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ABSTRACT: Searching for multifunctional materials with tunable
magnetic and optical properties has been a critical task toward the
implementation of future integrated optical devices. Vertically
aligned nanocomposite (VAN) thin films provide a unique
platform for multifunctional material designs. Here, a new
metal—oxide VAN has been designed with plasmonic Au
nanopillars embedded in a ferromagnetic Lag4,Sry;3MnO;
(LSMO) matrix. Such Au—LSMO nanocomposite presents
intriguing plasmon resonance in the visible range and magnetic
anisotropy property, which are functionalized by the Au and
LSMO phase, respectively. Furthermore, the vertically aligned
nanostructure of metal and dielectric oxide results in the
hyperbolic property for near-field electromagnetic wave manipu-
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lation. Such optical and magnetic response could be further tailored by tuning the composition of Au and LSMO phases.
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rtificial electromagnetic metamaterials with subwave-

length scale metal nanostructures exhibit extraordinary
optical performance, such as hyperbolic, negative refractive
refraction, plasmonic etc.,, which allow their applications in
subwavelength resolution imaging, photocatalysis, super lenses,
cloaking, etc.'™ To date, various approaches have been
developed to synthesize such metamaterials; one of the most
popular methods is to electrodeposit metal nanorods into a
porous anodic aluminum oxide (AAO) template, so-called
template-assisted electrochemical deposition.”*~'" However,
the size of the fabricated metal nanorods limits at 10 nm due to
the size limitation of pore separation of the AAO template.''
Moreover, this method could only provide Al,O; as the oxide
matrix, which hinders the further tuning of the optical
properties by dielectric environment. In addition, the fragile
nature of the AAO template hinders its scaling-up. Other
developed methods include direct laser writing, electron-beam
lithography, combined focused ion beam (FIB), etc,”~'*
which are all top-down lithography techniques.

Recently, a simple one-step pulsed laser deposition (PLD)
technique has been applied to grow two-phase metal—oxide
nanocomposite thin films, either by sequential deposition by
multiple targets'>~"” or directly by a single mixed target.'*™"'
Such method has been widely used for the growth of oxide—
oxide vertically aligned nanocomposite (VAN) thin films
previously.””** For metal—oxide nanocomposite thin films,
tremendous efforts have been invested for searching the proper
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growth window to overcome the vastly different growth
conditions for the metal and the oxide phases. Various metal—
oxide systems have been designed, from the functionality point
of view, all of them could be divided into two categories, metal
nanopillars with extraordinary optical performance'”*" or
anisotropic magnetic property.ls_lg’zo For example, plasmonic
Cu nanopillars embedded in ZnO have been fabricated, with
hyperbolic and anisotropic optical properties.”’ On the other
hand, ultrafine magnetic Co and Ni nanopillars have been
introduced in different dielectric oxides, and anisotropic
magnetic property has been obtained owing to the anisotropic
nature of the nanopillars; such magnetic metal—oxide VAN
thin films could be promising for high-density perpendicular
recording media.'>~"*?° For all the previous designed metal—
oxide VANSs, metal nanopillars are the effective part, while the
oxide matrix typically works as the dielectric matrix for the
metal nanopillars. Therefore, it is beneficial to design metal—
oxide systems with collective effects from both metal and oxide
phases to achieve multifunctional metal—oxide VAN thin films.
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Figure 1. Schematic illustrations and microstructure of Au—LSMO nanocomposite thin films with different Au densities. (a) Schematic illustration,
low-mag (b) cross-sectional and (c) plan-view STEM image with corresponding energy-dispersive X-ray spectroscopy (EDS) mapping of the high-
density Au—LSMO thin film; (d) schematic illustration, low-mag (e) cross-sectional and (f) plan-view STEM image with corresponding EDS
mapping of the median-density Au—LSMO thin film; (g) schematic illustration, low-mag (h) cross-sectional and (i) plan-view STEM image with

corresponding EDS mapping of the low-density Au—LSMO thin film.

