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The integration of plasmonic and magnetic properties in self-assembled hybrid metamaterials offers new
opportunities for tunable light—matter interactions in nanoscale thin films. We report a systematic study
on laser pulse frequency as a parameter for tuning the microstructure-dependent optical anisotropy and
magnetic response in vertically aligned nanocomposites (VANs) composed of plasmonic titanium nitride
(TiN) and dielectric nickel oxide (NiO). Using pulsed laser deposition (PLD), TIN=NiO VAN thin films were
grown on MgO(001) substrates at various laser frequencies (i.e., 2, 5, and 10 Hz) while keeping all other
growth parameters consistent. Structural and morphological analysis reveal that NiO pillar density
increases with pulse frequency, enabling controlled modulation of the VAN structure. Ellipsometry data
shows that all samples exhibit Type-Il hyperbolic dispersion with increased optical anisotropy for samples
deposited under higher frequencies. Magnetic hysteresis measurements demonstrate ferromagnetic be-
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havior at both 10 K and 300 K, with enhanced coercivity and out-of-plane anisotropy that correlates with
pillar morphology. This tunability allows for enhanced control over the optical and magnetic responses of
hybrid metamaterials, enabling the insurgence of novel technologies for data storage, communication,
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1 Introduction

Metamaterials are artificially engineered nanostructures with
subwavelength features that enables new areas of light-matter
interaction by combining materials with functions different
from their bulk composition." These materials exhibit optical
phenomena arising from the excitation of surface plasmon
polaritons (SPPs) and localized surface plasmons (LSPs),
which harness the collective oscillations of charge carriers
under incident illumination.>™ The relationship between
optical and magnetic phenomena in metamaterials has
inspired interest for engineering light-matter interaction, par-
ticularly for applications in reconfigurable photonics and spin-
tronic devices.”® The interplay of opto-magnetic materials
enables functionalities such as ultrafast all-optical magnetic
switching for high-speed memory, hybrid opto-magnetic
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effects, and light controlled spin injection in spintronic
circuits.’

Beyond the demonstrations of single phase metamaterials,
hybrid metamaterials (HM) made of two or more materials in
an artificial morphological arrangement have drawn great
interest due to their unique optical responses and electromag-
netic functionalities.'® Examples include Ag nanowires
embedded in alumina (Al,O3) matrix prepared through electro-
chemical anodization,'" demonstrating negative refraction at
visible wavelengths, Au split-ring resonators (SRRs) on glass
processed by focused ion beam'” and classic Ag-MgF,-Ag fish-
nets processed by electron-beam lithography.*?

Recently, vertically aligned nanocomposites (VANs) have
emerged as a compelling class of hybrid metamaterials due to
their unique vertically aligned phase morphology, intrinsic an-
isotropy, integrated functionalities, strain coupling, and one-
step self-assembly during deposition."*™"® VANs form through
self-assembly driven by different nucleation behaviors of the
two film phases: one phase adopts a layered growth mode
while the second phase prefers island nucleation, resulting in
vertically aligned nanopillars embedded within a continuous
matrix.'”'® VAN thin films have been documented in a variety
of different systems, including oxide-oxide VANs, nitride-
metal VANs, oxide-metal VANs, and other complex multi-phase
systems. In many oxide-based VANs, such as BaTiO;: CoFe,0,
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Fig. 1 Schematic illustration of vertically aligned TiN-NiO nanocomposite structures deposited at varying laser pulse frequencies (a) 2 Hz, (b) 5 Hz,
and (c) 10 Hz. Insets display cross-sectional views highlighting evolution as frequency increases.

