as the matrix because of its strong dielectric and
piezoelectric response.18–20 Co and Ni are selected for the pillar
phase owing to their strong ferromagnetic response and
potential plasmonic properties.21–23 The schematic diagram in
Fig. 1 depicts the designs of the nanocomposite grown in this
Nanoscale Adv., 2023, 5, 247–254 | 247
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Fig. 1 Ferromagnetic metal and ZnO nanocomposite design with
magnetic and optical response.
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View Article Online
report, including both hyperbolic metamaterial responses due
to plasmonic ferromagnetic pillars of Ni and Co embedded into
dielectric matrix and for the potential magnetoacoustic wave
propagation due to piezoelectric–ferromagnetic coupling. The
issues to overcome include the potential oxidation of Ni and Co,
in which the nanoalloy CoxNi1−x is proposed to resolve any
oxidation issues. Nanocomposite thin lms of ZnO–Ni, ZnO–
Co, and ZnO–CoxNi1−x were grown and their morphology was
characterized through X-ray diffraction and transmission elec-
tron microscopy. Optical properties are characterized through
spectroscopic ellipsometry, and magnetic properties were
measured with MPMS SQUID to explore the anisotropic nature
of these ZnO–ferromagnetic metal hybrid metamaterials.
Discussion/results

Ferromagnetic metals of Ni, Co, and their nanoalloy CoxNi1−x

were combined with dielectric/piezoelectric ZnO matrix to form
vertically-aligned nanocomposite thin lms. Films were grown
on c-cut sapphire substrates. The difficulty in growing ferro-
magnetic metal/oxide composites come from the tendency of
Co and Ni to easily oxidize during the oxide growth. First,
vacuum deposition was explored to minimize the metal oxida-
tion during growth. Microstructural characterization of the
ZnO–Ni nanocomposite is depicted in Fig. 2. The out-of-plane
q–2q scan is shown in Fig. 2a, of which peaks from ZnO
(0002) and Ni (111) were measured. From the scan, minor oxide
peaks of NiOx and a weak NiO (111) peak appeared, indicating
minor oxidation of the Ni phase. By comparing the Ni (111) and
NiO (111) peaks, the lm can be considered as a primary ZnO–
Ni VAN system. A scanning transmission electron microscopy
(STEM) micrograph of the cross-section of ZnO–Ni VAN is
shown in Fig. 2b. STEM contrast is derived from the atomic
number, where contrast is ∼Z1.4, ZNi = 28 and ZZn = 30, leading
to little contrast in the STEM image between ZnO and Ni. Energy
dispersive (EDS) elemental mapping was performed in Fig. 2c–
e. The combined map of Zn and Ni is demonstrated in Fig. 2c,
showing more clearly the morphology of the ZnO–Ni VAN as
compared with the STEM image in Fig. 2b, Ni grows as wide
248 | Nanoscale Adv., 2023, 5, 247–254
pillars embedded into the ZnO matrix. Based on the STEM
images, the dimensions of Ni nanopillars are summarized in
Table S1.† According to Table S1,† these wide Ni pillars grow
with an average height of 27.7 ± 2.2 nm and width of 43.6 ±

1.8 nm, while the smaller particle-like growths were measured
to have an average height of 18.1 ± 2.2 nm and width of 18.1 ±

5.7 nm. The individual maps for Ni and Zn are shown in Fig. 2d
and e, respectively, and not much overlap is shown as Ni and
ZnO grow as separate phases without much interdiffusion.

