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ABSTRACT: Materials with magneto-optic coupling properties
are highly coveted for their potential applications ranging from
spintronics and optical switches to sensors. In this work, a new,
three-phase Au—Fe—La, ;SrosFeO5 (LSFO) hybrid material grown
in a vertically aligned nanocomposite (VAN) form has been
demonstrated. This three-phase hybrid material combines the
strong ferromagnetic properties of Fe and the strong plasmonic
properties of Au and the dielectric nature of the LSFO matrix.
More interestingly, the immiscible Au and Fe phases form Au-
encapsulated Fe nanopillars, embedded in the LSFO matrix.
Multifunctionalities including anisotropic optical dielectric proper-
ties, plasmonic properties, magnetic anisotropy, and room-

temperature magneto-optic Kerr effect coupling are demonstrated. The single-step growth method to grow the immiscible two-
metal nanostructures (i.e,, Au and Fe) in the complex hybrid material form opens exciting new potential opportunities for future

three-phase VAN systems with more versatile metal selections.

KEYWORDS: three-phase hybrid material, self-assembled, magneto-plasmonic, nanostructures, tunability

B INTRODUCTION

Magneto-optic materials can effectively utilize light propaga-
tion to tune the magnetic spins in materials; the reverse can
also occur when an applied magnetic field affects the
propagation of light through the materials. These materials
have recently attracted attention due to their proposed roles in
a variety of different applications such as spintronics,'
waveguides,”* and optical sensors.”” As the demands for high
performance, low-energy consumption, and compact devices
rise, there is a crucial and pressing need to develop novel
materials for effective magneto-optic coupling. To this end,
various magneto-optic coupling materials have been fabricated,
such as single-phased thin films (e.g, Fe and Ni), "0
multilayer films (e.g, Fe/Cr/Fe and Au/Co/Au),'"'” and
nanostructured films (e.g., split-ring nanoantennas).'>'*
Among these candidates, nanostructures with magneto-optic
coupling have received considerable interest due to their
unique geometry that are used in applications such as label-free
detection in biosensors'”'® and high-speed applications in
communication devices. These nanostructures typically
consist of either one or multiple metals fabricated into
different arrays consisting of nanodisks,'*™*” nanoparticles,”"**
or nanorods.””’ By fabricating these metals into different
nanostructures, their plasmon response is enhanced and new
functionality emerges.”* Typically, lithography and multistep
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growt};5 are used to fabricate these different structural
arrays.

Vertically aligned nanocomposites (VANs) present an
alternative approach for processing complex nanostruc-
272 VANs can be deposited using a single-step self-
assembly process that consists of two different phases arran%ed
into a checkboard pattern or pillar-in-matrix form.*”*?
Traditionally, a VAN consists of two oxide phases coupled
together, with one oxide having strong physical properties and
the other oxide having strong vertical strain that couples with
the primary phase.”*** Due to their unique vertical structure,
VANs have a couple of main advantages compared to the
conventional oxide thin films, such as highly anisotropic
geometry, unique physical properties without any patterning or
strict growth control, ¢ and multifunctionalities, for example,
multiferroism.”’~* In addition to the significant amount of
work in oxide—oxide VANSs, a new class of oxide—metal
VANs—such as Co—BaZrO;, Au—BaTiO;, and Ni—BZY—has
recently emerged.*' ™" Compared to the traditional oxide—
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Figure 1. (a) Schematic demonstration of the growth of the Au—Fe—LSFO system. (b) Typical § — 26 XRD scans of the different films deposited
at different frequencies. (c) Finer € — 20 XRD scans of the film between the 26 values of 43 and S0°.

oxide systems, oxide—metal VANSs include a dissimilar metallic
phase, leading to stronger anisotropic properties, especially
ferromagnetic and plasmonic properties. Different from the
previously reported metal pillars fabricated utilizing other
techniques,””>' these metallic pillars are sub-100 nm in
diameter and can be processed in a single-step growth process
that can be integrated in devices for a large range of
applications. Currently, most of the metallic pillars in VANs
are single phase metal with one functionality, for example,
plasmonic*”**** or ferromagnetic,******> and very limited
demonstration of complex metallic nanopillars.*’

