
Tunable Three-Phase Co−CeO2−BaTiO3 Hybrid Metamaterials with
Nano-Mushroom-Like Structure for Tailorable Multifunctionalities
Bethany X. Rutherford, Bruce Zhang, Matias Kalaswad, Zihao He, Di Zhang, Xuejing Wang,
Juncheng Liu, and Haiyan Wang*

Cite This: ACS Appl. Nano Mater. 2022, 5, 6297−6304 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Recent studies in complex nanocomposite thin films have brought forth
interesting morphologies and physical properties and thus great potential for future
devices. This study presents the formation of a nanomushroom structure developed
from a complex three-phase nanocomposite system, i.e., the Co−CeO2−BaTiO3 (Co−
CeO2−BTO) system. Via varying the oxygen partial pressure during deposition, the
Co−CeO2−BTO system growth shows a microstructure tuning of vertically aligned Co
nanopillars in a CeO2−BTO composite matrix processed in vacuum to the Co nano-
mushroom-like structures under 200 mTorr oxygen. Such morphology tuning results in
interesting physical property tuning such as magnetic anisotropy, optical anisotropy,
and dielectric function tuning. This study suggests the effectiveness of morphology
tuning via complex three-phase nanocomposite designs and processing condition variation. The resultant three-phase
nanocomposite structures present great potential to address the needs on multifunctional hybrid materials for nanoscale optical
and magnetic device demonstrations.
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■ INTRODUCTION

Novel hybrid metamaterials that combine two or more
materials for artificially tuned physical properties and multi-
functionalities have attracted great interest because of their
enormous versatility in materials selection and great potential
in electronics and optical devices.1,2 In these applications, the
structure and growth of hybrid metamaterials play a crucial
role in the properties of the materials, necessitating controlled
processing techniques and methods. There are primarily two
classes of approaches for processing hybrid metamaterials: top-
down approaches such as lithography and patterning3,4 and
bottom-up thin-film growth methods via multilayer stacking5−7

or self-assembled growth.6,8 Evolving as one of the self-
assembled hybrid thin films, vertically aligned nanocomposites
(VAN) effectively combine two epitaxial phases in a vertical
co-grown columnar fashion on various substrates.7,9,10 A
variety of nanostructures have been demonstrated: nano-
pillar-in-matrix,5 nanochecker-board structure,11 and nano-
maze-like domains.12 The VAN structure has demonstrated a
variety of functionalities including plasmonic and optical
property tuning,2,13 ferroelectric−magnetic coupling for multi-
ferroics,14−16 magneto-optical coupling,16−18 and superior
ionic transport properties.19−21

VANs present advantages over other hybrid metamaterial
designs in their nanoscale features, epitaxial film quality, and
highly anisotropic physical properties.4−6,16 Most of the
previous VAN studies have examined oxide−oxide two-phase
systems, where one phase has strong physical properties and

the second oxide phase has strong vertical strain coupling
across the interfaces.4,6,16,22 Recently, oxide-metal VAN
systems have evolved as a new class of VAN combining two
very dissimilar phasesi.e., oxides and metals for exotic optical
propertiessuch as tunable hyperbolic optical responses,
epsilon near-zero (ENZ) wavelength, and enhanced non-
linearities via second harmonic generation measurements.16−18

This new class of VANs with their unique properties and
tunability, introduces new opportunities in plasmonics and
optic designs for all-optical integrated circuits.16−18

Tuning the physical properties in VAN thin films can be
achieved by film morphology modulation via adjusting
deposition parameters (e.g., deposition rate, deposition
temperature, substrate treatments, etc.).1,3,5 For example,
prior work has demonstrated that the deposition frequency
can effectively vary the nanopillar dimension from 7 to 13.5
nm in the BiFeO3−Sm2O3 system and thus impact the overall
physical properties.8 Oxygen partial pressure effectively tunes
the growth kinetics and thus the resultant film morphology
from hexagonal nanopillars to irregularly shaped and oriented
nanopillars in ZnO−Au VAN films.2 Substrate strain also plays
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a critical role in the overall two-phase distribution, and a
unique strain compensation model has predicted the potential
ordering of the two phases by selecting two phases with
opposite strain states with the substrate.15,23 Most VAN tuning
has been demonstrated in two-phase VAN designs with very
limited demonstrations in three-phase systems.1,16,18