Similarly, ZnO–Co nanocomposite was explored in this work
and the results of the microstructure characterization are
shown in Fig. S1.† For ZnO–Co composite, two different
substrate temperatures of 500 °C and 700 °C were explored. The
XRD 2q for 500 °C and 700 °C are shown in Fig. S1a and b,†
respectively. At high temperature growth of 700° in Fig. S1b,†
the lm grows with ZnO (0002) and CoO (111) out-of plane
orientation and no Co peaks were found, indicating the ZnO–Co
composite actually grows as a ZnO–CoO oxide–oxide nano-
composite. The temperature was lowered to 500 °C in Fig. S1a†
to explore if the high substrate temperature of 700 °C was
leading to oxidation due to diffusion, but in the 500 °C 2q the
same peak for CoO (111) is found and no Co peak were identi-
ed. This serious oxidation of Co phase is attributed to the
lower oxidation activation energy and faster oxidation rate of Co
compared with Ni.24 A cross-section STEM image of the 500 °C
sample is shown in Fig. S1c,† again with little contrast due to
the similar atomic number of ZZn = 30 and ZCo = 27. EDS-
mapping of the ZnO–Co lm grown at 500 °C was performed
and shown in Fig. S1d–f.† The combined map in Fig. S1d†
shows the morphology, with Co rich peaks growing inside ZnO
matrix. Individual maps for Zn and Co are shown in Fig. S1e and
f,† respectively. From the EDS-mapping, there is some inter-
diffusion between the Zn and Co areas, which is consistent with
the literature; i.e., Co diffuses easily into ZnO to form phases of
Co-doped ZnO.25–28 The Co pillars were observed to grow
substantially larger than those in the Ni-doped ZnO, with an
average height and width of 134.0 ± 2.4 nm and 31.5 ± 4.6 nm,
respectively, in the 500 °C sample. The microstructure STEM
cross-section image of the ZnO–Co composite grown at 700 °C is
shown in Fig. S1g† and the EDS mappings are depicted in
Fig. S1h and i.† At higher temperature Co rich pillars grow in
the ZnO matrix with some interdiffusion between the Co and
ZnO, similar to the 500 °C growth. Since CoO is an antiferro-
magnetic material, the oxidation of Co phase in these lms is
a major hurdle for a strong ferromagnetic response in this
system.29

To overcome the oxidation issues faced in a single-phase
ferromagnetic metal co-grown with ZnO, a nanoalloy
approach was adopted. Recently, a AuxAg1−x nanoalloy was
utilized in the ZnO VAN system to overcome particle-in-matrix
morphology, oxidation issues in the ZnO–Ag system, and
improve optical properties.8 Oxide–metal VANs have shown
advantages in solving the oxidation problem because of their
unique morphologies. In the previously reported ZnO–AuxAg1−x

system, the uniform intermixing of Au and Ag phases impedes
the diffusion of oxygen from the ZnO–metal interfaces. There
are also plenty of three-phase oxide–metal VAN systems that
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Microstructural characterization of the ZnO–Ni nanocomposite. (a) 2q scan. (b) Cross-section STEM image. (c) Combined EDS-mapping.
(d) EDS-mapping for Ni. (e) EDS-mapping for Zn element.
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have core–shell-structure nanopillars, which prevents the
oxidation of metals. Based on the above-described results,
a nanoalloy of CoxNi1−x was designed to form ZnO–CoxNi1−x

VAN. It is hypothesized that the alloy formation is preferential
over diffusion into the ZnO matrix or oxidation. Both Ni and Co
are located next to each other on the periodic table (ZNi= 28 and
ZCo = 27) and have a very similar atomic radius, with rCo =

0.135 nm and rNi = 0.135 nm,30 making it easy for solid solution
alloying. Moreover, it is possible for Co to form a metastable
face-centered cubic lattice (FCC) with similar structure to the Ni
FCC lattice, with lattice parameter aCo = 3.54 nm and aNi =
3.52 nm.31 Ni can also form a metastable hexagonal close-pack
phase with similar lattice parameter as stable HCP Co.32 The
results of microstructure characterization of ZnO–CoxNi1−x

nanocomposite are shown in Fig. 3. The XRD q–2q scan are
Fig. 3 Microstructural characterization of the ZnO–CoxNi1−x nanocomp
(d) EDSmapping Ni element. (e) EDS-mapping element. (f) In-plane STEM
EDS-mapping Ni element.

