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Room-temperature ferromagnetic materials with perpendicular magnetic anisotropy are widely sought
after for spintronics, magnetic data storage devices, and stochastic computing. To address this need, a
new Fe-BaTiO3 vertically aligned nanocomposite (VAN) has been fabricated—combining both the strong
room-temperature ferromagnetic properties of Fe nanopillars and the strong room-temperature ferro-
electric properties of the BaTiO3 matrix. Furthermore, the Fe-BaTiO3 VAN allows for highly anisotropic
magnetic properties with tunable magnetization and coercivity. In addition, to demonstrate the multi-
ferroic properties of the Fe-BaTiOs3 system, the new metal-oxide hybrid material system has been
incorporated in a multilayer stack. This new multiferroic VAN system possesses great potential in
magnetic anisotropy and property tuning and demonstrates a new material family of oxide-metal hybrid
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systems for room-temperature multiferroic material designs.
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1. Introduction

Ferromagnetic thin films are well-studied materials with a wide
range of applications in electronic devices [1], especially in spin-
tronic devices [2]. One such spintronic device, the magnetic tunnel
junction, uses magnetically susceptible materials to alter electron
currents to enact a resistance change [3]. For these applications, Fe,
a strong ferromagnetic metal, has been well studied and integrated
into a variety of spintronic devices and applications, most notably
in tunnel junctions [4—6]. Traditionally, tunnel junctions have a
preferred in-plane (IP) direction, but perpendicular anisotropy is
highly desired for vertical tunnel junction development owing to
these tunnel junctions having higher frequency, higher density, and
lower power requirements. For these vertical tunnel junctions,
work is needed to develop magnetic materials that exhibit a
perpendicular anisotropy [7,8]. In addition, the magnetic material
must present a perpendicular anisotropy with a small enough
feature size allowing for integration into current integrated circuits.
A promising platform that addresses both needs of creating small
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feature sizes and a strong perpendicular magnetic direction is
vertically aligned nanocomposites (VANs) [9].

VANSs enable the single-step growth of two different materials
that are self-assembled into two-phase vertical structures,
including pillar-in-matrix and nanocheckerboard structures
[10—14]. The VAN structures present two main advantages
compared with the traditional, single-phase films. First, the unique,
vertical pillar structure creates highly anisotropic physical proper-
ties while accommodating significant amounts of vertical interfa-
cial strain between the two phases. This interaction creates a large
degree of property tunability [12,15—17]. Second, because VANs
typically consist of two different phases, the structure introduces
the possibility of combining two materials with highly desirable
properties into a hybrid material. To this end, it has been shown
that it is possible to combine ferroelectric oxides and ferromagnetic
oxides to form multiferroic films [14,15,18,19]. Although VANs
consisting of two oxide phases with desired properties have been
widely demonstrated, metals have been long sought after for their
strong, room-temperature, ferromagnetic properties, which are
typically much stronger than their oxide counterparts. Thus, by
replacing one of the oxide phases with metals, such VAN films
could present strong anisotropic, metallic, physical properties un-
der room-temperature conditions [18,20—23].
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Metal oxide—based VANs are uniquely equipped for multiferroic
material designs owing to their ability to combine both oxide and
metal phases and their respective properties. Various metal-oxide
VAN systems, including Ni-CeO, [9], Ni-BaggZrp,Y3 [21] Co-
BaZrOs3 [10], Fe-Lag5-SrgsFeOs [24], Au-BaTiO3 [25], and Au-TiO;
[26], have previously demonstrated that the integration of metals
with oxides that have relevant room-temperature properties is
possible. These metal-oxide VANs integrate either the strong
plasmonic or the ferromagnetic properties of the metal phase with
the oxide phase to create a highly anisotropic material system.

To achieve excellent epitaxial quality of the two phases, a new
epitaxial paradigm for the two-phase nanocomposite system was
used [27] for this work, i.e., the two phases shall present opposite
strain states when compared with the substrate lattice. For this
work, BaTiO3 (BTO) was selected as the matrix, and Fe was selected
as a magnetic secondary phase, as shown in Fig. 1a. With BTO being
one of the most well-studied ferroelectric oxide [28—30], it has
recently attracted interest owing to its non-linear optical properties
[31—34] and its potential applications in different optical devices
[35,36], especially wave guides [37,38].

