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ABSTRACT: Multifunctional vertically aligned nanocomposite (VAN) thin films exhibit considerable potential in diverse fields.
Here, a BaTiO3−FeCoNi alloy (BTO-FCN) system featuring an ultrathin ternary FCN alloy nanopillar array embedded in the BTO
matrix has been developed with tailorable nanopillar size and interpillar distance. The magnetic alloy nanopillars combined with a
ferroelectric oxide matrix present intriguing multifunctionality and coupling properties. The room-temperature magnetic response
proves the soft magnet nature of the BTO-FCN films with magnetic anisotropy has been demonstrated. Furthermore, the
anisotropic nature of the dielectric-metal alloy VAN renders it an ideal candidate for hyperbolic metamaterial (HMM), and the
epsilon-near-zero (ENZ) wavelength, where the real part of permittivity (ε’) turns to negative, can be tailored from ∼700 nm to
∼1050 nm. Lastly, room-temperature multiferroicity has been demonstrated via interfacial coupling between the magnetic
nanopillars and ferroelectric matrix.
KEYWORDS: vertically aligned nanocomposite thin film, soft magnet, hyperbolic metamaterial, multiferroicity

Vertically aligned nanocomposite (VAN) thin films have
garnered substantial attention owing to their multi-

functionality and strong vertical interfacial coupling, which
enable them to exhibit physical properties that are distinct
from those found in single-phase materials.1−4 An illustrative
example is the realization of diverse multiferroic thin films
through the VAN system design (e.g., combining ferroelectric
BaTiO3 with magnetic CoFe2O4 or SrRuO3),

5,6 a property
rarely achievable in single-phase materials.7 Furthermore, in
recent years, the selection of materials for VAN thin films has
expanded beyond oxides to encompass metals and nitrides,
which significantly enhances the design flexibility of VANs,
enabling the attainment of extraordinary physical properties
that were previously unachievable within oxide−oxide
systems.8−11 To further illustrate, hyperbolic metamaterials
have been successfully engineered in several nonoxide−oxide
VAN systems, including Au−La0.67Sr0.33MnO3,

12 NiO-TiN,9

Cu-ZnO,13 and others. Notably, the performance of these
metamaterials can be further fine-tuned through the
implementation of three-dimensional VAN designs, which

involves the incorporation of VAN and multilayer structures
and provides additional avenues for tailoring the properties and
functionalities of these metamaterials to meet specific
application requirements.14,15 What is even more intriguing
is that conventional two-phase VANs have evolved into
multiphase systems by integrating multiple metals with oxides
or nitrides, which not only opens up new avenues for designing
multifunctional VANs but also serves as a valuable platform for
investigating the interfacial coupling between different
categories of materials.16−18

On another front, magnetic nanopillar arrays (MNA) hold
significant promise in various applications, including magnetic
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data storage devices,19 magnetic field and acoustic sensors,20

and high-frequency microwave electronics,21 and others. The
predominant method employed for synthesizing MNA involves
porous alumina template electrodeposition, and the dimen-
sions of the nanopillars are closely linked to the diameter of the
pores, which typically exceed 10 nm in size.22 Remarkably, it
has been observed that ultrathin (less than 5 nm) MNA can be
synthesized through the design of magnetic metal-oxide VANs,
which holds great promise, particularly in the area of high-
density magnetic data storage applications.23 While several
MNAs composed of commonly used magnetic metals, such as
Fe, Co, and Ni, have been realized within the framework of
metal-oxide VANs,10,16,24,25 it is worth noting that a ternary
FeCoNi (FCN) alloy-based MNA embedded within a VAN
structure has yet to be developed. Ternary FCN alloy MNAs
have garnered significant attention due to their exceptional
magnetically soft properties, rendering them ideal candidates
for use in electromechanical devices and other applications.26