(BTO-CFO) and BiFeOj;: CoFe,O, (BFO-CFO), the pillar
density, aspect ratio, and interfacial coupling have been finely
tuned by modifying growth parameters or target
composition.”*® These studies establish a foundation for
extending VAN design into underexplored nitride-oxide
systems, where plasmonic, magnetic, and anisotropic optical
multifunctionalities could be integrated within a complete
ceramic-based VAN system."”**>®

Given their structural anisotropy, VANs are promising candi-
dates for hyperbolic metamaterials (HMMs), which exhibit an-
isotropic dielectric responses.”*® By engineering dielectric an-
isotropy, VANs exhibit tunable HMM behavior across a broad
spectral range.>>*?” Traditional metal-dielectric HMM VANS,
such as Au-BTO or Au-La, 6,51, 33sMnO; (LSMO), are well estab-
lished for their strong optical tunability.>>>® These systems
have laid important groundwork for understanding light-
matter interactions in anisotropic VANs. Building on this,
recent efforts have shifted toward nitride-based hetero-
structures that retain metal-like optical responses while
offering enhanced thermal stability, and additional magneto-
optical functionality under harsh conditions.'®>%3°

In this work, we demonstrate the growth of epitaxial TiN-
NiO as a nitride-oxide-based VAN thin film with tunable HMM
behaviors. The films were deposited on MgO substrates using
pulsed laser deposition (PLD) and compared with a TiN refer-
ence film. TiN is selected as the matrix phase considering its
plasmonic properties and superior chemical and thermal
stability compared to noble metals such as Ag and Au.**?*!
TiN-based plasmonic structures exhibit lower optical losses at
elevated temperature and enhanced resilience in harsh
environments, positioning TiN as a robust alternative for prac-
tical photonic and optoelectronic devices.*” Nickel oxide (NiO),
although antiferromagnetic at bulk, has displayed weak nano-
scale ferromagnetism due to surface spin effects, lattice distor-
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tions, and interfacial coupling.
strated that NiO in the 6-80 nm size range displays anomalous
magnetic behavior, including large net moments and coerciv-
ities and even hysteresis loop shifts of up to 10 kOe, which are
attributed to finite size induced spin configurations.*®
Previous studies have shown that when embedded as nano-
pillars in a TiN matrix, the resulting heterostructure exhibits
broadband hyperbolic dispersion and emergent magneto-
optical coupling.®®*”

However, unlike prior frequency dependent studies,
the tunability of a plasmonic-magnetic ceramic (oxide) -
ceramic (nitride) VAN remains unexplored. In this study, we
investigate the effect of laser pulse frequency during PLD on
the tunability of dielectric anisotropy and magnetic response
in TiN-NiO VAN thin films. By controlling growth kinetics
through laser pulse frequency, it is expected that the pillar
density and dimensions will be systematically modified as
illustrated in the schematic in Fig. 1. The microstructure was
characterized by X-ray diffraction (XRD) and transmission elec-
tron microscopy (TEM) analysis. Spectroscopic ellipsometry
and magnetic hysteresis measurements were conducted to
evaluate the corresponding changes in hyperbolic optical
response and magnetic behavior. This study provides insight
into oxide-nitride VANs and opens new routes toward depo-
sition-driven tunability in complex all-ceramic hybrid meta-
material systems.

28,38,39

2 Results and discussion

Three TiN-NiO nanocomposite thin films were deposited on
single-crystal MgO(001) substrates using PLD, considering the
close lattice parameter matching of MgO (a = 4.21 A), TiN (a =
4.24 A), and NiO (a = 4.17 A) to facilitate epitaxial growth and

This journal is © The Royal Society of Chemistry 2026
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Fig. 2
(b) d-spacing of NiO XRD peaks as laser deposition frequency increases.

coherent interfaces. The phase composition of the thin films
was characterized using 6-26 X-ray diffraction (XRD) scans.
Fig. 2a shows the 6-26 scans of the films as deposition fre-
quency increases, along with a pure TiN thin film as compari-
son. All TiN-NiO samples display similar TiN(200) and NiO
(200) peaks appearing as shoulder peaks adjacent to the domi-
nant MgO(200) substrate peak. Selected area electron diffrac-
tion (SAED) pattern in Fig. S2 confirms the epitaxial growth of
the TiN matrix and NiO nanopillars on the MgO(001) substrate
and their epitaxial relationship as cube-on-cube growth of all
three phases.