Despite the previous work on Fe-BTO nanocomposite systems,
wherein the geometries have been focused on bilayer, multilayer
films with Fe on BTO or vice versa [39—42], or on embedding Fe
nanoparticles within a BTO matrix [43], this work proposes inte-
grating Fe as nanopillars into a BTO matrix. This proposed structure
will allow for unprecedented strong anisotropic, ferromagnetic and
ferroelectric properties, coming from Fe and BTO, respectively. In
addition, this unique structure will incorporate large vertical
interface strain that will enhance coupling between the Fe and BTO
phases. For the Fe-BTO nanocomposite system, a large range of
tunability will also be achieved, such as going from a soft
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ferromagnet to a hard ferromagnet, by simply controlling the Fe
pillar length (i.e, film thickness), pillar density, and pillar
morphology. Such tunable nanoscale ferromagnetic systems could
find a wide range of applications in spintronic devices and neuro-
morphic computing [44] and are a promising candidate for the
ongoing search for soft magnetics for stochastic computing
schemes [45,46].

2. Methods and experimental procedure

The Fe-BTO target preparation was made by mixing Fe and BTO
powders in a 1:1 M ratio. The mixture was pressed and sintered
with inflowing Ar/H; into a conventional pellet target. The films
were grown on single-crystalline SrTiOs (STO) (001) substrates via
the pulsed laser deposition system (KrF excimer laser) (Lambda-
Physik, A = 248 nm). Multiple deposition frequencies of 2 Hz, 5 Hz,
and 10 Hz were used to tune the nanostructure.

The nanostructure of the films was investigated using X-ray
diffraction (XRD) (Panalytical X'Pert X-ray diffractometer). The
different films were imaged by transmission electron microscopy
(TEM) and scanning transmission electron microscopy (STEM), and
energy dispersive X-ray spectroscopy (EDS) elemental mapping
was performed by using a FEI Titan G2 80-200 STEM with a Cs
probe corrector and ChemiSTEM technology (X-FEG and SuperX
EDS), and additional TEM, STEM, and EDS images of the different
frequencies were taken (FEI Talos-200X).

The magnetic properties of the nanocomposite thin films were
analyzed both parallel (IP) and perpendicular (out-of-plane [OP]) to
the film surface in the vibrating sample mode in a Magnetic
Property Measurement System (MPMS 3, Quantum Design). The
piezoelectric properties were measured by Bruker atomic force
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Fig. 1. (a) Schematic demonstrating the proposed growth of Fe pillars within a BTO matrix. (b) Schematic showing the different lattice parameters of BTO and Fe on STO. (c) Typical
0-20 XRD scan of the different films deposited at different frequencies. (d) The different lattice parameters for BTO and Fe grown at different frequencies. BTO = BaTiO3; STO =
SrTiO3; XRD = X-ray diffraction.
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microscopy. Magnetoelectrical (ME) coupling was measured using
a magnetoelectric bundle (Radiant Technologies, Inc.).

Dielectric permittivity was calculated using a spectroscopic
ellipsometer (JA Woollam RC2), with an anisotropic model to fit the
ellipsometer parameters y and 4. The IP permittivity was modeled
using two Lorentz oscillators, whereas OP permittivity was
modeled using a Drude-Lorentz model to enforce Kramers-Kronig
consistency.

3. Results and discussion
3.1. X-ray diffraction

#—260 XRD scanning was first performed on the Fe-BTO VAN thin
films grown under different laser frequencies (2 Hz, 5 Hz, and
10 Hz) to investigate the material composition and the phase dis-
tribution. From the XRD data, BTO (001) and STO (001) peaks can
readily be identified from Fig. 1c in all samples indicating (001) BTO
texturing on the (001) STO substrate. In addition, for all samples, the
Fe (110) peaks exist at a 26 value of 45.3° corresponding to a d-
spacing of 2.00 A, indicating a compressive strain of 1.3% compared
with reported bulk Fe d-spacing (PDF card# 06-0696) of 2.0268 A.
Meanwhile, the BTO (200) peaks shifts from 44.45° to 44.3° to
44.25° for the 2, 5, and 10 Hz samples, respectively, corresponding
to a tensile strain of 2.3%, 2.7%, and 2.8% when compared with the
measured BTO (200) peak located at 45.55° in pure BTO/STO
samples, with the lattice parameter as seen in Fig. 1b. This highly
strained state is created via the two different materials within the
metallic VAN forming distinct areas and hints at a strong interface
strain between Fe and BTO, with the strong BTO tensile strain
compensating for the large Fe compressive strain. In addition, as
the laser frequency varies, the BTO peak position shifts, indicating a
morphology change, with the lowest frequency having the least
tensile strain and the highest frequency with the highest tensile
strain.