In this work, we have successfully fabricated a VAN structure
comprising a ternary F1/3C1/3N1/3 MNA embedded within a
BaTiO3 (BTO) matrix, denoted as BTO-FCN, utilizing the
pulsed laser deposition (PLD) technique. To precisely tailor
the size of the FCN nanopillars and thereby modulate the
magnetic anisotropy (especially shape anisotropy) of the
MNA, we exercised control over the laser frequency during
deposition. Furthermore, the selection of the ferroelectric BTO
matrix provides the possibility to obtain a multiferroic
nanocomposite thin film, which contains both the ferromag-
netic FCN and ferroelectric BTO phases. To this end, a BTO/
BTO-FCN bilayer structure has been developed, which has
enabled the realization of multiferroicity. This advancement
not only underscores the significance of the BTO-FCN system
but also serves as a platform for achieving multiferroicity

within metal-oxide VANs, opening up new avenues for
multifunctional materials.
First, standard θ-2θ X-ray diffraction (XRD) patterns of the

BTO-FCN deposited at varied frequencies have been
measured and plotted in Figure S1, BTO (00l) peaks were
identified, while no obvious FCN peaks existed, which might
be due to the ultrasmall size of the nanopillars. It is worth
noting that minor additional peaks of BTO (111) and BTO
(220) were identified in some of the films, which could be
attributed to the relatively large lattice mismatch of 12%
between BTO (4.031 Å) and FCN (3.573 Å). The main
portion of the BTO phase grows along the (00l) orientation,
and the nanocomposite films follow the typical VAN structure
growth, evidenced by the high-resolution STEM images
provided in Figure S2. The minor misoriented domains
might not affect the main physical properties of the films.
Subsequently, the surface morphology of the films was
characterized by atomic force microscopy (AFM), as shown
in Figure S3a−3e with the 1 Hz, 2 Hz, 5 Hz, 10 Hz, and 20 Hz
deposited films. All the films exhibit a smooth surface with a
root-mean-square (RMS) surface roughness of less than 0.560
nm, indicative of high film quality. Interestingly, the RMS
values demonstrate a diminishing trend with increasing
deposition frequency (shown in Figure S3f), which is likely
attributed to the increased deposition rate associated with
higher frequencies. Then, scanning transmission electron
microscopy (STEM) imaging, encompassing both cross-
sectional and plan views, was employed to elucidate the
three-dimensional structure of the BTO-FCN films. In Figure
1a1, a low-magnification cross-sectional STEM image of the 5
Hz sample is depicted, accompanied by corresponding energy-
dispersive X-ray spectroscopy (EDS) images displayed in
Figure 1a2−a6. The thickness of the film is estimated to be

Figure 1. Detailed microstructure characterization of the BTO-FCN film deposited at 5 Hz. (a1) Low-mag cross-sectional STEM image with
corresponding (a2) EDS mapping of (a3) Co, (a4) Ni, (a5) Fe, and (a6) Ti elements; (b1) high-resolution cross-sectional HAADF STEM image
with corresponding (b2) masked inverse FFT image; (c1) low-mag plan-view STEM image with corresponding (c2) EDS mappings of (c3) Co,
(c4) Ni, (c5) Fe, and (c6) Ti elements; (d) distribution of the nanopillar diameter based on the plan-view image.
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∼20 nm. The presence of Fe, Co, and Ni elements within the
nanopillars suggests the formation of an FCN alloy nanoarray
embedded within the BTO matrix. Further characterization
utilizing high-angle annular dark field (HAADF) STEM
imaging, as illustrated in Figure 1b1, unveils the high
crystallinity or nearly epitaxial growth of the film at the atomic
scale, which could be further demonstrated in the STEM
images (Figure S2) showing multiple regions with the epitaxial
growth of the film. Notably, distinct lattice arrangements are
observed for both the BTO and the ternary FCN alloy phases.
Very limited defects (e.g., dislocations) are observed at the
interface area, as evidenced by the masked inverse fast Fourier
transform (FFT) image in Figure 1b2, further indicating the
high quality of the nanocomposite film. The low-magnification
plan-view image in Figure 1c1, along with corresponding EDS
mappings in Figure 1c2−c6, offer a horizontal perspective,
therefore, an overall alloy nanoarray-in-matrix structure could
be determined. Based on the plan-view image, the distribution
of nanopillar diameters was plotted in Figure 1d, yielding an
estimated average diameter (Dave) of 3.2 nm.
To facilitate a comparative analysis of the BTO-FCN