It is noted that the NiO(200) peak systematically shifts to
lower 26 values as pulse frequency increases. This indicates an
increase in the out-of-plane d-spacing in the vertical direction,
as shown in Fig. 2b. This trend suggests that higher laser fre-
quencies lead to greater tensile strain in the NiO pillars, which
are likely due to a higher deposition rate at increased laser fre-
quencies. Under these conditions, adatom mobility is reduced,
limiting strain relaxation time and promoting vertical tensile
strain of the NiO pillars. In contrast, TiN(200) peak remains
nearly unchanged, suggesting the TiN matrix presents less
strain due to the NiO pillars. Interestingly, a weak NiO(111)
peak was observed exclusively in the 5 Hz sample, suggesting
the presence of crystals with the (111) orientation. The
absence of this peak in the 2 Hz and 10 Hz samples may be
due to a preferred NiO(200) growth. These observations
support a strain driven process of nanostructure formation,
where interfacial lattice mismatch and surface energy mini-
mization lead the self-assembly and morphological evolution
of the VAN structure.>**°

To further understand the orientation and morphology of
the NiO and TiN phases and their epitaxial relationship, the
VAN structures were investigated using scanning electron

This journal is © The Royal Society of Chemistry 2026

(a) 0-20 XRD patterns of TiN-NiO thin films grown on MgO(200) substrate under 650 °C with variable laser frequency during deposition and

transmission microscopy (STEM) and energy-dispersive X-ray
spectroscopy (EDS) mapping. Phase separation was evaluated
with cross-sectional EDS and STEM under the high-angle
annular dark-field (HAADF) mode for all three samples as
shown in Fig. 3. The results demonstrate that vertical align-
ment and epitaxial growth with the MgO(001) substrate is
maintained across all frequencies. We observe a morphological
trend, meaning that the NiO pillars become thinner and more
densely packed as laser pulse frequency increases. Table S1
summarizes the film thickness and estimated pillar areal
density as a function of laser frequency, as quantified from the
cross-section and plan-view STEM and EDS images in Fig. 3
and 4, respectively. The pillar areal density was approximated
using combined cross-sectional and plan-view STEM analysis,
assuming an effective TEM lamella thickness of ~20 nm. This
trend in pillar density tuning is consistent with known kinetic
effects in PLD where increasing laser frequency could shorten
the pulse interval, which in return increases the growth rate
and reduces the surface diffusion time available for adatom
diffusion and nucleation. As demonstrated in other VAN
systems (e.g., ZnO-Au and LSMO-ZnO), this promotes high
nucleation density and inhibits lateral growth, yielding finer
pillar spacing.*"** This is further supported by XRD data
showing a shift of the NiO(200) peak to lower 26 values, indi-
cating increased out-of-plane d-spacing and tensile strain in
the NiO phase due to vertical strain coupling. The resulting
shift in growth dynamics favors higher nucleation density over
lateral growth, which yields more finely spaced nanopillars.

To confirm the self-assembled pillar formation and phase
separation between the two materials, plan-view images for the
representative TIN-NiO sample deposited at 5 Hz are shown in
Fig. 4. HAADF-STEM images (Fig. 4a—c) were acquired at mul-
tiple magnifications, revealing a dense and uniform distri-
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Fig. 3 Cross-sectional STEM images of corresponding vertically aligned nanostructures (VAN) grown at (a) 2 Hz, (b) 5 Hz, and (c) 10 Hz laser fre-
quency, and (d—f) EDS elemental mapping of Mg, Ti, and Ni.

Fig. 4 Plan-view HRTEM images of TiN-NiO thin films deposited at laser frequency of 5 Hz on MgO(200) substrate (a) low magnification (b)
medium magnification (c) high magnification resolution (d) EDS mapping of TiN matrix (green) and NiO pillars (red).