In this study, a new metal—oxide VAN has been designed
with multifunctionalities from both phases, that is, plasmonic
Au nanopillars embedded in ferromagnetic Lay4,Sry33MnO5
(LSMO) matrix. LSMO is a perovskite-type manganese oxide
material with fascinating magnetic (Curie temperature T, of
~370 K) and transport properties owing to the double
exchange mechanism.”*™*® Furthermore, these properties can
be tailored by oxygen stoichiometry,”” doping level,** strain
effect,’’ and external pressure,”> owing to the interplay of
lattice, spin, orbital, and charge in the material. Such lattice-
spin-charge coupling allows LSMO to be widely used in
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spintronic devices.>*™*> Therefore, LSMO is selected as the
oxide matrix to achieve multifunctional Au—LSMO nano-
composite thin film, grown on SrTiO; (STO) substrate. The
lattice parameter of STO (cubic, a = 3.905 A) is in between
that of Au (cubic, a = 4.072 A) and LSMO (pseudocubic, a =
3.873 A), which allows the strain compensation effect to make
the overall mismatch strain minimal and results in well-
distributed Au nanopillars.*® Overall, this Au—LSMO VAN is
ideal for epitaxial nanocomposite thin film growth with
multifunctionality, which opens up a new route toward
multifunctional metal—oxide VAN designs.

https://dx.doi.org/10.1021/acs.nanolett.0c04213
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Figure 2. Detailed microstructure study of the high-density Au—LSMO nanocomposite thin film. (a) Overall 3-D image composed of low-mag
cross-sectional and plan-view STEM images; (b) high-resolution cross-sectional STEM image with its corresponding (c) geometric phase analysis
(GPA) ¢,, (out-of-plane strain) map and (d) masked inverse fast Fourier transform (FFT) image; (e) high-resolution plan-view STEM image with
its corresponding (f) geometric phase analysis (GPA) ¢,, (in-plane strain) map and (g) masked inverse fast Fourier transform (FFT) image; (h)
high-resolution STEM image of one type-I Au nanopillar and (i) its corresponding EDS elemental mapping.

Results and Discussion. Au—LSMO VANs with different
Au contents refer to high-density, median-density, and low-
density Au—LSMO. A pure LSMO film has also been grown
for comparison. Figure Slsuggests the excellent epitaxial
quality of all the films, and it is worth noting that two types
of Au domains with 45° rotation have been obtained (see
details in Supporting Information). Then scanning trans-
mission electron microscopy (STEM) has been conducted in
both cross-sectional and plan-view directions to construct the
3-D view of the Au—LSMO VAN with different Au nanopillar
densities, as shown in Figure 1. For the high-density sample
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(cross-section in Figure 1b and plan-view in Figure lc, with
EDS mapping as inserted), most of the Au nanopillars grow
straight throughout the entire thickness of the film. Additional
STEM images in Figure S2 cover a large area of the film, which
demonstrate the well-distributed Au nanopillars in large scale.
While Au content reduces to median-density, some of the Au
nanopillars cease to grow in halfway, as shown in Figure le and
f for cross-sectional and plan-view (with EDS mapping as
inserted), respectively. Furthermore, in the low-density Au—
LSMO, most of the Au nanopillars failed to grow throughout
the entire thickness due to insufficient Au source during

https://dx.doi.org/10.1021/acs.nanolett.0c04213
Nano Lett. 2021, 21, 1032—-1039
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Figure 3. Magnetic properties of Au—LSMO nanocomposite thin films with different Au densities. Comparison of magnetization—field hysteresis
loops of the Au—LSMO nanocomposite thin films and the pure LSMO film, with applied magnetic field in (a) OP (perpendicular to film surface)
and (b) IP (parallel to film surface) measured at 10 K; (c) comparison of the OP M—H and IP M—H curves of the high-density Au—LSMO to
demonstrate the anisotropic magnetic property; (d) magnetization—temperature (5—380 K) curves of the Au—LSMO nanocomposite thin films

with applied magnetic field in IP direction.

deposition as shown in Figure 1h and i for cross-sectional and
plan-view (with EDS mapping as inserted), respectively.
Finally, the 3-D construction of high-density, median-density,
and low-density samples can be built in the schematic
illustrations in Figure la, d, and g, respectively.