In this work, we demonstrate a new approach for effective
VAN morphology tuning by incorporating novel three-phase
nanocomposite designs. We have selected a complex metal-
oxide−oxide- three-phase system, Co−CeO2−BaTiO3 (Co−
CeO2−BTO) for demonstration. Co was selected because of
its strong ferromagnetic properties in combination with its
unique plasmonic properties and the surface plasmon

resonance (SPR) effect. Previous studies have also shown
that Co and Co−alloy nanocomposite materials in oxide
matrixes have very interesting size-dependent magnetic and
optical properties.24−27 Co metal has successfully grown in
oxide matrices to create nanocomposite materials in BaZrO3−
Co, BTO−Co, CeO2−Co, and Zr2O−Co systems.25,26,28−30

Co−CeO2 nanocomposite thin films specifically have
produced thin-film materials with Co features as small as 3
nm.25,26 Additionally, it can be considered as a cheaper
alternative compared to the most common plasmonic materials
in SPR sensors: Au or Ag.31,32 Via oxygen partial pressure
control, the overall morphology of the three-phase system can
be easily tuned as illustrated in Figure 1. In this work, oxygen

Figure 1. (A) Cross-sectional TEM image of Co−CeO2−BTO grown in vacuum, (B) diffraction pattern of the film and STO substrate, (C) cross-
sectional composite EDX mapping of Co−Ce−Ti, (D) cross-sectional EDX mapping of Co, (E) cross-sectional EDX mapping of Ce, (F) cross-
sectional EDX mapping of Ti, (G) cross-sectional STEM image of Co−CeO2−BTO grown in vacuum, (H) schematic drawing of Co−CeO2−BTO
grown in vacuum, (I) plan-view composite EDX mapping of Co−Ce−Ti, (J) plan-view EDX mapping of Co, (K) plan-view EDX mapping of Ce,
(L) plan-view EDX mapping of Ti, and (M) plan-view STEM image of Co−CeO2−BTO grown in vacuum.
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partial pressure varied from low to high pressure during
growth. A higher amount of oxygen during oxide thin-film
growth promotes their nucleation and growth on the substrate
surface over a metallic phase. Reducing the oxygen present
reduces the growth kinetics for oxide materials, allowing a
metal phase to nucleate at a faster rate than when grown in an
oxygen-filled environment. The differing nucleation and
growth rates will affect the morphology, tuning the different
physical properties. Detailed property explorations, including
magnetic and optical property measurements, were conducted
to correlate the tunable morphologies with their resultant
physical properties. This study presents a new approach in
achieving the morphology control of the nanopillars that have
great potential as plasmonic sensors and nanoantennas in
nanophotonic devices.

■ EXPERIMENTAL SECTION
Pulsed laser deposition (PLD) with a KrF laser (Lambda Physik, λ =
248 nm) at 5 Hz was used to fabricate nanocomposite thin-film
samples. The laser energy was set at 420 mJ. The nanocomposite thin
films were made with a composite target of BTO/CeO2/Co with a
molar ratio of 1:1:2 and grown on single-crystal SrTiO3 (STO) (001)
substrates in either 200 mTorr oxygen or vacuum at 750 °C. After
deposition, the thin films were cooled at 5 °C/min.
X-ray diffraction (XRD) (PANalytical Empyrean diffractometer)

was used to determine potential peak shifting due to oxygen

background pressure tuning. Transmission electron microscopy
(TEM) (FEI TALOS F200X) was used to determine the
nanostructure of the films with energy-dispersive X-ray spectroscopy
(EDX) mapping and high-resolution scanning transmission electron
microscopy (STEM). TEM samples were created using the standard
manual preparation process: grinding, dimpling, and ion milling (PIPS
II Gatan).