Nanoscale This journal is © The Royal Society of Chemistry 2026
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bution of NiO nanopillars embedded within the TiN matrix.
The NiO pillars exhibit circular to slightly faceted mor-
phologies with an average diameter of 2.83 + 0.6 nm. A histo-
gram of pillar diameter distribution was quantified and can be
found in Fig. S4. This size places well within the regime where
circular morphology dominates due to surface area minimiz-
ation, consistent with reports that pillars with diameters below
the critical dimension (d = 4r) adopt round shapes due to the
balance between surface and elastic energies.”>** The high
density of small pillars contributes to a relatively high interface
area between TiN and NiO phases, which directly influence the
vertical strain in the system. As reported in previous literature,
vertical strain () is inversely proportional to pillar size (¢ & 1/
d) under fixed volume fraction conditions.>® The average
volume fraction of NiO was estimated to be 23%, confirming
the sample lies within a region where increasing the interfacial
area can induce out-of-plane strain within matrix and pillar
phases. The strong Z contrast between the phases enables a
clear distinction between the matrix and the pillars. The TiN
matrix appears bright due to the higher average atomic
number, while the NiO pillars exhibit darker contrast. A yellow
circle embedded in the figures highlights one representative
NiO pillar. Elemental mapping in Fig. 4d and line profiles in
Fig. S5 further confirm phase separation, where Ni-rich
regions align with the pillar geometry, and Ti signals dominate
in the surrounding matrix. Minimal overlap is observed
between Ti and Ni signals, indicating sharp phase separation
and minimal cation intermixing in the pillar-matrix interfaces.
To confirm the composition of the NiO pillars, plan-view high
resolution STEM analysis was conducted and one such image
is shown in Fig. S6. This revealed well-ordered and continuous
lattice-fringes extending across the pillar-matrix interface,
suggesting nearly perfect coherent growth between the NiO
pillars and TiN matrix. Lattice-fringe measurements within six
different pillar regions reveal values dpijarnio@oo) = 0.2116 +
0.0029 nm consistent with bulk rock-salt NiO (a = 4.17 A and
dpuik Nio(200) = 0.2085 nm) (JCPDS No. 47-1049) and exhibiting
only minimal in-plane lattice distortion. The measured values
are much larger than those expected for metallic Ni (di(200) =
0.176 nm) and do not match known Ni-Ti lattice parameters,
therefore supporting the formation of the NiO pillar phase
rather than pure metallic Ni or alloyed phases.**** Relative to
bulk NiO, the measured lattice spacing correspond to strain of
+1.49% along the (200) plane. The slight deviations from bulk
NiO lattice parameters could be associated with local oxygen
vacancies or strain effects from the surrounding TiN matrix.
Based on the d-spacing analysis results of the high-resolution
STEM images of the nanopillars and the matrix along with the
optical response discussed below, it is more appropriate to
identify the nanopillars as oxygen-deficient rock-salt NiO, than
that of FCC metallic Ni. These results demonstrate that
PLD enables the self-assembly of highly ordered NiO pillars in
TiN matrix with distinct phase separation. Variations in laser
frequency effectively tune the pillar morphology and density
via adatom mobility and growth kinetics. The observed mor-
phological evolution can be directly linked to the changes

This journal is © The Royal Society of Chemistry 2026
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in vertical strain in the NiO pillars, as confirmed by XRD peak
shifts.

Since nanopillar morphology and interface density are
expected to influence the dielectric response of the nano-
structure by tuning plasmonic interactions within the TiN-NiO
system, the anisotropic optical response of the thin films was
measured on all three films via variable-angle spectroscopy
ellipsometry using a J.A. Woollam RC2 system. Pure TiN is
expected to behave as a metal, while NiO is expected to demon-
strate dielectric behavior. TEM analysis revealed structural
symmetry along the x and y directions, so the data was fitted
with a biaxial model along with a general oscillator to capture
in-plane and out of plane optical properties.