© 2023 The Author(s). Published by the Royal Society of Chemistry
presented in Fig. 3a and peaks from ZnO (0002) and the nano-
alloy are shown. Interestingly, two peaks for the alloy were
measured, one corresponding to CoxNi1−x (100) and another to
CoxNi1−x (111). The (100) peak may correspond to a Co-rich
hexagonal phase and the (111) peak may correspond to a Ni-
rich cubic phase. The cross-section STEM is shown in Fig. 3b.
It has a similar issue as that of both ZnO–Ni and ZnO–Co
composites, i.e., very little contrast due to the similar atomic
number of Zn, Co, and Ni. The EDS-mapping for cross-section is
depicted in Fig. 3c–e, including combined, Co, and Ni and the
EDS mapping of the Zn matrix cross-section is shown in
Fig. S2a.† From the EDS-mapping, it is interesting to note that
the alloy formation is not homogeneous. Ni-rich particles form
near the sapphire substrate and some pillars appear to be Co-
rich. The Ni-rich particles were measured based on the STEM
osite. (a) 2q scan. (b) cross-section STEM. (c) Combined EDS-mapping.
image. (g) Combined EDS-mapping plan-view. (h) EDS-mapping Co. (i)

Nanoscale Adv., 2023, 5, 247–254 | 249
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images shown in Fig. 3, and they are found to have an average
height and width of 9.8± 3.2 nm and 8.8± 3.9 nm, respectively,
while the Co-rich pillars were measured to have an average
height and width of 28.8 ± 9.9 nm and 25.6 ± 13.0 nm,
respectively. The composition uniformity improvement as well
as morphology tuning is promising in the future studies by
changing the deposition parameters such as deposition
temperature, laser energy, etc. A plan-view STEM is shown in
Fig. 3f with plan-view EDS mapping depicted in Fig. 3g–i for
combined, Ni, and Co; the Zn plan-view EDS-mapping is shown
in Fig. S2b.† In the plan-view, Ni-rich particles with Co-rich
areas forming with much larger and irregular shape. The
delineation between the alloy phase and ZnO matrix is evi-
denced in the Zn plan-view EDXmapping in Fig. S2b.† Based on
the EDS mapping data, the overall ratio between Co and Ni is
determined to be around 1.975, which is the alloy composition
of Ni67Co33. The target used for the deposition has a ratio of Ni/
Co = 1 : 1. The difference between the target and lm compo-
sition is possibly due to the laser ablation rate difference
between Ni and Co. From the view of PLD deposition, the tuning
of the Ni : Co ratio is highly possible by further manipulating
the background atmosphere, target composition, as well as
laser energy, laser frequency, etc.

One of the main purposes of this report is to realize ferro-
magnetic properties in a piezoelectric and dielectric matrix.
Fig. 4 Anisotropic magnetic measurement. (a) ZnO–Ni at 10 K, (b) ZnO–
that the diamagnetic responses from the non-magnetic holder and sub
calculated at high field (8000–10 000 Oe).

250 | Nanoscale Adv., 2023, 5, 247–254
Anisotropic magnetic hysteresis loops were obtained for ZnO–
Ni, ZnO–Co, and ZnO–CoxNi1−x nanocomposites by SQUID
MPMS in both the in-plane (IP) and out-of-plane (OP) direc-
tions. It is possible to modify the Hc and Ms values in the thin
lm systems by changing the domain size, interfacial coupling,
etc.,33,34 and it is unique in the VAN systems to signicantly
manipulate the magnetic anisotropy through shape anisotropy
tuning.18,35,36 The ZnO–Ni and ZnO–CoxNi1−x were measured at
10 K and 300 K to investigate ferromagnetic properties at low
and room temperatures and are presented in Fig. 4. Magnetic
anisotropy is measured by applying a magnetic eld parallel
and perpendicular to detect the IP and OP magnetic response.
The resulting hysteresis loops in Fig. 4 demonstrate a strong
ferromagnetic response for both directions at 10 K and 300 K in
ZnO–Ni and ZnO–CoxNi1−x nanocomposites. Some differences
inMs and Hc values from IP and OP directions were observed in
all measurements. The structure-sensitive Hc is closely related
to the dimensions and shape anisotropy of nanopillars as well
as the crystallinity quality, since it represents the largest eld
required to reach saturation.37 The change in Ms compared to
bulk metals, however, shows nite size effects when the surface/
volume ratio of the material is large enough, such as in the thin
lm systems. This is due to the broken symmetry of the
exchange bonds at the surfaces that introduces spin disorder.34

The ZnO–Ni composite measurement are shown in the top row
Ni at 300 K, (c) ZnO–NixCo1−x at 10 K, (d) ZnO–NixCo1−x at 300 K. Note
strate were linearly subtracted from the original data using the slope