A magnetic property measurement system (MPMS) (MPMS
Model 3, Quantum Design) measured the magnetic properties for in-
plane and out-of-plane directions of each film. Optical property
measurements were conducted using a RC2 spectroscopic ellips-
ometer (J.A. Woollam Company), where the angles measured were
30, 45, and 60° with a spectrum range of 210−2500 nm. The psi and
delta data were fit with a B-spline model to determine anisotropic
permittivity. COMSOL Multiphysics Wave Optics Module was
applied for the optical simulation. Optical constants for Co, CeO2,
and BTO were directly taken from the software database. The
simulated geometry was retrieved based on the plan-view and cross-
sectional TEM images, including average pillar diameter (d ), average
interpillar distance (l  ), and film thickness (t), which are d = 4.5 nm, l  
= 38 nm, and t = 27 nm for the nanomushroom structure and d = 5
nm, l  = 25 nm, and t = 60 nm for the nanopillar structure. The
dimension of the nanomushroom “head” is estimated to be 10 nm in
height and 18 nm in width, respectively. A normal incidence
depolarized electromagnetic field was applied with two ports on the
top and bottom of the model.

Figure 2. (A) Plan-view STEM image of Co−CeO2−BTO grown in 200 mTorr O2, (B) composite plan-view EDX mapping of Co−Ce−Ti, (C)
plan-view EDX mapping of Co, (D) plan-view EDX mapping of Ce, (E) plan-view EDX mapping of Ti, (F) cross-sectional composite EDX
mapping of Co−Ce−Ti, (G) cross-sectional EDX mapping of Co, (H) cross-sectional EDX mapping of Ce, (I) cross-sectional EDX mapping of Ti,
(J) schematic drawing of Co−CeO2−BTO grown in 200 mTorr O2, (K) cross-sectional STEM image of Co−CeO2−BTO grown in 200 mTorr O2,
(L) diffraction pattern of the film, (M) cross-sectional TEM image of Co−CeO2−BTO grown in 200 mTorr O2, and (N) high-resolution cross-
sectional TEM image of a nanomushroom.
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■ RESULTS AND DISCUSSION

Interestingly, via the oxygen partial pressure control, the
morphology of the Co−CeO2−BTO system was effectively
tuned, as shown in Figures 1 and 2 for the vacuum and 200
mTorr grown samples, respectively. For the vacuum-grown
sample, it is obvious that Co forms uniform and straight
vertical nanopillars (∼11.1 nm in average diameter) with a
unique core−shell structure or partial core−shell structure
produced by the CeO2 phase preferentially surrounding the Co
nanopillars. Surrounding the CeO2 phase shell is the BTO
phase, which has a tetragonal perovskite structure with a larger
lattice parameter of 3.99 Å. The STO substrate has a lattice
parameter of 3.91 Å, which is the closest to BTO. Thus, it is
consistent with other three-phase works where the closest
matching phase to the substrate has the tendency to be the
matrix phase. It is noted that the Co nanopillars are very thin
(10 nm or less), and the domains from CeO2 and BTO are also
very small. It posed challenges in nanostructural character-
izations of all three phases. However, based on EDX mappings
in plan-view and cross section, it is evident that the Co phase
has grown into uniform nanopillars uniformly distributed in
the CeO2 and BTO matrix.
When the three-phase system was grown under the same