A well-coupled magnetic—plasmonic material framework is
needed to fabricate stronger magneto-optical coupling. In this
work, a unique composite metallic nanopillar structure
coupling a plasmonic metal (e.g, Au) and a ferromagnetic
metal (e.g., Fe) is proposed in a La, ;Sry sFeO5 (LSFO) matrix,
forming the complex three-phase metal—oxide VAN, that is,
Au—Fe—LaySryFeO; (Fe—Au—LSFO), as illustrated in
Figure 1. The reason that Au and Fe are selected as the
metallic pillars is due to their plasmonic and ferromagnetic
properties, respectively, and their immiscible nature following
the Hume-Rothery rules accordingly.’® LSFO was chosen as
the oxide matrix since Fe—LSFO VAN have been successfully
grown via decomposition57 or with additional Fe inclusions,*'
effectively producing strong ferromagnetic properties. Because
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of the immiscible nature of Au and Fe, they will likely form
two-phase pillars instead of alloyed pillars. By tuning the
deposition parameters, such as deposition frequency, the
morphology of the three-phase VAN can be effectively tuned.
The morphology tuning alters the magnetic, magneto-optical
coupling, and optical anisotropy, which is used to evaluate the
property coupling and added functionalities in using the
complex three-phase VAN designs.

B EXPERIMENTAL SECTION

The LSFO target was prepared via the conventional sintering method
with a 1:1 molar ratio of lanthanum and strontium with Fe,Oj; into a
30 mm pellet target. The films were then grown via the pulsed laser
deposition (PLD) system (KrF excimer laser) (Lambda Physik, 4 =
248 nm) with a 4 mm wide pure Au strip attached to the surface of
the target, onto a single crystalline SrTiO; (STO) (001) substrate,
with the Au strip covering about 8% of the total area of the laser track
on the target surface. Varying deposition frequencies of 2, S, and 10
Hz were used to vary the nanostructure of the overall system. The
frequencies were chosen with a factor of two difference to affect the
growth conditions and nanostructures in a more noticeable fashion
with 10 Hz being the maximum frequency selected for this study.
The nanostructure of the films was analyzed using various analytical
tools. X-ray diffraction (XRD), transmission electron microscopy
(TEM), scanning transmission electron microscopy (STEM), and
energy-dispersive X-ray spectra (EDS) elemental mapping were
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Figure 2. (a) Schematic demonstration of the Au—Fe—LSFO film grown on STO. (b—d) Plan-view EDS mappings of the 5 Hz film with (b) Fe
and Ay, (c) Ay, and (d) Fe mappings shown. (e,f) HRSTEM image of the S Hz Au—Fe—LSFO film with (e) being plan-view and (f) being cross-
sectional. (g—i) Cross-sectional EDS mappings of the S Hz film with (g) Fe and Au, (h) Fe, and (i) Au mappings shown.

performed on all samples (FEI Talos-200X). The overall film and
alloy compositional analysis was performed by EDS analysis in
scanning electron microscopy.

The magnetic behavior of the three-phase film was measured
utilizing a magnetic property measuring system (MPMS 3, Quantum
Design) for both parallel (in-plane) and perpendicular (out-of-plane)
directions relative to the film surface.

The dielectric behavior of all samples grown at different frequencies
was measured by using a spectroscopic ellipsometer (JA Woollam
RC2) by assuming a homogenous layer and fitting an uniaxial
anisotropic model using general oscillators to fit the ellipsometer
parameters y and A, with this model being used in similar
systems.*>*” The in-plane and out-of-plane permittivity was modeled
using two Lorentz oscillators and a Drude—Lorentz model to enforce
the Kramers—Kronig consistency, respectively.

B RESULTS AND DISCUSSION

The phase composition and orientation of the Au—Fe—LSFO
films deposited at different laser frequencies (2, S, and 10 Hz)
were first analyzed via typical 6 — 26 XRD scans of the films.
The XRD data in Figure 1b show the expected LSFO (002)
peak with Au(111) peaks at a 26 value of 39.1° and Au(200)
and Fe(110) peaks located around 26 values of 45.0, 45.2, and
45.5° for the samples deposited at 2, S, and 10 Hz, respectively.
The existence of the Fe peaks indicates that the LSFO
successfully decomposed through the reaction 2Lay Sty sFeO;
— LaSrFeO, + Fe + O,, as previously reported.”” Also, the Au
peaks indicate that the Au was successfully deposited as a
separate phase. As the deposition frequency increases from 2 to
S to 10 Hz, the compressive strain based on the Fe(110) peak
position increases to —0.7, —1.1, and —1.9%, respectively,
when compared to the bulk value at 44.673° (PDF # 06-0696).