© 2023 The Author(s). Published by the Royal Society of Chemistry
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at 10 K in Fig. 4a and 300 K in Fig. 4b. At 10 K, the hysteresis
loop remains somewhat similar in the IP and OP directions with
the magnetic momentMs and the magnetic coercivity Hc having
similar values. A minor exchange bias effect was observed for
the 10 K data, suggesting the minor NiO growth in the lm, as
the coercive eld values IP and OP are slightly shied as
observed in Table S2.† At 300 K, the shape anisotropy is much
more dramatic with the IP direction having a much higher
coercive eld Hc while the exchange bias effect has been greatly
reduced. Interestingly, the ZnO–Ni at room temperature
behaves as a so magnet in the out-of-plane direction and as
a hard magnet in the IP direction. Comparing the Ms values
with bulk values (485 emu cm−3), it is obvious that this lm has
a non-saturated magnetization even under a high magnetic
eld. This is a combined effect of the crystallinity quality and
the spin disorder at the interfaces. From Fig. 4, all M–H loops
present minor differences in Ms values (∼10%) from the IP and
OP directions. Considering the VSM measurement errors such
as instrumental SQUID dri, sample geometry deviation from
the standard sample, and many other additive artifacts, the Ms

differences are negligible. Instead the differences in Hc from IP
and OP directions are obvious. This IP and OP magnetic
anisotropy is a combined effect of shape anisotropy and mag-
netocrystalline anisotropy.38 Since the magnetic easy axis of Ni
is along h111i, consistent with the out-of-plane Ni growth
orientation in the ZnO–Ni system, the anisotropy is evident and
Fig. 5 Measured and model real and imaginary permittivity. Real permitti
ZnO–Ni and (d) ZnO–CoxNi1−x.

© 2023 The Author(s). Published by the Royal Society of Chemistry
strongly correlated to the nanopillar aspect ratio (height/width).
This clearly explains the obvious difference between IP and OP
hysteresis loops at 300 K for the ZnO–Ni thin lm. The shape-
anisotropy seen in the magnetic data at room temperature
could be attributed to the morphology in Fig. 2. Ni pillars have
a greater width than height. Therefore, it could be that a thicker
lm could result in more out-of-plane magnetic anisotropy. It is
interesting to note that when the temperature was decreased to
10 K, the IP and OP anisotropy became weaker compared to the
300 K results. Magnetic measurements were also performed on
the ZnO–CoxNi1−x composite thin lm at 10 K in Fig. 4c and 300
K in Fig. 4d. At 300 K, ZnO–CoxNi1−x demonstrated a compara-
tively stronger anisotropic magnetic behavior. But at 10 K, the
anisotropy in Hc becomes weaker in this oxide–alloy sample,
although the differences in the opening of the hysteresis loop is
larger. It is interesting to note from the data in Table S2† that
the ZnO–CoxNi1−x displays an obvious exchange bias, especially
at the 10 K measurement than at 300 K. An enlarged view of the
hysteresis can be seen in Fig. S3† with accompanying discus-
sion and the magnetic measurement for ZnO–Co can be found
in Fig. S4† with the accompanying discussion. Hc, Ms, and Mr

values for all samples are summarized in Table S2.†
Both Ni and Co have been reported to have a plasmonic

response in the near-infrared regime.22,23,39,40 The plasmon
resonance is a discrete excitation of the electron cloud of
a metal at the interface with a dielectric in response to light
vity for (a) ZnO–Ni and (b) ZnO–CoxNi1−x. Imaginary permittivity for (c)