growth conditions with the exception of the 200 mTorr oxygen
environment, the overall VAN structure is still present;
however, the Co nanopillars assemble into an interesting
nano-mushroom-like morphology combining the “mushroom
stem” regions (i.e., the Co nanopillars with the reduced average
diameter of 4.3 nm) and the “mushroom cap” regions (i.e., the
Co clusters on top of the nanopillars). This unique nano-
mushroom-like morphology could be attributed to the altered
growth kinetics under 200 mTorr. Under 200 mTorr, the
plume is more confined, and the growth rate of oxides
increases. In addition, the morphology distribution of oxides
and metal phases changes during the initial growth. This effect
is evident in the cross-sectional TEM images in Figures 1A−G
and 2F−M. This results in much smaller nucleation sites for
Co and thus much smaller Co nanopillars. However, this also
leads to the accumulation of the excess Co during growth and
thus the formation of the “mushroom cap.” In comparison, the
density of the Co nanopillar distribution throughout the oxide
matrix under 200 mTorr is much smaller than that of the films
grown under vacuum (Figure 2K,M). Figure 2N shows distinct
lattices from the Co mushroom regions and the stem regions,
with much smaller lattice spacings compared to the oxide
matrix lattice. It is possible that some parts of the mushroom
cap experienced oxidation during the annealing process
postdeposition. The majority of the nanomushroom is still
believed to be Co evidenced by the lattice structure (Figure
2N). To confirm that, Figure S1 shows a high-resolution
STEM image of the Co nanomushroom cap relative to the
BTO oxide matrix with the d-spacing measured and labeled for
both regions. The corresponding fast Fourier transform (FFT)
analysis for both the Co and the BTO regions was conducted
and shown in Figure S1. The d-spacing of Co was measured to
be ∼0.189 nm for Co (002) and ∼0.391 nm for BTO (001).
The Co d-spacing measured is consistent with the cubic Co
lattice. The Co and BTO regions show clearly different
diffraction patterns based on the FFT analysis results. The
influence of growth kinetics on the out-of-plane strain in the
films is also supported by the XRD results, where BTO peaks
are shifted to higher angles, indicating that the BTO out-of-

plane lattice is under compression when grown under vacuum
conditions (Figure 3). Both oxide phases become more

dominant when grown in oxygen as all of the oxide peak
intensities are higher than that of a vacuum-grown film. The
peaks in Figure 3 are also reflected in the TEM diffraction
patterns in Figures 1B and 2L. The nanomushroom structure
diffraction patterns have an additional orientation of CeO2
(111).
In addition to the growth kinetics of the oxides versus the

Co metal, the interfacial relationships between the phases are
also important. Based on the EDX data (Figures 1C−F,I−L,
and 2B−I), the interface between the Co and oxide phases is
sharp and distinct, whereas the interface between CeO2 and
BTO is less clear. It is interesting to note that the CeO2 phase
tends to grow adjacent to the Co metal as evidenced by the
higher intensity of Ce around the Co pillars. The less clear
interface between the CeO2 and BTO phases could be due to
less obvious phase separation between the oxides. The
interfaces between the CeO2 and BTO phases for the film
grown under 200 mTorr (nanomushroom case, Figure 2) are
much cleaner and sharper than that in the film under vacuum
(nanopillar case, Figure 1). This might be due to the growth
kinetic differences and the oxygen content difference under
different oxygen back pressure. Under 200 mTorr, the plume
of all species is well confined and the density of adatoms is
higher than that of the vacuum case and thus result in more
effective nucleation and growth of oxides and better oxide
phase separation. However, the metal growth could be limited
under 200 mTorr and thus forms much thinner pillars in the
initial growth (i.e., the nanomushroom stem). In addition to
the interfaces between the film phases, the interface between
the substrate and the film is important as the similar lattice
parameter and surface energy between the STO and oxide
phases promotes the nucleation and growth of oxides, the fact
that the initial composite target composition is 1:1 molar ratio
of metal:oxides.
In terms of magnetic properties of these hybrid nano-

composites, the nanopillar sample grown under vacuum (in
purple) maintains higher magnetization and coercivity than
those of the mushroom counterpart (in orange), as seen in

Figure 3. XRD data of Co−CeO2−BTO thin films deposited under
vacuum and 200 mTorr.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.2c00394
ACS Appl. Nano Mater. 2022, 5, 6297−6304