structures fabricated at different laser frequencies, plan-view
STEM images (Figure 2a,d,g) alongside the corresponding
EDS mappings (Figure 2b,e,h) were obtained for the 1 Hz, 10
Hz, and 20 Hz deposited films. A consistent FCN alloy
nanoarray-in-matrix structure is identified with varying nano-
pillar size, and the Dave of the nanopillars is estimated to be 4.4
nm, 2.8 nm, and 2.4 nm, respectively, as estimated from the
distribution plots in Figure 2c,f,i. Similar characterizations of

the 2 Hz sample are provided in Figure S4, with a calculated
Dave value of 3.5 nm. Consequently, a discernible trend of
decreasing Dave of FCN nanopillars with increasing laser
frequency was determined (as shown in Figure S5), aligning
with previous findings on the BaZrO3−Co system.23 Of
particular interest, the 20 Hz deposited film presented the
smallest nanopillars of Dave = 2.4 nm and the highest nanopillar
density of 2 × 1013/inch2. Such ultrasmall MNA structures
hold promise as ideal candidates for a perpendicular magnetic
recording (PMR) device, where each FCN nanopillar
corresponds to one bit. Thus, the high nanopillar density in
the 20 Hz deposited film translates to a substantial storage
capacity of 2.3 Tb/inch2. Overall, the BTO-FCN system yields
a well-defined MNA-in-matrix configuration with nanopillar
size and density easily tunable through deposition frequency
modulation.
The development of the ternary FCN alloy MNA via the

one-step self-assembled approach offers great advantages,
particularly in achieving ultrathin structure and tunable size.
The magnetic properties of the FCN alloy MNAs with varying
nanopillar size have been characterized and compared, as
shown in Figure 3a−e with the room-temperature (RT)
magnetic hysteresis (MH) loops (applied field perpendicular
(OP) or parallel (IP) to the film surface) for the films
deposited at 1 Hz, 2 Hz, 5 Hz, 10 Hz, and 20 Hz, respectively.
The coercivity (HC) of all the samples is compared in Figure
3f; the 1 Hz film exhibits the highest HC‑OP and HC‑IP of ∼800
Oe and ∼110 Oe, respectively. Interestingly, all the other
samples display soft magnetic behavior with low HC‑OP and

Figure 2. Structure comparison of the BTO-FCN films deposited at different laser frequencies. Low-mag STEM, EDS mapping, and FeCoNi alloy
nanopillar diameter distribution of the (a−c) 1 Hz, (d−f) 10 Hz, and (g−(i) 20 Hz deposited films.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.4c02036
Nano Lett. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02036/suppl_file/nl4c02036_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02036/suppl_file/nl4c02036_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02036/suppl_file/nl4c02036_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02036?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02036?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02036?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02036?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c02036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


HC‑IP values (less than 20 Oe), which is lower than the FCN
MNAs fabricated by templated electrodeposition,27,28 indicat-
ing their great potential in soft magnet applications. The higher
Hc value observed in the 1 Hz sample is attributed to the larger
size of the alloy nanopillars within this film compared to those
in other samples. There exists a critical radius Rc to define the
magnetic reversal modes as either the curling or the coherent
rotat ion mode,29 which could be expressed as