As mentioned previously, HMMs are materials whose
dielectric permittivity components have opposite signs, which
results in open isofrequency surfaces in momentum space,
characteristics of high-k mode propagation. There are two
principal types of hyperbolic dispersion commonly discussed:
Type-I HMMs exhibit positive in-plane (IP ¢)) and negative out-
of-plane (OP ¢,) permittivity, while Type-Il HMMs display the
converse configuration.”*>*® Upon ellipsometry data analysis
and fitting, all samples exhibit Type-II hyperbolic dispersions
in the measured wavelength range The epsilon-near-zero (ENZ)
points mark the wavelength where the real part of the permit-
tivity crosses zero, which signifies a transition in optical
responses. As shown in Fig. 5, the TiIN-NiO VAN display clear
differences in optical dispersion as a function of laser pulse
frequency. The 2 Hz sample exhibits a broad Type-II hyperbolic
region over much of the measured wavelength range, from
1050 nm to 2500 nm. While the 5 Hz sample displays a slight
decrease in the Type-II hyperbolic region ranging from 1050 to
2250 nm, the 10 Hz sample displays the highest degree of
optical anisotropy, with the Type-II region ranging from 500 to
2500 nm. In this system, the distinct ENZ points along the IP
and OP directions are additional evidence of hyperbolic behav-
ior, and the ability to tune with deposition frequency high-
lights the strong role of interface density as they relate to
light-matter interactions. Although Type-II hyperbolic dis-
persion is more often reported in  multilayer
metamaterials,””*’ its emergence in VAN structures may result
from the vertically aligned dielectric NiO pillars (OP) and the
metallic TiN as the matrix structure (IP) and sharp dielectric
contrast between the two phases, mimicking the anisotropic
effective media conditions needed for Type-II behavior.

The IP optical behavior was further investigated, and the
real and imaginary components of the dielectric function were
analyzed in Fig. S7 and extracted from ellipsometry fits using a
biaxial general oscillator model. The real part (&) represents
how a material polarizes in response to an electric field. All
films exhibit metallic behavior due to TiN (¢; < 0) across the
measured spectral range, which is consistent with the metallic
in plane behavior caused by the continuous TiN matrix, but
the behavior varies with laser deposition frequency. The ima-
ginary permittivity (e,) represents the degree of optical absorp-
tion and plasmonic damping. As observed, all nanocomposites
show reduced absorption when compared to pure TiN, which
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Fig. 5 In-plane (¢)) and out-of-plane (e,) permittivity for TIN-NiO VANs with a laser deposition frequency of (a) 2 Hz, (b) 5 Hz, and (c) 10 Hz. ENZ

crossing points are marked in blue.

shows the highest ¢, and likewise meaning that it has the
highest optical loss. This indicates that the coupling TiN and
NiO reduces energy dissipation and potentially improves plas-
monic quality. Among all the deposited VAN films, the 5 Hz
sample exhibits strongest absorption, while the 2 and 10 Hz
sample remain comparable. These results are further evidence
that laser pulse frequency acts as a processing parameter that
tunes the VAN nanostructure, which in turn controls the
effective dielectric anisotropy and optical loss.

To further study the magnetic behavior and tunability with
varying laser frequency of TiN-NiO thin films, magnetizations

(M) vs. magnetic field (H) measurements were conducted with
applied external magnetic field in plane (IP) and out of plane
(OP) to the films at both room temperature (300 K) and low
temperature (10 K). As shown in Fig. 6(a-d), all TiN-NiO films
exhibit weak ferromagnetic-like hysteresis loops (M-H) at 10 K
and 300 K, indicating stable spin configurations across a wide
thermal range, while the pure TiN film shows no obvious
response as shown in Fig. S9. The top panels (a, b) represent
the IP measurements at 10 K (a) and 300 K (b), while panels (c,
d) present the OP measurements. Schematic illustrations of
the direction of the measurement, indicating IP or OP, are
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Fig. 6 Magnetic response of TiN-NiO thin films grown on MgO(200) substrate under 650 °C with different laser frequencies. (a) In-plane measured
at 10 K, (b) in-plane measured at 300 K, (c) out-of-plane measured at 10 K. (d) Out-of-plane measured at 300 K (correction factors applied).
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included and insets represent a selected enlarged area to
better identify the coercivity.