6300

https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c00394/suppl_file/an2c00394_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c00394/suppl_file/an2c00394_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00394?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00394?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00394?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00394?fig=fig3&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.2c00394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 4. The VAN structure has an in-plane magnetic
saturation of 125 and 105 emu cm−3 at 300 and 10 K and an
out-of-plane magnetic saturation of 175 and 155 emu cm−3 at
300 and 10 K, respectively. The VAN structure also has an in-
plane coercivity of 500 and 800 Oe at 10 and 300 K and an

out-of-plane coercivity of 1800 and 2400 Oe at 10 and 300 K,
respectively. The results suggest an obvious out-of-plane
magnetic anisotropy in the VAN sample. The mushroom
structure presents a much weaker magnetic response, i.e., an
in-plane magnetic saturation of 15 emu cm−3 and an out-of-

Figure 4. (A) Magnetization data for the in-plane direction for vacuum-grown nanopillars (purple) and 200 mTorr O2-grown nanomushrooms
(orange) and (B) Magnetization data for the out-of-plane direction for vacuum-grown nanopillars (purple) and 200 mTorr O2-grown
nanomushrooms (orange).

Figure 5. (A) Optical permittivity of nanopillar structure, (B) Optical permittivity and hyperbolic behavior of nanomushroom structure, (C)
transmittance of nanopillar (purple) and nanomushroom (orange) films, and (D) COMSOL simulation of nanomushroom at 550 nm for cross
section and plan-view, and (E) COMSOL simulation of nanomushroom at 850 nm for cross section and plan-view.
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plane magnetic saturation of 18 emu cm−3 at 10 K. One
possible reason for the weaker magnetic response is that at 300
K the mushroom structure could show superparamagnetic
properties rather than ferromagnetic due to the very small size
of the mushroom stem being 4.3 nm in diameter. Previous
reports have shown that magnetic Co structures and high
percentage Co-alloy structures present a superparamagnetic
limit when their particle size reduces to 5−8 nm.24,25,27,33,34

Co has also been shown to vary the superparamagnetic domain
size with temperature.24,35 The small size and very low density
of the Co mushroom nanostructure both contribute to their
overall magnetic behavior and explain the weak ferromagnetic
behavior at 10 K and paramagnetic behavior at room
temperature. More specifically, the very thin nanopillars
(∼4.3 nm) and low pillar density in the nanomushroom film
result in a lower amount of Co in the film compared to the
wide nanopillars and high pillar density in the VAN sample.
Thus, much weaker ferromagnetic responses were observed in
the nanomushroom sample compared to the nanopillar one.
In terms of optical response, the nanomushroom structure

presents interesting characteristics. As seen in Figure 5A, the
VAN structure acts overall as a dielectric material. The
nanomushroom structure acts as a metamaterial that behaves
hyperbolically in iso-frequency space at 795 nm, i.e., the out-of-
plane permittivity becomes negative while the in-plane
permittivity remains positive and increases in value (Figure
5B). The largest difference in the optical permittivity is the
perpendicular component of the nanomushroom film becom-
ing negative. This change can be attributed to the distribution
of Co in the nanomushroom structure being more on top of
the film than in the nanopillar structure. Specifically, vertical
and thin metallic Co nanopillars present a negative permittivity
value out-of-plane, while the dielectric oxides in the matrix
contribute to the positive permittivity values in-plane. In terms
of transmittance (Figure 5C), the mushroom structure shows
SPR within the wavelength range between 500 and 800 nm
with a dip at 705 nm, whereas the VAN nanopillar structure
does not show obvious resonance, which indicates that the
nanopillar structure shows a weaker SPR effect than the
nanomushroom hybrid film. Based on the transmittance
spectra of both films, the optical simulation was conducted
using COMSOL Multiphysics software (see the Experimental
Section and Figure S2 for more details). Figure 5D,E exhibits
electric field maps (EFMs) for the nanomushroom Co−
CeO2−BTO hybrid film at 550 and 850 nm, respectively. As
shown in Figure 5D, it can be clearly seen that the “mushroom
head” structure enhanced the SPR effect remarkably with the
highest intensity on the top. As the light penetrates the film,
the SPR effect intensity degrades rapidly. Because the overall
film thickness is merely around 30 nm, most of the film is
showing noticeable plasmon resonance under the 550 nm light
illumination. On the other hand, Figure 5E shows a less
obvious SPR effect within the nanomushroom film. By
comparing the intensity scale bar shown on the right, it is
clearly seen that the SPR intensity at 550 nm is more than 6
times stronger than the SPR intensity at 850 nm. This
significant intensity difference also supports our experimental
transmittance results, where the plasmon absorption dip is
located within the 500−800 nm wavelength region. Moreover,
the EFM results for the nanopillar hybrid film are obtained and
shown in Figure S2 at the same wavelengths. The SPR is much
weaker in the nanopillar film, where it only occurs on the top
portion. By comparing the intensity scale bar for the nanopillar