3.2. Microscopy analysis

To verify whether the frequencies affected the nanostructure,
TEM, STEM, and EDS analyses were conducted. The expected
morphology of the Fe-BTO nanocomposite is illustrated in Fig. 2a,
wherein uniformly distributed Fe nanopillars grow within a BTO
matrix. The plan-view STEM images in Fig. 2b—d demonstrate the
excellent epitaxial growth of the film, with the average pillar
diameter of around 5 nm. The pillars show an overall shape of a
rectangle, with sides being in the {110} plane family and with
faceted edges being the (111) planes. Fig. 2e—g presents the
chemical composition of the nanocomposite with Fe pillars in the
BTO matrix. The rectangular shape with facets can be explained by
the strain mapping results using geometrical phase analysis (GPA)
in Fig. 2h. The GPA analysis of the individual pillar shows an
alternating pattern of strain states between tensile (yellow) and
compressive (blue) strain. This alternating strain states serve to
minimize the total strain energy of the Fe region with alternating
strain states. On a closer look, it reveals that the smaller facets have
a singular strain state, with the larger one having a combination,
resulting in the faceted rectangular shape.

The cross-sectional images in Fig. 2i of the Fe-BTO film
demonstrate the high uniformity and high density of the Fe pillars
within the BTO matrix, and on further investigation, they demon-
strate highly oriented growth, with the pillars growing in a vertical
fashion throughout the film thickness. To demonstrate phase sep-
aration, EDS mappings in Fig. 2j again confirm the pillars
throughout the film thickness were indeed pure Fe, not iron oxide.
This is significant owing to the high susceptibility that different

metals—especially ferromagnetic ones such as Fe, Ni, and Co—are
likely to oxidize. For Fe, the oxidation process is highly detrimental
to physical properties, e.g., resulting in smaller coercive fields,
magnetic saturation, and a critical temperature significantly lower
than room temperature. In addition, from the plan-view images, it
is possible to ascertain the high density of Fe regions that exist with
the Fe-BTO film and the uniformity of the distribution throughout
the film. This regular distribution is highly sought after for future
device applications, allowing for easier fabrication of device arrays.
The Fe nanopillars are nearly equally spaced resembling an Fe
nanoarray, which could be patterned as arrays of spintronic
devices.