R kA M/c S0
2= ; here, k is a constant (1.08 for an infinite

cylinder); A is the exchange stiffness constant (1.0 × 10−6 erg
cm−1 for the FeCoNi alloy; here, the average value of Fe, Co,
and Ni bulk was adopted); MS is the saturation magnetization
for the FeCoNi alloy (1.6 × 106 A m−1), which results in Rc =
1.83 nm and diameter dc = 3.66 nm. As we can see, d1 Hz > dc
follows the curling mode, whereas all of the others adhere to
the coherent rotation mode. Typically, the HC value varies very
little when the diameter of the nanopillars is smaller than the
critical diameter, therefore, all the films except the 1 Hz sample
exhibit similar HC values. Furthermore, the interpillar distance
in the higher frequency deposited films is smaller, leading to
magnetostatic interaction between nearby nanopillars, which
contributes to the lower HC values.30 Another feature of the
MNAs is magnetic anisotropy, elucidated through disparate
OP and IP MH curves. In FCN MNAs, the magnetic
anisotropy arises from three factors: (i) shape anisotropy;
(ii) interpillar magnetostatic dipole interaction; and (iii)
magnetocrystalline anisotropy, contributing to the total

effective anisotropy field HK = 2πMS − 6.3πMSr2 Ld−3 +
HMC.

31 Here, MS is the saturation magnetization, L and r are
the length and radius of the nanopillars, and d is the interpillar
distance. Previous studies suggest negligible magnetocrystalline
anisotropy in FCN nanopillars.32 In this case, the HK values of
all the films are negative, suggesting the interpillar magneto-
static dipole interaction is the dominate factor, with the easy
magnetization axis perpendicular to the nanopillars’ long axis
(or parallel to the film surface).27,33 It is noted that the
thickness of the films was kept the same, ∼20 nm. Tuning the
thickness of the films could change their magnetic anisotropy.
For example, shape anisotropy could dominate in thick films
(i.e., long nanopillars). The MH loops of all the films measured
at 10 K are shown in Figure S6, where magnetic anisotropy is
also discerned from variations in the shapes of the OP and IP
curves. Then, the 5 Hz sample was selected for the MH
measurements at varying temperatures, as shown in Figure S7.
The HC value decreases with increasing temperature, which
indicates the thermally activated magnetization reversal
process.
On the other hand, the structure of FCN MNAs with

ultrathin nanopillars (significantly smaller than effective
wavelength) in the BTO matrix serves well as one of the
two typical hyperbolic metamaterial (HMM) structures,34

which extends the BTO-FCN system for applications as optical
sensors.35 Angular-dependent ellipsometry measurements were
conducted to verify the potential HMM, with the uniaxial
model applied to fit the optical complex dielectric functions

Figure 3. Room-temperature magnetic hysteresis loops of the samples deposited at (a) 1 Hz, (b) 2 Hz, (c) 5 Hz, (d) 10 Hz, and (e) 20 Hz; the
solid and dashed lines present the applied field perpendicular (OP) and parallel (IP) to the film surface, respectively; (f) OP and IP coercivity
comparison of the films deposited at different frequencies.
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(real part ε’ and imaginary part ε’’) in both the OP and IP
directions, as shown in Figure 4a for ε’ and Figure S8 for ε’’,
respectively. As seen, the εIP’ maintains positive value
throughout the entire fitted wavelength of 400 to 2500 nm,
while εOP’ starts to be negative at a specific wavelength for all
the VAN films, indicative of transverse-positive dispersion.
Notably, there is a blue shift in the epsilon-near-zero (ENZ)
wavelength with increasing deposition frequency, ranging from
approximately 700 nm for the 20 Hz sample to around 1050
nm for the 1 Hz film (Figure 4b). The shift of the ENZ
wavelength is mainly caused by the varying nanopillar
distribution, or more exactly, the filling ratio of the metal
alloy nanopillars. In a metal nanopillars-in-dielectric system,
the dynamical Maxwell-Garnett theory could be employed to
determine the permittivity of εOP’ = pεm + (1 − p)εd and

IP d
p

p q
( )