film with that for the nanomushroom structure, it is noted that
the SPR intensity for the nanopillar film is ∼103 times weaker
than that of the nanomushroom film. This also provides
supportive evidence for the disappearance of the absorption
curve in the transmittance spectrum of the nanopillar film. The
significant degradation of SPR intensity within the nanopillar
structure can be attributed to two major reasons: (1) the
thickness of the nanopillar structure is much higher than that
of the nanomushroom hybrid film, so as the surface plasmon
polaritons (SPP) are evanescently confined in the metal−
dielectric interfaces, they degrade remarkably as they propagate
into the crystal lattice and (2) as the interpillar spacing
becomes smaller, there will be more wave interference between
the nearby SPPs that results in the degradation of SPR
effect.36,37 The SPR data is modeled by COMSOL Multi-
physics software, and the schematics and field maps are shown
in Figures 5D,E and S3 as the intensities of the SPR effect. The
intensity displays that the source of the SPR effect is from the
Co mushrooms, particularly the mushroom cap regions. The
simulation of VAN pillars shows that the intensity is not
significant in the films. SPR comes from the electron oscillation
between metallic and dielectric materials. The larger
proportion of metallic surface area creates a larger interfacial
area with the surrounding dielectric materials that allow for a
more intense SPR effect compared to the VAN counterpart.
Despite the fact that the absorption peak at 705 nm is relatively
small, the peak position is comparable to previous studies on
the transmittance data from Co nanocomposite materials with
similar peaks reported near 700 nm.38−40 This suggests that Co
nanomushroom structures in this work present SPR effects.
Although in-plane strain plays an important role in the

development of nanocomposites, controlling oxygen present
during deposition presents additional control over the growth
kinetics of the oxygen phase(s) present. Nanopillar width has
been previously controlled through deposition rate, but for
nanocomposite systems combining at least one oxide and
metal, oxygen partial pressure could be used to control metal
nanopillar widths and distribution. As compared to the
deposition rate, this method will not work on oxide−oxide
systems or metals that are easily oxidized during the deposition
process. Using the oxygen partial pressure to control the
nanostructure forces the excess metal into formation on the
surface of the thin film, e.g., the nanomushroom structure.
Nanocomposite thin-film morphology manipulation can fine-
tune materials’ properties for future devices and coatings in
three dimensions. Adding dimension and texture to thin-film
materials can lead to additional functionality that relies on the
roughness and nanostructure at the surface of thin films such as
self-cleaning and antimicrobial coatings.

■ CONCLUSIONS
Through growth parameter control (i.e., oxygen partial
pressure), a new three-phase metal-oxide−oxideVAN hybrid
system of Co−CeO2−BTO has been demonstrated with
tunable film morphology and physical properties. These self-
assembled three-dimensional nanostructures, i.e., nanopillars
under vacuum growth and nanomushrooms under oxygen
partial pressure, open up new possibilities for thin-film
materials in exploring functionality tuning. In this case, the
magnetization and coercivity of the films tuned from the
obvious out-of-plane anisotropy in the vacuum growth sample
to very weak paramagnetic nanomushrooms, both under room
temperature. In exchange for the weaker magnetic properties,
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the nanomushroom structure gained more interesting optical
properties in its hyperbolic behavior and SPR effect at the
lower end of the visible light spectrum (620−750 nm). The
complex three-phase nanocomposite design has great potential
in microstructure tuning in hybrid material designs and
achieves optimized properties for sensors, dielectrics, memory,
and optical waveguides.
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