To further investigate the underlying growth mechanisms of the
Fe-BTO hybrid film, different laser frequencies of 2 Hz, 5 Hz, and
10 Hz were used to grow the Fe-BTO films. In the TEM plan-view
images in Fig. 3b—k, it is noted that as frequency increases, Fe
dimension changed from isotropic morphology to elongated rect-
angles and then again to squares. While there is a typical Gaussian
distribution for the 5-Hz and the 10-Hz samples, the 2-Hz sample
does not present such distribution. Instead, it shows a bimodal
distribution of nanopillar diameters, i.e., the mixture of large-and
small-diameter nanopillars. Such non-uniform nanopillar di-
ameters might be attributed to the non-optimum growth and
incomplete nucleation owing to the insufficient flux of Fe adatoms
under 2 Hz. This leads to the formation of small nuclei of Fe
nanopillars in Fig. 3b—d. The 5-Hz sample has unique rectangular
shaped nanopillars with preferred orientation along the IP direc-
tion of BTO [010]. The preferred orientation suggests that there is an
underlying factor during the growth and nucleation of the Fe
adatoms within the Fe-BTO film. One possible explanation may be
the interaction between the lattice strain and the adatom diffusion
process. When frequency decreases, the adatom diffusion time
increases, and the adatoms have sufficient time to diffuse in both
the (110) directions, producing an elongated, faceted, rectangular,
IP morphology in the 2-Hz sample. For the 5-Hz sample, the
diffusion time is in the range allowing the perfect alignment along a
preferred crystallographic plane of [020]. This alignment mainly
arises from interactions between the surface energies of the Fe,
BTO, and STO substrate and the growth kinetics, which mainly
include the incoming flux of adatoms and the nucleation and
diffusion of the adatoms. More specifically, diffusion of the adatoms
and the perfect nucleation/growth of the adatoms have been ach-
ieved under the 5-Hz growth condition. The strain compensation
model suggests that Fe (a = 0.287 nm) and BTO (a = 0.483 nm)
present opposite strain states compared with the STO substrate
(a = 0.394 nm). Such IP strain compensation leads to the highly
ordered, uniform distribution of Fe nanopillars within the BTO
matrix. Such a strain compensation model can be best demon-
strated in perfect epitaxial growth of 2-phase VAN systems. Thus,
highly ordered and aligned Fe nanopillar distribution has been
achieved in the 5-Hz sample. However, the 2-Hz sample clearly
shows both very small nanopillars and regular-sized nanopillars (a
bimodel distribution), which suggest that there might be insuffi-
cient Fe adatoms under the 2-Hz condition and thus leads to
various nanopillar diameters. Although 10 Hz leads to high growth
rate, it could cause deterioration of epitaxial quality and pillar
distribution.

3.3. Physical properties

To investigate how Fe nanostructures with the BTO matrix affect
the magnetic and optical properties, magnetization measurements
and ellipsometry measurements were conducted, and the data are
summarized in Fig. 4. The room-temperature ferromagnetic prop-
erties for both the OP and the IP were measured and plotted in
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Fig. 2. (a) Schematic demonstrating the Fe-BTO film grown on STO. (b—d) Plan-view STEM images of Fe-BTO grown at 10 Hz. EDS mapping of the plan-view images of Fe-BTO with
(e) O, (f) Fe, and (g) Ba mapping shown. (h) GPA analysis of a single pillar to illustrate the strain distribution. (i and j) The STEM and Fe EDS mapping, respectively, of a cross-sectional
view. BTO = BaTiO3. STO = SrTiOs.; STEM = scanning transmission electron microscopy; EDS = energy dispersive X-ray spectroscopy; GPA = geometrical phase analysis, HAADF =

High-angle annular dark-field .

Fig. 4a and b, respectively. The data show an obvious anisotropy
with the OP saturation magnetization of 110 emu/cm® and the IP
saturation of 70—80 emu/cm?>. In the OP direction, a clear coercive
field difference is seen, with the 2-Hz sample having the highest
coercive field and the 10-Hz sample having the lowest coercive field
value. In addition, the IP direction shows a similar trend as that of
the OP results, and the overall coercive field results are plotted in
Fig. 4e. Fe-BTO not only has strong tunable ferromagnetic proper-
ties but also possesses highly anisotropic dielectric properties
owing to its inherent column shape of nanostructures causing a
similar column shape of BTO. From the real part of dielectric
permittivity, shown in Fig. 4f, it shows that the IP dielectric
permittivity value is significantly higher (between 1.5- and 2-fold)
than that of the OP direction. In addition,the growth frequency and
the dielectric constants haveseem to be correlated in that as the
frequency decreases, the dielectric constant also decreases. These
trends can be explained from morphology tuning. As frequency
decreases, adatom diffusion increases and the dimension of the Fe
nanopillars increases. If each Fe region is taken as a single magnetic
domain, as length increases, the required energy to saturate and
bias the magnetic moment of the Fe region increases with size. In