To further explore the microstructure and strain state in
high-density Au—LSMO, a detailed high-resolution TEM
analysis has been conducted. Figure 2a is a 3-D view of the
sample constructed by low-mag cross-sectional and plan-view
STEM images to show the overall morphology. Figure 2b
presents a high-resolution STEM image containing two
different Au nanopillars, type-I with Au [001]/LSMO [001],
Au [100]/LSMO [100] and type-II with Au [001]/LSMO
[001], Au [110]/LSMO [100], which is consistent with the
XRD results. The corresponding geometric phase analysis
(GPA) has been carried out to reveal the strain state in each
phase, as shown in Figure 2c. Compressive strain has been
generated in the Au—LSMO interface area, while apparent
tensile strain appears inside the Au nanopillars. The
corresponding inverse fast Fourier transform (FFT) image
has also been shown in Figure 2d to investigate the film quality.
Very limited dislocations have been identified, and distorted
lattices can be observed to compensate the lattice mismatch.
High-resolution plan-view STEM image has been shown in
Figure 2e to further explore its detailed microstructure, again
both type I and type II Au nanopillars can be observed. Its
corresponding GPA and inverse FFT images are presented in
Figure 2f and g, respectively, to probe the strain state in
horizontal point of view. Both indicate the high strain state in
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the Au—LSMO interface and inside Au nanopillars to ensure
the excellent epitaxial quality of the nanocomposite film. The
high quality of the film has been further confirmed by atomic-
scale STEM and its corresponding EDS mapping, as shown in
Figure 2h and i, respectively, which includes one type-I Au
nanoparticle. The images containing type-II Au nanoparticles
are exhibited in Figure S3. As seen, clear and abrupt Au—
LSMO interfaces are presented for both type-I Au—LSMO and
type-Il Au—LSMO interfaces, which suggests no or very
limited interdiffusion occurs between the metal and oxide
phase. Overall, the high-density Au—LSMO nanocomposite
thin film shows well-distributed Au nanopillars with excellent
epitaxial quality for both phases.

To reveal the multifunctionality of the designed Au—LSMO
nanocomposite thin films, magnetic measurements were first
conducted. Figure 3a and b compare the M—H curves (10 K)
of the three Au—LSMO films and a pure LSMO reference
sample with applied magnetic field perpendicular (OP: out-of-
plane) and parallel (IP: in-plane) to the film surface,
respectively. All of the samples exhibit significant ferromag-
netic response with the low-density Au—LSMO obtaining the
highest saturation magnetization (M,) in both OP and IP
directions among the nanocomposite films, as this sample
contains the most amount of LSMO, which contributes to the
ferromagnetic response (note that we used the volume of the
entire film to calculate M). However, the coercivity (H,) of all
the samples are the same since this is mostly a natural property
of LSMO. The room-temperature M—H comparison is also
presented in Figure S4, which exhibits the similar shape of the

https://dx.doi.org/10.1021/acs.nanolett.0c04213
Nano Lett. 2021, 21, 1032—-1039


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c04213/suppl_file/nl0c04213_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c04213/suppl_file/nl0c04213_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04213?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04213?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04213?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04213?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c04213?ref=pdf

Nano Letters pubs.acs.org/NanoLett

—
Q
S
N
(5
T

Low-density . (b) High-density Median-density Low-density
(S YISO

N
o
T

-
(5
T

Transmittance (%)
o

T
|

(5
T

1 1 1
200 400 600 800 1000 1200 1400 1600 1800
Wavelength (nm)

mﬂth—dnmiw: 1000 nm
Vi

A5F ‘s e

-10

1 1 1 1 1 1
400 600 800 1000 1200 1400
Wavelength (nm)

(d) ° izati (e) osf
S-polarization ' S-polarization 750
0
osk 75 e T
65° bl Pt IR 5_ 56----
0.4 RN PR PR
o - et
z 55 Z04bs L
2 oal Experimental 2 R Simulation
2 ,45: High-density Aperimenta: & : High-density
< =t e
0.15 PR 55°
0.10 P-polarization 550 P-polarization e -~
010} e o
65° . 65°
/ o e e
w 75° Py e

500 1500 500 1500

1000 1000
Wavelength (nm) Wavelength (nm)

Figure 4. Optical measurements of Au—LSMO nanocomposite thin films with different Au densities. (a) Transmittance spectral of the films (300—
1800 nm); (b) COMSOL simulated optical field enhancement maps corresponding to incident illumination at S50 nm in both in-plane (upper
panel) and out-of-plane (lower panel) view directions; (c) real part of complex dielectric function (e’) of the Au—LSMO thin films, biaxial
geometry is applied to extract ¢’ (OP ¢,’, dashed lines; IP ¢}/, solid lines) of the Au—LSMO nanocomposite thin films, inset is the extracted iso-
frequency surfaces of the high-density Au—LSMO film at 1000 nm; k, = w/c is the wavenumber in vacuum; k,, k,, and k, are the [100], [010], and
[001] components of the wavevector, respectively; (d) experimental and (e) simulated reflectivity spectra of the high-density Au—LSMO for
different angles (55°, 65°, and 75°) of incidence for both s-polarized and p-polarized incident lights.