(1 )( )
d m d

d m d eff
= + + ; here, p is the filling ratio of the

metal nanopillars; εm and εd represent the permittivity of the
metal and dielectric, respectively; qef f is the effective
depolarization factor perpendicular to nanopillars. Therefore,
as the permittivity of metal and dielectric is the same for the
system, the filling ratio p determines the negative εOP’ . From
the plan-view STEM images, the filling ratio of the alloy
nanopillars increases with increasing deposition frequency,
leading to the blue shift of the ENZ wavelength, which is

consistent with the previous reports on Ag36 and Au37

nanowires in oxides. Furthermore, the electromagnetic wave
(k-wavevector) of such uniaxial anisotropic BTO-FCN films
could be manifested by the dispersion relation:

k
k k k

c 0
2x y z

2 2 2 2

2+ = =+
, where kx, ky, and kz are the

wavevector components in the [100], [010], and [001]
directions, respectively; ω and c are the frequency and speed
of light, respectively. To compare, isofrequency k-space
surfaces at 1200 nm for all the films have been plotted in
Figure 4c, revealing that all the films belong to class one
hyperbolic metamaterial with a hyperbola with two sheets
being obtained. The geometry of the isofrequency k-space
surfaces varies among different films, indicating the tailorable
optical property of the nanocomposite thin film via simply
tuning the growth parameter. Optical anisotropy can be further
demonstrated by angular-dependent and polarization-resolved
reflectivity measurement with the incident angles at 30°, 40°,
50°, 60°, and 70°, as shown in Figure 4d,e with the measured
and simulated results of the 20 Hz sample. It is noteworthy
that reflectivity increases with rising incident angle when s-
polarized light strikes the film surface, in accordance with
classical electromagnetic theory.38 However, the opposite
trend is observed with p-polarized light incidence, leading to
an overall reduction in reflectivity compared with s-polarized

Figure 4. Optical properties of the BTO-FCN thin films. (a) Real part of the complex dielectric function (ε’) of the BTO-FCN films in OP
(perpendicular to film surface) and IP (parallel to film surface) directions; (b) comparison of the wavelength of ε’ starts to be negative of the films
deposited at different laser frequencies; (c) the extracted isofrequency surfaces at 1200 nm of all the samples; (d) experimental and (e) simulated
reflectivity spectra of the 20 Hz sample at different angles of incidence for p-polarized and s-polarized incident light.
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light at the same incident angle. The experimental and
simulated angular-dependent and polarization-resolved reflec-
tivity of all the other films are shown in Figure S9,
demonstrating similar optical anisotropic characteristics.
Lastly, we demonstrate the multiferroicity of the VAN

system by combining ferroelectric BTO and magnetic FCN
phases; however, the conducting alloy nanopillar throughout
the entire film thickness impedes the employment of the
external electrical field. Therefore, an additional BTO layer was
deposited atop the BTO-FCN layer to demonstrate the
multiferroic composite thin film, and a Nb-STO substrate
was used as the bottom electrode, as schematically illustrated
in Figure 5a. As a result, two BTO peaks from the BTO-FCN
layer and top BTO layer could be identified in the XRD
pattern in Figure S10. The MH curves in both the OP and IP
directions were measured at room temperature and plotted in
Figure 5b, confirming the soft magnetic response. To
investigate the ferroelectric property, piezoelectric force
microscopy (PFM) was conducted. By applying DC biases of
−10 V and +10 V, two neighboring 1.5 μm*3 μm domains
were written, resulting in observed out-of-plane domain
switching. This is evident from the distinct color contrast in
the phase and amplitude switching maps in Figures 5c and S11,
respectively. The butterfly-like displacement-voltage (D-V)
loop and the hysteresis phase-voltage loop with a sharp 180°
change in Figure 5d further confirm the local ferroelectricity in
the film. Additionally, a polarization-electric field (P-E) loop