addition, it has been previously reported that the super-
paramagnetic limit of Fe nanoparticles is around 10 nm [47].
Although the Fe pillars have a diameter of less than 10 nm, they
may still be ferromagnetic owing to their pillar-type morphology.
As the diameter increases above the limit, coercivity of Fe increases,
which affects the IP and OP coercivity. The 2-Hz Fe-BTO sample has
alarger coercive field owing to the existence of several larger lateral
Fe domains that may be affecting the magnetization of neighboring
pillars. As in the case of the saturation magnetic values,since the
concentration of the Fe remains constant at 1:1 for the Fe to BTO
ratio and all the different frequencies were grown with comparable
film thicknesses, similar amounts of Fe will be found within all the
films, resulting in similar saturation magnetic values In a similar
manner the diameter affects the magnetic behavior, the optical
property is also affected. As the pillars elongate in diameter, there
will be more metallic characteristics leading to a lower overall
dielectric constant of the system in both the IP and OP directions.
The anisotropy can be explained from the fact that the metals are in
pillar fashion; the Fe-BTO system will behave more metallic in the
OP direction, resulting in a lower permittivity than that of the IP
direction. Overall, the fact that varying deposition frequency was
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Fig. 3. (a, e, and i) Schematic demonstrating the how pillar diameters vary with different frequencies. (b, ¢, f, g, j, and k) Plan-view TEM images demonstrating the pillar variation. (d,
h, and 1) Histogram plots illustrating the nanopillar diameter distribution for the samples deposited under different laser frequencies. TEM = transmission electron microscopy.

able to tune both the optical and ferromagnetic behaviors further
highlights the potential of the unique Fe-BTO VAN systems for
future optical and magnetic device applications.

3.4. Demonstration of the multiferroic properties

To demonstrate the potential multifunctionality of the Fe-BTO
film, a multilayer stack was grown, with BTO encapsulating the Fe-
BTO film to electrically isolate the Fe regions from the conductive
bottom Lag 7Sro3Mn0O3 (LSMO) layer, as shown in Fig. 5. It is clear
that the BTO region isolated the Fe portions from the semimetal
LSMO, facilitating the polarization of the BTO regions in the Fe-BTO
nanocomposite. This configuration allows for room-temperature
ferroelectric and ferromagnetic properties to occur within the de-
vice. As shown in Fig. 5, it is possible to see the different ferro-
magnetic and ferroelectric properties to confirm that the multilayer

device has both properties. The ferromagnetic properties also show
anisotropy with the coercive field, differing from the OP and IP
directions. Compared with the single-layer Fe/BTO films, wherein
Fe and BTO are grown in layers on top of one another, the properties
show OP anisotropy, as seen in the ferromagnetic and optical data,
demonstrating anisotropic ferromagnetic and ferroelectric prop-
erties. This multistack configuration allows for two main applica-
tions compared with the single-layer film: isolating the metallic
regions for individual biasing of different metal pillars, creating
local electrical polarization and switching, and room-temperature
magnetic switching throughout the film. In addition, the weak
ferromagnetic properties and weak ferroelectricity will affect each
other, causing highly anisotropic, room-temperature coupling of
both electrical and magnetic properties. To further investigate the
coupling, a ME coupling measurement was performed, with the
results plotted in Fig. S1. In the plot, a black line shows the linear
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constants of the different frequencies as modeled using data from the ellipsometer. BTO = BaTiOs3,

fitting analysis, with the slope indicating a ME charge coefficient, «,
of around 1.02 x 10~ uC/(cm? Oe). Because the ferroelectric
properties and polarization mainly come from BTO, a previously
reported, room-temperature relative permittivity of BTO was used
[48]. The calculated ME voltage coefficient is 2.30 V/(cm Oe). Owing
to magnetization limitations, the slope does not change in the
measured range. This coupling creates new avenues for potential
applications in spintronics and the stochastic computing scheme.

4. Conclusions

This study demonstrates the growth of Fe nanopillar arrays
within a BTO matrix with room-temperature multiferroic proper-
ties. By tuning the growth parameters, it is possible to modify the
nanostructure, and effectively tune the strain and the magnetic
properties. This study found that lower deposition frequencies
result in Fe pillars with larger diameters, both lower vertical strain

coupling and higher magnetic coercive fields; whereas for higher
frequencies, it leads to smaller pillar diameters, higher vertical
strain coupling, and lower coercive fields. Furthermore, to
demonstrate the potential of room-temperature multiferroic
nanocomposites, a multilayer stack with an encapsulated Fe-BTO
layer was shown to demonstrate the potential by electrically
isolating the Fe regions from one another, aiding the polarization of
the ferroelectric BTO regions. This Fe-BTO VAN film presents a
platform for highly anisotropic, room-temperature multiferroic
properties, with a wide range of tunability for various electrical,
magnetic, and optical devices.
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