In the IP direction, all samples maintain a comparable coer-
cive field (H,) in the range of —0.225 kOe and 0.225 kOe at low
temperature with only the saturation moment (M) varying
slightly. At 300 K, the films show an even weaker coercive field
with slight variation in both H. and M,. However, in the OP
direction, the samples exhibit a clearer magnetic hysteresis
with moderate coercivity. The 5 and 10 Hz samples remain
comparable, while the 2 Hz sample retains a higher and stable
saturation moment with low coercivity at both low and high
temperatures, indicating a robust but soft magnetic anisotropy
that is absent in the 5 and 10 Hz films. Notably, the 2 Hz
sample displays the highest saturation moment in the out of
plane configuration although it has the weakest coercivity,
which may result from larger NiO pillars facilitating more
uncompensated spins due to the increased surface area and
strain effects. The hysteresis loop shape of the 2 Hz sample
remains nearly identical between low and high temperatures,
which suggests thermally stable ordering. In contrast, the
samples deposited at higher frequencies exhibit stronger OP
coercivity and remanence compared to IP.

Temperature-dependent magnetization measurements were
conducted on the 5 and 10 Hz samples, and they reveal a clear
blocking transition which confirms that the films possess
sufficient magnetic anisotropy to stabilize pin alignment
against thermal fluctuations. The separation between field-
cooled (FC) and zero-field-cooled (ZFC) curves highlights the
influence of interfacial exchange in promoting anisotropic
spin ordering. The results in Fig. S10 support the hysteresis
data by confirming that the ferromagnetic response is gov-
erned by magnetic anisotropy.

By observing the evolution of the pillar morphology, we
were able to gain insight into the preferred growth conditions
for defined, high-quality phase separation of the two phases
and the geometric variation of the pillars in a single film. The
study demonstrates how the changes in interpillar distance
and size act on tuning the dielectric function of the film and
ultimately the hyperbolic range of the material, as well as the
ferromagnetic-like behavior in the NiO pillars. This behavior is
in good agreement with previous reports of enhanced coerciv-
ity and non-zero magnetic moment in nanoscale NiO, where
finite-size and surface effects can generate ferromagnetic-like
behavior.>>*® As stated previously, bulk NiO is antiferro-
magnetic with fully compensated Ni** spins aligned in oppo-
site sublattices. At the nanoscale, particularly below ~20 nm,
uncompensated surface spins and broken sublattice symmetry
give rise to a weak ferromagnetic component. As reported, par-
ticles below 10 nm exhibit increased coercivity and saturation
magnetization due to enhanced surface spin disorder and sub-
lattice reconstruction due to finite size.*® The NiO pillars pre-
sented are confined to lateral dimensions below 10 nm and
exhibit similar non-zero net moment, likely due to uncompen-
sated spins at the pillar/matrix interfaces. The interface
between NiO and metallic TiN may also act as an effective
ferromagnetic/antiferromagnetic (FM/AFM) boundary, which
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gives rise to exchange bias phenomena observed in similar
core-shell Ni/NiO systems.”®> The M-H hysteresis loops
measured show that the anisotropic field, coercivity (H.) and
remanent magnetization (M,) can be systemically tuned
through growth kinetics.

Overall, this self-assembled nitride-oxide VAN system has
proven its great potential in achieving tunable optical and
magnetic properties, broadening the family of VANs and pro-
viding coupled properties. TiN has been previously integrated
with other phases as various VAN structures, such as TiN-Au,
TiN-Fe, TiN-Au-CoFe, where TiN forms the continuous plas-
monic matrix hosting vertically aligned nanopillars.'®3'>°-2
However, the integration of plasmonic nitride with other oxide
phases within a single VAN remains underexplored, offering
new opportunities to investigate coupled optical and magnetic
properties. An earlier study has demonstrated the formation of
NiO nanorods in a TiN matrix forming TiN-NiO VAN thin
films.*® The work demonstrated hyperbolic dispersion and
magneto-optical coupling in TiN-NiO systems through room-
temperature polar and longitudinal MOKE measurements.
However, the extent of the tunability demonstrated was
limited. This could be due to the relatively thin (~18 nm) films
grown and limited vertical interfaces. The thicker nitride-
oxide VAN films investigated in this work fill that gap by
showing the power of vertical interfaces in tuning of the
overall film morphology as well as their optical and magnetic
properties. The laser deposition frequency effectively tunes
adatom flux, surface diffusion, epitaxy, and interface qualities.
These parameters govern the vertical alignment, pillar density,
strain state, and thus the physical properties of the VAN
system. Future work could extend this strategy to other oxide-
nitride systems to develop multifunctional, thermally stable
photonic platforms, while expanding optical characterization
beyond the current range could help better define the tuning
limits of VAN-based photonic platforms. Additional studies
could include further exploration of other lattice-matched or
lattice mismatched oxides in a nitride matrix, expanding the
films to integrate with other substrates such as SrTiO; and Si,
or other buffers for free-standing thin films.>*™>°