This strain variation can be attributed to the varying nucleation
and growth time. As the frequency decreases, the Fe and Au
atoms have a longer time to diffuse, creating metallic
nanostructures with more relaxed strain states. Increasing
frequencies result in the Fe and Au atoms having less time to
diffuse, creating more strained nanostructures.

In addition to the strain state variation, it is also important
to verify whether the Au and Fe have formed the proposed two
phases or an alloyed structure. Usually, Fe and Au are
immiscible under equilibrium conditions following the Hume-
Rothery rules. Since the PLD process introduces high kinetic
energy and nonequilibrium conditions that may aid in the
formation of alloyed structures, successful TEM analysis was
performed to reveal the phase distribution of the three-phase
VANs. TEM/STEM was instrumental in determining both the
morphology of the nanostructure and phase separation of Au
and Fe via plan-view TEM images of the 5 Hz Au—Fe—LSFO,
as shown in Figure 2b—e. The growth of the two metal phases
led to two distinct groups of structures. One type of
nanostructures has a larger diameter of around 15 nm with a
lower density and lighter contrast, while the other type has a
smaller diameter of around 7 nm with a higher density and
darker contrast. Additionally, the larger nanostructures are
more faceted with a more polygonal shape, while the smaller
nanostructures have a smooth, round shape. An EDS mapping
was performed to specify the composition of the two
nanostructures. The EDS reveals that the Au (green) are the
larger nanostructures while the Fe (red) are the smaller
nanostructures. From these images, it is possible to see discrete
groups of both the Au and Fe, suggesting that the two metallic
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Figure 3. (a,d,g) Plan-view TEM images of the samples deposited under different frequencies to demonstrate how the Fe pillars vary. Cross-
sectional (b,e,h) TEM images and (c,fi) STEM images to better observe how the pillar structures vary with deposition frequency.

phases are formed as two phases in a unique Au-encapsulated
Fe structure.

To better understand the different nanostructures, additional
cross-sectional TEM images were taken of the 5 Hz Au—Fe—
LSFO film. From the cross-sectional images in Figure 2f—i, it is
possible to see two distinct Au—Fe morphologies in the system
with the EDS mappings being displayed: (1) isotropic, metallic
nanoparticles aggregated near the substrate and (2) aniso-
tropic, column growth throughout the entirety of the film with
selected columns having a slight tilt along the length of the
column. The isotropic growth is most likely a result of the
initial nucleation stages of the growth. In the initial stages, the
Fe and Au have much higher surface energies than the LSFO,
resulting in the metallic island growth. As the growth continues
past the initial stage, the Fe nucleates along with Au
deposition, aggregating together due to their similar surface
energy compared to the oxide matrix. This causes them to find
other metal adatoms, forming unique Au-encapsulated Fe
nanopillars. The tilting of the nanopillars could be related to
the exposing of the lower surface energy of Au(111) planes
while maintaining the crystalline orientation of the nanopillars.

To investigate further how the Au and the Fe nucleate and
to demonstrate the tunability of the nanostructures, the
deposition frequency varied from 2, 5, and 10 Hz. TEM
analysis was performed on the different samples using both the
cross-section and plan-view. From the plan-view images in
Figure 3, it is possible to see a change in the sizes of the Fe
nanostructures with the distribution being graphed in Figure
S2. As the frequency increases from 2 to 10 Hz, the Fe regions
change in diameter from 12.2 to 6.2 to 8.4 nm. In a similar
trend, the Au regions decrease from 14.6 to 8.1 to 8.6 nm for 2,
5, and 10 Hz, respectively. For the 10 Hz sample, there are two
sizes of Au regions, one with a diameter of around 12 nm and