curves with the reduced absolute M values. Figure 3¢ shows the the suppressed double-exchange coupling by the disordered
very different OP and IP M—H loops (10 K) of the high- phase or grain boundaries.*”

density Au—LSMO, which suggests the magnetic anisotropy in Besides the intriguing magnetic properties, optical property
the films. Magnetic anisotropy is well-known in LSMO, could be another interesting feature of this Au—LSMO
especially in the form of thin film, which can be utilized for nanocomposite thin films. First, transmittance spectral
high-density energy-storage magnets. Such magnetic aniso- measurement (wavelength range: 300—1800 nm) of the
tropy could be tailored by the strain state in the film as well as nanocomposite films has been carried out and compared in
film thickness.””*® Here, the anisotropic nature of the LSMO Figure 4a. Apparently, surface plasmon resonance (SPR) has
matrix and the vertical strain induced by the Au/LSMO lattice been observed for all the three samples, and the transmittance
mismatch could also contribute to the overall magnetic dip becomes deeper with increasing Au density, which
anisotropy of the film. Furthermore, magnetization—temper- indicates that such SPR is resulted from the Au nanopillars.

ature (M—T) curves have been measured and plotted in Figure In addition, the SPR wavelength is located at 541, 534, and 543
3d and Figure S5 for IP and OP, respectively. The T, of the nm for the low-density, median-density, and high-density

films can be determined at ~350 K, which is a little lower than samples, respectively, the minor difference might be caused by
the value of ~370 K. This T, reduction could be ascribed to the shape and size difference of the Au nanopillars as well as
1036 https://dx.doi.org/10.1021/acs.nanolett.0c04213
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the hybridization from coupling among the neighboring
nanopillars. Such SPR feature has been further confirmed by
the COMSOL simulated optical field enhancement maps (at
550 nm, which is close to the SPR position) shown in Figure
4b for all the samples. The pronounced plasmonic feature
could be attributed to the Au nanopillars themselves as well as
the Au—LSMO interfaces. However, no obvious resonance is
observed with 1000 nm incident light (Figure S6), as it is far
away from the SPR position.

To probe the anisotropic optical performance of such Au—
LSMO VAN films, angular-dependent ellipsometry measure-
ments have been conducted. The ellipsometric phi (¢) values
shown in Figure S7 are used to derive the optical complex
dielectric functions (real part ¢’ and imaginary part ¢”) of all
the Au—LSMO VAN films. Here, for the Au—LSMO VAN
films, we built a uniaxial model for the fitting due to their
anisotropic nature; the comparison of £’ and €” is presented in
Figure 4b and Figure S8, respectively. For the real part ¢, g
(parallel to the film surface) is positive throughout the entire
fitted wavelength up to 1500 nm for all the three samples,
while &,” (perpendicular to the film surface) starts to turn into
negative at 923, 1010, and 1100 nm for the high-density,
median-density, and low-density Au—LSMO, respectively. This
implies that Au—LSMO is an ideal hyperbolic metamaterial
(HMM) with a transverse-positive dispersion, which could be
integrated in optical devices such as a hyperlens.”” To further
comprehend the optical anisotropy of the Au—LSMO VAN,
iso-frequency k-space surface (at 1000 nm) has been plotted
for the high-density film to probe its optical iso-frequency
surface, as shown in the inserted image in Figure 4b. Au—
LSMO film can be identified as uniaxially anisotropic material
(e[100] = €[010] # €[001]), so its electromagnetic wave (k-
wavevector) could be manifested by the dispersion relation:

2 2 2 2
k. + k, k' o,
— == kO
£ 8” C
Here, k,, k), and k, are the components of the wave vector in

the direction of parallel and perpendicular to the film surface;
w is the frequency; and c is the speed of light. Iso-frequency k-
space surface (at 1200 nm) for the median-density and low-
density films is also shown in Figure S9. All three samples
exhibit a hyperbola shape with two sheets, which is a sign of
type II hyperbolic metamaterial. Lastly, we used angular-
dependent and polarization-resolved reflectivity measurement
(incident angles of 55°, 65°, and 75° for both s-polarized and
p-polarized light) to obtain the reflectivity spectral of all the
films, as plotted in Figure 4c for the high-density film.
Moreover, the reflectivity has been simulated by different
models in VASE software, and the simulated reflectivity
spectral well reproduces the experimental data, as shown in
Figure 4d. The experimental and simulated reflectivity for the
median-density and low-density samples are presented in
Figure S10, which again match each other well for both the
intensity and trend throughout the measured wavelength.
The implication of this Au—LSMO nanocomposite thin film
is to meet the great demand of multifunctional materials for
different device designs. The demonstration of Au—LSMO
could be extended to other metal—oxide systems for
multifunctionalities. For example, the combination of ferro-
magnetic Co with ferroelectric BaTiO; (BTO) forms a
multiferroic system, which could rarely be achieved in single
phase material.*' In addition, the size of the Au nanopillars
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could be tailored by careful deposition parameter control, for
example, laser frequency'® or growth temperature.”” Further-
more, a new physical phenomenon might be discovered in the
metal—oxide interface because of the interplay of photon,
electron, spin, and lattice in each phase. For practical
applications, future effort could focus on the magnetron
sputtering growth of such a nanocomposite thin film, which
has been realized in the growth of both metal—oxide*”** and
oxide—oxide systems.”> Overall, the design of metal—oxide
hybrid systems present significant potentials from both device
integration and fundamental physics point of view.

Conclusions. Self-assembled Au—LSMO nanocomposite
thin films with different Au nanopillar densities have been
obtained by a one-step PLD method. Both Au and LSMO
show excellent epitaxial quality, with the nanostructure of Au
nanopillars vertically aligned in the LSMO matrix. Plasmon
resonance occurs in the wavelength range from 534—543 nm
for Au—LSMO with different Au nanopillar densities.
Anisotropic magnetic property is achieved by the LSMO
phase, with T. of ~350 K. In addition, the unique VAN
structure results in optical anisotropy response, which is, £’ in
vertical and horizontal directions starting to show opposite sign
in the near-infrared wavelength range. The anisotropic optical
performance has been further confirmed by angle-dependent
and polarization-resolved reflectivity measurement, which
makes it ideal as a hyperbolic metamaterial.

Experimental Section. Thin Film Deposition. The Au—
LSMO thin films have been deposited on single crystal STO
(001) wafers using a pulsed laser deposition technique with a
KrF excimer laser (Lambda Physik CompexPro 205, A = 248
nm, 5 Hz). A conventional LSMO target was used as the
LSMO source along with a thin Au foil as the Au source. The
different Au composition can be achieved by varying the area
of the Au foils on the LSMO target. Before deposition, the base
pressure has been pumped down to lower than 1 X 107 Torr.
During deposition, the substrate temperature has been kept at
700 °C with S0 mTorr O, in-flowing. The deposition was done
by a laser frequency of 5 Hz with the total of 5000 pulses. After
deposition, the samples have been naturally cooled down to
room temperature with 50 mTorr O, in the chamber.

Microstructure Characterization. XRD (Panalytical X'Pert
X-ray diffractometer) has been used for the crystallinity
characterization. FEI Titan G2 80—200 microscope with a
Cs probe corrector and TEAM 0.5, a modified FEI Titan
microscope with a special high-brightness Schottky field
emission electron source, and an improved hexapole-type
illumination aberration corrector have been employed to take
the STEM images in HAADF mode.

Magnetic Measurements. Temperature dependence mag-
netization (2—380 K) and magnetic hysteresis curves
(—2000—2000 Oe) have been measured by a SQUID
magnetometer (MPMS: Quantum Design), with the applied
field direction either perpendicular or parallel to the film
surface.

Optical Measurements. Transmittance spectra have been
taken by UV—visible spectroscopy (Lambda 1050). Variable
angle ellipsometry experiments have been conducted using a
RC2 spectroscopic ellipsometer (J.A. Woollam Company).
Two parameters of Psi (¢) and Delta (A) were collected by
the ellipsometry measurements, which are correlated with the
ratio of the reflection coeflicients for the light of p-polarization
r, and s-polarization rg: r,/r, = tan(@) exp(iA). Then the
effective refractive index and optical dielectric constants can be
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obtained by fitting the ellipsometry data with certain models.
Angle-dependent and polarization-resolved reflectivity meas-
urement (incident angles of 5$5°, 65° and 75°) has been
applied to measure the reflectivity of the films.
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