Nanoscale Adv., 2023, 5, 247–254 | 251
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absorption.41,42 Due to the anisotropic morphology of the
metallic inclusions when grown in the dielectric ZnO, it could
be possible to realize hyperbolic dielectric response, e.g.
behavior as a metal in one-direction and as a dielectric in the
opposite direction. Both Ni and Co have been studied as low-
loss alternatives for noble Au and Ag in plasmonic sensors
and hyperbolic metamaterials.39,43,44 The complex dielectric
function of ZnO–Ni and ZnO–CoxNi1−x composites were
modeled through spectroscopic ellipsometry and are presented
in Fig. 5. The dielectric model is based on psi and delta
measurements in Fig. S5† and is a uniaxial B-spline with
backside correction, and the optical axis is considered as along
z-axis according to the unique uniaxial morphology of VANs. So
3k is the in-plane permittivity and 3t is the permittivity along
out-of-plane direction. As seen in Fig. 5, both ZnO–Ni and ZnO–
CoxNi1−x demonstrate hyperbolic response in Fig. 5a and b,
respectively. In Fig. 5a, ZnO–Ni has an epsilon-near zero (ENZ)
permittivity point at around 2100 nm. The ZnO–CoxNi1−x lm in
Fig. 5b displayed its ENZ point near 1700 nm. Both composites
are considered type I metallic hyperbolic metamaterial at
wavelengths larger than the ENZ points, since in bothmaterials,
3k > 0and 3t < 0. The direction-dependent negative refraction of
incident light enables applications such as selective optical
lter, partial focusing of radiations, etc.45–47 Specically, type I
hyperbolic metamaterials have an isofrequency curve of two
sheets and can support a high density of k-states as well as
a broadly diverging density of photonic states,48 making them
highly desirable in applications that require strong enhance-
ment of spontaneous emission like subwavelength imaging
techniques.49,50 It should also be noted that at lower wave-
lengths both systems demonstrate a characteristic of type II
hyperbolic metamaterials, with 3k < 0 and 3t > 0. For ZnO–Ni,
this type II metamaterial region is at around 460–600 nm and
for ZnO–CoxNi1−x this narrow region is at around 420–450 nm.
Since those areas takes a small portion compared to the type I
metamaterial region, both lms are generally considered as
type I metamaterial. The imaginary permittivity for ZnO–Ni and
ZnO–CoxNi1−x in Fig. 5c and d, respectively, is related to the
absorption in the lm where lower values are more desirable for
application. Absorption in the lms in the work is relatively low,
demonstrating the ferromagnetic/ZnO composite thin lms as
alternative low-loss metamaterials.

The advantage of the nanocomposites grown in this report
are the coupled and tunable ferromagnetic, piezoelectric, and
hyperbolic functionalities. The previous device structure of Ni–
LiNbO3 (ref. 1) is limited in directionality due to the layered
morphology. The nanocomposites in this report, due to the
anisotropic morphology and properties of the ferromagnetic
pillars embedded in the piezoelectric ZnO, are ideal to drive
magnetoacoustic waves through the magnetoelastic effect in
three dimensions by incorporation of a bottom electrode in
a device architecture. Due to the hyperbolic optical response
coupled with the magnetoacoustic wave generation, the ZnO-
based ferromagnetic VAN presents great promises in realizing
devices that can drive both phononic and photonic trans-
missions. Future work could include other ferromagnetic
metals such as Fe and its alloys with Ni and Co, as well as other
252 | Nanoscale Adv., 2023, 5, 247–254
stronger piezoelectric matrices such as LiNbO3. Moreover,
future work will be towards device integration and magneto-
acoustic wave generation using these piezoelectric/
ferromagnetic VAN systems.
Conclusions

In this work, ferromagnetic metal pillars of Ni, Co, and CoxNi1−x

nanoalloy were grown in a ZnO piezoelectric matrix. Oxidation
was detected in both the ZnO–Ni and ZnO–Co system, with
ZnO–Co forming a ZnO–CoO oxide–oxide vertically aligned-
nanocomposite. The ZnO–CoxNi1−x VAN resulted in
a morphology of Ni-rich and Co-rich inclusions embedded into
ZnO. Magnetic measurements demonstrated obvious aniso-
tropic ferromagnetic properties in both ZnO–Ni and ZnO–Cox-
Ni1−x samples. The ZnO–CoxNi1−x also demonstrated an
exchange bias effect at low temperatures. The ZnO–Co sample
grown at 700 °C displayed ferromagnetic properties that may be
the result of Co nanoparticles precipitating in the matrix due to
the high temperature growth. Optical measurements conrm
that ZnO–Ni and ZnO–CoxNi1−x systems have a hyperbolic
dielectric response. The ZnO–ferromagnetic metal hybrid met-
amaterial systems demonstrated with tunable ferromagnetic
and optical response are promising for future magneto-optic
and acoustic applications.
Experimental
Thin lm growth