the other with a diameter of slightly smaller than 8 nm. The
difference in the nucleation of Fe and Au comes from the fact
that the Au tends to encapsulate some of the Fe pillars with
some Fe pillars growing as single-phase ones. The metallic
pillars are influenced by frequency, which generally causes the
narrowing of the diameter as seen with higher frequency.
Additionally, there is an obvious shape variation as a function
of frequency. At the lower frequency (e.g, 2 Hz), the Au
regions are more faceted with sharp edges and corners. As the
frequency increases to S Hz, the shape elongates along one
direction with the edges reduced, but there are still several
visible edges in Au. At 10 Hz, the Au regions lose all their
edges, forming a round shape similar to the Fe nanostructures.
This suggests that lower frequency and longer diffusion time
lead to more faceted Au nanostructures while high-frequency
growth leads to more isotropic shaped nanostructures.
Cross-sectional TEM images were taken to further reveal the
morphology tuning. At 2 Hz, both the Au and the Fe form
pillars with a discrete shape and a large size but with selected
pillars having either a 30° tilt or a vertical orientation. While
for the 5 Hz growth, it is clear that the pillars are narrowed and
grew in a more ordered and upright fashion. Lastly, for the 10
Hz sample, there seems to be two distinct growth
morphologies, one being straight nanopillars and the other
being elongated nanoparticles (nano-pill-like) within the
matrix. Additionally, just as the morphology and the diameter
of the nanostructures vary with frequency, the density of the
metallic nanostructures also varies, i.e., the density of the pillars
increases as the deposition frequency increases. The specific
nanostructure variations seen between the different frequencies
are likely caused by the nucleation and diffusion process. Since
Au and Fe are metals which have higher surface energies when
compared to the LSFO ceramic counterparts, the metallic
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Figure 4. (a,b) Low-temperature and (c,d) room-temperature hysteresis loops of the Au—Fe—LSFO films grown at different frequencies with

enlarged insets for the room-temperature loops.

adatoms will tend to accumulate as particles. In the specific
cases of Au and Fe, it has been shown that Au tends to form a
shell around Fe, as seen in previous works, especially at higher
temperatures and growth energies.56 In previous studies
carried out on similar metal—oxide VANS, as the deposition
frequency decreased, the diameter of the pillars also tends to
decrease."**>°® This phenomenon is attributed to the time in
between each new flux of adatoms. As frequency decreases, the
adatoms will have less time to settle, causing them to form
smaller, less energetically favorable, and more strained
structures. As the time in between the laser shots increases,
they form larger, more relaxed structures. This is consistent
with the fact that at the higher frequencies, the Fe adatoms will
create smaller nanostructures with the Au nucleating around
these Fe structures. Furthermore, the decreased nucleation
time or scarcity of Au adatoms will cause a portion of the Fe
adatoms to not have sufficient time to coalesce with the
existing Fe nanostructures within the Au cores. The limited
time results in separated Fe nanostructure development,
leading to the formation of the nano-pill-like structures seen
in the 10 Hz samples. For the 2 Hz and the 5 Hz samples, the
decreased frequencies lead to increased nucleation time,
resulting in larger pillars in the 5 Hz and the largest Fe pillars
seen in the 2 Hz sample. Au also facilitated the growth of the
pillars as evidenced from a comparison between pure Fe—
LSFO and Au—Fe—LSFO films grown at similar growth
conditions, as shown in Figure S3. From Figure S3, the Fe
regions grown in the two-phase Fe—LSFO VANSs tend to grow
in the nano-pill structures, yet in the three-phase Au—Fe—
LSFO VAN, nanopillars occur. This can be explained by the
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Au adatoms growing around the Fe regions. As the Au regions
enclose the Fe regions, it makes it easier for other Au and Fe
adatoms to grow on the more energetically favorable metal
surfaces, resulting in the pillar growth. Additionally, the growth
interactions between the substrate and the metallic nanostruc-
tures change with increasing frequency. In all different samples,
there are the metallic pillars and smaller metallic uniform
nanoparticles along the interface. These nanoparticles decrease
in number as the frequency increases from 2 to 5 to 10 Hz. At
10 Hz, there are less nanoparticles but more discontinuous
pillars when compared to both the 5 and 2 Hz samples. These
nanoparticles may help relax the strain between the substrate
and the film. As the adatoms have more time to diffuse, they
aggregate into these small structures which result in the overall
interfacial strain to decrease. In the case of the 10 Hz, the
adatoms do not have time to aggregate into the nanoparticles,
resulting in a higher strain as seen in the XRD. Last, frequency
also varies with the atomic percentage of Au and Fe in the
material. Since Au is deposited via a strip on the LSFO target,
and Fe grows via decomposition, the frequency of the pulses
will have a noticeable effect, as seen in Table S1. The table
shows that the atomic percentage of Fe increases at 5 Hz, with
a corresponding decrease in Au percentage. This may result
from the S Hz growth promoting the growth and
decomposition of Fe, resulting in the large, ordered Au—Fe
growth when compared to other frequencies.