was measured to explore the ferroelectricity on a macroscale
(shown in Figure 5e), which exhibits apparent ferroelectricity
with a saturation polarization (Ps) of 45 μC/cm2, remnant
polarization (Pr) of 9.5 μC/cm2, and coercive field (Ec) of ∼60
kV/cm. The ferroelectric property results from both the top
BTO layer and the BTO in the BTO-FCN layer, and the
conducting metal alloy nanopillars in the nanocomposite layer
lead to the relatively imperfect ferroelectricity in the film.
Furthermore, as the BTO-FCN films were deposited under
vacuum conditions, oxygen vacancies might exist in the BTO
matrix, which might lead to increased leakage current and
deteriorate the ferroelectric property. This could also be one of
the reasons for the relatively weak ferroelectricity in the
nanocomposite thin films. In addition, strain could be induced
in the BTO phase, due to the lattice mismatch and smaller
elastic modulus of BTO (67 GPa) compared to the FCN phase
(175 GPa), which could also influence the ferroelectric
property. Finally, magnetoelectric (ME) coupling measure-
ment was conducted to demonstrate the room-temperature
multiferroicity, as indicated by the purple line in Figure 5f. The
ME charge coefficient α was determined to be 0.3022 μC/cm2

Oe from the red linear fitting line. The ME voltage coefficient
αME could then be calculated through α = αMEε0εr; here, ε0 and
εr are the vacuum and relative permittivity of the sample, in
this case, the room temperature εr of an epitaxial BTO thin
film.39 Consequently, the αME value was calculated to be 6823
V/cm·Oe, which is larger than previously reported BTO-based

Figure 5. Room-temperature multiferroicity demonstration of the BTO/BTO-FCN bilayers. (a) Schematic illustration of the bilayer film; (b) MH
curves in both the OP and IP field measured at room temperature; (c) phase switching map; (d) butterfly-like displacement-voltage (D-V) loop
and the hysteresis phase-voltage loop; (e) P-E loop; (f) magnetoelectric (ME) coupling measurement.
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nanocomposite thin film,40 superlattice,41 and bulk compo-
site,42 indicating the strong room-temperature ME coupling of
this system. The ME coupling effect, especially the ferroelectric
property, could be further improved through growth condition
optimization as well as film structure design.
The successful fabrication of an oxide-alloy VAN further

expands the material selection for nanocomposite thin film
design with tailored functionalities for diverse applications.
Future efforts could be focusing on the precise control over the
architecture of the oxide-alloy VANs, i.e., the uniform
distribution of the nanopillars in the film, which stands as a
pivotal challenge in the field of VANs. Moreover, a deeper
understanding of the growth mechanisms underlying different
nanocomposite thin film systems is essential, as various
nanostructures were obtained such as the typical nanopillar-
in-matrix,12 core−shell nanopillar-in-matrix,13 and nanopar-
ticle-in-matrix,43 in addition to the emergence of new phases.44

Lastly, leveraging the multifunctionality inherent in oxide-alloy
VANs, particularly exemplified by the BTO-FCN system, holds
immense potential for integrating multiple functionalities into
a single device platform. By exploitation of the synergistic
interactions between the oxide and alloy components, novel
device architectures with enhanced performance characteristics
can be envisioned, paving the way for transformative
advancements in various technological domains.
In summary, BTO-FCN nanocomposite thin films with an

alloy nanoarray-in-matrix structure have been demonstrated
with tunable nanopillar size and interpillar distance. The oxide-
alloy VANs exhibit interesting physical properties, such as a
room-temperature soft magnetic response with coercivity less
than 20 Oe, anisotropic magnetic and optical performance, as
well as class one hyperbolic metamaterial behavior. Further-
more, the BTO/BTO-FCN bilayer was fabricated to realize the
room-temperature multiferroicity, pronounced ferroelectricity
with a saturation polarization (Ps) of 45 μC/cm2, remnant
polarization (Pr) of 9.5 μC/cm2, and coercive field (Ec) of ∼60
kV/cm were achieved, along with an ME voltage coefficient
αME of 6823 V/cm·Oe. The findings suggest that metamaterials
utilizing BTO-alloy VANs offer a promising avenue for the
development of multifunctional devices, which opens up
opportunities for their integration into various device
architectures, enabling the synergistic coupling of these diverse
functionalities.
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