3 Conclusion

To summarize, we demonstrate that laser deposition frequency
serves as an effective parameter for tuning the structural,
optical, and magnetic properties of TiN-NiO VANs. XRD and
STEM analysis confirm the formation of highly ordered pillar-
in-matrix nanostructures, with pillar diameter and density
strongly dependent on deposition frequency. Higher frequen-
cies result in finer, more densely packed NiO pillars. In
addition, ellipsometry measurements reveal that all samples
exhibit a strong and tunable Type-II HMM behavior i.e., posi-
tive permittivity perpendicular and negative permittivity in-
plane. This confirms that dielectric permittivity can be engin-
eered through growth kinetics, potentially enabling hyperbolic
behavior with low optical loss over a wide spectral range.
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Magnetic characterization further shows that the VAN nano-
structures induce ferromagnetic-like behavior in NiO at both
10 K and 300 K, despite bulk NiO being antiferromagnetic.
The correlation between these properties suggests strain-
induced coupling and enhanced plasmon field localization at
the interface between pillar and matrix, contributing to the
emergent optical and magnetic behavior. These results estab-
lish a clear correlation between morphological control and
tunable opto-magnetic functionalities through changing
growth parameters. The ability to tune both hyperbolic optical
properties and nanoscale magnetism through a single depo-
sition parameter opens opportunities in novel metamaterial
designs for magnetic sensors, optical modulators, and spintro-
nic devices.

4 Experimental section
Thin film growth

The TiN-NiO thin films were grown on single-crystal MgO(001)
substrates using Neocera pulsed laser deposition (PLD)
chamber with a KrF excimer laser (Lambda Physik Compex Pro
205 A = 248 nm). The TiN-NiO targets consists of a pie shaped
NiO pasted on a TiN target, with a NiO volume ratio of 30%.
The NiO pie shaped target was prepared by a conventional sin-
tering and annealing process. The substrates were heated and
maintained at 650 °C during deposition under high vacuum
conditions (2.0 x 107® mbar). High vacuum conditions were
kept during deposition and cooling process to suppress
unwanted interdiffusion and chemical interaction. Laser fre-
quency was controlled at 2, 5, and 10 Hz while keeping all
other parameters constant. A pure TiN thin film was deposited
under identical conditions and was used as a baseline
reference.

Structural, optical, and magnetic characterization

X-ray diffraction (XRD) patterns were collected in 6-26 geome-
try using a PANalytical X’'Pert diffractometer with a Cu Ka,
radiation source (4 = 0.15406 nm). Transmission electron
microscopy (TEM) and scanning transmission electron
microscopy (STEM) in high-angle annular dark-field (HAADF)
mode were performed on a Thermo Fisher Scientific Talos
F200X microscope with 1.6 A point-to-point resolution. Cross-
sectional and plan-view TEM specimens were prepared via
standard methods involving mechanical grinding, polishing,
and dimpling, followed by final ion milling using a Gatan PIPS
695 system. Spectroscopic ellipsometry was performed using a
J.A. Woollam RC2 system at variable incidence angles (55°,
65°, and 75°) over the spectral range of 210-2500 nm. The real
(e1) and imaginary (&,) components of the dielectric function
were extracted by fitting the ellipsometry parameters ¥ and A
using the Gen-Oscillator model in CompleteEASE software.
Magnetic hysteresis measurements were completed with an
MPMS Model 3 (Quantum Design) with EverCool SQUID mag-
netometer in the user facility of the Birck Nanotechnology
Center at Purdue University see birck.research.purdue.edu.
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The magnetic moment versus applied field measurement was
completed at both 300 K and 10 K up to a field of +20 kOe in
both the in-plane and out-of-plane direction.
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