Next, to determine how the ferromagnetic behavior varies
with the different nanostructures, measurements were taken
from the different samples, as shown in Figure 4. At 10 K, the
2, 5, and 10 Hz have an in-plane saturation of 64, 80, and 48
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emu/cm® and out-of-plane saturation of 72, 98, and 57 emu/
cm?, respectively, with an in-plane coercivity of 180, 350, and
270 Oe and out-of-plane coercivity of 330, 460, and 576 Oe,
respectively. At room temperature, the 2, S, and 10 Hz have an
in-plane saturation of 35, 65, and 24 emu/cm® and out-of-
plane saturation of 40, 80, and 28 emu/ cm?, respectively, with
an in-plane coercivity of 10, 15, and 18 Oe and out-of-plane
coercivity of 12, 5, and 15 Oe, respectively. Even though, there
are similar amounts of the ferromagnetic Fe in the out-of-plane
and in-plane directions, the magnetic saturations are not equal.
This disparity arises from the geometry of the nanostructures.
The nanostructures tend to be elongated in the out-of-plane
direction, resulting in the larger out-of-plane saturation. The 5
Hz sample has the largest coercivity and magnetic saturation at
low temperature due to predominately two factors. One of
these factors, as seen in Table S1, is that there is a higher
atomic percentage of Fe in the system, resulting in a stronger
magnetic material. The second factor is the overall shape of the
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Fe regions. For the 5 Hz, the Fe regions within the Au
structures tend to have larger continuous structures when
looking from the cross-sectional view. The smaller Au—Fe
regions within the 10 Hz sample cause this frequency to have
the lowest magnetization. These smaller regions will cause the
magnetic direction to be easily turned, resulting in the 10 Hz
film to have the weakest ferromagnetic properties. Additionally,
from the room-temperature properties, it is possible to see the
film demonstrates superparamagnetic properties at room
temperature. This superparamagnetic behavior arises from
the diameter of the pillars that tend to be sub-10 nm, the limit
for Fe to exhibit superparamagnetic behavior, as reported in
previous studies.”” The 2, 5 and 10 Hz samples have
superparamagnetic behavior at room temperature. As previous
studies have shown, as the diameters of and sizes of the Fe
regions increase, the saturation and coercivity tend to
increase.”” This phenomenon can be seen with the Au—Fe
nanostructures. In the 2 Hz sample, the Au tends to dominate
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the metallic regions, with Fe dispersed periodically within,
causing the 5 Hz regions to have a larger Fe diameter. For the
10 Hz sample, the dispersed smaller Fe regions negatively
influences the saturation. This observation results in the 5 Hz
sample having the largest saturation and coercivity and the 10
Hz sample having the smallest.

To evaluate the overall optical properties, the reflectivity
data and optical transmittance data were collected and
analyzed. The data in Figure Sa—c show a clear anisotropy
based on the out-of-plane and in-plane dielectric permittivity
with the out-of-plane dielectric permittivity for all samples
being negative at certain wavelengths, indicating a hyperbolic
response. Interestingly, the hyperbolic transition point shifts
from slightly below 500 nm at 2 Hz, to 830 nm at 5 Hz, and
1100 nm at 10 Hz, with the out-of-plane dielectric permittivity
decreasing with the increasing deposition frequency. This can
be explained by the variation of nanostructures for each film.
For the 2 Hz sample, the metallic pillars are the most
continuous and the largest, and as the frequency increases, the
continuity and the size of the pillars decrease, resulting in the
trends seen in the out-of-plane dielectric permittivity. For the
in-plane dielectric constant, the positive values are due to the
metal regions being embedded within a ceramic matrix,
causing a positive permittivity as seen in conventional
ceramics. Interestingly, in Figure S4a, in the in-plane 2 Hz
sample, it is possible to see a plasmonic absorption response
around the 610 nm wavelength, where there is a local
minimum in the transmission curve. Since the 2 Hz has more
ordered pillars, Au has grown in a more ordered structure,
resulting in an enhanced plasmonic response. This indicates
that by tuning the growth parameters, it would be possible to
strengthen the plasmonic response, the ferromagnetic
response, and the hyperbolic transition point, which will be
useful for various applications and devices.