Thin lms of ZnO–Co, ZnO–Ni, and ZnO–CoxNi1−x were grown
through the pulsed laser deposition method on c-cut sapphire
(0001) substrates. ZnO–Ni and ZnO–CoxNi1−x were grown at
500 °C and ZnO–Co was grown at both 500 °C and 700 °C. A KrF
excimer laser (Lambda Physik Complex Pro 205, l = 248 nm)
was used for all depositions with a laser energy of 420 mJ
focused at an incident angle of 45°. The target–substrate
distance was kept constant at 4.5 cm. All lms were grown in
a vacuum environment which was pumped down to ∼10−6

mtorr from atmospheric pressure aer loading and aer each
deposition, were cooled at a rate of 15 °C min−1. The lms were
ablated from composite targets prepared through a conven-
tional sintering method. The ZnO–Ni and ZnO–CoxNi1−x were
consisting of 30%molar ratio of metal with the alloy mixed 1 : 1
Co : Ni. The ZnO–Co composite target contained 1 : 1 ZnO : Co
composition.
Microstructure characterization

Film morphology was characterized through XRD, TEM, and
STEM coupled with EDS-mapping. XRD scans of q–2q were
conducted using a Panalytical X'Pert X-ray diffractometer wit Cu
Ka radiation. Bright eld TEM, STEM, SAED patterns and EDS-
mapping was performed in a FEI Talos F200X TEM. Samples for
electron microscopy were prepared, for both cross-section and
plan-view, via a standard grinding procedure which entails
manual grinding, polishing, dimpling, and a nal ion milling
step to achieve electron transparency (PIPS 691 precision ion
© 2023 The Author(s). Published by the Royal Society of Chemistry
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polishing system, 5 keV for cross-section and 4–4.5 keV for plan-
view sample).
Optical measurements

Ellipsometry measurements were carried out on an RC2 Spec-
troscopic ellipsometer (J.A. Woollam Company). Four angles
40°, 50°, 60°, and 70° were measured from a spectrum range of
210–2500 nm. Psi and delta data were obtained from ellips-
ometry measurements and then t with a uniaxial model
coupled with a B-spline model which were used to discern
anisotropic permittivity properties of composite lms. An
agreeable mean square error (MSE) < 5 was obtained for all lm
models.
Magnetic measurements

Magnetic property measurements were carried out on the
MPMS SQUID (Quantum design MPMS 3) system at both 10 K
and 300 K using vibrating sample magnetometer (VSM) mode. A
magnetic eld of 10 000 Oe was applied perpendicular and
parallel to the sample surface for measuring OP and IP
responses. All obtained data were processed with a eld rema-
nence correction and a subtraction of the dielectric slope which
was generated by diamagnetic substrate and sample holders.
The sample geometry factors of each sample from both IP and
OP measurement directions were calculated by sample geom-
etry simulator (SGS) from QD Pharos Digital library, as
demonstrated in Table S3.† Then the magnetic moment data
was divided by its corresponding geometry factors before plot-
ting the M–H loops.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work was supported by the U.S. Department of Energy,
Office of Science, Basic Energy Sciences under Award DE-
SC0020077. R. L. P. acknowledges the support from Purdue
Doctoral Fellowship and the Diversity fellowship from Sandia
National Laboratory for the research. This work was supported
by the Laboratory Directed Research and Development program
at Sandia National Laboratories, a multimission laboratory
managed and operated by National Technology and Engi-
neering Solutions of Sandia, LLC, a wholly owned subsidiary of
Honeywell International, Inc., for the U.S. Department of
Energy's National Nuclear Security Administration under
contract DE-NA-003525. The paper describes objective technical
results and analysis. Any subjective views or opinions that
might be expressed in the paper do not necessarily represent the
views of the U.S. Department of Energy or the United States
Government. N. A. B. acknowledges the support from the Pur-
due Andrews Fellowship and the Sandia National Laboratory
Diversity Initiative Fellowship.
© 2023 The Author(s). Published by the Royal Society of Chemistry
References

1 B. Casals, N. Statuto, M. Foerster, A. Hernández-Mı́nguez,
R. Cichelero, P. Manshausen, A. Mandziak, L. Aballe,
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