To evaluate the magneto-optic coupling of the Au and the
Fe nanostructures, MOKE data was taken at room temperature
for the 5 Hz sample. From the data, it is possible to see how
the induced magnetic responses varies as the light imposes on
the sample in the polar and longitudinal directions (Figure 5d).
Compared to the data shown in Figure 4, the MOKE data in
Figure Se show a large degree of anisotropy that exists between
the in-plane (longitudinal) and out-of-plane (transverse)
directions. While the anisotropy of the MOKE is larger than
the MPMS, a portion of this anisotropy may arise from the
difference in the out-of-plane and in-plane dielectric constants
that come from the highly anisotropic structure. While this
causes the large degree of anisotropy, it has been well
documented in the magneto-optic coupling that exists between
the plasmonic Au and ferromagnetic Fe.”' In these structures,
the interfaces between Au and Fe and the optical excitation
that occurs at these interfaces causes the coupling and Kerr
rotation, as seen in the MOKE graph. In these nanostructures
that are more columnar in nature, as opposed to the traditional
nanoparticles, has the potential to cause an increase in the
coupling effect due to the greater degree of shared interfacial
strain and effects. As opposed to the spherical shape of the Fe
regions, the Au-encapsulated Fe nanostructures had a pillar
geometry, resulting in the anisotropy seen in the MOKE data.
This indicates that the Au in conjunction with the Fe played a
role in the magneto-optic behavior, indicating that magneto-
optical coupling between Au and Fe did occur.

This magneto-optical coupling arises from the unique Au-
encapsulated Fe nanostructure in this film. For this result to be
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achieved, it was crucial for minimizing Fe—Au intermixing to
avoid detrimental effect on both the optical and magnetic
properties. To this end, Fe and Au are ideal candidates due to
their immiscibility and strong physical properties. This
immiscibility minimizes the Fe and Au intermixing during
the nucleation process, and instead results in the forming of
the Au shell around the Fe which causes the effective magneto-
optical coupling. Additionally, by adding Au to the existing
Fe—LSFO system, the Au-encapsulated Fe nanostructures tend
to grow into the pillar form. These pillars result in highly
anisotropic optical properties with hyperbolic optical proper-
ties and a high degree of magneto-optical coupling. Further
studies could consider other systems that Au can be added to:
Fe—BaTiO,,>* Co—BaZrO,,” and Ni—BaZr,Y,,0;."* Addi-
tionally, the added metal can be varied to other plasmonic
metals such as Ag and Cu. This complex three-phase oxide-
metal VAN utilizes immiscible metals to create a unique design
for engineering complex functionalities and coupled function-
alities for various optical and electronic device applications,
especially pertaining to the field of spintronics, where recent
work has shown the potential of magneto-optic enhancements
to spintronic devices.’”

B CONCLUSIONS

This study demonstrates the successful growth of a complex
three-phase nanocomposite Au—Fe—LSFO thin film and its
potential in achieving tunable physical properties, most
notably, ferromagnetic and magneto-optic properties. This
novel three-phase nanocomposite material combines the
strong ferromagnetic properties of Fe with the strong
plasmonic response of Au, creating a unique system exhibiting
strong magneto-optical properties. While Fe and Au have been
previously combined, this work demonstrates a new possible
single-step growth method to grow nanopillars rather than the
traditional nanoparticles. Additionally, via tuning the deposi-
tion frequency, it is possible to tune the nanostructures of the
film, and subsequently the magnetic and optical properties for
use in different applications. This study demonstrates a
method to include a third phase, another metal, in the
oxide—metal VAN design to provide additional functionality
beyond the conventional two-phase VAN systems offer. The
approach opens a new and exciting avenue for effective
magneto-optical coupling toward future optical switches,
sensors, and biological and spintronic devices.
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